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Abstract 
Because of the limitation of GPS indoors there is a demand for alternative methods to accurately 
determine both position and orientation. Previous attempts at positional tracking has required an 
infrastructure of hardware and sensors to provide the path of an object or person. This is not a mobile 
solution to a mobile problem. This project aims to answer the question if it is possible to use an 
Inertial measurement unit sensor for this application. It will also create a prototype device that will 
demonstrate the capabilities of the proposed method. The goal of the project is to reach an accuracy of 
±20 cm for position and ±5 degrees for rotation. A Kalman filter will be used to filter the output from 
the sensor in order to get more stable and accurate readings.  
 
The results show that it is possible to determine position of ±20 cm up to 100 cm with the proposed 
method. An inertial measurement unit is capable of measuring rotation accuracy of ±5 degrees and a 
prototype has been designed and manufactured to demonstrate the method.  
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1 Introduction 
Today there is a demand for indoor positioning due to the limitations of GPS signals. GPS navigation 
systems are too inaccurate inside buildings, to estimate the position and orientation of a person or 
object [1]. This is especially true when talking about small scale devices such as mobile phones or 
other wearable tech. The issue with most attempts at position and orientation in an indoor 
environment is that external devices is needed to determine where the object is located [2]. This will 
lead to the need of having an infrastructure of devices. That is not a truly mobile solution to a mobile 
problem. One way to solve this problem is to use an Inertial measurement unit (IMU) which is a low 
cost, low power, sensor device that doesn't require any additional external devices for position or 
orientation. 

1.1 Purpose and Goal 
The purpose is to examine if you can use an IMU to read the position and orientation of an object 
relative a fixed point on a 2D plane in an indoor environment without using any external equipment.  
 
The goal is to develop this method for Phonak who wants to implement it into their products. This can 
be used to determine the position and orientation of their products. 
Phonak wants an angular accuracy of ±5 degrees and distance accuracy of ±20 cm. 
To demonstrate this method a proof of concept device called Pathfinder will be designed and 
manufactured using visual indicators to show the direction and distance to a fixed point. 

1.2 Issues 
During the pilot study, were the design of the concept device was discussed and information about 
different IMU’s and filter methods was collected, four main issues were found: 
 

● Is an IMU accurate enough to measure position and orientation? 
● Which brand of IMU is best suited to do the measurements? 
● Which filter is best fitted for our purpose to eliminate noise and drift? 
● How do you design a proof of concept device that demonstrates the method in a good way? 

1.3 Delimitations 
The object that we will implement our method on will be mobile and used indoors so no external 
systems, like GPS or cameras, can be used. The method must work stand-alone. We will not try to 
create our own filter to solve the issues with noise and drift but instead use existing ones. 
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2 Background & Theory 
 
This project is a collaboration with a company in Halmstad named Phonak[3] that produces hearing 
aid products. They want to see if an IMU is able to determine position and orientation of their 
products. The problem with IMU’s is that measurements tends to be noisy and drift[2][4]. This can be 
reduced by using filters[2][4][5]. Many of these filter algorithms are computationally heavy and 
therefore consume a lot of power and drains the battery[5][6]. Some IMU’s today have these filters 
and fusion methods integrated into its package. The Invensense ICM-20948 has the Digital Motion 
Processor(DMP)[7] which relieves the microprocessor from calculations and will decrease the power 
consumption. The accuracy of an IMU is not known and Phonak wants an estimation on how well it 
can perform.  
 

2.1 Current Research 

2.1.1 Foot-mounted inertial navigation 

A similar project to what this thesis will explore, is the indoor navigation systems that are more and 
more in demand due to the limits of indoor GPS signal. John-Olof Nilssons [8] research revolves 
around human positioning using IMU mounted on shoes. They are using a dead reckoning approach in 
combination with Zero velocity update (ZUPT) to determine position of the person[8]. Before dead 
reckoning can be used orientation is calculated to know the heading of the person wearing the 
device.This is done by using a Madgwick filter and quaternation matrices to determine the 
orientation[8][6]. For this project a step is similar to the movement of the object for this thesis in that 
there is a clear distinction between movement phase and “stance phase”. According to openshoe 
project [8] the error is less than 0.5% in a distance of 100m making the dead reckoning approach a 
viable option, especially considering this thesis application of the approach will have a much smaller 
area of positioning which is limited to the size of a tabe. 
 

2.1.2 Exploiting Accelerometers to Estimate Displacement 
There is another project is that are using an accelerometer in combination with Kalman Filtering to 
determine displacement of an object [9]. They compared  unfiltered data from accelerometer i 
comparison with the application of Kalman filter (KF). The study shows  that the error is reduced to 
9% of the actual displacement of the object. Without the filter the error is up to 68%. The distance 
traveled is up to 80 cm which, with the use of KF, gives an error of 0.3% or 0.3 cm from the actual 
distance[9]. They used an off the shelf MEMS component with a maximum bandwidth of 1.8kHz. The 
test involved three experiments, first one is a one dimensional displacement along a straight line. The 
second in two dimensions on a table, and the third one were three dimensions. All showing promising 
results in terms of error. These findings can be applicable to this thesis. The algorithm used is fairly 
simple approach of KF which means it is easy to implement.  
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2.2 Inertial Measurement Unit 
Inertial Measurement Unit (IMU) is an electronic device that can measure different forces applied to 
an object’s body and they can achieve this without using any external equipment. The device is able to 
do this by having a number of different sensors integrated into it[10]. Today the IMU is used in a 
variety of devices for example in wearables to monitor movement, in aircraft as a complement to gps 
for positioning and in mobile phones to determine the orientation of the phone[10]. In this project 
IMU’s containing 3 sensors are looked into, an accelerometer, magnetometer and a gyroscope. 
The newer sensors in the IMU usually have 3 degrees of freedom(DOF) which means that they can 
measure forces in 3 different axis[10]. These DOF can be used to determine the movement in any 
direction or the yaw,pitch and roll, see figure 1 for explanation. 
 

 
Figure 1: Picture describing yaw ,pitch and roll. 

 
 

2.2.1 Microelectromechanical System 
 
The sensors in an IMU can be of different types, in aircraft where there is much space the size of the 
sensors doesn’t matter but in smaller electronic devices there is a need to fit all sensors into a small 
integrated circuit(IC) package to make room for other components[10]. This is done by using 
Microelectromechanical System(MEMS) sensors.  
MEMS sensors can be in the range of 1 micrometer to 1 mm[10] and integrating these sensors into an 
IC makes the package very small. 
The MEMS sensors are a combination of electric and mechanical elements that are integrated into a 
single silicon chip(or similar materials) which makes them have moving parts that are reacting to 
different forces like pressure, acceleration, rotation and magnetic fields[11]. The moving parts will 
create a changing distance between two metal plates and a change of capacitance will occur and the 
strength of the force can be determined. Figure 2 shows this on a simplified picture of a MEMS 
accelerometer.  
Because of the small mass of the sensors the moving parts are sensitive to vibrations. This will cause 
drift in the measurements and makes it harder to calculate the orientation [12]. 
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Figure 2: As the springs(the blue part) is exposed to an acceleration depending on direction it moves back and forth and the 

distance between the fixed plates(colored green) and the plates attached to the spring(colored red) will change and a 
variation of capacitance will occur. 

 

2.2.2 Accelerometer 
 
To measure the acceleration of an object an accelerometer is used. Integrated into to the IMU this 
MEMS sensor usually have 3 DOF[10].  
On IMU datasheets [5]the range is stated ±2g which means that the sensor can measure forces up to 2 
times earth's gravity(g = 9.82 m/s^2).  
The sensors can be configured to measure different ranges and the ADC dedicated to it  determines 
the accuracy.  
The steps it can measure in is the given by the formula 1:  
 

tepsS =  Range
ADC Resolution 1)(  

 
 For example on the ICM-20948 from Invensense it can be set to measure in the ranges ±2g, ±4g, ±8g, 
±16g and the ADC belonging to the sensor is 16 bit[5]. If the IMU is set to measure up to 16g the 
accuracy wouldn’t be high but it would be able to measure bigger forces. But if it’s set to 2g the 
accuracy would be high but the forces measured is low. To use the accelerometer effectively you must 
know how high forces your object is exposed to. 

