I.J. Intelligent Systems and Application2017, 7, 70-88 =
Published Onlinduly 2017 in MECS (http://www.mecpress.org/) | Modem Education
DOI: 10.5815/ijisa.201.07.08 | PRESS

A PracticalApplication ofARM CortexM3
ProcessoCorein Embedad Systenkngineering

Oluwole O. Oyetoke
TheUniversity of Leeds, Department of Electronic and Electrical Engineering, LS2 9JT, Leeds, United Kingdom
E-mail: oluwoleoyetoke@gmail.com

Abstactd Embedded Systems Engineering has grown imndenidle future of our technology wiok Nowalays, at
recent years to become an integral part of our digilyg  the core of every sigficant technological piecdie

as it findsstriking applicationsin various spheres afur  elements of embedded systems. These range from self
lives. These range fromManufacturing, EectronicHealth, controlled cars, intelligent building designs, automated
Telecommunications, Constructim and Robotics to factory processes, aeronautic gears to st energy
numerous other field®rimarily, Embedded stemsare  systems [2]. The pgrammable components of these
usually a combination of selected electrical and electroniEmbedded $stems include components such as
components functioning together under the direct contrdVlicrocontrollers and Field Programmable Gate Arrays
of a programmedontroller. Thg servefundamentallyas  (FPGA). Most importantly, the Microcontrollers which
additional units incorporated within already existing are singlechip computers, serve dedicatedly the brain
infrastructureswith the sole aim of providingledicated of the systermwhich they are embedded into. They are
services to the larger infrastructureMany of the primarily used to execute simple and not so complex task
controllersusedoperate on uniquely designed processowithin systems. A close relative of these are the
cores instruction setsand architecture pro@k. This  microprocessors which are far more sophisticated and can
paper seeks to elucidate the applicationtledé ARM execute numerous opemts, simultaneously (such as
CortextM3 processor based NXP LPC 1768 you have in our modern day desktop computers). These
Microcontrollerunit in the design and development of a Microcontrollers are often time called mbedded
TemperatureMonitoring and Logging System The  controller because the ibtocontroller itself and its
write-up starts off with an overview of tharincipal ARM  support circuits are most times built into or embedded in
processorcore families architecture profiles, instruction the devices tby control [1].

setsand subsequentlylemonstrate#s utilization in the It is a fect that Embedded yStems control many
designof a Temperaturévionitoringand LoggingSystem  devices in common use today [3]. About 98% of all
The paper showshow the NXP LPC 1768 microprocessors being manufactured are used in
Microcontroller Lhit successfullysenes as thébrain of Embedded $stems [4] which hasell to the common
the temperature loggedevice through its standardized definition of Embedded\&tems being computeystems
interfacingwith a TMP102 temperature sens@ingthe  having dedicated functions within a larger mechanical or
Inter- Integrated Circuit (12C) protocol The electrical system, often with reine computing
Microcontroller is programmed usingrbedded Gwvhile  constraints [5][6].

otherunique functionalitieof the ARM CortexM3 core This paper is broken down into two maparts The
such as Interrupt &hdling and Sytem Tick Timer first part povides an overview ofthe ARM
efficiencyarealsoexplored. Microprocessor Architecter and Instruction Set while

the other part highlights the design and development
Index Term® ARM, CortexM, Processors, Embedded process ofan embedded Temperature Logging and
System, Temperature Senso6PIl, 12C, TMP102  Monitoring S/stem applicable for industrial temperature
Embedded C monitoring, regulation and control, intelligent building
temperature mator, automobile, aeremotive engine
temperature trackan and other similar temperature
[. INTRODUCTION dependent applications. Thipaper ultimately helps

crystalize understanding of the ARM processor core
Over the past decadesetiworld of technology has design peculiarities, electronic circuit design, PCB

transitioned from the use of gigantic electronic centers tBroductionandembedded C programming

micro prograr_nmable systems and chips which can be The design processf the Temperature Loggingnd
embe_dded W'th'.n. other systems to make them mor’?/Ionitoring System is kick-started on EAGLE light
effective and efficient [1]. These programmable Systems .hematic and layout editor to generate the Printed

which are furthe integrated with other electrical ~. . -
Circuit Board (PCB) model of the electrical and
components form what we term the Embeddgsitém. electronic circuitry which is then tansformed into a

These systems as their name implies are simply SySteéHﬁysical bard through the PCB etching/manufacturing

functioning within other systems to make them mor - g -
effective, efficient and easy to use. They pose to be thaend soldering processAn  Embedded C-program is
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written using the ARMmbed developer site/online in engine management systems
workspace and loaded into the memory of embedded A Low latency and predictability
microcontroller (LPC1768). Witproper software coding, A Do not support wtual memory
this microcontroller is programmed to act as the brain o . ,
the temperature logger device. The microcontrollef™ ARM VM (Microcontroller Profile)
interfaces with the deva ceA sSupperedby ARMOerteXXMOpMOk and M3R2 03 2)
temperature sensor (TMP102) and other physically A Low gate count entry point

attached buttonand switches. Data and inputs received A Low power consumption

from these peripherals are processemalyzed and A Targeted specifically for  microcontroller
interpreted. The Microcontroller also |ps to applications
appropriately displayneeded performance, temperature A Fixed memory map which allows for much more
and status information on t btandadiieationceds graphi cal Liqu
CrystalDisplay (LCD). A Different exception handling model
B. ARM Dataset
Il. REVIEW OF THE ARM MICROPROCESSOR A R Ms0 architecture can be categorizedder the
ARCHITECTUREPROFILES Reduced Instruction Set Computer Architectcagegory,

having avery much simplified Instruction Sets working
underthe basic loaestore mechanism. Beingl@ad store
architecture only the load and store instructions can deal
directly with memory. Other instructions are not allowed
to modify memory directly. Most ARM cores run tB2
bit ARM Instruction &t and/or thel6/32bit Thumb
ggstruction set. Simulteeously running this two sets on a
ore helps improve performance and level the various
radeoffs, as the ARM instruction set unlocks the full
erfaomance potentials of the core, considering the fact
hat the Arithmetic and Logic Unit (ALU) pocesses in
2-bit words and memory imanipulated i32-bit units

n the other hand, the Thumb Instructioet $rovides
increased code density. Switching between the tw
ﬁnterworking is possible in somarchitecturalprofiles
such as the vA, however the vZM profiles only
supportthe Thumb/Thumi®? Instruction $t

