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METHOD FOR ACQUIRING CALIBRATION DATA FOR AN ELECTRONIC COMPASS

1. Field of Invention

This invention relates generally to electronic compasses and more particularly
to a method and system for improving electronic compass calibration.
2. Description of Related Art

Electronic compasses are well known in the art for determining a geographiqal
direction by detecting the Earth’s magnetic field. Electronic compasses use magnetic
field sensors to detect the Earth’s magnetic field. The Earth’s magﬁetic field may be
described by the direction and intensity of the magnetic field. The direction and
intensity of the  magnetic field can be identified by vector components. At the
equator, the Earth’s magnetic field is entirely a horizontal vector component with no
vertical (up and down) vector component. At positions north or south of the equator,
the Earth’s magnetic field consists of both horizontal and vertical vector components.

Electronic compasses are used in a variety of applications such as
automobiles, aircraft, marine vehicles, and personal handheld devices. The level of
compass accuracy in calculating a geographical direction varies per application.
Lower levels of compass accuracy can be achieved using a compass with two
sensitive axes. Such a compass is required to be kept level and any tilt will result in
loss of compass accuracy. Higher levels of compass accuracy can be achieved using a
compass with three sensitive axes. These compass implementations use some type of
gravity sensing device to maintain compass accuracy with tilt. The three sensitive
axes in a three-axis compass are commonly referred to as the x-axis, y-axis, and z-
axis. Typically, the x-axis and y-axis sensitive axes are arranged to detect the

horizontal vector component of the Earth’s magnetic field and the z-axis sensitive axis
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is arranged to measure the vertical vector component of the Earth’s magnetic field.
The three sensitive axes of a three-axis compass are typically arranged to be mutually
orthogonal (at right angles). Each sensitive axis of an electronic compass is contained
in a magnetic field sensor. A magnetic field sensor may include more than one
sensitive axis. A variety of magnetic field sensors are available for electronic
compassing. Examples of magnetic field sensors in electronic compasses include
flux-gate sensors, Hall-effect sensors, and magnetoresistive sensors.

The Earth’s magnetic field is susceptible to distortion from other magnetic
sources. For example, hard and soft iron effects from a variety of magnetic sources
may distort the Earth’s magnetic field. The distortion of the Earth’s magnetic field
can cause an electronic compass to determine a geographical direction that does not
reflect the true geographical direction. Calibration procedures for electronic
compasses have been developed in order to compensate for the hard and soft iron
effects that distort the Earth’s magnetic field. The calibration procedures depend on a
variety of factors, such as the type of compass application (car, boat, hand-held, etc.)
and/or the number of magnetic field sensor sensitive axes in the compass.

The quality of a compass calibration procedure depends in part on the process
used to obtain calibration data. A process for obtaining calibration data typically
involves rotating the compass in a specific manner. By rotating the compass, a
sensitive axis in the compass may experience a variation of the magnetic field acting
on the sensitive axis. The variation of the magnetic field refers to changes in the
intensity and directionality of a magnetic field arising from the sensitive axis moving
in relation to the magnetic field acting on the sensitive axis.

The currently known calibration procedures that provide a variation of the

magnetic field in the sensitive axes have limitations. For example, a first compass



10

15

20

25

WO 2005/093371 PCT/US2005/006865

calibration procedure for acquiring calibration data includes pointing a compass in
three known directions. A limitation of the first compass calibfation procedure is that
the Earth’s magnetic field is sampled in only three directions. Another example is a
second compass calibration procedure for acquiring calibration data that includes
calibrating a compass by moving the compass in a complete circular path. The
second compass calibration procedure may be acceptable for a compass with two
sensitive axes because a variation of the magnetic field in the two sensitive axes can
be achieved. However, the second calibration procedure does not guarantee that all
three sensitive axes of a three-axis compass will experience variation while moving
the compass in the complete circular path. Yet another example is a third compass
calibration procedure for acquiring calibration data that includes rotating the compass
at a steady speed through 360 degrees with as many pitch and roll orientations as
possible. The pitch and roll orientations require moving the compass so that the
sensitive axes of the compass and a gravity vector form an angle that VariesA while the
compass is rotating through the 360 degrees. Providing the pitch and roll orientations
to achieve a varying angle increases the complexity of acquiring calibration data. One
more example is a fourth compass calibration procedure for acquiring calibration data
that includes rotating a three-axis compass with three mutually orthogonal sensitive
axes in two circular paths. The first circular path of the fourth compass calibration
procedure is a circular path in a horizontal plane when a first pair of sensitive axes is
in the horizontal plane. The second circular path of the fourth compass calibration
procedure is a circular path in the horizontal plane when a second pair of sensitive
axes is in the horizontal plane. Changing from the first pair to second pair of sensitive
axes in the horizontal plane typically involves rotating the compass 90 degrees. The

two-circular-path procedure requires two rotational steps to provide a variation in all
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three sensitive axes. Two steps are required because the sensitive axis orthogonal to
the horizontal plane in each step does not experience a variation in the magnetic field
when rotating the compass in the circular paths. Instead the sensitive axis orthogonal
to the horizontal plane rotates about a single point.