2.2.4 Gyroscope 
The gyroscope measures the rotational motion of an object in 3 axis (3 DOF) and gives back the result 
as radians per second(rad/s). They can also be manufactured as MEMS sensors so they can be fit in an 
IMU. Much like the accelerometer these can be set to measure different ranges so you have to have an 
idea how fast the object will be spun. These ranges can be ±250 dps ,±500dps ,±1000dps or ±2000 
dps[5]. As for the accelerometer the range and the resolution of the ADC determines the gyroscope 
accuracy. 
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2.2.5 Magnetometer 
A magnetometer measures the difference in the magnetic field surrounding it. As mentioned in 
"Reviews on various inertial measurement unit (IMU) sensor applications"[4] the newer types of 
magnetometers have 3 DOF and can measure the yaw angle rotation (see figure 1). The magnetometer 
can be used in combination with the gyroscope to decrease the drift issues[4]. The sensor is sensitive 
to outer magnetic interferences[4]. 
The magnetometer sensor can also be configured in different scales, the ICM-20948 can measure up 
to ±4900µT[7], so the accuracy is as the other sensors determined by the resolution of the ADC and 
the range. 
 

2.3 Kalman filter 
One of the most important algorithm of filtering for certain systems is the Kalman filter (KF) [13]. 
Not only because the algorithm is well proven but because it is easy to apply to a large variety of 
applications. KF is an iterative mathematical process to estimate the true value of a measurement that 
contains uncertainty in the data[9]. One of the big strength of KF is that it doesn’t need all the data to 
calculate the true value, but instead, calculates it iterative and quickly zeroes in on the true 
measurement. For example tracking a vehicles position by using velocity and acceleration. For KF 
there are three main calculations that needs to be done as illustrated by figure 3. The current estimate, 
the Kalman Gain (gain) and the error in estimate[9]. These calculations will be calculated during the 
entire time of the measurement and update the position of an object accordingly. 
 

 
Figure 3: Kalman Gain is calculated to give weight to how much to trust the measured value and the predicted value. This is 
then used to calculate the current estimate. The current estimate is used to update estimate and to calculate the error in the 

estimate. Updated Estimate is the output. The previous Estimate and the measured value are the input to calculate the 
current estimate.  

 

15 



 

 

2.3.1 Current estimate 
The current estimate is calculated by equation 2 

 X G(Y X )Xk =  kp + K k − H k (2)  
and is used to determine the position of an object[9]. For position in more than one dimension is aXk  
matrix. is the predicted estimate of the position also known as predicted state matrix. is theXkp GK  
Kalman gain that gives weight to the predicted and measured values ( and ). The predicted stateXk Y  
matrix is calculated by equation 3Xkp  
 

 X uXkp =  k−1 + A k−1 + W k  (3) 
 
and is a prediction that the KF does of the position of an object [9]. It uses data from the sensor to 
apply a theoretical position of the object. Depending on the number of dimensions for positioning, Xk  
will vary in size. For two dimensional positioning the matrix is 4x1. is a matrix to adjust the size ofA  
the data to the desired dimension of . is the previous estimated position and is the error inXk Xk−1 W k  
the estimation. is the control variable matrix that allows the position to adjust according touk−1  
acceleration.  is the new measurement done by the sensors, an update by the sensors to determineY k  
position as shown in equation 4[9] .  

 
YY k = B k + Zk (4)  

 
where is an identity matrix to adjust the size of the resultant matrix and errors in theB Zk  
measurements.  

2.3.2 Kalman gain 
Gain is used to determine what weight is put into the components of the current estimate measurement 
[9]. It is used to compare the error in the estimate against the error in the measurement. To calculate 
Gain you divide the error in the estimate by the sum of error of estimate and the error in the 
measurement as shown in equation 5. 
 

 G K =
P Hkp

T

HP H +Ekp
T

MEA
(5) 

2.3.4 Error in estimate 
Error in estimate is also called the process covariance matrix when looking at more than one 
dimensions[9]. Process covariance matrix ( ) contains the error in the estimate in the form of theP kp  
covariance and variance of the estimates in matrix form.  is, just like the current estimation, anP kp  
iterative process that looks at the previous cycle or initial state to update the error in estimation. 
Therefore according to equation 6  

AP AP kp =  k−1
T + Qk (6)  
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where is the previous covariance matrix and is the error in the process of calculating theP k−1 Qk  
process covariance matrix. is the error in measurement and is determined by the sensor used toEMEA  
make the measurements[9]. This could be caused by a limitation in the ADC (Analog to Digital 
Converter) or the precision of a GPS signal. and are identity matrices to convert the kalmanH HT  
gain matrix into proper form according to the number of dimensions used for positioning.  
 

2.4 Madgwick Filter 
The most common filter used in combination with an IMU is a Kalman filter, the problem with this 
filter is that it takes a lot of computing power[6][2]. S.Madgwick has created a filter and data fusion 
algorithm specified to use with an IMU containing a magnetometer ,accelerometer and gyroscope[6]. 
The filter uses data from the accelerometer and magnetometer to determine the direction of the 
gyroscope measurement error [6]. In other words Madgwick filter is used for orientation of IMUs. 
Madgwick does this by the use of quaternions. Quaternions are complex numbers used in four 
dimensions to show the orientation of objects in three dimensional space [6]. The quaternions are used 
for rotation of vectors and in this case the vector is the orientation of angular rate from a gyroscope[6]. 
By calculating the quaternions from an initial vector and cross multiplying by the vector that describes 
the angular rate in x, y and z the resulting vector will describe the rate of change of the orientation[6]. 
In the context of orientation for accelerometer and magnetometer Madgwick[6] assumes that they 
respectively only measures gravity and earth magnetic field. If the direction of the earth field is known 
in a specific location then the orientation of the sensor, relative to the earth magnetic field, can be 
calculated[6]. This direction is impossible to know for all location and therefore Madgwick [6] 
proposes to to use the known euler angle of the gyroscope in combination with the measured magnetic 
field from the magnetometer to calculate the earth magnetic field by using quaternions. Finally the 
estimated orientation is obtained by fusing these readings and calculations. Madgwick algorithm was 
tested and compared to KF in combination with data from a commercially available IMU. The results 
showed that despite using less calculations and computation power S.Madgwick algorithm filter 
accuracy exceeds that of KF[6]. 

2.5 Hardware 

2.5.1 Pathfinder 
One of Phonak's requirements was that a proof of concept device will be created. The only demand 
was that it would include a STM32 processor, for other components we were free to choose. 
One obstacle was to decide how to demonstrate the concept of an moving object and displaying the 
angle and distance to its origin point. Early in the concept design a decision was made to make the 
object circular and put light emitting diodes (LED)  around  the edges to display the angle in a 
accurate way. A usb contact to power the device and to program the micro processing unit (MPU). An 
early design proposal can be seen on figure 4. The other components was picked after which IMU was 
decided to use. 
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Figure 4: Early design proposal showing Pathfinder. 

