(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
é 0 0 DR O 30 O 0

Organization
International Bureau
l__/))/ (10) International Publication Number
= WO 2015/023401 Al
WIPO I PCT

\

(43) International Publication Date
19 February 2015 (19.02.2015)

(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every

wo 2015/023401 A1 [N I 00000 O

GO01D 5/14 (2006.01) GO02B 7/08 (2006.01)
GOIR 33/06 (2006.01) GOIR 33/00 (2006.01)

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
Bz, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

(21) International Application Number: DO, DZ. EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT.
PCT/US2014/047538 HN, HR, HU, ID, IL, I, IR, IS, JP, KE, KG, KN, KP, KR,
(22) International Filing Date: KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
22 July 2014 (22.07.2014) MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
- . OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(25) Filing Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
(26) Publication Language: English ?’V’ TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(30) Priority Data:
13/967,681 15 August 2013 (15.08.2013) Us (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: ALLEGRO MICROSYSTEMS, LLC GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
[US/US]; 115 Northeast Cutoff, Worcester, Massachusetts UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
01606 (US). TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(72) Tnventors: CADUGAN, Bryan; 61 Grapevine Road, Bed- E/[Eé El\iKF IMFTR’NGLB’I\%R’P%RﬁUﬁéE’RIS’ EE L; ;“II(J , ;\\2
ford, New Hampshire 03110 (US). LATHAM, Alexander; TR), 0 AI,JI (B’F le CF’ C (’} Ci Cl\;[ G,A éN > GO > GW,
200 Still River Road, Still River, Massachusetts 01467 > > T > > > > > >
(US). KM, ML, MR, NE, SN, TD, TG).
(74) Agents: SCOTT, John, C. et al; Daly, Crowley, Mofford P€clarations under Rule 4.17:

& Durkee, LLP, Suite 301A, 354A Turnpike Street, Can-
ton, Massachusetts 02021 (US).

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

[Continued on next page]

(54) Title: METHOD AND APPARATUS FOR DETERMINING LINEAR POSITION USING MULTIPLE MAGNETIC FIELD
SENSORS

L =10 mm

D {max) = 15 mm
AX. =7 mm (typ)
AG = 7.5 mm (typ)

(57) Abstract: The linear position of an
object is estimated using multiple magnetic
field sensors and a magnet. The multiple
magnetic field sensors are held in fixed re-
lation to one another and in moving rela-
tion with respect to the magnet. Readings
of the first and second magnetic field
sensors and the fixed distance between the
first and second magnetic field sensors may
be used to estimate the linear position. In
some embodiments, an estimated frequency
of an approximately sinusoidal field versus
position characteristic is also used as part
of the estimation.



WO 2015/023401 A1 WK 00N VAT 0O 0O

— as to the applicant's entitlement to claim the priority of —  before the expiration of the time limit for amending the
the earlier application (Rule 4.17(iii)) claims and to be republished in the event of receipt of
Published: amendments (Rule 48.2(h))

—  with international search report (Art. 21(3))



WO 2015/023401 PCT/US2014/047538

METHOD AND APPARATUS FOR DETERMINING LINEAR POSITION
USING MULTIPLE MAGNETIC FIELD SENSORS

FIELD

[0001}] Subject matter disclosed herein relates generally to sensors and, more

particularly, to techniques and devices for estimating position using sensors.

BACKGROUND

[0002] Many applications exist that require the linear position of an object to be
estimated. In some applications, very precise estimates are needed. One way to estimate
object position involves the use of a magnet and a magnetic field sensor. The magnet may
be attached to the movable object and the sensor may be held in a fixed position proximate
to the magnet. The position of the object relative to the fixed sensor may then be
estimated based on the magnetic field readings of the sensor. A problem that arises with
this approach is that various factors can compromise position estimate accuracy. For
example, manufacturing tolerances (e.g., variability in the air gap between the sensor and
the magnet, etc.) can result in etrors in the position estimates generated in a system.
Similarly, component tolerances (e.g., variability in magnet strength, etc.) can result in
position estimate errors. Environmental factors, such as temperature variability and stress
effects, may also negatively affect position estimation accuracy in such systems. Position
estimation techniques are needed that are more tolerant to some or all of the above

described sources of error.

SUMMARY

[0003] In accordance with one aspect of the concepts, systems, circuits, and
techniques described herein, a machine-implemented method for estimating a relative
linear position of an object using a magnet and multiple magnetic field sensors is
provided. The multiple magnetic field sensors are held in fixed relation to one another and
in moveable relation to the magnet. In addition, either the magnet or the multiple
magnetic field sensors may be fixed to the object. More specifically, the method

comprises: (a) obtaining an estimate of a frequency of an approximately sinusoidal field
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reading versus position characteristic associated with the multiple magnetic field sensors
and the magnet; (b) acquiring readings of a first magnetic field sensor and a second
magnetic field sensor of the multiple magnetic field sensors; and (c) calculating an
estimated position of the magnet relative to the first and second magnetic field sensors
using the readings of the first and second magnetic field sensors, the estimated frequency,

and a fixed distance between the first and second magnetic field sensors.

[0004] In one embodiment, the multiple magnetic field sensors further include a third
magnetic field sensor that is located between the first and second magnetic field sensors;
and obtaining an estimate of a frequency comprises: (i) collecting readings of the first
magnetic field sensor, the second magnetic field sensor, and the third magnetic field
sensor; and (ii) calculating the estimated frequency using the collected readings of the

first, second, and third magnetic field sensors and the fixed distance between the first and
second magnetic field sensors.
[0005] In one embodiment, the third magnetic field sensor is centered between the first

and second magnetic field sensors; and calculating the estimated frequency includes

evaluating the equation:

R 2A3-—A2—A1<2)
w = ,

A3 Ax

where @ is the estimated frequency in radians per distance, 4/ is the reading of the first
magnetic field sensor, 42 is the reading of the second magnetic field sensor, 43 is the

reading of the third magnetic field sensor, and Ax is the fixed distance between the first
and second magnetic field sensors.

[0006] In one embodiment, obtaining an estimate of a frequency is performed before
acquiring readings.

[0007] In one embodiment, obtaining an estimate of a frequency comprises retrieving

the estimate of the frequency from a memory.

[0008] In one embodiment, obtaining an estimate of a frequency comprises estimating

the frequency using characterization data associated with the magnet.
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[0009] In one embodiment, calculating an estimated position of the magnet relative to

the first and second magnetic field sensors includes evaluating the equation:

R Oy (G + AD@Ax
Xmia = @0 T 50 T AT

where %,,,;4 is representative of an estimated linear position of the magnet relative to a
midpoint between the first and second magnetic field sensors, 4/ is the reading of the first
magnetic field sensor, A2 is the reading of the second magnetic field sensor, @ is the

estimated frequency, and Ax is the fixed distance between the first and second magnetic

field sensors.

[0010] In one embodiment, the method further comprises repeating acquiring readings

and calculating an estimated position to maintain an updated position estimate for the

object.

[0011] In one embodiment, the method further comprises occasionally updating the

estimate of the frequency.

[0012] In one embodiment, the multiple magnetic field sensors include at least one of:

a Hall effect sensor, a magnetoresistive (MR) sensor, and a magnetotransistor.

[0013] In accordance with another aspect of the concepts, systems, circuits, and
techniques described herein, an apparatus comprises: multiple magnetic field sensors for
use in estimating the linear position of a magnet that moves in relation to the multiple
magnetic field sensors, wherein the multiple magnetic field sensors include at least a first
magnetic field sensor and a second magnetic field sensor held in fixed relation to one
another and separated by a distance Ax; and a controller to estimate the linear position of
the magnet relative to the multiple magnetic field sensors using an estimated frequency of
an approximately sinusoidal magnetic field reading versus displacement characteristic
associated with the magnet and the multiple magnetic field sensors, a distance between the

first and second magnetic field sensors, and readings of the first and second magnetic field

Sensors.

