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1.1 Introduction

Today, embedded systems are used across a variety of devices right from toys to appliances such as
automatic washing machines, TV remotes, handheld gadgets etc. These systems are built with the
help of a control unit known as the CPU core, which consists of microcontrollers. Microcontrollers can
be categorised based on the amount of data they can process. E@h example, TI's 16-bit
microcontroller's process 16 bits of data and at the same time dissipate S power as compared
to other controllers of the same class.

Embedded systems also consist of high resolution ADCs, multipli
targeting low power real time applications like consumer electr
etc. One such low power application is in portable medical devic

Pulse oximeter is a device that is used to measure the o
low power controllers provide a single chip solution
below:

MSP430 16-bit

designers. The op is described
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Fig 1.a: Pulse oximeter Block Diagram

Tl has a p i devices such as MSP430FR2633, MSP430F5528, MSP430FG439 and
can be used to design a pulse oximeter. For e.g. MSP430FG6626 has a 16 bit
inbuilt ADC and 127bit DAC that suits high resolution data sampling requirements of ADC to design a
pulse oximeter. Also, this type of portable devices (like pulse oximeters) require ultra-low power
processors because they usually rely on an external battery source for their power requirements.
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1.2 Embedded system overview

An embedded system is an electronic system designed using hardware and software to accomplish a
dedicated application. Hardware may be either a microprocessor or microcontroller or an application
specific chip. Software is an application specific program developed by the programmer and deployed
inside the hardware by various methods to control over the application al with the hardware. The

developed by the programmer for embedded applications is called ed software. Most of the
time, the embedded system uses microcontrollers since it has a process the data, internal
al buses to transport the
data and information to various required places internally i

essential for the applications. Hence the embedded syste d as a single chip
computer for specific or dedicated applications. The mi dded applications
can also be called as an embedded microcontroller eneral purpose
computers, the embedded system may also use z & e Operating

System (RTOS) to plan, execute and control the 8 chitecture

dles activitre al purpose computers; it however differs in a few
pse computer or rocomputer is designed using a microprocessor,
gcessor, input/output devices and bus systems and can be used for a
manufacturer cannot predict the application, since it entirely depends
applications such as data processing, gaming, listening to music
) embedded system, its application is known very well to the
2d for dedicated applications by the users or customers. General
ave any constraints to meet, but embedded systems have system specific
constraints are reliable operation, low processing power, low density

also called as real time systems since they process real time events. Based
on the type 0 processing, embedded systems are classified as soft real time systems and
hard real time s. A system that is not required to meet a specific deadline is called a soft real
time system. On the other hand, a system that is required to meet a dynamic deadline is called a hard
real time system. Missing the deadline of a hard real time system can cause severe damage to users.
Hence, to meet this kind of requirement, more powerful microcontrollers are introduced by various
manufacturers. One such type is a RISC (Reduced Instruction Set Computer or Code) machine which
is designed to operate with a few simple instructions and provide greater computational capability. An
earlier version of this is the CISC (Complex or Complicated Instruction Set Computer or Code)
machine, designed to operate with large number of complex instructions and accomplish a task.

Fundamentals of microcontrollers for Embedded System 3
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The market for embedded systems is growing steadily, with several billion embedded computers being
sold every year. However, there exist certain challenges when it comes to the design of embedded

systems:

The application must be focused.

The application must have a real time requirement.
The system must have zero or very minimum user interaction.
The system must co-operate with the environment.

The system must be highly reactive.

The system must be smaller in size, low weight and mu
The system must be low cost, safe and reliable

1.3 Embedded application development process

The development process varies according to the
includes following steps shown in figure 2.

f industry, but the tradi design cycle

VN

| Detailed analysis of the application such as users, |

(%
| Detailed system requirements to complete the |
v
| Determination of hardware, Software and Interface |
[
| Partitioning the development process into |
v
| Architecture and schematic preparation of J¢—
| Software development for the  f¢——
Vv
4
|  Hardware and Software |
v
|  Development of Testing |
v
[ Execution of testing |
v
If system

meets all
requirement

Final PCB design for hardware and software deployment
as well as final validation

V.

Prototyping and

Figure 2: Embedded Application Design Cycle
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Host and Target environment

A ,Host" is a personal computer used for the development of a software algorithm or software
programme, which will be downloaded into the target to execute the application. ,Target® is as an
actual embedded system machine (based on microprocessor/ microcontroller) that understands only
the machine language composed of Os and 1s. Programmers generally do not use machine language
for programming due to complexities in the trouble shooting proces tead, they use either
assembly language or high level language. Assembly language inst are developed by the
microcontroller or microprocessor manufacturers; but programmers e any high-level language
that is supported by the target. The developed programme or co any of the language (other
than machine language) is finally converted in to machine | y of the following tools
installed in the host computer.

Assembler: A tool to convert an assembly language pro
Compiler: A tool to convert a high level language pro
Any instruction errors or syntax errors in the prog

The behaviour of the programme developed for th i i [ i re tool
called Emulator.

A combination of all the above tools is bundled as a p
called Integrated Development Envj t (IDE) - One
Code Composer Studio (CCS).

is available for programming. It is
ool for the MSP 430 programming is

IDE Editor

Assembler
OR
Compiler

Linker

Obj to Hex
Program

Figure 3: Program flow in IDE

Fundamentals of microcontrollers for Embedded System 5
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The converted machine code will be in a hexadecimal format and is downloaded inside the target
machine using a device called a Hardware Programmer for some of the microcontrollers. But the
recent microcontrollers are provided with JTAG interface for debugging and programming and hence
the use of separate programmer is also eliminated.

The hexadecimal code is also called as a machine code and is converted into 0s and 1s inside the
target machine.

Downloaded code may not work perfectly inside the target machine. ircuit Emulator (ICE) is

tool used to identify any issues.

The process of conversion of an Assembly language/High level | mme into hexadecimal

machine language in the IDE is shown in the figure 3.

The programme typed in the editor can be assigned i ion of .asm for
assembly language or .c for C language. During the as
files are generated with the same file name. The ot
by the linker and the new object file is created wit
file to Hex file) converts that file into hex file with
the target machine.

are linked
(object
d in to

1.4 Applications

An embedded system may be a stan i art of larger system. Hence it finds
applications in:

e Computer industry: CD drives G control, mouse, printer etc.
e Electronic industry: Photo copi€ ontroller, data acquisition
systems, testi pd_measuring ing ercise equipments, washing

Since the size @ssors is reduced, the possibility for the portable products is
increased.

onsumption of the processor is also reduced and hence most of the embedded
systems are battery operated.

e The increased number of efficient hardware and software development tools as well as testing
and measurement tools facilitate complete bug free products.

6 Fundamentals of microcontrollers for Embedded Systems



1.5.2 Architecture Considerations

Embedded Architecture describes the process of planning and designing the components inside the
embedded processor (Note: The word ,processor® is a common term used to represent both
Microprocessor and Microcontroller). It is essential to know and understand the architecture of an
embedded processor in order to design the system effectively. The internal components of the
architecture may or may not be sufficient for system design. Hence architecture of the embedded chip
provides a solution for following challenges.

1) Size and cost of the embedded system
2) Power and memory requirement

3) Safety and reliability

4) Operating environment and other resources require
5) Integration flexibility and interaction with external

The number of components in the architecture, [ ici ends on the
development of technology, application requireme

The figure 6 shows the chief difference betwee
advancement of technology. The Microprocessor sfer and
control units. On the other hand, a Microcontroller h
memory), input/output ports, Serial communication
application design. The figure 7 s
architecture of embedded processor

and peripherals required for the
herals (/O devices) present in the

crocontroller

: N

Microprocessor CPU

CPU MEMORY
/O PORTS

@EGISTERS} ———

o _4 SERIAL
INTERFACE

OTHER
PERIPHERALS

Figure 6: Block of microprocessor and microcontroller
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sibility of peripherals in embedded processor

ipherals shown in figure 7.

heral devices to perform data transfer directly with memory without the
eby increasing the data transfer speed.

A/D con i J to digital converter, which converts analog signals into digital information

e microcontrollers will have more than one A/D converter with different
resolutions.

Power Management Controller does the power up or power down operations when necessary for the
processor.

Capture/Compare unit records the timer values and compares it with the set values by the application.
When both values are equal, it triggers an event.

8 Fundamentals of microcontrollers for Embedded Systems
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D/A converter is the digital to analog converter that converts processed digital information into analog
as required to drive the devices or display.

Cryptography accelerator is used to generate random numbers, hashing and supports for network
security.

uces the external
distance communication.

USART or universal synchronous/ asynchronous receiver/ transmi
hardware interface and supports for serial data transmission to facilit

Timer is a peripheral used to generate time delay and it can als er to count external

events.

Ethernet port reduces hardware complexity and suppor ork based commu ions like internet

and intranet oriented data transfer etc.
IrDA transceiver supports short distance commu
Real Time Clock helps to monitor round the clock evi

A Multiply accumulate circuit facilitates fast multiplicatio and also multiplication followed by
summing.

PWM is the pulse width modulation cha i ried to execute various
applications such as motor control, audio

Filters may be : ed to produce high frequency or low frequency signals

Switch Mode Pu g Je conversion i.e. from low voltage to high
voltage

portant peripheral to interrupt normal execution of an event in
AN emergency request.

supports multiple device access.
Phase the clock source for other required peripherals in the processor.

rial bus that supports the processor to communicate with a large number of
external periph@

Spectrum Spreader is an important peripheral to reduce the Electro Magnetic Interference (EMI)
problem that must be reduced for final product certification.

Clock doubler allows the user to use a crystal oscillator, which can produce half the value of
frequency required for normal operation of the processor since it doubles it internally. This feature
helps reduce power consumption and radiated emission.

Fundamentals of microcontrollers for Embedded Systems 9
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Watchdog timer is another important peripheral used to monitor the operation of processor and reset
it due to malfunction.

Quadrature decoder helps to receive the input from the encoders.

1.5.3 Memory

The embedded processor chip has two types of memory - program memory and data memory. The
capacity and operating speed of the memory varies based on the manufact version of the chip as
well as the application requirement. Program memory is called non-volatj ory since the data is
protected even after power shut down. But data memory is called Volatj ory and it loses its data
during power shut down. For example, Read Only Memory (ROM -volatile program memory
while Random Access Memory (RAM) is data memory.

Read Only Memory (ROM)

ROM is used to store data permanently in an embedd d to store the
application program for which the embedded syst embedded
processor can access and read this memory to e ed in the
ROM cannot be modified since it is protected. It ifi i lication
developer. The ROM can be internal or external to i
capacity depends on the address bus width of the
manufacturer, and version of the chip, following are the

used for program storage.

em. Therefore, it

ased on the technology age,
M in the embedded processors

PROM or Programmable ROM is known & : i ) memory since it can be
programmed only once F € application programme can be
stored only once i

modified. This type specific applications.

: introduced in the market to overcome the
disadvantages € ogrammed like PROM using the programmer.

But the program

ased instead of entire memory. Once the information is written
there until it is erased and new information is written. EEPROM is used
ent in a huge number of embedded processors.

Flash me i ed for faster erasing and reprogramming. The information can be erased
ence the name flash. The memory can be written or erased as sectors or
blocks instead o program flash memory, flash programmers are used and like EEPROM,

present in all embedded processors.

Fundamentals of microcontrollers for Embedded Systems 10
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Random-Access Memory (RAM)

RAM or Random Access Memory is used to store data in embedded processor chips. The data is
temporary and variable for all applications. The capacity of the RAM is varied among microcontrollers
and the data can be entered in a specific memory location. The data can be entered several times in
the same location. The data is erased when power is lost since it is volatile memory. The accessibility
of the number of memory locations depends on the address bus width ofgthe processor chips. The
RAM is classified as Static RAM and Dynamic RAM. The difference bet e two memories lies in
the data existence or data life in the memory cell.

Static RAM (SRAM) has the better life time for data than Dynamj
flip-flop in its cell to store data but dynamic RAM uses capaci
has to be refreshed periodically to hold the data. Hen er than DRAM, but

AM).The static RAM uses

expensive.
RAM (random access memory), commonly refer in which any
location within it can be accessed directly and once (the

number depending on the hardware).

1.5.4 Timer

Timer is a peripheral which is used tQ
and counts the number of clock cycl
manufacturers. Commonly, the size G
and reaches the maximum value of 25°
0. During this period, the timer overflows
used as a counter and it can count the &
interrupt can also be gg

between two events. It is a register
d their size varies depending on the
Therefore, the count starts from 0
the counting again begins from
timer peripheral can also be
reaches the desired value,

Data bus is i the CPU and memory or between CPU and I/O
i ds on the data length of the processor/controller.

The Input/oU nterfacing connects peripheral devices with microcontroller using wireless
techniques or 'V edia to perform data transfer between them. Generally, the 1/O devices are
interfaced with embedded processors using either memory address space called memory mapped /O
or 1/0 address space called peripheral mapped 1/O or directly. Typical microcontrollers have parallel
ports and serial ports through which the 1/0 devices can be interfaced. The 1/O handling capability of a
microcontroller is one of the important criteria to select that microcontroller for an application. Simple
devices like LED, LCD, switches and keypad can be interfaced directly through the parallel port of a

microcontroller and some of the 1/O devices require a specific circuit to interface with it. Another

Fundamentals of microcontrollers for Embedded System 11
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important criterion is the speed and time synchronization between the microcontroller and 1/0 devices.
The data transfer rate of the I/O devices is usually several times lower than the microcontroller and
hence the suitable mechanism has to be adopted to match the speed and time to avoid the data loss.

Memory mapped I/O

It is essential to interface the required 1/0O devices with embedded
application design. One of the important devices to interface, especi
memory. Memory is a group of registers and data stored in the indivi
address. The address is in the form of binary numbers and can beg
microprocessor. The width of the address bus varies dependj
result, the memory accessing capacity of the microprocessor, is
can also be identified and accessed by its address from th
a memory mapped I/O technique. But microcontrollers
the I/O devices can be interfaced. The MSP430 also
their ports acts as a register. The entire port or el
input or output.

I/O mapped I/O

The peripheral devices or I/0 devices mterfaced with
separate device address. This technig called I/O map
available in the instruction set of t
technique.

ors to complete the
the microprocessor, is
gister and accessed by its
y the address bus of the
manufacturers. As a
ilarly, the 1/0 devices
nique is called as
through which
nique since
igured as

rallel and serial I/
the memory mapped |
ndividual port pin can also b

sor can also be accessed by a
technique. Separate instructions are
O devices that make use of this

1.6 CISC Vs RISC design phllosophy

S C philosophies. CISC is Complex
Instruction Set Comp ? Set Computer or Code. CISC
machines have a |z i ions most cases, each instruction is designed for a
i . In RISC machines, the number of instructions is
instruction execution speed of RISC machine is

chlnes are a designed using pipelined architecture since in a
i etched, pther instruction is decoded and yet another

less and the g
greater than

d was effectively used for soft real time systems. The RISC
second category and falls into the hard real time systems. But the recent
tive and used for a variety of applications.

design. Earlier mi€foprocessors were designed using Von-Neumann architecture and most of the
microcontroller families are designed using the Harvard architecture. But the MSP430 is designed
using the Von-Neumann architecture.

Von — Neumann architecture is also referred to as Princeton architecture and its design is based on
the single memory sharing system shown in figure 8. The same memory is shared between both
program and data and a common bus exists for the address and data bus, which is used to carry
information from both of the memory portions. This time consuming architecture is also highly complex
in nature.

12 Fundamentals of microcontrollers for Embedded Systems
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Von-Neumann Vs Harvard architecture

p

Embedded
Processor

P

Figure 8: Von-Neu
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‘re 9: Harvard architecture
haring between program and data, the Harvard architecture design has

am and data as shown in figure 9. Both the memories are accessed using
busses. In this simple architecture, the data processing time is reduced
are fetched simultaneously from the memories.

Fundamentals of microcontrollers for Embedded Systems 13
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1.8 Choosing a Microcontroller for an Embedded System
Microcontrollers can be selected for the applications based on the following criteria

Complexity free architecture of the processor i.e user friendly
Adequate number of internal peripherals required for the application
Low power consumption and price

Compliance with industrial standards

Compatibility with the working environment

Frequent availability in the market

Availability of hardware, software development and debuggin
Sufficient Human resource to support the development

or the processor.

1.8.1 MSP430X5xxx Series Microcontroller

As mentioned in the previous section, one significant crit
power consumption. This is because the requirem
effectively increasing in all engineering fields. Since
chip, its power consumption is an important consi

battery operated p
art of the embedded syste

A
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c
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- s
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Figure 10: Pin configuration of MSP430X5XXX series microcontroller
(Courtesy: TI MSP430F5529 data sheet)

products is
processor
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Therefore, Texas Instruments MSP430 Microcontrollers are designed as low power microcontrollers
since they are intended for use in various kinds of applications as well as product development. MSP
stands for Mixed Signal Processor and its architectural low power modes support for the extended
battery of portable products. The digital controlled oscillator (DCO) gives consent to the controller to
wake up from the low power modes and enter in to the active mode within 3.5 us typically. Another
significant criterion for the selection of processor chip is the support for am coding efficiency.
Since the MSP 430 is a 16 bit RISC machine designed with 16 bit regi d constant generators,
its coding efficiency is highly enhanced. The bootstrap loader (BS y of the controller aids to
program the memory using UART interface. The MSP430 mem 0 be programmed using
JTAG interface since MSP430 family supports the standard JTA rt from these standard

figures 10 and 11 show the Pin configuration of MSP i MSP430F5529,

MSP430F5527, MSP430F5525 etc and its block dia i . Ox5xxx series
microcontrollers are available in ball grid array (BGA) as low profile quad fla F) packages
for the application development. The Table 1 shows menclature of MSP430F552
XIN XOUT RST/NMI DVCC DVSS VCORE AVCC AVSS PA PB PC PD
A l l l l l I P1.xp P2.x}, P3.x}, P4.x}, P5.X PGJ;, P7.x/ P8.x DP,DM,PUR
v v v v v v ' Y 7'y
A4 A4 A4 A4 A v A4 v y v
XT2IN—» SYs 1/0 Ports
Unified —H»ACLK Power 1/0 Ports || /O Ports | | /O Ports
ks 128&(: manogement| |\ o1 ool | ooame, || P3Pa || PSP6 || P7IPs rUlkepesd
XT20UTe¢—{system|-psmcrk| 26 8KB+2KB 2x8 1/0s || 2x8 1/0s | | 1x8 1/0s
64KB ||6KB+2KB Soiitan Il upt 1x3 I/0s
C 32KB |[aKB+2KB| [ (0O || FOr VAP ||& Wakeup el
MCLK Brownout (P4) PA PB PC PD USB-PLL
Flash RAM 1X16 1/0s | |1X16 1/0s| | 1X16 /Os| |1X11 1/0s
v A A A A
I W ) 'Y Y I W) I Y ) A I W) A A
MAB v Y Y \ 4 Y ¥ Y ¥ A
CPUXV2
oy < y y A A A A A A A A P DmA
Working MDB | ¥ v v v v v v v v 3 channel
Registers A ] A / 3 y A K
EEM
(L:8+2) \A | \ A \A | \A J \ A \ A A \ A \ A A 4
ADC12_A
e TAO TA1 TA2 TBO -
SBW MPY32 || Timer_A || Timer_A | | Timer_a|| Timer 8 || RTC_A || CRC16 200KSPS || REF | |15 cnarnats
Interface 5CC 3cc 3cc 7¢CcC 16 Channels
Registers| |Registers| | Registers| |Registers (14 ext/2 int]
Autoscan

re 11: Block diagram of MSP430F5529
rtesy: TI MSP430F5529data sheet)

Device Na Specification

MSP Processor family

Device type

Series

(2 series —up to 16 MHz,

529 Feature set

Table 1: Nomenclature of MSP430F5529
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1.8.2 Address Space of MSP430F5529-

The figure 13 shows the memory management of MSP430F5529 microcontroller which is designed
based on the Von — Neumann architecture. Hence the common memory is shared by flash, ROM,

RAM, peripheral modules and special function registers

0OFFFFh

Interrupt Vector
0OFF80h
0243FFh

Code Memory
004004
0043FFh

RAM
002400h
0023FFh
USB Ram
00IC00h
QUS1EER Information
001800H Memory
gUiiELl Boot Ladder
001000h Memory
000FFFh .
Peripherals

ory map of MSP430F4152 microcontroller

code memory €
instructions and t

e allotment varies based on the part number. The flash portion
nd extends till OFFFFh including the interrupt vector table. The
ess allocation between 1000h and 17FFh. The memory locations between
for RAM. The address locations Oh to OFFFh are shared by 8 and 16 bit
n the memory accessing capability of the address bus of the processor,

e also altered among the processors. The word or byte can be stored in the
as RAM. The 16 bit peripheral modules can be accessed by word (16 bit)
8 bit peripheral modules can be accessed by byte (8 bit) instructions. When the 8

bit instruction is used for 16 bit peripheral module, only the even addresses are allowed to access and

high byte is considered as 0.
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1.9 On-chip peripherals and Register sets of MSP430F5529

1.9.1 CPU Registers

The CPU of the 16 bit RISC machine is designed with 16 registers as shown in figure 14 to enhance
the coding efficiency as mentioned in the earlier section. The registers are 16 bit registers and are
named as RO, R1, R2........ to R15 respectively. The registers support reduce the instruction
execution time. The registers R0, R1, R2 and R3 have dedicated functio as Program counter,
Stack pointer, Status register /Constant generator 1 and Constant or 2 respectively. The
remaining registers R4 to R15 are used as general purpose working r

RO/Program counter

R1/Stack pointer

R2/SR/CG1
SR-Status register

CG-Constant generator
R3/CG2

R4-R15

: MeWSOFMSZ microcontroller
cuted is pointed by the 16 bit program counter. Since the even number
d by the instructions, program counter is pointed and incremented
Ids the address of the next instruction to be executed when it is
ines. Except the program flow instructions, all the operations are
ns in association with seven addressing modes for source
modes for destination operand. The status register is used as a source
ster addressing mode operations and the constant generator is supported

he figure 15 shows the bit pattern of the status register.

15 0 9 8 7
Reserved V |SCG1|SCGO|OSC Off|CPUOoff[GIE| N | Z | C

Figure 15: Status register of MSP430F5529 microcontroller

V: Overflow bit. When the result of arithmetic operation overflows, this bit is set.

SCG1: System clock generator 1.Turns off the SMCLK when this bit is set.
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SCGO: System clock generator 0.Turns off the DCO when this bit is set.
Osc off: Oscillator off. Turns off the LFXT1 crystal oscillator when this bit is set.
CPU off: CPU off. Turns off the CPU when this bit is set.
GIE: General interrupt enable. Enables maskable interrupts when this bit is nd Vice versa.

The constant generators CG1 and CG2 (Registers R2 &
used constants without the need of the additional progr,
requirement to retrieve the constants.

the six commonly
e code memory

Register Constant

R2 | - Register
R2
R2
R2
R3
R3

00000h
00001h

1.9.2 Memor

sed in one step or individual segments can be erased. The individual
emory can be erased or can be erased as a group.

dheral refers to an input output device. The peripheral devices are physically
connected to t rough the address, data and control buses. The instructions of the processor

1.9.4 Oscillator and system clock

The Frequency locked loop (FLL+) is dedicated to the clock system function of the MSP430F5529
microcontroller. This clock module has a 32kHz watch crystal oscillator, an internal very low power low
frequency oscillator, an internal digitally-controlled oscillator (DCO), and an 8-MHz high-frequency
crystal oscillator (XT1). Along with a digital modulator, the FLL+ module stabilizes the Digital controlled
oscillator (DCO) frequency to the watch crystal frequency. The FLL+ module is used to provide the
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Auxiliary clock (ACLK), Main clock (MCLK), Sub main clock (SMCLK), ACLK/n where n=2, 4, or 8. This
module is designed to achieve low cost and low power consumable devices.

1.9.5 Brownout, supply voltage supervisor

Generally, normal program execution of the microcontroller is disturbed due to low power supply
voltage. Hence, a mechanism is needed to hold the microcontroller in reset mode till the power supply
returns back to the normal level. Such effort is carried out by the brown out s#&set. This supply voltage
supervisor monitors the input supply voltage and if the level of the vo lower than the user
selected level, it holds the microcontroller in reset mode. The CPU exe s started after the brown
out circuit released the reset.

1.9.6 Digital I/O

The device has seven I/O ports named PO to P7. Out of t ie. P6 are 8 bit ports
and P7 is 7 bit port. Individual programmable port pins
ports P1 and P2 are provided with the interrupt cap
enabled for an interrupt for falling and rising ed
independent read/write port control registers.

Il the bits of P1 and
signals. All instructions ported to

1.9.7 Watchdog timer

The watchdog timer is an important peripheral which res rocontroller during any problem of
program execution such as program
voltage disturbance. It is a free run ¢
of time if not disabled. Hence the pr
resetting the microcontroller.

atic reset after a particular period
his timer often to prevent from

sic timerl and are cascaded to form a 16-bit
ions, timers can be read and written. The Basic
Timerl is alsa ide ime clock (RTC). The Real-Time Clock (RTC) is
used to count s& i ar with leap-year compensation.

sually the timers of the microcontroller have interrupt capabilities
idered as an interrupt. Similarly, the interrupts can be generated

1.9.11 ADC12_}

The ADC12_A medule is a 12-bit analog-to-digital convertor that is implemented by a 12-bit
successive approximation register (SAR), sample select control, reference generator, and a
conversion and control buffer. The convertor also allows the converted sample to be stored without
any CPU intervention.
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1.9.12 Communication Protocols
The device is also supports UART, Full speed USB, IrDA, SPI and I12C Logic communications.

1.10 Addressing Modes

Addressing mode refers to how the operation is performed on dat
modes in MSP430F5529 microcontroller, out of which seven addr
operand and four addressing modes belong to the destination o
modes with examples:

are several addressing
odes belong to the source
owing are the addressing

1) Register addressing mode
Ex. MOV R11, R12
The instruction copies the content of regi

2) Indexed addressing mode
Ex. MOV 3(R8), 4(R6)

Let, R8 = 01050h and R6 = .
Then 01050h+3 = 01053h a & 4 in the instruction are indexes.
Therefore the content of addr i ess 01084h.

3) Symbolic addressing mode
EX. MOV X(PC

oved to the destination address (PC+Y).Hence
d with next instruction.

4)

nstruction copies the content of the source

the content is copied to 010A5h.Then R10 value OFA55h is incremented by 1 for
byte operation and incremented by two for word operation.

7) Immediate addressing mode
Ex. MOV #45h, TO

The instruction copies the immediate constant 45 to the destination address specified by TO +
it"s content.
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Let TO = OFF16h and its content is 01192h. Therefore the constant 45 is copied to the address
010A8h which is generated by OFF16h + 01192h.

1.11 Instruction format
The MSP430x5xxx series instructions are designed using three core-instr,

e Dual operand
e Single operand

e Jump
All the single operand and dual operand instructions ar i ion .B or .C. The
instructions may be byte or word instructions. The byte cessed by byte
instructions and word instructions are used to acc s. When no

src The source operand defined by As and S-re

dst The destination operand defined by Ad and D-

As The addressing bits responsibl sed for the source (src)
S-reg The working register used fo

Ad The addressing bits responsit
D-reg The working register used for t
B/W Byte or word operation

1.11.1 Format 1 —Doubl rand instr
The figure 16 shom struction

15 14 13 12 11 10 9 8 7 6 5 4 3 2 10
Op-code S-Reg Ad |B/W| As D-Reg

e 16: Forrme operand instruction

e source and de i joned in the instruction and when this instruction is executed, the
ntent of source is ¢ i

d for the destination (dst)

rmat 2 — Singl| erand instructions

The at of the single operand instruction

15 14 13 12 11 10 9 8 7 6 5 4 3 2 10
Op-code B/W| Ad D/S-Reg

Figure 17: Format of single operand instruction
(Courtesy: TI MSP430xx5xx user guide)

Ex. RRC(.B) dst
In this instruction format, only the destination is mentioned and when this instruction is executed,
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content of the carry flag is copied to the most significant bit (MSB) of destination register, MSB to the

next bit till the least significant bit (LSB).

