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K— -« Handheld Electronic Compass Applications Using
10NIX a Kionix MEMS Tri-Axis Accelerometer

Introduction

Today’s world is about mobility. The expanded and growing availability of cell
phones, PDA’s and GPS has resulted in a massive integration of features into
handheld devices. Growing in popularity, the integrated electronic compass is sure
to become one of the next standard features.

This application note explains the integration of a Kionix MEMS tri-axis accelerometer
into a handheld electronic compass application. Required theory, plots, equations
and circuit block diagrams are provided with this note as guidelines.

Magnetic Field Basics

The earth’s magnetic field is approximately 0.6 gauss or 600 milli-gauss in terms of
magnetic flux density. In free air, this also correlates to 0.6 Oersted in magnetic field
intensity. Other equivalents for earth field values are about 48 Amperes/meter of
magnetic field intensity and about 60 micro-Tesla for magnetic flux density.

The earth’s magnetic field reference polarity is from the earth’s south pole to the
north pole. So a handheld electronic compass on the equator pointed at the north
pole should read about +0.6 gauss, and -0.6 gauss when pointed at the south pole.
Typically two or three anisotropic magnetic sensors are used for a compass in
orthogonal angles (perpendicular to each other) to measure the incident earth’s
magnetic field into Cartesian coordinates X, Y and Z. For a mechanical reference,
usually the X magnetic sensing element will point towards the top of a handheld
device. The Y sensor will point across the assembly and to the right, and the Z
sensor will point down through the device.

Magnetic Inclination

Because the earth’s magnetic field is not perfect between the south and north poles,
it tends to incline or “dip” upward or downward from the ground into the atmosphere
as it gets toward the poles. This is known as the angle of inclination or dip angle. At
latitudes near the equator the angle is very small and most of the 0.6 gauss is
horizontal to ground. If an electronic compass with magnetic sensors is placed flat
(horizontal), the X and Y sensors receive the majority of the magnetic field intensity
and accurate compass headings are the result.

As your location’s gets closer to the magnetic poles, less of the earth’s field is
horizontal and more vertical. As a way of defining these field proportions, the
magnetic inclination (dip angle) is defined as the vector angle above or below
horizontal that the earth’s magnetic field projects. For example, much of the United
States has a dip angle of about 55 to 70 degrees; so much of the 0.6 gauss magnetic
component is downward leaving only 0.2 to 0.4 gauss horizontal with respect to the
earth’s surface. Of course, it is the horizontal field amplitude that is measured by a
compass. Figure 1 shows a pictorial example of magnetic inclination angle.
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Fig. 1) Magnetic Inclination Angle

Compassing

From the days of magnetized rocks to needles, humans have used the earth’s
magnetic field to determine direction of travel (heading, bearing, or azimuth) relative
to the magnetic north pole. For electronic compasses, compassing occurs when two
or three sensors break the earth’s magnetic field into the two or three magnitudes to
describe field vector direction. When using with an electronic compass, the handheld
device containing the sensor must be held level with the ground (no tilt). The X and
Y sensor outputs will determine the heading according to:

%)
o = arctan| —
X

Eq. 1) Heading (azimuth «) in degrees.

Since the arc-tangent function repeats itself every 180 degrees, the polarity of the X
and Y values (plus or minus) is needed to determine where in the 0 to 359 degree
heading circle the handheld device is pointed.

Tilt Compensation

Most wireless phone customers tend to hold their phones at an upright angle (=45°
pitched up) for optimum viewing, instead of holding the phone flat for optimum
compass accuracy. With the phone pointing in the north or south heading, the
amount of un-levelness or tilt adds very little inaccuracy to the compass reading.
However for east or west headings, each degree of tilt may contribute up to two
degrees of indicated heading error. Figure 2 shows this phenomenon for pitch errors
at a nominal latitude (inclination angle = 40°).
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Fig. 2) Heading errors due to pitch without tilt compensation
(Inclination Angle =40°).