[0014] In one embodiment, the apparatus further comprises a memory to store a value

indicative of the estimated frequency, wherein the controller is coupled to the memory.
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[0015] In one embodiment, the controller is configured to occasionally update the

value indicative of the estimated frequency stored within the memory.

[0016] In one embodiment, the controller is configured to update the value indicative
of the estimated frequency stored within the memory by receiving a new value from an

external source and storing the new value or a derivative thereof in the memory.

[0017] In one embodiment, the controller is configured to update the value indicative
of the estimated frequency stored within the memory by estimating a new value and
storing the new value in the memory.

[0018] In one embodiment, the multiple magnetic field sensors include a third
magnetic field sensor that is located between the first and second magnetic field sensors;
and the controller is configured to estimate the frequency of the approximately sinusoidal
magnetic field reading versus displacement characteristic using readings of the first,

second, and third magnetic field sensors and the fixed distance between the first and

second magnetic field sensors.

[0019] In one embodiment, the third magnetic field sensor is centered between the first
and second magnetic field sensors, and the controller is configured to estimate the

frequency based on the following equation:

o 2A3—A2—A1(2>
w= A3 Ax)

where & is the estimated frequency in radians per distance, Al is a reading of the first

magnetic field sensor, A2 is a reading of the second magnetic field sensor, A3 is areading

of the third magnetic field sensor, and Ax is the distance between the first and second

magnetic field sensors.

[0020] In one embodiment, the controller is configured to estimate the position of the

magnet relative to the multiple magnetic field sensors based on the equation:

o1 (@2 + A1) @Ax
Xmia = WA T\ 500 A1)
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where £ ,i4 is representative of an estimated position of the magnet relative to a midpoint
between the first and second magnetic field sensors, A7 is a reading of the first magnetic
field sensor, A2 is a reading of the second magnetic field sensor, @ is the estimated

frequency, and Ax is the distance between the first and second magnetic field sensors.

[0021] In one embodiment, the apparatus is implemented as a single integrated circuit

that can be mounted in proximity to an external magnet.

[0022] In one embodiment, the apparatus is implemented using multiple chips within a

multi-chip module (MCM) that can be mounted in proximity to an external magnet.

[0023] In one embodiment, the multiple magnetic field sensors are closely matched in
sensitivity.

[0024] In one embodiment, the multiple magnetic field sensors include at least one of:

a Hall effect sensor, a magnetoresistive (MR) sensor, and a magnetotransistor.

[0025] In one embodiment, the multiple magnetic field sensors are for use in
estimating the position of a magnet that is affixed to a lens assembly of a camera; and the
controller includes an input to receive a position request signal requesting movement of
the lens assembly as part of an autofocus operation, wherein the controller is configured to
generate a control signal for use in moving the lens assembly in accordance with the

position request signal based on the estimated position of the magnet.

[0026] In one embodiment, the apparatus further comprises a driver to drive a motor
that is coupled to the lens assembly in response to the control signal, wherein the multiple
magnetic field sensors, the controller, and the driver are all implemented within a common

integrated circuit (IC) or multi-chip module (MCM).

[0027] In accordance with still another aspect of the concepts, systems, circuits, and
techniques described herein, a camera comprises: a lens assembly having a magnet
affixed thereto; at least two magnetic field sensors held in fixed relation to one another and
proximate to the magnet, the at least two magnetic field sensors including a first magnetic
field sensor and a second magnetic field sensor, wherein the magnet is moveable with
respect to the at least two magnetic field sensors; a motor to move the lens assembly in a
controlled manner; a driver to drive the motor in response to a control signal; and a
controller to estimate a position of the lens assembly for use in focusing the camera, the

controller to estimate the position of the lens assembly using an estimated frequency of an
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approximately sinusoidal magnetic field reading versus displacement characteristic
associated with the magnet and the at least two magnetic field sensors, a distance between
the first and second magnetic field sensors, and readings of the first and second magnetic
field sensors.

[0028] In one embodiment, the controller includes an input to receive a position
request signal requesting movement of the lens assembly as part of an autofocus operation,
wherein the controller is configured to generate the control signal for the driver for use in
moving the lens assembly in accordance with the position request signal based on the

estimated position of the lens assembly.

[0029] In one embodiment, the controller is configured to estimate the position of the

lens assembly based on the equation:

R 1 (424 Al)BAx
Xmia = <tan
) 2(A2 — A1)
where &4 is representative of an estimated position of the magnet relative to a midpoint
between the first and second magnetic field sensors, 4/ is a reading of the first magnetic
field sensor, A2 is a reading of the second magnetic field sensor, @ is the estimated

frequency, and Ax is the distance between the first and second magnetic field sensors.

[0030] In one embodiment, the at least two magnetic field sensors includes a third
magnetic field sensor that is located between the first and second magnetic field sensors;
and the controller is configured to estimate the frequency using readings of the first,

second, and third magnetic field sensors and the fixed distance between the first and
second magnetic field sensors.
[0031] In one embodiment, the third magnetic field sensor is centered between the first

and second magnetic field sensors, and the controller is configured to estimate the

frequency based on the following equation:

. 2A3—-A2—A1(2>
= 43 Ax/)
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where & is the estimated frequency, A is a reading of the first magnetic field sensor, 42 is
a reading of the second magnetic field sensor, 43 is a reading of the third magnetic field

sensor, and Ax is the distance between the first and second magnetic field sensors.

[0032] In accordance with a further aspect of the concepts, systems, circuits, and
techniques described herein, a camera comprises: a lens assembly having a magnet
affixed thereto; at least two magnetic field sensors held in fixed relation to one another and
proximate to the magnet, the at least two magnetic field sensors including a first magnetic
field sensor and a second magnetic field sensor, wherein the magnet is moveable with
respect to the at least two magnetic field sensors; a motor to move the lens assembly in a
controlled manner; a driver to drive the motor in response to a control signal; and a
controller to estimate a position of the lens assembly for use in focusing the camera, the
controller to estimate the position of the lens assembly based, at least in part, on readings
of the first and second magnetic field sensors and a distance between the first and second

magnetic field sensors, the controller being configured to estimate the position based on

the following equation:

) B(A2 + A1)Ax
Xmia =
™d T (2 x (42 — AD))

where B is a gain factor, A/ is a reading of the first magnetic field sensor, 42 is a reading
of the second magnetic field sensor, and Ax is the distance between the first and second
magnetic field sensors.

[0033] In one embodiment, the controller includes an input to receive a position
request signal requesting movement of the lens assembly as part of an autofocus operation,
wherein the controller is configured to generate the control signal for the driver for use in
moving the lens assembly in accordance with the position request signal based on the

estimated position of the lens assembly.

[0034] In one embodiment, the controller and the at least two magnetic field sensors

are implemented on a common integrated circuit (IC) or multi-chip module (MCM).

