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Abstract

This report is a part of the Master thesis project conducted by Mattias
Hovebro at Syntronic R&D Stockholm Sweden. The goal was to evaluate
di�erent sensors and interfaces that can be of use when developing an
sensor adapter card for the Midrange platform. The evaluation focused on
sensors suitable for fast prototyping and demonstration purpose. After the
evaluation the adapter card was produced along with associated software
that can demonstrate its functionality.

The sensors implemented was chosen from a six week long pre-study
where a number of interfaces and sensor was researched. The results
from the pre-study was discussed with the R&D department of Syntronic
AB. During the meeting the most desired functions were ranked and the
method of implementation were chosen, and was later approved by the
examiner. The most desired functions was based on the potential fu-
ture needs of the R&D department. The �nal adapter card utilizes three
sensors. Together these sensors can measure ambient light, proximity,
temperature and acceleration.

The adapter card was produced at Royal Institute of Science in co-
operation with the Examiner. Functions to operate the sensors, such
as read/write operations and also con�guration functions for each of the
sensors, was produced along with documentation for Syntronic. Even
though these functions was produced for these three sensors, these func-
tions are not limited to them and can be used separately in new projects
using I2C and the Midrange platform.

After the functions was veri�ed using a oscilloscope (HW) and realterm
(SW), a basic demonstration program was put together. The purpose of
which is to demonstrate the functionality of the adapter card for the
project stakeholders.
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Sammanfattning

Denna rapport är en del av examensarbetet utfört av Mattias Ho-
vebro på Syntronic R&D AB Stockholm Sverige. Målet var att utvärdera
olika sensorer och gränssnitt som är lämpliga vid utveckling av ett sensor-
kort till Midrange plattformen. Denna utvärdering fokuserade på sensorer
som är lämpliga att använda vid snabb prototyp framställning och i de-
monstrationssyfte. Efter utvärderingen tillverkades detta sensorkort, med
tillhörande mjukvara för att demonstrera dess funktionalitet.

De implementerade sensorerna valdes utifrån en sex veckor lång för-
studie, där ett antal gränssnitt och sensorer undersöktes. Resultaten från
förstudien diskuterades sedan med R&D avdelningen på Syntronic AB.
Under mötet rangordnades de mest eftertraktade funktionerna och imple-
mentations metoden valdes. Dessa var sedan godkända av examinatorn.
De mest önskade funktionerna var baserat på potentiella framtida behov
av Syntronic AB. Det slutgiltiga adapterkortet använder sig av tre senso-
rer. Tillsammans kan de mäta omgivande ljus, avstånd, temperatur och
acceleration.

Adapterkortet producerades på Kungliga tekniska högskolan tillsam-
mans med examinatorn. Funktioner för läs- och skrivoperationer och även
kon�gurations funktioner var kodade för varje sensor med tillhörande do-
kumentation. Trots att dessa funktioner är gjorda till dessa sensorer så
är de inte begränsade till dem, funktionerna kan vara till användning vid
senare projekt som använder I2C gränssnittet och Midrange plattformen.

Efter att funktionerna var veri�erade med både Oscilloskop(HW) och
realterm(SW), konstruerades ett demonstrationsprogram. Syftet med det
var att kunna demonstrera adapterkortets funktionalitet för projektets
intressenter.
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Abbreviations

KTH: Royal Institute of Technology, Stockholm Sweden.

LSB/MSB: Least signi�cant bit/Most signi�cant bit

MEMS: Microelectromechanical systems

DPS: Degrees per second

PCB: Printed circuit board

VDD: Supply voltage

GND: Ground

ASIC: Application-speci�c integrated circuit

De�nitions

Adapter card: A sensor adapter card for the Midrange platform. That will
be developed by the author of this thesis.

High: A pin is set to high = Logic 1 = Supply voltage.

Low: A pin is set to low = Logic 0 = Ground.

PCB: Printed circuit board. A sheet of none conductive material with one or
more conductive layers. The circuit is made by milling out traces in the
copper, around the �wires� so that only the �wire� are left connected.

Via: Used in PCB design to connect one layer to another.

MMA8453Q: A acceleration sensor from Freescale semiconductor.

TCN75A: A temperature sensor from MicroChip Technology.

VCNL4010: A combined ambient light and proximity sensor from Vishay
Semiconductor.

SDA: Data signal for the I2C interface.

SCL: Clock signal for the I2C interface.

I2C: Inter-Integrated Circuit. A two wire digital interface.
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1 GENERAL SUMMARY

1 General summary

1.1 Background

The thesis project was conducted at Syntronic AB, a consultant company focus-
ing on embedded systems. One of Syntronic's strategies is to develop a series
of internal evaluation tool, further refered to as platforms. These platforms
are used to test and evaluate software using hardware. When a client requests
a application from Syntronic, the developer can choose the most appropriate
platform for the application. By having a selection of platforms, with di�erent
hardware and prices, that the developer is accustomed to and experience with,
there is considerable saving in both time and money for the company. There is
also no need to produce a prototype of the product before the functionality has
been veri�ed.

Syntronic latest platform, named Midrange, is based around an ARM Cor-
tex M3 controller[1]. During development of the platform a number of areas
proved interesting in future developing. Syntronic wanted the author of this
thesis to investigate the possibility to develop an sensor adapter card for the
Midrange platform. That allows the platform to use one or more sensors for
fast prototyping. By implementing a sensor adapter card, Syntronic can o�er
these sensor services to clients.

The sensors implemented on the sensor adapter card was based upon a joined
discussion with Syntronic R&D AB in Kista. During these discussions the de-
partment tried to evaluate di�erent projects at Syntronic, both completed and
ongoing, to predict what projects that could be in need of sensors and what
kind of sensors they need. This was done in order for the implemented sensors
on the sensor adapter card to be used for as many project as possible, while at
the same time be a reasonable workload for a 20 week project.

1.2 Purpose

The investigation involved in this thesis gave Syntronic a overview of the suitable
sensors that are available for implementation and what interfaces that can be
of use for master/slave communications.

The main purpose of the sensor adapter card is to act as a extension to Syn-
tronic's evaluation tool. That will allow Syntronic to prototype and test software
using hardware. In addition the adapter card can be used for demonstrations.
The bene�t of using the sensor adapter card in a demonstration purpose is that
the software and hardware can be shown together in a earlier stage before the
�nal product has been made, which allows changes that would be costly and
hard to implement if the project had proceeded further. After completion of
the thesis project a sensor adapter card with associated software have been pro-
duced. The software include functions for accessing and con�guring the sensors.
All extensively commented and documented.

There was also a short program produced that will demonstrate the func-
tionality of the sensor adapter card and verify its functionality.

To facilitate any further project using the sensor adapter card, the sensors
implemented was decided together with Syntronic R&D AB. The decision was
be based upon what type of sensor available, that can be suitable for Syntronic
in future projects.
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1.3 Goals 1 GENERAL SUMMARY

The author investigated possible advantages and disadvantages in di�erent
interfaces, what type of sensors that are of interest for Syntronic and a brief
investigation on PCB design for the sensor adapter card.

1.3 Goals

The goal of the project was to develop a sensor adapter card for the Midrange
platform that are able to handle one or more sensors.

Upon completion of the project the following deliverable shall have been
produced and the following goals shall have been met:

� An adapter card for the Midrange platform utilizing one or more sensors.

� Software to demonstrate the functionality of the adapter card.

� Documentation on both the hardware and software

� An evaluation of suitable sensors

The main objective was to deliver a product to Syntronic AB according to
their speci�cation. The supervisor at Syntronic was informed on each design
decisions and had the mandate to set requirements on the product during the
project. It was requested from Syntronic that the implemented sensors should
have a long production life and low cost. This to ensure that Syntronic could
use the adapter card for as long as possible to prototype code and sell further
applications to costumers. There was no absolute price range for the sensors.

As there is di�cult to determine a sensors production life, e�ort was put into
�nding sensors new to the market or contacting company's to get a estimation
of the production life.

1.4 Limitation

To reduce the number of investigated sensors for this project a number of limi-
tations was set together with the supervisor at Syntronic. These limitations was
set as guidelines for the sensor adapter card. E�ort was made to ensure that all
the sensors meet these limitations. In the event that a desired sensor did not
meet these limitations, and a alternative to the sensor could not be found that
meet all of the requirements an exception could be made.

1. The sensor adapter card will be connected to the Midrange platform, lim-
iting the sensors implemented to sensors that operate within conditions
that will not risk damaging the platform (Extreme heat/cold, water, ex-
treme pressure etc.). The sensors would also be limited to those sensors
with functionality that can be veri�ed using the tools available at KTH or
Syntronic. I.e temperature sensors with range around room temperature,
acceleration sensor that can detect slow movement (<1g).

2. The adapter card should be powered by the Midrange platform, no exter-
nal power source. The available voltage output on the card is 3.3V or 5V.
Therefore the evaluated sensors are limited to those that operate with the
platforms supply voltages. If there is a sensor only available with high-
er/lower voltage requirements, measures was taken to investigate if there
is a method to scale the platforms output to an appropriate voltage.
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1.5 Budget 1 GENERAL SUMMARY

3. The project did not have any substantial budget, therefore the adapter
card had to be cost e�ective. Both implemented sensors and means of
production was investigated to �nd the most cost e�ective solution. As the
major cost in this project was shipping, and not production or components
due to the small amount of component. E�ort was put into �nding all
relevant components at the same vendor.

4. There was also a timing limitations, the workload was limited to the 20
weeks deadline. Implementation, veri�cation and documentation should
be �nished within 20weeks. With possible administrative delays.

5. It was requested from Syntronic that the sensor adapter card should only
use one interface. There may be a exception to this limitation if there is
a sensor type only available using another interface.

1.5 Budget

At the start of the project, during the investigation and implementation, the
project had no speci�ed budget. The price of manufacturing and the price of
the sensors were not a factor when conducting the pre-study. E�ort was made
into �nding a estimated lowest price for each sensor type.

When the pre-study was discussed together with Syntronic R&D AB, they
dismissed some sensor types due to their price.

The �nal cost of this project was 533 SEK and the production cost for one
adapter card with sensors and their associate components is 85,39 SEK. The
additional cost was the cost of delivery and that two di�erent vendors was used,
as well as spare parts.
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2 METHOD OF IMPLEMENTATION

2 Method of implementation

The method of implementation evolved through out the project in close collab-
oration with the employees at Syntronic. All of the major design decision was
presented to the supervisor and discussed.

The project began with a pre-study where the available interfaces for the
platform was researched. When a basic understanding of the interfaces been
acquired, the work continued by checking di�erent vendors for available sensors.
The objective was to get an as broad spectrum of sensors as possible. For each
available interface a selection of sensors from each category was selected. These
sensors was limited by the requirements discussed with the Supervisor at the
start of the project. The range, accuracy, resolution and price of the sensors
was then compared.

These results was then discussed with Syntronic R&D AB to narrow down
the possible method of implementations and the desired types of sensors.

The �nal decision was to produce the circuit at KTH and solder the com-
ponents by hand. This could be accomplished using a milling machine to mill
the circuit and equipment to solder the smallest components (VCNL4010 and
MMA8453Q, for more information read 2.5) at the examiners lab at KTH.

