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MAGNETIC FIELD SENSOR COMPRISING ANGLE CORRECTION MODULE

Magnetic feld sensing elements can be used in & variety of applications. In one
application, & megnetic Seld seusing clement can be used to detect & direction of a

magnetic field, Le., and angle of the divection of the magastic feld.

Planar Hall cloments and vertical Hall slements are known types of magnetic field
sensing clements. A planar Hall element tends fo be responsive 1o magnetic feld
perpendicular to 8 sweface of a substrate on which the planar Hall clement is fornmed. A
vertical Hall clement tends to be responsive fo magnetic feld parallel to a surface of a

substrate on which the vertical Hall element is formed.

Other types of magnetic feld sonsing elenpents ave known, For sxample, & so-
called “circular vertical Hall” {CVH) sensing slement, which includes a plurality of
vertical Hall elements, is known and deseribed in PCT Patent ApplHeation No.
POT/ER2008/056517, entitled “Magnetic Field Sensor for Measuring Divection of a
Magnetic Field in a Plane,” fled May 28, 2008, and published in the HEnglish language as
POT Publication No, WO 2008/145682, which appHeation and publication theveof ave
incorporated by reference hersin {n theiy entivety. The CVH sensing element s g circular
arrangement of vertical Hall clements arvanged over a comumon clrcular implant and
diffusion region in a substrate. The common fnplant and diffusion reglon can be g
cormon epi {(epitaxial} region (e.g., lover) upon a subsirate, bounded by semiconductor
isolation structures. The OVH sensing cloment can be used to sense a direction (Le., an

angle) {and optionally a strength} of 2 magnetic field in s plane of the substrate,

Various parameters characterize the performance of magnetic feld sensing

slements and magnetic feld sensors that use magnetic Seld sensing slements. These
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parameters inchade sensitivity, which i 8 change in an oulput signal of 2 magnetic field
sensing element in response o 8 change of magnetic Seld experienced by the magnetic
sensing cloment, and Hnearity, which iz a degree to which the output signad of the
magnetic feld sensing slement varies in divect proportion to the magnetic field. These
parameters alse inchude an offset, which is characterized by an outpat signal from the
magnetic feld sensing element not representative of a zero magnetic Held when the

magnetic field sensing element expericnces a zero magnetic Seld.

The above-described CVH sensing clement is operabls, with associated cirounits, to
provide an output signal representative of an angle of & divection of & magnetic Held,
Therefors, as descoribed below, if a magnet is disposed upon or otherwise coupled fo a so-
called “target object,” for example, & camshafl {n an engine, the CVH sensing element can

be used to provide an output signel representative of an angle of rotation of the targst

ohiect.

The CVH sensing cloment 15 but one olement that can provide an output signsl
representative of sn angle of & magnetic 8eld, Lo, an angle sensor. For example, an sagle
sensor can be provided Som a plurslity of separate vertical Hall cloments or a plurality of
magnetoresistance elements. Collectively, magnetic Seld sensing element(s) that generate

an output signal related fo an sngle of & magnetic feld are refaved to hersin “angle

sensing clements”

More parameters can characterize the performance of and angle sensing
clement(s), e.g., 2 CVH sensing slement. One such paramneter s an angular accuracy of
the output signal geverated by the sngle sensing clement(s). Angular accuracy can have
both an sverage angle ervor that is the same at all magnetic Seld pointing angles, and also
an angle error that is different st different magnstic feld angles (e, a non-linearity error}.
Another parameter is the speed with which the angle sensing clement{s} can convey the
angle of the magnetic feld, ¥ will be voderstood that the speed is particudarly important

for applications in which the angle of the magnetic fiald may be rapidly changing.

1t is know that some parameters that can charscterize an sngle sensing element

tend to change with tomperatars.
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SUMMARY
The present invention provides cirouils and techniques that can process output

stgnals from an angle sensing olement to provide an oudput signad that hes & high degree of

angle accursey and a relatively high speed.

In accordance with one sspect, a magnetic field sensor includes a plurality of
magnetic Scid sensing elements, each one of the plurality of magnetic Seld sensing
slernents is configured to gensrate a respective -y oulput signal responsive fo a magnstic
field in an x-v plane. The magoetic Held sensor also includes an angle processing eiveuit

15 coupled to recetve the x-y cutput signals and configured to generate an wncorrectad x-v
angle value representative of an angle of the magnetic field i an Xy plane. The
wcorrected x-v angle value has a first angle srror component. The magnetic feld sensor
slso includes an angle ervor corvection modale coupled to the angle processing clrowit and
contfigored fo generate an Xy angle value indicative of an ervor in the uncorrecied x-y

20 angle value, The magnetic feld sensor also includes a combining module configured to
combine the uncorrected x-y angle value with the x-y angle ewvor value o gonerate 8

corrected X~y angle value having 8 second angle ervor component smaller than the fist

angle grrov component,

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

the flowing aspects, in any combination.

In some embodiments, the above magnetic Seld sensor Huther includes:
2 coefficient table memory configurad o store a plucality of correction
30 coefficients, associated with respective boundaries of a plurality of temperature segruents,
sach temperature sogment bovnded by a pair of temperatures; and
a temperaturs sensor configored fo generate & tomperature signal representative of

a temperature; wherein the angle ewror correction module comprises:

3
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3 segment identification module coupled o receive a temperature
value representative of the tempersture signal and conBigured fo identify a
femaperature segmient in which the temperature valoe falls;

an interpolation modole coupled fo receive a plurality of the
correction coefficients associated with the identified tomperature sogment,
coupled to receive the temperature valug, and configored to interpolate
between pairs of the correction coefficients in accordance with the
temperature value 1o generate 8 plurality of interpolated corvection
coefficients; and

an algorithm module conpled {o recoive the plurality of interpolated
gorrection coefficients and configured to apply an algorithm wsing the
plurslity of interpolated correction coefficients o gonerato an x-y angle

ervor value.

In some embodiments of the above magoetic field sensor, the plurslity of magnetic
field sensing clements comprises a plurality of vertical Hall Effbot cloments arvangsd as a
circular vertical Hall {CVH} clement, wherein sach one of the plurality of vertical Hall
Effect elements is arranged upon 8 comunoen circular mplant and diffusion region in a st
major surface of 8 sendconductor substrate, wherein the plurslity of vertical Hall Bifect
slements is configured to generate a respective plurslity of -y output signaly responsive lo
a magnetic Held having a divection cornponent in an x-y plane parallel to the Sest sefhes
of the semiconductor subsirate, the x-v plane having an x~divection and a y-direction
grthogonal to the x-direction, wherein the plurality of x-y cutput signels is generated ina
plurality of evcle periods, each cycle period corresponding to one oycle around the OVH

sensing cloment, the oyele periods secwrring at 8 oyele rate,

In some embodiments, the above magnetic field sensor further includes 2 sine
fookup table for storing & plurality of sine values, wherein the algorithm modide is coupled
o receive a sine value selected from among the plurality of sine values and to apply the

algorithm also using the selected sine value,

In some embodiments of the shove magnetic Held sensor, the selected sine value i

selected in accordance with the uncorrected x-y angle value.

4
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phase coefficient.

In some embodiments of the above magnetic feld sensor, the angle error
correction module iz configured to use a tempersture-dependent sfnusoidal evor
relationship to desaribe the fest angle srvor component, sinusoidal with respect to the
angle of the magnetic Seld, and wherein the plurality of correction coefficients comprises:

a plurality of correction coefficients representative of respective magnitudes and
phases of onte or more harmonies of the sinusoidal ervor relationship at & comesponding

plurslity of different tomperatures.

i some embodiments of the above magnetic Seld sensor, the plumlity of
correcton coefficients firther comprises a phuality of correction coefiicients
representative of respective magnttodes and phases of first and second harmonics of the

sirtusoidal ervor relationship at a corresponding plurality of different temperatures.

In some embodiments of the above magnetic Seld sensor, the plocality of
correction coefficients forther comprises a plurality of correction cooflcients
reprosentative of respective magnitudes of average angle orvors of the sinusoidal ervor

relationsidp af a corresponding plurality of different temperatures.

In some embodiments, the shove magnetic Seld sensor frther nclodes & program
control register coupled fo receive a program control value, wherein the interpolation
module is mm@f@@é o receive a value representative of the program control value, and, in
response fo the program contred value, the interpolation module is configired to select the

sinusoidal error relstionship from among a plurality of sinusoidal ervor relstionships.

In some embodiments, the ahove magnetic Rold senzor further incindes 8 program
control register coupled to receive a program control value, wherein the interpolation
module is coupled fo receive a value representative of the program control valug, and, in

response o the program control value, the interpolation module (s configured fo seloct an
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In some embodiments of the ghove magnetic Bold sensor, boundaries of the

plurality of temperature segments sre wnegually spaced in temperatore.

In somne smbodiments, the above magnetic Seld sensor further includes:

a iemperature change detection module coupled to the tomperature sensor and
configured to detect a change in tomperatwre and {o generate a temperatore change signsl
ndicative of a change in temperature or indivative of no change i {emperators, wherein
the interpolation modale fs coupled to the temperature change module and configurad to
change the plurality of interpolated correction coefficients when the temperature change
signal 1z indicative of a change in tempersture and {o hold the plurality of interpolated

correction coefficients when the tomperatire change signal is indicative of no change in

tenperalure,

In some embodiments, the above magnetic ficld sonsor farther inclades;

a correction versus rate module coupled {o receive 2 control signal related to the
eyvele rate and configured to geerate a eyele rate corvection value in sccordanee with the
cyole rate; and

a second combining module configursd to combine the coyele rate correction value
with the x-v angle error value to gonerate & Rether corrected x-y angle value comprising a

third angle ervor component smaller than the second angle error componsnt.

In some embodiments, the above magnetic feld sensor fether includes:
& correction versus current spin seguence module coupled to receive & control
signal related to a current spin seguence of the CVH sensing olement and configured to

generate 8 current spin sequence correction value in accordance with the current spin

&
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a second combining module configured to combine the current spin seguence
correction valoe with the angle error value to generate a further corrected xoy angle value

comprising a third angle ervor component smaller than the second angle ervor component.

In some embodiments, the above magnetic feld sensor further includes:

& sorrecton versus magnetic fleld strength module coupled to recetve 8 contiol
signal related to 8 magnitude of the magnetic field and configured o generate a magnetic
field strength correction value {n accordance with the magnitude of the magnetic feld; and

& second combining module configured {o combine the magnetic field strength
correction value with the angle ervor value to generste 8 further corrected x-y angle value

comprising a third angle evror component smaller than the second angle ervor component.