 
 

2.5.2 Inter-Integrated Circuit (I2C)  
I2C is a two wire interface. The two wires goes by the name Serial Data (SDA) and serial clock 
(CLK)[7]. These two wires are open- drain and bidirectional, meaning that information can travel 
from both sides. Open-drain means that an output can pull the bus down to a logic level 0 or release 
the bus pushing it up to a logic level 1 [14]. For both SDA and CLK there needs to be a pull up 
resistor so that the logic level is always high when it is not in use[14]. Because no device is allowed to 
push the line high this standard allows for bidirectional communication[14]. Devices connected to the 
two wire system I2C, can either be master or slave. The master device is the device that puts a slave 
address on the data bus and the device with matching address responds to the master[7]. Both Masters 
and slaves can pull the line low indicating that it wishes to communicate over the line. The standard 
approach to the I2C bus is that the master communicates with the slaves. A slave may not send 
information unless it has been addressed by the master [14]. All of the devices on the I2C bus has 
different device addresses so that communication is possible with a larger network of devices. Starting 
communication can only be done when the bus is idle [14]. It is idle when both SDA and SCL lines 
are high. To start the communication a master device pulls the SDA line low when the SCL line is 
high. This is called the START condition[14]. The start condition is followed up by the address for 
the slave which the master wish to communicate with[14]. After the Master has put a start condition 
and addressed the slave it can start writing data on the bus. This data is reading or writing data on the 
slave registers in order to send or receive information[14]. If the master device wishes to read from a 
register it keeps the line busy until it has received the data requested from the slave device[14]. The 
line is busy until the master puts a STOP condition on the line[7]. A STOP condition is when the SDA 
goes from low to high while the SCL is high. Only one bit of data is transferred for each clock pulse. 
Device addresses, register addresses and writing or reading to a slave is done with a byte (8 bits) 
which means 4 clock pulses for the data 1 for the start condition and 1 for the stop condition[7] and an 
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additional Acknowledge (ACK) bit. The acknowledge bit allows the receiver of data to communicate 
to the transmitter that it has successfully received the data. The transmitter releases the SDA line and 
gives control the the receiver which pulls the SDA line low during the ACK phase of the clock cycle 
so that it is low during the entire ACK phase[14]. If the SDA line is high during this phase it is 
interpreted as Not Acknowledged. There is no limits to the number of bytes that can be sent between 
the START and STOP condition. The speed at which the I2C can operate is 100 kHz in normal mode 
and 400 kHz in fast mode[14]. 
 

2.5.3 Serial Peripheral Interface (SPI)  
SPI is a 4 wire interface. The four wires goes by different names depending on which manufacturer it 
is[7][15][16]. Most common is Chip select (CS), Serial Data Input (SDI), Serial Data Output (SDO) 
and Serial Clock Output (SCLK)[7]. Another common name for the data wires are Master In Slave 
Out (MISO) and Master Out Slave In (MOSI).  These four wires are categorized into data lines and 
control lines[7]. The CS and SCLK is the control lines while the SDO and SDI are the data lines. 
Similar to I2C explained in 2.5.2, the configuration is that of the master and slave. The master device 
is the one that initiates communication with the slaves. It does this by pulling the CS line low of the 
selected slave[15]. This line is then low during the entire communication between master and 
slave[15]. The communication ends when the CS line is pushed to high. This means that the master 
needs multiple CS lines if it wants more than one slave[7]. The master and slave writes data to the 
SDO line to communicate with each other[15]. SDO from the master is connected to the SDI of the 
slave and vice versa according to figure 5. 
 

  
Figure 5 shows how to connect for a one master one slave configuration. Serial data out to serial data in of the slave and 

vice versa. To connect more slaves more CS ports and lines are required. 
 

SPI comes in a few different timing modes. What modes these are depends on the manufacturer of the 
master and slave chips. The modes dictates what polarity of the clock cycle is needed to read a bit 
from the SDO line. For mode 0 the clock pulse needs to be low and the data is read on a rising edge. 
Mode 1 is when the block pulse is low and the data is read on a falling edge. Mode 2 indicates clock 
pulse is high and the data is read on a falling edge and finally for mode 3 the clock is high and data is 
read on an a rising edge[15]. The speed at which the SPI operates is up to 7 MHz[7].  
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2.5.4 Bi-Directional Logic Level Shifter 
If you have two devices that needs to communicate with each other using SPI or I2C but have 
different voltage levels on the I/O pins you’ll have to use a Bi-directional Logic Level 
Shifter(BDLLS). If you connect the interface directly to each other there is a chance that the 
maximum voltage level of the lower voltage system will be exceeded and the I/O pins will be 
destroyed[17]. 
 

Figure 6: Bi-directional logic level shifter using a N-channel Mosfet. 
 

 
As seen in figure 6 the circuit is divided into two sides, the low level voltage side(LLVS) and the high 
level voltage side(HLVS). The low level side voltage is always connected to the gate of the mosfets. 
Figure 6 shows the BDLLS used with the two I/O pins from different systems with different voltage 
levels.. 
 
There’s basically three states the BDLLS can operate in: 

● When no sides of the BDLLS are pulled down by a device the voltage level on the HLVS is 
pulled up by the pull up resistor to the high level voltage. On the LLVS the voltage is also 
pulled up to the low level voltage and the source voltage of the MOSFET is the same as the 
voltage at the gate. This will make gate to source voltage(Vgs) be zero and the threshold 
voltage(Vt) of the MOSFET will not be exceeded and will stay closed[17]. 

● When a device on the LLVS is pulled down a voltage difference between the Vgs is formed. 
This voltage difference must be higher than the Vt so that the MOSFET starts to conduct. 
When the MOSFET is open and conducts both sides will get the same voltage level and the 
I/O pin of the device on the HLVS will also be turned LOW[17]. 

● The last state is when the HLVS side is turned low. When this happens there will be a voltage 
difference between the source and the drain of the MOSFET. When this happens the LLVS 
will gradually be pulled down by the drain substrate diode until Vgs exceeds the Vt and the 
MOSFET start to conduct. Now the voltage level is the same on both sides and both devices 
I/O pins is turned low[17]. 
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The most important component in the BDLLS is the N-channel MOSFETS and according to 
Phillips[17] in figure 7 their recommended specifications for shifting from max 6 volts down to min 
2.7 volt. 
 

 
Figure 7: Specifications for N-channel MOSFETS for circuits shifting from max 6V down to min 2.7V taken from 

datasheet[lls] AN97055 from Philips . 
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3 Method 
The project will consist of a few phases in which the project can be realized. Phonak will be 
responsible for providing the resources necessary to complete this project. This includes access to 
special software, computers and covering expenses such as development boards, components and 
software. 

 

3.1 Research Phase 
 
According to Ahmad [4] there are four consideration that needs to be done when choosing an IMU. 
These are Package size, data accuracy, response rate and degree of freedom (DOF). Package size 
because consumer products are getting smaller which is only possible if the components are small. 
Data accuracy because gyroscopes are prone to drift and accelerometers experience accelerations 
when there are none [4]. Ahmad [4] continues to argue that a sensor should have at least 50 Hz 
sampling rate when they are dealing with human motion. Finally he says that the more DOF you have 
the better. In addition to these four Phonak wanted the sensor to use as little power as possible, be 
compatible with their MCU and cost as little as possible without sacrificing on accuracy. With this in 
mind five sensors were compared. These are Invensense MPU9250, Invensense ICM20948, STM 
Electronics LSM9DS1TR, Bosch BMX160 and Bosch BMX055. The research shows that all of them 
have similar performance on paper[7][18][19][16][20]. They all had 9 DOF and the package size was 
almost identical. All used I2C or SPI interface.  BMX160, ICM 20948 and MPU9250 all had an ADC 
resolution of 16 Bit on the accelerometer and gyroscope but ICM 20948 had the better resolution on 
the magnetometer.  
 
ICM 20948 was ultimately chosen because of its availability at the time of this project. The BMX160 
was a strong second but has not yet been released. 

 

3.2 Development and Prototype Phase 
Most of the code will be written during this phase and the IMU is tested on a breadboard setup. The 
code will be written in C using IAR Embedded Workbench which is the IDE for the IMU driver from 
Invensense[21] being used. The rough schematic of the design will be tested and explored during this 
phase. The electrical schematic for Pathfinder will be created using Altium which is a PCB design 
software. Moving on to the next phase is done when the breadboard prototype can deliver 
measurement data from the IMU and this data can be interpreted. Also the schematic must be 
approved by Phonak so that the design of the PCB can begin. 
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3.2.1 Micro Processing Unit (MPU) 

The IMU driver from Invensense is made to be used with the STM32F4 Discovery kit[22]. This 
development board includes the STM32F407VG[24] MPU and will be used for the breadboard 
prototype.  

