
 
 

 

  

Abstract—This paper develops a physical model of an 

inertial/magnetic measurement unit by effectively integrating 

an accelerometer, a magnetometer, and two gyroscopes for low-

g motion tracking applications. The proposed model breaks 

down the errors contributed by individual components, then 

determines error elimination methods based on sensor behavior 

and characteristics, and finally constructs a feedback loop for 

continuous self-calibration. Measurement errors are reduced by 

adopting a systematic design methodology: 1) tilt errors are 

minimized through a careful selection of A/D convertor 

resolution and by making compensation on sensor bias and scale 

factor; 2) heading errors are reduced by cancelling out nearby 

ferrous distortions and making tilt-compensation on the 

magnetometer; 3) errors from gyroscope measurements are 

eliminated via the least squares algorithm and continuous 

corrections using orientation data at the steady-state position. 

Preliminary tests for low-g motion sensing show that the motion 

tracker can achieve less than ±0.5º accuracy in tilt and less than 

±1º accuracy in yaw angle measurement with above-mentioned 

methods. 

I. INTRODUCTION 

EVERAL motion capture technologies have been 

proposed in the last few decades. They can be briefly 

categorized into: optical, image-based, mechanical, 

magnetic, inertial, acoustic, and hybrid systems. Among 

them, inertial measurement units built with micromachined 

accelerometers and/or rate gyroscopes not only have size and 

cost advantages, but also offer relatively impressive 

performance in motion capture applications. Therefore, 

inertial trackers appear to be the most promising one of all 

the available technologies in terms of tiny, self-contained, 

complete, accurate, fast, immune to occlusions, robust, 

tenacious, wireless, and cheap [1]. 

However, the uses of inertial motion capture systems are 

still restricted because electronic offsets and drifts yield 

significant tracking errors during the integration of linear 

acceleration and angular rate [2], [3]. More importantly, 

inertial trackers alone cannot recover reliably from these 
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errors without introducing external reference information. 

Various technologies including cycle-cancelling algorithm, 

time-frequency analysis, and filter algorithms were applied 

to eliminate the impact of offsets and drifts [4]–[6]. But they 

also increase computational cost and therefore, end up with a 

complex system that requires more hardware and software 

resources. 

Motion tracking based on sensor fusion of accelerometers, 

magnetometers, and gyroscopes [7]–[9] represents a 

promising stand-alone technology in that orientations can be 

measured solely relying upon gravitational and geomagnetic 

fields which constitute an absolute coordinate frame of 

reference. Bachmann et al. [7], [8] first introduced such a 

device and developed a quaternion attitude filter for three-

degrees-of-freedom (DOF) orientation tracking of rigid 

bodies. Zhu et al. [9] modeled human body motion with a 

geometric representation and tracked articulated human 

motion with inertial/magnetic sensors. 

For many low-g (<±2g) applications, such as indoor robot 

navigation, motion tracking for animation and entertainment, 

etc., the signal-to-noise ratio is low and thus any unmodeled 

error in the system would determine the effectiveness of the 

intended application over time [10]. Unfortunately, 

compared with a lot of efforts aforementioned on filtering 

and modeling technologies, not much research has been done 

to break down the errors contributed by individual sensor 

components in an inertial/magnetic tracker and to determine 

what level of signal processing is required. 

The objective of this paper is to develop a physical model 

to effectively integrate the microelectromechanical system-

based (MEMS-based) accelerometer, magnetometer, and 

gyroscopes, in terms of the common parameters published in 

their manufactures’ datasheets. A prototype targeting at ±1º 

accuracy in orientation measurement (roll/pitch/yaw angles) 

for low-g motion sensing is realized using commercially 

available sensors. Calibration and error cancelling methods 

are discussed based on the understating of the characteristics 

of individual components and the interactions between them. 

Preliminary testing of the inertial/magnetic tracker is 

performed to verify the design concept and error correction 

methods as well.  

II. HARDWARE DESIGN 

Figure 1 shows the complementary filter approach to the 

inertial/magnetic measurement unit. Each motion tracker 

contains three orthogonal accelerometers, three orthogonal 

magnetometers, and three orthogonal gyroscopes. Tilt angles 
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are calculated from the earth’s gravitational vector that is 

directly measured by a tri-axis accelerometer [11]. Together 

with the tilt-compensated heading, outputs from the 

accelerometer and magnetometer are able to yield the steady-

state orientation of a rigid body in the form of roll, pitch, and 

yaw angles. Integration of the angular velocity data from rate 

gyroscopes also provides the orientation of a body segment 

in dynamic motions. Errors caused by drifts and scale factor 

of gyroscopes can be continuously corrected by comparing 

the difference between the calculation and integration results. 