1.11.3 Format 3 — Jump instructions
The figure 18 shows the format of the jump instruction ‘

15 14 13 12 11 10 9 8 7 6 5 4 3 2

1 0

Op-code C 10-Bit PC Offset

Ex. JEQ/JZ Label

When this conditional jump instruction is exec
mentioned for the satisfied condition. Otherwise the

1.12 Instruction set

The MSP430 series microcontroller
instructions are divided in to two categ
instructions are 27 and have op-codes t
and have no op-codes to decode, but a

mulated instructions. The core
emulated instructions are 24

replaced as an equivale e instruction ¥ : shows the instruction set of
MSP 430 series micrg
v N C

Mnemonic Description

anc(.B)t ast Add C to destination dst+ C — dst

ADD(.B) src,dst Add source to destination src + dst — dst
ADDC(.B) src,dst  Add source and C to destination src + dst+ C — dst
AND(.B) src,dst  AND source and destination src .and. dst — dst
BIC(.B) src,dst Clear bits in destination notsrc .and. dst — dst
BIS(.B) src,dst Set bits in destination src .or. dst — dst
BIT(.B) src,dst  Test bits in destination src .and. dst

ert dst Branch to destination dst — PC

CALL dst Call destination PC+2 — stack, dst — PC
cLrR(.B)1 dst Clear destination 0 —dst

cLrct Clear C 0-=sC

cLrnt Clear N 0N

crrzt Clear Z 02

CMP (.B) src,dst Compare source and destination dst — src

panc(.B)t ast Add C decimally to destination dst + C — dst {decimally)
DADD( .B) src,dst  Add source and C decimally to dst. src + dst + C — dst (decimally)
peEc(.B)?t dst Decrement destination dst— 1 — dst
pDEcD(.B)t ast Double-decrement destination dst — 2 — dst

pintt Disable interrupts 0 - GIE

gIntt Enable interrupts 1= GIE

mNc(.B)t dst Increment destination dst +1 — dst
INCD(.B)t dst Double-increment destination dst+2 — dst

mwv(.B)t dst Invert destination _not.dst — dst

Jc/JHS label Jump if C set/Jump if higher or same

JEQ/JZ label Jump if equal/Jump if Z set

JGE label Jump if greater or equal

mw o #SiQ
= 0 = -
= iz

25 5
. e s
G s o w
= BN B .
a  wms s &
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JL label Jump if less - - - -
JMP label Jump PC + 2 x offset — PC - - - -
JN label Jump if N set - - - -
JNC/JLO label Jump if C not set/Jump if lower - - - -
JNE/JNZ label Jump if not equal/Jump if Z not set - - - -
MOV ({.B) src,dst Move source to destination src — dst - - - -
nopt No operation - - - -
pop{.B)1 dst Pop item from stack to destination @SP — dst, SP+2 — SP - - - -
PUSH(.B) src Push source onto stack SP -2 — SP, src — @SP - - - -
rET? Return from subroutine @SP - PC,SP+2 - SP - = = -
RETI Return from interrupt * = * *
RLA(.B)T dst Rotate left arithmetically 3 = . *
rLc(.B)t dst Rotate left through C % = = ®
RRA(.B) dst Rotate right arithmetically 0 % - *
RRC(.B) dst Rotate right through C * = * =
ssc(.B)t dst Subtract not(C) from destination dst + OFFFFh + C — dst 3 oo ol o4
serct SetC 1=sC - - - 1
seTnt SetN 1-=N - 1 - -
serzt SetZ 1-=C - - 1 -
SUB(.B) src,dst  Subtract source from destination dst + notsrc + 1 — dst * * * *
SUBC({.B) src,dst  Subtract source and not(C) from dst. dst + .not.src + C — dst * 2 = x
SWPB dst Swap bytes - - - -
SXT dst Extend sign 0 = * x
TST(.B)t dst Test destination dst + OFFFFh + 1 0 s * 1
XOR(.B) src,dst Exclusive OR source and destination src xor. dst — dst * = * %

1 Emulated Instruction

ntroller
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1.13 Variants of MSP430 family — Comparative Study of MSP430x2x, MSP430x4x and
MSP430x5x:

MSP430 family of microcontrollers come with two more variants of microcontrollers other than
MSP430x5xx i.e., MSP430x2xx and MSP430x4xx. These controllers carry almost the same features
as MSP430x5xx with minor variations targeting some specific applicatio eas. The comparison
between all the three members is shown below:

Features MSP430x2x MSP430x4x MSP430x5x

1) CPU Clock Speed | 16 MHz 16MHz 25MHz

2) Memory 120KB Flash 120KB Flash 512KB Flash
8KBSRAM 8KBSRAM 66KB SRAM

3) Timers 2 16-bit timers 2 16-bit timers 4-16 bit timers }

4) ADC Slope to 24-bit Slope to 24-bit sigma delta | 8ch 10-bit SAR to
sigmadelta 16ch 12-bit SAR

5) Multiplier 16x16 multiplier 32x32 multiplier 32x32 multiplier

6) Temperature No No Yes

sensor

7) GPIOs 438 80 87

8) Application Metering, Metering and Mobile Portable medical,

Areas Transportation, medical devices Testand
Military, Space, measurementand
Security and safety consumer
And consumer electronics
electronics

Texas Instrument

MSP430x5xx microcontrollers.

hts the important differences between various MSP series devices.
ing from basic Launchpad G2 to FRAM based devices.

controllers which use slope type or sigma delta ADC. MSP430x5xx also
B flash than 128KB of MSP430x2xx/4xx controllers, thus increasing the
ontroller. It also has 4 16 bit timers as compared to only 2 timers in 2xx
he only feature where 4xx series can compete with 5xx devices is the

as come out with two Launchpad evaluation kits based on the MSP430x2xx and

MSP-EXP430G2 evalu ation kit consists of an MSP430G2553 device by default and also supports
other MSP430G2xxx and MSP430F5xxx devices. The other Launchpad evaluation kit MSP430F5529
succeeds the EXP430G2 in terms of advanced features and the use of flash memory as compared to
flash value line as used by G2 series devices.

Below is the pin diagram for MSP-EXP430G2533
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DVCC 1 20[1 DVSS
P1.0/TAOCLK/ACLK/AQ/CAQ (12 193 XIN/P2.6/TA0.1
P1.1/TA0.0/UCAORXD/UCAOSOMVIA1/CA1 [{3 N20 18[3 XOUT/P2.7
P1.2/TA0.1/UCAOTXD/UCAOSIMO/A2/CA2 [ 4 17[3 TEST/SBWTCK
P1.3/ADC10CLK/CAOUT/VREF-VEREF-/A3/CA3 5 PW20 16[1 RST/NMISBWTDIO
P1.4/SMCLK/UCBOSTE/UCAOCLK/VREF+/VEREF+/A4/CA4/TCK]6  (TOP VIEW)  15[1 P1.7/CAOUT/UCBOSIMO/UCBOSDA/A7/CA7/TDO/TDI
P1.5/TA0.0/UCAOSTE/AS/CAS/TMS [ 7 14[2 P1,6/TA0.1/UCBOSOMI/UCBOSCL/A6/CAB/TDI/TCLK
P2.0/TA1.08 133 P2.5/TA1.2
P2.1/TA1.1H9 12[3 P2.4/TA1.2
P2.2/TA1.1E10 11[3 P2.3/TA1.0

Figure 19: Pin Diagram of MSP430G2553 pin
Source: Tl‘'s MSP430G2553 datash

MSP-EX430G2 kit has 14 easy accessible pins distributed in t
has 6 pins which acts as general purpose 1/Os. It also supports
and a USB connection for programming the device.

has 8 pins and port 2
push buttons, LEDs

The block diagram for MSP430F5529 is shown below;

Power ) r 2 |
Header 40-pin (4x10) Boosterpack Interface ' i T i I
——> | le
l cdd 3 g o
\I\ Jumper v =G [ _usB 2 m Lo S
AN c | g8 [ iogU] 3
B c B S o < 8
e W 1 | 523 - Is )
8 i 7Y} e
= |- Il 3 .
a2 | mE|lf ‘!
U |Q m & g |
204 N
g o Application USB | T <) :% I
<—||T = 228
: a @ 5V VBUS g g =S
5 i o | S c 2 |
N NERG) 3.3V Power o == =
| )
g T m '
z g2 [
7 —— es |
A op =
er o - I
v 5 8 |
-]
g |
Power 40-pin (4x10) Boosterpack Interface §—° |
Header = |

eZ-FET lite Emulator

ck Diagram of MSP430F5529 launchpad evaluation kit
SP430F5529 Launchpad Evaluation kit user guide

The MSP4 pad evaluation kit consists of a 40 pin booster pack interface , thus
providing more purpose I/O pins as compared to G2 development kit. It also consists of

a power header , buttons, LEDs and a USB connection for programming purpose. Except these,it
also has an emulator which is connected with the device and is majorly used for debugging.
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1.14 Sample Applications of Embedded System on MSP430 Microcontroller
Example: 1

Skin Care Teleconsultation Embedded System for Rural and Remote Areas:

dical treatment. Skin
ome areas situated in
d rashes. Most of those
e people live. Insects and
le living in these areas

People in rural and remote areas are found struggling to access time
diseases are the most common problems that people face in rural and
the outskirts of the city. The problems include infections, allergies,
skin problems are due to unhygienic and dusty environment in whi
dust are two main causes for skin problems found out in the
might not want to travel long distances to get routine checkups
trouble getting to a hospital quickly in an emergency.

Therefore, there is a need for a cost effective, porta
dermatologist to provide the solutions for the above
areas, using embedded technology with the suppo

oblems to the people in and remote

rnet services.
A

Mobile
Display
<«—| Internet
MSP430
Microcontroler
Camera
3 Hospital
Monitoring
Servo P Station
Motors

Skin Care Teleconsultation Embedded System

care teleconsultation embedded system is shown in figure 21 and it has
mera, Servo Motors and Communication devices. This device can be
vide consultation services to needy people with minimum cost and time
infections in front of the camera fixed on the servo motors and it can be

device, the er. The doctors can also control the position (left, right, up and down
movements) of era by accessing the servo motors on the patient side from their premises to
examine the infeCted parts. Telephone/mobile phone connectivity can be established from the
equipment side to communicate with the monitoring station. Hence, the doctor can explain the problem
and prescribe medicines to the patient over this medium. Database can also be created to maintain
records of the patients in the monitoring station to monitor every consultation for further progress.
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Example: 2

Water is precious and every drop is turning to be a very valuable resource in the present scenario.
Development of micro irrigation systems and better water resource management are essential for

ows for more efficient
ires a device that could
would be installed in the
y not be monitored by
power and also be
to be developed

irrigation the land. Instead, maintaining m0|sture at just adequate Ie
utilization of water, enhancing agricultural productivity. Therefore,
automatically control water supply based on the soil condition. T
agricultural field where it would be subject to adverse condition
human personnel at regular intervals. Hence it has to be relia
cost efficient. In short, an embedded system is the only
and dedicated to the agricultural field.

Irrigation
Motor with )
Driver
; Signal
Sollslgllr?;(s)trure » Conditioning » Microcontroller V
Circuit
Antenna
GSM Modem

\4
mbeMased Automatic Irrigation System

lock of the automatic irrigation system. This simple block consists of a
itioning circuit, Microcontroller, Motor with driver and GSM modem.
tput signal based on the wet and dry conditions of the soil and
ning circuit to the required level. Microcontroller processes the
, takes a decision to drive the irrigation motor and transfers the
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1.15 Summary
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1.16 Review Questions
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1.17 Exercises
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Microcontroller Compo and Peripherals

understanding of

By the end of the first chapter of this book, readers w
will cover the

embedded systems and its applications. Building
configuration process for various components/periphe

the second ch
he microcontroller.

Readers will learn about mapping of Peripheral
dedicated to the system. They will also understan

The chapter will also cover low power aspects of readers study the FRAM as

nonvolatile memory and understand its contribution in o ices.
Page
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2.1. Introduction

2.2.

2.2.1. Memory Mapped Peripherals

Demand for microcontrollers in the design of an effective embedded system is increasing every day.
More peripherals with higher capability and low power operative CPU core in the microcontroller chip
sets are being used in embedded systems.

A microcontroller interacts in many ways with the real world through its peripherals. Here are some
great examples to highlight how peripherals play important role in embeddedysystem: Microcontroller
receives inputs from a human through switches. At the same time, it turn nal devices on or off
through a GPIO peripheral. A microcontroller generates accurate and e time delay through a

external device to the computer that you connect using a cab
located inside the computer case but not the processor chip i

are preferred for optimistic design.

The chapter begins by discussing how periphera
and peripherals with the registers associated t
programming example. Next, various internal perip

that we can control them.

For handling the periphera

IO mapped peripherals

It uses separate address space for
addressing 10

CPU instructions are different for accessing
memory and |O.

instructions ; d for memory based operations can be used for controlling the peripheral
devices. The tion needs to be divided for IO mapping and that space cannot be used for
physical addres Peripheral devices need to monitor the address bus of the system to get

instructions and perform accordingly.

In MSP430, memory mapped peripheral techniques are used to address and access 10 devices. For
the 16 bit peripheral module, the address range available is from 0100h to 01FFh. This memory range
is used for accessing word instructions. If byte instructions are used with this section, only even
addresses are permissible and the high byte of the provided result is zero. For the 8 bit peripheral
module, the address range available is from 010h to OFFh. This memory range is used with byte
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instructions. If read access of word instruction is provided in byte module, then we get an
unpredictable data in the high byte as a result. If word data is written to byte module, only low byte is
written into peripheral register ignoring the higher byte.

Therefore, it is frequently more practical to take advantage of the benefits of memory-mapped 1/0. The
advantage of this method is that every instruction which can access memory can be used to
manipulate an 1/O device.

In this chapter, we provide a detailed description of the registers acc
MSP430 has Von-Neumann architecture, which means that one add
memory, including special function registers (SFRs), peripheral m
memory (RAM), Flash/ROM and information memory. They are
address space as shown in Figure below.

in memory space.
ace is shared with all
gisters, Random Access
into a single, contiguous

The address range and data size of the each memory is shown size of the some of

the memory is word, byte or both.

he figure.

The memory map is slightly different for each device i P430 series.
OFFFFh
Interrupt Vector Table
Word/Byte| OFFEOh 32 Bytes

Word/Byte| OFFDFh
Flash ROM

!
!

RAM
Word/Byte| 0200h
O1FFh
Word 16Bit peripheral Modules| 128
Access (0O100h Words
OFFh
Byte 8Bit peripheral Modules 240
Access |010h Bytes
OFh
Byte Special Function Register 1%
Access |~nh Bytes

e — 2.1A Memory organization of MSP430x5xxx series

2.2.2. MSP430 x5

The Special Function Registers associated with controlling and configuring the peripherals in
MSP430x5xxx series are located at memory addresses from 0000h to OFFFh (1KB of memory space
as shown in the table 2.1A ). Also, the specific registers for Interrupt enables, Interrupt flags and
Enable flags also mapped in this memory space. The register‘s data size for the peripherals can be 8
bit and 16 bit and are mapped in the memory space.

eripherals:
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GPIO

There are up to 9 digital I/O ports (P1 to P9) in MSP430X5xx and up to 11 digital I/O ports (P1 to P11)
in MSP430x6xx series. Different MSP430 series contain a different number of ports. Some contain
eight I/O lines and some may contain fewer lines. This I/O line is individually used for input or output,
and each can be individually read or written. Each 1/O line is individually configurable for pullup or
pulldown resistors. The Ports can be accessed as a byte wide or can be combined into another Port
as word wide.

P1 and P2 referred in the programming to access byte wide and P1 an
as PA in programming to access as word wide. Similarly, P3 and
referred as PB, PC, and so on, respectively

e paired and referred to
and P6, and so on, are

I/O lines can be
in of the P1 has a
s (P21V) but P1

P1 and P2 ports have interrupt capability and each pin of

individually enabled and configured for rising or falling edgegthi
single interrupt vector address (P11V) and similarly P2 al
and P2 has different vector addresses.

gering type.
a single vector

Timer Peripherals:

MSP430 microcontroller can be used with a wide
Timer basic, Timer A, B and D, and Real Time Clock
clock sources available in the controller itself.

Is such as Watc timer,
herals gets clock from various

uous loop of execution and to reset
the processor. This is one of the powe rogramming hang. The watchdog
timer is a 32-bit timer that can be used : timer. The WDT can be used in
an application and once it is used, it nee@ ire the timer value.

MSP430x5xxx has three |nd|V|duaI 16 bit s A, B and D. Each timer
supports 4 different mag ) i gration, capture, comparison and
pulse width modulatig . g ple capture/compare modules in
each timer periphe rom the counter on overflow conditions or from
each of the ca perates in high resolution mode with a fine clock
[ clock frequency.

5 h three different analog to digital converting (ADC) peripherals
ADC10 and ADC12 have successive approximation type ADCs with the
its respectively. Each ADC is facilitated with the 16 channel input and the

reference VO erence voltage for ADC10 and ADC12 can be given by internal reference
generator modd ough external pin and each of the ADC is having internal temperature sensor.
Both ADCs are ioning with 4 different conversion modes of operations such as Single channel,
repeat single channel, sequence (auto scan), and repeat sequence (repeated auto scan). The ADC10
and ADC12 are designed for low-power applications. When they are not actively converting, the

peripheral core are automatically disabled and enabled individually when needed.
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ADC10 stores the converted data into an ADC memory register (ADC10MEM) and sets the interrupt
flag to generate interrupt. It stores the converted data of each channel among 16 channels into the
same memory register for all the conversion modes of operation. So the converted data should be
read by programming on each conversion complete. ADC10 comes with a window comparator circuit,
which compares the ADC data with predefined low and high value stored in separate registers and
sets the corresponding interrupt flags.

ADC12 stores the converted data of each channel into the separate me
each channel. The overflow condition occurs when a conversion result 4
memory registers before its previous conversion result was read
generate interrupt.

register allocated for
en to any one of the
ets an overflow flag to

The SD24 peripheral consists of up to eight independent sigma-, -digital converters. The
converters are based on second-order oversampling sigma- d digital decimation
filters. The decimation filters are comb type filters with se ios of up to 1024.
Additional filtering can be done in software.

DAC12
This peripheral is a 12-bit DAC and it can be ¢

Comparator

The comparator peripheral compares &
voltage at + pin is more than the — pin,
be switched on or off when not in use to

high. The comparator can
ports selectable reference

The USCI i multiple serial synchronous and asynchronous
communicatid UART, SPI, and 12C.

sal asynchronous receiver transmitter (UART).
D and UCAXTXD. It supports for programmable

mterface) In MSP430 serles these pins are referred as UCxSIMO,
XSTE. It supports for 7-bit or 8-bit data length, LSB-first or MSB-first data

The 12C arch n compliance to the Philips semiconductor 12C protocol. It supports for 7-bit
and 10-bit addressing modes, multi-master transmitter/receiver mode, and slave
receiver/transmitter mode, standard mode up to 100 kbps and fast mode up to 400 kbps.

DMA

The direct memory access (DMA) controller peripheral transfers data from one memory space to
another without CPU intervention across the entire address range. For DMA, MSP430 microcontroller
has many features in transferring data. For example, it transfers data from the ADC conversion
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memory to RAM without CPU intervention. It supports various modes of transfer such as single
transfer, block transfer, and burst block transfer with the maximum block size of 64KB. It contains up to
eight DMA channels and allows the CPU to remain in a low-power mode, without having to awaken to
move data to or from a peripheral.

2.3. Peripheral address and ranges

Peripheral Name Memory mapped address space Device

P1 (Port 1) 20h to 26h, 27h and 41h MSP430X11X
P2 28h to 2Eh, 2Fh and 42h
P3 18h to 1Bh, 10h and 43
P4 1Ch to 1Fh, 11h a
P5

GPIO
P6
P7
P8
P9

EEPROM EPROM Con

50h to 52h, MSP430x12xx,
70h to 77h, MSP430x13xXx,
00h,02h,04h and MSP430x15x
78h to 7Fh, 01h,03h,05h Above with

78h to 7Dh MSP430x2xx
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T
T 60h to 67h, 5Dh to 5Fh, 1h and 3h
DOh to D7h, CDh to CFh, 6h,7h
a UART MSP430x2xx
b 68h to 6Fh, 118h to 11Bh
I

D8h to DFh, 17Ch to 17Fh

(0]

2

Fla’sh Memory | Flash Memory 128h to 12Dh
1

56h to 58h

Basic CLOCK Basic clock control

OPe-Amp

Tirher Watch Dog
|

Basic Timer
p
h Timer_A
€ Timer_B
r
a RTC MSP430X4XX
|

MSP430X11X

MSP430X2XX

100h to 11Fh, BOh BEh MSP430X2XX

1COhto 1C3
1C8h, 1CBh

122h to 127h
1DOh to 1D7h
1DAh to 1DFh MSP430X2XX
1E2h, 1E3h, 1E6h to 1Ebh
1EEh, 1EFh, 1FOh to 1F7h

q>—cr§—|m

2.1: Peripheral and memory map

In the above Table 2.1, it is shown that some of the registers are common for many peripherals.
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All of the listed peripherals in the table are not present in all the devices of MSP430. As an example,
MSP430C1101 device in MSP430X1XX family is having P1, P2, Comparator A, and Timer_A.
Similarly, each device in a family has its own list of peripherals. The other capabilities like interrupt,
Watchdog timers, clock circuit, and reset circuits are common for all families of the MSP430 devices.

When you develop a system with the MSP430 controller using certain peripherals, ensure that the
device you have chosen has the required peripherals in the device by referring the data sheet from Tl
web site.

Also, users need to ensure that the registers associated with eac eral are handled for

configuration properly.
CPU Registers in MSP430:

The CPU incorporates sixteen 16-bit registers from RO to R15. i R1, R2 and R3 have
dedicated functions. R4 to R15 are working registers for ge

As shown in the figure below, four of the registers, RO i counter, stack
pointer, status register, and constant generator re re general-
purpose registers.

o
General - Purpose |[RC/RO General-Purpose | R8
Stack Pointer SP/R1 General-Purpose | R9

Stab is Register [SR/CG/R | General-Purpose | R10

Constant Generator |CG2/R3 General-Purpose | R11

General-Purpose  |R4 General-Purpose [ R12
General-Purpose |Rrg General-Purpose R13
General-Purpose R6 General-Purpose | R14

General-Purpose |7 General-Purpose | R15

.2.1 CPU registers in MSP430
ister in MSP403 is discussed below

ogram counter (PC), which points to the next instruction to be executed.
takes an even number of bytes (two, four, or six) and the PC is

ord basis and the PC is aligned to even addresses and LSB is hardwired to

Stack Pointer (SP

The register R1 is the stack pointer (SP) and is used by the CPU to store and read the return
addresses of subroutine calls and interrupt handling. SP is adjusted by a pre-decrement, post-
increment scheme when the stack is accessed by the CPU. In addition, the SP can be accessed
manually by software with all instructions and addressing modes. The SPis initialized into RAM
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locations of the memory space by the user, and is aligned to even addresses with LSB hardwired to
zero.

Status Register (SR)

The register R2 is the status register (SR) and it is used as a source or a destination register. It can be
used in the register mode only and addressed by word instructions. The remaining combinations of
addressing modes are used to support the constant generator. Figure below shows the individual bit
description of SR register. )

15 9 8 7 0
Reserved V|sca1|scGo|oer [Ser IGIE| N|Z [
N 7
V
rw-0

Description of Status Register Bits
Bit Description
V:

(Overflow bit) This bit is set when the result of an arith
range.

n overflows the signed-variable

Set when: Positive + Positive = Nega ositive, otherwise reset

Set when: Positive — Negative = Negati itive, otherwise reset

SCG1 (System clock generator 1):

DCOCLK is not used for MCLK or SMCLK.

when LFXT1CLK is not use for

negative. N is set to the value of bit 15 of the result Byte operation: N is set to the
value of bit 7 0

Z (Zero bit):
This bit is set when the result of a byte or word operation is 0 and cleared when the result is not 0.
C (Carry bit):

This bit is set when the result of a byte or word operation produced a carry and cleared when no carry
occurred.
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Constant Generator Registers CG1 and CG2:

Six commonly-used constants are generated with the constant generator registers R2 and R3, without
requiring an additional 16-bit word of program code. The constants are selected with the source-
register addressing modes (As), as described as below

Values of Constant Generators CG1, CG2

Register As Constant Remarks

R2 N  sosms Register mode

R2 01 (0) Absolute address mode
R2 10 00004h +4, bit processing

R2 1" 00008h +8, bit processing

R3 00 00000h 0, word processing

R3 01 00001h +1

R3 10 00002h +2, bit processing

R3 1 OFFFFh -1, word processing

The advantage of having this structure
code word for the six constants, no code

ctions required, no additional
e the constant.

ix constants is used as an
ode, cannot be used explicitly

ial interface and timer etc. are mapped to the
registers associated with the corresponding

Register

Input
Output
Direction

GPIO registers Interrupt Flag

P1IES Interrupt Edge Select
PlIE Interrupt Enable
P1SEL Port Select
Watchdog Timer WDTCTL Watchdog timer control register
Registers IE1 SFR interrupt enable register 1
IFG1 SFR interrupt flag register 1
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Timer A Registers

TACTL
TAR
TACCTLO
TACCRO
TACCTL1
TACCR1
TACCTL2
TACCR2
TAIV

Timer_A control
Timer_A counter

Timer_A capture/compare control 0

Timer_A capture/compare 0

Timer B Registers

TBCTL
TBR
TBCCTLO
TBCCRO
TBCCTL1

TBCCRG6
TBIV

pare control 4
Timer_B capture/compare 4
er_B capture/compare control 5
imer_B capture/compare 5
r_B capture/compare control 6
Timer_B capture/compare 6

Timer_B Interrupt Vector

Name Register
1IN Input
P1OUT Output
P1DIR Direction
PlIFG Interrupt Flag
P1IES Interrupt Edge Select
P1IE Interrupt Enable
P1SEL Port Select
Watchdog Timer WDTCTL Watchdog timer control register
Registers IE1 SFR interrupt enable register 1
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IFG1 SFR interrupt flag register 1

TACTL Timer_A control
TAR Timer_A counter
TACCTLO Timer_A capture/compare control O
TACCRO Timer_A capture/comparg, 0
Timer A Registers TACCTL1

TACCR1 Timer_A captur rel
TACCTL2 Timer_A captur
TACCR2 Timer_A

TAIV
TBCTL imer_B control
TBR Timer_B counter
TBCCTLO
TBCCRO

imer_B capture/compare control 4

Timer_B capture/compare 4

B capture/compare control 5
imer_B capture/compare 5
TBCCTL6 imer_B capture/compare control 6
TBCCR6 Timer_B capture/compare 6

Timer_B Interrupt Vector

eripheral registers in MSP430
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2.4.1/0 pin multiplexing& its relevance

In a microcontroller, there should be higher performance and capability in terms of peripherals out of
the hardware resources available with limited numbers of /O pin. It is the responsibility of the chip
design engineer to create a limited budget device by reducing 1/0O pins of a microcontroller, but having
more peripherals integration. This is done through multiplexing the functions of the various peripherals
with a single pin in the chip. Pins are expensive and most microcontroller applications won't use all of
the features available in a chip for a single application. So, the cost of the ¢ reduced by making
many different functions available on the same pin. It is exemplified by pin- ail of MSP430G2553
controller by figure shown below

o
pvce 1 20[1DVSS
P1.0/TAOCLK/ACLK/AO/CAO [ 2 193 XIN/P2.6/TA0.1
P1.1/TA0.0/UCAORXD/UCAOSOMI/A1/CA1 3 N20 18 XOUT/P2.7
P1.2/TA0.1/UCAOTXD/UCAOSIMO/A2/CA2 [|4 17[1 TEST/SBWTCK
P1.3/ADC10CLK/CAOUT/VREF-/VEREF-/A3/CA3 5 PW20 16[1 RST/NMI/SBWTDIO
P1.4/SMCLK/UCBOSTE/UCAOCLK/VREF+VEREF+/A4/CA4/TCKEl6  (TOP VIEW)  15[0P1.7/CAOUT/UCBOSIMO/UCBOSDA/A7/CA7/TDO/TDI
P1.5/TA0.0/UCBOCLK/UCAOSTE/A5/CA5/TMS ] 7 14[1 P1.6/TA0.1/UCBOSOMI/UCBOSCL/A6/CA6/TDI/TCLK

P2.0/TA1.0[]8 130 P2.5/TA1.2

P2.1/TA1.109 121 P2.4/TA1.2

P2.2/TA1.1010 110 P2.3/TA1.0

.1A MSP430G2

It is noticed that each pin in the above GhIp ) 3. name, with several functionality
separated by a slash. Because of limite ins i i oller and at the same time a

active or functioning associ i i i S SP430 operate as GPIO
pins, with a possibility o jiguration. As GPIO pins, each

Embedded design 3 ide e use of each pin in the controller along with the
peripherals as

PIN number Description

General-purpose digital I/O
1 Comparator_B input CB4
Analog input A4

General-purpose digital I/0
Comparator_B input CB10

! Analog input A14 — ADC
DAC12.0
P1.0/TAOCL General-purpose digital I/O with port interrupt
34 Timer TAO clock signal TACLK input
ACLK output

Table 2.3.1A -- List of few pin detail of MSP430F5358
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As an example, the Pin 1 of MSP430F5638 is functioning as P6.4 of GPIO, comparator input 4 or
analog input. Similarly some of the pins are multiplexed with other special functions as shown in the
above table. Each device of MSP430 family has multiplexed with variants of peripherals functions.

2.5. Pull up/down registers

In general, the input of the microcontroller should not be left as float, w,
given either low or high. In this case, Pull-up and Pull-down resistors ar;
switch or some other input device with the microcontroller.

eans input should be
used when interfacing a

The Figures 2.4.1 and 2.4.2 show the pull up and pull down resi
the switch S1 is connected to the IO pin configured as in
connected to logic 0. When the switch is pressed, the pin itch is not pressed
the pin reads logic 1 through a pull up resistor. If there j ircuit, when the
switch is not pressed, the pin is in float case and it re i i us cannot be
distinguished. This is resolved by a pull up resistg [l-up resistor is a resistor is used to
ensure that a wire is pulled to a high level in the of an input signal.

detail. In Figure 2.4.1,
er and another end

Vce

S1

Vce  |Microcontroller
Microcontroller

Input Port Pin
S1 Input Port Pin

‘ Figure 2.4.2 Pull down circuit

e pull down resistor is used in the absence of an
itch is not pressed. Pull-down resistors work in the same manner as
pull the pin to a logical low value. They are connected between
device. An example of a pull-down resistor in a digital circuit can

g float (an undefined state ) at the input. The pull-down resistor must
the impedance of the logic circuit, or else it might be able to pull the
d the input voltage at the pin would remain at a constant logical low value
regardless O

Most microcontre ike MSP430 have in-built programmable pull up or pull down resistors making it
possible to interface a switch without pull up or pull down switches. Pull-up resistors are generally
preferred to use for connecting switches more often than pull-down resistors, though the
microcontroller is facilitated with internal pull-up and pull-down resistors. MSP430 supports enabling an
internal Pull-up or Pull-down resistors via software when the GPIO is in input mode.

In MSP430 microcontroller, in order to enable the internal pull up or pull down resistor, the registers
Port Direction Registers (PxDIR), Port Pull up or Pull down Resistor Enable Registers (PXxREN) and
Port Output Registers (PxOUT) are used. By referring to the Table 2.4.1, PxDIR register is used to
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configure the port pin as an input. PXREN used to enable the Pull up/Pull down, but choosing Pull up
or Pull down resistor to the port pin is done by the PxOUT register.