BRIEF DESCRIPTION OF THE DRAWINGS
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[0035] The foregoing features may be more fully understood from the following

description of the drawings in which:

[0036] Fig. 1 is a diagram illustrating a conventional position estimation technique

using a magnet and a magnetic field sensor in a slide-by configuration;

[0037] Fig. 2 is a plot illustrating variation of a magnetic field versus position

characteristic in a slide-by application based on air gap spacing;

[0038] Figs. 3a and 3b are different views of an exemplary position measurement

system having multiple magnetic field sensors in accordance with an embodiment;

[0039] Fig. 4 is a plot illustrating magnetic field versus position curves for a single

Hall element magnetic field sensor in a slide by configuration;

[0040] Fig. 5 is a plot illustrating the output of a position measurement system that

uses two Hall element magnetic field sensors and a simple dual element equation;

[0041] Fig. 6 is a plot illustrating the output of a position measurement system that
uses two Hall element magnetic field sensors and an arc tangent dual element equation in

accordance with an embodiment;

[0042] Fig. 7 is a plot illustrating the output of a position measurement system that
uses two Hall element magnetic field sensors and the arc tangent dual element equation,

where the estimate of the frequency, w, is off by 20%;

[0043] Fig. 8 is a diagram illustrating a position measurement system that is capable of

estimating the frequency of a magnetic field versus position characteristic in accordance
with an embodiment;

[0044] Fig. 9 is a block diagram illustrating portions of a camera using positioning

techniques described herein in accordance with an embodiment;

[0045] Fig. 10 is a flow diagram illustrating an exemplary method for estimating a

relative position of an object in accordance with an embodiment; and

[0046] Fig. 11 is a flow diagram illustrating a method for estimating a frequency of a
field versus position characteristic associated with a position measurement system in

accordance with an embodiment.
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DETAILED DESCRIPTION

[0047] Fig. 1 is a diagram illustrating a conventional position estimation technique
using a magnet 10 and a magnetic field sensor 12. The magnet 10 may be affixed to an
object (not shown) for which a position estimate is desired. During normal operation, the
object (and thus the magnet 10) may move back and forth along a linear path 14. The
sensor 12 may remain in a fixed position with respect to the magnet 10. The magnetic
field readings of the sensor 12 may be used to estimate the current linear position of the
magnet 10 along the linear path 14. As shown in the lower portion of Fig. 1, a specific
relationship will typically exist between the magnetic field reading of the sensor 12 and
the position (or displacement) of the magnet 10. The relationship may be referred to as the
magnetic field versus position characteristic 16 of the measurement system. Knowledge
of this relationship may be used, along with the magnetic field readings of the sensor 12,

to estimate a current position of the magnet 10. The estimation technique illustrated in

Fig. 1 is known as a “slide-by” operation.

[0048] As shown in Fig. 1, an air gap 18 will exist between the magnet 10 and the
sensor 12. The size of this air gap 18 will, to some extent, effect the magnitude and/or
shape of the magnetic field versus position characteristic 16 of a system. Due to
manufacturing tolerances, the size of this air gap 18 may vary from unit to unit during
system manufacture. The strength of the magnet 10 may also affect the magnitude and/or
shape of the magnetic field versus position characteristic 16 of a system. As with the size
of the air gap 18, the strength of magnet 10 may also vary from unit to unit due to
manufacturing tolerances. In addition, a particular sensor design may be used with
different magnets, having different field strengths, by different end users. In addition to
these problems, as described above, temperature variation and/or stress effects within a
system can also affect the magnitude and/or shape of the magnetic field versus position
characteristic 16. As will be apparent, differences or changes in the magnetic field versus
position curve 16 can lead to errors in the position estimates for the object of interest. To
overcome these problems, complicated calibration procedures are sometimes used to
calibrate each system to account for some or all the different variations that are possible.

The calibrations may be used to generate, for example, a gain factor to use in processing

the sensor readings.
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[0049] Fig. 2 is a plot illustrating how a magnetic field versus position characteristic
may vary for a given sensor/magnet pair based on air gap spacing. Inthe figure, curves
are shown for air gaps from 2 mm through 8 mm. As illustrated, the magnitude of the

magnetic field versus position characteristic increases as the air gap gets narrower.

[0050] In various embodiments described herein, techniques, devices, and systems are
provided that are capable of estimating the linear position of an object in a manner that is
less susceptible to variations in one or more parameters of a system. The techniques,
devices, and systems may involve the use of multiple magnetic field sensors that are held
in fixed relation to one another to estimate object position. As will be described in greater
detail, the techniques, devices, and systems may take advantage of the fact that the
magnetic field versus position characteristic associated with a slide by operation will
typically approximate a sinusoid in shape. The techniques, devices, and systems may be
used with any type of magnetic field sensors that produce such a characteristic including,
for example, Hall effect sensors, magneto-resistance (MR) based sensors, and magneto-
transistor based sensors. In the discussion that follows, the techniques, devices, and
systems will be described in the context of Hall effect sensors (e.g., Allegro Microsystems

part no. A1363, etc.), but it should be understood that other sensor types may alternatively

be used.

[0051] Fig. 3a is an isometric view of an exemplary position measurement system 30
having multiple magnetic field sensors in accordance with an embodiment. As illustrated,
the system 30 includes first and second magnetic field sensors 32, 34 and a magnet 36.
The first and second magnetic field sensors 32, 34 are mounted in fixed relation to one
another with a fixed distance Ax therebetween. In some implementations, the first and
second magnetic field sensors 32, 34 may be matched devices having substantially the
same (or very close) magnetic field sensitivities. In one possible approach, the first and
second magnetic field sensors 32, 34 may each be mounted, at least roughly, according to
a plane 38. The magnet 36 may be moveable with respect to the sensors 32, 34 along a
linear path 40. The linear path 40 may, in some implementations, be parallel or
substantially parallel to the plane 38 associated with the sensors 32, 34. An air gap 42
may exist between the plane 38 of the sensors 32, 34 and the magnet 36. As shown, the
magnet 36 may have a north pole and a south pole at opposite ends along the linear path

40. In the illustrated embodiment, the magnet 36 is nominally 10 millimeters (mm) in
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length and the maximum displacement of the magnet 36 along the linear path 40 from a
position corresponding to a midpoint between the first and second magnetic field sensors
32, 34 is nominally 15 mm. Also, the air gap 42 in the illustrated embodiment is
nominally 7.5 mm and the fixed distance between the first and second sensors 32, 34 is
nominally 7 mm. As will be appreciated, these parameters will typically vary in other

implementations.

[0052] Fig. 3b is a top view of the exemplary system 30 of Fig. 3a that shows a
coordinate system 50 that may be used to define linear position in the system. The x-axis
of the coordinate system 50 is parallel to the linear path 40 associated with the magnet 36.
As illustrated, the center of the magnet 36 may be defined as the x = 0 position in the
coordinate system 50 and the relative position of the midpoint between the first and
second sensors 32, 34 and the magnet 36 (i.e., Xniq) may be taken as the relative linear
position. It should be appreciated that the relative position may be defined differently in
other implementations. Also, in different implementations, either the magnet or the
sensors may be fixed to the object or structure for which a position estimate is desired. In
addition, either the magnet or the sensors may actually move while the other remains
stationary in different implementations. As shown in Fig. 3b, a controller 52 may be

coupled to the first and second sensors 32, 34 to estimate the relative position based on

readings of the sensors.

[0053] In one approach to estimating a relative position using two magnetic field
sensors, the readings of the two sensors are used to normalize to a set slope. For example,
if A1 and A2 are the readings one of the two sensors, then the average of the readings is
(A2+A1)/2 and the difference of the readings is (42-A1). The average may then be

normalized using the difference to generate the normalized output:

(A2+A1)

(2><(A2—A1))' Equation 1

This normalized value can be multiplied by the distance Ax between the sensors (in
microns) to generate a factor of 1 per micron. A gain factor may also be applied to this

equation to generate a desired microns per position code. This equation is most accurate
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when well-matched sensors (i.e., sensors having very close sensitivities) are used. No

additional calibration is required to use this equation.

[0054] The above-described approach can, in some circumstances, produce a relatively
consistent position value regardless of variations in sensor sensitivity or magnet strength.
However, this approach works best in systems where the magnetic field varies relatively
linearly with position. The technique does not work well when non-linearity is involved.
When there is non-linearity in the field versus position characteristic, an offset will exist in
the output that is not compensated for by the equation. In addition, this offset is dependent

on the sensitivity making it inconsistent over temperature.