The accelerometer used in the physical model is a tri-axis 

low-g MEMS-based capacitive accelerometer from 

STMicroelectronics (LIS3LV02DQ). This sensor measures 7 

mm × 7 mm × 1.8 mm, weighs about 0.2 gram, and has an 

effective sensing range of ±2g/±6g. It includes a sensing 

element capable of measuring linear acceleration signals 

over a bandwidth of 640 Hz and an IC interface able to send 

out the data in 12/16 bit data representation through an Inter-

Integrated Circuit/Serial Peripheral Interface (I2C/SPI) serial 

interface. An alternative is Freescale Semiconductor’s 

MMA7260Q, which has similar performance but only analog 

outputs.  

The magnetometer used here is PNI’s MicroMag3, an 

integrated tri-axis magnetic field sensing module based on 

Magneto-Inductive (MI) sensors. The module is chosen 

because it has small size (25.4 mm × 25.4 mm × 19 mm), 

low power consumption (<500 µA at 3 VDC), large 

measurement range (±11 Gauss) with high resolution (1.5 × 

10-4 Gauss), digital SPI interface, fast sample rate (2000 Hz), 

stable outputs over temperature, and inherently free from 

offset drift. An alternative is to construct a magnetometer by 

interfacing IC and three MI or Magneto-Resistive (MR) 

sensors mounted orthogonally. 

The angular rate sensors selected for the prototype are the 

yaw rate gyroscope ADXRS300 from Analog Devices and 

the dual-axis gyroscope IDG-300 from InvenSense. The 

authors believe they are the smallest gyroscopes currently 

available in the market: The ADXRS300’s size is 7 mm × 7 

mm × 3mm and its weight is less than 0.5 gram. The IDG-

300 has two sensor elements in a 6 mm × 6 mm × 1.5 mm 

QFN package. The manufacturers specified maximum 

allowable angular rates are ±300º/s in yaw, ±500º/s in roll 

and pitch.  These ranges are sufficient to most human body 

motion tracking applications. The outputs of these 

gyroscopes are regulated voltages proportional to angular 

rates. 

The design Micro Controller Unit (MCU) is ATMEL’s 

ATmega168, a low-power CMOS 8-bit microcontroller 

based on the AVR enhanced RISC architecture. In the 

prototype, it communicates with the accelerometer and 

magnetometer via the SPI protocol and also functions as a 

10-bit A/D convertor (ADC) for gyroscopes. Besides signal 

processing, the MCU package orientation information with a 

tracker identification number and then, send it out to the Two 

Wire Interface (TWI) bus. 

Figure 2 depicts the prototype of the inertial/magnetic 

motion tracker. Each tracker consists of an accelerometer, a 

magnetometer, a MCU, and two gyroscope modules stacked 

vertically. All electronic components are running on a 3.3V 

power. As each individual chip costs less than $20, we are 

able to achieve a target price of around $100. 

III. ORIENTATION DETERMINATION 

Two coordinate frames (see Fig. 3) need to be defined to 

compute the orientation of the motion tracker: 

1) Body Frame (xbody ybody zbody): This frame has its origin 

at the inertial/magnetic sensor; and each axis points along the 

sensitive axis of the sensor, respectively. It is a body fixed 

frame moving together with the body segment where the 

sensor unit is mounted. It is regarded as a local coordinate in 

all calculations. 

 
 
Fig. 1.  Complementary filter approach to the inertial/magnetic 
tracker. 

 
 

Fig. 2.  Prototype of the inertial/magnetic tracker. 

 

 
 

Fig. 3.  Coordinate frames (body frame and horizontal frame). 
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2) Horizontal Frame (Xhor Yhor Zhor): This frame is 

attached to a horizontal plane normal to the earth’s gravity 

vector. It is a fixed global coordinate. Three axis are 

arranged in a right handed helix.  The negative direction of 

gravity is defined as the positive direction of Zhor. 