In accordance with snother aspect, a method of reducing an ervor in 2 magnetic feld
sensor inclndes providing s plurslity of magnetic Seld sensing slements. Bach one of the
plurality of magnetic feld sensing eloments is configured fo generate a respective x-y
output signal responsive to a magnetic Seld in an x-v plane. The method alse includes
using the x-y oulpat signals to geverate an wncorrected x-y angle value vepresentative of
an angle of the magnetic Held in an x-y plane. The uncorrected -y angle value comprises
& fivst angle ervor component. The method also includes correcting the wncormected sy

angle value {o provide 8 corrected x-y angle value having 8 second angle ervor component

srmallor than the first angle srror component.

In some embodiments, the above method can include one or more of the fellowing

aspects in any combination,

In some embodiments of the above method, the correcting the wncorrected X~y angle

value comprises:

storing 2 plurality of correction cosfficients associated with respective boundaries
of a plurality of temperature sepments, sach temperatare segment bounded by a pair of
femperalives;

generating a temperature signal representative of o temperative;

identifying a tomperature segment in which the temperature value falls;

7
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In some embodiments of the above method, the phurality of correction coefficients
further comprises a plurality of correction coefficionts representative of respective

magnitudes and phases of first and second harmondcs of the sinusoidal ervor relationship at

a corresponding plurality of different temperatures.

In some embodiments of the above method, the plurality of correction coeffcients
forther comprises a plurality of correction eoefficients representative of respective
magnitudes of average angle emors of the sinuscidal orror relationshdp at a corresponding

plurality of different tomperatures.

In some embodiments, the above method further inclades:
receiving a program control value; and

selecting the sinusoidal ervor relationship from among & plurality of sinusoidal

grror relationships.

In some embodiments, the above method further includes:
receiving a program condrol value; and
selecting an inforpolation type from among & plurality of interpolation types,

In some embodiments of the above method, the inferpolation module is configured

to generate linear interpolations,

In some embodiments of the sbove method, the interpolation module s configured

{o genorate non-linesr interpolations

In some embodiments of the above method, boundaries of the plurality of
tormperature segments are wegually spaced In tomperatwre.

&
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In some embodiments, the above method further includes:
combining the current spin sequence corvection value with the angle ervor value to

combining the ovele rate correction value with the angle error value and with the
generating 8 current spin sequence corrsction value in accordance with the current

generating 8 magnetic feld strength comrection value in sccovdance with the
combining the magnetic Seld strength correction value with the angle smor value

In some embodiments, the above method further includes
In some embodiments, the above method further includes

generating a ovele rate correction value in accordan

uncorrected angle value to penerate 8 further correcied x-y angle value comprising s third
enerate a further corrected x-v an

to generate & fwther corrected x-y angle value comprising a third angle ervor component

angle error component smaller than the second sngle ervor component.

smaller than the second angle grror component.
smalier than the second angle emvor component.

spin sequence; and
magnitude of the magnetic feld; and
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The foregotng features of the invention, as well as the invention its
folly understood from the following detatied desoription of the drawings, in which:

RRIEF DERCRIFPTION OF THE DRAWINGS



PCT/US2014/011580

WO 2014/126670

N Ko 71!
gt st =] oot
o, e, s Ty gt
) = i -
o o b - (X @
i SO - R o & o~
e o 4 7 ot o o weaid [ e
oA 7] ko Fes bond, %3 o o
K e 23
ke ‘\.\\\“ 2 el # o = «m m B
7 5] 7, -2 o)
2 & ‘B 2 7 L 2 oy
P 4 i k2 P z. P
£ e i $et 1 T B a3
7] 74 s e ) 3 ot
“wh b2 7 s &% koA ot
G ] o ot 4z . B ie kW
P Pe] : a8y e 40 b ) Loty
o % Ly wers 45 2 7 e ]
s vy wm G2 Eo ] & : &
o] a9y ] . it ] o
% % ) - 2,
% i S P Ly Gt b
5 v P : £
- “ = ) 2] 5 v
7 i 87 . “ i -
2 L] % <% s .
P g Z ] P g e
A & o p] - B¥] 41 £
pA iz 7 b5 4% e
i £ % 7 4 % W By
= i o7 % ke g
i % oy o oo 7~
z fragdy 7= ¢ bist
£, ot b %l s} = ¥
b v e, weed o] o] ot (3]
] ool P 4 - i it
. I3 P P 7
et 1 y prrs) i
o N 5. Lo % 2 =
» ok . e S -
7 % e Kz . G
4 [ B2 s “ ot
4 Lz ] prbed o4 %
- ) pis] ] > e 7 = 1m
.\V« = o P o b Q .\ﬁm
e 2 = % Z 925
Gr 4y i4 “ged s Lin & =
A . FIr ] Fid
< B & = “ ) = %
2 I w4 chett - - ]
s tet p o g b4 S 7] I
g weeds p%) e s 23 ot
7% b A i )
Lo e - - & " w72
W Y b % b 2
ot p i 254 psa faid
ri 15 st - ) e ] E
(7R S " ol £ = &
T S A i e e o 3 o
rof B L ot o4, |2 o . [ ]
2] ] P P] bt Al A : i
g m% fe TR 5 P o fie]
o T 4 & - = 4 MM“
4 [ R 2 s o s ] ] 4
£ o A 2 pE: e (] . e
£ o % = W &~ 1A 571
B B s % %1 e
Go®E T = & =
@3 fes P P “w & : 5 :
o @ gt o Z R
p (88 ot
s e % o -
o ot ] b Lirei i
R s Yon >
7 % b i o =
prad s eslp .
- rm s Lin
) ko ) m 2
e - 7 B3 it
= 7 s w3, b
% % > ; b
(7] N Vel «\,\\ ww WMN ».ﬁ
o & thos ' b o ¥
P 7
e b} o @ ged 2
g i Yk (o] woﬂn
|2 s et L Y (%)
s bk o, 3
£ 8] % 3] ok 4]
- z 2 2 o
Ly = ol
37 Ty g <] . % h
s b w4t %3 fod o3
“ Nz ot i o ey 2] w %
et g e & e, 3 pres
o & 3 e vl P
. & T Wi opry M et e
. # ooy L #
p e & . i
ot Yot F A pry Bl Ly 4
A 4 Y [ s i
1 3 b PR e
oy ¥ 5o LA B i Yo
“ ¥ iy 'xa) ‘e Yoty 7 ]
4% . Les] ried P ) .
&k $esy . k= =]
%7 o £ o 4
24 i o B =
= s P Yot -
-, b [ g 4
(% “u\\ frted = 4
% 2 b 3] & .
Grrts a4 P ks E
2 i (] 45

4 oed

-
8t
&
5

20

and

sing

.
3

8
¢ feld

~,

L

k3

eld sen

e

it

magnetic

10 desertha g

ng phase segue
{ the magnet

v

Tl
eration o

-

of operation of the magnetio field

¢ field. The

B

in of op

eney doma

A

v dom

11

ng current spinning phase sequences,

1 )

th repoating current sp

regueny

o

mgad

ith va
¢

Wy

i g wi
ng & Fegw

v
o

HRG

RIPTION
Ag used herelny, the term "magnetic feld sensing slement” is used

..

oy

when operated
{

1G. 8 18 a graph show
FIG. 91 & graph sh

¥
sensor of FIGL 7, when operated
sensor of FIG. 7

©
]

ety of electronic clements that

Vart

phase
DETAILED DES

25
a8



ig

15

20

5]
7t

30

WO 2014/126670 PCT/US2014/011580

element can be, butds not limited to, a Hall Effect element, » magnetoresistance sloment,
or a magnetotransiztor. As is knows, there are different types of Hall Bifect cloments, for
sxample, 8 planar Hall elomen, a vertical Hall element, and a cirowdar vertical Hall (CVH)
clement. As s also known, there are different types of magnetoresistance olements, for
example, a serniconductor magnetoresistance element such as Indivm Antimonide (IaSb),
a glant magnetoresistance {GMR) element, an anisolropic magnetoresistance element
{AMR), a tunneling magnetoresistance {TMR) element, and a magnetic urmel junction
MTTL The magnetic feld sensing element may be 2 single slement or, alternatively, may
include two or mors magnetic fold sensing elements arranged in various configurations,
.2, & half bridge or full (Wheatstone) bridge. Depending on the device type and other
application requirernents, the magnetic feld sensing clement way be & device made of a
type IV samiconductor material such as Silicon (81} or Germanium (Ge), or & compound,
.., type IRV, semdconductor material like Galliume-Arsenide (Gads) or an Indiam

compound, e.g., Indivm-Antimonide {InSh).

As is known, some of the shove-desoribed magnetic feld sonsing cloments tend o
have an axis of maxinmum sensitivity parallel fo 2 substrate that supports the maguetic Seld
sensing clement, and others of the shove-described magnetic feld sensing cloments tend
o have an axis of maxhnom sensitivity perpendicudar to a substrate that supports the
magnetic Seld sensing element. In particular, planar Hall elements tend to have axes of
sensitivity perpendioular fo a substrate, while metal based or metallic magnetoresistance
elements fe.g., GMRE, TMR, AMR) and vertical Hall clements tend fo have anes of

sensitivity paraliel to a substrate.

As nsed herein, the term “magnetic field sensor”™ is used o desoribe a cirouit that
uses 3 magnetic Seld sensing clement, generally fn combination with other circuits,
Magnetic Seld sensors ave used in a variety of applications, inchuding, but not Hmited to,
an angle sensor that senses an angle of a direction of 2 magnetic field, a current sensor that
senses & magnetic Seld generated by 8 cwrrent carried by a current-carrying conductor, &
magnetic switch that senses the proximity of a ferromagnetic objeet, & rotation detector
that senses passing ferromagnetic articles, for sxample, magnetic domains of aving
magnet or 8 ferromagnetic target {o.g., goar toeth) where the magnetic Seld sensor i used

fn combination with a back-blased or other magnet, and a magnetic Seld sensor That senses
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While a circular vertical Hall (CVH) element, which has g plurality of vertical Hall
olemments, is described in examples below, it should be appreciated that the same or similar
techuiques and circuits apply to any type of magunetic field sensing cloment(s) arranged in
a manner o detect an angle of 8 pointing direction 'of a magnetic field, L., a rotation angle

of a target object to which 8 magnet is attached.

Referring to FKR. 1, a cireudar vertical Hall (CVH) slement 12 includes a civeular
implant and diffusion region 18 in a subsivste (not shown). The CVH sensing eloment 12
hag 2 plurality of vertical Hall elemeonts, of which a vertical Hall element 122 is but one
example. In some embodiments, the common buplant and diffusion region 18 can be

charscterized as a common epitaxial region upon a substrate, bounded by semdconductor

isolation struotures.