[0055] In accordance with one aspect of the techniques described herein, it was
appreciated that the field versus displacement characteristic of certain magnetic field
sensors in slide by operations approximate a sinusoid over at least a portion of the

operating range thereof. That is, the field may be approximated using the equation:
f(x) = Asin(wx)

where 4 is the magnitude of the sinusoid and w is the frequency. It can be shown that the
normalized output equation described above can, under at least some conditions, be

approximated as follows:

x2 + x1
U2+ anax_ (fe + ey F ) | f )
2z - AD (0D~ [e)/Bx () T T o)

2

The derivative of above described sinusoidal field equation f(x) is:
f'(x) = Awcos(wx)

Thus,

flx) Asin(wx) tan(wx)
f(x)  Awcos(wx) @

12
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It then follows that:

(A2 + ADAx _ tan(@Xmiq)
2042- A1)~ w

Solving for x4 then results in:

Equation 2

1 (42+41) (A%) (@)
Xmia = watan( 2(A1-A2) )

[0056] The above equation for x,,;z can be used to generate a position estimate in any
system that uses multiple magnetic field sensors when a sinusoidal or nearly sinusoidal
magnetic field versus displacement characteristic exists in the system. To evaluate the
equation, the fixed distance Ax between the sensors must be known. Similarly, the
frequency, w of the sinusoidal magnetic field characteristic must also be known or
approximated. A position measurement system may include a memory to store values
indicative of frequency w and distance Ax for use in determining a position estimate using
the above described equation or a similar equation. The controller 52 of Fig. 3b may be

configured to estimate relative position using Equation 2 above or a similar equation.

[0057] The frequency w may be approximated in a variety of different ways including,
for example, using characterization data associated with a corresponding magnet, by
performing trimming for each module by taking a few measurements and doing some
approximation, and others. As described above, the approximated or estimated value of
frequency w may then be stored within a memory of the system for future use. In some
implementations, an estimate of frequency w may be developed during system
manufacture or by an end user and then stored in the memory. Also, in some
implementations, techniques for estimating frequency w may be built-in to a measurement
system (e.g., programmed in controller 52 of Fig. 3b, etc.). In some implementations,
updates of the frequency w may occasionally be performed within a system to account for
changes within the system over time. For example, a system that is capable of estimating

w internally may be programmed to perform periodic or sporadic updates of the value. A

13
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system may, for example, be configured to perform updates whenever a predetermined
environmental condition is detected (e.g., a particular temperature change is detected,

etc.). Some systems may permit both internal and external updates to the estimated

frequency value.

[0058] Fig. 4 is a plot illustrating magnetic field versus position curves for a single
Hall element magnetic field sensor in a slide by configuration. As shown, the different
curves have substantially the same frequency, but different magnitudes. The different
magnitudes may result from, for example, different air gaps or some other variable
parameter that reduces coupling between the magnet and the sensor. Fig. 5 is a plot
illustrating the output of a position measurement system that uses two Hall element
magnetic field sensors and the simple dual element equation described previously (i.e.,
Equation 1). In this case, there is only one curve for all different coupling scenarios, but
the curve is not linear with position. In fact, the curve is less linear than the single sensor
curves of Fig. 4. Fig. 6 is a plot illustrating the output of a position measurement system
that uses two Hall element magnetic field sensors and the arc tangent dual element
equation (i.e., Equation 2). As shown, the curve is very linear with position and does not
change with variations in coupling. Fig.7 is a plot illustrating the output of a position
measurement system that uses two Hall element magnetic field sensors and the arc tangent
dual element equation, where the estimate of the frequency w is off by 20%. As shown,
the curve of Fig. 7 displays more non-linearity than that of Fig. 6, but still does not change
substantially with variations in coupling. To avoid the nonlinearity displayed in Fig. 7, a

more accurate estimate of frequency can be made.

[0059] In the embodiment described above, two magnetic field sensors are used to
estimate the relative location of an object. It should be appreciated that similar techniques
to those described above may be used with three or more magnetic field sensors. In
addition, in some implementations, systems that use three or more sensors may be
configured to perform automatic updates of the frequency estimate used to determine
position. This feature can be used to, for example, perform periodic updates of the
estimated frequency to compensate for changes to the system over time. One or more
additional magnetic field sensors can allow the curvature of the characteristic to be

measured, thereby permitting the frequency to be estimated.
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[0060] Fig. 8 is a diagram illustrating a position measurement system 60 that is
capable of estimating the frequency of a magnetic field versus position characteristic in
accordance with an embodiment. As illustrated, the system 60 includes three magnetic
field sensors 62, 64, 66 and a magnet 70 in a slide by configuration. In addition, a
controller 72 is coupled to the three magnetic field sensors 62, 64, 66 to estimate the
relative position of the magnet 70 with respect to the sensors 62, 64, 66 based, at least in
part, on sensor readings. The center of the magnet 70 is again taken as the origin (i.e.,
x=0) of the coordinate system. The three magnetic field sensors 62, 64, 66 are spaced
Ax /2 apart along a line. Thus, the two outermost sensors 62, 66 are Ax apart. The
locations of the sensors 62, 64, 66 may be denoted x1, x2, and x3, where X2 is the center
position to be estimated. The outputs of the sensors 62, 64, 66 may be denoted Al, A2,

and A3. The second derivative can be approximated using the values of the three sensor

readings as follows:

A3 — 242 + A1

&)

) =

Assuming a sinusoidal field versus position curve as before, the second derivative of f(x)
may also be expressed as:
f'(x) = —w?Asin(wx)

Dividing the second derivative by the function gives:

f')  —wfAsin(wx)
f(x) T Asin(wx) -

Thus:
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' (mia) , . A3—242+ 41
Foma) Ixy?
mi
42(7)

Solving for w results in:

2A2—-A3-A1 ( 2 .
———-—-—( ) Equation 3

A2

S
IR

4x

The controller 72 of Fig. 8 may be configured to evaluate Equation 3 above or a similar

equation to estimate a value of frequency w.

[0061] It should be appreciated that Equation 3 above corresponds to a situation where
one sensor is centered between two other sensors. If a sensor is between two other
sensors, but is not centered, then another more complex equation may be derived to
calculate the estimated frequency. Techniques for deriving such an equation will be
apparent to persons of ordinary skill in the art based on the present disclosure. In general,

the third sensor may be used to estimate the second derivative of the observed signal.

[0062] Once the estimate of k is made, it may be used within the position equation
described previously (i.e., Equation 2) or a similar equation. Thus, the frequency of the
sinusoid does not have to be known or trimmed before use, but may be estimated during
use by the end user. As described above, in some implementations, this technique may be
used to occasionally (e.g., periodically, sporadically, in response to a condition, etc.)
update the estimated frequency stored within a position measurement system during the
life of the system. Thus, even if a large change occurs in the actual frequency of the
approximately sinusoidal characteristic curve over time, a system may still be capable of
operating in a relatively linear fashion. Similar techniques involving four or more sensors
may be alternatively be used. As will be appreciated, each additional sensor used may
allow the system to know more about the actual shape of the magnetic field curve in

relation to actual position.
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[0063] The various techniques and features described herein may be used in any of a
wide variety of slide by applications. In one application, for example, the techniques may
be used within a auto-focus subsystem within a camera (e.g., a still camera, a video
camera, etc.). Fig. 9 is a block diagram illustrating portions of a camera 80 using
positioning techniques described herein in accordance with an embodiment. As shown,
the camera system 80 may include: a lens assembly 82, a linear motor 84, and a lens
positioning unit 86. The lens assembly 82 represents the movable portion of a lens that
can be moved back and forth along a linear path to focus the lens. The linear motor 84
may include a voice coil motor (VCM) or other motor unit coupled to the lens assembly
82 to controllably modify the location of the assembly. The lens positioning unit 86 is a
subsystem that can sense a current position of the lens assembly 82 and generate a control

signal to move the lens assembly 82 in a desired manner based on a position request signal

from an auto focus unit (not shown).