ARM Holding, a multinational Original Design
Manufacturer (ODM)of semiconductor technologies and
software development tootiesigns and supports a wide
range of performance and pability points through its
wide range of preessor cores which atroadly divided
into the CortexA, R and M families Although ARM
neither manufactures nor sell CPU devices, it licenses i
designs to interested parties who manufacture silicon. F
beter organization, ARM broadly categorizes its
processor architectures into various standardized profile

The CortexM family of processors are intended for
use in microcontroller units where cost is an importan
factor while the CortexR provide highperfamance
precise timing properties and predictable interrupt latenc
such as is needed iautomotive engine management
systems. On the other hand, of scalable high
performance applications that require a platform
operating system, ARM provides the Cortexfamily = C. Processor Modes
processors (A5, A7A8, A9 and Al5) These application

processors incorporate sophisticated memoréfMOSt ARM cores have 7 bastiperatingmodeswhich

management capabilities and extended instruction set f € e|therpr|;/|I§:tged or utnplvnegedmo&jesa.fliachmmodﬂ €

multimedia processing and securiffhe ARM Cortex as access 1o IS own stack space and a diftere S

Al15 processors are said to leailable inmulticore registers. For thé:orte_xA and R coress of_these modes
are privileged while one is unprivileged. The

?:r?ggli)rfagg\?ér ?ﬁéepbéfoﬁrrg;fégg grounds for a hngeunprivilegedmode isused by the Operating System3O
' for usertasks and processes. The tableelow showg a

A. ARM Architecture Profiles breakdowrof the various available modés the Cortex

ARMOG s shrewd approach i'%andgerfag]'geﬁizing i ts various
designsinto architectural profiles makes way for single

. : L Table 1.CortexA, R Processor Modes and Description
common architectuseto sipport a huge diversity in

performance. Various architectural profilexist the MODE DESCRIPTION
most common of which are the ARM W, v7-R, v&-M Stigt\a/réu)sor Entered on reset
and v£M profiles used by variouseriesof the Cortex . — .
FIQ Er_]tered when a high priority (fast) interrupt
processors raised
P - Entered when a normal priority interrupt ig
1. ARM VvZA (Application Profile) IRQ raised
A Supported byARM CortexA15 and A9 Abort Used to hanél memory access violations
A Supports memory Management Undef Used to handle undefined instructions
A Supports Trusfone Privilegedmode usinghe same register as usq
pp System | e
2. ARM V7R (Real Time Profile) User Most applications/OS tasks run in this mode

A Supportecby ARM Cortex R4and R5Cores

A Used in very deep embedded applicatiensh as On the otheihand, the CorteM processor modes are
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different from thee operated by the A and Bmilies. The CortexM cores have 13 general purpose registers
CortexMs only have two modes axplainedbelow (ROT R12), 3 special usage registers (SP, LR and PC)
and 1 program status register (xPSR). The xPSkeén
a) Thread Mode CortexM core is similar in desigffunction to the PSR
This is anunprivilegedmode used for application cade used by the CorteA and R cores.
When the system reset it starts reading code back fro
the thread mode and then automatically cinés to the
handler mode when an exception happens The ARM processor cores ardesgned to handle
interrupts in a unique way. As we know, interrupts are
b) Handler Mode (sudden) events that causeterruptiors in current
This is aprivilegedmode used to handle exceptions  programflow for which the system has to immediately
. deal with. They may be internal .¢¢ memory
D. ARM Register Set translation/protection faults), exthal €.g. bus errory
It is important to note that as the cores switch betweeasynchronouge.g.timer interrupts) or even synchronous
different modes, the registers in action also switch, age.g9. SVC instructions) These interruptionsire handled

B Exception and Interrupt Handling

each of these modes by the processasin the steps listedroadlybelow

_ _ ] _ a) Save Processor Status

LUser Supervisor Abort Undetined IR} FI}

Ro RO RO RO RO RO This copies the content of the CPSRgiter into the

RI RI RI RI RI RI SPSR of the incoming modmd also, the pointer to the

k2 k2 R &2 R R immediate instruction to return to is saved from the

o il o © © © Program @unter of the current mode into the Link

E E Zj ij Z: E: Register of the incoming mode.

RS il b Re RG had b) Change Processor Status/Mode

RT RT R7 R7 R7 R7

RS RS RS [ RS RS_fiq The processor medis then changed to interrupt mode,

RS B9 R9 k9 R9 R9_fig therebybringing in the register set of the calledierrupt.

R10 RI10 R10 R10 RI0 | | R10_fiq In some cases, depending on the interrapécution

Rl kit Rl kil RIL | [ RIS techniqueimplemented a vector table is used. At the
N EB m’;l:w RIRSIibt m‘;‘jﬂ m“;zj'q :i—:: event of an interruptiorihe processor uses the t@c
el 1 1 1 1 table to Work out where to find the exception han_dler, as
ve 7 e i > . . each entry in the vector table has an instruction that

branches to relevant handler code
I CPSR I CPsR CPSR CPSR CPSR CPSR )
SPSR_sve| |SPSR_abt| [SPSE_und| |SPSE_irg SPSR_fig C) The Handler IS eXeCUted

Fig.1. CortexA & R Cores Register s¢Bource: ARM GIC Tutorialg d) The processareturnsback to user/thread ade