It would be helpful to have a method and system for acquiring calibration data
for a three-axis electronic compass where each of the three sensitive axes experiences
a variation in the magnetic field during the acquisition process without having to
move the compass in two circular paths and/or without having to move the compass

with a pitch and roll motion.
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SUMMARY

The present invention provides an improved method and system for acquiring
calibration data for a three-axis electronic compass. Ideally, the acquisition of
calibration data occurs without any unnecessary physical movements of the compass.

The first embodiment of the present invention pertains to an electronic
compass having a first sensitive axis, a second sensitive axis, and a third sensitive
axis. The electronic compass may include one or more magnetic field sensors to
house the first, second, and third sensitive axes. According to the first embodiment, a
method of acquiring calibration data for the electronic compass includes positioning
the compass so that the first sensitive axis and a gravity vector form an angle greater
than O degrees and less than 90 degrees. Alternatively, the second and third sensitive
axes may be chosen as the sensitive axis forming the angle, greater than 0 degrees and
less than 90 degrees, with the gravity vector. The gravity vector is a vector passing
through the compass in a direction substantially towards the center of Earth. The
second and third sensitive axes also form a respective angle with the gravity vector.

The method of the first embodiment includes moving tﬁe compass in a
substantially 360 degree path around the gravity vector. Moving the compass causes
each sensitive axis in the compass to traverse a path. If a sensitive axis and the
gravity vector form an anglc; greater than 0 degrees and less than 90 degrees, the
sensitive axis traverses a path that creates a cone when moving the sensitive axis
around the gravity vector. The gravity vector is the axis of the cone. If a sensitive
axis and the gravity vector form a 90 degree angle, the sensitive axis traverses a path
that forms a circle when rotating the sensitive axis around the gravity vector. The
gravity vector passes through the center of the circle. If the angle between the

sensitive axis and the gravity vector is 0 degrees, the sensitive axis rotates along its
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own axis and experiences no variation in the magnetic field when moving the
compass around the gravity vector. The maximum variation in the magnetic field in
all three sensitive axes occurs when at least one of the sensitive axes and the gravity
vector form a 45 degree angle. Maximum variation in the magnetic field in all three
sensitive axes allows for acquiring the optimal calibration data.

Furthermore, moving the compass in a substantially 360 degree path can occur
using continuous or non-continuous motions. An example of continuous motion is
moving the compass in the 360 degree path without stopping compass movement
during the 360 degree path. An example of non-continuous motion is moving the
compass some amount of degrees greater than 0 degrees and less than 360 degrees,
stopping the compass movement, and then restarting the compass movement to
complete the 360 degree path. Moving the compass in a complete 360 degree path
allows for acquiring optimal calibration data because a 360 degree path allows for
acquiring calibration data in a greater variety of directions.

The method of the first embodiment also includes measuring a magnetic field
acting on the first, second, and third sensitive axes while moving the compass in the
substantially 360 degree path to acquire the calibration data. Measuring the magnetic
field includes sampling output signals that reflect the magnetic field acting on the
first, second, and third sensitive axes. Sampling output signals may occur at various
rates. For example, sampling the output signal may occur continuously during the
sampling process. Another example is sampling the output signal once per second
during the sampling process. Other sampling rates are also available. A variety of
output signal types may be measured. For example, the output signals may be single
ended. Another exemplary output signal type is differential signals. Other signal

types are also possible such as digital output signals. In the exemplary embodiment,



10

15

20

25

WO 2005/093371 PCT/US2005/006865

the first, second, and third sensitive axes are within one or more magnetic field
sensors that produce the first, second, and third output signals. Alternatively, the first,
second, and third sensitive axes may produce the output signals directly. In the first
embodiment, measuring the output signals includes taking approximately 100 samples
of the first, second, and third output signals as the compass is rotated around. the
gravity vector. Alternatively, an amount of samples less than or greater than 100
samples from each output signal can also be taken during the compass rotation. The
amount of samples taken may depend on a variety of factors, such as the sampling
rate, the type of calibration algorithm using the calibration data, the computational
capability of the data processor, and the desired level of calibration accuracy. Other
factors may also determine the number of samples taken.