PxDIR PxREN PxOUT 'O Configuration
0 (1] X Inpat
o 1 a Input with pulldown resistor
0 1 Input with pullup resistor
1 % x Chutput

Table 2.4.1 /O configuratio

the resistor is pull-up or pull-down.

P2DIR = 0xOF; //Higher 4 bits
P2REN = 0xFO; // Higher 4 bit of
P20UT =0xCO0; // P2.7 and P2.6 a

/[ P2.5to P2.4 are co

Figure 2.4.3Pul ad Pull down

2.6. GPIO control

General Purpose Input Output (GPIO) is i | in any microcontroller as
i i jke LEDS, Relays, buzzers, and

SP430 has a limited number of ports. As an example, MSP430x5xxx
they are referred as P1 to P9 with 8 bit in size for each port. P1 and P2
and it is referred as PA. The following Table 2.5.1 shows the list of ports
and its pa i e referred.
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8 bit Port pairs 16 bit Port
géﬁi PA ( PA_Low byte = P1 and PA_High byte = P2 )
P5-P6 PB ( PB_Low byte = P3 and PB_High byte = P4 )
P7-P8 PC ( PC_Low byte = P5 and PC_High byte z P6 )
Pg PA ( PD_Low byte = P7 and PD_High b )
No pair
Table 2.5.1 Ports and its pairin
Additionally, ports P1 and P2 are facilitated with interrupt featu i associated with each
pin of P1 and P2 can be individually enabled and configureg to isi ling edge triggered
interrupt. All interrupt pins of P1 have a single interrupt v i pins of P2 have
a single interrupt vector (P2IV). On some devices of M g iti i rupt capability
are available.

2.6.1. Portregisters

2.6.1.1. PxSEL (Port x function select

As already discussed, the GPIOs in i 0 each Port pin of MSP430 is
acting as a GPIO and a special functio i r peripherals such as timer
serial, ADC, DAC and etc) The PxSEL re i afi either as a GPIO pin or as
a special function pin. Wrj i i S i corresponding to the bit as

a GPIO and writing 1
peripheral. The follg

peC|aI|zed function of the other

d as GPIO pin, it is then required to configure the direction of pin either for
egister is used to configure the particular port pin direction regardless of
riting 1 into a bit of the register configures the corresponding pin for an
res the pin for an input. The following table 2.5.2 describes the PxDIR

DIR register Description

P2DIR = 0x01: P2.0 is configured as output pin

(0000 0001 b) P2.1 to P2.7 configured as input pin

Table 2.5.3 PxDIR bit description
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2.6.1.3. PxIN (Port x input)

Once a port pin is configured as an input, the pin is read for current input status by the CPU by using
this register. Ensure that the input is configured for internal pull up and pull down configuration by
PXREN register.

2.6.1.4. PxOUT (Port x Output)

Once a port pin is configured as an output, once the data written in
corresponding data is coming out as a logic signal level to the correspondi

PxOUT register the
rt pin.

2.6.1.5. PXREN (Port x Resistor Enable)

Internal pull up/ pull down resistor circuit is enabled by this regi
configured according to the corresponding I/O pin. The pull
date sent to the PxOUT register. By referring to the Figur
as inputs and some of them are enabled with Pull up/ dg
for pull up and others for pull down input.

ach PxXREN register is
tor is chosen by the
ins are configured
f them chosen

, some of the
de. Among these,

#include < masp430x5xxx.h>

main()

{

P2DIR = 0xFF; // The entire P2 configured

P2REN = 0x80; // P2.7 i&eonfigured to pull
/I P2.0to P2.6

P20OUT =0x80; // P2.7

Interrupt asso
occurred if only i

abled by the PXxIE register. The interrupt is
XIE are set for the corresponding interrupt pin.

orresponding bit and GIE (Global Interrupt Enable) bit in PxIE
terrupt, the flag can be cleared only by software. If the bit is O

pt edge select)

2 interrupt triggering type either as rising edge or falling edge for the

corresponding p which will cause the interrupt and the bit in PxIFG register to be set.
Bit = 0: The riSing edge triggered

Bit = 1: The falling edge triggered
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2.6.1.9. PxIV (Port x interrupt vector)

It is a 16 bit register that stores the vector address of the port, which is configured as interrupt source.
This 16-bit register is a priority encoder which can be used to handle pin-change interrupts. If n is the
lowest-numbered interrupt bit which is pending in PxIFG and enabled in PxIE, this register reads as
2n+2. If there is no such bit, it reads as 0. The scale factor of 2 allows direct use as an offset into a
branch table. Reading this register also clears the reported PxIFG flag.

2.6.1.10. PxDS (Port x drive strength ('5xx only)

Bits set in this register enable high-current outputs. This increases o
or Electro Magnetic Interference. Ports 0—2 can produce interrup
registers configure this ability:

wer, but may cause EMI
inputs change. Additional

Some pins have special purposes either as inputs or o

configured as capture inputs or PWM outputs.) In this c which of the two
functions the pin performs when the PxSEL bit is set. If ion, then PxDIR
is generally ignored. The PxIN register is still readab t generation

pin. Also, configuring a pin for general-purpose o

2.6.1.11. Accessing GPIO-1  (Writing into the Port)

Writing data into a port pin is demonstr
shown in the Figure 2.5.2. The Port g
limit the current to drive the LED. C
software controlled delay. Use a lal 3 hich contains MSP430G2xxx,
connect the LED in series with 1K ohmsfes in fi i
below in Code Composer studio and dow : ] Y lize the code by changing
the delay value.

in P1.0 through a series resistor as
logic 1 is output, so it is essential to

2.6.2. Accessing GR

limit the current i jecti e example is to cause the LED to blink by
arget board which contains MSP430G2xxXx,

MSP430x5xx

P1.0 /7
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Figure 2.5.2 — Circuit for LED blinking

#include"msp430x5xxx.h"
void main (void)

{

unsigned int i;

WDTCTL = WDTPW + WDTHOLD; // Stop watch dog timer
P1DIR = 0x01; // Set P1.0 to outputdirection
While(1)

{

P1OUT = 0x01; // Set P1.0 Pin to Logic High

for (i=0; i<20000; i++);  //delay

P10OUT = 0x00; // Set P1.0 Pin to Logic L

for (i=0; i<20000; i++);  //delay
}

Figure 2.5.3 - Pro or LED blinkij

the watch dog timer. It is mandatory and this is discu
stored with 0x01 for the configuration of P1.0 as output
with 0x01 to set P1.0 pin to high. Th ive is to toggle
the Portl. So the program needs to i
2.5.4.

are as an input. P1OUT is

n the following program in

n the following chapters. P1DIR

stored

ut the program disturbs other pins in

Figure

#include"msp430x5xxx.h"

void main

5.4 — Program2 for LED blinking
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2.6.3. Accessing GPIO-2

There are two LEDs connected in P1.6 and P1.0 and these LEDs are controlled by the switch SW1
Figure 2.5.5. By referring to the program in figure 2.5.6, P1.3 is
configured to input with internal pull up enabled.P1.0 and P1.6 are configured as output. When the

connected in P1.3 as shown in the

(Reading from the Port)

switch is not pressed the P1.3 is read as high because of internal pull up

SW1

Figure 2.5.5 -

1

P1.0

MSP430x5
XX

P1.3

P1.6

Circuit for controlli y the switch

#include"msp430x5xxx
void main (void)

P1DIR |= 0

.h

{
WDTCTL = WDTPW +WDT

6 are to output

or pull up/down circuit
51.3 is chosen for pull up resistor
P1.0=0and P1.6=1

rue when P1.3 is zero and other bits are

oggle P1.0 and P1. 6 by EXOR operation
/I Other bits are not disturbed

Program for controlling LEDs by polling
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2.6.4. Accessing GPIO-3 (portinput by interrupt)

Using port pin as an interrupt input is explained by referring the same above circuit in Figure 2.5.4. The
port P1.3 is connected to the switch SW1 and it is configured as falling edge triggered interrupt. Upon
falling edge interrupt by p1.3 the LEDs in P1.0 and P1.6 are toggled.

#pragma vector=PORT1_VECTOR

__interrupt void Port_1 (void)

P10OUT "= 0x41; /l Toggle P1.0 and P1. 6 by
/I Other bits are not dist
P1lIFG &= ~0x04; Il clean P1.3 Interrupt FI
}

void main(void)

WDTCTL = WDTPW | WDTHOLD:; /
P1DIR |= Ox41;
P1REN = 0x04;
P1OUT |= 0x04;
P1OUT |=0x40;
P1IE |= 0x04;
P1IES |= 0x04;

_BIS_SR (LPM3_bits + GIE
}
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2.7. Interrupts and interrupt programming.

2.7.1. Introduction:

An interrupt is an event generated by hardware or software. When an event that is asynchronous to
the current program execution occurs, then it automatically transfers CPU tion to a defined sub
program called interrupt sub program.

The following Figure 2.6.1 shows an example of how a microcontroll
system is made for controlling the speed of the motor with proper,
is written for sensing the speed and controlling the motor for
running forever. When the operator wants to stop the motii

nds to an input signal. The
echanism. The program
d and this program is
presses the Panic
OFF switch then the motor should be OFF immediately.

: : MSP430
P1.3

DR —
Panic OFF SPEED

—» MOTOR

2.7.2. Polling meth

The flowchart gi
input (Panic
algorithm to tu
OFF.

read first, if |

Sense the
Speed
Motor
| I OFF I
Control
the

T

Figure 2.6.2. Flow chart for polling the input

The method of periodically checking the input pin status for every looping is called polling. The critical
problem of this method is real time panic control. If the panic switch is pressed when the CPU is
performing for sensing the speed of the motor then the switch is ignored or the switch should be still
pressed as long as the CPU comes to read the pin. In polling, the microcontroller keeps checking the
status of external pin and then it responds to it. While doing so, it does no other operation and
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consumes all its processing time for only monitoring the pin. This problem is overcome by using
interrupts.

2.7.3. Interrupt driven method:

In the interrupt driven method, the controller responds to only when an interruption occurs and the
CPU is not required to regularly monitor the status of the input pin. The flowchart for the same example
in interrupt driven method is given below. The input P1.3 is configured as an rrupt input.

T,
Configure
—| P13 as
interrupt

)
Sense the
Speed

Control the
Speed

Figur b
. Int pt service routine

The interrupts cé i eithe or software interrupt sources. Hardware sources
can be exter set. External sources are multiplexed with GPIO
eachmicrocontroller.

The mternal interrd S herals. It is different from device to device in
the ansmit /receive, Portpin, ADC End of Conversion,
-outs, Watchdog Timer Reset, Timer Overflow on
h Output compare, Timer capture on inputs and etc. Software sources
or execution by detecting computational error.

at each individual interrupt request has a separate execution but local
in the interrupt service routine are unique and separate from one interrupt
ach interrupt input has its corresponding interrupt flag. As an example,
generates an interrupt it sets watch dog timer interrupt flag (WDTIFG) and
ice routing. In the service routine, WDTIFG is cleared. There are the
interrupt such as masking, pending, enabling, disabling, triggering type,
e (ISR), interrupt flag, priority, vectored interrupt and non vectored interrupt.

standard ter
interrupt service
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2.8. MSP430 Interrupts
There are three types of interrupts in MSP430 architecture they are
e System reset

¢ Non-maskable interrupt (NMI)
e Maskable Interrupts

2.8.1. System Reset

The system reset circuitry such as Power-On Reset (POR), Pow
Out Reset (BOR) initiates interrupt upon its detection.

UC) signal and Brown-

POR is can be generated by the following three events:

e Powering up the device
¢ Alow signal on the RST/NMI pin when confj
e supply voltage supervisor (SVS) low condi

n the reset mode

SVS is used to monitor the AVCC supply voltage or ured to
set a flag or generate a POR reset when the supply al voltage drops below a user-
selected threshold.

Watchdog timer expiration whe
Watchdog timer security key viol
A Flash memory security key violal
POR signal alsog ate the PUC

Some devices have
brownout reset ci
removed from

tect and POR delay circuits. The
such as when a supply voltage is applied to or
et circuit resets the device by triggering a POR

Vacant Dry access

At power-up, the RST/NMI pin is configured in the reset mode. The CPU is held in the reset state as
long as the RST/NMI pin is held low. After changing to a high state, the CPU starts program execution
at the word address stored in the reset vector, OFFFEh. The flash access violation can be enabled to
generate an NMI interrupt by setting the ACCVIE bit. The ACCVIFG flag can then be tested by NMI the
interrupt service routine to determine if the NMI was caused by a flash access violation. The oscillator
fault signal warns of a possible error condition with the crystal oscillator. The oscillator fault can be
enabled to generate an NMI interrupt by setting the OFIE bit. The OFIFG flag can then be tested by
NMI the interrupt service routine to determine if the NMI was caused by an oscillator fault.
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2.8.3. NMl Interrupt Handler:

The NMI interrupt is a multiple-source interrupt. An NMI interrupt automatically resets the NMIIE, OFIE
and ACCVIE interrupt-enable bits. The user NMI service routine resets the interrupt flags and re-
enables the interrupt-enable bits according to the application needs as shown in Figure 2.6.4

Reset by HW:
OFIE, NMIIE, ACCVIE

<GFFeT>

Yes
| Reset OFIFG || Reset ACCVIFG || Reset NMIIFG |

[ Start of NMI Interrupt Handler J

no

User’s Software, User’s Software, User’s Software,
Oscillator Fault Flash Access External NMI
Handler Violation Handler Handler

Optional l l l v
:

RETI
End of NMI Interrupt

Handler

ith interrupt capability including

the watchdog time ; i can be enabled or disabled individually by an
interrupt enable i e (GIE) bit in the status register (SR).

The interrupt i i i ptance of an interrupt request, and lasting until
the start of execU irst i i t-service routine.

previous Settings of GIE, CPUOFF, etc. are now in effect, regardless of the settings used
during the interrupt service routine.

9) The PC pops from the stack and begins execution at the point where it wasinterrupted
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2.9. Interrupt priority and Interrupt vector table

The interrupt priorities are fixed and defined by the arrangement of the modules in the connection
chain in MSP430 series as shown in the Figure 2.6.5.and Table 2.6.1. When the highest priority is in

service the other interrupt requests are in the Flag as interrupt pending.
interrupt is finished then the interrupt flag associated with the interrupt s

nce the service of the
should be cleared by

program.
Priority High Low
AGMIRS
_G_GIE Modul Modul WDT Modul Modul
CPU odule odule \ odule odule
1 2 Ti
NMIRS 1 2 o 2l ™ g "
<« — e b >
PUC v Bus
Grant
PUC
o OSCfault
Circuit Flash ACCV]
4 ResetNMI
T WDT Security Key! -
N Flash Security Key N2 N7 N N7 =P
<v MAB - 5LSBs >
v
re2.6.51 S

The interrupt vectq
the interrupts ar,
releases the

process and

e interrupt flags associated with
an interrupt occurs, the flag is set and the CPU

power  mo sed, the CPU to service for interrupt.
5YSTEM WORD
INTERRUPT SOURCE INTERRUPT FLAG INTERRUPT ADDRESS | PRICRITY
System Resst
Power-Lip, Extemal Reset eysReT 5
Viatchdog Timeout, Key Vislation WDTIFG, KEYV (SYSRSTIV) Resat DFFFER | &3, nighest
Flash Memary Key Vistation
3“::1:“”""" SVMLIFG, SVMHIFG, DLYLIFG, DLYHIFG,
SVMLVLRIFG, SVMHVLRIFG, WMAIFG, {Monjmaskabis LFFFCh 62
Vacant Mamory Access = ¥ prllis i '
JTAS Mallbox JMBNIFG, JMEOUTIFG [SYSSNIV)
Lsar HMI
-
oo NIFG. OFFE.ACCVIER BUSFS | oncine | orrean | o
Flash Mamuory Access Vinlatian ' '
Comp_B Comparator B Intermupt fags (cang! = Maskanle OFFFER &0
Timar TS0 TBOCCRO CoIFGD ™ Waskable OFFFEh 55
TBICCR1 CCIFG1 to TROCCRE CCIFGA,

Timar TS0 TBOIFG (TBON) ) Maskanle OFFFan SE
Watchdog Interval Timer Mode WOTIFG Waskable OFFF2h 57
USCI_AD Recelve of Transmit UCADRXIFGE, UCADTXIFG (UCADn) ™ =& Maskanle OFFFON 56
USC1 BD Recelve of Transmit UCBIRXIFSE, UCBOTXIFS (UCBON T 3 Waskable LFFEER 55

ADC1Z_& ADC12IFGE to ADC12IFG15 (ADCI2I)IY &) Naskanle OFFECH 54

Timar TAD TAICCRA CCIFGHE! Waskanle LFFEAR 53

TADCCRI CCIFG1 to TAOCCR4 CCIFGS,
Timar TAD TAQIFG (TADIV)1 31 Waskable OFFEEh 52
UsE_usmis USH Intermupts {USEN)I 3
m Maskanle OFFEGR 51
LDO-PWR 1S LODOOFFIE, LDOONIFG, LDOOVLIFS
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DMADIFG, OMATIFG, OMAZIFG, DMAZIFG,
DMAJIFG, DMASIFG (DMAI]T i3

TAICCRO CCIFGD

TAICCR1 CCIFG1 bo TAICCR2 CCIFG2,
TAIFG [TA1N) 3

F1IFG.D to PEIFG.T (P10 T

UCAIRXIFE, UCATTEIFG JUCATIV) T 3

UCBIRXIFG, UCB1TXIFG JUCS1Iv) 1 3
P2IFG.0 ip PAIFGT (Paiv)" &
LCD_B Interrupt Flags (LEDEV

RTCRODYIFG, RTCTEWIFG, RTCAIFG,
RTOPSIFG, RTIPSIFG, RTCOFIFG (RTC M

DAC12_DIFG, DAC1Z_1Fg!" &
TAZCCRD CCIFGD™

TAZCCR1 CCOIFG1 bo TAZCCR2 COIFE2,
TAZIFG [TAZIV) 31

P3IFG.D to PAFG.T (P3N &

DMA Maskable OFFE4h 50

Timer TA1 Maskable OFFEZh 43

Timer TA1 Maskable OFFEDh 4B

10 Paort P1
USCI_A1 Recelve or Transmit

Maskable
Mazkalle
Maskable
Maskable
Mazkalle

OFFDER
OFFDCh
OFFDAR
OFFD&En
OFFDER

a7
48
45

USCI_B1 Recelve or Transmit
1O Port P2
LcD_B™

43

RTC_B Maskable OFFD4h a2

Mazkable
Mazkable

OFFDZh
OFFDOR

41
40

DAC1Z_A
Timar TAZ

Timer TAZ Maskable OFFCER 35

10 Part P3 Mazkable QFFCCh 3B

Table 2.6.1 Interrupt pri nd vector address

The other registers associated with interrupt such s, and

interrupt flags are located in the SFRs.

bit, interrupt enab

2.10. Interrupt programming

2.10.1 Push Button Interrupt

By referring to the Figure 2.6.6 shown belo
interrupt pin. The inter button tog@

as an output. Here | i
each device mu
maskable inte

to GPIO P1.3 configured as
o another GPIO P1.6 configured

PUSH BUTTON

LED

""W
|

MSP430

\ J/

Figure 2.6.6 Push button with interrupt
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The P1.3 (connected with Push button) is configured as an input port pin with internal pull up
by the following three statements.

P1SEL &= ~0x08; // Select Port 1 P1.3 as GPIO
P1DIR &= ~0x08; //P1.3 asinput
P1REN |=0x08; // Enable Port P1.3 with internal pull-u

A mask setting determines which devices (e.g. push button) ca rate an interrupt. In P1
Interrupt enable register, bit 3 (0x08) of P1.3 is connected wi sh button is configured
by 1 to enable (0 to disables or mask) device to trigger globally enable the
interrupt. This is done with the following statements.

P1IE |= 0x08; // Enables P1
_BIS_SR(GIE);  //Enable

enerate interrupt
nterrupts enable bit

430 is done as follows. The
dler is executed when a port 1

The interrupt handler mechanism in the C level
push button is part of port 1, a PORT1_VECTOR int
interrupt handler occurs.

, ding flag bit is set to 1 by hardware.
The interrupt hz iS the interrupt by setting the same flag to O,
allowing ano . This i e by the following statement in the interrupt

he P1.3 interrupt
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Interrupt Programming

Questions:

#include <msp430.h>
#define LED 0x40 // BIT6

long i=0;

void main(void)
{
WDTCTL = WDTPW + WDTHOLD; // Stop watchdo
P1DIR |=LED;

P10UT &= ~LED;
P1SEL &= ~0x08;
P1DIR &= ~0x08; /
P1REN |=0x08;

P1IE |= 0x08;
P1IFG &= ~0x08; ear interrupt flag
_BIS_SR(GIE); Enable interrupts
_BIS_SR(LPM4_bits + Gl // Enter LPM4

}

// Port 1 interrupt service routine
#pragma vector=PORT
__interrupt void Po

{

P1OUT A= LED;
&= ~0x08;

Push Buttomlnterrupt program

annected in P1.0, P1.1 and P1.2 respectively and Three LEDs are
d P2.3 respectively. Each push button input is configured as

D is toggled.
g frequency of switch button. A push button is connected in P1.0 with
ed. Four LEDs are connected in P2.0,P2.1, P2.2 and P2.3. When the

What does this statement P1IFG &= ~0x08” do?

What statement is executed after: P1OUT ~=LED;

Suppose the LED is OFF. What results if the ISR is executed 2 times?
State the execution of the above program when the button is notdebounced
What are the steps that occur when an interrupt is processed?
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6) How do you enable interrupts?
7) What all the conditions must be true for an interrupt to occur?

Case Study: MSP430 based embedded system application bringing up the salient features of GPIO,
Watchdog timer, low power, FRAM etc.

2.10.2 Watchdog Timer

Introduction

r that can be used to
s loop on execution and to
e watchdog timer (WDT)

A watchdog timer is one of the powerful peripherals in a microc
automatically detect software anomalies such as being stuck in a co
reset the processor if such a problem occurs. So, the primary f
module is to perform a controlled system restart when a softw.
interval expires, a system reset is generated. If the watchdo
time intervals as a conventional timer.

In general, a watchdog timer runs in a controller b

cause the CPU to reset. If the counter ever reaches ze
presumed to be malfunctioning and thﬂocessor's reset s

Clock in RESET to CPU
—0/0—>16 bit Counter Flag >

{}

Timer Register

Control Register

Figure 2. eneral Wat g timer block diagram
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Watch dog timer hardware in MSP430:

32Bit Wz;exéir:smn WDTCTL A
< |
o1leQ2Z msB | MPB
11:Q23 16-bit 0— —
11:Q19 Counter 1 —> —
CI/.\K 0—> —
0 15 ‘lr 1 —»|Password/¢+—
01le Q13 1 —>] Compare<_
Generator : Q9
a6 || 16-bit 0= [
\\1‘Clear Counter 1 —> <
PUC >
Sl (Asyn) | LK 0 —»| L e
A EQU
White Enable
EQU Low Byte —
—(_] — |RW
SMCLK »
ACLK »01
VLOCLK: {10 v
X_CLK > _1]1 WDTHOLD
L WDTSSELA1
¢ WDTSSELO
— WDTTMSEL
WDTCNTCL
WDTIS2
WDTIS1
WDTISO | sB hd
| I

———p X_CLK request
——» SMCLK request
———————— ACLK request
— > VLOCLK request

Clock
Request
Logic

Figure 2.7.2 WDT hardware

or configuring and controlling the WDT
atch Dog Control register

IE1 — Interrupt Enable Register

IFG1 — Interrupt Flag register
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1) WDCTL

15 14 13 12 | 11 10 9 8

Read as 069h
WDTPW, must be written as 05Ah

7 6 5 4 3 2 1 0
WDTHOLD |WDTNMIES| WDTNMI |WDTTMSEL|WDTCNTCL] WDTSSEL WDTISx
rw-0 rw-0 rw-0 rw-0 ro(w) rw-0 rw-0 rw-0

WDTPW (15-8): Watchdog timer password. Always re 9h. Must be written

will be generated.
WDTHOLD (7): Watchdog timer hold. This bit sto

h, ora PUC

se conserves power)
WDTNMIES (6): Watchdog timer NM . ering edge for the NMI interrupt

WDTTMSEL

atchdog clock source /32768
01 -- Watchdog clock source /8192
10 -- Watchdog clock source /512
11 -- Watchdog clock source /64
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Any read or write access must use word instructions and write accesses must include the write
password 05Ah in the upper byte. Any write to WDTCTL with any value other than 05Ah in the upper
byte is a security key violation and triggers a PUC system reset regardless of timer mode. Any read of
WDTCTL reads 069h in the upper byte.

2) IE1
7 6 5 4 3 2 1 0
NMIIE WDTIE
rw-0 rw-0

NMIIE (4): NMI interrupt enable. Enables the NMI interrupt. Set
BIC.B

it done by using BIS.B or

0 -- Interrupt not enabled
1 -- Interrupt enabled
WDTIE (0): Watchdog timer interrupt enable. Ena

WDTIFG interrupt for interval
It is not necessary to set this bit for watchdog mod
0 -- Interrupt not enabled
1 -- Interrupt ena

Bits 3-1 and 7-5 may be used by othe

3) IFG1
7 6 5 4 3 2 1 0
NMIIFG WDTIFG
w-(0) w-(0)
NMIIFG (4): N G must be re software.

of Operatio
WDT modé

After a Power U (PUC) condition, the WDT module is configured in the watchdog mode with an
initial 32-ms resetWAterval using the DCOCLK. The user must setup, halt, or clear the WDT prior to the
expiration of the initial reset interval or another PUC will be generated as in Figure 2.7.3. When the
WDT is configured to operate in watchdog mode, either writing to WDTCTL with an incorrect
password, or expiration of the selected time interval triggers a PUC. A PUC resets the WDT to its
default condition and configures the RST/NMI pin to reset mode.
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When the WDT used in an application, the WDT should be periodically cleared otherwise it resets the
system.

Enabling WDT

As in following example program, one iteration of the while loop of the program execution takes
maximum 10 milli seconds. It is assumed that a system stuck within the while loop for more than 50
milliseconds cannot be tolerated. Here is what is to be done: Configure the watchdog in such a way
that it will reset your system when the count reaches 32768 - if the watc is running on a 1Mhz
clock, this will take about 32 milli seconds. Now, simply adding a stat o the beginning of the
program's main loop which will reset the watchdog count to 0 such at watchdog timer resets
the system.

main()
while(1)

{
WDTCNT =0; //reset

am for cleari

n. If the system stuck( hangs)

DTCTL = 0X5A00 | (1 << 7)
(OR)
WDTCTL = WDTPW | WDTHOLD

This mode IS SP430x2xxx series onwards. This mode can be used to provide periodic
interrupts like c@ onal timer. The WDTIFG flag is set at the expiration of the selected time interval.
A power on clea C) is not generated in interval timer mode at expiration of the selected timer
interval and the WDTIFG enable bit WDTIE remains unchanged. When the WDTIE bit and the GIE bit
are set, the WDTIFG flag requests an interrupt. The WDTIFG interrupt flag is automatically reset when
its interrupt request is serviced, or may be reset by software. The interrupt vector address in interval
timer mode is different from that in watchdog mode

64 Microcontroller Components and Peripherals



Accessing WDT-1
Blinking a LED using WDT in interval timer mode

The program shows how to use and configure

#include "msp430g2553.h"
unsigned int i=0;
void main(void)
{
WDTCTL = WDT_MDLY_0_5; //WDT as interval tim
/l WDTPW + WDTTMSEL + WDT
IE1 |= WDTIE; /l Enable WDT interrupt
P1DIR |= BITO+BIT6; // SetP1.0& Pl.6aso
P10OUT |=BITO+BIT6; //P1.0 & P1.6 are
_bis_SR_register(GIE); // Enable global i
while(1); // looping and doing
}

/l Watchdog Interval Timer interrup
#pragma vector=WDT_VECTOR
__interrupt void watchdog_timer(void

if(i==1000)

{
P10UT 7= BITO;
i=0;

as interval Timer

DT as a watch dog mode (WDTTMSEL=1), clearing the initial value
imer interval of 512 (WDTIS1 = 1) and watch dog password of 5Ah
ister (WDTCTL). The WDT interrupt is enabled in a separate

“ bis_SR_register(GIE)”.
e CPU is in continues loop by executing while(1). When time is expired in

“interrupt void watchdog_timer(void)”

The statements declaration

#pragma vector=WDT_VECTOR

__interrupt void watchdog_timer(void)
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sets up the interrupt service routine for WDT. The definition of the function is to simply toggle the LED
in P1.0. And the observations of the above program, The watchdog function manipulates two registers
WDTCTL and IE1.

2.11 System clocks and Low power modes

MSP430 microcontroller has a powerful unified clock system (UCS) module which supports low system
cost and ultra-low power consumption. The UCS module generates three types of clock signals and
these clock signals are used to meet the major design targets of low cost and low power
consumption. This is done by optimizing system performance by choosi proper clock signal for
the required condition of operations. The UCS module can be ¢ d to operate without any
external components, with one external resistor, with one or two e tals, or with resonators.

The UCS module in MSP430x5xxx series is having five clock s or circuits) such as:
XT1CLK: Low-frequency or high-frequency
VLOCLK: Very low power, low-frequenc
REFOCLK: low-frequency oscillator
DCOCLK: Digitally controlled oscilla
XT2CLK: High-frequency oscillator

Each of the clock sources generate
combination or individual operation
clock signals using clock divider, three

ACLK: Auxiliary clock.
MCLK: Master clock. MCL

gnals in the name of its own. In
r clock scaling of the intermediate

Among these clog 0 signals can be chosen for CPU operation and
peripherals by p igurati n by program. The internal block diagram of each
8 ssed below.