Each vertical Hall element has a pluvality of Hall clement contaets (e.g., four or
five contacts), e.g., 13aa. Each vertical Hall elemnent contact can be comprised of 2 metal

contact over a contact diffusion region (8 pickup} diffused into the convmon nplant and

diffusion region 18,

A particular verticad Hall element (og., 128) within the OVH sensing element 12,
which, for example, can have five adjacent contacts, can shave some, for example, four, of
the five contacts with & next vertical Hall element {e.g., 12b) Thus, a next vertical Hall
glement can be shifted by one contact from a prior vertical Hall element. For such shifts
by one contact, it will be understood that the number of vertical Hall elements is equal to
the number of vertical Hall element contacts, e.g., 32 or 64, However, §f will also be
understood that a next vertical Hall element can be shifted by move than one contsct fom
the prior vertical Hall element, in which case, there are fewer vertical Hall clernents than

there are vertical Hall element contacty in the CVH sensing element.

As shown, a conter of a vertical Hall slement O can positioned slong an x-axis 20
and a center of vertical Hall element 8 can be positioned alomg & v-axiz 22, Inthe

exomplary CVH sensing clement 12, there ave thirty-two vertical Hall cloments and thirty-

13
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fwo vertieal Hall clemment contacts. However, 2 CVH can have more than or fewer than
thirty~two vertical Hall elements and more than or fewer than thirty-two vertical Hall

slement contacts.

I some applications, & circular magnet 14 having a north side 14b and a south side
14a can be disposed over the CVH 12, The circular magnet 14 tends to generate a
magnetic Seld 16 having a divsction from the north side 14b to the south side 148, here

shown to be pointed to a divection of about forty-Bve degrees velative to x-axis 20.

In some applications, the clrcular magnet 14 Is mechanieally coupled to a rolating
target object, for example, an antomobile steering shaft of an sutomebile camshatt, and is
subject to rotation relative to the CVH seusing slement 12, With this arvangement, the
CVH sensing olement 13, in combination with an clectronic civonit described below, can
generate a sigual related to the angle of rotation of the magnet 14, L&, an angle of rotation

of the target ohject to which the magnet is coupled.

Reforring now to FIG. 1A, a plurality of magnetic feld sensing clements 30a-30k,
in a general case, can be any type of magnetic feld sensing elements. The magunetic feld
sensing slements 30a-30h can be, for example, separate vertical Hall elements or separate
magnetoresistance elements, cach having an axis of maximum response parallel to a
surface of & substrate 34, These magnetic feld sensing clements can be voupled to an
electronic civeuit the same as or similar to electronic circutts deseribed below in
conjumction with FIGS. 3 and 6. There can also be & magnet the same as or simdlar to the

magnet 14 of FIG, 1 disposed proximate to the magoetic feld sensing slements 30a-30h.

Referving now to FIG 2, a graph 50 has & horizontal axis with a scale in units of
CVH vertical Hall element position, n, around a OVH sensing element, for example, the
CVH sensing element 12 of FIG. I, The graph 5O also has & verticad axis with a scale in
amplitude in wdts of millivolis. The vertical axis is representative of outpat signal levels
from the plurality of vertical Hall slements of the CVH sensing element taken

sequentially, one at a time, sbout the ving of contacts of the CVH sensing element.

The graph 50 includes a signal 52 representative of output signal levels from the

i4
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pharality of vertical Hall elerments of the CVH taken with the magnetic Reld of FIGL 1

pointing in a divection of forty-five degrees.

Refersing briefly to FIG, 1, as desoribed sbove, vertical Hall element § is contered
along the x-acis 20 and vertical Hall elerent 8 is centered along the veaxis 22, Inthe
exemplary CVH sensing olement 12, there are thirty-two vertical Hall element contacts
and a corresponding thivty-two vertical Hall elements, sach vertical Hall element having a
plurality of vertical Hall clement contacts, for example, five contacts. In other
embodiments, there are sixty-four vertical Hall element contacts and 8 comresponding

sixty-four vertical Hall elements,

In FIG, 2, for the magnetic Seld 16 pointing at positive forty-fve degrees, a
maxinm positive signal is achdeved from a vertical Hall clement contered at position 4,
which i aligned with the magnetic field 16 of FIG. 1, such that a line drawn between the
vertical Hall element contacts {e.g., five contacts) of the vertical Hall element at position 4
is perpendicudar o the magnetic fleld. A maximum negative signal is achieved from a
vertical Hall cloment centered at position 20, which is also aligned with the magnetic Held
16 of FIG, 1, such that 2 Hne drawn between the vertical Hall elercent contacts {e.g., five

contacts} of the vertical Hall element af position 20 is also perpendicular fo the magnetic

feld.

A sine wave 34 is provided to move clsarly show ideal behavior of the signal 52
The signal 52 has variations due fo vertical Hall element offsets, which tend to cause
corresponding variations of output signals causing them fo be to0 high or too low relative

to the sine wave 34, in accordance with offset ervors for cach clement. The offeet sigaad

errory are undesivable,

Full operation of the CVH sensing element 12 of FIG. 1 and generation of the
signal 32 of FIG. 2 are described in more detad! in the above-desoribed POT Patent
Application No, PCT/EPIO0E/056517, entitled “Magnetic Field Sensor for Measuring
Direction of a Magnetic Field in a Plane,” filed May 28, 2008, which is published in the
Haglish language as PCT Publication No. WO 2008/145682,
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Groups of contacts of each vertical Hall eloment can be used in a chopped
arvangement {(also referrad {0 hereln as curvent spinning} o generate chopped output
signals from each vertical Hall cloment. Thereafter, 8 new group of adiscent vertical Rall
clement contacts can be selected (L., 8 new vertical Hall dlement), which can be offset by
one element from the prior group. The now group can be used in the chopped arrangement

to generate another chopped output signal from the next group, and 5o on.

Hach step of the signal 52 is veprosentative of an unchopped output signal, fe.,
froim one respective group of vertica Hall element contaots, Lo, from ons rospective
vertical Hall element. Thus, for 2 OVH sensing olement having 32 vertical Hall slements
taken sequentially, there are thirty-two steps in the signal 52 when current spinging is not
used. However, for embodiments in which current splaning fs used, sach step of the
signal 52 can be comprised of several sub-steps (not shown, e.g., four sub-steps), each

sub-step indicative of a current sploning “phase.™

Current spinning and current spioning phases are desoribed more fully below in

conjunction with FIGS, 4-40,

it will be understood that & phase of the signal 52 {s related to an angle of the
magnetic field 16 of FIG. 1 relative to position zero of the CVH sensing elewent 12, #
will also be undessicod that a pesk smplitude of the signal 52 is generally representative of
a strength of the magnetic feld 16, Using electronde clrewdt techniques described shove in
POT Patent Application No, PCT/EP008/056517, or ueing other technigues described
below, a phase of the signal 32 {e.g., 2 phase of the signal 54) can be found and can be

ased to identify the pointing divection of the magnetic Seld 16 of FIG. 1 relative to the

CVH sonsing element 12,

Referring now to FIG. 3, a magnetic fleld sensor 100 includes a CVH sensing
cloment 102 having a plurality of vertical Hall elements, each vertical Hall element
comprising a group of vertical Hall slement contacts {e.g., five vertical Hall clement
confacts). In some embodiments, the CVH sensing olement 102 can be the same as or
simifar to the CVH sensing element 12 described sbove in confunction with FIG, 1, and

can be disposed proximate (o a twe pole magonet 144 coupled to & target object 148, which

18
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magnet 144 can be the same ag or simdlar {o the magnet 14 of FIG. 1. However, in some
emboduments, the CVH sensing clement 102 can be replaced by 8 group of magnetic feld

sensing slements the same as or similar to those deseribed above In conjunction with FIG.

FA.

The CVH sensing slement 102 can be coupled to sequence switches 104 that
sequence through the vertical Hall elements of the CVH sonsing eloment 102 to provide an

culput signal 104a, which can be the same as or similar to the sequenced signal 52 of FIG.

2.

The CVH sensing olement 102 can also be coupled o current spinning switches

105, wiich can be coupled o the CVH sensing element 102 via the sequence switches

164,

Current sowrees 103 can be configured to generate one or more current signals
103a. The cwrrent spinning switches 105 can be coupled to receive the one or more
cerent sigoals 103a and o provide the corrent signals as signals 104b to the selected

vortical Hall clements within the CVH sonsing clement 102,

As described sbove, current spinning, also referred to as chopping, is also process
by which current sources, .g., ciwrent sources 193, are sequentially coupled to different
selected nodes of & selected vertical Hall dlement (selocted via the sequence switches 104)
within the CVH sensing element 102 using the current spinning switches 185, At the
same time, snd synchronously, the current sploning switches 105 provide couplings to
selected cutput nodes of the selected vertical Hall cloment tn accordance with so-called

current spinning phase. Current spinning is further deseribed below in conjunction with

FRGS, 44D,

A current spinning sequence selection module 119 cau generate 8 current spinning
segquence control signal 119 received by an oscillator and logie modude 120, The
osciliator and logic module 120 can be coupled o provide a control signal 1200 o the
current spinning switches 143 fo confrol current spinning phese seguences of selected ones

of the vertics! Hall eloments of the CVH sensing element 102, The oscillator and logic
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In some embodiments, current spinning is not used.

A multiplexer 106 can be coupled to receive a signal 1088, with or without current
spinning, from the CVH sensing element 102 via the sequences switches 104 and current
spinning switches 105, The signal 1053 con be the same as or similar to the sequential

signal 32 of FIG, 2, or & simdlar sigoal that has current spinning, Lo, the above-described

sub-gteps,

The multiplexer 106 can also be coupled to receive a clock dgnal 1020 from the

oscillator and logic module 120,

The multiplexer is configured to generate a multiplexed output ¢ gnal 108a, which,

at some times, is representative of the signal 108s, and, at other times, is representative of

the clock signal 120¢.

For reasons that will be appavent from discussion above, a relative phase botwesn
the clock signal 120c and the signal 105a is representative of an angle of the magnetic

field geneorated by the magnet 144 and sensed by the CVH sensing clement 102,

A dual difforential ammplifier (DDA} 108 can be coupled to receive the multiplexed
signal 1062 and configured to generate an amplified signal 108a. A bandpass filter 110
can be coupled to receive the amplified signal 1082 and configured o generate s Sitered
signal 1108, An anslog-to-digital converter 112 can be coupled to receive the Sltered
signal 110 and configured to generate & converted signal 112z, a digital signal, An angle
calevlation module 118 can be coupled to receive the converted signal 112a and
configured to generate an uncorrected x-y angle vadue 118s indicative of the angle of the

magnetic feld generated by the magnet 144, but with angle error more fully desoribed

below.

I8
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The angle caleulation modide 118 can also be coupled o recetve clock signals
120¢, 120d from the oscillator and logic module 1200 The clock signal 120d can be 8 high

speed clock signal.