The method of the first exemplary embodiment can also include initiating a
calibration mode. For example, the compass user may perform a combination of
button presses on a compass to initiate the calibration mode. Upon initiating the
calibration mode, the compass can begin measuring a magnetic field to obtain
magnetic field measurements. The compass can then store the measurement values or
some numerical value derived from the measurement values as calibration data. In a
second embodiment of the present invention, a method of acquiring calibration data
for an electronic compass with a first sensitive axis, a second sensitive axis, and a
third sensitive axis is presented. The first, second, and third sensitive axes are
mutually orthogonal. When one sensitive axis is in the vertical position, the other two
sensitive axes are in horizontal positions. The electronic compass produces a first,
second, and third output signal that reflects a magnetic field acting on the first,
second, and third sensitive axes. The method of the second embodiment includes

positioning the compass so that the first sensitive axis, the second sensitive axis, and
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the third sensitive axis are not parallel with a gravity vector passing through the
compass. The gravity vector is a vector passing through the compass in a direction
substantially towards the center of Earth. The method of the second embodiment also
includes moving the compass in a substantially 360 degree path around the gravity
vector so that at least one of the first, second, and third sensitive axes traverses a path
forming substantially a cone. The gravity vector is approximately an axis of the cone.
While the compass is moving in the substantially 360 degree path, samples of the
first, second, and third output signals are taken to obtain values of the output signals
while rotating the compass around the gravity vector. The values of the output signals
are calibration data which may be stored in data storage. Alternatively, the value of
the output signals or a subset of the values of the output signals may be processed in
one or more algorithms to produce the data which will be stored in data storage as
calibration data. A variety of data storage devices may be used to store the calibration
data. For example, electronically erasable programmable read only memory
(EEPROM) ﬁay be used. Other types of data storage are also available.

A third exemplary embodiment of the present invention is a system for
maneuvering a compass having a first sensitive axis, a second sensitive axis, and a
third sensitive axis. The third exemplary embodiment provides a device for
positioning and rotating the compass. The device provides for positioning the first
sensitive axis with respect to a gravity vector so that the first sensitive axis and the
gravity vector form a first angle greater than 0 degrees and less than 180 degrees. The
device also provides for positioning the second sensitive axis with respect to the
gravity vector so that the second sensitive axis and the gravity vector form a second
angle greater than 0 degrees and less than 180 degrees. And, the device provides for

positioning the third sensitive axis with respect to a gravity vector so that the third
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sensitive axis and the gravity vector form a third angle greater than 0 degrees and less
than 180 degrees. Optimal calibration data is available when one or more of the first,
second, and third angles is equal to 45 degrees. Furthermore, the device provides for
rotating the compass in a substantially 360 degree path around the gravity vector
while keeping the first, second, and third angles fixed throughout the 360 degree path.
The device may also include the ability to stop moving the compass after the compass
has moved in the substantially 360 degree path. Other elements of the third
exemplary embodiment include a first component to position the compass and a
second component to rotate the compass. Alternatively, the device may allow for
positioning and rotating a plurality of compasses to obtain calibration data from the
plurality of compasses.

These as well as other aspects and advantages of the invention will become
apparent to those of ordinary skill in the art by reading the following detailed
description, with reference where appropriate to the accompanying drawings. Further
it should be understood that the embodiments noted in this summary are not intended

to limit the scope of the invention as claimed.
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BRIEF DESCRIPTION OF THE DRAWINGS

An exemplary embodiment of the present invention is described herein with
reference to the following drawings, in which:

Figure 1A illustrates an elevation view of a circuit board layout of a compass
with three sensing axes;

Figure 1B illustrates the plan view of the circuit board layout of Figure 1A;

Figure 2A, Figure 2B, and Figure 2C illustrate a gravity vector in relation to a
variety of orientations of a compass with three sensitive axes;

Figure 3A and Figure 3B illustrate paths traveled by the sensitive axes in a
three-axis compass using a prior art calibration method;

Figure 4 illustrates paths traveled by the sensitive axes in a three-axis compass
using a method of the present invention; and

Figure 5 is a flow diagram of an exemplary method of acquiring calibration

data with an electronic compass with the present invention.
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DETAILED DESCRIPTION

An electronic compass may include one or more magnetic field sensors for
detecting the magnetic fields that act on the electronic compass. The number of
magnetic field sensors in an electronic compass and the number of sensitive axes in
each magnetic field sensor may vary. The orientation (directionality) of the one or
more sensitive axes in each electronic compass may vary as well. A three-axis
electronic compass has three sensitive axes that are typically designated as an X-axis
sensitive axis, a y-axis sensitive axis, and a z-axis sensitive axis. Assigning the x-
axis, y-axis, and z-axis designations to the respective sensitive axes is for descriptive
purposes and is entirely arbitrary as to which sensitive axis is the X-axis, y-axis, or z-
axis.