.768-KHz watch crystal and generates high-frequency XT1CLK signal by
nators. The XT1 oscillator supports for external clock sources in the 4-
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osC XTI Fault
ATIBY PSS Detecti
1 XTICLK
o
VLOCLK
wLO
Z‘L wrs SEFD REFOCLK
[ ]
. a
XN v
L _|
;‘
1 L)
xOUT ov |
2l 2%
XCAP XTIDRINNE
Figure 2.8.1 XT1CLK, VLOCL scillator

The DCO is an integrated RC-type
DCOCLK varies with temperature, vo
adjusted by user program using the DC

OCLK signal. The frequency of
. The DCO frequency can be

Clock reference DCOCLK

from XT1 and D.CO
» oscillator >

FLL

DCOCLKDIV

, Divider ——*
- O——
Figure 2.8.2 DCOCLK oscillator

e digital control of
LL hardware as ¢
ich stabilizes the
2,48,60r3

s frequency stabilization despite its RC-type characteristics
n in Figure 2.8.2. The XT1CLK can be used as a clock reference into the
)ck reference and generates DCOCLK. The DCOCLK signal is further
ng clock divider and generates the DCOCLKDIV signal.

When power
frequency as re
because of the CP
us with MCLK.

The internal or external resistor can be selected with DCOR bit in BCSCT2 register by user program.
The three DOCX bits in DCOCTL register select one of eight nominal frequency ranges. RSELX bits in
BCSCTL1 into 8 frequency steps, separated by approximately 10% within the frequency range

3d on, DCO is configured with internal resistor and is start with mid-range
default. Also MCLK and SMCLK are generated from DCOCLK in power up
executes code from MCLK. The code execution begins from PUC in less than 6
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selected by DOCX bits in DCOCTL registers. These frequency ranges are defined for an individual
device in the device-specific data sheet.

The five modulators selection MODx bits switch between the frequency selected by the DCOX bits and
the next higher frequency set by DCOx+1. When DCOx = 07h, the MODx bits have no effect because
the DCO is already at the highest setting for the selected RSELX range. The typical DCOx and RSELx
ranges and steps are shown in Figure below and DCO frequency is different from MSP430 device to

device. A

foco
10000 kHz ——

RSEL=7

_,_1—'_'_,_'_'_ RSFL=6
_'_l_'_‘_'_'_,_ RSEL=5
_,_l—'_'_,_'_'_ RSFL=4
1000 kHz ——_'_,_l_'_'_'_,_ RSEL=3
_,_n—'_'_,_'_'_ RSEL=2
_'_l_'_‘_'_l_'_ RSEL=1
_,_n—'_'_,_'_'_ RSEL=0
100 kHz ——_'_,_l_'_'_l_,_

DCO=0 DCO=1 DCO=2 DCO=3 DCO=4 DCO=5 DCO=6 DCO=7

v

2.11.1.3 XT2CLK sour.

XT2CLKisa 4
resonators, o
generate DCO

oscillator that can be used with standard crystals,
so be used as a clock reference into the FLL to

e - e - — - — -

XT2 (Optional)  XT2 BYPASS

0 1
XT2 Fault

Detectior

XT2CLK

I
I

I

I

1

I

I

I

XT20FF !
T 2 {XTZDRIVE :
I

I

I

I

I

I

I

XT2IN

\/

XT2 Oscillator

Figure 2.8.3 XT2CLK oscillator

XT20UT

e o e ] - —— o ———— -
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2.11.2 Clock signals generation:

The UCS module at last generates three clock signals namely ACLK, MCLK and SMCLK from the
individual or combination operation clock sources of the five oscillators discussed before. These three
clock signals generated by the individual clock distributor hardware contain clock selector and clock
divider as shown in Figure 2.8.4. The clock selector in each clock distributor selects any one the clock
sources from the clock oscillators and the selected clock signal is further divided by 1,2,4,8,16 or 32
using clock divider hardware then it outputs the individual clock signal as in name of ACLK, MCLK
and SMCLK.

XT1CLK, VLOCLK, REFOCLK B
DCOCLK, DCOCLKDIV or XT2CLK Clock selecor ACLK
P and —>
Clock divider
Clock selecor MCLK
> and —>
Clock divider
Clock selecor SMCLK
> and —>
Clock divider

additional hardware and new

After a PUC, the It.configuration

ource for XT1CLK. XT1CLK is selected for ACLK
ed for MCLK.
2d for SMCLK.

ignals are derived from DCOCLK module at 800 kHz and ACLK
mode. Status register control bits SCG0, SCG1, OSCOFF, and

base for the g low power stand-by operation. The MCLK can be configured to operate from
the on-chip DCG can be only activated when requested by interrupt-driven events. The SMCLK
can be configured 1o operate from a crystal or the DCO, depending on peripheral requirements.

Fail safe operation and Oscillator Fault Detection

The basic clock module is featured with an oscillator-fault detection fail-safe operation. The oscillator
fault detector is designed with an analog circuit that regularly monitors the XT1CLK (in HF mode) and
the XT2CLK modules. If there is no presence of clock signals from those clock modules, circuit detects
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as fault. During the fault in those clocks, MCLK signal generation is automatically switched to DCO
module to allow code execution to continue by CPU even though the crystal oscillator has stopped
from generation of clock signal.

The Basic clock module is facilitated with two interrupt registers namely Interrupt Enalbel register
(IE1) and Interrupt Flag Register 1 (IFG1) to allow the CPU to be interrupted when oscillator fault
occurs. When oscillator fault occurs, the Oscillator fault interrupt flag (OFIFG) in IFG1 register is set
there by NMI interrupt generated, provided interrupt enable bit (OFIE) in | gister is set. The NMI
interrupt service routine can test the OFIFG flag to determine if an oscil ult has occurred. The
OFIFG flag must be cleared by software.

UCS Module Registers

There are five registers associated with the basic clock m
BCSCTL2, IE1 and IFG1. The description of each bit in the regist

DCO Control Register (DCOCTL)

7 6 5 4 |
DCOx
rw-0 rw-1 rw-1 rw-0 rw-0 rw-0 rw-0 rw-0

DCOx: Bits DCO frequency selec he eight discrete

7-5 5 i eight discrete DCO frequencies

MODx: Bits
4-0 : i 5 ese bits define how often the fDCO+1 frequency

During the remaining clock cycles (32-MOD)
ble when DCOx=7

7 6 5 4 3 2 1 0
XT20FF DIVAX XT5V RSELx

rw-(0) rw-(0) rw-0 rw-1 rw-0 rw-0
off. This bit turns off the XT2 oscillator
is on
is off if it is not used for MCLK or SMCLK.

XTS it6 LFXT1 mode select.
Low frequency mode
1 High frequency mode
DIVAX Bits Divider for ACLK
5-4 00 /1
01 2
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10 14

11 18
XT5V Bit3  Unused. XT5V should always be reset.
RSEL x Bits Resistor Select. The internal resistor is selected in eight different

2-0 steps. The value of the resistor defines the nominalfrequency.

BCSCTL2, Basic Clock System Control Register 2

A 6 5 4 3
SELMx DIVMx SELs DIVSx DCOR
rw-(0) rw-(0) rw-(0) rw-(0) rw-0 rw-0 rw-0

SELMXx Bits Select MCLK. These bits he MCLK source.
7-6 00 DCOCLK
01 DCOCLK
10 XT2
oscillator not p
11 LFXT1CLK
DIVMx BitS Divider for MCL

5-4

when XT2 oscill

ents on-chip. LFXT1CLK when XT2

SELS he SMCLK source.

/8

DCO resistor select
0 Internal resistors

1 External resistor

IEL, Interrupt Enable Register 1
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QFIE ‘

w0

Bits These bits may be used by other modules. See device-specific
7-2 datasheet.

OFIE Bit1  Oscillator fault interrupt enable. This bit enables the OFIF
interrupt. Because other bits in IE1 may be u r other modules, it is
recommended to set or clear this bit using BIS.

MOV.B or CLR.B instructions.

instructions, rather than

0 Interrupt not enabled

1 Interrupt enabled
Bits 0 This bit may be used by other mo ee device-specific datasheet.
IFG1, Interrupt Flag Register 1

7 G

[
=

Bits These bits may be use
7-2 datasheet.
OFIFG

lear this bit using BIS.B or BIC.B
LR.B instructions.

modules. See device-specific datasheet.

ly powered by battery source. So there is necessity of minimum
ery capacity is limited; so to make device run for a long time, it is required
ontroller to design similar embedded systems. The requirement of low
stified by considering the following benefits:

Less heat dissipation, therefore heat sink requirement can be minimized

One of the ultralow power applications is Activity/Fitness Trackers. This is one of the wearable
devices, which is used for fithess monitoring. It keeps track of fithess related parameters such as

distance walked or run, heart rate, blood pressure etc. The block diagram Activity/Fitness Tracker is
shown in fig.
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In this device, heart rate monitor is used to provide the reading for heart rate and blood pressure. For
the speed and motion reading we have an accelerometer, gyroscope and magnetometer. There is a
provision of LCD displays, which displays real time measured parameter values. Here the USB
peripheral allows the device to download the data and update the device software. As this device is
operated by battery, it requires an ultralow power MCU to keep it running for longer hours.

LEDs LCD Display

Optical
Heart Rate MSP430

&2 ' Fuel Gauge Battery Charge !
N 1 1
el | =

Battery Protection

..................................

Low power mode
that is explained in

mixed signal processor having power efficient digital and analog signal
capability by ing various digital and analog signal supported peripherals with different

power modes

The MSP430 ontroller is designed for ultralow-power applications. It offers the lowest power
consumption and¥the perfect mix of integrated peripherals for a variety of battery operated
applications. MSP430 microcontroller has various power operating modes such as Active Mode (AM),
Low power modes (LPM) 0, 1, 2, 3, 4, and 3.5 and 4.5. AM is the normal running mode and all LPM for
low power consideration modes. The low power operating modes consider the needs of ultralow-power
consumption, speed, data throughput and minimization of individual peripheral current consumption.
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Status Register (SR) of MSP430 has some of the control bits used for selecting a particular low power
operating modes and the description of the bits are shown in Table 2.9.1.

Bit in Status Register Description
CPUOFF (CPU off) Turns off the CPU
OSCOFF (Oscillator Off) Turns off the XT1 (LF

SCGO (System Clock Generator 0) | 1ums off the DC

SCG1 (System Clock Generator 1) | turns off the

Table 2.9.1 Description of control bits in
By properly setting and clearing the above bits in
power mode. The advantage of including the CP

Program flow returns to the previous operating mod value is not altered during the
interrupt service routine. Program flow can be returned i operating mode by manipulating

When setting any of the mode contro
configuration for the Low power mode
are described in the Table 2.9.2.

SCG1 | SCGO OSCOFF ’ Clock generator

0 0 CPU isa )
All enabled clocks sources are active.
CPU and MCLK are disabled.

de takes effect immediately. The
ator in each low power modes

All other enabled clock sources are active

CPU, MCLK are disabled.

DCO and DC generator are disabled if the
- DCO is not used for SMCLK or ACLK.
FLL is disabled if DCO is disabled
SMCLK and ACLK are active.

CPU, MCLK, SMCLK are disabled.

DCO and DC generator are enabled if it is
used for ACLK

FLL is disabled if DCO is disabled
1 1 1 LPM4 | ACLK is active.

CPU, MCLK, SMCLK and DCO are
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1 disabled.
ACLK is active.
1
CPU and all clocks disabled

Table 2.9.2 Configuration of Low power mode

their individual control
ed clock are disabled until
ed. Wake up is possible

Peripherals are enabled and disabled by its clock source or controll
register settings. In Low power modes, peripherals operating with an
the clock becomes active. All /O port pins and RAM/registers al
through all enabled interrupts.

The flow chart as shown in Figure 2.9.1 depicts the flow o
various available lower modes and vice versa. After the ecution gets into
Active mode in which all clock sources and CPU

entering
into any one of the LPM then the CPU is intention akeup
the CPU by getting into active mode (AM) from

interrupts.

mode and no execution is carried out
rnal pin is occurred then execution

As an example, the microcontroller ge
by CPU, when an enabled interrupt
goes to active mode by pushing the
interrupt. After servicing to the interrup
consumption by CPU during no interrupt i
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RST/NMI
NMI Active
From power up clear
Active Mode
CPUOFF =1 CPU Is Active CPUOFF = 1
SCG0=0 Peripheral Modules Are Active OSCOFF =1
SCG1=0 SCGO =1
SCG1=1
LPMO 4
LPM4
CPU Off, MCLK Off
SMCLK On, ACLK On Cpugf? 'Sr‘ﬁ,\,?é[_KKogf’f i
ACLK Off
CPUOFF = 1 DCG Eoralt
283? f (1) CPUOFF = 1 enerator o
- CPUOFF = 1 o
LPM1 sacn=0 j LMP3
CPU Off, MCLK Off, ) SCG1=11 CPU Off, MCLK Off, SMCLK
DCO Off, SMCLK On, Off, DCO Off, ACLK On
ACLK On LMP2

DC Generator of if DCO
not used for SMCLK

Figure 2.9.1 Flow chart o

more description z

CPU Off, MCLK Off, SMCLK
Off, DCO Off, ACLK On

DC Generator off

M and vice versa

e controller is entered into
odule (PMM) is disabled.
e locked upon LPMx.5 entry.
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2.12.2 Entering and Exiting Low-Power Modes

The Figure 2.9.2 illustrates the programming flow that when the controller is in main program, it gets
into interrupt service routing ISR and returning to the same LPM. Flow Diagram is with reference to the
application Activity Tracker discussed in introduction to Low Power. The working of whole system can
be understood by this flow diagram. From this flow we can easily understand which programming part
can be put in ISR and main program.

START

Initialize

A

1/0 ports,
Related peripheral,
Variables

A 4

Enter Low Power Mode
with Interrupt Enable

A 4

Set LCD_Flag

Read Raw Values:
Accelerometer,
Gyroscope, Heart rate
parameter.

|
A 1

Return From Interrupt I

If
LCD flag is
set

Clear Flag

| Process sensor values |

Display Heart rate, Blood pressure and
walking/Running Speed

re 2.9’W chart for handling LPM by MSP430

ingle power supply to obtain V+ and V- too as shown in Fig 1.9.In this
an 10KQ and capacitors provide decoupling of power supply and may

possible to use

led interrupt source, the Program counter PC (return address is stored in
this register) s register SR (LPM configuration is stored in this register are pushed to the
stack). The CP , SCG1, SCGO and OSCOFF hits are automatically reset; then execution goes to
the corresponding interrupt service routine. After servicing to the interrupt and returning to main, the
original PC and SR value is popped from the stack for restoring the previous operating mode. The SR
bits stored in the stack can be modified within the interrupt service routine and it can take a different
low power operating mode when the execution is returned frominterrupt.
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The following statements are used in the CCS compiler to configure the low power modes in MSP430.
By invoking the first statement in a program, the bits CPUOFF, SCG1, SCG0 and OSCOFF in SR
register are set to logic 1 and the microcontroller is getting into low power mode 4. The corresponding
configuration is discussed in Table 2.9.2.

_BIS_SR(LPM4_bits);
_BIC_SR(LPM4_bits);

By invoking the second statement, all the bits CPUOFF, SCG1, SCGO an
cleared and the microcontroller is exiting from low power mode 4. The f
how the microcontroller is entering into the LPM as shown in Figure

FF in SR register are
g program illustrates that

#include < MSP430xxxx.h>

void main(void)

{

WDTCTL = WDTPW + WDTHOL
P1DIR = 0x01; // P1.0 output
P1REN |= 0x10; // P1.4 enable
P10OUT = 0x10; // P1.4 selected f

ossible. In LPM3, CPU is active by ACLK and the power consumption is
MA with the both a real-time clock function and all interrupts active. A 32-

all clock sources disabled and these are enabled and starts consume power in interrupt service
routine. The following ideas will direct the programmer to have better power reduction.

Turn off clock for CPU when no work to do.

Provide scaled clock frequencies for CPU and peripherals for the required cases.
Use interrupts to wake the processor and then control the flow of program.
Peripherals should be enabled only when needed.
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e Use low power inbuilt peripheral modules and configure it to run autonomously. As an example
Timer_A and Timer_B automatically generate PWM output and capture timing without CPU
resources.

e Polling the pins and flags has to be avoided strictly. Prefer interrupt driven method for all

peripherals function like TIMER, ADC, UART, SPI and 12C as well ag,other modules as much

as possible. Build the application to operate asynchronously as m

Polling the flag can be avoided by invoking calculated branchin

Instead of doing long software calculations by CPU, the faste

Avoid frequent subroutine and function calls.

For longer software routines, single-cycle CPU register:

2.12.4. Summary and conclusion

The chapter is discussed with various battery operate namic power
consumption of the system. The flow chart for oper M and vice
versa is shown. How the power is reduced by me MSP430
with sample programs is illustrated. Also it discu design
the system for power reduction.

Low power modes are predominantly used in MSP430 to conserve energy in a battery
operated application. In some critical PM, the delay in getting into active
mode to handle the interrupt is too lo 68 kHz oscillator takes much longer
to stabilize approximately in milliseco { crystal oscillator takes very few
microseconds. For this reason, the progtam PU from LPM the faster clock
source is used in active mode and we d is. nalty is not only the time it
takes to go from a low power mode to Ac stays in active mode. The
deeper the time we goi 0 go to Active Mode makes the

In another aspeg i iants peripherals with various modes of its operation
towards low g those peripherals with interrupt driven for an
ver optimized application.

There are ma gurations for the MSP430 in terms of operating frequency, supply voltage,
operating mode, an@active peripherals. Because of this, only some combinations current consumption
characteristics are enumerated in the device datasheet. Current consumption for the MSP430 is found
from the datasheet of the device. It lists numbers for current consumption against each operating
mode with certain frequencies and operating voltages. Additionally each peripheral's current
consumption of the particular device is listed separately in its corresponding section of the datasheet.
Adding these values can give a good estimate of total current consumption for the system and you can
choose the power supply and battery for the system. Experimental testing is needed to determine the
actual consumption for your system by connecting ammeter in series with power source. The average
system power consumption is the absolute lowest, without compromise in performance. The system
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enters and remains in an ultra-low power standby mode as long as possible, and is awakened only to
service interrupts as fast as possible. Multiple oscillators are utilized to provide both an ultra-low power
standby mode and high-performance processing.

The clock system is very flexible and allows the MSP430 to operate optimally from a single 32 KHz
crystal to the internal digitally controlled oscillator (DCO) used for the CPU igh-speed peripherals.
A low-frequency Auxiliary Clock (ACLK) is driven directly from a commo watch crystal with no
additional external components. The ACLK enables the MSP430"s w power standby mode
(LPM3) and an internal real-time clock function. In LPM3, the MSP, ically consumes current in
the 1pA range. The integrated high-speed DCO can source the CLK) used by the CPU
and high-speed peripherals. In design, the DCO is active an ss than 6us with no
intermediate steps. This enables the CPU to conduct ins rocessing without
waiting for a long start-up for a second crystal or second DCO is digitally
adjustable with software and hardware, stability over ti

start-up. Becau
temperature is assu

The operating modes of MSP430 series microcontr re for three different needs s

e Ultra-low power
e Speed and data throughput
¢ Minimization of individual peripheral cu ion

As in the data sheet of MSP430G25 ctive mode the t consumption varies form 225pA to
340pA against the operating voltag i Similarly current consumption by
other low power modes are given in th

340

315 -
270 -
225 -
180 -
135 1

ICC/UA @ 1 MHz

2 1 0.10.1

| | |
T I I

LPM2 LPM3 LPM4
Operating Modes

LPMO

Current consumption over different operating modes

, it is shown that MSP430 can operate in several low power modes such
tion in LP is configured with the CPUOFF, OSCOFF, SCGO0, and SCG1

Program flow returns to the previous operating mode if the saved SR value is not altered during the
interrupt service routine. Program flow can be returned to a different operating mode by manipulating
the saved SR value on the stack inside of the interrupt service routine. The mode-control bits and the
stack can be accessed with any instruction.

When setting any of the mode-control bits, th e selected operating mode takes effect immediately.
Peripherals operating with any disabled clock are disabled until the clock becomes active. The
peripherals may also be disabled with their individual control register settings. All I/O port pins and
RAM/registers are unchanged. Wake up is possible through all enabled interrupts.
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Active mode current consumption:

The current consumption by the active mode is explained in the following table

Test condition Operating voltage Current in pA
Active mode
2.2V 225 - 250
foco=fucL = fsmek = IMHz
facLk=0 3V 340 - 420

Program excution in Flash

Table 10.1 current against to mo frequency of operation

ted. The current
in the following

The test is made by connecting all inputs to logic
by varying supply voltage against to change in DC
The current reading is plotted at the temperature of 25

5.0

output to be

- foco =16 MHz

3.0 /
-
- foco =[12 MHz|_—"]

Active Mode Current -mA

foco=[1 MHz

0.0

1.5 2.0 2.5 3.0 3.5 4.0
Vcc- Supply Voltage -V

mod”rent against to operating voltage and Frequency.

2.14. Ferr i Access Memory (FRAM)

FRAMisan bedded memory technology and is known for its ability to be ultra-low power
and also for be ost flexible and easy-to-use universal memory solution available today. This
application report intended to give new FRAM users and those migrating from flash-based
applications knowledge on how FRAM meets key quality and reliability requirements such as data

retention and endurance.
Introduction to FRAM:
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Ferroelectric Random Access Memory (FRAM) is an ultra-low power nonvolatile memory technology
with write speeds akin to static RAM (SRAM). The technology has been in the industry for over a
decade, implemented as stand-alone memory. FRAM's first introduction as an embedded memory in a
general purpose ultra-low-power MCU was on Texas Instruments 16-bit MSP430™ product line, the
MSP430FR57xx family.

Some of the important attributes of FRAM are:

1) FRAM is non-volatile; that is, it retains its contents on loss of power
2) FRAM is a true random-access memory. The memory is not s
for read or write at word or byte level happens directly in the s
3) The embedded FRAM on MSP430 devices can be acce
speed of 8 MHz. Above 8 MHz, wait states are used

ed; addressing of data

y as SRAM.

or write) at a maximum

ing FRAM. Typical write

s on flashdevices

4) Writing to FRAM and reading from FRAM require uch as pre-erase
before write or unlocking of control registers.

5) FRAM write accesses are extremely low pow: iti not require a
charge pump.

6) FRAM writes can be performed across th

7) FRAM meets and exceeds reliability req
unlimited endurance for read and write opera

FRAM Characteristics:
Data Retention:

The basic goal of performing data re i FRAM can meet the retention
specification for nonvolatile memory chal 16 i 85°C.

FRAM Data Retention Test Flow
To clarify the test pro 2 i are defined:

RAM; that is, the state of polarization of the
ure bake when testing forimprint.

tate referred to as same-state. This bake is followed by a read-restore
ate data. Following this, opposite-state data is written to FRAM. This

Figure .11.1. Test flow FRAM data Retention
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The opposite-state bake identifies potential imprint issues if any while the read ensures that the FRAM
cells have retained the ability to be polarized with opposite-state data as well preserved enough
polarization to be read without data loss. MSP430 FRAM data retention is tested for a cumulative bake
time of 1000 hours at 125°C. See the device-specific data sheet for data retention (retention).

Data retent_:_on duration ggzg 180 Years
85°C 10
Table 11.1 Data retention table
Endurance
Flash memory is specified in terms of write endurance, which is measure of the number

of erase and write cycles that a flash array can achieve w integrity. Per IEEE
nvolatile memory

changes."

Any access from FRAM, either a read g [ i the endurance. On the other hand,
ite access. The following section

cache t0”buffer instructions before execution. Therefore, instructions are
ime and executed from cache memory until a cache miss occurs. When
structions to execute in the cache and a FRAM access is required to
truction, it is termed as a cache miss. The access of the cache is
application and the filling of the cache occurs within the time taken for one
le. Hence, we can see that in a typical use case, for every 4-word (64-bit)

However, it is possible to stress the device by using code that causes a cache miss on every access.
While this implementation is not practical in a real-world application, it is done by reaching outside the
64- bit boundary every time an instruction is executed.

For example, to calculate the worst-case endurance for location A:

Location A is accessed once every 1.125 us or (0.888 x10°) times per second.
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The total number of accesses allowed at location A (as specified in the data sheet) is10%°.

Time to reach the minimum endurance limit = 10>/ (0.88 x10°) seconds, which is approximately 36
years.

Flash Memory

Flash memory is a memory storage device for computers and electronics. It is most frequently used in
devices like digital cameras, USB flash drives, and video games. It is quite jlar to EEPROM. It is a
widely used, reliable, and flexible non-volatile memory to store so code and data in a
microcontroller.

Flash memory is different from RAM because RAM is volatile (not
off, RAM loses all its data. Flash can keep its data intact even
permanent (non-volatile) storage, but it is bulky and fragile. F

t). When power is turned
er. A hard drive is also
wer than RAM, but
d has no moving

parts.

The main weakness of flash memory is that it is mor i i me amount
of storage. Another weakness of flash memory i i itten to it.
Data can be read from flash as many times as de " tions,
it will stop working. Most flash devices are designed , , ions (or

"write cycles").

EEPROM has the same limitation tha ve about 100,000 write cycles. But it
is more expensive than flash, so it is r than 128kB. The main difference
between EEPROM and flash memory isith ny byte of memory, at any time.

the user wants to change only one byte; fla i bytes in that sector. This
: ory can store as many as

The smallest ‘Unit ? i 10ry is a complete flash segment. Erasing flash
means generati i i . 430 main flash memory has a segment size of
512 bytes.

emory. In most applications, the main memory stores program code
information memory is used for calibration data, serial numbers, etc.

s no influence on programming of flash cells.

as single bits, bytes, or words. Because writing logical 1 in flash memory
the memory, 1s can only be written segment-wise. A high voltage is

and automa ate this high voltage, when mandated. Also, a flash timing generator for
automatic gene of erase and programming sequences is integrated in every MSP430. Hence,
MSP430 flash progfamming is done without any external components. For programming and erasure,
it only is important to keep the supply voltage VCC within the data sheet limits and to program the
input clock frequency of the flash timing generator in accordance with data sheet requirements.
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Flash Endurance

Like any other erasable memory, flash devices have a limited number of erase/write cycles they can
withstand without failure. The reason for the limitation depends on either charge trapping
characteristics or the dielectric breakdown characteristics of the tunnel oxide. This introduces a term
called endurance.

Endurance is a measure of the number of erase/write cycles that a flash
retaining data integrity.

rray can achieve while

PARAMETER MIN  NOM MAX UNIT

Program/erase endurance 104105 Cycles

Table 11.2. Flash Endurance i

Measurements show improvement in ti
is added. The most common problem
in the insulating tunnel oxide during

escent period after erase operations
e trapping. Charge trapping occurs

Configure Configure
Peripherals: Peripherals:
WDT, ADC WDT, ADC

Configure 1/0

Configure 1/0
Configure Low Power Mode LPM3

Read ADC Data
_bis_SR_register ( LPM3_bits + GIE)

Store ADC Data
In Buffer Enable Interrupt

Read ADC Data

Store ADC Data
In Buffer

Return From
Interrupt

}
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Performance of any device depends upon the energy and power consumption. We know that power is
dependant upon the operating voltage and current. Operating voltage of the whole system is fixed, so
the power depends upon the current drawn by the system. For the calculation of power, we need to
estimate the current. MSP430 microcontrollers have Active mode and Low power modes. So, we will
calculate the Active Current and Standby current.

For understanding the power saving of the system in Low Power modes we should perform the same
experiment in both the modes. For example, we are reading and storing A ata. Operation in both
the modes can be understood by the flow diagram shown in fig.

gister(LPM3_bits + GIE);”
th the modes we have to

To make system configure in Low Power mode we need to add “_bis
within the while loop and will automatically work in Low power m
observe current, in case of MSP430G2553 the estimated currentj

Stand by ¢
consumptio

Platform Active current consumpj

MSP430G2553 123 uA 1.2 uA

nergy of the device. Energy Trace
and newer. It requires specialized
n-board eZ-FET flash emulation
rget power must be supplied

Energy trace technology is provided tQ
technology is included in Code Co
debugger circuitry, which is supporte@
tool and second-generation standaloné
through the emulator when Energy Trace
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Advanced features of MSPWicrocontroller

The previous chapter provided a deep understanding of periph gramming concepts of
the MSP430 microcontroller. It also covered topics such as ipherals followed by
the system registers used to control GPIOs, interrupts al i as system clocks
present in the device.

In this chapter, readers will learn about some more
At the end of the chapter, the reader will be abl
Clock; pulse width modulation control and its &
transfer using the DMA module. Additionally, the chal
of peripherals for optimal power management.
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3.1. Introduction

In today“s world, the increased use of real time systems requires a large number of high accuracy
peripherals. For example, in building automation applications such as smoke detectors or occupancy &
motion detectors, analog sensors such as optic, smoke need to be used. The received signal requires
some external peripherals such as ADC to convert the data to the digital fosyto be processed by the
processor as shown in the figure below.

‘ Processed
Optic Sensor Micro | data used
Smoke Sensor Confroke Teroliput

Building Sensor

In other applications such as audio playback modul multi string LED drivers, t are used to
produce PWM signals which are required to contr, tensity of Iighi and sound as s .

r

: PWM .
Microcontroller o/p ’LED Strmg‘

T l PWM
o/P
’ Timer H Filter '—»Audio Signal

h 4

Microcontrollers, beg J devi erals like C, comparators and timers (to
produce PWM cQ 1 : i sor data. The data needs to be understood by the
device and tQ . ernal peripherals incur heavy cost when used
separately, i developed in terms of cost and size. With the

rket are being loaded with a large number of
uch as GPIOs, system clocks and memory.
y peripherals, which have made the development
&’cost efficient.

to understand the technical intricacies of the on-chip peripherals
microcontrollers and the programming methodologies for low power

oresent in Tl's M
onsumption.

ontroller is fundamentally a counter driven by an internal or external clock
ommonly incremented (up counter) or decremented (down counter) on each
clock tick of the source. When the counter reaches the predefined set value, the timer can
generate an interfpt to the CPU. In the interrupt service routine, the CPU does the required job
associated with the timer. The timer is used for generating delay and counting external events. The
delay is used for performing some execution on a regular basis (blink a LED every second).