When the investigation and pre-study phase was complete, the project went
into the design phase.

The decision to design the circuit in KiCad was based on the fact that
it was free, open sours software and it was recommended by a employee at
Syntronic due to the user friendly interface and tutorial. The following work
revolved around getting familiarized with the software and PCB design rules,
by completing the tutorial and reading basic PCB design online[2]. Also a lot
of tips and tricks was acquired by asking employees at Syntronic.

After the design was completed and the components soldered, testing and
veri�cation could be performed. Using a oscilloscope the signals could be moni-
tored and when the correct input/output was observed the software veri�cation
began. Using the RS232/USART interface available, the platform would send
messages and output to a computer. The computer then displayed the results
using terminal software.

When the software was con�rmed, experiments was performed to measure
each sensors accuracy and precision.

When both the software and hardware was complete, the project continued
by putting together all information gather during development into structured
documents for Syntronic and a report for KTH.

The following subchapter will present the avaliable hardware and software.
The di�erent interfaces and sensortypes avaliable and and motvation on what
interface was used and which sensors was selected.

2.1 Hardware

This chapter will describe the implemented hardware and the interface that
were used. It will also give a brief explanation of the rejected interfaces and a
explanation of why they were rejected.
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2.2 Interfaces 2 METHOD OF IMPLEMENTATION

2.1.1 Midrange

The Midrange platform (Fig:1) was developed by Syntronic to enable fast testing
of software. It allows the developer to use fast and easy prototyping and also
to demonstrate their application to the customer. By utilizing platforms with
di�erent performance any applications, big or small, can be implemented and
tested early on in a project. By �tting the application to one of these platforms,
research and development times are reduced signi�cantly.

By implementing a sensor adapter card, Syntronic will have the ability to �t
a sensor application to the platform and start prototyping at an earlier stage.

The Midrange is build around the ARM Cortex M3 microcontroller with 72
MHz processor speed and up to 256 Kbytes of Flash memory and 48 Kbytes of
SRAM. It can communicate through the I2C, USARTs, SPI, I2S, CAN, USB,
ethernet and SDIO interface.

This platform will be the base of the project and will run the implemented
software.

Figure 1: Midrange Platform, reproduced with permission from Joakim Löfgren
at Syntronic (Permission is attached as appendix)

2.2 Interfaces

There are a selection of interfaces available on the Midrange platform suitable
for the sensor adapter card. Each interface was researched while the supervisor
was informed continuously on the progress. If a interface deemed not desirable
by Syntronic at any time during this research the the interface was dismissed and
the reasearch continued to focused on the other interfaces. The �nal decision
was made together with the R&D department at Syntronic, to implement the

11



2.2 Interfaces 2 METHOD OF IMPLEMENTATION

sensor adapter card using I2C. To motivate this decision the following chapters
will very brie�y explain some of the advantages and disadvantages with the
available interfaces on the Midrange and why the I2C were chosen above them
all.

I2C

There is 2 pins available for I2C [3] communication. Slave clock (SCL) and data
(SDA). There is also a SlaveMasterBusAlert (SMBA) pin for using di�erent
interface (SMbuss), however this pin is only useful when using the SMbuss
protocol in I2C. For this application it was used as a interrupt pin. All the
slaves share these three signals. When a master want to communicate with a
slave it will start by generating a start condition. It will then generate the SCL
signal and transmit/recive data on the SDA. Other masters connected to the
interface will be in slave mode and listening to the master who generated the
start. The master will then transmit the address to the slave with a additional
bit signaling read or write operation. If there is a slave connected to the buss,
it will respond with a ackknowlagment (ack). If the master want to write it
will send the register data followed by the data to transmitt. Then ending the
communication with a stop condition. To read from a register the master sends
a write bit after the slave address. Writing the register adress to the slave. The
generating a another start condition (re-start) the transmits the slave adress
again together with a read bit. The slave will then transmit data one byte at
the time until the master sends a NACK and ends the communications with a
stop condition. After the stop condition the master will go into slave mode and
listen for a Start condition or generate one of their own.

The upside with using I2C to communicate with the sensors is:

� Acknowledgment between master and slave. [3]

� Many slaves due to 7-bit (approximate 128 slaves1) or 10-bit addresses(approximate
1024).

� Digital so it is resilient to noise.

The downside with using I2C to communicate with the sensors is:

� Low throughput. 400k bits/s. [4]

SPI

Unlike I2C, Serial Peripheral Interface (SPI) [5] uses 4 pins instead of 2. A chip
select (CS), a Master Output Slave input (MOSI), a slave clock (SCK), and a
Master Input Slave Output (MISO). Instead of adresses, as the I2C, the SPI
utilizing the CS pin to select which slave to communicate with. This makes
the SPI interface faster the I2C since it do not need to send adresses for each
communication. By utilizing Separate buses for sending and reciving data. The
master can read a bit and send a bit on the same clock cycle.

All the slaves share the buses for the MOSI, MISO and SCK. Only the CS
is individual. Which lead to; for each sensor there must be a corresponding
CS pin. I/O pins could be used for this purpose. For this project this would

1Assuming no con�ict in addesses between slaves
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2.2 Interfaces 2 METHOD OF IMPLEMENTATION

not be a esthetic solution as the SPI pins are on the other side of the platform
compared to the I/O pins, which was a concern to Syntronic.

Theoraticly this problem could be solved using a �Daisy chain� con�guration,
where the output of sensor n-1 is connected to the input of sensor n. The
result will the be shifted between all the sensors connected until reaching the
platform. This approach was not implemented since there was di�culty �nding
appropriate sensors, that would work using this con�guration, from the vendors.

The upside with using SPI to communicate with the sensors is:

� High throughput. 18M bits/s.[1]

� Resilient to noise due to digital interface

The downside with using SPI to communicate with the sensors is:

� No acknowledgment from the slaves

� Limited to only two sensors due to a single CS pin (this limitation can
easily be circumvented if one or more of the GPIO pins are used for chip
select).

� Large for applications using many sensors. Due to individuall CS pin for
each slave.

The SPI interface was rejected due to the fact that there is no acknowledgment
from the sensors, which means less controll, as the master can attemt to send
data to slaves that are not connected.

Also the fact that SPI needs separate CS pins for each sensor. Made the
interface unpractical for larger application.

Analog to digital conversion (ADC)

There are eight pins for analog to digital converter on the Midrange platform.
When connected to an analog sensor the input to the platform will be a analog
signal that is converted to a digital number. Because the analog signals are
transmitted from the sensors to the platform and then converted using ADC on
the platform there is a high risk of interference. Choosing the ADC interface,
the project would focus less on software programing as there is only a convertion
involved. The project would be more focused on good hardware design. This
to avoid falty reading due to interferance. The upside with using ADC to
communicate with the sensors is:

� Up to 8 sensors on the sensor adapter card (If no A/D-converters are
placed on the chip)

� Easy software implementation as there is only a need to read a value from
a ADC, and no consideration to sensor communications

� In general cheaper then digital sensors.

The downside with using ADC to communicate with the sensors is:

� Di�cult hardware design, due to high risk of interference.

� Sensor output sensitive to interference compared to digital interfaces.

The ADC interface was rejected by Syntronic as they were not interested in
using analog interface for their platform.
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2.2 Interfaces 2 METHOD OF IMPLEMENTATION

CAN

The Midrange platform also has the ability to interface via a CAN-bus [6]. It was
developed by BOSCH and is often used in vehicles with many microcontrollers
(MC). Using the CAN interface there is need for at least one microcontroller
that handles the sensors or sensors that can communicate directly to the CAN
interface. The microcontrollers or sensors send messages between each other
using message ID and message priority. This so the highest priority message is
sent on the bus. This also leads to additional sensor adapter cards can easily
be connected without much change in the software.

The upside with using CAN to communicate with the sensors is:

� Can easily be adapted to host additional MCs with more sensors.

The downside with using CAN to communicate with the sensors is:

� Limited number of sensors that use CAN interface directly. If no addi-
tional MC is used.

� Expensive sensors

The CAN interface was rejected as Syntronic did not want to use any additional
MCs on the sensor adapter card and available sensors that communicated di-
rectly using the CAN interface was mostly used for larger applications(cars,
trucks etc) and was to expensive.

Pulse-width Modulation (PWM)

An alternative interface for the sensor adapter card is to connect the sensors
to the general purpose I/O. The TIM2 to TIM5 timers can be used to capture
the outputs from up to three Pulse with modulation (PWM) sensors. A PWM
sensor output is a square waveform and the measured value is a function of the
waveforms duty cycle. The upside with using PWM to communicate with the
sensors is:

� More resilient to noise then analog sensors.

The downside with using GPIOs to communicate with the sensors is:

� Limited o�er of sensors. (Based on obeservations at local vendors)

The PWM sensors was dismissed as Syntronic was not interested in using PWM
sensors on their platform.

USART

The Midrange platform is also equipped with an USART. It is used for serial
communication and is often used to communicate with other peripheral devices
such as mice, printers, modems etc.

The interface was not considered a suitable choice for the sensor adapter card
compared to the other interfaces, as there was only a few sensors avaliable at
the vendors (based on the information gathered during the pre-study). However
there were some models of GPS receivers that used USART. So the interface
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2.2 Interfaces 2 METHOD OF IMPLEMENTATION

is included to give a broader spectrum of available sensors, however when the
GPS sensors was rejected the interface was also rejected.

Summary

During the investigation on available interfaces Syntronic R&D was regularly
updated on the progress. When a interface deemed not suitable for the adapter
card that interface was no longer investigated.

The PWM and analog interface was dismissed as Syntronic wanted to use
digital sensors on the adapter card. Analog and PWM sensor did not o�er the
same form of control that the digital sensors o�er.

USART and CAN is typical not a interface used to communicate with sen-
sors directly. They often need additional MCs that interface with the sensors.
Syntronic wanted the sensor adapter card to be more of an extension of their
own platform and did not want any additional MCs on the circuit. Because of
this the interfaces was dismissed.

The two remaining interfaces was SPI and I2C. Compared to each other SPI
is faster. I2C have individual address to each master and slave and can with
minimal problem handle more devices then SPI. SPI requires a CS pin for each
slave.

I2C also have acknowledgment from the slaves which was the criteria that
made Syntronic AB to choose I2C to be used for this thesis project.
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2.3 I2C Communications 2 METHOD OF IMPLEMENTATION

2.3 I2C Communications

There is 2 pins available for I2C communication. Slave clock (SCL) and data
(SDA). There is also a SlaveMasterBusAlert (SMBA) pin for using the SMbuss
interface, this pin will be used as a interrupt pin for this project. All the slaves
share these three buses.

The buses are connected to the supply voltage using pull-up resistors. They
pull the signal to VDD(1) when nothing is transmitted. When either the platform
or the sensors wants to tramsmitt data, they will pull the signal to ground to
transmitt a 0 and letting the pull-up resistors pull the signal to VDD to transmitt
a 1.