Figures 1A and 1B illustrate the layout of two magnetic field sensors in an
exemplary three-axis electronic compass. Figure 1A is an elevation view of the
exemplary electronic compass 100. The electronic compass 100 includes a first
magnetic field sensor 102 and a second magnetic field sensor 104. The first magnetic
field sensor 102 includes an x-axis sensitive axis 106 and a y-axis sensitive axis 108.
The x-axis sensitive axis 106 and the y-axis sensitive axis 108 are in the same plane
and are mutually orthogonal. The second magnetic field sensor 104 includes a z-axis
sensitive axis 110. The z-axis sensitive axis 110 is mutually orthogonal to the x-axis
sensitive axis 106 and the y-axis sensitive axis 108. Figure 1B is a plan view of the
exemplary three-axis electronic compass 100 showing the first and second magnetic
field sensors 102 and 104. The first magnetic field sensor 102 includes the mutually
orthogonal x-axis sensitive axis 106 and the y-axis sensitive axis 108. The second
magnetic field sensor 104 includes the z-axis sensitive axis 110. Alternative layouts

for three-axis electronic compasses are available. For example, a three-axis electronic
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compass may include three individual magnetic field sensors each having a respective
sensitive axis. Yet another example is a three-axis electronic compass with one
magnetic field sensor that includes three sensitive axes.

In understanding the present invention, it is also helpful to understand the
positioning of the sensitive axes of an electronic compass in relation to a gravity
vector as the electronic compass is placed in a variety of positions. Figures 2A, 2B,
and 2C illustrate ;farious positions of a three-axis electronic compass and the positions
of the sensitive axes after moving the electronic compass in relation to a gravity
vector. Figure 2A illustrates an electronic compass 200 in a first position. The
electronic compass 200 includes a first sensitive axis (x-axis) 202, a second sensitive
axis (y-axis) 204, and a third sensitive axis (z-axis) 206. The first sensitive axis (x-
axis) 202, the second sensitive axis (y-axis) 204, and the third sensitive axis (z-axis)
206 do not actually extend beyond the electronic compass 200, but are shown to
extend beyond the electronic compass 200 in Figures 2A, 2B, and 2C for illustrative
purposes. Furthermore, the first sensitive axis (x-axis) 202, the second sensitive axis
(y-axis) 204, and the third sensitive axis (z-axis) 206 are not required to intersect as
shown. Instead, thé first sensitive axis (x-axis) 202, the second sensitive axis (y-axis)
204, and the third sensitive axis (z-axis) 206 extend to a common point to illustrate
that the first sensitive axis (x-axis) 202, the second sensitive axis (y-axis) 204, and the
third sensitive axis (z-axis) 206 are mutually orthogonal. Placing the three sensitive
axes to be mutually orthogonal is preferred but not essential to the present invention.
In Figure 2A, the first sensitive axis (x-axis) 202 and the second sensitive axis (y-
axis) 204 are orthogonal to a gravity vector 208. The gravity vector 208 points at the
center of earth (shown as a downward direction in Figures 2A, 2B, and 2C) for any

given position of the electronic compass 200.
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Figure 2B illustrates the three-axis electronic compass 200 of Figure 2A after
moving the compass to a second position. In the second position, the first sensitive
axis (x-axis) 202, the second sensitive axis (y-axis) 204, and the third sensitive axis
(z-axis) 206 remain to be mutually orthogonal. However, in the second position as
compared to the first position, the first sensitive axis (x-axis) 202, the second sensitive
axis (y-axis) 204, and the third sensitive axis (z-axis) 206 are no longer orthogonal to
a gravity vector 208. The gravity vector 208 remains pointing at the center of earth
even though the electronic compass 200 has been moved to the second position.