To retain accurate headings in the presence of pitch or roll angles, the traditional
method was to mechanically gimbal the compass assembly to keep the compass
perpendicular to the downward gravity direction. Since mechanical gimbaling is
impractical for handheld devices, designers must choose an electronic gimbaling
method, or tilt compensation. Tilt compensation requires a third, Z-axis, sensor to be
added to the X and Y sensors to break the sensed earth’s magnetic field into a vector
direction via Cartesian math. Besides the XYZ magnetic sensors, some method of
sensing the gravity vector relative to the magnetic sensor directions is required.
Traditionally fluidic sensors performed this “inclinometer” function by measuring fluid
in a small container (ampoule) for pitch and roll angles. Since the ampoule was half-
filled with conductive fluid, contacts in the pitch and roll orientations could create a
voltage output proportional to the amount of tilt.

Because fluidic tilt sensors are relatively large, an alternative method for gravity
vector sensing has recently appeared in the form of Micro-Electro-Mechanical System
(MEMS) accelerometers. To date, tilt-compensated handheld electronic compass
applications have used a dual-axis accelerometer as a tilt sensor, electronically
gimbaling the X, Y and Z magnetic field sensors. Unfortunately, with a horizontally
mounted dual-axis accelerometer, steep tilt angles and linear accelerations can
introduce tilt errors into the system, resulting in compass heading errors.

A single Kionix tri-axis accelerometer has significant advantages over a dual-axis
accelerometer for tilt compensation and linear motion detection. Also, the low noise
of the Kionix accelerometer offers a drastic improvement in compass heading
precision. These advantages are addressed in subsequent text. Also, please see the
Kionix application note entitled AN 005 Tilt-Sensing with Kionix MEMS
Accelerometers for additional information on accelerometer tilt sensing.

Tilt Compensation Calculations
The math that goes into tilt compensated compassing is well beyond the simple
arctangent equation solution (Eq. 1). Two additional equations are solved to come up

with “flattened” X and Y values ready for the arctangent heading equation. These
equations are:
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X'= X cos(p)+ Y sin(p)sin(¢)— Z cos(p)sin(g)
Y'= Ycos(p)+ Zsin(¢)

Eg. 2) Tilt Compensated Magnetic Vectors (X, )

The final compass heading (azimuth «) can be calculated using the equation:

%
o = arctan| —
X'

Eq. 3) Heading Calculation

Based on these calculations, the magnetic field sensors are much more sensitive to
rotations around the heading axis (roll p) than around the perpendicular axis (pitch

?).

The MEMS accelerometer supplies pitch (@) and roll (p) angles for the final heading
calculation. For this note, we will follow the pitch and roll assignments described
below in Fig. 3 with heading (azimuth) in the positive x-axis direction. For simplicity,
this note will focus on pitching and rolling around a single axis, but this methodology

is valid for any orientation — any combination of pitch (¢) and roll (p) angles.

Z1
z, !
z ] Y
Y d
[ ]
1
X .7 X Ig
Earth’s Surface
No pitch or roll; Pitch (¢) is the angle of Roll (p) is the angle of
level with the the x axis relative to the the Y axis relative to
ground. ground. @ is the angle of the ground. @ is the
the z axis relative to angle of the z axis
gravity. relative to gravity.

Fig. 3) Pitch and Roll Assignments Relative to Ground

When using a dual-axis accelerometer, the pitch (@) and roll (p) angles can be
calculated using Eq. 4 where a, and a, are the two accelerometer outputs (in g).

¢ = arcsin(a, )
p= arcsin(ay)

Eq. 4) Dual-Axis Pitch (g) and Roll (p) Angles
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As seen in Eq. 2, tilt compensated X and Y magnetic vectors (X', Y’) are calculated

from the raw X, Y and Z magnetic sensor inputs using the pitch (¢) and roll (p)
angles from Eq 4. One can also see that the compass heading is now dependent on
the accuracy of the pitch and roll measurements. Errors in the angle measurments
will result in errors in the heading!

Heading Error - The Lost Hiker

How does heading error really affect your final position? Consider the following real-
life situation: A hiker would like to travel 1km due East. A two degree (2°) heading
error resulting from as little as a one degree (1°) tilt error can put the hiker
substantially off the mark.

D=1km ENDtarget
¢ = 2 degrees —
N ENDerror—35m
D=1km
w E E N D actual
Note: Drawing Not To Scale
S

Fig. 4) The Lost Hiker

When applying the simple trigonometric equation in Eq. 6, where D equals 1km and
¢ equals a 2° heading error, we find our hiker 35m from the planned destination.