Communications

The I2C interface can be using in both master and slave mode. In slave mode
the platform would function like any other slave device connected to the system.
As it have its own individuall address. In master mode it will control the SCL
and address the other devices using the protocol described below.

To initiate the I2C and begin transfers in master mode, there is a few oper-
ations needed to be done:

Using �controll register 2� the peripheral input clock are programed.
Then the clock controll registers needs to be programed. Followed by the

rise time register. Then using the �Controll register 1� enable the peripheral
and lastly generate the a start by setting the start bit.

All this can be done using functions provided by STM[7].

I2C_Cmd: enables the peripheral by setting the PE bit in �control register
1�.

RCC_APB1PeriphClockCmd: Enables the Low Speed APB (APB1) pe-
ripheral clock

RCC_APB2PeriphClockCmd: Enables the High Speed APB (APB2) pe-
ripheral clock

GPIO_Init: enables the GPIOs, assigns what pins to use on the platform, the
speed and if they are input or output.

I2C_Init: sets the interface to I2C, dutycycle, own adress, enables the ac-
knowlagement, de�nes the ackknowlage adress and SCL speed.

I2C_ITCon�g: enables what type of interrupts by masking the selected in-
terrupts into controll register 2.

In master mode the I2C communications works as follows:
To read a byte:

� First a start bit is set by changing the SDA signal from high to low while
the SCL is high.

� The device address is transmitted along with a write bit(1).

� The device responds with a acknowlagment(ACK)(0).
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2.3 I2C Communications 2 METHOD OF IMPLEMENTATION

� The master sends the register address. It is place in a register (in the slav)
as a pointer.

� The device responds with a ACK(0).

� Master sends a restart bit (the same way as a start bit is set). Which
means that the master never loses arbitration.

� Master sends the device address and a read bit.

� The device responds with a ACK(0).

� The device transmits the contents of the register that the pointer points
to.

� The platform sends a No acknowlagement(NACK)(1) to signal that the
data been recived.

� If no NACK is sent, then the device will increment the register pointer
and continue to send data until a NACK is recived.

� Then a stop condition is sent by changing the SDA signal from low to high
while the SCL is high.

To write a byte:

� The master sends a start bit by changing the SDA signal from high to
low while the SCL is high.

� Master sends the device address and write bit(0).

� The device sends a ACK(0).

� Master sends the register address.

� The device sends a ACK(0).

� Master sends the data.

� The device sends a ACK(0).

� Master ends the transaction with a stop condition.

Drivers

There are some drivers provided by ST microcontrollers [6] while working with
the I2C interface on the Midrange platform. These were used to con�gure the
I2C, the correct pins and to manage SCL and SDA.

First the GPIO drivers are used to con�gure the SDA, SCL and interrupt
pin. Then the I2C is con�gured with a own address, 7bit addresses and the SCL
clock speed is set. Then the internal interrupts are set for events, bu�ers and
errors.

When all the settings have been con�gured the actual communication can
begin. The following commands was used:
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I2C_AcknowledgeCon�g Enables master to recive acknowlagment from the
slaves.

I2C_GenerateSTART Generates a start condition by driving the SDA line
from high to low while the SCL is high.

I2C_Send7bitAddress This command sends a 7bit address for the device, it
also set the LSB to read or write. It is accomplished by changing the last
bit depending on a read or write command. So the address needs to be
shifted one bit left.

I2C_SendData This command sends a 8 bit word to the selected device.

I2C_ReceiveData This command saves the received 8bits in a variable.

I2C_GenerateSTOP Generates a stop condition by driving the SDA line
from low to high while the SCL is high.

2.4 Sensors

At the beginning of the project there was no limitation on what type of sensors
to implement on the sensor adapter card. During the pre-study an as wide
as possible range of sensors were discussed, although it was hinted from Syn-
tronic that some of the sensors would be later implemented in other projects
run by Syntronic. To be abel to use the sensors for as many projects as pos-
sible, the sensors should have an operational range within �normal conditions�
for discussed projects. These �normal conditions� limited the sensors to the
following. Temperature around room temperature or device temperature warn-
ing, acceleration �tting a handheld device (<1g), airpressure around sealevel,
distance measurments for short distances (<5dm), compass �tting a handheld
device and GPS suitable for anywhere in the world. In further discussion theses
conditions will be refered to as normal conditions.

During the �rst four weeks of the pre-study the following types of sensors
were deemed suitable for implementation:

� Temperature

� Gyroscope

� Acceleration

� Compass

� Incline

� Ambient light

� Humidity

� Proximity

� Air pressure

� GPS
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These sensors deemed suitable by the author as they could be used for a wide
array of applications and can be veri�ed under normal conditions. There was
a meeting with Syntronic R&D AB department discussing the �rst draft of the
pre-study. The purpose of this meeting was to make sure that no sensor types
where overlooked and to narrow down the selection based on what sensors are
of use to Syntronic.

After the meeting the following types deemed worthy of further investigation,
in order of relevance to Syntronic:

1. Ambient light

2. Temperature

3. Acceleration

4. GPS

5. Proximity

6. Gyro

Due to time limitation it was decided that a maximum of 5 sensors should be
implemented.

Throughout the investigation the suggested sensors was disscused with the
supervisor andas work progressed more and more sensors was dismissed from
the list of potential sensors. The biggest limitation was to narrow the search to
one interface. This to reduce connections from the platform and improve the
estetics of the sensor adapter card. Sensors was also dissmissed due to their
price because any potential costumer would want to have as cheap as possible
solution.

After one additional week of investigation the following sensors were de-
cided:

VCNL4010, a proximity and ambient ligth sensor [8].

TCN75A, a temperature sensor [9].

MMA8451Q, a acceleration sensor (later changed to MMA8453Q [4] due to
supply shortage at vendors.)2

This would implement four of the top �ve functions on the sensor adapter card.
The �fth, GPS, were rejected due to its large amount of external components
required to guarantee its functionality for the cheaper GPS solutions. These
components could not be implemented due to the limitation of only 2 layer
circuit board. The recommended number of layers where two to four for the
GPS sensor alone. There is more compact GPS solutions avaliable, however
they were considered to expensive according to Syntronic.

The gyroscope was dismissed as the client, Syntronic, had no great need of
a gyro and as a basic gyro function can be implemented using an acceleration
sensor.

2Di�erences in hardware is discussed in chapter 2.4.3
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2.4.1 Ambient Light and Proximity sensor VCNL4010

Two functions that were decided useful during the R&D meeting was prox-
imity and ambient light. These functions were both implemented using the
VCNL4000, a fully Integrated Proximity and Ambient Light Sensor with In-
frared Emitter from Vishay Semiconductors [10]. This sensor would allow the
sensor adapter card to use these two functions with only one sensor. The down-
side with this sensor was that it does not use any HW interrupts. Luckily a
new sensor from the same family became available at the vendors early in the
development phase. So the VCNL4000 was exchange for the VCNL4010 [8]. It
was about 8%(0.18�) more expensive but in turn had interrupts that will reduce
powerconsumtion, now that the platform do not need to constantly access the
sensor to check for changes in the ambient light or proximity. With interrupts
the Midrange can idle until it receives a interrupt.

Important speci�cations gathered from the device datasheet [8]:

� It uses the I2C interface.

� It can detect objects from up to 200mm using a IR diode to measure the
re�ected IR-ligth from a a transmiting IR-LED.

� The VCNL4010 can measure ambient light from 0.25 lx to 16 000 lx with
a resolution of 0.25lx/LSB.

� No external diodes.

� Low cost.

� The VCNL4010 can be accessed via the address 0010011.

� The VCNL4010 can handle a I2C clock frequency of maximum 3400 kHz,
which is important when con�gurating the platform.

The reason for choosing this sensor was because it had two of the required
abilities that Syntronic needed.

To measure proximity the VCNL4010 has a built in infrared diode that emits
infrared light. Any changes to the infrared spectrum caused by object will be
detected by a photo-sensitive diode. An additional photosensitive diode is used
to measure ambient light. [8]

Interrupts The VCNL4010 comes with user speci�ed interrupts. The user
can specify a high and low threshold and if the sensor should activate its in-
terrupt when the ambient light or proximity goes above or below these thresh-
olds. It also has a counter that can assert the interrupt on the n:th (0-128)
measurment that are above or belowe the threshold. This to ��lter� out stray
measurments.

Production Life There was no guaranteed production life for the VCNL4010,
however as the sensor is newly produced and in relative big supply at vendors
there is little risk of this device being discontinued.
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Possible applications The most appropriate use of the VCNL4010 sensor
is to regulate screen brightness and checking if there is a user near by. By
asserting a interrupt to the platform when a user motions in front of the screen
it can trigger a measurement of ambient light and regulate the screen brightness
accordingly.

Comparison with other sensors on the market In the case with digital
sensor with combined ambient light and proximity measurment there are not
many available from the vendors. The Si1120 is a close competitor, however
it needs a external diode. There is also the VCNL4000 from the same family
as the sensor used in the project. It has the same abilities as the VCNL4010.
The VCNL4000 however, does not use any interrupts. A comparison of the two
sensors can be found in Table 1.

Name VCNL4010 Si1120

Supply Voltage -0.3V-5.5V -0.3V-5.5V
Interface I2C I2C

Range
1mm to 200mm 1mm-500mm

0.25 lx to 16,000 lx <100,000 lx
Accuracy N/A N/A

Sensitivity
N/A N/A

0.25lx/LSB N/A
Price 2.45¿ 2.50¿

Package Custom(QFN) ODFN

Table 1: Comparison of VCNL4010 and Si1120

Operation: The VCNL4010 utilizes three di�erent diodes for measuring the
ambient light and proximity. One diode that emits infrared light. Another
measures the re�ected infrared light. A object close to the sensor will re�ect
more IR-light then something far away. The third diode measure ambient light.
The �values� from the ambient and proximity diode is sent to a built in ASIC
device in the VCNL4010, that using a ADC to convert the measurements into
a digital word.

Note: these two diodes share the input to the ASIC, which means that
the measurements can't be done continuously at the same time. This was not
mentioned in the sensors datasheet, it was discovered when testing the device.

Syntronic's requriments: The requriemts from Syntronic was that the sen-
sor could measure the ambient ligth from 0 to 1200 lux with a precision of 50
lux. For the distant measurments the demand were a bit less strict. As the
sensor was built to detect objects close to the sensors and not to accurately
measure distance. Syntronic needed the sensor to detect a object from 0.5cm
to 3cm.

21



2.4 Sensors 2 METHOD OF IMPLEMENTATION

2.4.2 Temperature sensor TCN75A

The TCN75A [9] is a 2-Wire Serial Temperature Sensor from Microchip tech-
nologies.

It can measure temperature from -40ºC up to 125ºC with an accuracy of
±1ºC.

The sensor resolution is user selectable from 0.5°C/LSB to 0.0625°C/LSB.
This sensor were chosen because of its low price, I2C interface and it comes

in the SOIC-8 package that can easily be soldered by hand.
The sensors address when communicating through the I2C interface is 1001XXX

where the last three bits are user selectable. This is set through three pins that
are connected to ground for 0 or to Vdd for 1. Since the sensor adapter card
only use 3(4) sensors there is no risk to select a �wrong� address. Because with
the 4 �rst MSB they di�er.