Figure 2C illustrates the three-axis electronic compass 200 of Figure 2A after
moving the compass to a third position. In the third position, the first sensitive axis
(x-axis) 202, the second sensitive axis (y-axis) 204, and the third sensitive axis (z-
axis) 206 remain to be mutually orthogonal. However, in the third position, the
second sensitive axis (y-axis) 204 and the third sensitive axis (z-axis) 206 are no
longer orthogonal to a gravity vector 208. The gravity vector 208 remains pointing at
the center of earth even though the electronic compass 200 has been moved to the
third position.

Figures 3A and 3B illustrate the results of rotating a three-axis electronic
compass using a prior art compass calibration procedure for a three-axis electronic
compass. The prior art calibration process requires rotating the three-axis electronic
compass twice so that the three sensitive axes can experience a variation in the
magnetic field. Figure 3A includes a first sensitive axis (x-axis) 300, a second
sensitive axis (y-axis) 302, and a third sensitive axis (z-axis) 304. The first sensitive
axis (x-axis) 300, second sensitive axis (y-axis) 302, and third sensitive axis (z-axis)
304 are mutually orthogonal. The prior art compass calibration requires two

rotational steps to obtain magnetic field variation in the first sensitive axis (x-axis)
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300, the second sensitive axis (y-axis) 302, and the third sensitive axis (z-axis) 304.
For example, Figure 3A shows the results of a first rotational step that includes
rotating the second sensitive axis (y-axis) 302 and the third sensitive axis (z-axis) 304
around the first sensitive axis (x-axis) 300. During the first rotational step, the second
sensitive axis (y-axis) 302 and the third sensitive axis (z-axis) 304 traverse a circular
path 306 around the first sensitive axis (x-axis) 300. The first sensitive axis (x-axis)
300 passes through the center of the circular path 306. By traversing a path around
the first sensitive axis (x-axis) 300, the second sensitive axis (y-axis) 302 and the third
sensitive axis (z-axis) 304 are able to experience a variation in magnetic fields acting
on the three-axis electronic compass. In contrast, the first sensitive axis (x-axis) 300
rotates in place along its own axis as the second sensitive axis (y-axis) 302 and the
third sensitive axis (z-axis) 304 rotate around the first sensitive axis (x-axis) 300. The
first sensitive axis (x-axis) 300 does not experience a variation in the magnetic field
acting on the three-axis electronic compass while rotating along its own axis.

The second rotational step of the prior art compass calibration process
includes rotating either the second sensitive axis (y-axis) or the third sensitive axis (z-
axis) along its respective axis and rotating the first sensitive axis (x-axis) and either
the second sensitive axis (y-axis) or the third sensitive axis (z-axis) around the
sensitive axis (second sensitive axis or third sensitive axis) which rotates along its
respective axis. In Figure 3B, the second rotational step includes rotating the first
sensitive axis (x-axis) 300 and the second sensitive axis (y-axis) 302 around the third
sensitive axis (z-axis) 304. Alternatively, the second rotational step could include
rotating the first sensitive axis (x-axis) 300 and the third sensitive axis (z-axis) 304
around the second sensitive axis (y-axis) 302. During the second rotational step as

shown, the first sensitive axis (x-axis) 300 and the second sensitive axis (y-axis) 302
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traverse a circular path 308 around the third sensitive axis (z-axis) 304. The third
sensitive axis (z-axis) 304 passes through the center of the circular path 308. By
traversing a path around the third sensitive axis (z-axis) 304, the first sensitive axis (x-
axis) 300 and the second sensitive axis (y-axis) 302 are able to experience a variation
in magnetic fields acting on the three-axis electronic compass. In contrast, the third
sensitive axis (z-axis) 304 rotates along its own axis as the first sensitive'axis (x-axis)
300 and the second sensitive axis (y-axis) 302 rotate around the third sensitive axis (z-
axis) 304. The third sensitive axis (z-axis) 304 does not experience a variation in the
magnetic field acting on the three-axis electronic compass while rotating along its
own axis.