32

The timer is an indigenous hardware component separately without intervention of CPU“s normal
execution. Timers generally have counter registers with the size of 8 or 16 bits, 8 bit timer is capable
of holding value within 0-255 similarly 0-65535 for 16 bits timer as in figure below. This register can be
initialized to any value by the program. The value initialized in the register is increased (if up counter)
or decreased (if down counter) automatically at a predefined rate given by the clock source. Once the
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register gets roll over (reaching to zero value and starts new counting), it sets a flag called timer
overflow flag (TLOFG) and there by the processor is interrupted from its current program to execute
the service program (ISR) associated with timer.

Inte#finclude

Int/ext clock 16 bit counter

Overflow (0
(0 to OXffff to 0)

to OXfffftoQ) | >

h 4

v

Figure 3.1 Timer and its buffer oy,

The program for responding to overflow on timer can b
the interrupt generated from enabling the correspondi
the timer register is reinitialized for the required ti

As an example,

A 16 bit timer generates overflow for every 100ms, it
value to be initialized in timer register? . FF9B

The timer value = OxFFF guivalent of initi r value +1

every 1 ms (1KHz). What is the

Initial timer value = require

3.2.3. Basic Time

The Basic Timerl module can be configured as two 8-bit counter/timers as counter 1 and counter2 by
BTCNT1 and 2 registers respectively or one 16-bit timer by BTCTL register. The Basic Timerl controls

the LCD frame frequency with basic timer counter.

perating modes
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BTDIVl—c:D_ ENT
BTHOLD B
ACLK gl OB BTFRFQx
Q4 Q5 Q6 Q7
— 1
10 f
LCD
01
BTSSEL 00
S~
ACLK:256 @—— o £
: 01 CLK2 BTCNT2 BTIFx
SMCK: 10
11 Q0 Q1 Q2 Q3 Q4 Q5 Q6 Q7 II]'
{1

110
101
1001 5 set BTIFG
011

010
001
000
/

by software. It is incremented with ACLK clock
D controller. It can be stopped by setting the

cascaded
ACLK/256.

The Basic Timerl uses two bits in the SFRs for interrupt control. These are Basic Timerl
interrupt flag, (BTIFG), located in interrupt flag register (IFG2.7) and Basic Timerl interrupt enable
(BTIE), located in interrupt enable register (IE2.7). The BTIFG flag is set after the selected time interval
and requests a Basic Timerl interrupt if the BTIE and the GIE bits are set. The BTIFG flag is reset
automatically when the interrupt is serviced, or it can be reset with software.
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3.2.5. Basic Timerl Registers
Register Short form Register type Address Initial State
Basic timer1 Control BTCTL Read/write 040h Unchanged
Basic Timerl Counter 1 BTCNT1 Read/write 046h Unchanged
Basic Timerl Counter 2 BTCNT2 Read/write Unchanged
SFR interrupt enable register 2 IE2 Read/write Reset  with
PUC
SFR interrupt flag register 2 IFG2 Read/writ Reset  with
PUC

3.2.5.1. Basic Timerl Control Register (BTCTL)
BTCTL, Basic Timerl Control Register

7 6 5 4

BTSSEL | BTHOLD BTFRFQx

NAME
BTSSEL

bit, selects the clock source

BTHOLD

0 -BTCNT1
is held

BTCNT2 Clock

BTSSEL
Source

ACLK
ACLK/256
SMCLK
ACLK/256

F [k |O |O
= O [k |O

BTFRFQXx fLCD frequency. These bits control the LCD update frequency.
00 -fACLK/32, 01 -fACLK/64, 10 -fACLK/128, 11 -fACLK/256
Basic Timerl interrupt interval

000 -fCLK2/2 001 -fCLK2/4

BTIPx

010 -fCLK2/8 011 -fCLK2/16
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100 -fCLK2/32 101 -fCLK2/64 110 -fCLK2/128 111 -fCLK2/256
3.2.6. RTCNT1, RTC Counter 1, Counter Mode

7 G ] 4 3 2 1 0

BTCNT1x

BTCN1X Bits 7-0 | BTCNTL1 register. The BTCNTL1 register

3.2.7. BTCNT2, Basic Timerl Counter 2

7 g 5 4 3 2 1 0 ‘
BTCNT2x ‘

BTCN2X Bits 7-0 | BTCNT2re CNT2 regis

he count of BTCNT2.

3.3. Timer_A

Timer_A exists with capture/compare registers. Timer_A can support

rval timing. Timer_A also has extensive interrupt
Upts may be e timer on overflow and from each of the

gisters condi

operating modes

2coding of all Timer_A interrupts
\ is shown in Figure 3.3.

remented or decremented with each rising edge of the clock signal. TAR
can be ree software. TAR may be cleared by setting the TACLR bit. Setting TACLR
also clears ¥ C der and count direction for up/down mode. The Timer should be in OFF
condition before ying its configuration and its operation.
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F""""""""""'"""""""""""""I
| f Timer Block
| TASSELX  |Dx Timer Clock MCx :
: TT 15 0 TT I
, TACLK—{00] [ Divider | 16-bit Timer »[ count !
= <«— EQUO !
/ -
: ACLK 01 1/2/4/8 st TAR RC Mode |
, sMcL—{10 i !
| INCLK 11 » Set TAIFG :
_________________________ S| SR R R Qs i S i I R PR R e B S S Qo R |
CTTTTTTTTTTTTTTTTTTTT T | CCR1
e e e
I CCISx CMx :
: CCR2
: Tt I
I CC12A Capture '
! cc12B Mode 0 |
I
: (\3/28 T Timer Clock TACCR2 |
. v |
: Q Comparator 2 |
! EQUZ|  cap :
|
I Al
SCC1mY I
: EN 0 Set TACCR2 I
I 1 CCIFG I
i ,
: I
I I
' I
A I
. I
' I
! I
! I
' I

Block diagram of Timer A

nd Divider

ced from ACLK, SMCLK, or externally via TACLK or INCLK and it is
bits. The selected clock source may be passed directly to the timer or

divided by e IDx bits.

The timer has four modes of operation as described in the table. The mode is selected with the MCx
bits in Timer A Control Register (TACTL).

96 Advanced features of MSP430 microcontroller


http://www.ti.com/

i3 TExAs

INSTRUMENTS

www.ti.com Timer_A
MCx Mode Description
00 Stop The timer is halted.

01 Up

The timer repeatedly counts from zero to the value of TACCRO.

10 Continuous

The timer repeatedly counts from zero to OFFFFh.

11 Up/down

The timer repeatedly counts from zero up to the valu 0 and back down to

zero.
Table 3.2 Timer A - Modes of
3.3.2.1. Up Mode

The timer repeatedly counts up to the value of ¢ i , whi e period.
The number of timer counts in the period is TA RO the
timer restarts counting from zero. The TACCRO C unts to
the TACCRO value. The TAIFG interrupt flag is set wh nts from TACCRO to zero. When
TACCRO is modified while running, the timer counts up t eriod and if the new period is less
than the current count value, the timg . e additional count may occur before
the counter rolls to zero.

3.3.2.2. Continuous Mode

The timer repeatedly counts up to OFFF ' 1 . capture/compare register
TACCRO works the sam 5. The TAIFG interrupt flag is set
when the timer coup l used to generate independent time

independent time
regist

OFFFFh_.._.._.._.._‘._.._..L

TACCROa

rval is completed, an interrupt is generated. The
the interrupt service routine. Figure below shows
the capture/compare registers. In this, the time
out impact from interrupt latency. Up to three
e generated using all three capture/compare

being adde
ot software

TACCR1b TACCR1c

1 I
TACCROb | TACCROc; TACCROd

e e P e | P L R L e S R S

TACCR1a TACCR1di
| :

I
-3
| 21 1
|
|
| I
I
I

N

lt | ]
' 3 ' 3 f

Figure 3.4 Continuous Mode Time Intervals

b
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3.3.2.3. Up/Down Mode

The timer repeatedly counts up to the value of compare register TACCRO and back down to zero. The
period is twice the value in TACCRO. The TACCRO CCIFG interrupt flag and the TAIFG interrupt flag
are set only once during a period, separated by 1/2 the timer period. The TACCRO CCIFG interrupt
flag is set when the timer counts from TACCRO-1 to TACCRO, and TAIFG is set when the timer
completes counting down from 0001h to 0000h.

3.3.3. Capture/Compare Blocks

Three identical capture/compare blocks, TACCRX, are present in Ti
used to capture the timer data, or to generate time intervals.

Any of the blocks may be

3.3.3.1. Capture Mode

utations or time
ins or internal
input signal
occurs:

Capture mode is used to record time events. It can
measurements. The capture inputs CCIXA and CCIx
signals and are selected with the CCISx bits. The C
as rising, falling, or both. A capture occurs on the s

select the capture edge
edge of the input signal. If a

1) The timer value is copied into the
2) Theinterrupt flag CCIFG is set

430x1xx family devices may have

? al can be asynchronous to the timer
clock and cause a race condition. Setting it wi ize the capture with the next timer
clock. Setting the SCS bit to synchronize i timer clock is recommended.
Capture over flow (COV) bit is set f a efore the value from the first

The compare modg ompare mode is used to generate PWM output
signals or interr ific ti ' . TAR counts to the value in a TACCRX:

d by the OUTMODX bits and are described in the table below. The OUTx
ing edge of the timer clock for all modes except mode 0. Output modes 2,
or output unit 0 because EQUx = EQUO.
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OUTMODx Mode Description
000 Outout The output signal OUTx is defined by the OUTx bit. The OUTx signal
P updates immediately when OUTXx is updated.
The output is set when the timer counts to the TACCRXx value. It
001 Set remains set until a reset of the timer, or until agother output mode is
selected and affects the output.
010 Toggle/Reset The output is toggled when the timer to the TACCRXx value. Itis
reset when the timer counts to the, value
The output is set when the ti
011 Set/Reset reset when the timer coun
The output is toggled Rx value. The
100 Toggle output period is do
The outputis 1
101 Reset remains reset
output.
The output is toggled r counts to the TACCRXx value. It is
110 Toggle/Set hen the timer coun ACCRO value.
111 Reset/Set ounts to the TACCRX value. It is

Output in Timer in

The OUTx signal is
to zero, dependi
TACCRL1.

Up

the timer
e is shown in Figure below using TACCRO and

OFFFFh
TACCRO

TACCR1

Oh

Output Mode 1: Set

Output Mode 2: Toggle/Reset

Output Mode 3: Set/Reset

Output Mode 4: Toggle

Output Mode 5: Reset

Tutput Mode 6: Toggle/Set

Elput Mode 7: Reset/Set

EQUO EQU1  EQUO EQU1 EQUO
TAIFG TAIFG TAIFG Interrupt Events

Figure 3.5. Output Example—Timer in Up Mode
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Output when Timer in Continuous Mode

The OUTXx signal is changed when the timer reaches the TACCRx and TACCRO values, depending on
the output mode. An example is shown in Figure below using TACCRO and TACCRL.

Output Example—Timer in Up/Down Mode

The OUTXx signal changes when the timer equals TACCRXx in either count direction or when the timer
equals TACCRO, depending on the output mode. An example is shown in Fi below using TACCRO
and TACCR2.

OFFFFh
TACCRO

TACCR2

Oh

Output Mode 1: Set

Output Mode 2: Toggle/Reset

Output Mode 3: Set/Reset

Output Mode 4: Toggle

Output Mode 5: Reset

Output Mode 6: Toggle/Set

Output Mode 7: Reset/Set

EQU2 | EQU2 EQU2 EQU2
FG EQUO TAIFG EQUO

Timer in Up/Down Mode

Interrupt Events

it Timer_A module; they are TACCRO interrupt
r for all other CCIFG flags and TAIFG. In capture
en a timer value is captured in the associated TACCRX register. In
set if TAR counts to the associated TACCRXx value. Software may
CIFG flags request an interrupt when their corresponding CCIE
CCIFG flag has the highest Timer_A interrupt priority and has
CCRO CCIFG flag is automatically reset when the TACCRO
The TACCR1 CCIFG, TACCR2 CCIFG, and TAIFG flags are prioritized
gle interrupt vector TAIV. Any access, read or write, of the TAIV registers

' er servicing the initial interrupt. For example, if the TACCR1 and TACCR2
CCIFG flags ot the interrupt service routine accesses the TAIV register, TACCR1 CCIFG is
reset automatica er the RETI instruction of the interrupt service routine is executed, the TACCR2
CCIFG flag will generate anotherinterrupt.
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3.3.5. Timer_A Registers

Register ShortForm | Register Type | Address | Initial State
Timer_A control TACTL Read/write 0160h Resetwith POR
Timer_A counter TAR Read/write 0170h Resetwith POR
Timer_A capture/compare control0 | TACCTLO Read/write 0162h Resetwith POR
Timer_A capture/compare 0 TACCRO Read/write | 0172h Resetwith POR
Timer_A capture/compare control1 | TACCTL1 Read/write 0164h Resetwith POR
Timer_A capture/compare 1 TACCR1 Read/write | 0174h | Resetwith POR
Timer_A capture/compare control2 | TACCTL2 Read/write 0166h Resetwith POR
Timer_A capture/compare 2 TACCR2 Read/write 0176h Resetwith POR
Timer_A interrupt vector TAIV Read only 012Eh Resetwith POR
3.3.5.1. Timer_A Control Register (TACTAL) v
15 14 13 12 | 1 10 9 8
Unused TASSELX
w-(0) w-(0) w-(0) w-(0) w-(0) w-(0) w-(0) w-(0)
i 6 5 4 3 2 1 0
Unused TACLR TAIE TAIFG
w-(0) rw-(0) w-(0) rw-(0)
\4
Name Description

Unused

un

Timer_A clock source select
00-TACLK, 01-ACLK, 10-SMCLK and 11-INCLK

Input divider. These bits select the divider for the input clock
00 - /1,01 -/2,10 - /4,11 -/8

Mode control

0- Stop mode: the timer is halted

MCx >-4 1- Upmode: the timer counts up to TACCRO

10-Continuous mode: the timer counts upto OFFFFh

11-Up/down mode: the timer counts up to TACCRO then down to 0000h
Unused 3 Unused
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Timer_A clear.

TACLR 2 Setting this bit resets TAR, the clock divider, and the count direction. The

TACLR bit is automatically reset and is always read as zero

TAIE 1

Timer A interrupt enable. It enables the TAIFG interrupt request
O-interrupt disabled, 1-interrupt enabled

TAIFG 0 Timer_A interrupt flag

0-no interrupt pending,1-interrupt pending

3.3.5.2. Timer_A Register (TAR)

TARX Bits Timer_A register. The TAR regist unt of Timer_A.
15-0
15 14 13 12 11 10 9 8
CMx CCISx SCS SCCI | Unused| CAP
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) r r0 rw-(0) ‘
7 6 5 4 3 2 1 0
OUTMODx CCIE ccl ouT cov CCIFG
rw-(0) rw-(0) rw-(0) rw-(0) g rw-(0) rw-(0) rw-(0)

Name

Unused

TASSELXx

IDx

top mode: the timer is halted
pmode: the timer counts up to TACCRO

inuous mode: the timer counts upto OFFFFh

mode: the timer counts up to TACCRO then down to 0000h

ettina this bit resets TAR, the clock divider, and the count direction.
he TACLR bit is automatically reset and is always read as zero

TAIE

Timer A interrupt enable. It enables the TAIFG interrupt request
O-interrupt disabled, 1-interrupt enabled

TAIEG 0 Timer_A interrupt flag

0-no interrupt pending,1-interrupt pending
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3.3.5.3. Timer_A Register (TAR)
TARX Bits Timer_A register. The TAR register is the count of Timer_A.

15-0
3.3.5.4. Capture/Compare Control Register (TACCTLX)

13 14 13 12 11 10 9 i}
CMx CClISx 5CS SCCI Unused CAP
rw—{(0) rw—{0} rw—(0) rw—(0) rw—(0) r i rw—(0)

7 5] 5 4 3 2 1 0
OUTMODx CCIE CCl ouTt cov CCIFG
rei—{(0} rw—{0} nw—(0) mwi—(0) r rw—{0) rw—{0} rw—{0)

Name Bits

Capture mode
CMx 15-14 00-No capture,
11-Capture on

00-OUT bit value, 001-Set, 010-Toggle/reset, 011-Set/reset,
100-Toggle, 101-Reset, 110-Toggle/set and 111- Reset/set

Capture/compare interrupt enable. This bit enables the

CCIE 4 Interrupt request of the corresponding CCIFG flag.
O-Interrupt disabled, 1-Interrupt enabled
CClI 3 Capture/compare input. Selected input signal can be read by this bit.
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ouT ) Output. In output mode0, this bit controls the state of the output.
0-Output low, 1-Output high
cov 1 Capture overflow. Indicates a capture overflow occurred. Reset by sw.
0-No capture overflow occurred, 1-Capture overflow occurred
CCIFG 0 Capture/compare interrupt flag
0-No interrupt pending, 1-Interrupt pending

3.3.5.5. Timer_A Interrupt Vector Register (TAIV)

15 14 13 12 11 10
0 0 0 0 0 0 0
r0 r0 r0 r0 r0 r0
6 5 4 3 2 1
0 0 0 0 TAIVX
ro r0 r0

TAIV Contents Interrupt priority
00h
02h Highest
04h
06h
Lowest
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Example Application: Timers

A pedometer is a device that counts the number of steps taken by a person and thus provides the total
distance covered. It is becoming hugely popular in the fithess equipment industry. TI's MSP430x5xxx
device microcontrollers are used in designing pedometers as shown in fig below.

TI Pedometer ’
TI MSP430x5xx —
3.3V, 8 MHz

MSP430 Bluetooth Count 49
MCU Module:
MSP430 +

Stack + Radio

Accelerometer
L) Bluetooth ON

Android Device
TI Pedometer Applicatin

Fig3.7. Pedometer

for detecting stepping motions in all
ke sure every sample is captured at
are generated in microcontrollers
20 ms. The interrupt service

is sent and displayed on a

Configure timer Value
to sample at 20ms

Enable Timer Interrupt service routine

interrupts

Sample Sensor values

Process sensor values

Return from interrupt

Send data to mobile
app

Fig3.8. Flowchart of timer application in creating an ISR
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3.4. Real Time Clock (RTC)

Real time clocks (RTC) are used in a variety of applications from watches and clocks to time stamping
events and generating events. The general implementation of the RTC is simple. It consists of a
timer/counter giving 1-second interrupts and a small CPU routine to count the interrupts. The CPU can
sleep or perform other functions between interrupts. The clock setup for the RTC implementation uses
the LFXT1 oscillator in LF mode with a 32768-Hz crystal. The output of the LFXT1 oscillator is selected
to source ACLK. ACLK is then selected as the clock source for the timer ter that serves as the
time base for the RTC.

-bit counter or as an RTC
minutes, hours, day of
ity. Data is selectable in

The Real-Time Clock (RTC) module can be used as a general-pur
with calendar function with selectable clock sources. It counts f
week, day of month, month and year in calendar mode. It has |
BCD format.

3.4.1. RTC block diagram

ACLK
Basic Timer BTCNT2.06
SMCLK

RTCMODEX

RTCBCD RTCHOLD T
BCD Mode
SUE24 23016 SIS 8 o0
RTCNT4/ RTCNT3/ RTCNT2/ RTCNT1/
RTCDOW RTCHOUR RTCMIN RTCSEC I~ RTCTEVx

I 8-bit overflow / minute changed
16-bit overflow / hour changed
24-bit overflow / RTCHOUR = Midnight|
32-bit overflow / RTCHOUR = Noon

Set_RTCFG

10

Set_BTIFG

Set BTIFG from
BCD = Basic Timer

Calendar
[RrcvEARHG] RTCYEARLG] RTCMONH  RTCDAY 4—— Midnight

Figure 3.7 Block Diagram of RTC

. Counter Mode

ers are caded to provide the 32-bit counter. This provides interrupt
)it, and 32-bit overflows. Each counter register RTCNT1 to RTCNT4 is
ay be read or written.

The cloc [ ounter can be sourced from ACLK, SMCLK, or from the BTCNT2 input
e Basic Timerl module, selected by the RTCMODEX bits. The counter can

3.4.3. Calendar Mode

Calendar mode is selected when RTCMODEX = 11. In this mode, the RTC provides seconds, minutes,
hours, day of week, day of month, month, and year in selectable BCD or hexadecimal format.
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Real Time Clock (RTC)

3.4.4. Real-Time Clock Interrupts

Switching from counter to calendar mode clears the seconds, minutes, hours, day-of-week, and year
counts and sets day-of-month and month counts to 1.

When RTCBCD = 1, BCD format is selected for the calendar registers. The format must be selected
before the time is set. Changing the state of RTCBCD clears the seconds, minutes, hours, day-of-
week, and year counts and sets day-of-month and month counts to 1. The calendar includes a leap
year algorithm that considers all years evenly divisible by 4 as leap years. This algorithm is accurate
from the year 1901 through 2099.

Note: Any write to any counting register takes effect immediately. Howe

the write. This could result in losing up to one second during a write.

RTC Mode Interrupt
Interval

RTCTEVX

In Int

clock is stopped during

Counter Mode

00
01
10
11

Calendar Mode

00
01
10
11

The Real-Time Clock uses two bits for int

e Basic Timerl interr
e Real-Time Clog

Basic Timerl
RTCFG and B

1 interrupt flag and vector. When RTCIE = 0, the
ise RTC controls the interrupt generation. The
pt for RTC and Basic timer respectively.

ster Type Address Initial State
. 040h with
Read/write 041h POR
None, not
Read/write 042h reset
RTCMIN/ None, not
RTCNT2 Read/write 043h reset
Real-Time Clock hgo
RTCHOUR/ Read/write 044h None, not
Real-Time Counter register 3 RTCNT3 reset
Real-Time Clock day-of Week
Y RTCDOW/ Read/write 045h None, not
Real-Time Counter register 4 RTCNT4 reset
Real-Time Clock day-of-month RTCDAY Read/write 04Ch None, not
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reset
. RTCMON . None, not
Real-Time Clock month Read/write 04Dh reset
None, not
Real-Time Clock year (low RTCYEARL ) reset
Read/write
byte)
. . None, not
Real-Time Clock year (high RTCYEARH Read/write
byte)
SFR interrupt enable register 2 IE2
Word Register Address
Short Form | High-Byte Register Low-Byte Register
Real-Time control Register RTCTL RTCCTL BTCTL 0400
Real-Time Clocktime RTCTINCY RTCMIMRTCHTZ RTCSEC/RTCHT1 042
Real-Time Counter registers RTCHT12
1,2
Real-Time Clocktime 1 RTCTINAS RTCOOW/RTCMT4 RTCHOURMTCHTS 044h
Real-Time Counter registers RTCHT34
34
Real-Time Clock date RTCDATE RTCMOM RTCDAY 04Ch
Real-Time Clockyear RTCYEAR RTCYEARH RTCYEARL O4Eh
TL, Real-Time (‘Contrﬁgister
7 6 5 4 | 3 2 1 0
RTCBCD [RTCHOLD RTCMODEXx RTCTEVx RTCIE RTCFG

w-(0)  rw-(1) rw-(0) rw-(0) w-(0)  rw-(0) rw-0 rw-0

v
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Name Bits Description
BCD format select. This bit selects BCD format for the calendar registers when
RTCBCD 7 RTCMODEXx = 11.
0 -Hexadecimal format,1 -BCD format
Real-Time Clock hold
0 -Real-Time Clock is operational
RTCHOLD 6
1-RTCMODEX < 11: The RTC module is stop
RTCMODEXx = 11: The RTC and the Basic
Real-Time Clock mode and clock sou
RTCMODEXx
0 32-bit count
RTCMODEX | 5-4
1 32-bit co
10 32-bit count
11 Calendar mode

pt event. These

16-bit overflow

24-bit overflow

32-bit overflow

Minute changed

Hour changed
Every day at midnight (00:00)

Every day at noon (12:00)

2al-Time Clock interrupt flag
0 -No time event occurred

1 -Time event occurred
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RTCNT1, RTC Counter 1, Counter Mode

7 6 5 4 a 2 1 0
RTCNT1x
rw w w rw w rw W rw
RTCNT1x Bits 7-0 RTCNT1 register. The RTCNTL1 register is the coun#ef RTCNT1

RTCNT2, RTC Counter 2, Counter Mode

7 6 5 4 3 2 1 0

RTCNT2x

w v nw w nw w v r'w

RTCNT2x Bits 7-0 RTCNT2 register. The register is the count of RTC

RTCNT3, RTC Counter 3, Counter Mode

RTCNT3x

RTCNT3x is the count of RTCNT3

RTCNT4x

L) w nw rw Lyl w

4
TCNT4 register. The RTCNT2 register is the count of RTCNT4

egist endar Mode with Hexadecimal Format

4 3 2 1 0

0 0 Seconds (0...59)

m w rw nw w nw
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RTCSEC, RTC Seconds Register, Calendar Mode with BCD Format

7 B 5 4 3 2 1 0
0 Secondz - high digit (0...5) Seconds - low digit (0...5)
r-0 w W rw rw v W rw
RTCMIN, RTC Minutes Register, Calendar Mode with Hexadecimal Form
7 B 5 4 3 2 1 0
a 0 Minutes (0...59)
r-0 r-0 w w rw rw w rw
v
RTCMIN, RTC Minutes Register, Calendar Mode with Wrmat \
7 6 5 4 3 2 1 0
0 Minutes - high digit (0...5) Minutes - low digit (0...9)
r-0 w w rw w w w rw
RTCHOUR, RTC Hours Register, Calendar Mode WM Format
7 6 5 4 3 2 1 0
0 0 0 Hours (0...24)
r-0 r-0 r-0 ™w w W w rw
RTCHOUR, RTC Houmler, Calend‘de tv
7 & 5 4 3 2 1 0
0 0 Hours high digit (0...2) Hours low digit (0...9)
r-0 r-0 nw w w rw w w
RTCDOW, RTC w
-7 B 5 4 3 2 1 0
0 0 0 0 0 Day-of-Week (0...6)
r-0 r-0 r-0 r-0 r-0 rw w w
AY, RTC Day—o1‘h Register, Calendar Mode with Hexadecimal Format
7 B 5 4 3 2 1 0
0 0 0 Day-of-Month (1...28,29,30,31)
r-0 r-0 r-0 w rw w w w
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RTCDAY, RTC Day-of-Month Register, Calendar Mode with BCD Format

7 B 5 4 3 2 1 0
0 0 D“V"’f'Mfo“__‘g]"ig" dligit Day-of-Month low digit (0...9)
r-0 r-0 ™w w W w ™w w
RTCMON, RTC Month Register, Calendar Mode with Hexadecimal Form
7 B 5 4 3 2 1 0
0 0 0 ] Month (1..12)
r-0 r-0 r-0 r-0 w nw w W'
. . Vv
RTCMON, RTC Month Register, Calendar Mode with B rmat
7 6 5 4 3 2 1 0
0 0 0 At Month low digit (0...9)
r-0 r-0 r-0 rw w rw w wo
RTCYEARL, RTC Year Low-Byte Register, Calendawadecimal Format
7 f 5 4 3 2 1 0
Year Low Byte of 0...4095
M nw nw W

RTCYEARL, RTC Year L

W rw W I
H-Byte Regist‘len ND rmat
7 B 4 3 2 1

5

Decade (0...9)

Year lowest digit (0...9)

W W e [ ) "W L [
RTCYEARH, RT‘iMode with Hexadecimal Format
7 5 5 4 3 2 1

0
0 0 0 0 Year High Byte of 0...4095
r-0 r-0 r-0 r-0 w rw w rw
YEARH, RTC Yew—Byte ister, Calendar Mode with BCD Format
7 B 5 4 3 2 1 0
a Century high digit (0...4)

Century low digit (0...9)

w W 'w w r'w
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NAME Bits | Description

BTIE 7 Basic Timerl interrupt enable. This bit enables the BTIFG interrupt. Because other
bits in IE2 may be used for other modules, it is recommended to set or clear this bit
using BIS.B or BIC.B instructions, rather than MOV.B or CLR.B instructions.

0 -Interrupt not enabled

1 -Interrupt enabled

- | 6-1 | These bits may be used by other modules. See device-sp,

IE2, Interrupt Enable Register 2 A
7 6 5 4 3 2 1 0
BTIE
rw-0

NAME Bits | Description

IFG2 may be used for other
lly by servicing the interrupt,
or CLR.B instructions.

). Because other
p.clear BTIFG aut
iens, rather than

BTIFG 7 Basic Timerl interrup
modules, it is recom
or by using BIS.B or B

0-No interrupt pending
1 -Interrupt pending

5. See device cific data sheet

output (PWM) = Duty cycle x ON Voltage level

The PWMY i ig 1 in communication and predominantly on the analog by digital control side.
Let us unde the microcontroller generates PWM signal. The PWM circuit requires the
counter to cou e ticks and two registers to manipulate the duty cycle and total time period. If
the PWM output starts with high, the counter counts the ticks by every clock and the counter value is
compared with both period register and duty cycle register.
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Write to
dut |
uw’ duty Cycle
! —
8 bit compare [~
i A 4
. load r output
clksel —» 8 bit counter latch
' S
8 bit compare =
Write to f
Period .
period

Figure 3.8 Block Diagram of P

the PWM wave

3.5.1. PWM geng

There are three i in Timer_A of MSP430 controller. Any one of the
blocks may be 0

n Timer_A [ al circuitry of MSP430X4XX series, there are five
egrated, the compare mode is enabled for generating PWM.

ing PWM signal. In Timer_A, the TACCRO is stored for total period
g for ON period of PWM (Duty cycle). The Timer _A count register

AIs configured to an output pin and the pin value is started with
ompares TAR and TACCR1, when TAR reaches TACCR1 the OUT1
. The TAR is still counting up and compared with TACCRO. When it
al goes back to Logic 1 and TAR is reset to zero. The module also sets
pt flag 1 (CCIFG1) upon TAR matching with TARCC1. This flag can be

can also be co o0 PWM generation.
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Example 1:

The following program is used for realizing PWM signal by connecting an LED in P1.2 and this LED"s
intensity can be adjusted by changing ON and Total time. The PWM can be realized by changing
Period and duty cycle in TARCCO and TARCC1 respectively. The output mode can be changed to

set/rest mode and output can be realized by changing the TACCRO and 1.