3.2.2 Interface 
There are two approaches to communicate with the ICM 20948 IMU[7]. They are Serial Peripheral 
Interface (SPI) and Inter-Integrated Circuit (I2C). I2C will be chosen because the data rate of 400kb/s 
is more than enough to transfer the data from the sensors to the MPU. Another reason is that only two 
wires are needed to transfer the data as opposed to four with SPI. The ICM 20948 can be both master 
and slave but acts as a slave when communicating with a system processor[7]. There can be two slave 
addresses on the ICM 20948. They are b110100X where X is determined by the logic level on pin 
AD0[7]. If for example the logic level is low the slave address is b1101000. Invensense has this 
options so that two of  
ICM 20948 can be used on the same I2C data bus. For this project the slave address will be b1101000 
which is when AD0 is low.  
 

3.2.3 Kalman Filter 
As mentioned in 2.2.2 in this thesis. An acceleration will be read from the sensor. In order to get 
position a double integration is needed. The problem with double integration is that the error grows 
and integration drift will occur[23]. To solve and minimize this a kalman filter will be used. This will 
be done by feeding the sensor readings through a Kalman Filter to obtain more stable data. The filter 
will provide more stable data which then will be integrated to obtain position. As mentioned in 2.2.4 
in this thesis the result from the gyroscope is in radians per second. This needs to be converted into 
degree per second so that it can be used with the Kalman Filter. This is then fed into the Kalman filter 
to get the angle. The reason that Kalman filter was chosen over Madgwick, which was the main 
contender, was because Kalman filter can handle acceleration data as well as angular data. Madgwick 
handles orientation only and to use this filter it needs to be combined with other methods as described 
in [8].  

3.2.4 Logic Level Shifter 
Because the logic voltage levels on the I/O pins are different between the ICM-20948[7] and the 
STM32F407VG[24] and using the I2C to communicate between them a bi-directional logic level 
shifter(BDLLS) will be used. The schematics is described in figure 8. 
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Figure 8: Schematic showing the Bi-directional logic level shifter used in combination with the I2C interface. 

 

3.2.5 Neopixel 
For Pathfinder to visualise its orientation and distance to the reference point LED’s will be used. To 
indicate the distance to the point different colors will be used and to display the angle to the point the 
LED that indicates the distance will point towards it. This method will require a lot of LED’s and I/O 
pins to realise. To have as little connections to the MPU as possible and keep the routing of the PCB 
simpler Neopixels[25] will be used. They are RGB LED arrays controlled by a single wire control 
protocol requiring 3 connections to the MPU[24]. This single wire protocol will be able to control 
every individual LED and its color[25]. The downside of the NEOPIXEL’s is that they consume more 
power and every unit needs a bit of RAM[25] but for demonstration purposes this is negligible. 
 

3.2.6 Software and Algorithms 
To use all the functions of the ICM-20948 including the DMP, Invensense own driver  Embedded 
Motion Driver will be used[21]. This driver makes it possible to turn on and of functions of the IMU 
to choose which sensor data is acquired and at what rate it is obtained. To get the orientation of the 
device a function called “Game rotation vector output” will be used. This functions fuses the data 
from the accelerometer and gyroscope into quaternions which later is calculated into yaw, pitch and 
roll displayed in degrees. To get the acceleration of the device the EMD has a function called “linear 
acceleration output”. This outputs the acceleration in x, y and z without the gravity component.  
An output rate of 225 Hz is going to be used which gives new samples about every 4 millisecond.  
 
The challenge is to determine when the object moves and when it stops. A lower and higher threshold 
will be calculated by measuring the values of the accelerometer when the object is still. Then after 
every new sample the combined magnitude of all accelerations will be compared to the lower and 
higher thresholds. If it is over/under the thresholds a movement has started and the acceleration is 
calculated into distance using equation 7: 
 

 d .5  v  )d =  0 + 0 · ( 0 + a · t · t (7) 
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An iterative method will be used where the current acceleration is calculated into speed and added 
into the sum of speeds obtained from the former samples. Then the change in distance is calculated by 
taking the current speed and multiplicated with the sample time. 
This again is added to the distance from the former samplings and our current position for the current 
sample is obtained. This is done until the stop condition is reached. The stop condition is reached 
when the magnitude of 100 samples in a row is between the threshold values. 
 

 
Figure 9:  Left picture shows coordinate axis original posítion. The worlds body frame and the IMU’s body frame are lining 
up together. Right picture displays the displacement of the red axels of the world frame and the blue axis of the body frame 

when rotated by θ degrees. 
 
 
When the IMU is started and configured a starting position of the axis is made up and this starting 
position of the axis is called the world frame. See the red axis in figure 9. Our position of the object 
will always be displayed in X and Y coordinates that are placed in the world frame. When the object 
is rotated the objects axis is also rotated, these axis is called the body frame of the IMU. Look at the 
blue axis of figure 9. The position calculated from the IMU is always in the body frame. To rotate the 
position of the body frame back to the world frame and thereby get the position in the world frame a 
rotation matrix is used. This matrix is shown in equation 8. 

 
  
 

8)(  
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To calculate the angle θ back to the origin from the object the X and Y coordinates of the world body 
frame is used. By checking which quarter in the unit circle the coordinates are three different 
equations is used. 
if X and Y is positive equation (9) is used, .  

 180٥ rcT an( )θ =  + A X
Y  9)(  

if X is positive and Y is negative equation (10) is used  
 180٥ rcT an( )θ =  − A X

Y  10)(  
and for the other to conditions equation  (11) is used.  

 rcT an( )θ = A X
Y 11)(  

3.3 Manufacturing Phase 
To create Pathfinder Altium will be used to make the schematic and PCB design. The MPU, I2C, 
Logic level shifter and associated capacitors and resistors will be placed and connected in a round 
PCB design. To regulate the voltage from 9 Volts down to 5 Volts, 3 Volts and 1.8 Volts 
LDK220M[26] are used. These components are adjustable low dropout regulators(LDO).  
The schematic will be drawn using the recommended wiring acquired from the datasheets. The device 
will be run with a 9V battery as recommended by both NeoPixel[25] and Phonak. Instead of having 
numbers indicating displacement and angle different colors of the LED Neopixel, as described in 
3.2.5, will be used. The decision to use LEDs to indicate distance and angle was done together with 
Phonak who wants a device that can demonstrate the function with something more intuitive than 
numbers. Because of this, Pathfinder will not be as accurate as the data received from the IMU due to 
the limitation of space to put LED’s on the PCB. It is intended to be a demonstration of the 
capabilities of the IMU and to understand what goes on inside.The PCB prototype will have 4 layers 
and will be manufactured by Würth Electronics[27] in Europe. This was decided by Phonak. 

3.4 Testing Phase 
 

 
Figure 10: Test setup used for distance measuring. The spacing between the tape rows and columns is 20 cm. 
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To test the method, a similar approach as described in [9] will be used. The device will be placed on a 
flat surface, according to Figure 10,  and then moved by hand. First test is in one dimension along a 
straight line. Parallel to this line there will be a measurement stick. Each movement will originate 
from origo. And the step size is 10 cm up to 120cm. First test will be from origo to 10 cm, next one 
0-20 cm and so on. Which is a total of 12 points in one dimension. The result of displacement will 
then be compared to the actual displacement shown by the measurement stick. Phonak wants to know 
how large the error is compared to the actual values. These test will be repeated 5 times in order to 
show and discover the spread of the results.  
 
The second test will be to use the same approach but in two dimensions. Again, the device will be 
placed on a flat surface and moved on a 2D surface as illustrated by Figure 10. Two measurement 
sticks will be used to show X and Y. The displacement from the filter will be compared against the 
actual displacement shown from the measuring sticks. Each movement will originate from origo and 
the maximum distance it will move will be 1m in the X direction and 1m in the Y direction. This will 
be done in steps where the steps of 20 cm each time. Where the device is moved 0 cm in the X 
direction and 20 cm in the Y direction. The device will always start from origo. Total number of 
points is 36 to cover the 1x1m area.The movement will be done by the means of shortest distance 
which will be the hypotenuse. The device will not be rotated during movement. This test will be 
repeated 3 times in order to show and discover the spread of the results.  
 