[0064] As shown in Fig. 9, the lens assembly 82 may have a magnet 88 coupled
thereto for use in position estimation. The lens positioning unit 86 may include a plurality
of magnetic field sensors 90, a controller 92, a driver 94, and a memory 96. The controller
92 is operative for controlling operation of the lens positioning unit 86. The controller 92
(and the other controllers described herein) may be implemented using, for example, one
or more digital processing units and/or one or more discrete components or elements. The
digital processing units may include one or more of, for example, a general purpose
microprocessor, a digital signal processor (DSP), a reduced instruction set computer
(RISC), a field programmable gate array (FPGA), a programmable logic array (PLA), an
application specific integrated circuit (ASIC), a microcontroller, an embedded controller,
or some other processing device. In some implementations, program information to be

executed within the controller 92 may be stored within memory 96 or another memory.

[0065] Some or all of the elements of the lens positioning unit 86 may be implemented
using a single integrated circuit (IC) or multi-chip module (MCM). For example, in at
Jeast one implementation, the controller 92, the plurality of magnetic field sensors 90, and
the memory 96 are implemented on a common IC. The driver 94 may also be
implemented on the common IC. Separate components may alternatively be used. Inat

least one implementation, the position estimation functions and the lens assembly
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movement functions may be implemented separately (e.g., using separate controllers or

subsystems, etc.).

[0066] The plurality of magnetic field sensors 90 may include two or more magnetic
field sensors. These sensors may include, for example, Hall effect sensors, magneto-
resistance (MR) based sensors, magneto-transistor based sensors, and/or others. The
controller 92 may be configured to estimate the relative position of the lens assembly 82
based on readings of the magnetic field sensors 90. If magnetic field sensors are used that
display approximately sinusoidal field versus position characteristics in slide by
applications, then controller 92 may use Equation 2 described above, or a similar equation,
to generate the estimated position of the lens assembly 82. If magnetic field sensors are
used that display relatively linear field versus position characteristics in slide by
applications, then controller 92 may use Equation 1 described above, or a similar equation,
to generate the estimated position. The memory 96 may store, among other things, an

estimated frequency of the field versus position characteristic of the system for use in

estimating current position.

[0067] The controller 92 may also include an input to receive a position request 98
from an autofocus unit (not shown) indicating a desired position for the lens assembly 82
during an autofocus operation. The controller 92 may use the estimated position of the
lens assembly 82 and the position request to determine an input signal for the driver 94 to
drive the linear motor 84 in the appropriate manner for carrying out the autofocus

operation. Techniques for generating such signals are well known in the art.

[0068] In some implementations, the frequency of the field versus position
characteristic may be estimated during manufacture and stored within the memory 96
before sale to the end user. In other implementations, the frequency may be automatically
estimated by the lens positioning unit 86. Updates of the estimated frequency may also be
made at various times during the life of the camera 80 in some embodiments. As
described previously, to perform automatic frequency estimations, the plurality of
magnetic field sensors 90 may include three of more magnetic field sensors. The
controller 92 may be configured to use Equation 3 described above or a similar equation to
estimate the frequency. The estimated frequency may then be stored within memory 96

for use during subsequent position estimation operations. If sensors that display relatively
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linear field versus position characteristics in slide by applications are used, then an

estimate of the frequency w is not required.

[0069] Figs. 10 and 11 are flow diagrams illustrating methods for processing magnetic

field sensor readings within a linear position estimation system in accordance with various

embodiments.

[0070] The rectangular elements (typified by element 112 in Fig. 10) are herein
denoted “processing blocks” and may represent computer software instructions or groups
of instructions. It should be noted that the flow diagrams of Figs. 10 and 11 represent
exemplary embodiments of designs described herein and variations in such diagrams,
which generally follow the process outlined, are considered to be within the scope of the

concepts, systems, and techniques described and claimed herein.

[0071] Alternatively, the processing blocks may represent operations performed by
functionally equivalent circuits such as a digital signal processor circuit, an application
specific integrated circuit (ASIC), or a field programmable gate array (FPGA) or other
reconfigurable hardware. Some processing blocks may be manually performed while
other processing blocks may be performed by a processor or other circuitry. The flow
diagram does not depict the syntax of any particular programming language. Rather, the
flow diagram illustrates the functional information one of ordinary skill in the art requires
to fabricate circuits and/or to generate computer software to perform the processing
required of the particular apparatus. It should be noted that many routine program
elements, such as initialization of loops and variables and the use of temporary variables
may not be shown. It will be appreciated by those of ordinary skill in the art that unless
otherwise indicated herein, the particular sequence described is illustrative only and can be
varied without departing from the spirit of the concepts described and/or claimed herein.
Thus, unless otherwise stated, the processes described below are unordered meaning that,
when possible, the sequences shown in Figs. 10 and 11 can be performed in any

convenient or desirable order.

[0072] Fig. 10 is a flow diagram illustrating an exemplary method 110 for estimating a
relative position of an object in accordance with an embodiment. The method 110 may be
used in systems having a magnet and multiple magnetic field sensors arranged in a slide-
by configuration (e.g., system 30 of Fig. 3a and 3b, system 60 of Fig. 8, camera 80 of Fig.

9, etc.). An estimate of a frequency of an approximately sinusoidal field versus position
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characteristic associated with the magnet and the sensors is first obtained (block 112).
Readings of first and second magnetic field sensors may then be acquired (block 114). An
estimated position of the magnetic relative to the first and second magnetic field sensors
may then be calculated based, at least in part, on the readings of the first and second
magnetic field sensors, the estimated frequency, and a fixed distance between the first and
second sensors (block 116). The estimated position may be calculated using, for example,

Equation 2 described above or a similar equation.

[0073] The frequency estimate may be obtained in any of a variety of different ways.
In one approach, the frequency estimate is obtained by retrieving it from a memory. A
specific memory location associated with a measurement system may be selected to store a
value indicative of the estimated frequency. When a position estimation operation is being
performed, the stored value may be retrieved and used to estimate position. In another
approach, the frequency may be estimated within the measurement system itself using
readings of the multiple magnetic field sensors. This approach may be used to update the
estimate value stored in the memory or it may be performed in real time during a position

estimation operation to generate a frequency estimate for use in position estimation.

[0074] Fig. 11 1s a flow diagram illustrating a method 120 for estimating a frequency
of a field versus position characteristic within a position measurement system in
accordance with an embodiment. The estimated frequency may subsequently be used to
estimate a relative position of an object within the system. The method 120 may be used
in systems having a magnet and three or more magnetic field sensors arranged in a slide-
by configuration (e.g., system 60 of Fig. 8, camera 80 of Fig. 9, etc.). First, readings are
collected for first, second, and third magnetic field sensors (block 122). The third
magnetic field sensor may be located halfway between the first and second sensors. The
frequency is then estimated using the collected readings and a fixed distance between the
first and second magnetic field sensors (block 124). The estimated frequency may be

calculated using, for example, Equation 3 described above or a similar equation.

[0075] In some implementations, the exemplary methods 110, 120 of Figs. 10 and 11
may be implemented within one or more controllers of a measurement system (e.g.,
controller 52 of Fig. 3b, controller 72 of Fig. 8, controller 92 of Fig. 9, etc.). As described
above, these controllers may each include one or more digital processing devices for

carrying out desired tasks or functions.
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[0076] In at least one implementation, the frequency of a field versus position
characteristic associated with a position measurement system may be estimated using only
two magnetic field sensors. This technique may be used in, for example, system 30 of Fig.
3a and 3b to determine the estimated frequency. As a magnet is sliding by first and
second sensors, values may be read from the sensors at a time #; to give values A,(t;) and
As(t,) for the first and second sensors, respectively. As the magnet continues to slide, the
reading of the second sensor may be monitored. When the reading of the second sensor
gets to the value read from the first sensor at time ¢,, the current value of the first sensor
may be recorded (i.e., 4;(t2)). These three readings may then be used to determine the
estimated frequency in the same manner that the readings of the first, second, and third
sensors were used in previously described embodiments. That is, the three readings may
be used within, for example, Equation 3 described above or a similar equation to
determine a frequency estimate. It may be assumed that the distance between the two
sensors is Ax/2. The three readings will be equally spaced apart because at time £, the
second sensor will be located at the position of the first sensor at time #;. This technique
requires sensors that are relatively well matched in sensitivity. If the time span between ¢;
and 1, is low, it may be assumed that no significant changes in air gap or sensitivity occur
between the readings. As before, such as estimate may be made once or repeatedly during
the lifetime of a measurement system (i.e., to keep the estimated frequency value updated).
This technique can be further extended to simulate readings of N sensors (N > 3) by

waiting additional time steps to develop more detailed information on the field reading

versus position characteristic.