Dsing
. (180—-¢
sin
2

Eq. 5) Distance From Planned Destination, D = 1km, ¢ = 2°

END, error —

Compass Tilt Errors

Heading errors due to the tilt sensor depend somewhat on geographic location. At
the equator, tilt errors are less critical since the earth's field is strictly in the
horizontal plane. (Fig. 1) Near the magnetic poles, tilt errors are extremely
important. Tilt errors are also dependent on the heading (Fig. 2). Since a
compasses’ error budget falls heavily on the pitch and roll angle accuracy, the
chosen MEMS accelerometer must have sufficient tilt accuracy so as not to consume
the entire heading accuracy error budget. A reasonable goal of less than 0.5 degrees
of either pitch or roll error can create up to £1 degrees of compass heading error at
North American latitudes. The curve in Fig. 5 shows the effect on heading for various
tilt sensor errors. In this figure, a pitch error of 0.3° and no roll error can contribute
a 0.5° heading error alone.
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Fig. 5) Heading error due to roll and pitch tilt errors

(.2P/.2R = .2° error in pitch and roll).

A MEMS accelerometer can have several sources of error that will contribute to the
overall tilt accuracy. These error sources and the means by which they can be
reduced are discussed below.

Tilt Sensitivity and Noise

When tilting around a single axis of a horizontally mounted dual-axis accelerometer
from 0° to 90°, noise begins to increase drastically as you begin to tilt beyond 45°.
The noise increases when tilted beyond 45° because the sensing axis becomes less
sensitive, starting at 17.4 mg/° at 0° and decreasing to 12 mg/° at ~ 45°,
(gravitational acceleration = 1g; 1 mg = 1/1000%" of a g = 9.8m/s? / 1000 =
0.0098m/s?) The plot in Fig. 6 shows the expected heading error due to noise of a
low noise Kionix dual-axis accelerometer vs. a competitor as they are tilted from 0°

to 90°.

Heading Error
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Heading Error Vs Tilt Angle __35ug/rtHz (Kionix KXM52 Dual-Axis)
based on product spec noise _200ug/rtHz (Competitor 1 Dual-Axis)
w/ 25 Hz Low Pass filter
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Fig. 6) Dual-Axis Heading Error Due to Noise, Kionix vs. Competitor 1
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When using the Kionix tri-axis accelerometer, the Z-axis can be combined with the X
and Y axes to maintain constant sensitivity through all 90° of tilt. Fig. 7 shows the
expected tilt sensitivity through 90° of tilt when using just the pitch or roll axis, just
the Z-axis and all three axes.

Tilt Sensitivity vs. Tilt Angle
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Fig. 7) Tilt Sensitivity vs. Tilt Angle

As you can see, 17.4 mg/° of sensitivity can be maintained at any tilt orientation
when combining the pitch and roll axis with the Z-axis. Therefore, with the Kionix
tri-axis accelerometer, the heading error due to noise will remain relatively constant
at any tilt orientation as shown in Fig. 8.

Heading Error Vs Tilt Angle _358&65ug/rtHz (Kionix KXM52 Tri-Axis)
based on product specnoise 77200|Jg/rtHz (Competitor 1 DuaI-Axis)
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Fig. 8) Heading Error Due to Noise, Kionix Tri-Axis vs. Competitor 1 Dual-axis
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When using a Kionix tri-axis accelerometer, and combining the pitch and roll axes
with the Z-axis, additional calculations are needed to create new pitch (¢) and roll (p)
angles for more precise tilt compensation. The equations in Eq. 6 can be used to
create the new pitch (¢) and roll (p) angles for use in the previously mentioned tilt
compensated magnetic vectors and final heading calculations (Eqg. 2, Eq. 3).

a a
¢ = arctan 1 p = arctan| ——2——
2 2 2
ay +a;z ai +az

Eg. 6) Combined Pitch (¢) and Roll (p) Calculations

Note that the sign of pitch is the same as the sign of a,, and the sign of roll is the
same as the sign of a,. Also, pitch and roll can be calculated using only a, and a, as
shown in Eq. 4 to enable error checking.