The angle calowlation module 118 is configured to compare relative phases of the
signal 112a, which, at some times, is roprosentative of an amplified and flered version of
the signal 108s, and, at other thmes, Is ropresentative of an amplhified and Slteved version

of the clock signal 120,

In operation, the uncorrected x-v angle value 118a can have a fivst angle ervor
component. The fret angle srrov component is described more fully below in conjunction
with FIG. 5, Let it suffice heve to say that the first angle ervor component is an angle ervor
component that causes the uncorrected x-y angle value 1182 to not be perfectly

representative of the true angle of the magnetic feld gonerated by the magnet 144,

An angle error comrection module 138 is coupled o receive the vucorrected x-y
angle valoe 118a and configured fo generate an angle ervor value 138a indicative of the
first ervor component within the uncorrected x-v sngle value 1182 A combining module
126, here shown to be 8 sununing node, can be coupled to recsive the uncorrscted x-y
angle value 1188, coupled o recelve the angle evvor value 1388, and configured to
generate 8 corvected x-y angle value 126a. The corrected Xy angle value 1262 can have a
second angle error component that is smaller than the first angle ervor component of the
uneorrected x~v angle value 118a, Thus, the corvected x-y angle value 138a is more

accursiely representative of the trie angle of the magnetic Held generated by the magnet

144,

The angle correction module 138 can also be coupled to receive a texaperature
signal 136a genevated by a teraperature sensor 136, The angle correction module 138 can
also be coupled to receive sine values, here shown a8 two sine values 148, 148, fom s
sine look up table {LUTY 148, In some embodiments, the sine value 148a is representative
of a sine value af & findamental frequency the seme a9 or related fo a frequency of the

signal 32 of FIG. 2, Lo, a frequency of the signal 1042 and the signal 1032, In some
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embodiments, the sine value 148D is representative of a sine value af a second harmonio of
the fundamental frequency. However, the sing look up table 148 can provide any number
of sine values representative of any number of harmonios of the fmdawental frequeney.

Sine valuey are descoribed more fildly below in conjunction with FIGS. § and 6,

The sine lookup table 148 can be coupled to receive, and can be indexed in
accordance with, the uncorrected x-y angle value 118a and in accordance with so-calied
iterpolated phase values 138b gonerated by angle ervor correction module 138,

Interpolsted phase values are further described below in confunction with FIG, &,

The magnetic Held sensor 100 can be coupled to receive a control signal 142 fom
putside of the magootic Reld sonsor 100, In particular, an cloctvically erasable
programmable read-only memory (EEPROM] can be coupled to receive the control signal
142 having one or mors correction coefficients, and can be configurad to supply the one or

more correction coefficients to the angle correction module 138 as correction coefficients

140a.

The angle correction module 138 is deseribed in greater detail in conjunction with
FIG. ¢, However, let it suffice hore to say that the angle correction moduls 138 is
configured to use the temperature signal 138a to adjust the angle error value 1382

aecording to the sensed tomporature signal 138a

The magnetic feld sensor 100 can also include a rolafion speed module 130 andfor
8 rotation direction module 132, sach coupled 1o receive the corrected x-y angle value
138a. It will be understood that the corrected x-v angle value 1268 can change, and

therefore, can be ropresentative of & rotating magnetic Seld when the magnet 144 rotates.

The rotation speed module 130 i configured to generate a rolation speed signad or
value 130a indicative of a rotation speed of the magnet. The rotation drection module
132 s configured fo generate s direction signal or value 132a indicative of a rotation

divection of the magnet 144,

An output protocol module 134 is coupled o receive the corrected x-y angle value
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126a, the ring rotation speed valoe 130, and the rotation divection value 132a. The output
protocol module 134 is configured to generate an output signal 134a representative of the
angle of the magnetic feld generated by the magnet 144, representative of the speed of
rotation of the magnet 144, and representative of the divection of rotation of the magnet
144, The cutput signal 134a can be provided with the hope one of a vartety of

conventional formats, for example, an SPI format, 8 CAN format, ani2C format, ora

Manchester format.

In some embodiments, the angle ervor correction module 138 can be coupled to
receive one or more other control signals 150, The other control signals 150 are described
more fully below o conjunction with FIG, & However, it will be appreciated that, by way
of the one or move other control signals 150, the angle orror correction moedule 138 can

make adjustments to the angle ervor value 1384 sceording to other characteristics of the

magnetic feld sensor 100

FIGS. 4-4C are reprosentative of a four phase current spingring or chopping that
can be used for 8 vertical Hall element having five contacts. ’ﬁfims, it shouid be
sppreciated that such current spinning can be used for cach selocted vertical Hall eloment
within the CVH sensing element 12 of FIG. 1 and the OVH sensing element 102 of FIGL 3.
It should also be appreciated that such current spinning oan also be used for separate
magnetic feld sensing clements, for example, the magnetic field sensing elements 30a-30h

of FIG. 1A, where the magnetic field sensing clements 308-30h are selected and chopped

one of the time.

Referring now to FIG. 4, a vorteal Hall element 200 of the CVH sensing eloment

102 of FIG. 3 is comprised of five vertical Hall slement contacts, namely, frst, second,
third, fourth, and 88h vertical Hall element contacts, 203s, 202h, 2020, 2024, 203,
respectively. In a frst chopping or corrent spinning phase, a current source 208, which
can be the same as or siniiar to the current sources 103 of FIG. 3, can be coupled o the
fivst and §8h verteal Hall slement contacts 202a, 202e, respectively, which are coupled
together, and can provide a total current of I, half of the current, V2, Jowing to the frst
vertical & Hall clement contact 3028 and half of the current, 12, Howing to the ik

vertical Hall eloment contact 202e. The third vertical Hall clement contact 308c is
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A signal, Vi, responsive {o an externad magnetic Seld, results betwoen the second
and fourth vertical Hall element contacty 202, 2024, respectively. Thus, in the first
current spinning phase, the current splaning switches 108 of FIG. 3 can select the second
and fourth vertical Hall slement contacts 2020, 2024 to provide the oulput signal 108s,
and can select the frsg, fifth, and third vertical Hall element contacts 202a, 38, 202,
respectively, as those contacts coupled to the corrent sowrces 103 of FIG. 3. Couplings

during other current spinning phases described below will be apparent.

Referring now to FIG. 44, in which like elements of FIG. 4 ave shown having Hie
reference designations, in a second current spioning phase of the same vertical Hall
clement 200 (same Bve vertical Hall element contacts) of the CVH sensing olement 102,
couplings ave changed by the current spinning switches 108 of FIG. 3. In the second
phase, the current source 208 is coupled to the third vertical Hall element contact 202¢,
and the Srst and Hfth vertical Hal element contacts 203a, 202e, respectively, are coupled
together and to the reforence voltage 210, Thus, the cuwrrents fow through the substrale

206 in opposite directions from those shown in FHG 4

As in FIG. 4, a signal, Vm, responsive to an external magnetic Seld, resuliz
between the second and fourth vertics] Hall element contacts, 203b, 2024, respectively.
The signal, Vi, of FIG. 44A is like the signal, Vim, of FIG. 4. However, the offset voltage

within the signals can be difforent, e.g., different in sign.

Reforring now to FIG. 48, in which Hke slementz of FIGS. 4 and 44 are shown
having Hke reforence designations, in 2 third current spinning phase upon the same vertical
Hall element 200 {same five vertical Hall element contacts} of the CVH sensing slement
102), couplings are again changed by the current spinning switches 1035, In the thivd

phase, the currend source 208 is coupled to the second vertical Hall element contact 202b,
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and the fourth vertical Hall element contact 2024 is coupled to the reference voltage 210,
Thus, & current flows from the second vertical Hall element contact 2025 through the

substrate 208 o the fourth vertical Hall element contact 2024,

The first and §fth vertical Hall eloment contacts 202s, 202¢, respectively, are
coupled together. Some crent also Hows fom the second vertical Hall element contact
2020 through the subsirate 206 to the fret vertical Hall element contact 2022 and through
the mutual coupling to the ffth vertical Hall sloment contact 202e. Some owrrent also

flows from the S8k vertica! Hall clement contact 202s throngh the substrate 206 to the
fourth vertical Hall element contact 2024,

A signal, Vi, responsive o an externad magnetic feld, resulis between the frst
vertical Hall olement contact 202a first (and the fifth vertical Hall element contact 2(2e)
and the third vertical Hall clement contact 2020, The signal, Vm, of FIG, 48 is Hke the
signal, Vi, of FIGR. 4 and 44, Howsver, the offsst voltage within the signal can be

different.

Refaring now to FIG. 4C, in which lke clements of FIGS. 4-4B are shown having
like reforence designations, in a fourth chopping phase upon the same vertical Hall
slement 200 (same five vortical Hall element contacts) of the CVH sensing element 103,
couplings are again changed by the corrent spinning switches 105, In the fourth phase, the
current is reversed from that shown in FIG. 48, The cwrrent source 208 s coupled to the
fourth vertical Hall element contact 2034, and the second vertical Hall slement contact
203b 1s coupled to the reference voltage 210, Thus, & current Sows Hom the Huweth

vertical Hall slement contact 302d through the substrate 206 fo the second vertical Hall

slement contact 2025,

The first and HRh vertical Hall element contacts202s, 202e, respectively, are
coupled together, Some current also Sows Hom the fourth vertioal Hall element contact
202d through the substrate 206 to the fifth vertical Hall element contact 202¢, through the
mutual coupling to the frst vertical Hall element contaet 202a. Some current also Hlows

from the st vertical Hall slement contact 202a through the substrate 206 1o the second

vartical Hall element contact 2025,
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The signaly, Vi, provided by the four phases of chopping of FIGS. 4-4C xre

rosponsive fo an oxtomal magnetic feld,

As described above, afler generating the fouwr current spioning phases on any one
vertical Hall clement within the CVH sensing element 102, by seguencing operation of the
sequenice switches 104 of FYG. 3, the current spinning arvangements of FIGS, 4-4C can
move o a next vertical Hall slement, eg., five vertical Hall element contacts offset by one
vertical Hall element contact from those shown in FIGS, 4-4C, and the four current
spinning phases can be performed on the new vertical Hall element by operstion of the

current spinnung switches 108 of FIG. 3

However, in some embodiments, a sequence of phases (A, B, C, I} represented by

the four current spinning phases of FIGK, 44, can be changed in one of s vaddety of

vays. For example, in some embodiments, the seguence of the (&, B, €, D) phases can be
randomly selocted for each one of the selected vertical Hall clements within the CVH
sensing clement 102, In some embodiments the random selection s fully random, and in
some other embodimnents, the random selection is & psendo-random selection. In some
embodiments, the random or pesudo random selection is within each rotation svound the
CVH sensing element;, and in other embodiments, the random or peeudo random selection

iz among 8 plarality of rotations aronad the CVH sensing element.