The CortexM cores however have different register To return back to thread ade, the CPSR is restored

sets from those operated by the A and R series. from the copy saved in the SPSR and the PC is also
restored from the copy saved in the LR of the interrupt
Tabe 2 Table showing CorteM CoreRegisterSet mode just being exited.
Thread Mode Handler Mode
22 [ll. THEARM CORTEX-M3 COREDISTINGUISHING
FEATURES
R2
R3 TheNXP LPC 1768 Microcontroller usad thedesign
R4 of the TemperatureMonitoring and LoggingSystem
R5 explained in this paper makes usé¢t@ARM CortexM3
R6 core which runs on the ARM v7M architecture profile.
R7 Notable characteristics dfie M3 cores are theiusesof
R8 only the Thumb nistructionSet, siypport of Sygem Tick
R9 Timer and iés Harvard merory architecture whereby the
R10 buses which carry irstructions are separate from the
R11 busses that carry memory data. It is importamiote that
R12 the CortexMs do not come in multicore configurations
?éag)li ng P E:Jr;tetl?neeyssupp)rt pipelining. Cortex M3s have 3 stage
Link Register (LR) The new Nested Vector Interrupt Controller (NYIC
Program Counter (PC) System of the ARM CorteM3 provides the processor

with outstandig interrupt handling abilities.In its
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standard implementationit supplies a NotMaskalbe  endianness and only support the Thumb Instruction Set.

Interrupt (NMI) and 32 general purpose interrupts with 8CortexM3s do not come in multicore configurations but

levels of preemption priority. It can be configured to however support optional Memory protection unit.

anywhere between 1 and 240 physical interrupts with up ARM Cortex M3 cores are used in NXP LPC 13000,

to 256 levels of priority through simple synthesis choices17000, 18000 series Microcontrollers. The Tempeeatu
The CortexM3 processoruses a rdocatable vector logger design elucidated in this paper makes use of the

table that contains the address of the function to bEXP LPC 1768 Microcontroller.

executed for a particular interrupt handler. On accepting

an interrupt, the processor fetches the address from the

vector table through the instruction bus interface. ThelV. TEMPERATUREMONITORING AND LOGGING SYSTEM

vedor table is bcated at address zero at rdsgt can be HARDWARE DETAILS

relocated by programming a control register. The Temperature logger circuit is draw using the
The NVIC supports nesting (stacking) of interrupts, AGLE Schematic Editor, an intuitive tool which allew

allowing an interrupt to be serviced earlier by exertin ¢ ¢ d iah of
of interrupts and ipority levels can be changed by . ' .
P mworry g y nto the full PCB | ayou-t wusin

software during run time. Interrupts that are bein . .
g P o-use PCB layout editor. Fig. below shows the

serviced are blocked from further activation until the h i fthe T ture L Devite mai
interrupt service routine is completed, so their prioritySC emalics ot the Temperature Logger bev major

can be changed withouski of accidental rentry. hardware components used include the following
In the case of baeto-back interrupts, traditional

systems would repeat the complete state save and restor

cycle twice, resulting in higher latency. The CorMR A

processor simplifies moving between active and pending A

interrupgs by implementing taithaining technology in A

the NVIC hardware. Taithaining achieves much lower A Push Buttons

latency by replacing serial stack pop and push actions thatA 5 Wav Switch

normally take over 30 clock cycles with a simple 6 cycle ay Switc

instruction fetch. The processor stage automatically A, Hardware Component Breakdown

saved on interrupt entry, and restored on interrupt exit, in

fewer cycles than a software implementation,1) ARMMicrocontroller Development Board

significantly enhancing performance in sLBOMHz )

systems As therecould be cases where an interrupt of 1he mbed developemt boards are a series of ARM

higher priority could alsoaeur during the stacking (Push)Microcontroller Development @&rds designed for rapid

or state restore (Pop) stages of the interrupt beinEg)tOtyp'_”g' The mbed NXP LPCG68 which is used in

serviced. In traditional ARM7 based systems, these stagd¥S design and developmerg primarily a board of

need to complete before the pending interrupt ke peripherals fusg togetherwith the ARM CortexM

over. The CortesM3 NVIC on the other hangrovides LPC1768 Mcrocontroller. One good advantage of this

deterninistic response to these possibilities with supporP2rd is the presence of a builtUSB flash programmer
for late arrival and premption which makes it easy to upload code biearinto the

onboard Microcontroller flash memory. It is widely used,
dueto its adaptability for designing and prototyping all

ARM Microcontroller Development Board
Temperature Sensor (TMP102)

LCD Screen (Nokia 5110)

AA Batteries

Real Time Clock (CR 2032)

Interface Peripheral I/F |

________ g — sorts of devices, especially those including Ethernet, USB,
) WIC 4hINVIC =) ¢ ETM i) and the flexibility of lots of its peripheral interfaces and
"""" ARM Core i 1 FLASH memory. It is packaged as a small Dual Inline
4+ 1 | Package (DIP) which makésusable on PCB design. Fig.
B Memory g 3 below show the real life representation of the
= i Protection Unit | ~Viewer ||’ ARMmbed development board.
1T The LPQA768 is an ARM CorteM3 based
- o J Microcontroller for embedded applications featuring a
Z' L high level of integration and low power consumptidn.
B 6 : : ¥ | represents the next generation core that offers system
m Bus Matrix ‘ enhancements such as enhanced debug features and a
= 8 Code SRAM & - higher level of support block integration [7]. The

LPC1768 has found application in varying industrial
y OO \ \ . fields, mot@ control, medical and lightg systers. The
peripheral complement of the LPC1768 includes up to
Fig.2. CortexM3 Processor (Sourceavw.embeddedinsight.com 512 kB of flash memory, 64 kB of data memory, SPI,
[2C-bus interfaces, input, outputscBannel 1zbit ADC,
CortexM3 processors unlike legacy cores which allow10-bit DAC, motor control PWM ath many others. For
on the fly changing of endianness, only have fixedhis design and developmethis Microcontroller on the

-
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ARMmbed development board is programmed using CTable 3 Table Showing Var_ying TMPl_OZ Addresses BaSedADDO
on the ARMmbed developer site which is them further Pin Connection

compiledinto binary and then uploadedhto the device TMP 102
ADDO Connection Address in TMP 102 Address
local memory through the USB bootloader. Binors in Hexadecimal
GND 1001000 0x48
V+ 1001001 0x49
SDA 1001010 Ox4A
ScL 1001011 0x4B

3) Liquid Crystal Display (Nokia 5110)