Accelerometer calibration

One detail so far unmentioned is the accelerometer’s ability to create accurate pitch
and roll angles. Calibrating accelerometers is mostly a factory test problem. End-
users can re-zero (level) pitch and roll in their production line. Pitch and roll offsets
can be found by placing the phone or circuit board assembly on a known flat surface
and measuring the values with a near zero expectation for the ¢ and p values. The
offset error can be zeroed out after installation and will include any platform leveling
error. Sensitivity or scale factors could be done for accelerometer pitch and roll
outputs by robotically tilting the assembly and matching the resulting output with the
desired output. Obviously test costs must be assessed with the desired compass
accuracy and the quality of accelerometers. Additional information on the sources of
error and how to minimize them can be found in Application Note:AN012
Accelerometer Errors.

Linear Acceleration

Linear accelerations can introduce tilt error into an electronic compass application.
For example, an aircraft or car making a turn will cause the tilt sensors to experience
the centripetal acceleration in addition to gravity and the compass heading will be in
error. Typically, a dual-axis accelerometer provides tilt angles without knowing if the
acceleration was caused by an actual tilt or a linear acceleration. This can resultin a
false tilt correction when the component is not tilted but, instead, linearly
accelerated, perhaps when walking.

With a Kionix tri-axis accelerometer, you can monitor the total acceleration, Eq. 7,
which should remain close to 1g during all tilt operations.
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Atotal =

a§+a

y

2

+a;

Eq. 7) Total Acceleration

For most applications the linear acceleration is small, or is in effect for a short
duration, making a magnetic compass a useful navigation tool. If a tilt guard band
were placed around the total acceleration, representing normal tilt operation, any
values outside that guard band would indicate that the compass has been linearly
accelerated and heading errors are present. This information could then be used to
either display a potential margin for error in the compass heading or to notify the
user of a heading error and suggest that a new reading be taken when the linear
acceleration has dropped to acceptable limits.

Kionix Tilt Compensated Electronic Compass System

Accelerometer Selection

A partial specifications table of Kionix accelerometers that can be used for electronic
compass tilt correction is shown below:

Parameter Units KXP74 KXP84 KXM52 KXPS5
Output Type SPI SPI & 12C Analog Analog, SPI & 12C
Min. Required Detection Range g +2 +2 +2 +2
0g Offset at Room Temperature 2048 + 102 2048 + 102 1.65 + 0.033 V 1.65+ 0.087 V
Offset Variation Over Temp mg/°’C + 2.4 (max) + 2.4 (max) + 2.4 (max) + 1 (max)
Offset ratiometric error (3.3V + 5%) mg 37.5 37.5 37.5 37.5
Sensitivity at Room Temperature 819 + 25 counts/g 819 + 25 counts/g | 0.660 + 0.007 V/g [ 0.660 + 0.013V/g
Sensitivity Variation Over Temp %I°C + 0.032 (max) + 0.032 (max) + 0.032 (max) + 0.032 (max)
Sensitivity ratiometric error (3.3V + 5%) % 1.5 1.5 1.5 1.5
Noise Density yg/rtHz 250 max 250 max 65 max 250 max
Resolution at 50 Hz mg +3.2 +3.2 +0.8 +3.2
Nonlinearity % FS 0.5 max. 0.5 max. 0.5 max. 0.5 max.
Operating Voltage Range V 2.7-5.25 27-5.25 2.7-525 1.8-5.25
Operating Current YA 800 750 1700 800
Standby Current A <10 <10 <10 <0.1
Operating Temperature Range °C -40 to+85 -40 to+85 -40 to+85 -40 to+85
Size — Maximum Area (x-y) (mm)2 25 25 25 15
Height — Maximum (z) mm 1.2 1.2 1.8 0.92

Circuitry

For wireless handsets and other handheld devices, combining a Kionix KXM52 tri-axis
accelerometer with magnetic sensors will make a tilt-compensated electronic
compass system. The circuit schematic diagram below is an example of a proof-of-
concept electronic compass using the Kionix KXM52 with Honeywell’'s HMC6042 xy
magnetic sensor and Honeywell’'s HMC1041Z z-axis magnetic sensor.
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Fig. 10) Electronic Compass Schematic

A temperature sensor allows for corrections to the pitch and roll measurements over
temperature. Substitution of different magnetic or temperature sensors can be
permitted for brand preferences, cost concerns, and layout. The host controller may
not have enough onboard ADC channels, in which case a discrete ADC may be
necessary.