In some other embodiments, the vertical Hall elements within the CVH sensing
slement 102 can be partitioned into at least two groups or sets of vertical Hall elements,
wherein a first set of the vertical Hall slements uses a frst seguence of curvent spinndng
phages, .8, ABCD, and 2 second set of the vertical Hall elements uses & second different
sequence of current spinning phases, 8.g., CDAR each time the sequence switches 1(4

segquence around the CVH sensing element 102, Theve can be one or more vertical Hall
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In some embodiments, the above-desoribed different sots of vertical Hall slements
receive the above-deseribed randomly or pssudo randomdy selected phase sequences
selected within each rotation srovad the CVH sensing element, and in other embodiments,

the random or peevdo random selection s among & plurality of rotations around the OVH

sensing clement.

Thus, in general, there can be varistions in, or differences fn, the current spinning

phase sequences among the plurality of vertical Hall elements within the CVH sensing

element 102,

Reasouns for selection of g different phase sequences among the vertieal Hall

elements of the CVH sensing cloment 102 are desoribed more fully below in conjunction

with FIG. 5.

Reforring now to FIG. §, 8 graph 280 hag g horizontal axis with g scale in units of
angular degrees and a vortical axis with a scale o wnits of value of an x-v angle value

magnitude, for sxampls, a magnituds of the wncorrected x-v angle value 118a of FIGL 3.

A line 282 1s representative of an x-y angle valne that has no angle error. When
the x-y angle value has no angle ervor, the x-y angle value s perfectly Hnear with respect
to actual angle, Le., the x-y aungle value 18 a perfoct and true reprosentation of the angle of

the meagnetio feld generated by the magnet 144 of FIGL 3, and the Hne 282 passes through

A line 284 is representative of an x-y angle value that has only an aversge or DO
angle ervor, such that all angles represented by the x-y angle value are offset by a Sxed

mumber of degrees. The Hoe 284 does not pass theough z2evo.

2
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A curve 286 is representative of an x-v angle value that has ervors in representation
of the troe angle of the magnetic fleld generated by the magnet 14, average or DC ervors

and also an ervor that has 8 sinvseidal appearance,

A curve 288 is representative of an X-v angle value that has other errors in

representation of the true angle of the magnetic field generated by the magnet 14

A variety of oircuit characteristios of the magnstic ficld sensor 100 contribute to
the errors, 1.e., to both the DC {or average) angle ervor represented by the curves 286, 288,
and fo the sinusoldal shapes of the curves 286, 288, One factor that contribudes 1o the
grrors is switching noise generated by the sequence switches 104 andfor by the current

spinning switches 108 of FIG. 3,

First, regarding the sequence switches 104, 1t will be understood that charge
injection or switching spikes {together referved to as noiss) generated by the seguence
switches 104 are not necessarily exactly the same as each seguential vertical Hall slement
is selected in the CVH sensing element 102, When the noise generated by the sequence
switches 104 is not the same a3 cach vertical Hall dlement is selscted, 8 DU {or average)
angle ervor is generated and alse a stnusoidal type error such as that represented by the
curves 286, 288, The sinusoidal ervor characteristic can be, in part, & result of the nodse
generated by the sequence switches belng repetitive for sach oydle sround the CVH
sensing element 108, and thus, the noise will have an angle ervor frequency component at
a Frequency of the signal 52 of FIG. 2, and will add to the signal 82 (104a of FIG. 3). The
angle srvor frequency component is essentially fixed in phase relative the signal 104s, and
therefore, the addition of the angle error couseys different phase shift ervors in the summed

signal depending on the phase of the signal 104a. Higher harmonics can also result from

the noise,

Next, regarding the curvent spinning switches 108, it will be understood that charge
jection or switching spikes (together referred to a8 noise} genersted by the cwrent
spinning switches 103 are not necessarily exactly the same 88 cach sequential vertioal Hall

element is selected in the CVH sensing olement 102, When the nolse generated by the

T
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current spinning switches 103 is not the same as each vertical Hall clement is selected, a
DO {or average) angle ervor is generated and also a sinusoidal type ervor such as that
represented by the curves 286, 288, The sinuscidal exvor characteristic can, in part, result
from the noise generated by the current sploning switches 105 being repetitive for sach
cyele around the CVH sensing element. However, by techniques described herein, phase
seguences of the vertical Hall elements within the CVH sensing element 102 can be
varied, and thus, the noise generated by the curvent spinning switches 1035 need not be

repetitive for each oyele around the CVH sensing element, and corresponding sngle exvor

is reduced,

Qther cireuit characteristios can also contribute to the sngle ervors, Le., 1o both the
D {or average) angle ervor represonted by the error curves 286, 288, and to the sinusoidal
shapes of the error curves 286, 288, Namely, a speed with which the dual differentist
amplifier 108 of FIG. 3, and also other civenit clements of FIG. 3, are unable to settle to
final values as the sequence switches 104 switch among the vertical Hal! elements of the
CVH sensing element 102, and also a3 the current spinning switches 105 switch among the

various current spinning phases, contribute to the srrors.

The above-described circuit characteristics, including, but not Himited to, switching
noise and lack of civeuit clements settling to final values, tend to be influenced by G,
changed by} a variety factors including, but not Hmited to, temperature of the magnetic
field sensor 100 of FIG. 2, rate of sequencing around the CVH sensing olement 102, peak
magnitude of the magnetic fleld experience by the CVH sensing slement 102 as the

magnet 144 rotates, and selected current spianing sequence(s) among the various vertical

Hall elements,

Differences between the curves 286, 288 can be attributed to changes in the same
factors, namely, changes in the tempersture, changes in or differences in peak smyplitude
of the magnetic feld experience by the CVH sensing clement 102 as the magnet 144
rotates, changes in or diffevences in ratey of sequencing svound the CVH sensing eloment
102, and changes in or differences in selected current spinning sequence(s) among the
various vertical Hall slements within the CVH sensing eloment 102, Among these faotors,

iv will be understood that the changes in the tomperature can ocour at any Hme, The
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changes in the pesk amplitude of the magnetic feld can be influenced by positional
changes, i.¢., air gap changes, between the magnet 144 and the CVH sensing slement 102
of FIG. 3. The changes in the pesk amplitude of the magnetic feld can also be influenced
by mechanicsl considerations, for example, wear of a bearing or & shaft upon which the
magnet 144 rotates. However, the changes in sequencing rales and the changes in current
spiviing sequences can be fixed, and changed ondy for different applications of the

magnetic feld sensor 100,

I general, it has been determined that the dominant angle ervor frequency
components ocour at frst and second harmondes of the frequency of the signal 82 (e,
104a or 1058}, The curves 286, 288 are representative of angle srror fanctions dominated

by first and second harmonics of the frequency of the signal §2 (104a).

The angle error corvection medule 138 of FIG. 3 {s configurad to make changes o
angle ervor corrections it applies according to at least the tempersture contribution to the
angle error represented by the curves 286, 288, In some embodiments, the angle error
correction module 138 is slso configured to make changes to the angle ervor corvections

according to one or more of the other above-described factors thet contribute to the

difference between the curves 28§, 288,

As described heveln, angle ervors represented by the curves 286, 288 are referred o

as first ervor charactoristios, each influenced by the above factors.

As also described herein, the angle correction modole 138 of FIG. 3 can be used to
generate the angle ervor value 138a, which can be used to generate the corvected x-v angle
vatue 126a. Accordingly, other angle error curves (not shown) with lower peak to peak
variation than the ervor curves 286, 388 are representative of second ervor characteristios

that are staller thas the frst error chavacteristics.
The error curves 286, 288 can be mathematically described in the following way.

hathematically, the angle ervor represented by the curves 286, 288 can be
represented as;

28
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&y, = OFF + DOT)+ 3 H (7} sinfra + 5., (7)) M

maad
where:
e = measured angle with ervor (see uncorrected x-y angle value 118a of FIG. 3);

5 # = g variable indicative of an nith harmonie;

T= temperatiuve mosstred by femperature sensor 13§

OFF = a magnetic targe! positioning error, 1.e, & meochanical misalignment of the
CVH sensing olement 102 in relation to the magnet 144 of FIQ. 3, which is
usually independent of the temperature, T

DT = am average of DO angle evvor, which is a fimetion of the temperature, T)

1
Haaf T3 = an amplitude of an nfh-harmonio component of the ervor, which s a
function of the temaperature, T} and
FapfT) = a phase of the nth-harmonie component, which is a fimction of the
temperaturg, T
is

Other factors deseribed above, other than temperature, which affect the angle ervor,
are not faken info account in eguation 1. Namely, the rate of sequencing around the CVH
sensing element 102 is not taken into account, the peak amplitude of the mageetic fisld
experienced by the CVH sensing element 102 and generated by the magnst 144 s not

20 taken into sccount, and the cuerent spinning phase sequence generated by the current

spinning sequence selection module 119 is not taken into acoount in the above sxpression.

An ostimated and quantized angle evvor (eather than non-quantized ervor of

squation {1}} can be mathematically expressed as:

o', = OFF + DC,(T)+ S By, () -sinna v 2, (7)) ()

FEH

where:
g stands for quantized values.

38
¥ is described below in confunction with FIG. § that the angle srror comection
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module 138 of FIG. 3 can use a set of programmable aversge correction coefficients,
progranumable amplitede comrection coefficients, and programmable phase comrection
coefiicients stored within the EEPROM 140 of FIG. 3 in an expression the same as or
similar to the expression of equation {2). As deseribed below, in some embodiments, the

prizsalignmeent correction coefficient, OFF, can also be stored and used.

The angle error corvection modide 138 of FIG. 3 can digitally weight, in
gecordance with the correction coefficients, one or more normalized sine waveforms
{values} {i.e., one or more harmonic values) provided by the sine LUT 148, the results of
which are swmmed together in order to approximate the angle error socording to equation

2}, Thus, in some embodiments, the angle ervor correction modude 138 of FIG. 3 can

generate the angle evror value 138 according to equation {2).

in some embodiments, the error corvection module 138 evaluates equation (3)
using two hanvonics, fivst and second. In some other embodiments, the ervor correction
module 138 evaluntes sguation {2} with one harmorde, fivst or second. In some other
embodinents, the error corvection module 138 evaluates squation () with more than two
harmondes, for example, fivst, second, third, fourth, and §fth harmondcs. In some other
embodiments, the error correction module 138 evaluates eguation (2) also using slso the

average value, DC {T). In some other embodiments, the ervor corrscion module 138
evaluates squation (2} using only the average value, DO {¥'}, without any sine functions

or harmonies, and with or without the misalignment corrsction coefficient, OFF, In some
enbodiments, the srror correction module 138 evaluates an eguation different fom

squation {2}, but having correction cosfficients that can be stored in the coofficiont table

EEPROM 310,

As described above in conjunction with FIG. 3, the combining module 126 is
operable to combine the angle ervor value (Lo, the estimated ervor sccording to equation
{23}, which is temperature dependent, with the woeorected x-v angle value 118a. Thus,
for each temperature T, the estimated error, &, , for messured angle @ according o
squation {2) can be digitally subtracted fom {or added to) the sensed (Lo, mesnwred)

angle, &, {i.e, the ynoorrected X-y angle value 118a of FIG. 2), which contains an ervor
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represented by the corves 284, 288 of FIG. 5.