A liquid-crystal display (LCD) is a flapanel dsplay
that uses the lighihodulating properties of liquid crystals.
Liquid crystals do not emit light directly [8]. These
LCDs are made with either passive matrix or an active
matrix display grid. The passive matrix LCDs have grids
of conductors with pigls located at each intersection in
the grid. Current is sent across two conductors on the grid
Fig.3. ARMmbed NXP LPC1768Sourcedeveloper.mbed.ord]) (row and column) to control the light for selected pixels.
However, active matrix makes use of transistors, thereby
requiring less current to control the luntica of a pixel.
The Nokia 5110 LCD used inthis design and

The TMP102 brealkout board digital temperature developmentrepresents typical active matrix graphic
sensor is used fahis design and developmerit uses LCD (Thin Film Transistor technology). Its pixels can be
Inter-Integrated Circuit (12C) Seridgb-Parallel Interface manipulated to draw graphics, rather than just regular
(SPI) communication protocol as aomsmunication texts at a low power consumptioate and at a better
mechanism with the Microcontroller. With its nominal response rate. The Nokia 5110 LCD used has the capacity
12-bit resolution it to be able to measure temperaturéo store 48 by 84 pixels in total.
changes as small as 0.0625 €. The Nokia 5110 Graphical LCD package has 2 parallel
8-Pin headers above and below it. As you may be able to
tell by the faint traces conneagirthem, each pin on one
header is connected to the parallel pin on the other side.
Here are the eight unique pins along with an overview of
¢ their purpose.

[eReEer ot ok

2) Temperature Sensor (TMP 102)

Fig 4. Temperature Sensor (TMP102) Table 4 Table showing the Pins of the Nokia 5110 LCD and their

functions
° PIN PIN PIN
| Yemursire NUMBER| LABEL |FUNCTION NOTES
R Il_-oo...r oo le o 500 1 VGG Positive [Supply range is between 2.]
& G s power supply and 3.3V
T O ADDO |
Jwosirs [son | W2 3 wenr e o | 2 GND Ground _ _
K e ‘H o Active low. The enable pin|
2 \ 3 SCE Chip select |allows data to be clocked in
l NOTE:SCL.SDA and ALERT ‘ Con ko is typically active low
Lo pEmEbwReEn T oo A“’ This signal will reset the
GND

device and must bepplied td

4 RST Reset PR )
. h . properly initialize the chip.
Fig.5. Temperature Sensor Typical Connection (TMP102) The signal is active LOW
. . The nput to select betweel
The TMP102device is twewire, System Management 5 D/C | Mode selecticommand/address mode (Ig
Bus (SMBus) and 12C interfaggompatible. When iis and data mode (high).
configured to the 1-Bit data format mode (Extended 6  |DN(MOSI)| Serial data i Input for the data line
Mode), it can measure temperatures ranging fi68C . Input for the clock ignal: 0.0
. . . . 7 SCLK Serial clock 4.0 Mbits/
to 150€C. Considering the fact that the TMP102 is acting to4. its/s.
as a slave in this application, its address is determined b 8 LED ba"cil?g ht |Acceptable voltage is betwe
where the Pin 4 (ADDO) is connected to. The various supply 271033 V.

address of the TMP102 based on the Pin 4 conmeat®
highlighted in table ®elow.
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In this design and developmenthe Temperature
Logger interacts with 2 pushutions (A & B) used to
switch the display mode between the graph plotext
displayand alsao switch ON and OFF the LCD display
in order to conserve power. This is made possible through
and Interrupt Service Routine initialized on the MCU pin
connected to these buttons.

7) AA Batteries

These are 1.3 to 1.5 V external sources of power used
by the circuitto power up the ARMmbed and the other
electrical and electronic components present.

B. Schematic and PCB

Fig.6. Nokia 5110 Graphical LCD (Bottom and Top View)

4) Real Time Clock (RTC)

A reaktime clock (RTC) is an ultrbow power backup . .
battery computer clock that is used to keeps track of the Fig. 7, _8 and 9 below show the schematlc
current time in most embedded computer devices. Thi€Presentation of the Temperature Logger and its PCB
frees the main system from routine time counting and@nslation. It can be seen from the schematic that th
makes it available for more tirmitical tasks. RTCs T'MP10 2. Sensoros SDA Aa nd SCL
typically make use of 3268 kHz crystals to create clock t € ~ Mi crocontrol leros l2C
signals which can be accurately interpreted into tim&€SPectively. The Nokia 5110 LCD uses the Serial
frames in seconds. The frequency 32768 Hz is commonfy€riPheral Interface (SPI).
used because it is a power of 2 (2rHnd users can
precisely get second interval counts from it by making
useof a 15 stage binary counter. It is important to notg
that RTC use UNIX time which describes time by
counting the number of seconds that have elapsed sin
1st January, 1970. The alternative source of power for th
RTC helps to keep it running even whilee primary
source of power is off or unavailable. This alternate
source of power is normally a lithium battery. tims
design and developmenthe RTC is accessed by the
Microcontroller through serial communication.

5) Two-Way Switch

The twoway switch is used inthis design and
developmentto switch ON and OFF the logging
operation of the temperature logger. When switched ON;
the device automatically logke temperature reading into
OLOGGER. csv 6 f idcad mamoreg af the d
ARMmbed. TheseTwo-Way switches are also called
Single Pole Double Throw (SPDT) switches. This is
because they have three terminals: one common pin andg
two pins which vie for connection to the common.
Change in position of the switch creates corresponding
changes to the ate of the Microcontroller pin connected
to it. By monitoring this microcontroller pin state,
changes can be triggered regarding the logging operations