[0077] As used herein, the term "magnetic field sensing element" is used to describe a
variety of electronic elements that can sense a magnetic field. The magnetic field sensing
element can be, but is not limited to, a Hall effect element, a magnetoresistance element,
or a magnetotransistor. As is known, there are different types of Hall effect elements, for
example, a planar Hall element, a vertical Hall element, and a Circular Vertical Hall
(CVH) element. As is also known, there are different types of magnetoresistance
elements, for example, a semiconductor magnetoresistance element such as Indium
Antimonide (InSb), a giant magnetoresistance (GMR) element, an anisotropic
magnetoresistance element (AMR), a tunneling magnetoresistance (TMR) element, and a
magnetic tunnel junction (MTJ). The magnetic field sensing element may be a single
element or, alternatively, may include two or more magnetic field sensing elements
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arranged in various configurations, €.g., a half bridge or full (Wheatstone) bridge.
Depending on the device type and other application requirements, the magnetic field
sensing element may be a device made of a type IV semiconductor material such as
Silicon (Si) or Germanium (Ge), or a type III-V semiconductor material like Gallium-

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

[0078] As is known, some of the above-described magnetic field sensing elements
tend to have an axis of maximum sensitivity parallel to a substrate that supports the
magnetic field sensing element, and others of the above-described magnetic field sensing
elements tend to have an axis of maximum sensitivity perpendicular to a substrate that
supports the magnetic field sensing element. In particular, planar Hall elements tend to
have axes of sensitivity perpendicular to a substrate, while metal based or metallic

magnetoresistance elements (e.g., GMR, TMR, AMR) and vertical Hall elements tend to

have axes of sensitivity parallel to a substrate.

[0079] As used herein, the term “magnetic field sensor” is used to describe a circuit
that uses a magnetic field sensing element, generally in combination with other circuits.
Magnetic field sensors are used in a variety of applications, including, but not limited to,
an angle sensor that senses an angle of a direction of a magnetic field, a current sensor that
senses a magnetic field generated by a current carried by a current-carrying conductor, a
magnetic switch that senses the proximity of a ferromagnetic object, a rotation detector
that senses passing ferromagnetic articles, for example, magnetic domains of a ring

magnet, and a magnetic field sensor that senses a magnetic field density of a magnetic

field.

[0080] As used herein, the phrase “configured to” is intended to cover any device or
system that is specially adapted to perform a particular task or function. This may include,
for example, an electrical circuit that is designed to perform a task or function. It may also
include, for example, a reconfigurable hardware unit (e.g., an FPGA, a PLA, etc.) that is
configured with configuration information to perform a task or function. It may further
include, for example, a programmed or pro grammable processor or processors that have
associated software to perform a task or function. As such, a reconfigurable or
programmable unit is considered “configured to” perform a task or function if it has access
to a memory or storage device having information or software that is capable of carrying

out the task or function when loaded into the reconfigurable or pro grammable unit.
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[0081] In some embodiments, various methods, features, and techniques described
herein may be implemented as computer instructions stored on one or more non-transitory
computer readable media. These instructions may be loaded from the media into a
computer to be executed. In other embodiments, various methods, features, or techniques
described herein may be implemented as configuration data stored on one or more non-
transitory computer readable media for use in configuring reconfigurable hardware. Any
type of computer readable media may be used including, for example, floppy disks, hard
disks, optical disks, compact disc read only memories (CD-ROMs), digital video discs
(DVDs), BluRay disks, magneto-optical disks, read only memories (ROMs), random
access memories (RAMs), erasable programmable ROMs (EPROMs), electrically erasable
programmable ROMs (EEPROMs), magnetic or optical cards, flash memory, and/or other
types of media suitable for storing electronic instructions or data, including combinations

of the above.

[0082] Having described exemplary embodiments of the invention, it will now become
apparent to one of ordinary skill in the art that other embodiments incorporating these

concepts may also be used. The embodiments contained herein should not be limited to
disclosed embodiments but rather should be limited only by the spirit and scope of the

appended claims. All publications and references cited herein are expressly incorporated

herein by reference in their entirety.
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What is claimed is:

1. A machine-implemented method for estimating a relative linear position of an
object using a magnet and multiple magnetic field sensors, the multiple magnetic field
sensors being held in fixed relation to one another and in moveable relation to the magnet,
wherein one of the magnet or the multiple magnetic field sensors is fixed to the object, the
method comprising:

obtaining an estimate of a frequency of an approximately sinusoidal field reading
versus position characteristic associated with the multiple magnetic field sensors and the
magnet;

acquiring readings of a first magnetic field sensor and a second magnetic field
sensor of the multiple magnetic field sensors; and

calculating an estimated position of the magnet relative to the first and second
magnetic field sensors using the readings of the first and second magnetic field sensors,

the estimated frequency, and a fixed distance between the first and second magnetic field

SeNnsors.

2. The method of claim 1, wherein:
the multiple magnetic field sensors further include a third magnetic field sensor
that is located between the first and second magnetic field sensors; and
obtaining an estimate of a frequency comprises:
collecting readings of the first magnetic field sensor, the second magnetic
field sensor, and the third magnetic field sensor; and

calculating the estimated frequency using the collected readings of the first,

second, and third magnetic field sensors and the fixed distance between the first

and second magnetic field sensors.

3. The method of claim 2, wherein:
the third magnetic field sensor is centered between the first and second magnetic
field sensors; and

calculating the estimated frequency includes evaluating the equation:
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2A3——A2—A1(2)
A3 Ax/)’

&)
i

where & is the estimated frequency, 4/ is the reading of the first magnetic field sensor, 42
is the reading of the second magnetic field sensor, 43 is the reading of the third magnetic

field sensor, and Ax is the fixed distance between the first and second magnetic field

SENsors.

4. The method of claim 2, wherein obtaining an estimate of a frequency is performed

before acquiring readings.

5. The method of claim 1, wherein obtaining an estimate of a frequency comprises

retrieving the estimate of the frequency from a memory.

6. The method of claim 1, wherein obtaining an estimate of a frequency comprises

estimating the frequency using characterization data associated with the magnet.

7. The method of claim 1, wherein:
calculating an estimated position of the magnet relative to the first and second

magnetic field sensors includes evaluating the equation:

. _1. . (U2+4DaAx
Amia = Z@0 A OO 4D

where X,,;4 is representative of an estimated linear position of the magnet relative to a
midpoint between the first and second magnetic field sensors, 47 is the reading of the first
magnetic field sensor, A2 is the reading of the second magnetic field sensor, @ is the

estimated frequency, and Ax is the fixed distance between the first and second magnetic

field sensors.
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8. The method of claim 1, further comprising:
repeating acquiring readings and calculating an estimated position to maintain an

updated position estimate for the object.

9. The method of claim &, further comprising:

occasionally updating the estimate of the frequency.

10. The method of claim 1, wherein:
the multiple magnetic field sensors include at least one of: a Hall effect sensor, a

magnetoresistive (MR) sensor, and a magnetotransistor.

11.  The method of claim 1, wherein obtaining an estimate of a frequency includes:

collecting readings of the first magnetic field sensor and the second magnetic field
sensor at at least two different instances in time; and

calculating the estimated frequency using the collected readings of the first and
second magnetic field sensors at the at least two different instances in time and the fixed

distance between the first and second magnetic field sensors.