 
In addition to displacement, rotation will be tested. This will be done by having a paper with printed 
angles on it. The device will be rotated to a fix angle indicated with a marker on the device. The 
marker will point at certain degrees with the step size of 5 degrees. This will be 72 points of data, and 
will be repeated 3 times in order to show and discover the spread in the result. The rotation will 
always start from zero degrees and moved to the current angle step. From 0 to 5 degrees and the next 
data will be 0 to 10 degrees up to 360 degrees.  
 
The final test will be used to determine the angle to the origin point. The device will be moved, in the 
X-Y plane (X,Y),  from (0,0) to (20,0),  (20,20), (-20, -20), (-40,20), (-20,0). At each point the 
position will be measured from the sensor and the angle to the origin point will be calculated. This 
will be repeated 5 times.  
 
The data most interesting is the one that show how large the error is compared to the actual values. 
This will be displayed as distance/angles and the error in both cm and degrees. This can be 
represented by a graph of the actual displacement and angle, which should be linear, versus the 
measured displacement which may differ from this linear graph. Another interesting point is how 
much the data differs when repeating the tests.  

The calibration of the sensors in the IMU will be performed by the ICM-20948’s onboard DMP[7]. 
The DMP can run the calibration in the background[7] while the IMU works as usual so no external 
calculation needs to be done for this. 
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4 Results 
The following chapter will report the results of the tests mentioned in Section 3.4 

4.1 Test 1 - One Dimension 
From figure 11 below, the results of the test is shown. The test shows promising result for 
displacement up to approximately 100 cm. After which the error and the reliability is not guaranteed. 
The red reference line is the actual distance traveled for the sensor and the following lines are the data 
reported from the sensor.  

 
Figure 11: Shows the result of test 1 which was displacement in 1 dimension. The red reference line is the actual 

displacement and the following lines are data from the sensor each line corresponds to a repeated test.  
 

From the graph in Figure 12 the error in cm is plotted against the distance traveled by the sensor. The 
line are the errors which is actual displacement minus the reported value from the sensor. From test 5 
there is a large error shown at 100cm which is a 39.185 cm error from the actual value. However 
looking at the other tests the graph clearly shows that this value is an outlier as the others are below 20 
cm error which was the goal of this project.  
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Figure 12: error in cm is plotted against distance in cm. As seen in the graph at 100 cm there is a larger error which is 

39.185 cm from the actual displacement. At 60 cm there is also a larger outlier at 16.73 cm  
 

As the distance is increasing so is the error as shown by figure 12. Looking at the 120cm mark it is 
clear that the error is growing. This can also be seen from figure 11 when looking at X = 12 and 
above. It shows that the displacement is not following the linear curve but is instead starting to level 
out.  
 
Figures 13, 14, 15 and 16 shows the spread in the data received from the sensor at certain 
displacements. Across all of the plots it is clear that the measurement is consistently short of the actual 
displacement. The individual measurements, however, does not have a very large spread from each 
other. One exception as seen in figure 13, for 100 cm. There is a large outlier as previously mentioned 
above. In figure 11 for 60 cm there is also a measurement that is far from the rest of the measurements 
at 16.73 cm error. Because the data is consistently short of the actual displacement figure 13, 14 , 15 
and 16 also shows that the average of the measurements are below that of the displacement. This 
further illustrate that the distance measured is always shorter than the actual distance traveled.  
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Figure 13: shows the spread in data for displacements 
from 10 to 30 cm. These plots also shows average 

measurement as indicated by the red line in the boxplot 

Figure 14: shows the spread in data for displacements 
from 40 to 60 cm. These plots also shows average 

measurement as indicated by the red line in the boxplot. At 
60 cm a rather large outlier a 16.73cm error is shown 

 
 
 
 
 

  

Figure 15: shows the spread in data for displacements 
from 70 to 90 cm. For 80 cm all of the measurement are 

short compared to the actual displacement 

Figure 16: shows the spread in data for displacements 
from 100 to 120 cm. At 100 cm there is a large outlier 

which has an error of 39.185 cm.  
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4.2 Test 2 - Two dimensions 
Figure 17 below shows how the results of position on a 2D plane. The graph has circles to indicate the 
true position that the sensor was moved to. The stars show the measured position of the sensor. Lines 
has been added for each point to show how far away the measured position is from the actual position. 
As the distance of displacement increases, so does the error of the position. This is obvious when 
looking at point (X,Y) = (60,80). At this point the measured position is deviating from the actual 
position by 37.89 cm and 26.63 cm. This is the point at which the distance traveled from origo is 100 
cm. As stated in Section 4.1 this is at the point where the sensor becomes unreliable to measure 
distances.  
 
 
 
 
 

 
Figure 17: Shows X and Y position of the measured position from the sensor. The blue circle indicate the actual position and 
the stars are the measured position from the sensor. Lines are drawn to indicate which stars are connected to which circle.  

 
The error can also be observed by looking at figure 18 below. When the distance traveled by the 
sensor exceeds 100 cm the error is often larger than 20 cm. This can be seen in position (X,Y); 
(100,100), (100,60), (100,80), (40,100), (60,100) , (60,80), (80,100) and (80,80). When below the 100 
cm displacement the sensor measures a more accurate position i.e within ±20 cm error.  
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Figure 18: Bar graph to show how large the error is on a point on the X-Y plane. The red line indicate the maximum error 
allowed for the data to be considered correct. Three tests were performed indicated by three different bars for each of the 

locations shown on the X-axis.  
 

All the angles to the origin point can be found in, table 1 Appendix B. Looking at Table 1 below, 
when distance is above 100 cm it is clear that the errors are becoming larger than the ±5 degree goal. 
Whereas when the distance is below 100 cm angle is more correct and in line with the goal. There are 
some exception however even under 100 cm. As seen in Table 1 there are some cells that are in 
orange. The orange means that the angle from origin has an error of ±7 degrees. The sensor has 
trouble when the angle is sharp as seen when the true angle is 14.036 degrees or 11.310 degrees as 
shown in Table 2 below. 
 
Table 1: Shows the angle to the origin from the position test. The full table can be viewed in Appendix B. As seen in the table 

when distance is more than 100 cm the error of the angle is larger than 5 degrees. 
 

Reference Test 1 Test 2 Test 3  Distance [cm] 

53.130 72.001 57.763 67.679 Degrees 100 

45 49.129 55.472 59.178 Degrees 113.13 

38.659 38.269 45.601 26.181 Degrees 128 

90 100.165 97.229 93.065 Degrees 100 

78.69 74.075 81.302 80.713 Degrees 101.9 

68.198 73.304 73.729 79.176 Degrees 107.7 
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59.036 68.770 70.880 58.924 Degrees 116.6 

51.34 58.065 61.181 61.951 Degrees 128 

45 35.768 54.699 43.399 Degrees 141.4 

  
 

Table 2: Shows the angle to the origin point from position test. The full table can be viewed in Appendix B. As seen in the 
table when the angle to origin point is less than 14.036 the accuracy is outside the ±5 degree range. 

Reference Test 1 Test 2 Test 3  Distance [cm] 

14.036 19.342 27.839 19.278 Degrees 82.46 

11.310 20.797 19.191 11.898 Degrees 102 

 

4.3 Test 3 - Rotation 
Figure 19 below shows the results from the rotation test done with the sensor. As seen by the graph 
the there is not a large deviation from the actual rotation. Largest error seen from the rotation is ±3 
degrees. 
 

 
Figure 19: Angle from rotation of the sensor. Reference angle in blue and the following lines are the repeated tests. There is 

not a lot of deviation from the reference angle. The biggest error is 3 degrees.  
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From figure 20 below the error is shown. Even though the error is not large compared to the actual 
angle, compared to the allowed error of ±5 degrees it is close. The error, in an ideal world, would be 0 
at all times when rotated. But looking at the graph it is clear that there are some errors.  

 
Figure 20: Shows the error during the rotation from 0 to 360 degrees. The Dark blue reference is the ideal error of 0 

degrees. Some of the errors shown here are as high, and low, as 3 degrees. 
 