6) Push Button

These kinds of switches are used to controls the-open
ness or closedess of an eledtr circuit by limiting the
flow of current momentarily or permanently. The
momentary push button switches are useddésign
These switches maintain their state continually and only _ _
toggle states when they are currently pressed. Fig.8. Temperature Logger FCLayout (Top View)
Interestingly and for easef interactions, these switches
have click feedback when pressed.
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e 5 | 8.1 vasl 2168 350 development board is connected to the computer through
this port, the generated binary file from the online
compiler can be copied and pasted into the file system
and then when the reset button on the development board
is pressed, the ARMmbed restarts operation and selects
the binary file in its file system with the most recent date

of creation
Write code on Mbed _ | Compile code to binary
Connect developer site v format
ARMmbed
to PC
through
USB port Press reset button on Copy and paste binary
the Mbed to load in the | file into Mbed file
new binary svstem

Fig.10. Block Diagran Showing the Mbed Programing Process

Fig.9. Temperature Logger PCB Layout (Bottom View) Th_e Temperatu_re LOggemaS_ 4 components which
require programmlng/conflguratlon In one way or the
other. These programmable components include

V. TEMPERATUREMONITORING AND LOGGING SYSTEM A Nokia Graphical LCD (N5110)
SOFTWAREDETAILS A Temperature Logger TMP102

. . _ A Real Time Clock
The online compiler available on the ARMmbed R | pcNX1768 Microcontroller

Operating System (OSkedeloper site is used to program

the orboard MCU. This online workspace allows — the pjerocontroller which is the brain of the whole
embedded C code to be written and compiled into the&ysiem is programmed to initialize and configure the

binary ~versions instantaneously. ~The ARMmbedicnerature sensor (TMP102) at start up, receive periodic
development board (NX LPC1768) is designed in such g herature updates from the sensor and displays this
way that these generated binaries can be 'mmed'atefé‘mperature refing either in numeric format or in
loaded into the Microadroller memory through the temperaturerstime graph plot on the connected

onboarq US_B' graphical LCD screen (Nokia 5110 LCD).
Considering the fact that the ARMmbed NCRC1786

is designed with an dwward mintUSB port, when the

4 AA Batteries

Power Supply Power Supply Power Supply Power Supply ? |z
: |
w v
= =
* ’é
. = =
NOKIA Graphical LCD (N5110) Button 1
Periodically
Update Display Switch Between o
i i Toggle LCD
TMP102 Updates MCU Different Display Modes betwreen Standby
Temperature with Current NXPLPC 1786 and Wake-up
Sensor Temperature Reading ARM
TMP102 MCU Configures icrocontroller
( ) TMP102 Registers L‘h TOCITD:
Toggle ON/OFF
Switch Temperature
RTC Updates MCU T oy 1 ivializes and Device Logsing to File
Periadically with the Configures RTC ON /OFF| System
Current Time
. . ol
Switch Switch
1 2

Fig.11. Block Diagram of Temperature Logger Key Component Interaction
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The Microcontroller is also programmed to initialize the 12C bus. Only a master can do that.
andconfigures the Real Time Clock which in turn returns The transfer operation is initiated by the master by
the current time reading every second to thassuing a start sequence on the 12C bus. For 12C, the start
Microcontroller. The Microcontroller then passes thisand stop sequences are spemn that they are the only
value for display on the graphical LCD screen. places where the SDA (data line) is allowed to change
The Temperature Logger devices also have 2 switchaghile the SCL (clock line) is high. In fact, the start
(1 & 2) and 2 push buttons (A & B) which are used foroperation is triggered when the SDA changes state to low
power supply, temperature logging trigger, LCD screenvhile the SCL is high while the stop command is
standby/wake and plot vs view mode switching. triggered wken the SDA changes state to high while the
It is important to note that the communication protocolSCL is high. When data is being transferred, SDA must
which is known as 12C (Intdntegrated Circuit)s used remain stable and not change whilst SCL is high. These
for communication between some of the peripherastart and stop sequences mark the beginning and end of a
devices and the Microcontroller. This include thetransaction with the slave device.
temperature sensor and the microcontroller. The block
diagram shown if Fig. 11 below explains how each of Start sequence Stop sequence
these devices is programmed to interachwich other.

SDA SDA

A. Microcontroller-to-Temperature Sensor Interaction

In this design and developmenhe Microcontroller 5L
communicates with the temperature sensor (TMP102)
using a serial communittan protocol called 12C (Inter
Integrated Circuit). The 12Cus was designed by Philips
in the early 1980s to allow easy communication between
components which reside on the same circuit board [10].

Thelorlglnal communication speed was defined with Hits transferred, the device receiving the data sends back
maximum of 100 kbits per second, however, for

applications which equire faster communication, there 2" acknowledge bit, so there are actually 9 SCL. clock
PPl quire PO : pulﬁes to trarisfer eh 8bit byte of data. Ifi cei in :
exi st t he 0fastmoded whi al [ 0ws ué t f \{&Its

5CL

Fig.13. I2C Start and Stop Transaction Trigger

Data is transferred in sequences of 8 bits. For every 8

operations per second an euc%Fengba{:khaelowf cknoth nt Ki)Blhs&eed

. then Gt has’received” the 'd&ta and is red y to” acce
mode which accommodates about 3.4 Megabits

operations per second. I2C requires just two Wiresano'[her byte. If it sends back a high ACK then it is

connected to the dews Serial Clock (SCL) and Serial ;hhd(;(lﬁ'Tgrgﬂcna;,lgotthzcgf;ﬁ;?er;yg ur;r;i;l?nataaa;g thfeml?:;ire
Data (SDA) lines. Simplicity and flexibility are key Y 9 P S€q

characteristics that make this bus attractive to manglll]'
applications and it remains one of the most widely used
communication protocol. 12C bgeally functions on the

maste-slave configuration i.e., in most cases, 1 device -I ‘ b7 | b6 | bS5 | b4 ‘ b3 ‘ b2 | b1 ‘ b0 |ACK‘ r SDA
acts as the master which then communicates with one ol

more other slaves by specifying their addresses. scL

Fig.14. Timing Diagram for Sending 1 Byte Over 12C

Start Stop

SCL
— = a) Algorithm (12C Write Operation)