#include msp4309g2553.h
void main(void)

{

WDTCTL = WDTPW | WDTHOLD; // Stop
P1DIR |= BIT2;

P1SEL |= BIT2;

TACCRO = OxFF;
TACCR1 = 0x20;
TACCTL1=0OUTMOD_7; IR
/I Start timer from ACLK /2, Up
TACTL |= TASSEL_1|ID_1|MC_1;
__low_power_mode_3 ();
for(;;);
}

Example 2:

The following program is used for realizing D in P1.2 and this LED"s
intensity is slowly brig comes to OFF and starts
brightening continuo i iod and duty cycle in TARCCO

top watchdog timer
/I Initialize port for Output signal OUT1

/l'initial duty cycle

MOD_7; // Reset/set output mode

er from ACLK /2, Up mode, clear , no interrupts
L_1|ID_1|MC_1;

TIMERAO_VECTOR

pragma vector
__interrupt void TIMERAO_ISR ( void )

delay_ms(50); // delay for 50ms
TACCR1++;
If(TACCR1==0x00FF) TACCR1=0;

}
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Example Application: PWM:

Driver circuit
Air pump

Air valve

LCD
buttons MSP430
(] P2
EEPROM

Block diagram of blood pres

The controller takes input from input buttons and can
mode or view the stored readings. The air pump is contro

A flowchart is illustrate

[Enter measuring mode]

Set P1.0 and P1.6 to
PWM O/P to connect air
pump and air valve

Apply PWM O/P to P1.0 air
pump for cuff inflation

Set PWM duty cycle

Sample pressure sensor
values and dlsplay on LCD

If pressure>145 mmHg

Apply PWM O/P to P1.6
to air valve for cuff

[
[

E)lsplay calculated values

deﬂatlon

on LCD display

Driver circuit E

onitor using MSP430

er put the device in measuring
perated by the PWM module in the
he arm cuff for measuring systolic
ied by only changing the duty cycle

ressure monitor.

No

Flowchart for setting up PWM values
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3.6. Timing generation and measurement

To generate a timing event, MSP430 has up to five types of timers. It is important to understand which
timer module in MSP430 to prefer for a particular application. The next important criterion is choosing
clock source for the timer modules. The following guidelines can be used for choosing the clock source
and timer module. As we discussed already, that there are three clock s - ACLK, MCLK and
SMCLK from various clock generators such as LFXT1 oscillator, XT2 o , and DCO in MSP430.
An external crystal device is required for LFXT1 and XT2; the progral ould refer to the MSP403
target board for identifying the crystal frequency. The programmer erstand and find the time

i i i i imi e program is made for

3.6.1. Basic Timer:

It takes clock source from ACLK and SMCLK an i imi ency time
intervals. It can be used for regular interval gener
by stopping the timer. The output is controlled in t
(ISR).

3.6.2. Timer_A and B

TACLK (an external direct crystal
clock source) They can be used for reg 8 timer value can be adjusted at

any time by stopping the timer. Timer_A L 3 directly to the Port Pin so that

ock inputs, such as TACLK or INCLK. Using the
ossible, both for capture and compare events are

3.6.3. Watchdog ti

If thi interval is appropriate, it produces four discrete

ly 2, 16, 250, and 1000 ms from ACLK at 32 KHz,

Bvice are busy, then software loop is used. It is best to avoid
ept for trivial cases such as delays while a clock stabilizes.

NSp430g2253.f
int main(vo
[*** Watchdog lock Set-Up ***/

WDTCTL = WDTPW + WDTHOLD; /I Stop watchdog timer

DCOCTL =0; /I Select lowest DCOx and MODx
BCSCTL1 = CALBC1_1MHZ; /I Setrange
DCOCTL = CALDCO_1MHZ; /I Set DCO step + modulation
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[*** GPIO Set-Up ***/

P1DIR |= BITZ2; // P1.2 set as output

P1SEL |= BIT2; // P1.2 selected Timer_A Outl
P2DIR |= BITZ; // P2.1 set as output

P2SEL |= BIT1; /I P2.1 selected Timer_A Outl
P2DIR |= BIT4; Il P2.4 set as output

P2SEL |= BIT4; /I P2.4 selected Timer_A Ou

[+ Timer_A Set-Up **/

TACCRO |= 200 - 1;

TACCTL1 |= OUTMOD_7;

TACCR1 |= 100;

TACTL |= TASSEL_2 + MC_1;
_BIS_SR(LPMO_bits);

/I PWM Period

—>
Anal S | e
nalog ample $ Result and
Mix and Hold ADC Interrupt
x Flag
4
> Control for Mux Reference
and Voltage and
SH clock

3.9 Analog to digital Conversion Mechanism

The analog inp itry in a microcontroller starts with analog multiplexer to support a multiple of
analog input and any one of the input is allowed to further block to process the analog signal. The
sample and hold circuitry holds the analog voltage and hold for ADC to complete its conversion. The
selection of the channel in the multiplexer and controlling sample and hold circuit are done by the
control registers. The output of the sample and hold circuit is converted into a corresponding digital
output and is updated to ADC result memory as well as setting the flag. The CPU in which the ADC is
integrated controls the ADC modules and recognizes the conversion complete flag by programming.
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3.7.1. ADC

Many of the practical real time signals around us are analog in nature. In order to feed this signal
quantity into the digital world (such as to a microcontroller), it needs to be converted into digital by
means of a special hardware called Analog to Digital Converter (ADC). The ADC gets the signal from
an analog source like pressure, temperature, lights intensity and then converts it into a proportional
equivalent electric signal. That means a physical parameter is converted into an electrical signal.
MSP430 microcontroller has two separate ADCs such as 10 bit and 12 bit ely ADC10 and ADC12
respectively.

3.7.2. ADC 10

The ADC10 module is a high-performance 10-bit analog-to-digi
the ADC10.

This chapter describes

3.7.2.1. ADCI10 features:

It is an 8-channel, 10-bit SAR converter with cony,
sample-and-hold hardware where the sample p
software or by Timer_A. It has a software sele
2.5 V), which can be external or internal. It ope
sequence, and repeated sequence conversion mo tantly, there is a data transfer

rates of more than 200 and in built

define the upper and Iower I|m|ts of the co :
(VR+ and VR-) are defi C aversion results may be in straight

ected usiing the ADC10SSELX bits and can be divided from 1-8 using the
DC10CLK sources are SMCLK, MCLK, ACLK and an internal oscillator
is generated internally.

oltage Reference

Eight externa internal analog signals are selected as the Channel for conversion by the
analog input m er. The ADC10 external inputs AO - A4, VeREF+ and VREF share the terminals
with 1/O port P2. Optional inputs A5 to A7 are shared on port P3 on selected devices. The ADC10AEx
bits provide the ability to disable the port pin input and output buffers. As an example, the following
instruction configures P2.3 as an analog input.
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BIS.B #08h,&ADC10AE ; P2.3 ADC10 function and enable

The ADC10 module contains a built-in voltage reference with two selectable voltage levels. The
Internal voltage reference levels are 1.5V and 2.5V. External references may be supplied for VR+ and
VR- through pins A4 and A3 respectively.

REFOUT REFBURST
B Ve REF+ REF2_5V REFON
*— AF CloaR T" INCHx=0Ah

0
v on
1 R /Il 15Vor2.5VI— vcC
V REF+ V REF- Ref(;r;nce
INCHx Ref_x
vcC
ﬁ:'- o7 e
SREF1
GONeER VSS 11100100 SREFO0 ADC100SC
ﬁ? 0000 SREF2I—: 10 7 ADC100N ADC10SSELXx
0001
%5 ok Il ADC10DIVx
ﬁg -o-— 8?3’0 Sample VR- YR+ T T T CLK
A5 0101 and ; Divider
Ao 0110 ] i e 5 /../8 MCLK
A7 0111 -
1000 S/H Convert l ADG10CLK SMCLK
— 1001
1010 , SHSX
1011 BUSY ISSH
1100 ENC
1101
00 ADC10SC
o SAMPCON | | [sample Timer |SH! —cp !
1418/16/64 Ot sync 01 [ TA!
| T 1 10 — TAO
11 TA2
ADCI0DF [ | ADC10SHTx MSC
INCHx=0Bh AV
| ADC10MEM |
Ref_x {} i
Data Transfter III RAM, Flash,
Controller Peripherlals

| ADC10SA I—T—r
Halt CPU

ADC10CT ADC10TB ADC10B1
ms.lo ADC10 Block Diagram

ow power applications. When the ADC10 is not actively converting, the
ed and re-enabled when needed The ADC100SC is also automatically
enabled wh disabled when not needed. When the core or oscillator are disabled, they
consume no ¢

3.7.2.6. Sample and Conversion Timing

Conversion of ADC is initiated with a rising edge of sample input Signal SHI. The source for SHI is
selected with the SHSx bits and includes the following:

e The ADC10SC bit
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e The Timer_A Output Unit 1
e The Timer_A Output Unit 0
e The Timer_A Output Unit 2

The polarity of the SHI signal source can be inverted with the ISSH bit. The SHTx bits select the
sample period t sample to be 4, 8, 16, or 64 ADC10CLK cycles. The sampling timer sets SAMPCON
high for the selected sample period after synchronization with ADC10CLK. Total sampling time is
tsample plus tsync .The high-to-low SAMPCON transition starts the analog-t@=digital conversion, which
requires 13 ADC10CLK cycles as shown in Figure below.

Start Stop Start Conversion
Sampling Sampling Conversion Complete
| 1
SHI '. ;
:
I

SAMPCON i i 13 x ADC10CLKs
| .

—»! 'Sync I<—‘Samp|e—>’: « tConvert —!
<«

apctoctk _ /N O\

3 ADC10 Sample

Sample Timing calculation is discussed in datashee e corres g series of MSP430.

3.7.2.7. Conversion Mod

The ADC10 has fg e CONSEQX bits as discussed in Table below.

Operation

A single channel is converted once.

A sequence of channels is converted
once.

A single channel is converted
repeatedly.

A sequence of channels is converted
repeatedly.

version Mode

A single cha g ed by INCHx is sampled and converted once. The ADC result is written to
ADC10MEM reg hen ADC10SC triggers a conversion, successive conversions can be triggered
by the ADC10SC™bit. When any other trigger source is used, Enable conversion bit ENC must be
toggled between each conversion. The flow chart for the Single-Channel Single-Conversion Mode is
explained in the datasheet of the MSP430 series.
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Sequence-of-Channels Mode

A sequence of channels is sampled and converted once. The sequence begins with the channel
selected by INCHx and decrements to channel AO. Each ADC result is written to ADC10MEM register.
The sequence stops after conversion of channel AO. When ADC10SC triggers a sequence, successive
sequences can be triggered by the ADC10SC bit. When any other trigger source is used, ENC must
be toggled between each sequence. The flow chart for the Sequence-of-Channels Mode explained in
the datasheet of the MSP430 series.

Repeat-Single-Channel Mode

A single channel selected by INCHXx register is sampled and conver
is written to ADC10MEM register.

Repeat-Sequence-of-Channels Mode

tinuously. Each ADC result

A sequence of channels is sampled and converted repea

repeated modes and successive conversions are

conversion is completed. The function of the ENC bit is en using the MSC bit.

Resetting the ENC bit in any time en it is in any mode of operation.

Stopping ADC10 activity depends on

transfer is triggereg i ~ ¢ d location with defined number of transfers.

odes. They are:

the ADC10 is busy. Software must ensure that no active conversion
RTC is configured.

ed if the ADC10TB is reset. The value nin ADC10DTC1 defines the total
k. The block start address is defined anywhere in the MSP430 address
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TB=0

‘n’th transfer ADC10SA+2n-2
ADC10SA+2n-4

DTC

£
)
£

)

\ 2nd transfer ADC10SA+2

1st transfer ADC10SA

Figure 3.12 One-Block Trar’

The internal address pointer is initially equal to ADC10S the internal tral ounter is initially
equal to ,n". The internal pointer and counter are not vij o software. The DT fers the word-
value of ADC10MEM to the address pointer ADC10Q er each DTC transfer, th nal address
pointer is incremented by two and the internal r counter is decremented by The DTC
transfers continue with each loading of ADC10M nsfer counter be equal
to zero.

Two-Block Transfer Mode

The two-block mode is sel i bit is set. The value n in
ADC10DTC1 defines the numbeé . The address range of the
first block is defined anywhere i e with the 16-bit register
ADC10SA. The first block ends ddress range for the
second block is defi

, equires one or two MCLK clock cycles to
actual transfer (while the CPU is halted), and one cycle of

emperature Sensor

ith internal temperature sensor. To use this on-chip temperature sensor,
the user Se
function is 9355(TEMPC)+0.986. The temperature sensor offset error can be large, and
may need to be ated for most applications. See the device-specific datasheet for the parameters.
Selecting the temperature sensor automatically turns on the on-chip reference generator as a voltage
source for the temperature sensor. However, it does not enable the VREF+output or affect the
reference selections for the conversion. The reference choices for converting the temperature sensor
are the same as with any other channel.

The grounding and noise issues are discussed in the MSP430 series data sheet.
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3.7.2.10 ADC10 Interrupts

One interrupt and one interrupt vector are associated with the ADC10 as shown in Figure below. When
the DTC is not used (ADC10DTC1 = 0) ADCI10IFG is set when conversion results are loaded into
ADC10MEM. When DTC is used (ADC10DTC1 > 0) ADCI10IFG is set when a block transfer completes
and the internal transfer counter “n* = 0. If both the ADC10IE and the GIE bits are set, then the
ADC10IFG flag generates an interrupt request. The ADC10IFG flag is automatically reset when the

interrupt request is serviced or may be reset by software. A
ADC10IE

T— IRQ, Interrupt

s ADCWAZ% D Q _>_> Service Requested

DC10CLK —
ADC10CLK B et
IRACC, Interrupt

POR Request Accepted

3.7.2.11 ADC10 Registers v

Register Short Form Register Type | Address | Initizal state
ADCLD Input enable register O ADCI0AED Read/write 03Ah Fezetwith FOR
ADCLD Input enable register 1 ADCI0AEL Fead/write 04Eh Rezst with POR
ADCL0 control register 0 ADCLDCTLD Read/write 01B0h Rezet with POR
ADCL0 control register 1 ADCLDCTLL Read/write oiEzh Rezet with POR
ADCLD Memory ADCLDMER Read 0iB4h unchanged
ADCL0 data transfer control register 0 | ADCLODTCD Read/write DaEh Rezet with POR
ADC10 data transfer control register 1 ADCI0DTCL Fead write 0ash Rezetwith FOR
ADC10 data transfer start addres ADCLOSA Read write 01ECh 0200h with POR
-~
CTLG, ngister 0
15 14 13 12 | 11 10 9 8
SREFx ADC10SHTx ADC10SR | REFOUT |REFBURST

rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)

7 6 5 4 | 3 2 1 0

MSC REF2_5V REFON | ADC100ON | ADC10IE | ADC10IFG ENC ADC10SC

w-0)  w-0) w-(0) rw-0) rw-(0) rmw-(0) rw-0) rw-(0)

Modifiable only when ENC=0
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Name Bits Description
Select reference
0 VR+=VCC and VR-=VSS
1 VR+=VREF+ and VR-=VSS
10 VR+=VeREF+ and VR-=VSS
SREFX 15-13 11 VR+=VeREF+ and VR-=VSS
100 VR+= VCCand VR-= VREF-/ VeREF~,
101 VR+= VREF+ and VR-= VREF-/ \/
110 VR+= VeREF+ and VR-= VRE
111 VR+= VeREF+ and VR-=
ADC10 sample-and-hold ti
ADC10SHTX 12-11 00-4 x ADC10CLKs,
10-16 ADC10CLKs,
ADC10 sampling rate.
ADC10SR 10
REFOUT 9
REFBURST

ly during sample-and-conversion

ersion. Valid only for sequence or

sing edge of the SHI signal to trigger each

-The first rising edge of the SHI signal triggers the sampling timer, but
her sample-and-conversions are performed automatically as soon
e prior conversion is completed

Reference-generator voltage. REFON must Also be set.
0-15V,1-25V

Reference generator on

0-Reference off, 1-Reference on

ADC100

ADC10 on
0-ADC10 off,1-ADC10 on

ADCI10 interrupt enable
ADCI10IE 3
0- Interrupt disabled,1-interrupt enabled
ADC10 interrupt flag. This bit is set if ADC10MEM is loaded
ADCI0IFG 2 with a Conversion result. It is automatically reset when the interrupt
request is accepted. When using the DTC this flag is set when a block
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of transfers is completed.

0- No interrupt pending,1- Interrupt pending

Enable conversion

ENC 1
0-ADC10 disabled,1-ADC10 enabled
Start conversion. Software-controlled sample-and-conversion
Start. ADC10SC and ENC may be set together wi
ADC10SC 0

ADC10SC is reset automatically.

0-No sample-and-conversion start, 1-St -and-conversion

ADC10CTL1, ADC10 Control Register 1 '

15 14 13 12 1 10 ] 8
INGHx SHSx ADC10DF ISSH
ra—{0) rw—{0) (0} rw—(0) rw—(0) rw—{0) rw—(0) (D) ‘
7 ] 5 4 3 2 1 0
ADC10DIVx ADC10SSELx COMNSEQx i
{0} rw—{0) rw—(0) (0} nw—(0) rw—{0) rw—(0) -0

Name

Modifiable anly when ENC =0

-

-A3, 0100-A4, 0101-A5,

1001 VREF-/VeREF-,
1011 (VCC-VSS)/ 2, 1100 (VCC-VSS) /2
VSS)/2, 1110 (VCC-VSS)/2, 1111 (VCC-VSS)/2

d source select

aight binary,1-2"s complement

vert signal sample-and-hold

ISSH 0 The sample-input signal is not inverted.
1 The sample-input signal is inverted
ADC10 clock divider
ADC10DIVX 7-5
000-/1, 001-/2, 010-/3, 011-/4, 100-/5,101-/6, 110-/7,111-/8
ADCSSELXx 4-3 ADC10 clock source select
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00-ADC100SC, 01-ACLK, 10-MCLK, 11-SMCLK

Conversion sequence mode select
CONSEQx 2-1 00-Single-channel-single-conversion 01-Sequence-of-channels

11-Repeat-sequence-of-channels 10-Repeat-single-channel

ADC10 busy. This bit indicates an active sample or BUSY version
Operation.

ADCI10 0

ADCI10AE, Analog (Input) Enable Control Register

7 B 5 4 3 2 1 1]

ADC10DAET | ADC10AEG | ADC10AES | ADC1DAE4 | ADC1DAE3 | ADC10AEZ | ADC1DAET | ADC1DAED

rw—(0) w—(0) rw—{0} rw—{0) w-{0) rw—{0} w—(0) rw—{0}

ADC10AEXx Bits 7-0 ADC10 analog enable

input enabled

ADC10MEM, Conversion-Memory Regi

A

15 14 13 12 11 10 9 8
Conversion
0 0 0 0 0 0 Results
r0 r0 r0 r0 r0 r0 r r
7 6 5 4 | 3 2 1 0

Conversion Results

[ r r r r r

e 10-bit conversion results are right justified,
Straight-binary format. Bit 9 is the MSB. Bits 15-10 are

Conversion results

always 0.

ADC10MEM, on-Memory Register, 2‘'s Complement Format
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15 14 13 12

1

10 9 8

Conversion Results

r r r r r r r r

7 6 5 4 | 3 2 1 0

Conversion 0 0 0 0 0 0
Results

r r r0 r0 r0 r0 r0 r0

Bits
15-0

Conversion results

always 0.

The 10-bit conversio

complement for

are left-justified,
5 is the MSB. Bits 5-0 ar

ADC10DTCO, Data Transfer Control Register 0

y
7 6 5 4 3 2 1 0
ADC10
Reserved ADC10TB | ADC10CT | ADC10n1 FETCH
r0 r0 r0 r0 rw-(0) rw-(0) rw-(0) rw-(0)

4

Name Descriptio
Reserved ays read as 0.
ADC10TB

pblock transfer mod@

ock transfer mode

a is transferred continuously. DTC operation is stopped only if

10CT cleared, or ADC10SA is written to.

10 block one. This bit indicates for two-block mode

hich block is filled with ADC10 conversion results.

operation. ADC10TB must also be set
0-Block 2 is filled, 1-Block 1 is filled

ADC10B1 is valid only after ADC10IFG has been set the first time during DTC

ADCI10FETCH

This bit should normally be reset.
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ADC10DTC1, Data Transfer Control Register 1

7 B 5 4 3 2 1 0
DTC Transfers
re—{0) rw—{0) rw—{0) rw—{0}) rw—{0]) rw—{0}) rw—{0) rw—{0)

DTC transfers 7-0 DTC transfers. These bits define the of transfers
in each block.
0 DTC is disabled, 01h-OFFh
block
ADCI10SA, Start Address Register for Data Transfe'
15 14 13 12 | 1" 10 9 8

ADC10SAXx

ADC10SAXx 0

w-0)  w-(0) rw-(0) w-(0) rw-(0) rw-(0) rw-(0) rw-(0)

Unused, Read only. Always read as 0.

ance 12-bit analog-to-digital converter. This chapter describes
5 implemented in the MSP430x13x, MSP430x14x, MSP430x15x, and
module supports fast (greater than 250ksps), 12-bit analog-to-digital
ple select control, reference generator and a 16 word conversion-and-

The ADC12 core converts an analog input to a 12-bit digital representation and stores the result in its
conversion memory. The core uses two programmable/selectable voltage levels (VR+ and VR-) to
define the upper and lower limits of the conversion.

The conversion formula for the ADC result NADC is:
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/S
V =W

The ADC12 core is configured by two control registers, ADC12CTLO and ADC12CTL1. The
configuration of the ADC12 in the control register can only be modified when ENC = 0.

Napc = 4095 X

3.7.3.2. Conversion Clock Selection

The ADC12CLK is used both as the conversion clock and to generate th
pulse sampling mode is selected. ADC12CLK sources are SMCLK,
oscillator ADC120SC (5-MHz range).The ADC12 source clock is sel
and can be divided using the ADC12DIVx bits. The clock chosen
the end of a conversion.

ling period when the
ACLK, and an internal
ing the ADC12SSELXx bits
CLK remains active until

REFON

Vi INCHx=0A1
REF+
'—
VREF+ Al
< 1.5Vor25VE— ACC
= Vv REF-/ VeREF_ Reference
-
AVCC Ref_x 4
|
INCHx SREF1
i AVSS\11_10 01 00/ srero ADC120SC
2(1) 0000 SREF2 10 ADC120N ADC12SSELx
0001
a o] ¥  Apcraoivx
el ) I o P
A5 0101 and e Divider ACLK
A6 0110 (] Hold R ..8 MCLK
A7 0111 S T -
—t—1 1000
[ 3001 ADC12CLK
—1 1010 ¢
1011 BUSY SHSX
e wo || s | s
1110
{ o } 14 ADC12SC
|_JSample Time]
) ﬂ e i
AVCC SAMPCON *4 l o
SHT1x MSC
INCHx=0Bh
Refx ADC12MEMO  }—{ApciamcTio
B CSTARTADDx L= = — -
I 16x12 — 16x8
! Memory —1  Memory
CONSEQx::$ Buffer — Control
| _ — _
v ADC12MEM15  }—ADci2mcTL1S

ur internal analog signals are selected as the channel for conversion by the
analog input m r. The ADC12 inputs are multiplexed with the port P6 pins, which are digital.
The ADC12 module’contains a built-in voltage reference with two selectable voltage levels, 1.5V and

2.5 V. Either of these reference voltages may be used internally and externally on pin VREF+. Setting
REFON=1 enables the internal reference. When REF2_5V = 1, the internal reference is 2.5 V, the
reference is 1.5 V when REF2_5V = 0. The reference can be turned off to save power when not in use.
External references may be supplied for VR+ and VR- through pins VeREF+ and VREF-/VeREF-
respectively.
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3.7.3.4. Sample and Conversion Timing

An analog-to-digital conversion is initiated with a rising edge of the sample input signal SHI. The
source for SHI is selected with the SHSx bits and includes the following:

1) The ADC12SC bhit

2) The Timer_A Output Unit 1
3) The Timer_B Output Unit 0
4) The Timer_B Output Unit 1

The polarity of the SHI signal source can be inverted with the ISSH bit
the sample period and start of conversion. When SAMPCON is hi
low SAMPCON transition starts the analog-to-digital conversion,
Two different sample-timing methods are defined by control bi
and pulse mode.

AMPCON signal controls
ling is active. The high-to-
s 13 ADC12CLK cycles.
tended sample mode

Extended Sample Mode

The extended sample mode is selected when SHP
and defines the length of the sample period t s
The high-to-low SAMPCON transition starts the ¢

Start Stop Start Conversion
Sampling Sampling Conversion Complete

| b |
s—d L

e SHI signal directly co
hen SAMPCON is high, sa
ion after syn ization with AD

SAMPCON
is active.

SAMPCON _ 13 x ADC12CLK
—— 'sample —»! '4— tConvert —>'
_’ .
tSynci
apctzelk _ [\ /M /L
re 3.15 Exte Sample Mode

Pulse Sample Mo

. The SHI signal is used to trigger the sampling
its in ADC12CTLO control the interval of the sampling timer that defines
tsample. The sampling timer keeps SAMPCON high after
programmed interval tsample.

Start Stop Start Conversion
Sampling Sampling Conversion Complete

1 ; 1

SAMPCON i 13 x ADC12CLKs
|

—»l!sync |e—'Sample—p!  €—— tConvert —!
i

actzelk /N T\ /N T\ N\

Figure 3.16 Pulse Sample Mode
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The total sampling time is tsample plus tsync. The SHTx bits select the sampling time in 4x multiples of
ADC12CLK. SHTOx selects the sampling time for ADC12MCTLO to 7 and SHT1x selects the sampling
time for ADC12MCTLS8 to 15.

The sampling timing is discussed in the MSP430 series datasheet.

Conversion Memory

There are 16 ADC12MEMx conversion memory registers to store version results. Each
ADC12MEMXx is configured with an associated ADC12MCTLx control re he SREFx bits define
the voltage reference and the INCHXx bits select the input channel. T. bit defines the end of
sequence when a sequential conversion mode is used. A sequenc ver from ADC12MEM15 to
ADC12MEMO when the EOS bit in ADC12MCTL15 is not set.

The CSTARTADDX bits define the first ADC12MCTLx used for he conversion mode
is single-channel or repeat-single-channel the CSTARTAD i C12MCTLx to be
used. If the conversion mode selected is either sequenc ce-of-channels,
CSTARTADDXx points to the first ADC12MCTLx loc e sequence
continues until an EOS bit in ADC12MCTLXx is proc is i sed.

When conversion results are written to a sel
ADCI12IFGx register is set.

in the

3.7.3.5. ADC12 Conversion Modes

The ADC12 has four operating mode : [ cussed in the following Table

CONSEQx Mode

00 Single channpel Single-conve

of channels is
01 :
converted once

A single channel is converted
Repeatedly

A sequence of channels is
Converted repeatedly

sampled and converted once. The ADC results are written to the
with the ADCMEMx defined by the CSTARTADDXx bits. The sequence
of the channel with a set EOS bit. When ADC12SC triggers a sequence,
be triggered by the ADC12SC bit. When any other trigger source is used,

Repeat-Single-C

A single channel is sampled and converted continuously. The ADC results are written to the
ADC12MEMXx defined by the CSTARTADDKX bits. It is necessary to read the result after the completed
conversion because only one ADC12MEMx memory is used and is overwritten by the next conversion.
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Multiple Sample and Convertion

To configure the converter to perform successive conversions automatically and as quickly as
possible, a multiple sample and convert function is used. When MSC = 1, CONSEQx > 0, and the
sample timer is used, the first rising edge of the SHI signal triggers the first conversion. Successive
conversions are triggered automatically as soon as the prior conversion is completed. The function of
the ENC bit is unchanged when using the MSC bit.

Resetting the ENC bit in any time the conversion is stopped when it iS4
Stopping ADC12 activity depends on the mode of operation.

Note: No EOS Bit Set For Sequence

y mode of operation.

If no EOS bit is set and a sequence mode is selected, res
sequence. To stop the sequence, first select a single-channel

bit does not stop the

3.7.3.6. Integrated Temperature Sensor

To use the on-chip temperature sensor, the user sel

temperature sensor automatically turns on the on-chip
temperature sensor. However, it does not enable the V t or affect the reference selections
for the conversion. The reference choi i erature sensor are the same as with
any other channel.

ADC12 Grounding and Noise issues ar

3.7.3.7. ADC12 Interrupts
The ADC12 has 18 inte
1. ADC12IF@

The ADC120V condition occurs when a conversion result is written to
previous conversion result was read. The ADC12TOV condition is

are prioritized and combined to source a single interrupt vector. The
C12lV is used to determine which enabled ADC12 interrupt source

ADC12|V re
enter the appre@

mber can be evaluated or added to the program counter to automatically
pftware routine. Disabled ADC12 interrupts do not affect the ADC12IV value.