Figure 4 illustrates an exemplary embodiment of a three-axis electronic
compass for the present invention of acquiring calibration data for an electronic
compass. In the figure, a three-axis electronic compass 400 includes a first magnetic
field sensor 402 that includes a first sensitive axis (x-axis) 404, a second magnetic
field sensor 406 that includes a second sensitive axis (y-axis) 408, and a third
magnetic field sensor 410 that includes a third sensitive axis (z-axis) 412. The first
sensitive axis (x-axis) 404, the second sensitive axis (y-axis) 408, and the third
sensitive axis (z-axis) 412 reflect the sensing directions of the first, second, and third
magnetic field sensors 402, 406, and 410 respectively. Figure 4 illustrates that the
first sensitive axis (x-axis) 404, the second sensitive axis (y-axis) 408, and the third
sensitive axis (z-axis) 412 are substantially mutually orthogonal magnetic field sensor
sensitive axes and illustrates the paths the three sensitive axes travel when rotating the
electronic compass 400. Alternatively, the present invention may be carried out in a
three axis compass with the first, second, and third sensitive axes 404, 408, and 412 in

positions that are not substantially mutually orthogonal.
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Arranging the first, second, and third magnetic field sensors 402, 406, and 410
within the electronic compass 400 may occur in a variety of ways. For example, in
Figure 4, the arrangement of the first, second, and third magnetic field sensors 402,
406, and 410 has the first sensitive axis (x-axis) 404, the second sensitive axis (y-axis)
408, and the third sensitive axis (z-axis) 412 intersecting at a common point 414.
Other variations for arranging the first, second, and third magnetic field sensors 402,
406, and 410 are also available. For example, none or only two of the lines extending
from the first sensitive axis (x-axis) 402, the second sensitive axis (y-axis) 404, and
the third sensitive axis (z-axis) 406 may intersect. Furthermore, when one of the first
sensitive axis (x-axis) 404, the second sensitive axis (y-axis) 408, and the third
sensitive axis (z-axis) 412 is in a vertical position, the other two sensitive axes are in a
horizontal position.

Acquiring calibration data for the three-axis electronic compass 400 according
to the present invention includes positioning the electronic compass 400 so that the
first sensitive axis (x-axis) 404 and a gravity vector 416 form an angle 418 that is
greater than O degrees and less than 90 degrees. The gravity vector 416 is a vector
passing through the electronic compass 400 that points to the center of earth
regardless of the position or arrangement of the electronic compass 400.
Alternatively, the second sensitive axis (y-axis) 408 or the third sensitive axis (z-axis)
412 could have been chosen as the sensitive axis that in combination with the gravity
vector 416 form an angle greater than O degrees and less than 90 degrees. |
Furthermore, the second sensitive axis (y-axis) 408, and the third sensitive axis (z-
axis) have respective positions with the gravity vector 416 as well. For example, as
shown in Figure 4, the second sensitive axis (y-axis) 408 and the gravity vector 416

form an angle greater than 0 degrees and less than 90 degrees and the third sensitive
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axis (z-axis) 412 and the gravity vector form an angle that is approximately 90
degrees. Still further, tilt information may be sent to a display to guide the user in
positioning the compass in acquiring calibration data.

Acquiring the calibration data for the three-axis electronic compass 400
according to the present invention also includes moving the electronic compass 400
substantially 360 degrees around the gravity vector 416 so that the path of the first
sensitive axis (x-axis) 404 forms a first cone 420. The first cone 420 forms as the first
sensitive axis (x-axis) 404 travels around the gravity vector 416. The gravity vector
416 is the axis of the first cone 420. During the compass rotation, the second
sensitive axis (y-axis) 408 and the third sensitive axis (z-axis) 412 also rotate around
the gravity vector 416. The second sensitive axis (y-axis) 408 forms a second cone
422 with the gravity vector 416 as the axis of the second cone 422. The third
sensitive axis (z-axis) 412 forms a circle around the gravity vector 416 as the third
sensitive axis (z-axis) 412 traverses around the gravity vector. The gravity vector 416
passes through the center of the circle 424.

Acquiring the calibration data for the three-axis electronic compass 400
according to the present invention also includes measuring a magnetic field acting on
the first sensitive axis (x-axis) 404, the second sensitive axis (y-axis) 408, and the
third sensitive axis (z-axis) 412 while moving the electronic compass 400 in the
substantially 360 degree path. Measuring the magnetic field may include measuring a
combination of magnetic fields that combine to form a resultant magnetic field acting
on the first sensitive axis (x-axis) 404, the second sensitive axis (y-axis) 408, and the
third sensitive axis (z-axis) 412. Measuring the magnetic field may include
measuring output signals of magnetic field sensors 402, 406, and 410 that reflect the

magnetic field acting on the first, second, and third sensitive axes 404, 408, and 412.
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Measuring the magnetic field acting on the first sensitive axis (x-axis) 404, the second
sensitive axis (y-axis) 408, and the third sensitive axis (z-axis) 412 allows calibration
data to be obtained. The optimum calibration data is obtained when the angle 418
approaches 45 degrees. The first sensitive axis (x-axis) 404, the second sensitive axis
(y-axis) 408, and the third sensitive axis (z-axis) 412 experience a maximum variation
in the magnetic field as the electronic compass 400 is moving around the gravity
vector 416 with angle 418 at 45 degrees. Measuring the magnetic field may occur at

fixed intervals based on a sampling rate of a compass processor. Alteratively,

measuring the magnetic field may occur at various intervals. For example, the

compass may allow for discrete sampling by the compass user which allows the user
to select when the magnetic field measurements are made.