At first, the masteisends out a start sequence which
keeps all the slave devices connected to the master
SLAVE SLAV SLAV through the bus on alert. The master follows this up by
Ry ————— sending over the address of the specific slave it intends to
communicate with. The slave that matches this address
will continue with the transaction while the others will
Fig.12. 12C SlaveMaster Configuration ignore the rest of this transaction and wait for the next
start sequence. After these successful match between the
Each 12C slave has abit address, which makes a master and the slave, the master is required to send out
master hle to communicate with up to 127 slave deviceghe internal location oregister address inside the slave
on one | 2C configur at i onthatitAvidhtks teisteract @ith x 0 0 6 i s usually
reserved for broadcast to all connected devices. The
master is always the device that drives the SCL clock line. 1) Send a start sequence
It is important to note that the slaves #re devices that 2) Send the I12C address of the slave with the R/W
respond to the master and cannot initiate a transfer over bit set to low

. 3V
m:_[ [ | SDA 1. Step by Step Analysis of the 12C Protocol Operation

GND
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3) Send the internal register address

4) Send the data byte

5) [Optionally, send any further data bytes]
6) Send thestop sequence.

b) Algorithm (I2C Read Operation)

Reading from the slave is a bit different. a read of the
slave starts off by writing to it. The start sequence is sent 6)
with the R/W bit of the address set to low. This is then

followed by the address of tliternal register that would

be written to. Since this is a read operation, another staét
sequence i.e. restart is sent, this time with the read bit set
to high. This can then be followed by as many read The address of the TMP102 is dependent on the

operations needed which can later be terminatel tivét

stop sequence.

1) Send a start sequence

2) Send I2C address of the slave with the R/W bit

low
3) Send

high

needed

nternal

7) Send the stop sequence.

connect

on

of

regi steros
4) Send a start sequence again (repeated start)
5) Send 12C address of the slave with the R/W bit

Read as many datg/tesfrom the slave device as

Initializing and Configuring the TMP102

blet5belod shbws @hé
various possible addresses of the TMP102 with respect to

i tAsDD06 pin connection.
Table 5 Table showing Possible TMP102 Addresses

S/N ADDO TMP102 TMP102 Read TMP102 Read TMP102 Write TMP102 Write

Connection Address Address (Binary) Address (Hex) Address (Binary) Address (Hex)
1 Ground 1001000 10010001 0x91 1001®00 0x90
2 V+ 1001001 10010011 0x93 10010010 0x92
3 SDA 1001010 10010101 0x95 10010100 0x94
4 SCL 1001011 10010111 0x97 10010110 0x96

The TMP 102 has 4 internal registers which take on . .
a) Pointer Register

different functions. These registers include:

1) Temperature Regist
2) Configuration Register
3) TLOW Register

4) HIGH Register

5) Pointer Register

Pointer

Register

Temperature
Register

Configuration
Register

Teow
Register

Thicn
Register

1o
Cantrol
Interface

-—— SCL

= SDA

Fig.15 TMP102 Internal Registers (Source: TMP102 Data SHed}t

This is an &it register used to determine what data
register must respond to a read orte&vdommand. It uses
the two leassignificant bits (SBs) to determine this.
Table 6 and helow elaborates on how this register is

structured.

Table 6 Table depicting Pointer Register memory

P7 P6

P5

P4 | P3| P2

P1 PO

0 0

0

0 0 0

Reg.pointer
bits

Table 7 Pointer Register Location Pointer Based on Inputs

P1 PO Register Pointed to

0 0 Temperature Register (Read Only)
0 1 Configuration Register (Read/Write)
1 0 TLOW Register (Read/Write)

1 1 THIGH Register (Read/Write)

b) Configuration Register

The Cafiguration Register is a Uit read/write
register used to store bits that control the operational
modes of the temperature sensor. Read/write operations

are performed MSB first [12].

Table 8 TMP102 Configuration Register Memory Space

Position D7 D6 D5 D4 D3 D2 D1 DO
TBEYl Label 0s R1 RO F1 FO POL ™ SD
Content 0 1 1 0 0 0 0 0
Position D7 D6 D5 D4 D3 D2 D1 DO
TBEYZ Label CR1 CRO AL EM 0 0 0 0
Content 1 0 1 0 0 0 0 0
Copyright © 207 MECS I.J. Intelligent Systems and Apgdtions,2017, 7, 70-88
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The contents 0b01100000 and 0b10100000 of th
configuration register in dble 8above is the normal reset
value. However, forthis design and development,
0b01111000 and Ob01100000 are used for Byte 1 and

79

memory position with the label (EM) is used to determine
the data format that will be used by the temperature
register TLOW and THIGH registers. When EM=0
(Rlormal mode), these registers make use of théitl2

respectively, so as to satisfy some of the performanagata format. However, when EM=1 (exded mode), the

requirement of the device such as
temperature convem. The sections below explain the

less frequerit3-bit data format

is used forthis design and
developmentEM is set to 0.

importance of each of the registry space present in the Alert (AL): The configuration register memory position

TMP102 Configuration Register memory

Shutdown Mode (SD)The configuration register

with the label AL is used to provide information on the
comparator and interrupt mode status. thas desjn and
developmentAL is setto 1

memory position with the label (SD) is used to toggle Conversion Rate (CR)The configuration register

between continuous tempgure conversion state and a

memory position with the label CR1 and CRO are used to

non-continuous mode whereby all device circuitry is shuset the number of times in a second, the TMP102 should

down when the current conversion is complete. thix
design and developmentSD is set to 0, thereby
maintaining a continuous conversion method.
Thermostat Mode (TM)The configuration register
memory position with the label (TM) is used to toggle
between Comparator (TM =
(TM=1). Forthis design and developmeiit\ is set to O.

carry our temperature reading/conversioable 9below
explans various contents combination in this register
location and their effects. For this design and
development, CR1 and CRO are set to 0 and 1
respectively.