As temperature varies, each harmonde component of the angle emvor represented by
oguation {2} can change independently in amplitude and phase.  As deseribed below in
conjunction with FIG. &, in some embodiments, angle error variations as a function of
tempersture of sach parameter (averags, and alse smplitude and phase of sach harmonie
component} are approximated between pairs of stored average, amplitude, and phase

values using a plecewise-lnear interpolation.

Variation in current spinning phase sequences is deseribed above in conjunction
with FIG. 3. An angle error comrection module is alse desoribad above in conjunction with
FIGE. 3 and 3. |t should be appavent that both a proper selection of the variation of the
current spinning phase sequences and the use of the angle ervor correction moduls tend to
reduce @ magnitude of the angle error represented by the curves 286, 288, ¥ should be
approciated that the two technigques can be used separately or together to achiove a

reduction in angle ervor of the magnetic Held sensor 100,

Reforring sow to FIG. 6, fn which ke cloments of FIG. 3 ave shown having Hie
refevence designations, the angle error correction module 138 can coupled o & coefficient
table EEFROM 310, The coefficient table FEPROM 310 is configurad to store a plurality
of correction coefficients of values associated with the shove squation (2), and associated

with so-called temperature segments. The coefficient table BEEPROM 310 can be part of
the EEPROM 140 of FIG. 3.

As uysed herein, the term "temperature segment® is used o describe one of g
plurality of temperature ranges, each temperature range bounded by a pair of temperatures,
Examples shown herein and described below use four such temperature segiments, a Sst
temperature segment adjacent to the second temperature segment, the second temperatrs
segment adiacent to & third tempersture segment, and a Hurth tomperative sepment
adjacent to the third temperatyre segment, in ascending order of temperaturss. In some
smbodiments the temperature segrments overlap, and, in other embodiments, there are
temperature spaces between the temperature segments. In some smbodiments, sach

temperatire segment spans the same munber of degrees of temperature, and in other
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smbodiments the femperature segments span different numbers of degrees of temperature,
For example, in some embodiments the second and thivd temperature segments can cach

have wider tomperature span than the first and fourth sepments.

The coetficient table BEPROM 310 can store therein s plurality of femperature

values, e.g., T8, T, T2, T3, T4, TS, representative of boundaries of four temperature

segments,

The cosflicient table EEPROM 310 can also store therein a plurality of correction
coefficients. For example, the coefficient table EEFROM 310 can stove five average
correction cosfficients, Coclf AQ, Coeff AL, Coeff A2, Coeff A3, Coeff A4, Bach ofthe
five average corvection coefficients is representative of an average value, DO, {r}, in
eguation (2}, at a different respective temperature corresponding to temperatures at the

boundaries of the four temperature segments,

In some embodiments, the coefficient table ERPROM 310 can alse store Sve Sest
harmonic amplitude correction cosflicients, Coeff BY, Coeff B, Cosff B2, Cosf¥ R,
Coeff B4, Each of the five first harmonde amplitude correction cosfficients is
represeriative of the amplitude value, 8, | {r}, in equation (2) for n=1, Le., for the first
harmonde of the error signals 286, 288 of FIG. §, at a different respective temperature

cotresponding to femperatwres 1 the boundariss of the four lemperature segments,

In some embodiments, the coefficient table EEPROM 310 can also store five Sret
harmonic phase correction coefficients, Coeff €O, Coeff C1, CoefT €2, Coeff €3, Coeff
U4, Each of the fve first harmonic phase correction coefficients is representative of the
phase valae, {}{ P o {r E} n sguation {2} for n=1, Le., for the frst harmonic of the error
signals 286, 288 of FIG. 5, at a differont respective temperature corresponding to

temperatures at the boundaries of the four tomperature segments,

In some smbodiments, the coefficient table EEPROM 310 can also store five
second hamonde smplitude comrection coaflicients, Coeff 1), Coeff D, CoeF D, Coeff

13, Coefl M. Each of the five second harmonic amplitude correction coefMicients {s
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representative of the amplitude valwe, &, | {7}, in equation (2) for n=2, Le., for the

second havmonde of the ervor signals 286, 288 of FIG. §, at & different respective

temperature corresponding to femperatures at the boundaries of the four temperature

sepments.

In some embodiments, the coefficient {able EEPROM 310 can also stors five
second harmenie phase correction coefficients, Coeff BY, CoefT B, Coeff B, Coaff B,
Coeff B4, Hach of the five second harmonic phese correction coefficlents is reprosentative
of the phase value, {Eﬁ’ g (E‘“}?s in eguation {2} for n=32, Le., for the second harmonic of the
arvor signals 286, 288 of FIQ. §, at a diffevent respective temperature corresponding to

temperatures at the bowndaries of the fowr temperature sogments.

In some embodiments, the coefficient table EEPROM 310 can also store the
misalignment correction cosfficient, OFF, (not shown) representative of the above
described mechanical misalignment of the CVH sensing element 102 with the magnetic
fleld generated by the magnet 144 of FIG, 3.

In some smbodiments, all of the stored corrsction cosfficients and values can be

progranumed into the coefficient table EEPROM 314, for example, by way of the control

signal 142,

As desoribed above, while fouwr temperature segments and associated tomperatures
and coefficients ave shown, in other embodiments, there can be more thaa or fewer than
four temperature segraents, and move than or fower than thirty stored coefficients in
accordance with 8 number of femperature sopments.  Also, o accordance with that
described shove, while coefficients reprosentative of temperatures, coefficients
representative of average values, coefficients reprosentative of annplitude and phase values
of the first harmonie, and cosfficients representative of amplitude and phase values of the
second harmonic of the emvor curves 288, 288 of FIG. § are shown, in other embodiments,
fewer than those coefficients can be stored and vsed. However, n still other embodiments

coefficients representative of even higher harmonics can be stored and used, for example,

by way of equation {2}

78]
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The angle error correction module 138 can include s sogment identification module
302 coupled fo receive the digital temperature signal 300s and configured fo identify one
of a plurality of {emperature segments in which the digital temperatuee signal 300a hes,
To this end, the segment identification module 302 can receive information 318a shout the
stored lemperature segments, ©.8., omperature boundaries TO, T, T2, T3, T4, TS of fowr
stored four fomperatirs segments, from the coefiicient table EEPROM 310, The segment
identification module 302 is operable to identify between which two adjacent tewmperatures
the digital temperature signal 300a Hes, Lo, within which one of the four tempersture
segments the digital tomperature sigoal 3002 Hes. In accordance with the identified
temperature segment, the segment identification module is opersbis to generate 8 sogment

identifier signal 302b representative of the identified ternperature sogment.

The angle error correction module 138 can also include an interpolation module
304 coupled to recoive the digital temperature signal 300a and coupled to receive the
segment identifier signal 302h. The lnterpolation module 304 is also coupled to recsive

identified cocfficients 310b, identified by the segment identification modude 302,

In accordance with the segment identifier signal 302h, the interpolation modnde {s
configured to generate a correction coefficient roguest signal 304b roceived by the
coefficient table EEPROM 3140, In response to the comection coefficient request signal
304b, the cosfficient table BEPROM provides & plurality of corvection coefficionts 310b
associated with the temperature boundaries of the identified teraperature segroent. It will
be understood that identification of the tempersture segment resuits in selection of ten
correction coofficients, Sve corvection coefficients at the tomperative of sach one of the

boundaries of the identified temperature sites.

The interpolation modide 304 is operable to interpolate between pairs of the

o
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identified and received corrsetion coefficients 310b. For example, if the digital
temperature signal 3002 is representative of & temperaturs of two hundred 68y degrees,
and if the pair of average value correction coefficients, e.g., Coeff AZ, CoefF A3 are
correction coefficients associated with a temperature segment spanning fom two hundred
degrees to three hundred degrees (e, » third temperature segment in which the digital
temperatire signal 3002 Hes), then it should be sppavent that the interpolation module can
interpolate between the two correction cosfficients, Cosff A2, Coeff A3, fo arrive at an
wnferpolated correction cosfficient. Similar interpolations can be performed by the
interpolation module 304 between other ones of the pairs of correction coefloients
associated with the third temperature segment fo generate a phurality of interpolated

correction coefficients 304da

In some embodiments, the interpolation module 304 can perform Hnear
interpolations, In other embodiments the interpolation module 314 can perform nonfinear
inferpolations. In some embodiments, the interpolation module 304 can perform a type of
interpolation appropriate for a widih of & tompersture segment. For example, if s width of
the identified tomperature segment is relatively wide, then the interpolation module 304
can perform a linear interpolation where the digital temperature signal 300a fills within
that wide temperature segment. Conversely, i 8 width of the identified temperaturs
segment is narrow, which may be indicative of 4 rapidly changing error characteristic, and
the interpolation module 304 can perform 3 vonlinear interpolation where the digital

temperature signal 300s falls within that narrower temperatures segment.

The angle error correction modale 138 can also include an algorithom module 306
coupled to receive the interpolated correction cosfficients 304a and configured to use the
interpolated correction coefficients 304a in an algorithm, for example, sn algorithm that
uses equation {2} sbove. As described above, the algorithm module 306 can employ

equation {2} with any nomber of harmonies and with or without the average or DC

corrsction cosfficients.

The algorithm module 306 is configured to generate an x-y angle ervor value 306a,
In some embodiments, the x-y angle error value 3062 bypasses an optional combining

module 313, and becomes the x-y angle ervor value 138a described above in confunction
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with FIG. 5,

As described sbove in conjunction with FIG. 3, & combining module 128 can be
coupled to receive the x-y angle error valus 138a, coupled to receive the uncorrected x-y
angle value 124, and configured to combine the two values to generate the corrected x-y
angle value 126a that is more accurate and has 2 smaller (Le., 3 second) error component

smaller than the frst ervor component of the uncorrscted x-y angle value 124a

The sine look up table 148 is desoribed above in confimetion with FIG, 3. The sine
lookup table 148 can provide first and second harmonics sine values 148s, 148h,

respectively, to the slgorithm module 306 for use in evaluating eguation {2} sbove.