An accelerometer in its steady state can be directly used to 

measure the gravity vector g which is always vertical to the 

horizontal plane. Here we define that the tracker reaches its 

steady-state conditions in the state of rest or uniform motion 

characterized with 1g acceleration caused by gravity. Tilt 

angles are then calculated from three orthogonal acceleration 

components as: 
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where [ ]
T

x y z
a a a  is the gravity vector measured in the 

body frame. θ  and φ are pitch and roll angles in the global 

frame. 

For the magnetometer sitting in the horizontal plane, the 

yaw angle ψ  (also known as heading or azimuth angle) is 

always computed as: 
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where [ ]
T

X Y Z
b b b is the geomagnetic vector measured 

in the horizontal frame. In order to calculate the yaw angle at 
any position, the magnetometer orientation needs to be 

mathematically rotated to the horizontal plane through a 
transformation matrix (see Fig. 3): 
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by substituting (5), (4) can be rewritten as: 
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where [ ]
X Y Z

T

b b b , [ ]
x y z

T

b b b , and [ ]
' ' 'x y z

T

b b b  

denote the magnetic vector measured in the local frame, the 

global frame, and the coordinate axis in between them, 

respectively. 
 Now at any steady-state position, the sensor’s tilt-
compensated heading (yaw angle) can be computed from (3) 
and (6). There are two points need to be clarified before we 

move to the next stage: 
1) The above algorithm is only valid under the steady-state 

assumption. Any acceleration, except for the acceleration 

caused by the earth gravity field, will affect the accuracy of 

tilt angles and consequently result in heading errors. If the 

tilt error, or uncertainty, is allowed to be ±0.5º, then the 

acceleration tolerance should be set as sin(±0.5º), or ±1%. In 

other words, the motion tracker can be assumed at its steady-

state position if the acceleration measured is within this 

range. 

2) Considering the limits in the 
1

tan
−

 function, the heading 

calculations must account for the sign of the magnetometer 

readings and the values on four quadrant boundaries. 

Next, angular rates are computed from regulated voltages 

as: 

 

( )out off
V V

V

ω
ω

∆
= − ⋅

∆
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where ω  is the angular velocity. 
out

V  and 
off

V  represent the 

sensor’s output and 0 rad/s offset voltage, respectively. 
V

ω∆

∆
 

denotes the sensitivity of the gyroscope. The angular position 

of the sensor, θ , is calculated by integrating of the angular 

velocity over time t : 

 

( ) ( ') 't t dtθ ω= ∫ .         (8) 

 

Every time the sensor unit reaches a steady-state position, 
errors caused by drift and scale factor of the gyroscope are 
continuously corrected based upon the difference between 
the integration results and the calculation results from 
accelerometer-magnetometer measurements. Such a close 
loop system is able to achieve high accuracy for both static 
and dynamic measurements. 

Finally, the earth’s gravity is filtered out from the direct 
measurement of the accelerometer. And the new acceleration 
vector is now able to be transferred into the global 
coordinate through a transformation matrix similar to (6). In 
total, the sensor unit provides 6 DOF information of the 
subject, including orientation, tri-axis angular velocity, and 
position integrated from acceleration. 

IV. ERROR ANALYSIS AND ELIMINATION 

Our goal is to implement a low-cost inertial/magnetic 
tracker based on commercially available sensors and to 
satisfy a requirement of less than ±1º accuracy in orientation 
determination. Preliminary tests are performed to understand 
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the physical parameters of individual sensors, such as scale 
factor, bias, noise characteristics, linearity, sensitivity, ADC 
resolution, etc. Elimination methods are then verified on an 
experimental setup made of two orthogonal precision rotary 
stages with a resolution of 0.1º. The following parts are 
organized into four sections: the first three parts discuss 
component-level error cancelling methods for the 
accelerometer, magnetometer, and gyroscope sensors; the 
last section takes into account common disturbances and 
system-level error factors including temperature changes and 
sensor misalignments. 

A. Accelerometer 

Accelerometer error in measuring tilt angles arises from 
scale factor, nonlinearity, output drifts, and misalignment 
[10]. The last two will be discussed in section D since they 
are shared by all modules in the sensor unit.  

Scale factor (SF, units: V/g), or sensitivity, is defined as 
the ratio of a change in the output to a change of the input 
intended to be measured. Bias (B, units: V), or zero offset, is 
the average output of the sensor over a time measured at 
specified operating conditions that has no correlation with 
the input. According to the manufacturer’s specification 
sheets, scale factor, SF, bias, B, and acceleration, a (units: g) 

are determined as: 
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where 
g

V
+

, 
g

V
−

, and 
out

V  are the output voltages when the 

sensor is aligned with, aligned opposite to the direction of 
gravity, and at any tilt angle, respectively. With the 
acceleration measured from (10), tilt angles at any stead-state 
position can be calculated from (2). 