The present invention provides for moving the electronic compass 400 in a
variety of rotational movements around the gravity vector 416. For example, moving
the electronic compass 400 around the gravity vector 416 may include a continuous
motion until completing the 360 degree path around the gravity vector 416.
Alternatively, moving the electronic compass 400 around the gravity vector 416 may
be in a non-continuous motion. A non-continuous motion may include starting the
compass movement, stopping the compass movement prior to the electronic compass
400 traveling 360 degrees around the gravity vector 416, and resuming the compass
movement to complete the 360 degree path around the gravity vector 416. Moving
the electronic compass 400 may include starting and stopping the electronic compass
400 movement multiple times while rotating the electronic compass 400 in the 360
degree path. Furthermore, the present invention allows for acquiring calibration data
even if the compass is not moved substantially 360 degrees around the gravity vector.

Positioning the compass so that each sensitive axis experiences a variation in the
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magnetic field while the compass rotates around the gravity vector and measuring the
magnetic field at each sensitive axis to record the variation in the magnetic field is
sufficient to obtain calibration data.

Acquiring the calibration data for the electronic compass 400 using the present
invention may also include initiating a calibration mode. The calibration mode places
the electronic compass 400 in a mode for calibrating the electronic compass 400. A
variety of functions ma}j occur upon initiating the calibration mode. For example, the
calibration mode may prepare data storage in the electronic compass 400 for receiving
current calibration data. Another exemplary function of the calibration mode is
disabling algorithms for calculating a geographical direction. Yet another exemplary
function of the calibration mode is changing a display of the electronic compass 400.
Examples of calibration mode displays include an indication that the electronic
compass 400 is operating in the calibration mode and a tilt indication with a target tilt
value or range of tilt values to guide the user in positioning the compass for acquiring
calibration data. Initiating the calibration mode may occur in a variety of ways. For
example, the user of the electronic compass 400 may initiate the calibration mode by
pressing a specific button on the electronic compass 400, pressing a combination of
buttons on the electronic compass 400 in a specific sequence, or by a voice
recognition command. Other methods of initiating the calibration mode are also
available. Furthermore, the present invention also provides that the calibration mode
may end after a specific event. For example, the calibration mode may end after
moving the electronic compass 400 in a 360 degree path. Apother example is ending
the calibration mode after a specific amount of time has passed since initiating the

calibration mode. Other methods for ending the calibration mode are also possible.

19



10

15

20

25

WO 2005/093371 PCT/US2005/006865

The method of positioning and rotating the electronic compass 400 may be
achieved in a variety of ways. The method of positioning and rotating the electronic
compass 400 may depend on the type of electronic compass. For example, the
positioning and rotating of a hand-held electronic compass 400 may occur by
positioning and rotating the compass by hand. Another example is to rotate and
position the electronic compass 400 with a device. The device could simply be a
dimple for finger placement, or a pivoting mechanism in a hand held device.
Alternatively, the device can be an apparatus for arranging the compass so that the
first sensitive axis (x-ap‘ds) 404 forms a first angle 418 with the gravity vector 416 that
is greater than O degrees and less than 180 degrees. The device can further arrange
the compass so that the second sensitive axis (y-axis) 408 and the gravity vector 416
form a second angle and the third sensitive axis (z-axis) 412 and the gravity vector
416 form a third angle. The second and third angles are greater than 0 degrees and
less than 180 degrees. By forming the first, second, and third angles greater than 0
degrees and less than 180 degrees, the first sensitive axis (x-axis) 402, the second
sensitive axis (y-axis) 408 and the third sensitive axis (z-axis) 412 all experience
variation in the magnetic field when rotating the compass around the gravity vector.
After positioning the electronic compass 400 to form the first, second, and third
angles, the device can rotate the electronic compass 400 in a substantially 360 degree
path and keep the first, second, and third angles fixed through the 360 degree path.
Other methods for positioning and rotating the compass are also available.