A sine lookup controlier 318 can be coupled to receive the unoorrected x-y angle
value 124a, and coupled o receive lnterpolated phage values 304b from the interpolation
moduls. It will be spparvent from squation {2} that both of these values ave required in
order to know how to index into the sine lookup table 148, In particular, the parameter sin

g+ Mo, {T)) of equation (2) requires an index including both the messured (e,
uncorrected} angls, @, and an interpolated phase, H | {I'}. Recall that the parameter 1 is

a harmonic number,

In some embodiments, the angle eror comrection module 138 can optionally
inchude a temperature change detection modide 318 coupled fo receive the digital
tomperaturs signal 300a and configured to identify if the digital temperature signal 3002 is
representative of a changs in temperature or representative of no change temperature. The
temperatre change detection module can be configured to generate a control signal 318z
also indicative of a change in tempersture or fndicative of ne change in tempemture,
Accordingly, in some embodiments, the interpolation module 304 can perform the above
described interpolations and provide now interpolated correction cosfiicients 304s only
when the control signal 3132 13 indicative of & change In temperature. At other tmes, the

algorithm module can use interpolated covrection coefficients that were previowsly

caloudated.
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In some smbodiments, the angle ervor correction module 138 can include one or
maore of & correction versus current spinming sequence module 311, a correction versus

magnetic feld amplitode modale 308, or 2 correction vorsus sequence rate modide 307,

In response 0 8 clock sigonal 120, the correction versus current spinning sequence
module 311 is configured to identify a correction fhetor related to the selected sequence of
currert! spinting phase sequence groups that can be applied to further improve the gy
angle ervor value 138s. In response to the siguad 1122 fom the snalog-to-digital converter
112 of FIG. 3, the correction versus magnetic feld amplitude module 309 is configured to
tdentify a correction factor related 1o the amphinde of the magnetic Seld experience by the
CVH sensing element 102 and can be applied to fiwther improve the x-y angle error value
138a. In response to the clock signsl 1204, the correction versus seguence rale module
307 is configured o identify a correction factor related to the rate af which a verticad Hall
cloments within the CVH sensing clement 102 of FEG. 3 are sequenced, which correction

factor can be applisd to further inprove the x-y angle ervor valoe 138a,

Collectively, a correction value 307a inchedes one or more of the above correction
factors, The correction value 307a can be received by a combining modde 313, and can
be applied o the x-y angle orror value 306a, so that the corrected x-y angle value 126a
will have a thivd error component, which is smalier than the above-described first and
second error components. In other words, the corrected x-y angle value 138a is still move

fraly representative of an sctual angle.

In some embodinents 2 program contrel EEPROM 308 can be coupled o recsive
the control signal 142, The program control EFPROM 308 can be coupled to one or more
of the interpolation module 304 or the algorithn module 306, In some ombodiments, by
way of the control signal 142, & user can program the magnetic feld sensor 100 of FIG. 3
o use a selected fype of interpolation within the interpolation module. In some
smbodiments, by way of the contro] sigual 143, a8 user can program the magastic Seld
sensor 100 of FIG. 3 {o use a selected type of algorithm within the algorithm module 306.
Thus, in some embodiments, the magnetic field sensor 100 uses equation (3} as the

algorithen, and in other embodiments, the magnetic feld sensor uses a different algovithm,
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Returning again to the subject of variations or changes of current spinning phase
sequences st deseribed above tn confunction with FIG. 3 with respect to 8 the CVH
sensing eloment 103, FIGE, 7-9 show the advantages of stmdlar ciwrent spinning phase

sequence varigtions applied o a simple planar Hall Effect cloment.

Referring to FIG. 7, a simple magnetic Seld sensor 400 includes g planar Hall
Effect clement 403, The Hall dloment 402 is coupled to receive a current sigual $12a at
different selected ones of four contacts in accordance with a phurality of current spinning
phases determined by cwrrent spinning switches 412, A current source 410 sappliss a

ourrent signsl 41 0a to the current spinning switches 413,

A differential output 4038, 4025 of the Hall effect clement 402 s coupled to
current spinning switches 404, which select different ones of the four terminals as the

oulput ternyinals as current spinning progresses twough the plurality of phases.

Specific couplings for two or four phase cuerent spinning of the four terminal
planar Hall clement are not showsn hersin but are well understond. Taking an example
where the current spinning is done in four phases and Iabeling the phases with letters, a
conventional smrangement would repent the same phase seguences periodically, e.g.,
ABCEY, where sach sequence of phasss oecurs in a respective current spinsing eyele
having 8 oycle period. However, the magnetic Seld sensor 400 can include a cwrrent
spinning and filter control module 408 coupled o the current spinning switches 404, 412,
which can be configured fo vary or change the sequence of phases from time to Hme or
upon each eyele Gwough a set of four phases. The variations can be fully random or
pesendo-random. However, in other arrangements the varlations can select between two or

more cwrrent spinning phase sequences from Hme o tne,

In one non-limiting example, corent spinning phases can teke on the following
four seguences and then repestt ABCD, BCDA, CDAR, DABC, In s particular
example, ondy four current spinndng phase sequences are used, ssch having four phases.
However, it will be understood that four current spinning phases can result In twenty-four
combinations of the four phases in twenty-four corrent spinning phase sequences. The

twenty-four current spinning phase sequences can be randomly selected, pssudo-randomiy
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selected, or periodically selected,

in 8 basie and non-limiting embodiment, there are only two current spinning phase
gequences, e.g., ABCD and CDAR, and the ciorent spinning phase sequence applied to the
Hall element 402 can be changed Hom time to time between the two phase sequences,
There can also be more than two phase sequences and the current spinning phase sequence

apphied the Hall cloment 402 can be changed Hom time fo time between the more than

fwo phase sequences,

The corrent spinning switches 404 are configured to provide s differential ouipwt
signal 404a, 4046, A Glter 406 is coupled to receive the differential signal from the

current spinning switches 404 and is configured to provide a differential output signal

406a, 406h.

It will be understood that, in the Feguency dornain, & result of a particular type of
crrvent spinndng, referred to herein as an offSet corrent spinning, the difforential signad
404a, 404b appearing at the current sploning switches hag two frequency components. A
basehand component is responsive to 8 magnetic Held and remains &t basshand, However,
an offset signal component with the differential signal 404a, 404b s shifted to s higher
frequency sccording to 8 frequency at which the current spinning sequences through the

phases, 1.8, & chopping feguency.

In operstion, the filler 408 can remove the offset signal component of the
differential sigual 404a, 404b, leaving ondy the wagnetically responsive signal component
in the differential output signal 40%a, 406h,

Referring now to FIG. §, a graph 450 has a horizontal axis with @ scale in units of

frequency in arbifrary units and a vertieal axis with a scale in amplitude in srbifrary units.

The graph 450 is representative of operation of a magnetic field zeusor ke the
magnetic Seld senvor 400 of FIGL 7, but without any variation of the current spinning
phase sequences applied to the Hall element 402, In other words, for example, the phage

sequence ABCD ropeats over and over without variation.
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A spectral line 434 is representative of the magnetically responsive signal
component of the differential signal 404s, 404b of FIG. 7. A spectral Hins 458 is
representative of the offset signal component of the differential signal 404a, 404b of FIG.
7 after the curvent splundng operation of the current spinning switches 404, 412, but
without variation of the current spinndng phase seguences. A speciral Hne 480 is
representative of a thind harmonic of the offset signal component represented by the

speciral line 456,

it will be undersiood that the spectral Hne 454 is representative of the magnetic
field sensing slement 402 being responsive to a DO magnetic Seld. However, the
magnetic feld sensing cloment 402 can be responsive to AC magnetic fields. Thus, a
baseband bandwidth 456 is representative of & region in which the magnetic field sensing

element 402 can provide signal fnformation responsive 10 2 magnetic feld,

A transfer Rmetion 452 s representative of a transfer fimetion of one of particular
emboditnent of the fler 406 of FIG. 7. In parficular, the transfer fmction 457 is
vepresentative of a digital filter having travsfor function notches. In some embodiments, it
is advantageons to design the flter 406 and control the flter 406 with contro! signal 408¢
such that the notches appear at the same positions as the offset component spectral Hues
4358, 460, Thus, with such a filter, the differential output signal 406s, 4060 will have

content only within the baseband 458,

It will be recognized that use of a filter tends fo slow down operation of the
maguetic Hold sensor 400, Also, because the passhand 456 must roll off below the

freguency fo, the operational bandwidth or the magnetic Seld sensor 400 tends to be

regtricted,

Referring now to FIG, 9, a graph 500 has 2 horizontal axis with a scale in units of

frequency in arbitrary units and a vertical axis with g scale in smnplitude in arbitrary units.

The graph 300 is representative of operation of 2 magnetic feld sensor like the

magnetic feld sensor 400, including variations or changes of the cwrrent spinning phase
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sequences. It will become apparent from dscussion below that, using variation of the

crerent spinning phase seguences, in some embodiments, the fiter 406 of FIG, 7 can be

sliminated,

A spectral line 302 is representative of the magnetically responsive signal
component of the differential signal 40da, 404b, A gpecival Hne 506 is representative of
the offset signal component of the differential signal 404g, 404b after the varied current
spinning operation of the current splaning switches 404, 412, A spectral lne 508 is
representative of a thind harmonic of the offset signal component represented by the

speciral line 506

i will be understood that the spectral Hue 502 is ropresentative of the magnetic
field sensing slement 402 being responsive to 8 DU magnetic feld. However, the
magnetic feld scosing element 402 can be responsive to an AU magnetic Sold. Thus, s
basehand bandwidth 304 is representative of a region in which the magnetic feld sensing

slement 402 can provide signal information responsive 1 8 magaetio Seld,

Cither low amplitude spectral Hnes as shown may resudt fore the varistion of the
current spinmiing phase soguences, depending upon the exact nature of the varfation. There

can be additional spectral hines that are not shown, but which are also at low amplitude,

it will be appreciated that the speciral Hnes 306, 508, and all other extransous
speciral Hoes have a wouch lower moplitude than the speeteal Hoes 458, 460 of FIGL 8. In
soms applications, the various low amplitude spootral lines have a low enough amplitude
that the flter 406 of FIQ T 18 not requived in all. Having no Sher at all results in a faster
magnetic Held sensing olement and a wider bandwith magnetic fiold sensing clement.
Accordingly, in some such embodiments, the baseband passhand 504 can be substantially
wider than that shown, and can be wider than the baseband passhand 456 of FIG. &, In

some embodirnents, the baseband passband 504 can extend well bevend the frequency 3.

Al references cited herein sre hereby fncorporated herein by reference in their

entirety.

BN
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angle value; and

a combining module configured to combine the uncorrected x-v angle value with

the x~y angle ervor value 1o gonerate a corrected x-y angle value having & second angle

is

error component srmallor than the frst angle ervor component.