Interrupts The TCN75A sensor comes with interrupts. The sensor can
be programmed to either use interrupt mode or compare mode. In interrupt
mode the device will send an interrupt when the measured temperature goes
above the max limit or below the lower limit. The resolution of this upper and
lower limit will be at most 0.0625°C/LSB. In compare mode however the sensor
will send an interrupt if the device measures a temperature above the maximum
level. It will then hold the interrupt until the measured temperature goes below
the lower limit before releasing the interrupt.

Production life To ensure that this sensor can be used in later products
the sensors production life were estimated. To do so the manufacturer was con-
tacted and the response were sent from the Regional Channel Manager. Which
con�rmed that there is no plans to discontinue the sensor in any foreseeable
furthure.

Possible applications The TCN75A is a typical temperature sensor. It
can be used in most applications that are in need of a temperature measurement.
Due to its interrupts the TCN75A is also suitable for temperature warning
systems. Programming the sensor in interrupt mode the sensor will warn when
the temperature goes above or below set values.

The TCN75A can also be used to regulate temperature to activate a fan/heater
when the temperature goes above a set temperature and holds it active until
the temperature is below a reasonable temperature.

Comparison with other sensors on the market Compared to other tem-
perature sensors on the market, the only major di�erence is the price of the
sensor. The TCN75A is one of the cheaper sensors in this investigation, full-
�lling the limitations (using I2C and avaliable at the vendor Mouser[11]) with
reasonable accuracy and good precision. A comparison of TCN75A and two
other sensors on the market can be found in Table 2.
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Name TCN75A LM75B/LM75C TMP121

Supply Voltage 2.7V-5V 3V-5.5V 2.7V-5.5V
Interface I2C I2C SPI
Range -40°C to 125°C -55°C to 125°C -40°C - 125°C

Accuracy ±2°C ±2°C ±2°C
Sensitivity 0.5°C to 0.0625°C 0.5°C 0.0625°C

Price 0.615¿ 1.53¿ 2.56¿
Package MSOP-8 and SOIC-8 MSOP-8 and SOIC-8 SOT23-6

Table 2: TCN75A comparison

Operation: By measuring the changes in base-emitter voltage of a transistor
when the base-emitter current is change the temperature can be calculated from
equation 1.

4VBE =

(
kT

q

)
× ln

(
IC1

IC2

)
(1)

Then using a ADC converting the analog voltage into a digital word. The
resolution of the digital word is determined by the users setting.

Syntronic's requriments: The requriment from Syntronic was that the sen-
sor should be abel to operate within 10°C-30°C with a accuracy of 1°C.
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2.4.3 Acceleration sensor MMA8453Q

One of the cheaper acceleration sensors on the market3 were the MMA8451Q
from Freescale Semicondutors. Due to its low cost, adjustable range and sen-
sitivity the MMA8451Q was a suitable choice. Additional argument for the
MMA8451Q is that Syntronic has used this sensor in previous project and have
the sensor on evaluations boards from Freescale. That can be used for testing
during delivery.

Due the popularity of the sensor it was sold out at all the vendors and any
new orders were expected to be delivered at the earliest 26 weeks from the time
the order was placed. Due to this complication an alternative sensor had to
be found. The MMA8452 and MMA8453 shared the same footprint and pin
functionality. The MMA8453 [4] was �nally decided due to its availability at
the vendor Farnell. The downside of that sensor is that it has a lower resolution
(256counts/g, compared to MMA8451Q 4096 LSB/g) and do not implement the
FIFO queue for measurments interrupt.

The MMA8453Q [4] is a 3-axis accelerometer. It can measure acceleration
from ±2g/±4g/±8g with a sensitivity of 256, 128 or 64 counts/g depending of
the set range. The accuracy of the measurements are ±2%.

To access the acceleration sensor the following address is used: 001110X.
Where the last bit is set by connecting SA0 to ground or Vdd.

Like the other two sensors the MMA8453Q come with interrupts. The
MMA8453Q has interrupts for the following scenarios.

� Data ready: is an interrupt that will occur whenever a sample is ready to
be read.

� Motion/Freefall: The motion interrupts is a way for the sensor to notify
the processor that the device is in use. It will react and distinguish between
a fast moving shake or a slow moving tilt. Freefall is an event when the
device is the subject of a lower acceleration then speci�ed. Usually less
then +100mg or +500mg. If that is the case a freefall interrupt will occur.

� Tap(pulse): the sensor can detect short jolts in all three directions. Single
and double taps.

� Orientation: the sensor is built to detect the earth gravity and can detect
if the sensor is laying face up or face down, it even detect which side is up
if the sensor is on its side.

� Transient: transient interrupt is similar to the motion interrup. However,
the transient uses low- and high-pass �lters that will customize the inter-
rupt. For when the sensor should trigger interrupt when experinceing only
high accleration or only low acerleration depending on the programming.

� Auto-sleep: If the sensor don't get a event for a user speci�c time the
sensor will trigger an interrupt and go to sleep mode. This will reduce
power consumption as the sensor is then using a lower sampling rate. It
can also be used to trigger an event the changes the sensors mode from
sleep to standby. If the sensors is in sleep mode and experiences an event.

3Pricing gathered from the pre-study
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Of these seven interrupts one or more can be routed to one of the two interrupts
pins available. However, as the I2C interface only have one pin for SMBA, and
there would be no additional gain for using two pins for interrupts. The author
of this thesis took the decision not to connect both interrupts pins, all 7 interrups
were asserted on one pin. To �nd out what interrupt was triggered the software
access the sensors interrupt status register. Not connecting both pins eased the
PCB design since the two pins are �separated� by a ground pin between them
on the chip.

Production Life Based on the popular demand of the sensor and the
ammount of vendors that sold the sensor. This sensor is assumed to be one
of the more popular acceleration sensor. Since the sensors were ordered the
MMA845X series has been sold out at most of the vendors, with large orders
incoming from the factory(1 000-20 000). Due the popularity4 and the fact that
MMA8451, MMA8452 and MMA8453 all share the same footprint. Due to these
factors there is no signi�cant risk of not being able to reproduce this adapter
card because of the acceleration sensor.

Possible applications The variety of interrupts that are implemented
using the MMA8453Q gives the sensor a wide range of applications. The most
commonly associated application for a acceleration sensor is the one used in the
modern smartphone. By measuring the orientation of the device it can adjust
the screen accordingly.

Also controllers such as the ones in videogame controllers are a common
use of a acceleration sensor. By measuring the direction and magnitude of the
movement the game can react and give a richer experience to the player.

The sensor can also be used for protection. By setting of alarms if the
device is moved or shutting down a hard drive when it experiences free fall vital
properties can be secured.

Comparison with other sensors on the market The MMA8453Q, is not
as capable as other sensors in the MMA845XQ family. It has a lower sensitivity
then the rest. But compensate with a lower price. The MMA8453Q also is
limited to utilize fewer interrupts then the rest of the family.

Compared to other acceleration sensor from the pre-study, the MMA8453Q
was deemed a sensible choice. A comparison of other acceleration sensors can
be found in Table 3.

4based on result from pre-study
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Name MMA8453Q MMA8451Q

Supply Voltage 1.95V-3.6V 1.95V-3.6V
Interface I2C I2C

Range ±2g, ±4g or ±8g ±2g, ±4g or ±8g

Accuracy ±2.5% ±2.5%

Sensitivity
256counts/g, 128counts/g 4096 LSB/g, 2048 LSB/g,

or 64counts/g or 1024LSB/g
Price 0,998 ¿ 1.91 ¿

Package QFN-16 QFN-16

Name KXTE9-1050

Supply Voltage 1.8V-3.6V
Interface I2C
Range ±2g

Accuracy ±10%
Sensitivity 16 LSB/g

Price 2.43¿
Package LGA plastic

Table 3: MMA8453Q and two other accleration sensors

Operation[12]: The MMA8453Q is a capacitive accelerometer and the basic
function of a capacitive accelerometer is as the name suggest. It measures the
capasitance betwen a �xed �wall� and a �oating �lever�. With one plate �xed
and another moving freely along the axis inside the accelerometer. When force,
in the form of static(Earth gravity) or dynamic acceleration(movements), the
plate will change position and this will result in a variation in the capacitors
voltage.

This change is then ampli�ed and converted into a measurement of acceler-
ation.

Syntronic's requriments: Syntronic's requriments on the sensor was that
the sensor should be trigger all of the interrupts when exposed to stimuli. It
should also accuretly measure the acceleration with a precision of at least 0.5g.
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2.5 Sensor adapter card

Scematic design When all of the sensors had been decided the schematic
design (using the KiCad software) could start by making symbols for all of the
sensors. When the symbols had been made, a schematic was produced based
on reference designs for each sensor. These reference designs was taken from
the data sheets. The schematic was complete after all sensors and components
where connected to respective power supply and buses.

Figure 2: KiCad Schematic design
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Figure 3: PCB design v.2

PCB Design When the schematic design was complete PCB footprints for
each sensor was made in KiCad, based on the references in the data sheets. For
the resistors and capacitors the 12065 footprint was choosen. The connection to
the board was represented as a 5 pin single in line package(SIP), modeled after
the connection on the Midrange platform. On the bottom layer the buses and
power supply wires was drawn, as the connection was through hole. That led
to soldering on the backside. All the other components was placed on the top
layer. This to enable easy troubleshooting and to have all the parts visible as
this is a prototype sensor adapter card.

When designing the circuit a series of designrules was discovered. The re-
quirements from the milling machines set the �rst designrules. It set require-
ments for the size of the channels and vias.

The second set of design rules was from the recommendation from a PCB
tutorial [2]. These recommendation from the tutorial and some advise given
from Joakim Sandström at Syntronic lead to the design choices to place the
buses along the center of the chip and connect the sensors to these wires.

The �nal design was about 9cm x 9cm. The �rst PCB schematic can be seen
in �gure 4.

When all the components where connected and the design was approved by
the supervisor and Examiner, the milling of the circuit board could start.

After the design was produced in KiCad, the �nishing touches was made
using CircuitCAM before the design could be produce in the milling mashine.

5One of the standards for Surface mounted technology
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Figure 4: PCB layout version 1

The green wires are on the second layer of the PCB. The red wires are on the
�rst layer. Note that in Figure 4 none of the ground pads are connected to any
paths. Instead the pads are �opened� and the area around the pad is connected
to ground. The entire second layer is connected to ground, except for the wires
that are isolated. The white dots on the board are vias that connect the �rst
layer with the second layer. Note that some vias are unconnected to the wires.
They are to connect the top layer with ground. Components not connected to
the ground have traces around them to isolate them. While grounded pins/pads
have openings in their traces that connects the to ground. (Figure 5)
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Figure 5: MMA8453Q footprint

All the components are soldered to the �rst layer to get a better overview
of the sensor adapter card. In the corners are grounded pins, that works as a
stand. In the bottom left are the developers signature, printed on the backside
of the board (Figure 4).