4.4 Test 4 - Movement 
When looking at figure 21 below it is clear that the measured movement from the sensor is not 
accurate. The blue line with circle indicating position is the reference line and how the sensor was 
moved during this test. The repeating test 1 - 5 all show inaccurate position when it is moved. 
However the measurements show that the path is similar to the reference path even though the 
position is not.  
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Figure 21: Showing the path the sensor has taken during the movement. Blue line with circles indicate the actual path and the 
stars the measured path. Even though the position is wrong the measurements has similar paths as reference. Movement was 

done from 1-6.  
 

The error is further illustrated by looking at figure 22 below. What can be observed here is that the 
error keeps growing with each movement indicated by the lines that are getting longer at each point in 
the 2D plane.  

 

 
Figure 22: The blue circle indicate the actual position. The lines to the circle is how large the error is. Once one error has 

occured it continues to affect the position.  

35 



 

 
Because of the positional errors from movement the angles is also wrong. Table 3 below show the 
reported angles from the tests. As seen in the table the angles is off by as much as 59 degrees as seen 
in test 2 at 180 degrees. Which comes as no surprise looking at figure 21 and figure 22.  
 

Table 3: Angles to the origin point when moved in a plane. Reference is the actual angle to the origin and test 1-5 is the 
calculated angle from the measurements. Angles are off by as much as 59 degrees to actual angle as seen in test 2 at 180 

degrees. 

Reference Test 1  Test 2 Test 3 Test 4 Test 5 

0° -10.05° -12.56° -11.56° -4.25° -8.09° 

45° 35.49° 39.14° 47.48° 33.09° 34.66° 

225° 247.37° 253.92° 253.64° 245.77° 234.61° 

153.44° 187.91° 179.55° 146.54° 154.48° 184.21° 

180° 230.01° 239.42° 187.43° 192.16° 218.70° 
 

4.5 Pathfinder 
In figure 23 a 3D rendered picture from Altium i shown displaying the top layer of the  Pathfinder 
PCB. The IMU is placed in the center, the MPU to the left. A ring of 36 neopixels is placed around 
the edge. Four buttons connected to I/O ports on the MPU is placed to the right, these can be 
programmed to do different tasks. A reset button for the MPU is placed above the MPU.  Two 
BDLLS associated to the IMU and the Neopixels are placed in the vicinity of them. Three 
low-dropout voltage regulators(LDO) is placed below the IMU. The LDO’s are regulating down 
voltage from the 9 volt battery down to 5 ,3 and 1.8 volts. An array of 8 pins is placed on the lower 
left to connect a serial interface to a computer to acquire data. Also an array of 6 pins connected to 6 
I/O’s on the MPU is located to the lower right free to configure. When building the breadboard 
prototype we found that using an IC dedicated for logic level shifting instead using mosfets worked 
out better. The NTS0104[28] was chosen for this. It is used in two places, one for the Neopixels 
translating from 5 volts to 3 volts and the other for the IMU translating for 3 volts to 1.8 volts. 
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Figure 23: 3D rendering from Altium showing the top layer of the Pathfinder 

 
 
 
On the bottom side of the PCB header pins ar mounted to connect a JTAG for programming the MPU. 
There is also a holder for the 9V battery.The layout is displayed on figure 24. More pictures and 
schematics is placed in appendix A.  
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Figure 24: 3D rendering from Altium showing the bottom layer of the Pathfinder 
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Three LDO each drive one main component, 3 volts for the MPU , 5 volts for the NEOPixels and 1.8 
volts for the IMU. We get from the datasheet of the LDK220[26] that its guaranteed current output is 
200 mA and the power dissipation  is 500mW. Calculations were made to see the total power the 
LDO’s must dissipate by following the recommendations of Microchips LDO Thermal 
Recommendations[29] using equation 2(equation 12 below)found in the datasheet.  
 

)P D = (V In − V Out · ILoad + V In · IGND 12)(  
 
We are not taking the effects of the package into the calculations. The last part of equation 12

 is negligible and therefore not considered. The calculations displayed in table 4V In · IGND  
is made using the worst case numbers taken from the datasheets of the ICM-20948[7], 
STM32F407VG[24] and the NEOPixels[25]. 
 
Table 4: Table displaying the power dissipation of the LDO with different number of LEDS, power dissipation of the LDO 

from IMU and power dissipation of the LDO from STM32407. 
  

NEOPixels     

Nr of LED’S Vin Vout(5*0.98) Iload Power Dissipation 

1 9 4.9 60mA 246mW 

2 9 4.9 120mA 492mW 

3 9 4.9 180mA 768mW 

ICM-20948 Vin Vout(1.8*0.98) Iload Power Dissipation 

 9 1.76 3.11mA 22.5mW 

STM32F407VG     

Speed Vin Vout(3*0.98) Iload(25°C) Power Dissipation 

168 Mhz 9 V 2.94 V 87mA 527.22mW 

60 Mhz 9 V 2.94 30mA 181.8 mW 
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5 Discussion 
The following chapter will explain some of the issues which arose during this project. It will also 
discuss the results from this report and try to give some answers as to why they are what they are.  

5.1 Test 1 - One Dimension 
The results from 4.1 shows that it is possible to estimate displacement using an IMU. However the 
distance at which it can do this is rather low. The results shown in this report indicates that distances 
above 100 cm is unreliable and not accurate. This project had a goal accuracy of ±20 cm which is 
achievable with this method up to about 100 cm. The spread of the measurements also show that this 
is somewhat consistent data. Looking at figure 10 to 13 one can see that there is not much deviation in 
the measurements. There are however outliers.  For this project 100 cm is barely enough for the 
application. Reaching out and placing an object is done with an arm length of distance. However a 
further distance of 200 cm would have been prefered.  

5.2 Test 2 - Two Dimensions 
As shown in 4.2 the position of an object using an IMU is achievable if that position is closer than 100 
cm. Beyond that point the data becomes too unreliable as shown in figure 14 and 15. For this project 
and application the goal was to achieve a position and distance of ±20 cm from the actual position. 
That goal has been reached, when the distance is below the 100 cm of displacement. Above 100 cm 
the error of measurements becomes too large. 

The angle to the origin point follows the error in position. This is because the angle is 
calculated by the position so they go hand in hand. The error of angle is especially large when the 
distance of movement goes above 100 cm. There are however more errors even below 100 cm this 
commonly occurs when the angle from origin point is sharp.  

5.3 Test 3 - Rotation 
As illustrated in 4.3 of this report the rotation test has been successful. The magnitude of the error was 
never larger than the goal of ±5 degrees. The IMU is more than capable of this accuracy. The errors 
are however on the larger side.  
 
Even though the error is rather large at ±3 degrees. This is not accurate of the actual performance of 
the sensor. This project believes that the accuracy is much better. The test can be optimized for better 
accuracy. During the test the sensor was rotated around its own axis. The issue is that the development 
board, used for testing,  was designed as such that the IMU sensor was not at the center of rotation 
which means it is off axis when rotated. This messes with the actual rotation. Attempts were made to 
ensure that the IMU was at the center of rotation but due to human error this was not always the case.  
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5.4 Test 4 - Movement  
According to Section 4.4 of this report the estimation of movement from the sensor is unreliable with 
this method. The previous test 1 and 2 gave some hint of the result of test 4. Even though the errors of 
position and displacement from test 1 and 2 were not above or below the ±20cm, when looking at the 
distance shorter than 100 cm, there was an error. This error meant that it kept building as the sensor 
was moving in the 2D plane. As seen in figure 18 however the path taken is very similar to the actual 
path. There is room for improvements to the algorithms used.  
 
One reason why the path is similar but position wrong is because the use of yaw to determine angular 
displacement. When moving the object in the plane there may be some rotation of the device. But for 
this test the angular rotation was calculated after all the data had been collected. Meaning that the 
angle was first taken into consideration after the movement. If the angle had been compensated during 
the movement the position may have improved.  