12. An apparatus comprising:

multiple magnetic field sensors for use in estimating the linear position of a magnet
that moves in relation to the multiple magnetic field sensors, wherein the multiple
magnetic field sensors include at least a first magnetic field sensor and a second magnetic

field sensor held in fixed relation to one another and separated by a distance Ax; and

a controller to estimate the linear position of the magnet relative to the multiple
magnetic field sensors using an estimated frequency of an approximately sinusoidal
magnetic field reading versus displacement characteristic associated with the magnet and
the multiple magnetic field sensors, a distance between the first and second magnetic field

sensors, and readings of the first and second magnetic field sensors.
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13.  The apparatus of claim 12, further comprising:
a memory to store a value indicative of the estimated frequency, wherein the

controller is coupled to the memory.

14. The apparatus of claim 13, wherein:
the controller is configured to occasionally update the value indicative of the

estimated frequency stored within the memory.

15. The apparatus of claim 14, wherein:
the controller is configured to update the value indicative of the estimated
frequency stored within the memory by receiving a new value from an external source and

storing the new value or a derivative thereof in the memory.

16.  The apparatus of claim 14, wherein:
the controller is configured to update the value indicative of the estimated

frequency stored within the memory by estimating a new value and storing the new value

in the memory.

17. The apparatus of claim 12, wherein:
the multiple magnetic field sensors includes a third magnetic field sensor that is
located between the first and second magnetic field sensors; and

the controller is configured to estimate the frequency of the approximately
sinusoidal magnetic field reading versus displacement characteristic using readings of the

first, second, and third magnetic field sensors and the fixed distance between the first and

second magnetic field sensors.
18. The apparatus of claim 17, wherein:

the third magnetic field sensor is centered between the first and second magnetic

field sensors; and
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the controller is configured to estimate the frequency based on the following

equation:

. 2A3—AZ—A1(2)
“= A3 Ax)

where @ is the estimated frequency, 4/ is a reading of the first magnetic field sensor, 42 is
a reading of the second magnetic field sensor, 43 is a reading of the third magnetic field

sensor, and Ax is the distance between the first and second magnetic field sensors.

19.  The apparatus of claim 12, wherein:
the controller is configured to estimate the position of the magnet relative to the

multiple magnetic field sensors based on the equation:

1 (A2 + Al)DAx
Rmig = =tan™

o 2(A2 - A1)
where X,,;4 i representative of an estimated position of the magnet relative to a midpoint
between the first and second magnetic field sensors, A1 is a reading of the first magnetic

field sensor, A2 is a reading of the second magnetic field sensor, & is the estimated

frequency, and Ax is the distance between the first and second magnetic field sensors.

20.  The apparatus of claim 12, wherein:
the apparatus is implemented as a single integrated circuit that can be mounted in

proximity to an external magnet.

21. The apparatus of claim 12, wherein:
the apparatus is implemented using multiple chips within a multi-chip module

(MCM) that can be mounted in proximity to an external magnet.
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22.  The apparatus of claim 12, wherein:

the multiple magnetic field sensors arc closely matched in sensitivity.

23.  The apparatus of claim 12, wherein:
the multiple magnetic field sensors include at least one of: a Hall effect sensor, a

magnetoresistive (MR) sensor, and a magnetotransistor.

24. The apparatus of claim 12, wherein:
the multiple magnetic field sensors are for use in estimating the position of a
magnet that is affixed to a lens assembly of a camera; and

the controller includes an input to receive a position request signal requesting
movement of the lens assembly as part of an autofocus operation, wherein the controller is
configured to generate a control signal for use in moving the lens assembly in accordance

with the position request signal based on the estimated position of the magnet.

25.  The apparatus of claim 24, further comprising:

a driver to drive a motor that is coupled to the lens assembly in response to the
control signal, wherein the multiple magnetic field sensors, the controller, and the driver

are all implemented within a common integrated circuit (IC) or multi-chip module

(MCM).

26. The apparatus of claim 12, wherein:

the controller is configured to estimate the frequency of the approximately
sinusoidal magnetic field reading versus displacement characteristic using readings of the
first and second magnetic field sensors at two different instances in time and the fixed

distance between the first and second magnetic field sensors.

27. A camera comprising:

a lens assembly having a magnet affixed thereto;
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at least two magnetic field sensors held in fixed relation to one another and
proximate to the magnet, the at least two magnetic field sensors including a first magnetic
field sensor and a second magnetic field sensor, wherein the magnet is moveable with

respect to the at least two magnetic field sensors;
a motor to move the lens assembly in a controlled manner;
a driver to drive the motor in response to a control signal; and

a controller to estimate a position of the lens assembly for use in focusing the
camera, the controller to estimate the position of the lens assembly using an estimated
frequency of an approximately sinusoidal magnetic field reading versus displacement
characteristic associated with the magnet and the at least two magnetic field sensors, a
distance between the first and second magnetic field sensors, and readings of the first and

second magnetic field sensors.

28. The camera of claim 27, wherein:

the controller includes an input to receive a position request signal requesting
movement of the lens assembly as part of an autofocus operation, wherein the controller is
configured to generate the control signal for the driver for use in moving the lens assembly

in accordance with the position request signal based on the estimated position of the lens

assembly.

29. The camera of claim 27, wherein:
the controller is configured to estimate the position of the lens assembly based on

the equation:

o1 (@2 + Al @Ax
Xmia = =14 2(A2 — A1)

where %4 is representative of an estimated position of the magnet relative to a midpoint
between the first and second magnetic field sensors, A/ is a reading of the first magnetic
field sensor, A2 is a reading of the second magnetic field sensor, @ is the estimated

frequency, and Ax is the distance between the first and second magnetic field sensors.
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30. The camera of claim 27, wherein:
the at least two magnetic field sensors includes a third magnetic field sensor that is
located between the first and second magnetic field sensors; and

the controller is configured to estimate the frequency using readings of the first,

second, and third magnetic field sensors and the fixed distance between the first and

second magnetic field sensors.

31. The camera of claim 30, wherein:

the third magnetic field sensor is centered between the first and second magnetic
field sensors; and

the controller is configured to estimate the frequency based on the following

equation:

)
I

2A3—A2—A1(2)
A3 Ax)’

where @ is the estimated frequency, 4/ is a reading of the first magnetic field sensor, 42 is
a reading of the second magnetic field sensor, A3 is a reading of the third magnetic field

sensor, and Ax is the distance between the first and second magnetic field sensors.

32. The camera of claim 27, wherein:

the controller is configured to estimate the frequency of the approximately
sinusoidal magnetic field reading versus displacement characteristic using readings of the
first and second magnetic field sensors at two different instances in time and the fixed

distance between the first and second magnetic field sensors.

33. A camera comprising:

a lens assembly having a magnet affixed thereto;
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at least two magnetic field sensors held in fixed relation to one another and
proximate to the magnet, the at least two magnetic field sensors including a first magnetic
field sensor and a second magnetic field sensor, wherein the magnet is moveable with
respect to the at least two magnetic field sensors;

a motor to move the lens assembly in a controlled manner;

a driver to drive the motor in response to a control signal; and

a controller to estimate a position of the lens assembly for use in focusing the
camera, the controller to estimate the position of the lens assembly based, at least in part,
on readings of the first and second magnetic field sensors and a distance between the first
and second magnetic field sensors, the controller being configured to estimate the position

based on the following equation:

) B(A2 + A1)Ax
Xmid =
™ T (2 % (A2 — A1)

where B is a gain factor, A7 is a reading of the first magnetic field sensor, A2 is a reading

of the second magnetic field sensor, and Ax is the distance between the first and second

magnetic field sensors.

34. The camera of claim 33, wherein:

the controller includes an input to receive a position request signal requesting
movement of the lens assembly as part of an autofocus operation, wherein the controller is
configured to generate the control signal for the driver for use in moving the lens assembly

in accordance with the position request signal based on the estimated position of the lens

assembly.