From the TCN75A the wires from the sensor to the SDA, SCL and SMBA
are narrowed down at some parts. This is a esthetic decision to make sure that
the wires can go straight to the buss wire without turning to avoid the vias, as
the vias are bigger then the actuall wire. This method is called �necking� (Page
6. Chapter �Tracks�. [2]).

At the bottom is a �ve pin connector. This will connect the �ve signals from
the platform to the sensor adapter card. The signals are 3.3V Vdd, SDA, SCL,
SMBA and ground.

Except for the three sensors the only components on the board are capacitors
used for decoupling and as bypass capacitors and resistors used for pull up/down
signal buses. These components are placed as close as possible to their respective
sensor.

The �nal cost of the adapter card can be found in Table 4.
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Sensor adapter card
Part Amount Price

MMA8453Q 1 1.50 ¿
VCNL4010 1 2.45 ¿
TCN75A 1 0.62 ¿

5pin connector 1 0.11 ¿
resistor 4.7kW 3 0.041¿ x3 =0.123 ¿
resistor 100W 1 0.041 ¿

Capacitor 0.1μF 5 0.231 ¿ x3 = 1.155 ¿
Capacitor 22μF 1 0.833 ¿
Capacitor 10μF 1 0.627 ¿
Capacitor 4.7μF 1 0.536 ¿
PCB board 1 Estimated 10¿

5wire Ribbon cable 1 Estimated 1¿

Total 18.87¿

Table 4: Final cost of the Sensor adapter card
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Milling the circuit board After the circuit was design in KiCad the schematic
was sent to the examiner at KTH. Then in cooperation with the examiner the
�nal adjustment were made using CircuitCAM at the lab at KTH. The �nal ad-
justment included �opening� the ground vias so that they would be connected
to ground. Some reference traces to ease placement of components and thermal
relief pads where also added.

When the �nal adjustments had been made, the �les sent to the next program
that operates the machine. The milling starts and the machine drilled traces
along the contour of each wire and pad.

The �nal product of the circuit v.1 can bee seen in Figure 6 and 7.

Figure 6: Front Sensor Adapter card
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Figure 7: Back Sensor Adapter card

Soldering the vias The purpose of the vias are to connect the �rst and
second layer. This will allow traces to cross paths by changing layers.

By drilling a hole in the board then threading a conductive wire through the
hole and solder the wire in both ends the via.

When all of the vias were soldered some of the tracks and trenches were
cleaned. This was accomplished by using a scalpel and microscope.

During the entire process continuous checks with a multimeter was per-
formed. This to ensure that no excessive solder or components have shorted the
circuit.

Soldering the components The soldering of the components was performed
with minor di�culties. By placing a bit of solder on the sensor adapter card and
then placing the component and melting the solder the component could easily
be placed in their correct position. Then there was no problem when soldering
the other end of the component.

Soldering the Sensors

TCN75A There were no complications when soldering the TCN75A. It started
by putting a bit so solder on pin 1 and 5. Then placing the com-
ponent. While pressing down on the component melt the solder on
the pins. Then after the component is secured, solder the rest of the
pins with no di�culty.
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MMA8453Q Due to the MMA8453Q sensors small QFN package the author
required assistance soldering the sensor. The soldering was done
together with the Examiner, using KTHs lab and equipment. First
the sensor adapter card was cleaned with an eraser. Then a small
amount of solder was placed on one pad that was not ground. Then
the device was placed on the card and then the pad with the solder
was reheated. Then to fasten the device a pad on the opposite side of
the card was soldered. The solder was placed so that it covered the
trace on the circuit and the side of the pad of the device. When these
two pad had been soldered the rest of the pads could be soldered
with the same technique. The problem with this package is that
there is no way of making sure that the pad is correctly connected
other then when sending signals to the sensor and see if there is any
response. The validation that could be done is to make sure that no
traces are �shorted�.

VCNL4010 The soldering of the VCNL4010 was performed exactly as the sol-
dering of the MMA8453Q but was soldered by the student alone.
The methodology was exactly the same as with the MMA8453Q
sensor. After the circuit was cleaned the pad on the circuit was
�tinned� with a small amount of solder. Then the sensor was placed
and the pad reheated, this lead to the sensor was attached and the
next pad could be soldered. After all the pads had been soldered the
circuit was inspected by the examiner. After the examiners approval
the rest of the components could be soldered into place.

Checking for hardware faults To verify the correct functionality of the
sensor adapter card the following actions were performed.

First all the connections were checked with a multimeter. This was to make
sure that traces and vias were correctly connected and that there was no obvious
short circuit on any of the traces.

Secondly to make sure that all the sensors where connected correctly and
no pads were short circuited, the sensor adapter card were connected to a sup-
ply voltage with no supply current. Then the supply current where gradually
increased while the supply voltage were monitored. As the supply voltage in-
creased with increasing current the conclusion was that there is no short circuits
on the card.

Prototype version After a �rst prototype circuit board, it was discovered
that the MMA8453Q did not function correctly. There was no acknowledgment
from the sensor when the software was running, it was believed that this was
due to a faulty device. But was later con�rmed that was due to a incorrect
resistance value for the pull up resistors on the bus, please read Design Flaw
in the next paragraph.

To eliminate the possibility of a software problem, the software was tested on
a improvised test board with only a MMA8451Q sensor and its necessary pull
up resistors and decoupling capacitors. As the software work perfectly on the
MMA8451Q the problem was believed that either the sensor was malfunctioning
or that there was a glitch in the soldering. A possible solution could be to
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remove the sensor and solder a replacement instead. However, as the author
and supervisor at Syntronic had come up with a few improvements for the sensor
adapter card it was decided to mill out a new board and solder new components.

The new design featured a 5pin connector on the other side of the buss. To
ease testing and to allow for further expansions as a new sensor card can be
connected to this sensor adapter card. It also features printed names on the
board for all the sensors and also a marking for what side the connection should
be when connecting the card to the Midrange platform.

Regarding the pull up resistors that previously was placed close to the their
respective sensor was exchanged for common pull up resistors placed on the SCL,
SMBA and SDA buses. During the waiting time before the new card could be
milled some testing was performed with the old card and the evaluation board
to �nd the optimum value for the shared pull up resistors.

There was also one more minor change in the design. For the MMA8453Q
the trace connection to pin 1 was connected from the top of the sensor in the
old design. This lead to a major di�culty when soldering the sensor. To avoid
furthure di�culties, the trace was relocated and in the new design and connects
to the pad from the side.

Design Flaw During testing of the �rst design a �aw was discovered. At
�rst each sensor was treated as a separate part with their own resistors and
capacitors. Therefore each sensor got their own optimum value for resistors.
This led to the the overall resistance was lower then expected as all sensors
share the same buses and Vdd/ground. During software testing the problem
was assumed to be a device malfunction and not a design error as the software
could be veri�ed with a evaluation card with a similar sensor.

It was later discovered to be a design �aw and the �aw was corrected by
removing all but one set of pullup resistors. Not to repeat the same misstake
again, some tests was perfomed with di�erent values for the common resistors
just to be sertain of the functionality. This �aw was discovered before a new
card could be produced. It was decided to produce a second sensor adapter
to add some minor improments. The second adapter card was produced with
shared resistors on the SMBA, SCL and SDA buses and also had a �ve pin
connector on the end of the buses and some minor design improvements that
where discovered when milling out the �rst sensor adapter card.

Software Implementation

The �rst software implementation in the project was the I2C interface. Using the
provided functions from �ST Microelectronics� there was a lot of steps to make
the interface work. During implementation there were problem with internal
interrupts. After some research in what order each interrupt occurred some
reference code was found [13]. Using an adaptation of this code would allow the
Midrange to send the correct address.
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2.6 Software

These chapters explains the software produced and the initial test that was
performed during the implementation of the Sensor adapter card.

2.6.1 General description

The software was produced at Syntronic AB on a Windows XP operating system
using a Eclipse [14] environment.

The software was divided into three function blocks. The �rst block was used
to con�gure the I2C interface, to make sure that communication works and that
the clocks are con�gured correctly. This block could be altered to adjust the
SCLK for faster components or alter pin setup.

The second block was to con�gure all the sensors. By accessing and writing
to speci�c con�guration registers on each sensor all the important functions can
be set.

The third block is to run the demo program. It manages all the sensors and
handles the interrupts.

Except for these three blocks that is the base of the program there will be
three more functions to ease any further development. These functions will be
used to read and write to registers and con�gure sensors.

Interrupts:
When a event triggers one or more of the pre-programed sensors the sensors

will pull the SMBA pin low. When the software senses this, it will enter a
interrupt routine. The software can not tell what sensor caused the interrupt,
due to shared interrupt pin. Therefor the software will go through the sensors
in order of priority to �nd what sensor caused the interrupt. This is done by
reading IRQ_status of each of the sensors reset the asserted interrupt. When
the interrupt is found it will take appropriate actions for the interrupt, then if
there is no more interrupts pending the sensor will go back to idle mode until
the next interrupt occur.

Unfortunately the TCN75A don't have a IRQ status register. But when the
temperature goes above or below their respective threshold the interrupt is set.
To reset the interrupt, a read from any register will do.
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Figure 8: Demo software Flowchart
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Read function

The read function takes the sensor and register address as inputs and returns a
8bit word. It is used throuout the software when the platform needs to access
a sensors register.

For more details read appendix 1.

Write function

The write function takes the sensor and register address and data as inputs and
writes the data into the selected register. It is used throuout the software when
the platform needs to write to a sensors register.

For more details read appendix 2.

Con�g Function

The Con�g function is used to con�gure all sensors. It uses the write function
above to write commands to all the necessary register.

The exact contents of the functions can be found in Tables 5-8.

Con�gTCN

Register Contents Note
Con�g Register 0 11 11 0 1 1 This register con�gures the

sensor. Continues measurment.
12 bit resolution.
6measurment in fault queue, i.e
6measurement above/below
threshold before interrupt is set.
Interrupt will occur when
temperature breaches threshold.
Sets the sensor to active.

HYST 0001 0111
0000 0000

The upper threshold is set to
23°C.

Set 0001 0011
0000 0000

The lower threshold is set to
19°C.

Table 5: Con�gTCN
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Con�gVCNL

Register Contents Note

RATE_PROX 0000 0 000
Set the rate of the proximity
measurments: 2 proximity
measurements per second.

VCNL_LEDCURRENT 00000010 Determines the led current in
steps of 10mA/integer. Left in
default value: 20mA

VCNL_AMBIENT_PA 1 110 1 111 Continues measurements enable,
8 samples/s, auto o�set, 128
measurements are averaged
which means 16sec before a new
value.

VCNL_IRQ_CTRL 000 (0) 00 1 1 Settings for the interrupts:
interrupt is set on �rst event,
interrupt is set when threshold
is brached,
interrupt is set for ambient
measurment

VCNL_LOW_THRS_H 00000011 Interrupt when ambient light
goes low. I.e is covered or lights
turned o�. Low threshold is
255,75lux

VCNL_LOW_THRS_L 11111111 see VCNL_LOW_THRS_H
VCNL_HIGH_THRS_H 10001001 Together with

VCNL_HIGH_THRS_L set
the lower threshold to 8816 lux.