The nonlinear relationship between tilt angles and output 
voltages is a result of the construction of the sensor. A 
MEMS-based capacitive accelerometer normally consists of 
fixed fingers attached to the base and moving fingers 
attached to a center mass supported by suspension springs. 
Any tilt of the sensor leads to the change of the capacitance 
proportional to the overlapping area and distance between 
the moving and fixed fingers [10]. Therefore, the principle of 
the sensor gives it a sinusoidal input vs. output relationship. 

A simple experiment is performed to reveal the nonlinear 
behavior of the MMA7260Q accelerometer (see Fig. 4). The 
slope of the curve indicates the sensitivity of the device: as 

the tilt angle increases from 0
�

 towards 90
�

, the sensitivity 

decreases. Because of this nonlinearity, the resolution of the 

ADC needs to be determined at  0
�

 and 90
�

to ensure the 

lowest resolution is still within the requirement. Therefore, 
taking the accelerometer readings at 0g (0º tilt for one axis) 
and 1g (90º tilt), an ADC would result in the following 
resolutions: 
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where SV  (units: mV) is the step voltage rounded off to one 

decimal as an m -bit ADC cuts n V supply into 2
m

 steps. 

0
RES  and 

90
RES  (units: degree) are the resolutions at 0g and 

1g, respectively. For example, if the MMA7260Q with a 10-
bit ADC running on a 3.3V power, the system provides a 
0.23º resolution at the highest sensitivity point and a 5.13º 

resolution at the lowest sensitivity point. An 11-bit ADC 
gives a range of resolution from 0.11º to 3.62º. An 
experiment on the LIS3LV02DQ accelerometer with 12/16 

bit data representation (11-bit ADC) verifies the above 
analysis (see Fig. 5). Due to the nonlinearity of the 
accelerometer, it is more accurate when the sensing axis is 
closer to 0º, and less sensitive when closer to 90º. However, 

errors at the higher end do not exceed the estimation value 
because errors are reduced by a low-pass filter and the 
calculation algorithm, which takes average measurements 
over time. In such a way, an overall average error less than 

±0.5º in tilt angle measurement is secured. 

B. Magnetometer 

Heading accuracy is affected by magnetic sensor errors, 
ADC resolution, platform tilt errors, geomagnetic variation, 

and nearby ferrous distortions [12]. Of these errors, the last 

  
Fig. 4. Nonlinear relationship output of x-axis accelerometer. 

 
Fig. 5. Tilt errors due to the nonlinear characteristics of the 
accelerometer (average error: 0.38º). 
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one is addressed and discussed below. Nearby ferrous 

distortions are mainly caused by hard-iron and soft-iron. 
Hard-iron distortions are caused by permanent magnets and 
magnetized object at fixed location and within close 

proximity to the sensors. Figure 6 (dotted line) shows the 
result of an experiment where the magnetometer measures a 
biased field; a constant magnetic component is added along 
each axis of sensor output; and the center point of the circle 

shifts. Soft-iron distortions are the result of interactions 
between the earth’s magnetic field and any magnetically 
“soft” material within close proximity to the sensors. In 

technical terms, soft materials have a high permeability–a 
measure of how well it serves as a path for magnetic lines of 
force. According to their characteristics, heading errors are 
written as a function of nearby ferrous distortions: 

 

( ) ( )

( ) ( ) ( )

sin sin 2  

m H m S m

H m H S m S

E E E

R R
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where 
H

E  and 
S

E  are errors caused by hard-iron and soft-

iron distortions, respectively. 
H

R , 
S

R , 
H

δ , and 
S

δ  are the 

hard-iron and soft-iron error signal amplitudes and phase 

shifts, respectively. Although there are various methods to 
reduce soft-iron distortions, it is more straightforward to 
remove any soft iron materials near the sensor and eliminate 
the hard-iron effects through the following two steps: 
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where vectors  
t

b ,  
m

b , 
max

b  , and 
min

b  are the true magnetic 

field value, measurement value, maximum, and minimum 

readings along the three axis, respectively. 
m

b , 
max

b  , and 
min

b  

are recorded during the multi-point calibration in which the 

magnetometer is mounted horizontally and rotated two 
cycles for about 720º. As shown in Fig. 6, the output plot of 
X vs. Y forms a perfect circle centered at the origin after the 
two-step compensation. This successfully gets rid of heading 

errors caused by nearby hard-iron distortions. 
 Platform tilt is another major source that contributes to 
heading errors. Experimental results (see Fig. 7) show that 

the method aforementioned in section III significantly 
reduces this type of error to within ±1º. 