5.5 Pathfinder 
Because of the problems getting the breadboard prototype to work a finished version of  Pathfinder 
wasn't done in time for the deadline of this report and because of this no tests of the hardware could be 
done. The schematic for the components was drawn using the recommended connections specified in 
the datasheet. For the MPU the schematics for the STM32F4-Discovery board was used as reference 
to get the hardware to work with the software driver as good as possible. The design still resembles 
the early concept idea with the difference that the IMU is placed at the center of the board to get the 
angles as accurate as possible.  
The size of the PCB was determined by the 36 leds around the edges. When all components was 
placed it was noticed that there was a lot of space left so some headers and switches was added and 
connected to the MPU. The idea was to use them for spare inputs and outputs if there was a need for 
it. The space also made it possible to have all the traces on the top, first signal layer and the bottom 
layer. The second signal layer was never used for routing and it consists of a ground layer. 

In the EMD software two types of UART was used. First one called CMD is to control the 
software and to get data from the IMU. The second called DATA is used to send data to a python 
script that shows a cube that will rotate when the IMU is rotated. We decided to route these to header 
pins so we could easy connect them via a serial interface to the computer. 

By analysing table in chapter 4.5 wee see the power dissipation of each LDO. The two main 
concerns are the MPU and the NEOpixel because the LDO only has a maximum power dissipation of 
500 mW. One thing to remember is that these are worst case numbers, The numbers from the MPU is 
measured when all peripherals and functions are activated. In our case the MPU will have a clock 
speed of 56 MHz and only a fraction of all the peripherals will be activated. It’s a bigger problem with 
the NEOpixels where we only can have two LED’s  at a time on. If we want to have more activated 
we need to look at cooling solutions to the LDO or changing it for another component that can handle 
the power. But in our case for displaying the angel to the origin one pixel at a time is only planned to 
be used so the power dissipation will never be a problem but a need to be sure that max 2 LED’s at 
one time are on must be concerned. The current limit of 200mA the LDO’s are not a problem in any 
of the cases.  
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5.6 Position and Distance 
As shown in 4.1: Test 1 - One dimension, the measured data from the sensor is always short of the 
actual displacement. One reason to this is that the threshold chosen to indicate that movement has 
started and ended has been set high. Meaning that some of the data from the sensor is lost due to this 
threshold. During the tests, the magnitude of the three axis of the accelerometer, was set to 0.5 which 
means that all data below that is lost. This might be where the missing centimeters are. The reason the 
threshold was set high was because of the noise that these sensors output. Attempts to calibrate and 
minimize noise was done during the startup of the sensor unit but there will always be noise and some 
sort of threshold needs to exist.  
 
One solution to this problem might be to look at the Z-axis of the accelerometer for a threshold. When 
the device is picked up and moved there will be an acceleration on the Z axis this can be used to signal 
the algorithm that the movement has started. Once the device has then been placed down on the table 
again there will be another acceleration on the Z-axis. However there needs to be a threshold here as 
well because during the movement there will be small accelerations on the Z-axis that can give false 
start and stop signals. For this method to be viable, pitch and roll needs to be compensated on both the 
X -and Y-axis. This is because this projects method assumes that everything is level and makes 
calculations on that basis. In reality nothing is level. By compensating for pitch and roll, which is 
already implemented, a more accurate displacement may be achieved. 
 
Another issue with using the Y and X axis to detect and calculate movement is that the movement 
itself must be very pronounced to get accurate positional data. That means that the movement has to 
be forceful so that the accelerometer will register enough acceleration in order to start the movement. 
But also so that the acceleration curve has a large enough amplitude to do calculations on. The best 
results for movement is sudden movement with a fast start and stop of the sensor. This issue may 
again be solved by using the Z-axis to indicate start and stop and between logging and calculating all 
acceleration data from X and Y-axis data.  

5.7 The issues with magnetometers 
Initially this project attempted to use all 9 degrees of freedom, to accurately determine the rotation of 
the object by using magnetometer, to reduce drift of the gyroscope as mentioned in Section 2.2.5. 
Unfortunately the magnetometer suffers from distortions due to changing magnetic fields from metal 
objects when moved through space. This came to light when the heading for the device changed 
significantly when moved on a flat surface at a distance of just 30 cm. For the application of this 
approach at solving both rotation and position of an object movement is essential. Because of the 
distortion of the magnetic field, the only reliable approach was to only use 6 degrees of freedom i.e 
using only the gyroscope and accelerometer for this specific application. If movement of an object is 
not necessary using the magnetometer will result in a more stable heading. In theory it is possible to 
calibrate an IMU to remove the distortions due to magnetic field. In practice it is a much bigger issue 
than the novel approaches to calibration found online. One can calibrate the sensor at startup, the issue 
is that the calibration is done at a specific location and when moved through space the initial 
calibration is not sufficient to account for disturbances. One possible solution might be to do an “on 
the fly” calibration of the magnetometer for reliable readings.  
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5.8 Sensor fusion algorithms 
Based on this projects research there were two viable options of both filtering the output data from the 
sensors as well as fusion the data together to get more useful data. The two options, as mentioned in 
2.3 and 2.4 of this report is Kalman filter and Madgwick filter. Both having their own upsides and 
downsides. This project also stated in 1.3 that it would not try to create its own filter but instead use 
an existing one. This was easier written than done. Most of the filters out there, found by this project, 
was highly customized to a specific task. The ones that were more flexible in their use case were, on 
the other hand, not good enough for the application of this project and were prone to errors. Their 
simplicity made the processing of data a difficult task to manage and a lot of sacrifices had to be made 
in order to implement them. For example only being able to use one dimension for filtering. A few 
attempts was made to circumvent these issues by creating more or less complex software solution to 
save data in different C - structs  and then feeding the appropriate data to the filter. This proved to be a 
processing heavy task which only served as to slow down the entire system. A system that can’t afford 
to be slowed down due to the nature of the iterative process of filtering where there needs to be a 
minimum frequency of filter updates compared to the sensor updates, the rate is about 5-6 times more 
filter updated than sensor updates when using Madgwick filter for example. In the end the DMP of the 
invensense ICM 20948 was the only filter that showed any signs of reliable and satisfactory results 
and is why it was chosen. By implementing and writing a filter from scratch using either Madgwick or 
Kalman approach may prove to give even better results however due to time constraints in this project 
it was not feasible to try and write our own filter.  

5.9 Societal perspective 
All of the components for Pathfinder has been chosen so that they comply with ROHS directive. The 
only negative part of the design is the use of the 9V battery. This is not a reusable or rechargable part 
which has a negative effect on the environment. However, this is a proof of concept device, a 
prototype and no more than one or two will be created. If the method gets implemented into Phonaks 
products it will use a LiPo battery which is rechargeable. The reason why the 9V battery was chosen 
for this project was because of the NEOPixel that needs a supply voltage of 5V which a LiPo can not 
supply.  
Most breadboard prototypes is manufactured and shipped from China. Manufactures like JLPCB[30] 
and PCBWay[31] are two common companies. By choosing Würth that have their factories in 
Germany to manufacture the prototype the shipping distance is a lot less and the effect on the 
environment of emission is reduced. Würth is also ISO certified for their energy and environment 
management systems[32] which makes them a good choice when looking at a environmental aspect. 
No information of following any standard or possess similar certificates can be found on the 
homepages of JLPCB and PCBWay which are common candidates to use for PCB prototypes. 
 
There is a positive effect for people with hearing loss. Because of the knowledge of position and 
orientation Phonak wants to use this to implement spatial hearing for their customers. Today, the 
microphones picks up and transmit sound in mono. By knowing where the microphone, and its user is 
located  they can simulate where the sound is coming from and by extension benefit customers who 
can focus more on the conversation instead of figuring out who is talking and from where.  
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5.10 Comparison with similar work 
The accuracy of this project is not as accurate as either “Foot-mounted inertial navigation” or 
“Exploiting Accelerometers to Estimate Displacement” as mentioned in section 2.1.  
 
Foot mounted inertial navigation has used a different approach than this project. They are using dead 
reckoning and Madgwick filter to estimate position. Their error is less than 0.5% at a distance of 
100m [8]. For this project the largest error is 39.19% at the distance of 100 cm. However the error of 
the other tests at 100 cm had the largest error of 13.49% which means 39.19% can be considered an 
outlier. Another difference between this project and Foot-mounted inertial navigation is that they 
collected all the data from movement and then applied the algorithms to estimate position. Whereas 
this project estimated the position with each new data acquired from the sensor. 