0) and Interrupt Mode

Table 10Various CR1 and CRO combinations and their effects

Polarity (POL): The configuration register memory
position with the lablg(POL) is used to set the polarity of
the alert pin. If POL=1, ALERT pin becomes active high
and vice versa. Fahis design and developme®QOL is
setto O

Fault Que (F1/F0):The configuration register memory

cri | cro | Gemvesen [ Moo Convestrs
0 0 0.25 (Every 4 Seconds)
0 1 1 1
1 0 4 4
1 1 8 8

position with the label (F1 and FO) are usé¢d

programme the number of fault occurrence require§ Temperature Register
before an alert is triggered. Faults usually happen when This is a 12/13 bit readnly register used to store

the measured temperature exceeds thedefered limits
in THIGH or TLOW Registers. Forthis design and
developmentf-1 and FO are set tol ard 1 respectively

Table 9 Various Configuration for TMP102 Configuration Register
Fault Settings

No. of Faults to
F1 FO Trigger Alert
0 0 1
0 1 2
1 0 4
1 1 6
Converter Resolution (R1/R0)The configuration

register memory position with the label RadaR0 are

current temperature conversion value. When the EM
position of the configuration register is set to 1listh
register switches to the 48t mode. This can be switched
back to the 1:bit mode by changindhe EM bit to 0. For
this design and developmenhe 12bit data format is
used. The register slot normally contains 2 bytes of data,
however, only the first12/13 represent the current
temperature reading. With the -b temperature data
format, temperatures ranging fro#b °C to +128°C can

be read. Also, for the 1Bit temperature data format,
temperatures ranging fror5 °C to +150°C can be read.
Table 11 below shows the various binary values for
different temperature conversions. Note that the negative
temperature readings are derived by performing the twos
compliment of their corresponding positive value.

used to set the conversion resolution of the device. For

this design and developmeR®] and RO are setto 1 and 1

Table 11 12-bit Data Format Temperature Carsion Values

respectively. This gives thdevice a 1zit resolution.

The 12bit resolution allows the tmp102 to be able to | "STPer2We | Temperawrein | Temperature in
detect and represem¢mperature changes as minute as CC) Binary Hex
0.0625°C 128 011111111111 7FF
One ShotThe configuration register memory position 100 0110 0100 0000 640
with the | abel (OS) is used toe ar ioiaovi®oooal 6dmweo | t| when |
itd kind of temperature conversion apprjoach. hen the
device is in Shutdown Mode, writing a 1 tcetl®S bit : :
starts a single temperature conversion. During the : - -
conversion, the OS bit reads '0". The device returns to the 25 1110 0111 0000 E70
shutdown state at the completion betsingle [12]. For -5 1100 1001 0000 €90

this design and developmefs is set td
Extended Mode (EM):The configurabn register

Copyright © 207 MECS

Performing the Twos compliment

The twos compliment is performed by inverting the
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original binary values and adding 1 to the answer. Fo€. Microcontroller-to-Real Time Clock Interaction

example, to derive25: The real time clock isnitially configured with the use

I of a virtual serial terminal on a PC. The Universal
T +25= .00011001.0000 in binary. Asynchronous Receiver/Transmitter (UART) controller is
T Whgn inverted, it bec_omes 1110011011_11' the key component of the serial communications between
T Adding a one to the inverted answer will translate; geyice and a computer or between devices in general. It
t0 111001110000 changes incoming parallel information from withineth
i i ) Microcontroller or @mputer to serial data which can be
Converting the Temperature Reading to Decimal sent on a communication line [14]. The periodic reading

The Byte 1 of the temperature register represents thg the time and update of the LCD is achieved by
most significantsets of bits and in this desigonly the 5 { achi n 9 t he 6updat ehe CDt i m

last for bits of the byte one and the first 4 bits of the byt¢ | me | nt er val & ticker object
0 are read. In oet to do this, bit shifting is carried out. interrupt every 1 second.
Considering the fact that when bits are shifted in a binary
array, they fall off when they get to the edges, therefor®. Microcontroller-to-Switch & Push Button Interaction
transformation

The integer value of the resulting binary value as abovg

is then multiplied lp the temperature resolution which is override capbility and make sure a process interrupt

0.0625 in this case, to obtain the actual decimal value Wappens whenever the buttons connected to this pins are

the temperature. Functi o0 fi&HplsSBRet bnPiNULE Sl 170y cPebtingt N ©
controller code in Appendix A is used to perform theypiacts of the Input Interrupt Class. Theseterrupt
temperature reading operation objects are now assigned specific functiortsclv must
d) High and Low LimiRegisters (THIGH & TLOW) be fired whenever thesmterrupts are triggered. the
. ) function used to place the LCD on standby/wake mode is

The temperature limits are stored in thgol) and  5iached to the interrupt on pin 17 while the function used
THicr) registers in the same format as the temperature 5 s witch the di s play bet wee
result, and their values are compared to the temperatyien | ot mo d e dtheiinserruptton @nclB. Swlitcht o

result on every conversion. The outcome of the j5sed to toggle ON and OFF the logging operation.
comparison driveshe behaviour of the ALERT pin,

which operates as a comparator output or an interrupg. Code Analysis
and is set by the TM bit in the configuration register [12].
dl. Class Diagram

Switch 1, button A and B are connected to pin 18, 16
nd 17 of the MCU respectively. In order to provide

3. Implementing A Ticker for the Temperature Real
Operation In software engineering, a class diagram is a type of
. static structure diagram that describes the structure of a

In order to make sure that the temperature rgadi gostom py showing thsystem's classes, their attributes,
function (o0readTemperatu r,%&iti&ﬁi (0P Meth¥ds) O dhf thé felGitidnsHpE Gnfong® v © !