C. Gyroscope 

Major error sources of a rate gyroscope include its ADC 

resolution, temperature drifts, electromagnetic interference, 
scale factor, bias, etc. Scale factor and bias are considered 
for the scope of this section. 

The transformation between the angular rate measured by 
the gyroscope and its global representative is given as [13]: 
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where r is the yaw rate. 
y

ω  and 
z

ω  are the body-fixed y-

axis and z-axis angular rate, respectively. The measured 

angular rate, 
m

ω , is a function of the true angular rate, 
t

ω , 

scale factor, SF, and bias, B: 
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m t
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In a simplified model when 0φ ≈ , the yaw angular 

position at the discrete time (t+n), ( )
t

t nω +  is written as:  

 

 
Fig. 6. Output of the MicroMag3 magnetometer (relative magnetic 
field values, range from -32768 to 32768; raw data, dotted line; 

after cancelling hard-iron distortions, dashed line; after gain 
matching, solid line). 

  
Fig. 7. Heading errors when tilt angles between ±50º (heading errors 
before compensation, dashed line; after compensation, solid line). 
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Therefore, with a number of true positions from the tilt-

compensated magnetometer readings and measurements 
from the rate gyroscope over a short period, the least 
squares algorithm can be used to estimate scale factor and 

bias values by solving the matrix equation stacking from 
(21). With these calibration coefficients, a continuous 
compensation then becomes possible for position error 
correction. As shown in Fig. 1, the three sensor modules 

construct a typical feedback loop, which can reduce the 
error propagation during the integration of gyroscope 
measurements.   

D. Common Disturbances and System-level Errors 

Temperature effects and misalignment errors are discussed 
in this section. Manufactures’ datasheets show that scale 
factor and bias are sensitive to temperature change. Although 
we can make an assumption of constant environmental 

temperature, the gradual heating up of the sensor circuitry is 
still out of our control. The experimental result performed on 
the LIS3LV02DQ accelerometer and MicroMag3 

magnetometer at room temperature (25ºC) shows that they 
can reach their steady state within one minute and their 
readings remain approximately constant over time. The 
differences between the initial and steady-state values are 

less than 2‰ for the accelerometer and less than 0.5% for 
the magnetometer. Thus, temperature effects do not have 
significant effects on bias and scale factor at room 
temperature. There are two reasons to explain the 

phenomenon: circuitry temperatures do not change much 
during the operation; and sensors already have certain built-
in temperature compensation mechanisms. For applications 

requiring a higher accuracy, the user can either use extended 
Kalman filtering [14] or correct errors with a pre-stored error 
lookup table in the MCU. Environmental temperature can be 
measured with the internal thermometer in the ADXRS300 

gyroscope. 
Misalignment errors occur at both the sensor level and the 

system level. Errors at the sensor level are normally 

compensated by the manufactures through their on-chip error 
tables. At the system level, misalignment of individual sensor 
with respect to the global frame simply results in a constant 
error. To eliminate system-level misalignment errors, we 

choose to build the tracker using surface-mount technology 
(SMT) components, and measure the current mounting 
declination before the calibration.   

V. CONCLUSION 

This paper discusses the design, implementation and error 

elimination methods for an inertial/magnetic motion tracker 

using a combination of accelerometer, magnetometer, and 

rate gyroscopes. The sensor has several advantages in terms 

of its compact size, low cost, and high accuracy in 

orientation measurement. Having acknowledged the behavior 

and characteristics of individual components via a series of 

tests, we propose sensor calibration and error cancelling 

methods for the prototype. Preliminary tests prove that it 

achieves ±1º accuracy in orientation measurement for low-g 

motion sensing applications. However, supplemental tests 

still need to be performed for motion capture applications 

under high dynamic conditions. Future work will also 

include employing the motion tracker in various applications, 

such as biomechanics, indoor navigation, etc. 
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