Any access read oFwrites, of the ADC121V register automatically resets the ADC120V condition or the
ADC12TOV condition if either was the highest pending interrupt. Neither interrupt condition has an
accessible interrupt flag. The ADC12IFGx flags are not reset by an ADC12IV access. ADC12IFGx bits
are reset automatically by accessing their associated ADC12MEMXx register or may be reset with
software.
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3.7.3.9. ADC12 Registers

Register Short Form Register Type Address Initial State
ADC12 control register 0 ADC12CTLO Read/write 01AOh Reset with POR
ADC12 control register 1 ADC12CTL1 Read/write Reset with POR
ADC12 interrupt flag register ADC12IFG Read/write Reset with POR
ADC12 interrupt enable register ADCI12IE Read/write Reset with POR
ADC12 interrupt vector word ADC12IV Read Reset with POR
ADC12 memory 0 ADC12MEMO Read/write Unchanged
ADC12 memory 1 ADC12MEM1 Unchanged
ADC12 memory 2 ADC12MEM2

ADC12 memory 3 ADC12MEM3

ADC12 memory 4 ADC12MEM4

ADC12 memory 5 ADC12MEMS5 Unchanged

ADC12 memory 6 ADC12MEM6 014Ch Unchanged
ADC12 memory 7 014Eh Unchanged
ADC12 memory 8 Read/write Unchanged
ADC12 memory 9 Unchanged
ADC12 memory 10 Unchanged
ADC12 memory 11 0156h Unchanged
Read/write 0158h Unchanged
Read/write 015Ah Unchanged
015Ch Unchanged
Read/write 015Eh Unchanged

ADC12MCTLO Read/write 080h Reset with POR

ADC12MCTL1 Read/write 081h Reset with POR

DC12MCTL2 Read/write 082h Reset with POR

Read/write 083h Reset with POR

ADC12MCTL4 Read/write 084h Reset with POR

ADC12MCTL5 Read/write 085h Reset with POR

ADC12MCTL6 Read/write 086h Reset with POR

ADC12MCTL7 Read/write 087h Reset with POR

ADC12 memory con ADC12MCTLS8 Read/write 088h Reset with POR

ADC12 memory control 9 ADC12MCTL9 Read/write 089h Reset with POR

ADC12 memory control 10 ADC12MCTL10 Read/write 08Ah Reset with POR

ADC12 memory control 11 ADC12MCTL11 Read/write 08Bh Reset with POR
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ADC12 memory control 12 ADC12MCTL12 Read/write 08Ch Reset with POR
ADC12 memory control 13 ADC12MCTL13 Read/write 08Dh Reset with POR
ADC12 memory control 14 ADC12MCTL14 Read/write 08Eh Reset with POR
ADC12 memory control 15 ADC12MCTL15 Read/write 08Fh Reset with POR
ADC12CTLO, ADC12 Control Register 0 ’
14 13 12 | 11 10 9 8
SHT1x SHTOx
w-(0)  rw-(0) rw-(0) rw-(0) rw-(0) w-(0) w-(0)
6 5 4 | 3 2 1 0
REF2_5v| REFON |ADC120N|ADC120ViE[ 42°12 | ENC  |ADC125C
w-(0) w-(0) w-(0) w-(0) w-(0) w-(0) w-(0)

Modifiable only when ENC=0

Name

ion

SHT1x

e number of ADC12CLK cycles in the
8 to ADC12MEM15.

MSC

. These bits define the number of ADC12CLK cycles in the
isters ADC12MEMO to ADC12MEM?7.

ADC12CLK SHTx ADC12CLK
cycles Bits cycles
4 0111 192
8 1000 256
0010 16 1001 384
0011 32 1010 512
0100 64 1011 768
0101 96 1100-
1111 1024
0110 128

Multiple sample and conversion. Valid only for sequence or
Repeated modes.

0 -The sampling timer requires a rising edge of the SHI signal to trigger each
sample-and-conversion.

1 -The first rising edge of the SHI signal triggers the sampling timer, but further
sample-and-conversions are performed automatically as soon as the  prior
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conversion is completed.
REF2 5V 5 Reference generator voltage. REFON must also be set.
0-15V, 1-25V
Reference generator on
REFON 5 0 -Reference off
1 -Reference on
ADC120N 4 ADC12 on
0 ADC12 off, 1 ADC12 on
ADC12MEMXx overflow-interrupt e ust also be
ADC120VIE 3 set to enable the interrupt.
0 -Overflow interrupt disa Overflow interrupt en
ADC12TOVIE 2
ENC 1
ADC12SC

ADC12CTL1, Control

15 14 13 12 | 1" 10 9 8

CSTARTADDXx SHSx SHP ISSH

w-0)  w-0) rw-(0) w-(0) rw-0) w-(0) rtw-(0) rw-(0)

7 6 5 4 | 3 2 1 0
ADC12
ADC12DIVx ADC12SSELXx CONSEQXx BUSY

w-(0)  rw-(0) w-0)  rw-(0)  w-(0)  w-(0) w-(0)  rw-(0)

Modifiable only when ENC=0
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Name Bits Description

Conversion start address. These bits select which ADC1 conversion-memory
register is used for a single conversion or for the first conversion in a sequence.
The value of CSTARTADDx is 0 to OFh, corresponding to ADC12MEMO to
ADC12MEM15.

CSTARTADDx 15-12

Sample-and-hold source select
00 -ADC12SC bit

SHSX 11-10 01 -Timer_A.OUT1
10 -Timer_B.OUTO
11 -Timer_B.OUT1

ect. This bit selects the sou
r the output of the sampling time

Sample-and-hold pulse-
signal (SAMPCON) to

SHP 9 input signal directly.

ISSH

ADC12DIVx

ADC12SSELXx

ADC12 busy. This bit indicates an active sample or conversion
operation.

0-No operation is active., 1-A sequence, sample, or conversion is active.
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ADC12MEMXx, ADC12 Conversion Memory Registers

15 14 13 12 | 1 10 9 8
0 0 0 0 Conversion Results
r0 r0 r0 r0 rw w w w
7 6 5 4 | 3 2 1 0
Conversion Results
w rw rw w w
12-bit conversion result
C%'\é\é%'ﬁ.g)'\l 15-0 are always 0.writing
results always

7 6 5 4 | 3 2 1 0
EOS SREFx INCHx
w-(0) w-(0) w-(0)  w-0)  w-(0)  w-(0)  w-(0)  rw-(0)

Modifiable only when ENC=0

Name

Description

EOS

INCHXx

d of sequenc jcates the last conversion in a sequence.

, 1 - End of sequence

-VR+ = AVCC and VR- = AVSS

-VR+ = VREF+ and VR- = AVSS

-VR+ = VeREF+ and VR- = AVSS

-VR+ = VeREF+ and VR- = AVSS

100 -VR+ = AVCC and VR- = VREF-/ VeREF-
101 -VR+ = VREF+ and VR- = VREF-/ VeREF-
110 -VR+ = VeREF+ and VR- = VREF-/ VeREF-
111 -VR+ = VeREF+ and VR- = VREF-/ VeREF-

3-0

Input channel select

0000 -A0,001-A1,010-A2,011-A3
0100 -A4,101-A5,110-A6,11-A7
1000 -VeREF+,001-VREF-/VeREF-
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1010-Temperature sensor

1011  (AVCC - AVSS)/2

1100 (AVCC — AVSS) / 2, A12 on “FG43x and “FG461x devices
1101 (AVCC — AVSS) / 2, A13on "FG43x and “FG461x devices
1110 (AVCC - AVSS)/ 2, A14on “FG43x and "FG461x devices
1111 (AVCC - AVSS) /2, A150n "FG4 G461x devices

ADC12IE, ADC12 Interrupt Enable Register

15 14 13 12 | 1 10 9 8

ADC12IE15 [ADC12IE14 [ADC12IE14 | ADC12IE12 | ADC12IE11| ADC12IE10 | ADC12IE9 | ADC12IE8

w-(0) w-(0) w-(0) w-(0) w-(0) rw-(0) rw-(0) w-(0) ‘

74 6 5 4 3 2 1 0

ADC12IE7 | ADC12IE6 | ADC12IE5 | ADC12IE4 | ADC12IE3 | ADC12IE2 | ADC12IE1 | ADC12IEO

rw-(0) rw-(0) rw-(0) rw-(0)
ADC12IEx
8
ADC12
IFG8
rw-(0)
7 6 5 4 3 2 1 0
ADC12 ADC12 ADC12 ADC12 ADC12 ADC12 ADC12 ADC12
IFG7 IFG6 IFG5 IFG4 IFG3 IFG2 IFG1 IFGO
rw-(0) rw-(0) w-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)

ADC12MEMXx Interrupt flag. These bits are set when corresponding
ADC12IFGx 15-0

ADC12MEMX is loaded with a conversion result. The ADC12IFGx bits are reset
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if the corresponding ADC12MEMX is accessed, or may be reset with software.

0 -No interrupt pending, 1-Interrupt pending

ADC12IV, ADC12 Interrupt Vector Register

A
15 14 13 12 11 10 ] 8
0 0 0 0 0 0 0 0
m i) | 0 | 0 L] r
7 6 [ 4 3 2 1 0
0 0 ADC12IVx i
0 r0 r-(0) r-{0} (1)) (1)} {0} rd

ADC12IVx Bits  ADC12 interrupt vector valu

ADC12IV Interrupt source Interrupt priority
000h No interrupt pending
002h ADC12MEMx OVERFLOW Highest
004h Conversion time overflow
006h
008h ADCI12IFG1
00Ah ADC12IFG2
00Ch ADCI12IFG3
ADC12IFG4
ADC12IFG5
ADC12IFG6
ADC12IFG7
ADC12IFG8
ADC12IFG9
ADC12IFG10
ADC12IFG11
M13interrupt flag ADC12IFG12
022h ADCI12MEM14interrupt flag ADC12IFG13
024h ADC12MEM15interrupt flag ADC12IFG14 Lowest
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Configuring ADC12 in MSP430x5xxx microcontroller:

Before reading the values from the analog sensor, it is required to configure the ADC present inside
the MSP430 microcontroller. As explained above, there are dedicated registers present for setting up
the ADC. The MSP430x5xxx controller consists of a 12 hit ADC called as ADC12. This segment
discusses the steps followed in configuring the inbuilt ADC12.

The following are the registers related to ADC12 that we use in our program: .

Register Short Form Address Function

ADC12 control register 0 ADC12CTLO  01AO0h Control and configure ADC12

ADC12 control register 1 ADC12CTL1 01A2h Control and configure ADC12
ADC12 Interrupt enable register A\BlehWi]3 01A6h Enabling the interrupts

ADC12 memory 0 ADC12MEMO 0140h Stores 12 bit converted value

h

arious registers that we use in

Now consider the various configuration parameters
setting up the ADC12:

y N
Parameter Denoted by Location Comments
Turn on ADC12 ADC120N ADC12CTLO, bit4  Overall on/off for ADC
Enable 'ADC12ENC ADC12CT LO, bitl Enables conversion
Conversion
Start Conversion  ADC125C ADC12CTLO, bit0  Start cormrsipn.(writirga 1starts sampling
and conversion), returns to O automatically.
Port x function PxSEL A set bit selects the peripheral module
selection function
Interrupt enable ADC12IE Usedtoservice aninterrupt when a value is
received on the ADC. The corresponding fag
thatis setis ADC10IFG.
Reférence 'A‘DC12REFON, ADC12CT LO bits Enable optional internal reference voltage
Generator ADC12REF2_5V
5,6 of either 1.5 or 2.5V

Sampleand hold ADC125HTOx ADC12CTLO bits Time used for sample and hold. Depends on
time circuit time constants (see data sheet).

Default is 4 ADC clock cycles
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Sample Code for configuring ADC12:

#include <msp430.h>

unsigned int value_adc;

int main(void)

{
WDTCTL =WDTPW + WDTHOLD; /I Stop WDT
ADC12CTLO = ADC12SHT02 + ADC120N;
ADC12CTL1 = ADC12SHP;
ADC12CTLO |= ADC12ENC;

P6SEL |= 0x01; . ion select
choosing channel A0

while (1)
{
ADC12CTLO |= ADC12SC;
value_adc=ADC12MEMO;
}

Flowchart :

The flowchart given in the figure illustrate of inbuilt ADC in

MSP430x5xxx microcontro

Disable WDT
\ Y,

2
(" Configure ADC12 )
Enable conversion
Select Channel AD
k. as Input )
s N
Sample Analog
Input
N ¥ J
: B
Storing converted
values in Variable
value_adc

Fig 3.17. Flowchart for configuring and storing ADC values

142 Advanced features of MSP430 microcontroller



Example Application for ADC: Pulse- Oximeter:

Various analog sensors that are present in the market take in physical values and provide a voltage
reading for it. One such application using LED and photodiode optical sensor is the pulse-oximeter.
Pulse-oximeter is a device used to measure oxygen levels of a person.

The necessary components in a pulse-oximeter are shown below:

LED and Signal
photodiode » Conditioning » ADC Progre =2
f

optical senso Circuit

MSP430MCU

.

LED Display

The LED and photodiode optical sensor senses the ox present in the blood. The sensor
produces voltage for the corresponding oltage is passed to the MSP430

iving high resolution for better
ignals to make it usable for

accuracy. The ADC converts the ana
ing oxygen readings are

processing. The data is processed by
displayed on LCD scree e device.

A flowchart showin er is shown below:
Configure ADC12

Selet P6.0 as ADC
Channel input

Read photodiade

optical sensor values
from on channel AO

Sample input
analog values

Processing sensor|
value

Display oxygen
concentration values
on LCD screen

Fig 3.19 Flowchart for configuring ADC in MSP430 in pulse-oximeter

Advanced features of MSP430 microcontroller 143



3.7.4. Comparator

MSP430 has inbuilt analog comparator based on open loop operational amplifier, compares inbuilt
reference voltage with unknown analog input. This is implemented in MSP430x11x1, MSP430x12x,
MSP430x13x, MSP430x14x, MSP430x15x and MSP430x 16x devices. The comparator_A
module supports for selecting the analog input to inverting or non-inverting of the comparator. The
comparator output is RC-filtered and provided to CAOUT bit, Timer_A capture input and to generate
interrupt.

This module is an analog precision slope for analog-to-digital conversio
and monitoring of external analog signals. Comparator should be
reduce current consumption. When the comparator is switched off,

ply voltage supervision,
d off when not in use to
T is always low.

The analog input switches connect or disconnect the two comp
pins using the P2CAXx bits. It does the selection of the extei

inals to associated port
— terminals of the
in

nal to the
ociated output

comparator and routing of an internal reference voltage to

vVCcCcov

PACAO CAEX 10 CAON

0 T ’
CA0—O

1 CcCliB

0 CAOQUT
CA1—0

1 Set_CAIFG

P2CA1 Tau-2.0us

CAREFx

CARSEL

0 .25XVCC

oscillates if the voltage difference across the input terminals is small. Internal
and external para effects and cross coupling on and between signal lines, power supply lines, and
other parts of the system are responsible for this behavior as shown in Figure below. The comparator
output oscillation reduces accuracy and resolution of the comparison result. Selecting the output filter
can reduce errors associated with comparator oscillation.
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3.7.4.1. Voltage Reference Generator

The voltage reference generator is used to generate VCAREF, which can be applied to either
comparator input terminal. The CAREFx bits control the output of the voltage generator. The CARSEL
bit selects the comparator terminal to which VCAREF is applied. If external signals are applied to both
comparator input terminals, the internal reference generator should be turned off to reduce current
consumption. The voltage reference generator can generate a fraction of the device"s VCC or a fixed
transistor threshold voltage of ~ 0.55 V.

3.7.4.2. Comparator and Port Disabling

ed 1/O port pins, which are

The comparator input and output functions are multiplexed with the
arasitic current can flow

digital CMOS gates. When analog signals are applied to digital
from VCC to GND. Disabling the port pin buffer eliminates t
reduces overall current consumption. The CAPDx bits, wh i sponding P2 input
buffer as shown in Figure below. When current consumpti iti ected to analog
signals should be disabled with their associated CAPD,

3.7.4.3. Comparator_A Interrupts
One interrupt flag and one interrupt vector are ass Figure
below. The interrupt flag CAIFG is set on either the

selected by the CAIES bit. If both the CAIE and the GIE

interrupt request. The CAIFG flag is atically reset w
be reset with software.

VCC CAIE

CAIES L L )
D Q _>—> IRQ, Interrupt Service

Requested
SET_CAIFG >
Reset

then the CAIFG flag generates an
interrupt request is serviced or may

<«+— |RACC, Interrupt Request
POR Accepted

3.18 Comparator_A Interrupt System

Short Form | Register type Address Initial state
CACTL1 Read/write 059h Reset with POR
CACTL2 Read/write 05Ah Reset with POR
CAPD Read/write 05Bh Reset with POR

Comparator_A Registers
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CACTL1, Comparator_A Control Register 1

7 ) 4 3 2 1 0
CAEX | CARSEL CAREFx CAON | CAIES CAIE CAIFG
w-(0) w-(0) w-(0) w-(0) w-(0) w-(0) w-(0) w-(0)

Name Bits Description
Comparator_A exchange
CAEX 7 This bit exchanges the comparator inputs aj
inverts the comparator output.
Comparator_A reference select. T, elects which terminal
CARSL 6 the VCAREF is applied to.
When CAEX = 0:
Comparator_A referg
CAREFx VCAREF.
CAON 3 circuitry is enabled or
CAIES 2
__Ainterrupt enable
1-Enabled

7 6 5 4 3 2 1 0
Unused P2CA1 | P2CAO CAF CAOUT
w-(0) w-(0) w-(0) w-(0) w-(0) w-(0) w-(0) r-(0)
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13 TEXAS
INSTRUMENTS

www.ti.com Direct Memory Access (DMA)

Name Bits Description

Unused 7-4 Unused

P2CA1l 3 Pin to CA1. This bit selects the CA1 pin function.

0-The pin is not connected to CA1, 1-The pin is connecte

P2CAO 2 Pin to CAO0. Pin to CAO. This bit selects the CAO pi
0-The pin is not connected to CAO,1-The pin is

CAF 1 Comparator_A output filter

0-Comparator_A output is not filtered parator_A output is

CAOUT 0 Comparator_A output. This bit 1,
has no effect.

e value of the Comparator out iting this bit

CAPD, Comparator_A, Port Disable Register

) 5] 5 4 3 2 1 0
CAPDT CAPDG CAFPD5 CAPD4 CAPD3 CAPD2 CAPDA1 CAPDD
re—{0) rev—{0) rwv—(0) rw—(0) re—{0) rev—(0) rov—{0) rw—(0)

v

bits individually disable the Input buffer for the pins of
or_A. For example, if CAO is on pin P2.3, the CAPDx

CAPDx ble or disable each P2.x pin buffer. CAPDO disables

put buffer is disabled.

A capability offers enhanced opportunities for implementing low-power
ensive applications. DMA controller can operate as an 1/O device when is
bus master device. When operating as a bus master, the DMA replaces
ansfers in the system buses in such a way that DMA transfers the data

the DMA co ansfer data from the ADC12 conversion memory to RAM. Using the DMA
controller one ease the throughput of peripheral modules. It can also reduce system power
consumption by allewing the CPU to remain in a low-power mode without having to awaken to move
data to or from a peripheral.
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Direct Memory Access (DMA)

i3 TExAs
INSTRUMENTS

www.ti.com

3.8.1. DMA controller in MSP430:

The DMA controller in MSp430 has three independent transfer channels and it is configurable for its
DMA channel priorities. It requires only two MCLK clock cycles to transfer a Byte or word and mixed
byte/word. DMA support the transfer block sizes up to 65535 bytes or words.

addresses

JTAG Active
alt NMI Interrupt Request
ENNMI
DMAOQTSEL L= ROUNDROBIN
ADT
DMADSTINCR
DMAOTRIGO — 2| [® DMADSTBYTE W,
DMAOTRIGT DMA Channel 0
é DMAOSA
: ] DMAODA ]
DMAOSZ
DMAOTRIG31
zt La DMASRTSBYTE §
DMASRCINCR
to USB = DMAEN
If available =
DMA1TSEL 5 DMADT
5 o DMADSTINCR
2 2 ' [® DMADSTBYTE W,
DMA1TRIGO —{ 00000 : DMA Channel 1
DMA1TRIG1 — 00001 5 —
> 6: —| Address
: g DMA1DA > Stace
5 o DMA1SZ 5
21 | g DMASRTSBYTE l 2
DMA1TRIG31 | 1111 DMASRCINCR
DMAEN
to USB
If available ¢ DMADSTINCR DMADT
E— 5 ' [@ DMADSTBYTE ¥3
5 DMA Channel n
DMANTRIGO —{00000 N DMAnSA
DMANTRIG1 — 00001 DMANDA -
> DMANSZ
L
o Zt L DMASRTSBYTE g DMAEN
° DMASRCINCR
DMANTRIG31 y P
L, Halt cPU
o USB o
If available

v
3.20 Block Diagram of DMA controller

address to block offaddresses, 3.Block of addresses to fixed address, 4.Block of addresses to block of
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Direct Memory Access (DMA)

DMA
Controller

Address Space

Address Space

DMA
Controller

Fixed Address To Fixed Address

Fixed Address To Block of Addresses

DMA
Controller

Block of Addresses To Fixed Address

Figure 3.20 DM

The addressing mode for each DMA channel is in
may transfer between two fixed addresses, while cha

Each channel j
independentl

Address Space

Address Space

ble. For example, nnel 0

d by the DMADTX bits as listed in Table below.
ransfer mode. The transfer mode is configured
ing mode can be used with any transfer mode.

DMADTx Transfer

Mode

Description

000 Single transfer

001 Block transfer

010, 011  Burst-block

transfer

100 Repeated

single transfer
101 Repeated
block transfer

110, 111 Repeated
burst-block

transfer

Each transfer requires a trigger. DMAEN is
automatically cleared when DMAXSZ transfers have
been made.

A complete block is transferred with one trigger.
DMAEN is automatically cleared at the end of the
block transfer.

CPU activity is interleaved with a block transfer.
DMAEN is automatically cleared at the end of the
burst-block transfer.

Each transfer requires a trigger. DMAEN remains
enabled.

A complete block is transferred with one trigger
DMAEN remains enabled

CPU activity is interleaved with a block transfer
DMAEN remains enabled.

DMA Transfer Modes
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3.8.3.1. Single Transfer

In this mode, each byte/word transfer requires a separate DMA trigger. The single transfer state
diagram is shown in data sheet of the MSP430 series. The DMAXSA, DMAXDA, and DMAXSZ
registers are copied into temporary registers. The temporary values of DMAXSA and DMAXDA are
incremented or decremented after each transfer. The DMAXSZ register is decremented after each
transfer. When the DMAXSZ register reaches zero, it is reloaded from its temporary register and the
corresponding DMA interrupt flag DMAIFG flag is set. When DMADTx = 0, DMAEN bit is cleared
automatically when DMAXSZ decrements to zero and must be set again ther transfer to occur.
In repeated single transfer mode, the DMA controller remains enabled AEN =1, and a transfer
occurs every time a trigger occurs.

3.8.3.2. Block Transfers

During a block transfer, the CPU is halted until the compl sferred. The block
transfer takes 2 x MCLK x DMAXSZ clock cycles to umes with its
previous state after the block transfer is complete.

In this mode, a transfer of a complete block of da egister is

used to define the size of the block and the D t if the
destination address and the source address are inc r of the
block. The DMAXSZ register is decremented after eac lock and shows the number of

transfers remaining in the block. When the DMAXSZ regi ents to zero, it is reloaded from its
en DMADTx = 1, the DMAEN bit is
ain before another block transfer
er signals occurring during the

cleared after the completion of the bl@
can be triggered. After a block transfe
block transfer are ignored.

define the size of the block and the DMADSTINCRx and
tination address and the source address are incremented or

e, the DMAEN bit remains set after completion of the burst-block transfer
and no fu i als are required to initiate another burst-block transfer. Another burst-block
transfer begi N
be stopped by
at 20% capacity cO

g the DMAEN bit, or by an NMI interrupt when ENNMI is set. The CPU executes
inuously until the repeated burst-block transfer is stopped.

3.8.4. Initiating DMA Transfers

Each DMA channel is independently configured for its trigger source with the DMAXTSELX bits. The
DMAXTSELX bits should be modified only when DMA is not enabled. When selecting the trigger, the
trigger must not have already occurred, or the transfer will not take place. For example, if an interrupt
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flag bit is selected as a trigger, and it is already set, no transfer will occur until the next time the same
interrupt flag is set.

3.8.4.1. Edge-Sensitive Triggers

When DMALEVEL = 0, edge-sensitive triggers are used and the rising edge of the trigger signal
initiates the transfer. In single-transfer mode, each transfer requires its own trigger. When using block
or burst-block modes, only one trigger is required to initiate the block or burstfelock transfer.

3.8.4.2. Level-Sensitive Triggers

When DMALEVEL = 1, level-sensitive triggers are used. Level-s triggers can only be used
when external trigger DMAEQ is selected as the trigger. DMA t triggered as long as the
trigger signal is high and the DMAEN bit remains set. The trigg ain high for a block or
burst-block transfer to complete. If the trigger signal goes lo
DMA controller is held in its current state until the trigger MA registers are
modified by software. When the trigger signal goes hi
when the trigger signal went low. When DMALEVE
1, 2, 3} are recommended because the DMAEN bj

3.8.4.3. Stopping CPU for DMA Transfers

The DMAONFETCH bit controls when the CPU is halte transfer. When DMAONFETCH =
0, the CPU is halted immediately ¢ hen a trigger is received. When
DMAONFETCH = 1, the CPU finis
halts the CPU and the transfer begins \ i to write flash memory (program
memory space) the DMAONFETCH bit i table operation can result.

3.8.4.4. Stopping DMA Transfers
rrupt, if the ENNMI bit is

system interrupts. System interrupts remain pending until the
s can interrupt the DMA controller if the ENNMI bit is set. DMA

A module and DAC12 module are common. The software should verify
> for the source of interrupt. Upon detection of interrupt by DMAIFG, the
or DMAXIFG in the DMA interrupt vector value register to identify the source of
annels. If the corresponding DMAIE and GIE bits are set, DMA interrupt request is

software shoul@
interrupt by DMA
generated.

3.8.8. DMA Controller and 12C Module

The 12C module provides two trigger sources for the DMA controller. The 12C module can trigger a
transfer when new 12C data is received and the when the transmit data is heeded. The TXDMAEN and
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RXDMAEN bits enable or disable the use of the DMA controller with the 12C module. When
RXDMAEN = 1, the DMA controller can be used to transfer data from the 12C module after the 12C
modules receives data. When RXDMAEN = 1, RXRDYIE is ignored and RXRDYIFG will not generate
an interrupt. When TXDMAEN = 1, the DMA controller can be used to transfer data to the 12C module
for transmission. When TXDMAEN = 1, TXRDYIE is ignored and TXRDYIFG will not generate an
interrupt.

3.8.9. DMA Controller and ADC12

MSP430 devices with an integrated DMA controller can autom
ADC12MEMX register to another location. DMA transfers are do
independently of any low-power modes

move data from any
out CPU intervention and

.The DMA controller increases throughput of the ADC1 nhances low-power
applications allowing the CPU to remain off while data trans

DMA transfers can be triggered from any ADC12IFGx
flag for the ADC12MEMXx used for the conversion cal
the ADCI12IFGx flag for the last ADC12MEMX |
ADC12IFGx flag is automatically cleared whe
ADC12MEMXx

3.8.10. DMA Controller and DAC12

MSP430 devices with an integrated
register. DMA transfers are done wi

low-power
le, and enhances low-power
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3.8.11. DMA Registers

Register Short Form Register Type | Address Initial State
DMA control O DMACTLO Read/write 0122h Reset with POR
DMA control 1 DMACTL1 Read/write 0124h Reset with POR

DMA channel 0 control DMAOCTL Read/write Reset with POR

DMA channel 0 source address DMAOSA Read/write Unchanged
g(lj\ilﬁeggannel 0 destination DMAODA Unchanged
DMA channel 0 transfer size DMAOQ0SZ

DMA channel 1 control DMALCTL POR
DMA channel 1 source address DMA1SA i Unchanged

DMA channel 1 destination

address Unchanged

DMA channel 1 transfer size Unchanged

DMA channel 2 control Reset with POR

DMA channel 2 s 01F2h Unchanged

DMA chang destination

01F4h Unchanged
01F6h Unchanged
DMACTLO0.DMA Control Register 0
15 14 13 12 | 1" 10 9 8
Reserved Reserved
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
7 6 5 4 3 2 1 0
DMA1TSELX DMAOTSELXx
rw-(O)v rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
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Name Bit Description

Not in Use 15-12 Not in use

DMA2 TSELx 11-8 DMA trigger select. These bits select the DMA transfer trigger
0000 DMAREQ bit (software trigger)
0001 TACCR2 CCIFG bit
0010 TBCCR2 CCIFG bit
0011 URXIFGO (UART/SPI mod
0100

(I2Cmode)

le in the current market are automated systems. These air
ontrol system available for user to control various operations in the AC
2ep mode, setting a timer, shutting off the compressor, setting the

uses pulse wie on to generate infrared signals for communication with the air condition
system.

Keypad: Generally 4x4 matrix keypad is used to provide 15 differentinputs.
Microcontroller (MSP430): A microcontroller to control the complete operation
Infrared Transmitter: An infrared LED to transmit the signal

LCD Screen: To display the set values
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N »| Infrared Transmitter ]
4x4 matrix MSP430 >
keypad Microcontroller > LCD Screen ]
J
Remote Control Block Diagr
Work Flow: The operation begins with the system initializat initialization includes
setting up the inputs and outputs pins and enabling the int bled because the
buttons of the keypad are connected to the interrupt- is pressed, an
interrupt is generated and the device enter into low . i erated in the
interrupt service routine. After the generation, th rared LED
transmitter. The ISR is completed and a display r i i he LCD

screen connected to the microcontroller.

A flowchart is shown below to understand the remote ¢
Start

v

System
Initialization

v

Button
Detection

Y

s "
Enter Low
Power mode |
\ J
e
Generation of
PWM signals
\
\d
( ™
Transmission of
PWM code
3 .