35. The camera of claim 33, wherein:

the controller and the at least two magnetic field sensors are implemented on a

common integrated circuit (IC) or multi-chip module MCM).

32



WO 2015/023401 PCT/US2014/047538

1/9

L=5mm
D (max) = +10 mm

+G
)
m
S 16
=
N
pd
L
> 0
2 -
~d
LL.
O
|._
Ll
2
O
<
=

-G

-2L -L 0 +L +2L

DISPLACEMENT, D (mm)

FIG. 1



PCT/US2014/047538

¢ 'OIA

(ww) @ ‘LN3IN3IOVIdSIa
Gl oL S 0 G-

2/9

A P ]
A e /ﬂ.// \
S -.-.-// \

i = 0 g L0000 0\

K

*ong,

WO 2015/023401

006G1-
0Gcl-
0001-
0S.-
00S-
0G¢-

0G¢
00§
0GL
000}
0scl
00Gi

(9) g ‘ALISNIA XN1d OILANDOVIN



PCT/US2014/047538

WO 2015/023401

3/9

9c

a+

(dA) ww g = BY

(dA) ww £ =YV

ww gLF = (xew) g
ww QL =71




WO 2015/023401 PCT/US2014/047538

4/9

CONTROLLER
52
32 34
: :
! l
|
|
S :>
|
|
|
[}
1
!
—— AY—>
%
|
1
i | {
Xy Xia X2

i
0
FIG. 3b

30\




WO 2015/023401 PCT/US2014/047538

1000 ————T—F———F— T
800
600
400
200
0
-200
-400
-600
-800
-1000 —At——A— L

500 -400 -300 -200 -100 O 100 200 300 400 500
POSITION (um)

FIG. 4

RELATIVE OUTPUT
FROM SINGLE HALL SENSOR

800

600

400

200

0

-200

-400

RELATIVE OUTPUT
FROM DUAL HALL SENSOR

-600

_800 | 1 | [l 1 " | i 1
-500 -400 -300 -200 -100 O 100 200 300 400 500

POSITION (um)

FIG. 5



WO 2015/023401 PCT/US2014/047538

500 ¥ i I i ¥ I I 1 H

400 ]

300 }
200F }
100 7

ok 4

-100 7

-200 -
-300 -
-400 -
500 Km0t ——

'500 -400 -300 -200 -100 O 100 200 300 400 500
POSITION (um)

FIG. 6

600 1 I I 1 1 ) I ' 1

RELATIVE OUTPUT
FROM DUEL HALL SENSOR

400 ]

200 7

-200 ]

RELATIVE OUTPUT
FROM DUAL HALL SENSOR
=)

-400 a

_600 | | 1 i ) 1
_500 -400 -300 -200 -100 O 100 200 300 400 500

POSITION (um)

FIG. 7



PCT/US2014/047538

WO 2015/023401

8 ‘DIA

X £ Y 0 "X

- | || |

| | | |

i i § |

| | | 1

1 1 1 {

{ | | |

| L !

o) s N

e~

\ | |

| ! |
99 9 29

A & A

\ \ \

L
"3 T10HLNOD




WO 2015/023401

PCT/US2014/047538

8/9
80 \
LENS ASSEMBLY LINEAR MOTOR
82 84
88
[INTS I
3
Ai‘—“‘"?:——"—":——? ——————— T T
86 | 96\ }I_ ce e —I%/_\go |
| [MEMORY | | - |
b

POSITIONII v \ ||
REQUEST CONTROLLER DRIVER |

/ ' - 92 94
98" | |
_

FIG. 9



WO 2015/023401 PCT/US2014/047538

9/9

110
\

OBTAIN AN ESTIMATE OF A FREQUENCY OF AN APPROXIMATELY
SINUSOIDAL FIELD VERSUS POSITION CHARACTERISTIC
ASSOCIATED WITH THE MULTIPLE MAGNETIC FIELD

SENSORS AND THE MAGNET 11

N

\]

ACQUIRE READINGS OF A FIRST MAGNETIC FIELD SENSOR
AND A SECOND MAGNETIC FIELD SENSOR OF THE MULTIPLE
MAGNETIC FIELD SENSORS 11

AN

i

CALCULATE AN ESTIMATED POSITION OF THE MAGNET
RELATIVE TO THE FIRST AND SECOND MAGNETIC FIELD
SENSORS USING THE READINGS OF THE FIRST AND SECOND
MAGNETIC FIELD SENSORS, THE ESTIMATED FREQUENCY, AND A
FIXED DISTANCE BETWEEN THE FIRST AND SECOND
MAGNETIC FIELD SENSORS 116

FIG. 10

120
\

COLLECT READINGS OF A FIRST MAGNETIC FIELD SENSOR,
A SECOND MAGNETIC FIELD SENSOR, AND A THIRD
MAGNETIC FIELD SENSOR OF THE MULTIPLE MAGNETIC
FIELD SENSORS 122

Y

CALCULATE THE ESTIMATED FREQUENCY USING THE
COLLECTED READINGS OF THE FIRST, SECOND, AND THIRD
MAGNETIC FIELD SENSORS AND A FIXED DISTANCE
BETWEEN THE FIRST AND SECOND MAGNETIC FIELD
SENSORS 124

FIG. 11




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/047538

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO1D5/14
ADD. GO1R33/06 GO2B7/08

GO1R33/00

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO1D GO1R GOZB

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

figures 1,2,3a,4a,4b,4c

14 May 2009 (2009-05-14)
A abstract; figures 2-4,9,10

page 7, line 21 - page 8, line 6
page 11, line 6 - page 12, line 6

X WO 2009/060716 Al (KONICA MINOLTA OPTO INC
[JP]; YANO SO [JP]; MAEDA HIDEO [JP])

X WO 2008/101702 Al (HL PLANAR TECHNIK GMBH 1,2,
[DE]; BARTOS AXEL [DE]; DETTMANN FRITZ
[DE]; ME) 28 August 2008 (2008-08-28)

4-10,
12-17,
19-25,
27-30,33

33-35

1-32
-/--

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

4 December 2014

Date of mailing of the international search report

12/12/2014

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Hof, Klaus-Dieter

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/047538

C(Continuation).

DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

US 2005/219962 Al (OLLILA MIKKO [FI])

6 October 2005 (2005-10-06)

figures 2,3,4,7,10

paragraphs [0031], [0034], [0041],
[0048], [0072], [0073], [0080]

JP 2010 096540 A (ASAHI KASEI DENSHI KK)
30 April 2010 (2010-04-30)

paragraph [0020] - paragraph [0023];
figures 1,2,9

paragraphs [0051], [0067]

EP 1 998 146 A2 (KONICA MINOLTA OPTO INC
[JP]) 3 December 2008 (2008-12-03)
paragraph [0030] - paragraph [0033];
figures 1,2,4

paragraph [0051]; claim 6

1-35

1-35

1-35

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2014/047538
Patent document Publication Patent family Publication

cited in search report date member(s) date

WO 2008101702 Al 28-08-2008  CN 101743456 A 16-06-2010
DE 102007008870 Al 04-09-2008
EP 2122303 Al 25-11-2009
US 2010141244 Al 10-06-2010
WO 2008101702 Al 28-08-2008

WO 2009060716 Al 14-05-2009  JP 5218418 B2 26-06-2013
WO 2009060716 Al 14-05-2009

US 2005219962 Al 06-10-2005  FI 20045079 A 17-09-2005
US 2005219962 Al 06-10-2005

JP 2010096540 A 30-04-2010 JP 4855454 B2 18-01-2012
JP 2010096540 A 30-04-2010

EP 1998146 A2 03-12-2008 (N 101315286 A 03-12-2008
EP 1998146 A2 03-12-2008
JP 4941108 B2 30-05-2012
JP 2008298570 A 11-12-2008
KR 20080106000 A 04-12-2008
US 2008297286 Al 04-12-2008

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - wo-search-report
	Page 45 - wo-search-report
	Page 46 - wo-search-report