Firmware

To implement the electronic compass function with tilt compensation, firmware must
be developed to gather the magnetic and tilt sensor inputs and to interpret them into
meaningful data. Typically the whole compass firmware can be broken into logical
subroutines such as data acquisition, data offset corrections, heading computation,
set/reset operation, and the calibration. Digital compass firmware is not a task to be
attempted by novice designers with quick design times in mind. In most cases,
hundreds to over a thousand hours of firmware development and testing are
expended to create a successful compass routine.
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The process of creating compass firmware starts with the prime routines of magnetic
sensor data acquisition, data correction, and heading computation. To offer the best
compass accuracy, each axis of magnetic sensor data must be quickly digitized. At
nearly the same time, the best pitch and roll angles are to be acquired.
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Fig. 11) Compass Firmware Flowchart

Focusing only on the Tilt Data portion of the firmware, the following flowchart (Fig.
12) shows what it takes to get accurate pitch and roll angles.
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Fig. 12) Tilt Data Calculation Flowchart
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One can see that the tilt angle calculation alone is not a simple task. In most cases,
the amount of time spent refining this algorithm and the amount of effort spent
characterizing the accelerometer will determine the accuracy of the tilt data. Test
costs must be assessed with desired compass accuracy. To best describe various
levels of magnetic sensor and electronic compass utility, Fig. 13 shows three tiers of
accuracy. A low grade of magnetic field sensing can be called a “direction sensor”,
and can be used for basic map orientation and basic 4 to 8-point cardinal directions
(north, south, east, and west). Moderate grades of accuracy enable “pointing” for
LBS and Telematics plus true compassing for 16-point cardinal directions degrees
heading displays. Precision grade navigation (better than £2° heading accuracy) is
required for dead reckoning, airborne and seaborne navigation applications. While
precision navigation once meant hundred of dollars for compassing, this application
note shows circuits with ICs that are just a couple dollars each.

Magnetic Sensor Accuracy Electronic Compass Applications

Low (>% 5 degrees) Dir.ectior_1 Sensipg (Not a_Compass). Map
Orientation for right reading legends.

Basic Cardinal Point Compassing (N, S, E, W),

Moderate (+ 2 to + 5 degrees) and Pointing Functions

Navigation -Grade Applications such as Dead -

Precision (<t 2 degrees
( g ) Reckoning, Ship, and Aircraft Navigation.

Fig. 13) Tiers of Sensor Accuracy
The Kionix Advantage

The Kionix tri-axis accelerometers, with their small size and current consumption,
can easily be integrated into handheld electronic compass applications. Prominent
Kionix advantages are:

# Compass precision is significantly improved with low noise tri-axis
accelerometers.

# Low noise allows the sampling rate to be decreased, which allows power cycling
for significant power savings.

# The sensor assembly can be mounted in any orientation because the heading
error does not increase with tilt angle, like it does with a dual-axis accelerometer.

# Linear accelerations that cause invalid tilt compensation can be detected.

Theory of Operation

Kionix MEMS linear tri-axis accelerometers function on the principle of differential
capacitance. Acceleration causes displacement of a silicon structure resulting in a
change in capacitance. A signal-conditioning CMOS technology ASIC detects and
transforms changes in capacitance into an analog output voltage which is
proportional to acceleration. These outputs can then be sent to a micro-controller
for integration into various applications. Kionix technology provides for X, Y and Z-
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axis sensing on a single, silicon chip. One accelerometer can be used to enable a
variety of simultaneous features including, but not limited to:

Drop force modeling for warranty management
Hard disk drive shock protection

Tilt screen navigation

Theft, man-down, accident alarm

Image stability, screen orientation

Computer pointer

Navigation, mapping

Game playing

For product summaries, specifications, and schematics, please refer to the Kionix
accelerometer product sheets at http://www.kionix.com/sensors/accelerometer-

products.html.
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