 
In the project “Exploiting Accelerometers to Estimate Displacement” we compared our data from Test 
2 to the authors second test where he also measures position in X and Y coordinates[9]. Here a 
Kalman Filter is used on the data from the accelerometer[9]. He is moving to random positions and 
measuring the distance from the start position to the end position. Then he is comparing this against 
the position acquired from the accelerometer to get the position of his object[9]. We don’t have the 
same X and Y coordinates so we are comparing to our closest measured positions. This may affect the 
comparison. 

Table 5: A comparison with “Exploiting accelerometer to estimate displacement” to see how large the error is in 
comparison to each other. 

“Exploiting Accelerometers to Estimate 
Displacement” Data from Table II (cm) 

Test 2 – Measurements (cm), measurement with least 
amount of error. 

Distance X Y Meas Dist Error Cord Dist X Y Meas Dist Error 

35 32.1 11.7 34.2 2.4% (40,20) 44.7 34.6 25.4 42.9 4% 

50 21.0 47.3 51.7 3.5% (20,40) 44.7 18.5 40.8 44.8 0.2% 

90 83.0 40.3 92.2 2.5% (80,40) 89.4 84.3 46.2 96.1 7.5% 

95 78.2 68.1 103.8 9.2% (80,60) 100 75.5 58.3 95.4 4.6% 

35 31.8 17.8 36.5 4.2% (40,20) 44.7 34.6 25.4 42.9 4% 

80 51.6 60.8 79.7 0.3% (60,60) 84.9 63.6 47.5 79.4 6.5% 
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When looking at table 5 above we can see that both methods of measuring distance with acceleration 
performs pretty similar. This can depend on the similarities of our algorithms and the algorithms 
declared in the thesis[9]. When comparing we should also remember that our measurement data is the 
most accurate one. Another thing to keep in mind is that our distance traveled is, for most cases, 
longer than the distance compared with. The big difference is that “Exploiting Accelerometers to 
Estimate Displacement” uses a Kalman filter on the acceleration data[9] and our method uses the 
DMP filter. 
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6 Conclusions 

6.1 Goals and issues 
The IMU is accurate enough to measure position providing that position is at close range up to 100 
cm. It suffers from additive errors when moved as demonstrated in Section 4.4. Which means that for 
longer distances and paths another method is required. The distances that this report has found, using 
the method described in 3.2.6, is 100 cm of reliable position according to the goal of ±20 cm. 
Orientation is accurate for an IMU Section 4.3 demonstrated that rotation around its axis is always 
within the goal of ±5 degrees. The angle to the origin point, calculated from position, does not achieve 
the goal of ±5 degrees when moved in a path shown in 4.4. When always moved from the origin to a 
position the results are better and can achieve the goal of ±5 degrees if the position is closer than 100 
cm and that the angle not below 15 degrees to the origin point.  
  
What brand of IMU is not as important as the software that follows with it. For easy implementation 
of an IMU some sort of software library is helpful. Most of the IMU:s, as shown in 3.1, have similar 
specification. For this application any of the sensors would have worked. The specification is also 
more important than the brand of the IMU. The higher the resolution of the sensor the more accurate 
data is acquired. 

 
The filter chosen for this project was Kalman filtering but the implementation of the filter came from 
the Invensense DMP which provides filtered output data. This was chosen ultimately because it 
unloads the MPU of calculations, which can be used to calculate other issues, such as movement. The 
noise and drift however can never be eliminated entirely. As mentioned in 5.6 the device is calibrated 
at startup to minimize both noise and drift.  
 
The design of  Pathfinder came out as planned. It is satisfactory to see something realise from an early 
concept idea to finished prototype and still resemble the original idea. The negative side is that we 
hoped to do all the tests with Pathfinder but because of time issues this had to be done on a 
breadboard setup. 
 

6.2 Future optimization 
As mentioned in 5.6 of this report. To achieve a better estimation of position the Z-axis can be used to 
detect movement. Another method to look into is the EMD’s significant motion detection(SMD). This 
function gives and interrupt when a movement is sensed and stopped and can maybe solve the 
problem with detecting start and stop.The start and stop conditions is the first thing that needs to be 
improved for the device to work better. Implementing that may solve all of the issues that arose in this 
project.  
 
Another thing that can improved is the way that the angle to the starting position is calculated. The 
current implementation only looks at positional data to calculate angle. If the heading could be used to 
improve the angle estimation the results would be better.  
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Today the software allows the object to be used when it moves parallel to the plane, if moved when 
tilted acceleration will be lost in the final calculations. To measure the movement of the object as 
accurate as possible all acceleration components of the IMU’s body frame that contributes to the 
world’s X and Y plane must be considered and compensated for, or acceleration measurements will be 
lost. One way to solve this might be to use the already implemented pitch and roll angles. These could 
be used for the compensation.  
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8 Appendix A - Pathfinder Schematics and PCB 
diagrams.

 
Appendix A: Figure 1 Schematic overview 

50 



 

Appendix A Figure 2: Power Schematic
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Appendix A Figure 3: Mpu Schematic
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Appendix A Figure 4: LED Schematic
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Appendix A Figure 5: IMU Schematic
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Appendix A Figure 6: PCB Top Layer
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Appendix A Figure 7: PCB Signal Layer 1
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Appendix A Figure 8: PCB Signal Layer 2
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Appendix A Figure 9: PCB Bottom Layer 
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9 Appendix B - Angles from position 
Appendix B Table 1: Reference is the actual angle to the origin point. Test 1 - 3 is the calculated angle from position in Test 
2 - two dimensions. Green cells indicate that the value calculated is within the ±5 degree goal. Orange means it is within ±7 

degrees and red is larger than 7 degree error.  

Reference Test 1 Test 2 Test 3  Distance [cm] 

0 0.034 0.028 -0.011 Degrees 20 

0 -0.005 -0.124 0.041 Degrees 40 

0 0.063 1.063 1.345 Degrees 60 

0 1.933 7.934 5.86 Degrees 80 

0 -1.723 -0.827 -9.143 Degrees 100 

90 85.772 81.131 92.061 Degrees 20 

45 52.816 40.388 42.893 Degrees 28.3 

26.565 30.357 36.261 20.137 Degrees 44.72 

18.435 17.251 33.722 15.649 Degrees 63.25 

14.036 19.342 27.839 19.278 Degrees 82.46 

11.310 20.797 19.191 11.898 Degrees 102 

90 87.538 87.969 91.25 Degrees 40 

63.435 67.176 64.149 65.581 Degrees 44.7 

45 45.575 42.333 42.192 Degrees 56.6 

33.69 47.293 35.594 28.501 Degrees 72.1 

26.565 22.853 20.983 28.697 Degrees 89.4 

21.801 17.822 19.911 19.430 Degrees 108 

90 102.977 88.805 79.257 Degrees 60 

71.565 70.168 70.402 70.856 Degrees 63.2 

56.309 51.849 54.182 58.091 Degrees 72.1 

45 39.917 36.758 42.495 Degrees 84.9 

36.869 37.124 37.688 41.647 Degrees 100 

30.964 42.004 19.846 24.889 Degrees 116.6 
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90 85.062 87.278 82.622 Degrees 80 

75.963 78.748 74.718 79.532 Degrees 82.4 

63.435 59.264 68.431 64.368 Degrees 89.4 

53.130 72.001 57.763 67.679 Degrees 100 

45 49.129 55.472 59.178 Degrees 113.13 

38.659 38.269 45.601 26.181 Degrees 128 

90 100.165 97.229 93.065 Degrees 100 

78.69 74.075 81.302 80.713 Degrees 101.9 

68.198 73.304 73.729 79.176 Degrees 107.7 

59.036 68.770 70.880 58.924 Degrees 116.6 

51.34 58.065 61.181 61.951 Degrees 128 

45 35.768 54.699 43.399 Degrees 141.4 
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