VCNL_HIGH_THRS_L 11000000 See VCNL_HIGH_THRS_H
VCNL_PROX_TIME default This register can set a delay

between the IR-led and
IR-input signal and
set the proximity IR test signal
frequency.

VCNL_COMMAND 0000 0111 This register set the sensor to
active and also if the sensor
should make continuous
measurement of ambient ligth or
distance.

Table 6: Con�gVCNL
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Con�gMMA

Register Contents Note
XYZ_DATA_CFG (000000) 00 Sets the range to 2g.
HP_FILTER_CUTOFF Default This register sets the

highpass(HP) �lter on the
measurements. No HP �ler
active.

PL_CFG 11 000000 Portrait/landscape enable
PL_COUNT 00000001 0.638s between

portrait/landscape change
FF_MT_CFG 11111000 Con�gures the freefall and

motion settings.
Interupt will occure when
freefall or motion event is
triggered.

FF_MT_THS 00000000 Set a threeshold for how many
event should occur befor setting
the interrupt. Set interrupt on
�rst event.

FF_MT_COUNT 00000000 Free fall count 0. Means a event
occurs instantly.

TRANSIENT_CFG 00011111 No high pass �lter on transient
TRANSIENT_THS 1 0000000 No high pass �lter for transient
TRANSIENT_COUNT 00000011 Must move for 2sek to trigger

interrupt.
PULSE_CFG 11111111 Con�gures the settings for the

pulse interrupt. All interrupt
are enabled. Tap, double tap for
each axis.

PULSE_THSX(Y and Z) 00000000 No threshold set for the pulse
event.

PULSE_TMLT 01111111 Setting for how long time from
the �rst acceleration to the
accleration to reach upper
threshold to be considered a
pulse. Is set to 0.3175s.

PULSE_LTCY 11001000 Sets the interval between pulses.
All pulses from the �rst event til
the latency will be ignored. 1s
between pulses.

PULSE_WIND 11001000 Sets the time between the �rst
pulse until the next pulse has to
occure to be considered as a
double pulse. 1s window until
next pulse.

ASLP_COUNT 00011111 Set the time befor the sensor
goes inte sleep mode and
reduces the frequensy. No
activity for 10s = sleep mode.

Table 7: Con�gMMA
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Con�gMMA cont.

Register Contents Note
CTRL_REG2 0 0 00 1 11 Controll register:

self test disable,
software reset disable,
sleep mode normal,
auto-sleep enable,
wake mode = high resolution.

CTRL_REG3 0 111101 Set the interrupts:
all interrupts set the sensor
from sleep to wake mode,
active low interrupt,
open drain interrupt pin.

CTRL_REG4 10111101 Set what interrupts that are
enabled

CTRL_REG5 00000000 all interupts routed to pin int2.
(Pin int1 is not connected)

OFF_X(Y and Z) default Callibrate the o�set of the
sensors.

CTRL_REG1 00 010 0 0 1 Frequensy 50Hz in sleep mode,
200Hz data output,
low noise mode disabled,
fast read mode inactive,
sensor set to active

Table 8: Con�gMMA cont.

2.6.2 Software Test

Initial testing began with trying to read fromMMA8453Q ID register(WHO_AM_I).
This to ensure that the software worked as expected and the result was correct.
To monitor the signals, a Oscilloscope was connected to SCL and SDA.

As the software halted when waiting for the slave (MMA8453Q) to ac-
knowledge. When switching to another slave (VNCL4010) the communications
worked perfectly. All signals that were expected could be seen, also there was
acknowledgments and correct results received from the slave. This lead to the
assumption that the MMA8453Q was faulty and to prove this assumption a
evaluation board with the MMA8451Q was connected to the Midrange plat-
form. As the MMA8453Q and MMA8451Q is from the same family they share
pinconfguration, addresses and register addresses. With the new sensor plugged
into the platform the software worked perfectly. There was acknowledgments
from the slave and correct results received. For more information read paragraf:
Design �aw in chapter 2.1.

Circuit Version 2 While testing the second circuit a unexpected event
occurred. After a a few clock cycles the SCL signal droped from 3.3V to 2V.
Since the SCL is a open drain output connected to Vdd via pull up resistors
there is no reasonable explanation to this event. For debugging purpose the
vias connecting the MMA and TCN sensors to the SCL buss was removed. The
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problem still remained. Due to time concerns and the students restricted access
to the lab the project continued by working on the �rst circuit.

The �nal assumption is that some internal part of the ASIC inside the
VCNL4010 is broken and was �leaking�. This based on the observation and
with the VCNL4010 disconnected the signals returned to normal. Vishay[10],
the company that developed the sensor was contacted for some information on
the internal structure of the ASIC but there was no response.

The signals can be seen in the �gure 9, the yellow signal (top) is the SCL
signal that drops after 6 cycles.

The Green (middle) are the SDA that are addressing the MMA sensor. The
signal continues as the MMA works with a 2V input.

The Purple (bottom) signal are the interrupt. But are not used for this
example.

Figure 9: Faulty circuit

Timing Problem During initial testing the functions contained a so called
�test variable�, a ordinary integer with the start value of zero. When a critical
software part the variable increased. Then by checking the �nal value of the
variable the user could monitor if the function passed all the critical parts or if
the program was halted on a speci�c operation.

When the software was advanced enough, the �test variable� was rendered
usless. The deletion of the variable lead to the discovery of a timing problem in
the software. When the functionality of the functions were veri�ed and the test
variables were removed, the program would get trapped in a deadlock with the
SDA line pulled low. This happened in the read function after the re-start and
before the address being sent. By having a No operation(NOP) in the form of
assigning the test variable any value the timing problem were solved.
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2.7 Veri�cation

These chapters will discuss how the sensor adapter cards functionality was ver-
i�ed. The veri�cation was done both using hardware and software tools.

2.7.1 Hardware veri�cation

Veri�cation started by checking all connections and vias in a microscope. When
they all had been visually veri�ed the traces was checked using a multimeter to
ensure that there was no short circuits present. The next step of veri�cation
involved a power supply. By turning the power supply to 3.3V and reducing the
current to zero, then monitor the changes in voltage and current as the current
was slowly turned up. The voltage went up to 3.3V and the current stabilized
at a low value. This ensured that there was no hidden short circuits.

To verify the functionality of the sensor adapter card using HW the ID
registers was used for both MMA8453Q and VCNL4010. By addressing the
sensor and writing their respective ID register addresses then addressing the
sensor and read the returned value the functionality could be veri�ed. While
observing the signals using a oscilloscope the correct result was received.

Since the TCN75A did not have any ID register the functionality was veri�ed
by repeatedly making single temperature measurements and reading the results.
The returned result was room temperature and while manually manipulating
the temperature around the sensor changes in the result was observed.

When all the sensors functionality had been veri�ed by hardware the next
step of veri�cation was done using software.

One of the �rst hardware test was to monitor the I2C signal using a oscillo-
scope. These are the result obtained from reading the MMA8453Q ID register.
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Figure 10: Reading MMA WHO_AM_I register

Figure 11: MMA: Start and Sensor address
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Figure 12: MMA: Register address and Restart

Figure 13: MMA: Sensor address again, result
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Figure 14: MMA: Stop

In the �rst �gure (�gure 10) the whole communication can be monitored.
The second �gure (�gure 11) is zoomed in on the start condition (Num-

ber 1) and the sensor addressing(Number 2). Between the ninth and tenth
clock pulse there is a small glitch. This is when the MMA8453Q is releasing
the control back to the platform after giving the platform a ACK(Number 3),
and before the platform has resumed control. In the third picture the register
adress(Number 4) is written to the device. In the fourth �gure (�gure 13) the
result is received(Number 9). After the restart(Number 6), there are 7bit device
address(Number 7), 1bit read(Number 7), 1bit ack(Number 8). The result is
the binary number 00111010 = 0x3A(Number 9) which is the expected value.

In the �nal �gure (�gure 14) the �NACK�(Number 11) can be observed and
the stop condition(Number 12).

When performing the same test later in the project a minor �aw was dis-
covered. In the beginning of the project the read function worked perfectly,
according to the oscilloscope. When verifying using software the terminal out-
put was one bit wrong. Researching the drivers available some reference code
was found and by performing a �ag check reciving the data the terminal out-
put was corrected. However the signals showed a unexpected occurrence. In
the �rst �gure, there is 27 cycles monitored after the re-start, there should be
18cycles. The additional cycles are the next register that the software throws
away after reading. It occurs as there is no NACK signal transmitted when the
8bit has been received. To correct this problem a number of actions was tested,
the drivers had a function to manually set the position of the NACK. How-
ever none of the attempts was completely successful. When �xing the problem
with the extra cycles the software interpreted the �nal bit from the data as a
NACK, which resulted in the output was one bit of. Any attempts to correct
this problem lead to the software reading a extra register.
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Register First byte ack/nack second byte ack/nack

Ambient most signi�cant byte 00000011 0 00001011 1
Ambient least signi�cant byte 00001011 0 00001001 1
Proximity most signi�cant byte 00001001 0 00011111 1
Proximity least signi�cant byte 00011111 0 00000000 1

Table 9: testAmbient output

When running the testAmbient function where the platform orders a on de-
mand measurement of both proximity and ambient light. This result in Table
9 was monitored in the oscilloscope. The program reads the correct register,
receives a ACK, reads the byte from the next register and sends a NACK.
Since all the results register are in sequential order. The register after Prox-
imity least signi�cant byte is the interrupt control register, that are not used
when using the one shot mode. The function �I2C_PECPositionCon�g� [15] is
supposed to control the position of the NACK. However this function is only
to be used if the platform is to receive two or more bytes, for only one byte
the platform should send the NACK immediately. After numerous attempts to
correct this fault it was, in collaboration with the supervisor, decided to leave
this bug be. It is only 9 cycles that are �wasted� and the output is not a�ected.
Given more time, this is a task worth improving upon.

2.7.2 Software veri�cation

For the software veri�cation a computer was connected to the platform using
RS232, by sending data thru the RS232 messages and values could be monitored
using RealTerm. This would allow for easy monitoring of the program and the
variables received from the sensors.

To verify basic overall functionality each interrupt was tested separately.
With only one sensor and one interrupt monitored. When the interrupt occurred
the program ran through the IRQ function. If the function was functioning
correctly the program would reset the interrupt and the Oscilloscope would
observe the the interrupt bus being released.

To verify the measurements of each sensor a series of experiments was per-
formed. The results collected from these experiments was conmpared to a ref-
erence device.
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Tests

To verify functionality the following experiments was performed:

TCN75A

Interrupts: To test the interrupt routine the device was con�gured to
compare mode and had a upper limit of 29 degrees Celsius and a lower limit of
26 degrees Celsius. Then heat was applied until the interrupts began and the
temperature was monitored until the temperature dropped.

Result: PASS

Measurements: To test the TCN75As measuring capabilities of the adapter-
card was put in a bowl which in turn was put in a bowl with water. Using ice
and hot water he temperature was regulated.