Figure 5 shows a process flow for acquiring calibration data for an electronic
compass. Block 500 provides for positioning a compass in relation to a gravity vector
so that a sensitive axis of the compass and the gravity vector form an angle that is

greater than 0 degrees and less than 90 degrees. The optimum calibration data is
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available when the angle is approximately 45 degrees. Block 502 provides for
moving the compass around the gravity vector. Ideally, the compass is moved 360
degrees around the gravity vector so that the compass experiences the effects of a
magnetic field in all compass directions. However, moving the compass 360 degrees
around the gravity vector is not essential to acquiring a set of calibration data in which
all sensitive axes experience variation in the magnetic field. Moving the compass in a
complete 360 degree path around the gravity vector causes the sensitive axis forming
the angle greater than 0 degrees and less than 90 degrees to form a cone. The gravity
vector is the axis of the cone. In block 504, a decision is to be made whether or not
the compass has moved substantially 360 degrees around the gravity vector. If the
compass has not moved substantially 360 degrees around the gravity vector, the
method includes performing blocks 506 and 508. Block 506 provides for measuring a
magnetic field acting on the three sensitive axes.. The magnetic field may be a
resultant magnetic field that is a combination of the Earth’s magnetic field and stray
magnetic fields acting on the three sensitive axes. Block 508 provides for storing
magnetic field measurement data (calibration data). The function of storing magnetic
field measurement data may include storing the raw measurement data or storing
some data derived from the raw magnetic field measurement data. Further, the
function of storing magnetic field measurement data (calibration data) may include
storing a subset of the raw magnetic field measurements or a subset of data derived
from the raw magnetic field measurement data. An example of a subset of calibration
data is initial values of magnetic field measurement data and subsequent values of
magnetic field measurement data in which there has been an amount of change in the
measurement data from the most recently stored measurement data for at least one

sensitive axis. The amount of change may be some amount of change above a
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minimum threshold. A variety of data storage devices are available for storing
calibration data on or off board the compass. Exemplary data storage devices include
Random Access Memory (RAM) devices and EEPROM devices. Other types of data
storage devices are also available. After the compass has moved substantially 360
degrees around the gravity vector, an affirmative answer at block 504 leads to block
510 where the compass movement is stopped. After the compass has moved
substantially 360 degrees, the compass uses the stored calibration data to determine
one or more calibration coefficients in order to calibrate the compass.

Exemplary embodiments of the present invention have been described above.
Those skilled in the art will understand, however, that changes and modifications may
be made to this embodiment without departing from the true scope and spirit of the

invention, which is defined by the claims.

22



10

15

20

25

WO 2005/093371 PCT/US2005/006865
CLAIMS
I claim:

L. A method of acquiring calibration data for an electronic compass
comprising a first sensitive axis, a second sensitive axis, and a third sensitive axis, the
method comprising:

positioning the compass so that the first sensitive axis and a gravity
vector form an angle greater than 0 degrees and less than 90 degrees;

moving the compass in a substantially 360 degree path around the
gravity vector, whereby the first sensitive axis traverses a path generally forming a
cone, and wherein the gravity vector is approximately an axis of the cone; and

measuring a magnetic field acting on the first, second, and third
sensitive axes while moving the compass in the substantially 360 degree path to

acquire the calibration data.
2. The method of claim 1, wherein the angle is approximately 45 degrees.

3. The method of claim 1, wherein moving the compass in the
substantially 360 degree path comprises moving the compass in a generally

continuous motion.

4. The method of claim 1, wherein moving the compass in the
substantially 360 degree patﬁ includes moving the compass in a non-continuous
motion, wherein the non-continuous motion includes stopping and restarting
movement of the compass at least one time before completing the movement of the

compass in the substantially 360 degree path.
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5. The method of claim 1, wherein measuring the magnetic field includes
sampling é first output signal that reflects the magnetic field acting on the first
sensitive axis, sampling a second output signal that reflects the magnetic field acting

5 on the second sensitive axis, and sampling a third output signal that reflects the

magnetic field acting on the third sensitive axis.

6. The method of claim 5, wherein the first, second, and third sensitive
axes are within one or more magnetic field sensors, and wherein the one or more

10  magnetic field sensors produce the first, second, and third output signals.

7. The method of claim 6, wherein the calibration data includes values of

the first, second, and third output signals obtained by sampling the first, second, and

third output signals.
15
8. The method of claim 7, further comprising storing the calibration data
in data storage.
S. The method of claim 1, further comprising initiating a calibration
20  mode.

10.  The method of claim 1, further comprising sending tilt information to a

display to guide the user in positioning the compass.
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