60 seconds, a ticker is utilized. The Ticker interface '%bjects [15]. Class diagrams can also be used for data
used to setup a recurring interrupt to repeatedly call Fhodelling [16].

function at a specified rate. Any number of Ticker objects

can be created, allowgnmultiple outstanding interrupts main.cpp
at the same time [13]. To implement the ticker, a ticker -IxString[16] : char
object is first of all created and then in the main method, -setTimeFlag : int

the temperature reader function is then attached to the -setLogFlag :int
-setPlotFlag : int

ticker object. Lines 72 and 368 of the controttede in -LCDStanbyFlag=0 : int
Appendix A gives full details of this process -temperatureValue = 0 : float

. . . -tempValueDispBuffer[14] : char
B. Microcontroller-to-Graphical LCD Interaction _timeri,alueDisp%uffer[go]]: char

-dateValueDispBuffer[30] : char

The gaphical LCD used in this desiga the Nokia datetimeValueDispBuffer[30] : char

5110 LCD. This is used in Complement with a -local("local”) : LocalFieSystem
customized library developed by Craig. C. Evatiee ( -ErrorBuzzer(code : int): void
University of Leeds Electronic and Electrical Engineering -initializeTMP102(): void
Lecturer). The open source library present on the :ggt'g(:);/'o%

ARMmbed developer st provides functions which help -readTemperature(): void

in displaying text on the LCD as well as manipulating the -seriallSR(): void

LCD6s 48 by 84 avmwingglghe pi X e elidegwd s jn d
The LCD is initially initialized and subsequentlits :i:%”;g{exgﬁfn”ég(;o\gid
display is changed in accordance with the current display - updateLCDTime(): void
mode specification (view/write mode or plot mode). -writeDataToFil¢data : int): void
Fig.16. Class Diagram of the C Programme Running on the
Microcontroller

Copyright © 207 MECS I.J. Intelligent Systems and Apgdtions,2017, 7, 70-88
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2. Code Flow

The flow chart inFig. 17 below depicts the flow of
instructions and opeliah carried out by the ARMmbed

cessor Core in Embedded SystamgiBeering 81

Microcontroller. It depicts the code flow ofhe main
function in the main.cpp file.

START

INITIALIZE LCD
SET MODE SWITCH AND STANDBY BUTTON TO DIGITAL IN PULLUP

IS PLOT FLAG ==07?

DISPLAY WRITE
MODE WELCOME
MESSAGE

INITIALIZE TMP102
ATTACH THE 'seriallSR* FUNCTION TO THE ISR AND SET DESIRED BAUD RATE

v

READ INITIAL TEMPERATURE

I

ATTACH ‘readTemperature’' FUNCTION TO ‘templintervalReader' TICKER OBJECT
ATTACH 'writeDataToFile' FUNCTION TO ‘fileWriterInterval' TICKER OBJECT
ATTACH 'updateLCDTime' FUNCTION TO ‘timelntervalReader' TICKER OBJECT

v

ATTACH 'triggerViewChange' FUNCTION

ATTACH ‘'stanbyFunction' FUNCTION TO 'standbyinterrupt’ INTERRUPT OBJECT

TO ‘plotterinterrupt’ INTERRUPT OBJECT

v

GET CURRENT TIME

No-

GET CURRENT
TEMPERATURE

GET CURRENT TIME

SHOULD LOOP
CONTINUE?

DISPLAY GRAPH OF
EMPERATURE READING
WITH CURRENT VALUE

ADDED

DISPLAY CU

Yes

DISPLAY CURRENT TEMPERATURE READING ON SCREEN

DISPLAY LOGGING STATUS (ON/OFF)

RRENT TIME

IS NEXT MINUTE?

IS NEXT

Y

S LOGGING ON &

4

MINUTE?

LOG TEMPERATURE
READING IN LOCAL FILE
SYSTEM

Fig.17. The Flowchart Showing the Flow of the C Programme Running on the ARMmbed Microcontroller

3. Function Break Down

Overall, there are 11 functions working hand in han
with the main function. These funetis are as identified

a) Error Indicator Function [ErrorBuzzer(code :
a/oid]
This function is used to trigger on the ARMmbed

int):

in the class diagram in section 3.5.1. The sections belobkEDs whenever an reor occurs. Based on the

explain the operation of each of these functions

Copyright © 207 MECS

combination of blinking LEDs, the occurring error can be

I.J. Intelligent Systems and Apgdtions,2017, 7, 70-88



82

A Practical Application of ARM Corte3 Processor Core in Embedded System Engineering

deciphered. This is because the method receives anThis function is used to initialize the TMP102 sensor.
integer value between 0 and 15 which represents the erfrimarily to set its bus speed and configure its
label. The combination of four LEDs that make up thisconfiguration register to make its operation suitable for
number &efis then lit up.

b)

START

RECEIVE INTEGER BETWEEN 0 AND 15
REPRESENTING ERROR CODE

CONTINUE

SWITCH OFF ALL 4 LEDs |

WAIT FOR
1/4TH OF A
SECOND

SWITCH ON COMBINATION OF
LED CORRESPONDING TO
THE RECEIVED INTEGER

WAIT FOR
14TH OF A
SECOND

Fig.18. The Flowchart Explaining the Flow of Operation of the
O0ErrorBuzzerd® Function

Temperature  Sensor |Initializer

[initialize TMP102(): void]

START

SET BUS SPEED TO 400 kHz

WRITE CONFIG BYTE 1 & 2 TO TMP102
CONFIGURATION REGISTER THROUGH
12C

c) Plotter Function [plot(): void]

SHOULD LOOP CONTINUL o STOP

Yes
Y

[ ‘GET CURRENT TEMPERATURE I

TEMPERATURE <=8
(YAXIS LIMIT)

ves

YES

the desired need drstated specifications. Fig. b@low
represents the flow of operation of the function.

This function is used to plot the temperature reading
against time, momentarily on the graphical LCD

CLEAR LCD
SCREEN

Fig.20. The Flowchart Explaining the Flow of Operation lofé

Function

READ CURRENT TEMPERATURE VALUE
FROM TMP102 SENSOR TEMPERATURE
REGISTER

THROW ERROR & CALL
THE ‘ErrorBuzzer’ —_
FUNCTION

EXTRACT FLOAT/DECIMAL VALUE OF
TEMPERATURE

IS ACKNOWLEDGED THROW ERROR

Fig.19. The Flowchart Explaining the Flow of Opgion of the
6initializeTMP1025d

Copyright © 207 MECS

CALL ‘plot’ FUNCTION

S PLOT FLAG ACTIVE?
|
NO

6pl ot d

d) Temperature Reader Function [readTemperature():

This function is used to read the instantaneous
temperature value present in the TMP102 temperature

Fu n ct iFg.ALl The Flowchart Explaining the Flow of Operation of the

6rdeTae mper atured Function
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