The magnetic fold sensor of Clatm 1, ficther comprising:

a cosfficient table memory condfigured o store a phavality of correction

ated with respective boundaries of a plurality of temperatire segmends,

8, 8E80CE

gosffcient

a4

and

B
¥

each temperature segment bounded by a pailr of temperaturss

al representative of

re SIgn

a temperature sensor configored fo generate & temperatn

t the angle ervor correction module comprises:

CEESI X

.

a temperatire; wh

a segment identification module coupled to receive 8 tomperatire

value reprosentative of the temperature signal and configured to identify a

g

@
]

temperatire segment in which the temperature value falls

an interpolation modids coupled 1o receive & plurality of the

correction coefficionts associated with the identified temnperature segment,

gured to interpolate

fi

coupled to receive the femperature value, sad con

coefficients in accordance with the

betwesn padrs of the correction

3¢

tempoerature value o gonerste g phuality of interpolated correction

coefficients: and

an algorithm module coupled to recelve the pluvality of interpolated
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correction coefficients and configured o apply an algorithm using the
plurality of interpolated correction coofficients o generate an x-y angle

grror value,

3. The magnetic Held sensor of Cladm 2, wherein the plurslity of magnetic field
senwing elements comprises a pharality of vertical Hall Effect slements arranged as s
circular vertical Hall {CVH) cloment, wherein cach one of the plurshity of vertical Hall
Effect elements iy arranged upon 8 conmmon oircolar implant and diffusion region in & frst
major surface of a semiconductor substrate, wherein the plurality of vertical Hall Effect
sloments is configured {0 generate 8 respective plurality of x-y output signsls responsive fo
& magnetic field having & divection component In an x-y plane paraliel to the fvst surfsce
of the semconductor substrate, the x-y plane having an x-direction and a y-direction
orthogonal to the x-direction, wherein the plurality of x-y output signals is generated in s
phorality of cyele periods, each oyele period corvesponding o one oycle around the CVH

sensing element, the oyole periods occurring at a ovele rate.

4, The magnetic Reld sensor of Clatm 3, furthor comprising & sine lookup table for
storing & plurality of sine values, wherein the algorithm module is coupled to recelve a
sine value selected from among the plurslity of sine values snd to apply the algorithm also

using the selected sine value,

5. The magnetic fold sensor of Claim 4, wherein the selected sine value is selected in

accordance with the nncorrected x-v angle value,

8, The magnetic feld sensor of Claim 4, wherein the selected sine value is sslected in
aceordance with the x-y angle velue and in accordance with an interpolated phase

gosificient.

7. The magnetic Held sensor of Clatm 3, wherein the angle ervor correction module is

configired to use & tomperature-dependent stnusoidal exvor relationship to desoribe the
first angle evror component, sinusoidal with respect to the angle of the magnetic field, and

wherein the pharality of correction cocfficients comprises:

a phurality of correction coefficients representative of respective magnitudes and
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phases of one or more harmondes of the sinusoidal error relationship st 8 corresponding

plurality of different temperatures.

8. The magnetic field sensor of Claim 7, wherein the plorality of correction
coefficients further comprises a plurality of corvection coefficients representative of
respective magnitudes and phases of first and second harmonies of the sinusoidal error

relationship at a corresponding phurality of different temperatures.

Q. The magnetic feld sensor of Clgim 7, whereln the plurality of correction
coefficients further comprises a phaality of correction cosfficients representative of
respective magnitudes of average angle ewvors of the sinusotdal exvor relationship st 8

corresponding plurality of different tomperatures.

18, The magnetic field sensor of Claim 7, further comprising a program control
register coupled {o receive a program contrel value, wherein the interpolation module is
coupled to receive a value representative of the program control value, and, in response to
the program control value, the interpolstion modude s confignred to seleot the sinusoidsl

grror refgtionship fom among a plorality of simusoidal ervor relationships,

it The magnetic Seld sensor of Claim 3, further comprising a program control
register coupled o recelve a progrem control value, wherein the interpolation module is
coupled to recetve a value representative of the program control value, and, in response to
the program control value, the interpolation module is configured to select an interpolation

type fom among a pheality of interpolation types.

12, The magnetic field sensor of Claim 3, whevein the interpolation modude is

configured to generate Hnear interpolations,

i3, The magnetic feld sensor of Claim 3, whersin the interpolation module is

configured to generste non-lnsar interpolstions.

14, The magnetic feld sensor of Cladm 3, wherein boundaries of the plurality of

temperatiire segments ars unequally spaced in tempersture.

43



i

10

ik

28

3¢

WO 2014/126670 PCT/US2014/011580

15, The magnetic field sensor of Claim 3, further comprising:

a temperature change detection wodule coupled fo the temperature sensor and
configured to detect a change in temperature and {o generate 8 temperature change signal
indicative of & change in {emperature or indicative of no change in temperature, wherein
the interpolation modude is coupled to the temperature change modide and configured to
change the plurality of interpolated correction cosfficients when the temperature change
signal s indicative of a change o tempersture and to hold the plueality of fnterpolated

gorrection coefficients when the temperature change signs! is indicative of no change in

femperature.

16,  The magoetic Held sensor of Claim 3, further comprising:

a correction versus rate module coupled o receive a control signal related to the
evele rate and configured to gonerate 2 oycle rate correction value i accordance with the
ovele rate; and

& second combining module configured to combine the oyele rate correction valus
with the x-y angle srror value to generate a further corrected x-v angle value comprising &

third angle error component smaller than the second angle ervor component.

17, The magnetic field sensor of Claim 3, firther comprising:

& corvection versus current spin sequence module coupled o receive 8 control
signal related to 8 cwerent spin seguencs of the CVH sensing slement and configured to
generate a current spin seguence correction value in accordance with the current spin
sequence; and

a second combining module configured to combine the corrent spln seguence
correction value with the angle erver value (o generate & further corrected x-y angle value

coraprising a thind angle ervor component smalier than the second angle ervor component.

18, The magnetic Seld sensor of Claim 3, fiwther comprising:

a correction versus magnetic Held strength module coupled o receive a control
signal related to 8 magnitude of the magnetic fleld and configured to generate 2 magnetic
field strength correction value in accordance with the magnitude of the magnetic Seld; and

8 second combining module configured to combine the magnstic feld strength
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correction value with the angle ervor value to generste a Ruther corrected x-v angle value

comprising a third angle error component smaller than the second angle srror component.

18, A method of reducing an error In a magnetic feld sensor, comprising:

providing s pluralily of magnetic Held sensing clements, wherein each one of the
phality of magnetic feld sensing elements is @:;sﬁﬁgwﬁ fo genersto a respochive x-y
cutput signal responsive to a magnetic Held in an x-y plang;

using the x-y output signals to generate an incorrected x~y angle valoe
representative of an angle of the magnetic feld fn an x-y plane, wherein the wncorrected x-
v angle value comprises a st angle ervor component; and

correcting the uncorrscted x-v angle value to provide g corrected x-v angle value

having a second angle error compoenent smaller than the first angle ervor component.
20, The method of Clatim 19, wherein the comecting the uncorrected x-y angle valus

storing a plurality of corvection coefficients assooiated with respective boundaries
of & pharality of temperaturs segments, sach fompersture segment bounded by & pair of
temperatures;

generating 8 lemperature signal roprosentative of a tomperatare;

identifying a temperature segment in which the tomperature value falls;

interpolating between pairs of the correction coefficients in accordance with the
femperatire valne to generate a plurality of interpolated correction coefficients; and

applving av slgoriihen veing the pluradity of interpolated correction coefficients to
generate an x-y angle ervor value, wherein the combining comprises:

combining the uneorrected x-v angle value with the x-y sngle orror value to

generate the corrected x-y angle valoe.

21, The method of Claim 20, wherein the plurality of magnetic field sensing eloments
comprises a plurality of vertical Hall Bffect slements amvanged as & oiroular vertical Hall
{CVH) element, wherein sach one of the plurality of vertical Hall Effect slements is
srranged upon a comunon cireular implant and diffosion region {n a fvst major suweface of a
sermdconductor substrate, wherein the plurslity of vertical Hall Effect clements is

configured to gevnerate a respective plurality of -y oulput signals responsive o a magnetic
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22, The method of Clalm 21, further comprising storing a phuality of sine values,
wherein sppiving the algorithm further comprises:
selecting & sine value fom among the plurality of sine values; and

applving the algorithm using the selected sine value,

23, The method of Claim 22, wherein the selected sine value is selected in accordance

with the uncorrected x-v angle value,

24 The method of Cladm 22, wherein the selected sine value is selected in accordance

with the uncorrected x-v angle value and in accordance with an interpolated phase

coefficient,

25, The method of Claim 21, wherein the applving the algorithm comprises:

using a temperatuve dependent sfousoidal ervor relationship to deseribe the Srst
angle error component, sinusoidal with respect to the angle of the magnetic feld, and
wherein the plurality of correction coefficients comprises;

a plurality of correction coefficients representative of respective magnitudes and

phases of one or more hacmonies of the simusoidad ervor relationship at a conresponding

plurality of different temperatures,

26, The method of Claim 28, wherein the plurslity of correction coefficients firther
comprises a plurality of correction coefficients representative of respective magaitudes
and phases of frst and second harmonics of the sinusoidal ervor relationship ata

corresponding plurality of different tomperatures.

37 The method of Clatm 25, wherein the plorality of correction coefficients further

oo

comprises a plurality of correction coefficients representative of respective magndtudes of
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average angle errors of the sinusoidal ervor relationship at 2 corresponding plurality of

different tomperaiures,

28, The method of Clatm 25, further comprising:
receiving a program control value; and

selecting the sinusoidal error relationship from among a pharality of stinusoidal

error relationships.

28, The method of Cladm 21, further comprising
receiving a program control valoe; and

selecting an interpolation type from among & plurality of interpolation {ypes.

30, The method of Claim 21, whevein the interpolation module is configured o

generate Hoear interpelations,

31, The method of Claim 21, wherem the interpolation module is configured to

generate non-linear interpolations

32, The method of Claim 21, wherein boundaries of the plurality of temnperature

segments are wnegually spaced in femperature,

33, The method of Claim 21, further comprising:

detecting a change in temperature;

generating a temperature change signal indicative of a change in fomperature or
indicative of no changs in temperatures; and

changing the plurslity of interpolated correction coefficients when the tamperatore
change signal is indicative of 2 change i tewperatire and holding the plorality of
interpolated correction coefficients when the temperature change signal is indicative of no

change in {emperature,

34, The method of Claim 21, further comprising:
generating a cyele rate correction value in accordance with the ovele rale; and

combining the oyole rate correcton value with the angle ervor value and with the
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uncorrected angle value to generate a further corrected x-y angle value comprising a thivd

angle error component smalier than the sscond angle etror component.

The method of Claim 21, frther comprising:

genersting a current spin sequence correction value in sccordancs with the current

Loy
L4y

spin seguence; angd
combindng the current spin sequence correction value with the angle ervor value to
generste a further corrected x-y angle value comprising a thivd angle error component

smaller than the second angle ervor component,

36, The method of Clatms 21, further comprising:

generating 8 magnetic Ssld strength corrsolion value in sccordance with the

magnitude of the magnetic feld; and
combining the magnetic Held strength correction value with the angle ervor value

o generate a further corvected s-y angle value comprising a third angle ervor component

smaller than the second angle error component,
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