For a reference temperature, a analog red liquid thermometer6 was put along-
side the adapter card. The reference thermometeher had a range of -50°C to
50°C. The resolution of thermomether was about 0.5°C limited by the analog
nature of the thermometer.

The data in Table 10 was collected from measurments.

Ref(μ) (unit °C) Series 1 (unit °C) Series 2 (unit °C) Series 3 (unit °C)

7.5 7.6 7.7 7.4
9 8.8 9.0 9.1
9 9.6 9.5 9.3
9 10.0 8.5 8.8

12.5 13.4 12.9 13.1
22 21.5 21.8 22.0
25.5 25.3 24.7 24.8
28.5 28.4 28.0 28.3
33.5 33.3 33.0 33.8
34.5 33.8 33.9 34.2

Table 10: Data TCN75A

6http://www.kjell.com/sortiment/hus-halsa-fritid/termometrar-vaderstationer/inom-
utomhus-termometrar/analog-utomhustermometer-p48518
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VCNL

Reading device ID By accessing the sensor and reading the Product ID
register of the VCNL4010 the returned value should be 0x21.

Result: PASS

Continuous ambient measurements with interrupts With the device
set to measure ambient light and assert an interrupt when the light value drops
the device should set an interrupt. By starting the program and turning of
the lights in the o�ce interrupts was observed and the result was printed over
RS232 in a terminal program.

Result: PASS

Continues proximity measurement with interrupts When the device
was set to proximity measurements the device asserted an interrupt when a
object was closer then 2 cm.

Result: PASS
NOTE: While testing the VCNL4010 proximity interrupt the sensor was

programmed to make continues measurements of both ambient light and prox-
imity and set a interrupt if the proximity breached a threshold. However the
proximity measurements was never performed. If the sensor was programed to
only make proximity measurement and no ambient light measurements the sen-
sor worked as expected. There was nothing speci�ed in the sensors datasheet[8]
that it would be possible or not to make both kind of measurements at the
same time. However: According to the schematic of the sensor, the diodes
that measure ambient light and proximity share the input wire to the built in
ASIC device in the VCNL4010 sensor. This is the reason why the sensor can't
make simultaneously measurements of both ambient light and proximity.

At the same time another observation was made. The maximum range of
the proximity measurements was about 20mm and not 200mm as the datasheet
stated. The measurements was conducted in a brightly light room with no cover
or �lter on the sensor. The object that was used for the measurement was a
8x8.5cm copper sheet.

Measurements: To test the sensors measuring capabilities two additional
test was performed.

Ambient light: To test the ability to measure ambient ligth, the tests was
performed in a completly dark room. The light intensity was regulated using a
ordinary DC light bulb and/or a LED placed over the sensors.

The reference sensor used, was a Lux meter.
The data in Table 11 was collected from measurments.
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Ref (unit lux) Series 1 (unit lux) Series 2 (Unit lux) Series 3 (Unit lux)

0 0 0 0
3 4 2 3
44 48 52 47
70 52 63 67
190 172 202 199
250 234 242 264
550 470 463 502
908 884 853 890
1025 974 983 930
1250 1373 1243 1192

Table 11: Data VCNL4010 Ambient light

Distance: For distance measurements a none re�ective object(cardboard)
was set up in a completly dark room. The distance from the sensor to the object
was adjusted from 5cm to 0.5cm.

The data in Table 12 was collected from measurements.

Ref (unit cm) Series 1 (unit N/A) Series 2 (unit N/A) Series 3 (unit N/A)

5 2327 2332 2323
4 2337 2367 2352
3 2341 2382 2382
2,5 2359 2424 2432
2 2432 2497 2458
1,5 2610 2605 2608
1 2928 2828 2803
0,5 4008 4005 3908

Table 12: Data VCNL4010 Distance
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MMA

Reading device ID Reading theWHO_AM_I Device ID Register (0x0D)
the return value should be 0x3A.

Result: PASS

Interrupt Data Ready The device should generate an interrupt when a
acceleration measurement is ready.

Result: PASS

Interrupt Motion/Freefall The device should generate a interrupt when
the device experience motion in X-axis.

Result: PASS

Interrupt Tap The device should generate a interrupt when the device
experience a tap.

Result: PASS

Interrupt Orientation The device should generate a interrupt when the
device experience a change in orientation.

Result: PASS

Interrupt Transient The device should generate a interrupt when the
device experience a transient motion in Z-axis.

Result: PASS

Interrupt Auto-sleep The device should generate a interrupt when the
device is left idle for 10seconds.

Result: PASS

Measurements: When testing the sensors ability to measure accleration,
the only reference acceleration was Earths gravity. Using a protractor, a weigth
and some string earths gravity was measured from 0° to 90° for each axis.

The data in Table 13, 14 and 15 was collected during the measurments.
The data is represented as a 2's complement 10-bit binary number and is

converted using [16].
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X-axis
Angel, unit deg Ref, unit g Series 1 (unit g) Series 2 (unit g) Series 3 (unit g)

0 1.00000000
00 1111 1001 00 1111 1011 00 1111 1101
(0.97265625) (0.98046875) (0.98828125)

10 0.98480775
00 1111 1011 00 1111 1001 00 1111 1010
(0.98046875) (0.97265625) (0.97656250)

20 0.93969269
00 1110 1010 00 1110 1011 00 1110 1000
(0.91406250) (0.91796875) (0.900625)

30 0.86602540
00 1110 0010 00 1110 0000 00 1101 0110
(0.88281250) (0.87500000) (0.8359375)

40 0.76604444
00 1100 1101 00 1100 0101 00 1100 0110
(0.80078125) (0.76953125) (0.7734375)

50 0.64278760
00 1010 1000 00 1010 0101 00 1010 0110
(0.65625000) (0.64453125) (0.6484375)

60 0.50000000
00 1000 0110 00 1000 0100 00 1000 0001
(0.52343750) (0.51562500) (0.50390625)

70 0.34202014
00 0110 0110 00 0101 1010 00 0100 1001
(0.39843750) (0.3515625) (0.28515625)

80 0.17364817
00 0011 0010 00 0011 0011 00 0010 1001
(0.19531250) (0.19921875) (0.16015625)

90 0.00000000
00 0000 1000 00 0000 0101 00 0000 1001
(0.03125000) (0.01953125) (0.03515625)

Table 13: MMA8453 Data X-axis
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Y-axis
Angel, unit deg Ref, unit g Series 1 (unit g) Series 2 (unit g) Series 3(unit g)

0 1.00000000
00 1111 1110 00 1111 1101 00 1111 1110
(0.99218750) (0.98828125) (0.99218750)

10 0.98480775
00 1111 1010 00 1111 1011 00 1111 1100
(0.97656250) (0.98046875) (0.98437500)

20 0.93969269
00 1111 0101 00 1111 1000 00 1111 0011
(0.95703125) (0.96875000) (0.94921875)

30 0.86602540
00 1101 1011 00 1101 1110 00 1101 1100
(0.85546875) (0.86718750) (0.85937500)

40 0.76604444
00 1100 0100 00 1100 0011 00 1100 1001
(0.76562500) (0.76171875) (0.78515625)

50 0.64278760
00 1001 1111 00 1010 1100 00 1010 1101
(0.62109375) (0.67187500) (0.75781250)

60 0.50000000
00 1000 0001 00 1000 1010 00 1000 0111
(0.50390625) (0.53906250) (0.52734375)

70 0.34202014
00 0101 1110 00 0101 0111 00 0100 1111
(0.36718750) (0.33984375) (0.30859375)

80 0.17364817
00 0010 1111 00 0010 1100 00 0010 1110
(0.18359375) (0.171875) (0.17596875)

90 0.00000000
00 0000 1111 00 0000 0011 00 0000 0100
(0.05859375) (0.01171875) (0.01562500)

Table 14: MMA8453 Data Y-axis
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Z-axis
Angel, unit deg Ref, unit g Series 1 (unit g) Series 2 (unit g) Series 3 (unit g)

0 1.00000000
00 1111 1111 00 1111 1111 00 1111 1110
(0.99609375) (0.99609375) (0.99218750)

10 0.98480775
00 1111 0101 00 1111 0100 00 1111 0110
(0.95703125) (0.95312500) (0.96093750)

20 0.93969269
00 1110 1110 00 1110 1110 00 1110 1010
(0.92968750) (0.92968750) (0.91406250)

30 0.86602540
00 1101 0101 00 1110 1010 00 1100 1111
(0.83203125) (0.91406250) (0.80859375)

40 0.76604444
00 1011 1000 00 1011 1100 00 1011 1101
(0.71875000) (0.73437500) (0.73828125)

50 0.64278760
00 1001 1111 00 1001 1101 00 1011 0010
(0.62109375) (0.61328150) (0.69531250)

60 0.50000000
00 1000 1010 00 1000 1011 00 1000 1000
(0.53906250) (0.54296875) (0.53125000)

70 0.34202014
00 0101 1010 00 0100 1101 00 0101 1001
(0.35156250) (0.30078125) (0.34765625)

80 0.17364817
00 0010 1101 00 0010 1110 00 0010 1100
(0.17578125) (0.17968750) (0.17187500)

90 0.00000000
00 0000 0101 00 0000 0100 00 0000 0110
(0.01953125) (0.01562500) (0.02343750)

Table 15: MMA8453 Data Z-axis
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2.7.3 Result analysis

This chapter will analyse and discuss the data collected from the experiments.

TCN75A

Interrupts By applying heat in the form of putting a �nger on the sensor
directly the temperature rose to about 30.4°C. The explanation for why it did
not rise to the body temperature of 37°C is that a �nger is not exactly 37°C
and that the sensor is not completely covered by the �nger and heat/cold can
transfer to the sides of the sensor.

Measurements From the experiments conducted the following analysis was
made and presented in Table16.

The standard deviation s. Is calculated from:

x̄ =
1

n

n∑
i=1

xi (2)

s2 =
1

n− 1

n∑
i=1

(xi − μ)2 (3)

u =
s√
n

(4)

Where x̄ is the mean value.
s is the standard deviation.
u is the standard uncertainty for normal distribution.
and presented as equ (5).

x̄± u (5)

Ref(μ) (unit °C) �Precision of measurments� (x̄± u) Standard deviation (s)

7.5 7.5±0.1 °C 0.17
9 8.9±0.1 °C 0.17
9 9.4±0.3°C 0.51
9 9.1±0.4°C 0.69

12.5 13.1±0.4°C 0.69
22 21.7±0.3°C 0.51
25.5 24.9±0.4°C 0.69
28.5 28.2±0.2°C 0.34
33.5 33.3±0.2°C 0.34
34.5 33.9±0.3°C 0.51

Table 16: Analysis of TCN75 data

Note that some surrounding e�ects could a�ect the result of the experiments.
Due to the fact that the platform could not be submerged in water, the sur-
rounding air around the sensor and reference thermometer is the fault of some
error.
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Another set of possible errors is the fact that the reference thermometer was
analog which makes the angle of reading the thermometer a possible source of
error.
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VCNL4010

Reading device ID The resulting ID number was the one speci�ed in the
data sheet. No analysis needed.

Continues ambient measurement with interrupts The thresholds was
based on previous measurements of ambient light with both the o�ce lights on
and o�. When the lights turned of the device asserted an interrupt. Which is
expected.

Continues proximity measurement with interrupts The threshold for
the proximity interrupts was based in the amount of IR-light that the sensor ex-
perienced without any object re�ecting the transmitted IR-light. When objects
(both re�ective and none re�ective) then approached the sensor a interrupt was
asserted.

Measurements From the experiments conducted the following analysis was
made and presented in Table 17.

From the experiments conducted the following conclutions can be made:
The standard deviation s. Is calculated from:

x̄ =
1

n

n∑
i=1

xi (6)

s2 =
1

n− 1

n∑
i=1

(xi − μ)2 (7)

u =
s√
n

(8)

Where x̄ is the mean value.
s is the standard deviation.
u is the standard uncertainty for normal distribution.
and presented as equ (9).

x̄± u (9)

For the ambient light sensor a possible source of faults is the fact that the
reference luxmeter could measure ambient light at a much wider range the the
VCNL4010. This conclusion was reached as the value of the reference luxmeter
was closer to the one of the VCNL4010 when the sides of the luxmeter was
covered.

Distance Measurements The data collected from the distance measurment
are without units. They are only integer number from the integrated ADC in
the sensor. As there was no signi�cant way of analysing the data, and Syntronic
was satis�ed that the sensor responded to stimuli no analysis was performed.
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Ref(μ) (unit lux) �Precision of measurments� (x̄± u) Standard deviation (s)

0 0±0 lux 0
3 3±0 lux 0
44 49±3 lux 5
70 61±8 lux 13
190 191±9 lux 15
250 246±9 lux 15
550 478±52 lux 90
908 875±25 lux 43
1025 962±47 lux 81
1250 1269±55 lux 95

Table 17: Analysis of VCNL4010 data

MMA8453Q

Measurements From the experiments conducted the following analysis was
made and presented in Table 18, 19 and 20.

Ref(μ) (unit lux) �Precision of measurments� (x̄± u) Standard deviation (s)

1.00000000 0.980±0.0148 g 0.0256
0.98480775 0.976±0.0346 g 0.0599
0.93969269 0.9108±0.0209 g 0.0361
0.86602540 0.8645±0.0145 g 0.0251
0.76604444 0.7812±0.0191 g 0.0330
0.64278760 0.6497±0.0313 g 0.0542
0.50000000 0.5243±0.0115 g 0.0199
0.34202014 0.3450±0.0329 g 0.0569
0.17364817 0.1848±0.0147 g 0.0254
0.00000000 0.0286±0.0207 g 0.0358

Table 18: Analysis of MMA8453 X-axis data

Ref(μ) (unit lux) �Precision of measurments� (x̄± u) Standard deviation (s)

1.00000000 0.9908±0.0066 g 0.0114
0.98480775 0.9804±0.0038 g 0.0065
0.93969269 0.9583±0.0142 g 0.0245
0.86602540 0.8606±0.0051 g 0.0088
0.76604444 0.7708±0.0079 g 0.0136
0.64278760 0.6835±0.0492 g 0.0852
0.50000000 0.5234±0.0195 g 0.0337
0.34202014 0.3384±0.0173 g 0.0299
0.17364817 0.1770±0.0042 g 0.0072
0.00000000 0.0286±0.0251 g 0.0434

Table 19: Analysis of MMA8453 Y-axis data
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Ref(μ) (unit lux) �Precision of measurments� (x̄± u) Standard deviation (s)

1.00000000 0.9947±0.0039 g 0.0067
0.98480775 0.9566±0.0197 g 0.0341
0.93969269 0.9244±0.0119 g 0.0206
0.86602540 0.8515±0.0337 g 0.0583
0.76604444 0.7304±0.0258 g 0.0446
0.64278760 0.6431±0.0261 g 0.0452
0.50000000 0.5377±0.0268 g 0.0464
0.34202014 0.3332±0.0174 g 0.0301
0.17364817 0.1757±0.0026 g 0.0045
0.00000000 0.0195±0.0139 g 0.0240

Table 20: Analysis of MMA8453 Z-axis data

Reading device ID The resulting ID number was the one speci�ed in the
data sheet. No analysis needed.

Interrupt Data Ready The device generated interrupts periodically. Indi-
cating that whenever a measurement was ready it generated an interrupt. As
can observed from Figure 15 the data and clock signal was periodically. This
due to a delay after the IRQ function, that blocked data and clock to access
the sensor again even though a new result had been generated. Also can be
observed is the interrupt is released after each access in all case but one, this
last is due o delay and a new measurement was ready when the IRQ function
was ready.

Interrupt Motion/Freefall When experiencing a movement along the Z-
axis the sensor asserted an interrupt.

Interrupt Tap When the sensor was taped the correct event was triggered.

Interrupt Orientation The sensor triggered and displayed the current posi-
tion as expected.

Interrupt Transient The sensor was set to only trigger when moved along
a certain axis. Whit a high pass �lter. Slow moment did nothing. Sharp taps
did assert a event.

Interrupt Auto-sleep The sensor went into sleep mode about 10 seconds
after the last event was triggered.
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Figure 15: MMA: Data only. Yellow: interrupt. Green: Data. Purple: Clock
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3 Goals meet and Experiences gained

An adapter card for the midrange platform utilizing one or more
sensors.

Passed: A sensor adapter card was produced for Syntronic utilizing 3 sensors.

Software to demonstrate the functionality of the adapter card.

Passed: A demo program was produced for Syntronic.

Documentation on both the hardware and software.

Passed: Two documents explaining both HW and SW was produced for Syn-
tronic.

An evaluation of suitable sensors.

Passed: A Pre-study was produced, containing an evaluation of suitable sen-
sors.

All goals that were set out at the begining of the thesis was meet. A func-
tional adapter card with associated software was produced and veri�ed.

The client, Syntronic R&D AB, was sati�ed with the work. They even
o�ered the author emplyment at the end of the thesis.

This project was very educational. Below is a list of new experiences gained
during the project:

� Experience using the I2C interface.

� Knowledge of di�erent interfaces.

� Cad experience using KiCad.

� Project organization.

� Basic PCB design and manufacturing.

� Soldering of surface mounted components.

� Troubleshooting hardware.

� Planing and adapting when unforeseen problems occur.
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4 Possible future work

Given more time and a bigger budget these are some areas that could be im-
proved further in the project.

4.1 Hardware improvements

� Seperate interrupt pins for each sensor.

� Produce the adapter card at Syntronics productions site in Sandviken for
a circuit with more layers.

� Implement the GPS module.

4.2 Software improvements

� Make the interrupt routine blocking.

� Locate and correct the bug that wastes 9 cycles for each read.

� Implement a NOP to correct the timing problem.
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Appendix 1: Read Function

uint8_t Read8bit ( uint8_t SENSOR, uint8_t PLACE)
{
DATA=0;
// enab l e s i n t e r r up t s
I2C_AcknowledgeConfig (I2C_DEVICE, ENABLE) ;
// check i f busy
whi l e ( I2C_GetFlagStatus (I2C_DEVICE,I2C_FLAG_BUSY) ) ;

// generate s t a r t
I2C_GenerateSTART(I2C_DEVICE,ENABLE) ;
// checks i n t e r r up t s ( s t a r t f l a g )
whi l e ( ! I2C_GetFlagStatus (I2C_DEVICE,I2C_FLAG_SB) ) ;

I2C_Send7bitAddress (I2C_DEVICE,SENSOR, I2C_Direction_Transmitter ) ;
whi l e ( ! I2C_CheckEvent (I2C_DEVICE,
I2C_EVENT_MASTER_TRANSMITTER_MODE_SELECTED) ) ;

I2C_SendData (I2C_DEVICE,PLACE) ;
// checks i n t e r r up t s (DR = empty )
whi l e ( ! I2C_GetFlagStatus (I2C_DEVICE, I2C_FLAG_TXE) ) ;

I2C_GenerateSTART(I2C_DEVICE,ENABLE) ; / / generate re−s t a r t
// checks i n t e r r up t s ( s t a r t f l a g )
whi l e ( ! I2C_GetFlagStatus (I2C_DEVICE,I2C_FLAG_SB) )
i = 5 ; // i s needed f o r t iming problems

// read from prev ious s e l e c t e d r e g i s t e r
I2C_Send7bitAddress (I2C_DEVICE, SENSOR, I2C_Direction_Receiver ) ;
whi l e ( ! I2C_CheckEvent (I2C_DEVICE,
I2C_EVENT_MASTER_RECEIVER_MODE_SELECTED) ) ; / /EV6
i = 6 ; // i s needed f o r t iming problems

whi l e ( ! I2C_CheckEvent (I2C_DEVICE, I2C_EVENT_MASTER_BYTE_RECEIVED) ) ;
I2C_AcknowledgeConfig (I2C_DEVICE, DISABLE) ; / / no acknowledge f o r l a s t byte
DATA=I2C_ReceiveData (I2C_DEVICE) ; / / saves in the va r i a b l e "DATA"

// gene ra t e s a stop s i g n a l f r e e i n g the buss
I2C_GenerateSTOP(I2C_DEVICE,ENABLE) ;
whi l e ( I2C_GetFlagStatus (I2C_DEVICE, I2C_FLAG_STOPF) ) ;
r e turn DATA;
}

Drivers was provided by ST microcontrollers [15, 7].
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Appendix 2: Write Function

uint Write8bit ( uint8_t SENSOR, uint8_t PLACE, uint8_t DATA)
{
I2C_AcknowledgeConfig (I2C_DEVICE, ENABLE) ; / / enab l e s i n t e r r up t s
whi l e ( I2C_GetFlagStatus (I2C_DEVICE,I2C_FLAG_BUSY) ) ; // check i f busy

I2C_GenerateSTART(I2C_DEVICE,ENABLE) ; / / s t a r t
// checks i n t e r r up t s ( s t a r t f l a g )
whi l e ( ! I2C_GetFlagStatus (I2C_DEVICE,I2C_FLAG_SB) ) ;

I2C_Send7bitAddress (I2C_DEVICE,SENSOR,
I2C_Direction_Transmitter ) ;
whi l e ( ! I2C_CheckEvent (I2C_DEVICE,
I2C_EVENT_MASTER_TRANSMITTER_MODE_SELECTED) ) ;

I2C_SendData (I2C_DEVICE,PLACE) ;
whi l e ( ! I2C_GetFlagStatus (I2C_DEVICE,
I2C_FLAG_TXE) ) ; / / checks i n t e r r up t s (DR = empty )

I2C_SendData (I2C_DEVICE,DATA) ; // con f i gu r e the r e g i s t e r
whi l e ( ! I2C_GetFlagStatus (I2C_DEVICE,
I2C_FLAG_TXE) ) ; / / checks i n t e r r up t s (DR = empty )

I2C_GenerateSTOP(I2C_DEVICE,ENABLE) ; / / generate stop cond i t i on
whi l e ( I2C_GetFlagStatus (I2C_DEVICE, I2C_FLAG_STOPF) ) ;
}

Drivers was provided by ST microcontrollers [15, 7].
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