Call display
routine
y
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3.9. Summary:

The chapter began with listing the importance of the presence of on chip peripherals in
microcontrollers.

Important peripherals like timers, comparators, ADC were discussed in context of n MSP430 controller.
Associated system registers along with configuration and application were also explained. PWM
control, an important technique used to produce varying analog voltages was also described and its
configuration using timers was explained with a simple application. The er was closed with a
case study of an air conditioner remote controller developed using MSP4 ocontroller.
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3.10. Review Questions
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3.11. Exercises
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Most OEMs today design sensors that come with
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significance. It will cover various Se s well as the operation of various
serial protocols. Finally, it will cover i
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4.1. Introduction

In today“s world of digital devices, there are several instances where data communication is required
between various digital modules of the larger system. For example, in an automated gardening
system, the various sensors deployed in the gardening area sense parameters such as temperature,
pressure, moisture content, and precipitation level. These sensor para are converted into
analog signals and thereafter digitized by all digital sensors.

/ Physical \

environment et of
transfer

Humidity ially
Moisture

Temperature |: |
Pressure to microcont
CO/C0O2 for

Accelerometer further processing

o /

means of a set of protocols and inter
engineers to understand mechanisms b
microcontroller.

serial communication helps
rs can be processed by

Digital data comm
interfaces and pra ection microcontrollers and other digital sensors.

ollers need to communicate with external sensors

es of embedded serial communication protocols
e main aim is to introduce audiences to embedded communication
digital modules with microcontroller MSP430 using serial interfaces

operation are also covered. Finally, readers will also learn about

protocols and
7 various interfaces of MSP430 series microcontroller.

and program

In digital communi€ation, data is transferred between two digital modules in terms of data byte or a
digital data frame. To transfer a digital data frame, for example63H, between two digital devices, we
need to have a communication channel between them. In serial communication protocol, data is
transferred bit wise bit serially between two supporting devices, whereas parallel communication
protocol transfers a complete byte (63H) at a time. Fig 4.1 illustrates the transfer of a 63H data frame
in both parallel and serial communication. In a basic communication protocol, the device that transfers
data is known as transmitter (Tx), whereas the device that receives the data is known as receiver (Rx).

160 Communication Protocols and Interfacing with External Devices


http://www.ti.com/

i3 TExAs
INSTRUMENTS

www.ti.com Basics of embedded serial communication

_— (1) (MSB) | o,
D6 |« 1 D6
D5 |« D5
D4 ¢ : D4
D3 |« 0 D3
D2 |« 0 D2
D1 | 1 D1
wind o 1USB) | po
Receiver (Rx) Transmitter (Tx)
(MSB) (LSB)

/ \

D7 D6 D5 D4 D3 D2 D1 DO
DI 01100011 DO

Fig 4.1 Data tran and parallel unication

various serial interfaces in different ways. In general, two types of
Asynchronous Serial Interface and other is Synchronous Serial

agreement on the data transfer rate between the receiver and the
rate between transmitter and receiver is known as baud rate. Typical
hronous serial interface is depicted in Fig 4.2.The complete detail of the

protocol and ' available in section 4.4.
Start : parity  stop
bit 8-bit data bit  bit

Fig 4.2 RS-232 data
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synchronize their access to data line with the help of shared clock for data transfer to become
successful. SPI, 12C are examples of Synchronous Serial Interfaces. Both these protocols are
explained in forthcoming sections.

4.2.3. Various serial communication terminologies for data transfer

Asynchronous bus

An asynchronous bus transfers data without using an external clock.
Synchronous bus

A synchronous bus transfer data with the help of an external timin
transmitter and receiver.

is shared between

Full duplex/Half duplex

In full duplex communication, the data can be sent or re i in half-duplex,
data can either be received or transmitted one at a ti

Master/Slave

In synchronous communication, the master is a devi
data to be sent or received; whereas slave is a device t|

Multi master bus
Multi-master bus is a master/slave busihat S waiting to start communication.
Point to Point

Point-to-point or peer-to-peer communicatiQniis i ial interfaces, where two
devices have a peer relatj i
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4.3. Various serial communication interfaces and their comparison

For embedded engineers, there are many serial interfaces available in the market. The choice of the
right interface for your system depends upon several key factors such as the humber of signal wires,
data transfer length, data transfer rate etc. Table 4.1 shows the complete comparison of various serial
communication interfaces in terms of synchronous/ asynchronous nature, type and maximum data
transfer rate supported by these interfaces and protocols.

A
Name of Synchronous Max data
Type Duplex
interface transfer

/Asynchronous

RS232 Asynchronous | peer-to-peer

12C Synchronous
SPI Synchronous
Microwire Synchronous

1-wire Asynchrono

Table 4.1 i interfaces

Serial communicati
interfaces being
requirement

parallel, one of the direct benefits of serial
jcular communication interface depends upon the
tes with external sensors and modules. For
example, if the @ multiple sensors, then an 12C interface with a
pin count of 2 is s atmospheric data gathering missions and
environment monito € at can monitor CO, CO2, NO2, humidity,

g alti C based interfaces. SPI is the choice when data

es or sensors come with at least one of the above-mentioned interfaces.

: hese modules or sensors, the microcontroller needs tosupport this set of
serial cO ication in es. The most widely used serial communication interfaces are RS232,
, the MSP430 microcontroller series supports universal, synchronous,

S ansmit communication interface (USART) as an RS232 interface. It is also
referred to as a -controller interface (SCI) in older versions of MSP430 series platforms, now
replaced by US Universal serial communication interface) module.The USCI module supports
UART, SPI and I12C based communication. MSP430x5xx and MSP430x6xx series devices support
USCI. Some of the MSP430 devices like MSP430x20xx support USI module support for SPI and 12C
communication.
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4.4. Universal Asynchronous Receiver-Transmitter

Universal Asynchronous Receiver-Transmitter (UART) is commonly known as Serial Communication
Interface (SCI) and in MSP, it is known as Universal Serial Communication Interface(USCI). It is an
asynchronous protocol and used mainly in interfacing microcontrollers with personal computers. This
protocol is also known as RS-232 protocol. UART can be used in various applications such as GPS
unit, modems etc.

4.4.1. Half and Full duplex communication

transmitted and received.
. Ex; PC communicating

In data transmission, a duplex transmission is one in which the dat
In a simplex transmission, a device is configured as transmitter

for transmission and one for reception.

4.4.2. Data Frame in UART

The receiver and transmitter should agree on a
transmitted or received. It is difficult to sense the con
define how data is packed, how many bits make a char

data
s and 0s. Generally protocols,
begins and ends.

Asynchronous serial data communic is used for chara
bits, characters are packed. The star s one bit but

nsmissions. Between start and stop
op bit can be one or two bits. The

start bit is always logic ,0" (low) and th ic ,1° (high).
Example:
>
Space | St Pl o 0 0 0 0 1| St vark
Bit Bit
do
4.1: Frame for ASCII _A* (01000001)
igure shows the A harac ", binary 0100 0001, is framed between the start bit and two stop
its. LSB will go out fi hen th o data transfer, the logic 1" is transmitted. This is known as a

.“The logic 0" is refefred to as'Space. Peripheral chips can be programmed to receive or transmit
e jnitial days, twostop bits were used to give sufficient time to organize the
table arrangements to transmit the next chunk of data. The modern day
computers use 1 stop bit. In modern UARTS, a total of 10-bits are used.

e for start bit and one for stop bit.

A parity bit can be'added into the frame in order to check integrity of data. The parity bit may be even
or odd. Odd parity means odd number of 1“s in the data (parity = logic ,1*). Even parity means an even
number of 1“s in the data (parity = logic ,0*). Ex: The binary of ASCII ,A" is 0100 0001. Parity bit is logic
,0“ (Even parity). UART implementations in microcontrollers allow the programmer to decide whether to
include parity or not. The parity bit is transmitted as MSB followed by a stop bit.
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4.4.4. Data transfer rate

Data transfer rate in serial communication is measured in terms of bits per second (bps). This is also
called as baud rate. Baud rate and bps can be used interchangeably with respect to UART.

Ex: The total number of bits that gets transferred during 10 pages of text, each with 100 x 25
characters with 8 bits per character and 1 stop bit is:

For each character, the total number of bits is10. The total number of bits is;

nsmit 2, 50,000 bits.
transfer 2 50,000 bits at a

100 x 25 x 10 = 25,000 bits per page. For 10 pages of data, it is requir
Generally baud rates of SCI are 1200, 2400, 4800, 9600, 19,200
baud rate of 9600, we need: 250000/9600 = 26.04 seconds (27 s

4.45. Serial I/0O Standards

RS-232 is used widely as a serial communication stand
232 is an interfacing standard adopted by Electroni
.Recommended Standard“ in RS-232 and this st
CMOS and TTL logic.

T also follows R standards. RS-
ustries Association.
as adopted in 1960, befo

A

advent of

DB-9
connector
Micro MAX-
Controller 232
5
14
TxD 1 2
13
RxD 12
GND

ocontroller connection

to TTL or CMOS. In RS-232, at the receiver,
een +3 to +25V. The voltage range between -3

such as MAX232 or MAX233 to convert the TTL logic levels to
;The connections are shown in Figure 4.2.

Communication Protocols and Interfacing with External Devices 165


http://www.ti.com/

/]
INSTRUMENTS

Universal Asynchronous Receiver-Transmitter www.ti.com

4.4.6. Pin Map for RS232 (DB-9 connector)

The pins and their labels for the RS232 cable which is commonly known as DB-9 connector. The
personal computer serial port is shown in Figure 4.3.

Pin Description

Ring Indicator (

4.1: RS-232 pin description

The handshaking mechanism is impogant to ensure fast able data transfer between the two

devices. Few signals of RS-232 are handshaking.
DCD (Data carrier Detect)

This signal is also known as CD (Carrier
valid carrier has been detected and con
microcontroller and inp

ts DCD to inform PC that a
d. DCD is an output from

After self-test qg i il i pcontroller that it is ready for communication. DTR
s an active ignal and won"t get activated when there is an

elf-test for UART and asserts DSR to signal PC
is an active low signal.

start transmis
RI (Ring Indicat®

This signal is a handshaking signal, which is not often used. Microcontroller can send RI to PC, so that
thetelephone will ring and PC will receive it.
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Note on Serial Communication in embedded systems:

There are many ways to encode the binary information during serial communication. The main aim of
using different techniques is to maximize the bandwidth and minimize errors.

A
1 0 0 1 1 0 1 1
[ —
Digital Positive logic
0
NRZ 0 : A
Negative logic
NRZI 0

Figure 4.4; Different encoding es for serial g@mmunication

ever goes to zero voltage. To
e transmitted for long distances.
Voltages are measured with respect o ground in sing x: RS-232) and in twisted pairs,
2 [ encoded as positive or negative
voltages. Logic ,1" will have positive ve gative voltage in positive logic. In

negative logic, it is vice-versa.

Non-return to zero inverted (NRZI) is € i i signal is represented as
transitions in the signal. Binary i i absence of transition at the
clock boundary.

The interface logi Al i ages between TTL/MOS/CMOS logic levels.

er and external sensors, modules using serial
in Fig 4.5. Each 12C slave device has a unique

rough an I12C bus. The SCL and SDA lines have to be pulled-up
depends upon the voltage Vdd.

+Vdd

accelerometer EEPROM ADC
Rp e Slave Slave Slave
#1 #2 #3
Master
SCL l
SDA

Micro-Controller

Fig 4.5 12C interfacing with master/slave philosophy
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I2C interface supports three data transfer modes: standard mode, fast mode and high speed mode
with data rates of 100kbps, 400kbps and 3.4Mbpsrespectively.

4.5.1. Typical operation of I12C bus

In 12C protocol, 12C master starts command or operation with a START co
condition as shown in Fig 4.5. START and STOP condition is differenti
conditions SCL must be high. For START condition

and ends with STOP
y SDA line as for both

SDA VimeEs cE
R i
START Sove

device
address
0xDA1

Fig 4.6.START and ST

SDA takes the transition from high to low, whereas
to high. Before the start of operation both SDA and
condition by a particular master, the bus becomes busy
before the STOP condition.START a conditions are

, SDA takes transitionfrom low
initially high. After the START
e no other master can use the bus
ated by the master device.

4.5.2. Data transfer in 12C

-
MSB Acknowledgement
from the slave

during interrupt processing |

<WMM

ACK L _|

|
|
|
I Clock line held low by slave

START of hyle transfer STOP or

Repeated completed Respect
START START

[ sTART [siaveAddress| rRwbit | Ack | DATA | Ack | DATA | ack | sTop |
[ 1ot | 7bits | bt | bt | 8bit | 1-bit | 8bit | 1bit | 1-bit |

ig 4.7‘ame format in 12C communication
is a device thatinitiates data transfer on the bus and generates the clock

rated for each data bit transferred. HIGH to LOW transition on SDA line is
line (SCL) is low. 8-bit data is transferred on the data bus through SDA
the most significant bit (MSB) first. Master sends the START condition
ddress and data direction bit or R/W bit as shown in Fig 4.6. If R/W bit is 0,
ave device and if R/W bit is 1, master will read from the slave device. After
setting R/W bit will continue reading or writing. After read or write operation, communication is
ended with the STOP condition. If master wants to communicate with other slaves, it continues with
repeated START condition followed by slave address without generating STOP condition. Important
points to be noted in I2C communication:

I12C protocol, ma

master will wi

e Master can initiate communication with another slave device after reading or writing first slave
device, with the help of repeated START condition.

e Master can read the slave device by setting R/W bit to 1 after sending device address.

o If a slave cannot receive or transmit data, it can hold the clock line (SCL) LOW to force the
master into a wait state. After successful data transfer, the slave can release the clock line.
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START s RAWbit | ACK | DATA | ACK DATA | ACK 5TOP

Address
1-bit 7-bits 1-bit 1-bit & bits 1-bit & hits 1-hit 1-kit

master writes data to slave if R\W bit is "0

START oz RAN bit | ACK DATA | ACK DATA | ACK 5TOP

Address
1-bit 7-bits 1-bit 1-bit & bits 1-bit B-hits 1-hit 1-hit

master reads data from slave if RW bit is "1’

I:I from master to slave I:I from slave to master

ction ‘

Fig 4.8 writing and reading in 12C bus

.

SCLK »| SCLK
MOSI » MOSI
MISO MISO

» SS
SS1

8§82

4.6. SPI Interface

A

» SCLK
MOSI
MISO
SS

A4

SCLK
MOSI
MISO
SS

v

v

v

Interconnection between SPI devices

ce. It is a type of synchronous serial interface developed by
data lines along with device/slave select line. In SPI
east one slave select (SS) line. It requires more slave select lines to
?| bus can be configured for two bus topologies.

SCL (clock signa OSI| (Master out slave in), MISO (master in slave out) and SS (slave select).

4.6.1. Operation of SPI bus

SPI is a master-slave, full duplex protocol. Master and Slave devices consist of at least one Shift
register to transfer data serially. MOSI pin is used to transfer data out from the master device or to
receive data when the device is configured as a slave device. MISO pin is used to transmit data out of
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the SPI device when it is configured as slave and to receive data when configured as master. Both
master and slave devices are connected together by means of shift registers as shown in Fig 4.10

M0|M1|M2|M3|M4|M5|M6|M7r_'|50|51|52|53|54|55|55|57

Master Slave
MOSI MISO

Fig 4.10 Master slave oper

As soon as the master provides the clock,data in the shift
the first clock pulse, M7 is shifted to SO, M6 is shifted t

In general, MSP430 series controller supports three se tion modules viz. USART, USCI
and USI. The MSP430x5xx device supports Universal Se unication Interface (USCI) module.

r In general, USCI_Ax and USCI_Bx
ber starting from 0. If more than
e modules are named with
modules, they are named
s UART and SPI, whereas

modules are supported by device whé
one identical USCI module is imple
incrementing numbers. For example,
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UCAxXCLK
ACLK
SMCLK
SMCLK

options. In UART mode, in order to interface exte
used. In an MSP430x5xx device, UCAORXD is pin

Configure ports.
Clear UCSWRS

UCABEN
UCSSELx !
Receive Baudrate Generator

UCOBRx
Y I’ 16
01 :

Prescaler / Divider Receive Clock

1Q( | BRCLK

"

Modulator

FF 1

Transmit Clock

xD pin is P3.3.Th
SYNC bit is clear.

bits to configuration registers of
accomplish initialization and
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7 6 5 4 3 2 1 0
UCPEN UCPAR UCMSB UCT7BIT UCSPB UCMODEx UCSYNC
Bit Field Type | Reset Description
Parity enable
7 UCPEN RW oh |Ob= Parity disabled
1b= Parity enabled. Parity bitis generated (UCAXTXD)}and
expected (UCAXRXD). In address-bit multiprocessormode, the
Parity select. UCPAR is not used when parity is disabled.
6 UCPAR RW Oh .
Ob= Odd parity
MSB first select. Controls the direction ofthe receive and
5 UCMSB RW oh |transmitshift register.
Ob= LSB first; 1b= MSB first
4 UCTRIT RW oh Character length. Selects 7-bit or 8-bit characterlength.
Ob= 8-bitdata; 1b= 7-bitdata;
Stop bit select. Number of stop bits.
3 UCSPB RW oh ) .
Ob= Onestop bit; 1b=Two stop bits
USCI mode. The UCMODEX bits selectthe asynchronous mode
when UCSYNC =0.
00b=UART mode
21 UCMODEX RW Oh 01b=Idle-line multiprocessor mode
10b = Address-bit multiprocessor mode
11b= UART mode with automatic baud-rate detection
Synchronous mode enable
0 UCSYNC RW Oh
Ob= Asynchronous mode

AOCTL1 |= UCSWR

LORegister

odule can be enabled by setting the UCSYNC bit of the

g, we need to enable the UCSWRST bitof UCAXCTL1Register.
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UCSSELx UCRXEIE | UCBRKIE | UCDORM |UCTXADDR | UCTXBRK | UCSWRST
Bit Field Type |Reset |Description
USCI clock source select. These bits select the BRCLK sourcs
clock.
00b=UCAxCLK (=xternal USC] clock)
76 UCSSELx RW Oh 01b= ACLK
10b=SMCLK

11b=SMCLK

Receive erronsous-character interrupt ensble
5 UCRXEIE RW Oh | Ob= Erroneous characters rejected and UCRXIFG is not set.
1b= Erronsous characters receved set UCRXIFG.

Receve break character interrupt enable

4 UCERKIE RW Oh | 0b= Received break characters do not set UCRXIFG.
1b= Received brazk characters set UCRXIFG. »
Dormant. Puts USCI into sleep mode.

i UCDORM RW [ Oh |0b=Not dormant. All received characters set UCRXIFG.
1b=Dormant.

Transmit address. Next frame to be transmitted is marked as
address, depending on the selected multiprocessor mode.
UCTXADDR RW Oh

L8]

Ob = Next frame transmitted is data.

1b = Next frame transmited is an 3ddress.

Transmit break. Transmits 3 brask with the next write 1o the
transmit buffer.

1 UCTXBRK RW Oh
B Ob = Next frame transmitted is not 3 braak.
1b = Next frame transmittad is 3 brask or 3 break/synch.
Software resst enable
0 UCSWRST RW 1h | 0b=Disabled. USC| reset released foroparation.

1b= Enabled. USCI logic held in reset state.

Table 4.2 MTLlRegister

USCI modt i 0 be configured as:

SCI_AO0 Baud rate control register 0 and 1, configure these 16-bit register

to have 1MHz and desired baud-rate (see section 4.7.3)

UCAOMCTL: USCI_A0 modulation control register, configure this register on this manner: second
Stage modulation = 1, Oversampling off.

IFG2: Interrupt Flag Register 2, clear the flags.
IE2: Interrupt Enable Register 2, Enable it.
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The next step is to configure relevant pins of port P3 of the MSP430 to work as Rx and Tx. As
mentioned earlier, pin P3.4 works as UCAORXD whereas pin P3.3 works as UCAOTxD. Each port of
MSP430 has8-bit configuration registers that control the functionality of the port pins. P3.4 and P3.3
work as Rx and Tx pins if P3SEL register is configured suchthat BIT3 and BIT4 of the P3SEL register
areset to HIGH.This can be done in programming using below code:

P3SEL |=BIT3| BIT4
P3SEL2 |= BIT3 | BIT4

4.7.3. Baud rate configuration

BRCLK is the main clock source for generating baud rate f
UCAXCLK, or the internal clocks ACLK or SMCLK depending o
clock frequency for BRCLK (Refer UCAXCTL1Register). E
calculated if division factor N is known.

le. The external clock
ttings can source the
baud rate can be

N=fBRCLK/Baudrate

The UART module supports two baud-rate gener

e Low frequency baud-rate generation
e Oversampling baud-rate generation

Low frequency baud-rate generation : 6=0. Generating baud rates at low
frequency reduces the power consu generate a specific baud rate, the
values of baud rate prescaler registe i ortion second stage modulator
UCBRSX need to be calculated as showR be

UCBRXx = Integer(N)
UCBRSx = Round((N-i

UCBRx can be represented by two 8-bit registers - UCAOBRO which
which contains MSBs. In case ofIMHZ BRCLK frequency, to set 9600-
baud rate't 104. This value is less than decimal 255. The code to set baud rate can be
written as:
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UCAOBRO=104;  // 1MHz/9600= 104.166

UCAOBR1 = 0x00;
7 6 5 4 3 2 1 0
I UCBRx
Bit Field Type Reset Description
7-0 UCBRx RW undefined || owhyte (LSB) of clock prescalersetting of the baud-rate
generator.
UCAxBRO Register
7 6 5 4 3 2 1 0
UCBRx
Bit Field Type Reset Description
7-0 UCBRx RW undefined gégnté gyttoer(MSBm clock prescaler setting of the baud-rate

UCAxBR1 Register

Table 4.3 U

USCI_Ax Modulation Control Register UCAOMCTL
modulation depending upon the modulation mode. To
code can be used:

4.7.4. Pseudo program to transfer o

In the previous sections, we have disct f i registers of USCI module to
support serial communication through UA
programmable low power
power mode. To fully uti
is generated, then I3
order to achieve tk

interrupt. Supp
configured in &
represented as:

e up the MSP430 from low
ipterrupt related to USCI module

ata can be carried out by ISR related to USCIOTX
in the buffer char *data_Tx., then MSP430 is

Whenever data is¥@ady for transmission in the UART buffer UCAOTXBUF the data is transmitted
serially by ISR related to USCIOTX interrupt. The algorithm related to ISR can be represented as:

ISR_routine:

Step 1: Initialize the interrupt address
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Step 2: Write ISR related to UART interrupt. The role is to monitor the interrupt flag IFG2 and
transmit buffer flag UCAOTXIFG and put the data into buffer UCAOTXBUF for transmission, if
buffer is empty.

Configuration
of Port 3 for VART

¥

Set clock source
for B'RCLK

Band Rate
Cofiguration

Modulation
setting
¥
[ Enable Interrupt

—»| Enter Low power mode |

Handle USCIOTx
Interrupt
¥
‘ Send strings via
VART
¥

Return from
Interrupt

unication using MSP430
odule connects the device to an external system via three or four pins:

K, and UCXSTE.SPI mode is selected when the UCSYNC bit is set, and
elected with the UCMODEX bits. For MSP430 series devices the four pins
ble given below:
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SPI pins MSP430x55xx SPI pin Description
Master mode: UCXSIMO is the data output
MOSI UCXSIMO line.
Slave mode: UCXSIMO is the data input
line.
Master mode: UCXSOMI i ta input
MISO UCXSOMI line.
Slave mode: UCXS
line.
SCLK UCxCLK
Slave
SS UCXSTE Used
masters

module of MSP430

0SIMO) are multiplexed and can be
- whereas P3.0 (UCBOSIMO) and
n using USCI_BO module. For

Table 4.5 Pin mappi

In MSP430x55xx series devices, P3.
configured to be used in SPI commu
P3.1 (UCBOSOMI) can be configured te
USCI_AO0 module P2.7 port pin represe
UCBOCLK pin.

4.8.2. Configuring

onal) via UCRXIE and/or UCTXIE.

SPI is a synchropous interface; USCI can be configured in SPI mode, only when UCSYNC bit of
UCAXCTLORegister is set. The complete description of other bits of UCAXCTLO register is shown
below:
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7 5 S 4 3 2 ]
UCCKPH| UCCKPL UCMSB | UCTBIT | UCMST | UCMOD | UCSYNC
Bit Field Reset | Description

UCCKPH Oh Clock phase select

0b=Data is changad onthe first UCLKadge and capturs donthe
following edge.

1b=Dats is captured onthe first UCLK edge andchangadonthe
following edge.

6 UCCKPL Oh Clock polarnty select

0b=The insctive stste is low; 1b=The inactiva stste 15 high

5 UCMSB 0h MS Bfirstselect Controisthedirectionofthereceiveandtransmitshiftregister.
0b=LSHBfirst; 1b6=MSBfirst

-

4 UC7BIT 0h Character length. Selects7-bitor8-bit charadter length.
0b=8-bitdsts; 1b=7-bitdats

3 UCMST Oh Msstermode select
0b=Slavemode; 1b=Mastarmode .

241 UCMODEXx 0n USCI mode. The UCMODEXxbits select the synchronous mode when
UCSYNC=1.

00b=3-pinSPI

01b=4-pinSP withUCxSTE sctive high: Slaveenabledwhen UCKSTE=1
100=4-pinSP withUCxSTE sctive low: SiaveenabledwhaenUCxSTE=0
11b=I2Cmode

0 UCSYNC Oh Synchronous mode ensble

0b=Asynchronous mode; 1b=Synchronous mode

Table 4. 0 rem
The pin UCSWRS art of U TL1 regi ose description is shown below:
Field

Bit Reset | Description

76 UCSSELx Oh USCI clock source select. These bits select the BRCLK source clockin
imaster mode. UCxCLK is shwsys used in slave mode.

00b=Resenved
016=ACLK
10b=SMCLK
116=SMCLK

5-1 Reserved Oh Reserved. Alwsys write as0.

UCSWRST 1ih Software reset ensble
0b=Disabled. USCI rezet released foroperstion.

1b=Enasabled. USCl logic held in reset state.

Table 4.7 USCAXCTL1 register
setting UCSWRST pin that can be achieved in programming as:
UCAOCLT1= UCSWRST;

Next step is to multiplex the relevant port pins. In case of USCI_AO module, it can be achieved as (see
section 4.8.1 for pin details):

P3SEL=BIT3 | BIT4 | BIT7,;
P3SEL2=BIT3 | BIT4 | BIT7;
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The master on the SPI bus provides UCAOCLK. When UCMST=1 ,the bit clock is provided by the USCI
bit clock generator on the UCAOCLK pin. The clock used to generate the bit clock is selected with the
UCSSELX bits. In order to generate bit clock using system clock (SMCLK) for USCI module:

UCAOCTLO=UCSSEL_2;
The bit clock frequency is given by
foitclock= fercLx/ UCBRX, where BRCLK is equal to SMCLK.

UCBRX register can be configured for even and odd decimal valu
bitclock frequency. The modulation field of modulation register UC
achieved as:

UCAOMCLT =0;

The polarity and phase of UCXCLK are independently co
bits of the USCI.

ending upon the required
remains empty. This can be

via the UCC d UCCKPH control
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4.8.3. Receiving and transmitting data using SPIprotocols

UCAOCLK is used as the input for the SPI clock and must be supplied by the external master. The data-
transfer rate is determined by this clock and not by the internal bit clock generator. Data written to
UCAOTXBUF and moved to the TXshift register before the start of UCAOCLK is transmitted on
UCAQOSOMI. Data on UCAOSIMO is shifted into the receive shift register on the opposite edge of
UCAOCLK and moved to UCAORXBUF when the set number of bits are receixed. When data is moved
from the RX shift register to UCAORXBUF, the UCRXIFG interrupt flag is dicating that data has
been received. The over run error bit UCOE is set when the previously d data is not read from
UCAORXBUF before new data is moved to UCAORXBUF. In general, TXIFG interrupt flag is set
by the transmitter to indicate that UCXTXBUF is ready to acc r character. UCTXIFG is
automatically reset if a character is written to UCXTXBUF. U after a PUC or when
UCSWRST=1. In order to transmit data the procedure is:

ed in section

Step 1: configure ports and initialize USCI module (as
Step 2: Continuously monitor transmit flag UCAOT
in the buffer UCAOTXBUF.

Step 3: If buffer is empty, place data to be trans

SPI
Comer)

[ Port Cofiguration ‘

¥

[ USCI Initialization ‘

Monitor Transnist
> Flag
(UCAUTXIFG and IFG2)

4

If
Buffer
UCAUT XBUF is
Emply

Place data in
Buffer for Transmission
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The UCRXIFG interrupt flag is set each time a character is received and loaded into UCXRXBUF. An
interrupt request is generated if UCRXIE and GIE are also set. UCRXIFG and UCRXIE are reset by a
system reset PUC signal or when UCSWRST=1. UCRXIFG is automatically reset when UCXRXBUF is
read. In order to receive data from slave device the procedure is:

Step 1: configure ports and initialize USCI module.
Step 2: continuously monitor receive flag UCAORXIFG and IFG2.

Step 3: If data is available in receive buffer UCAORXBUF, remov
storing it in a user-defined buffer.

(SPI) Rx @

Port Cofiguration

USCI Module
Initialesateion

Monitor Receive
> Flag
(UCAORXIFG and IFG2)

ata from the buffer by

4

data is available
in Receive buffer
UCAORXBUF

\ A

Copy data in user
defined buffer

¥

Clear UCAORXIFG
Flag
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4.9.1. Overview of I2C communication using MSP430

In I’C communication, a device connected to the 12C bus can be considered as the master or the slave
when performing data transfers. A master initiates a data transfer and generates the clock signal SCL.

Any device addressed by a master is considered a slave. 12C data is co
data (SDA) pin and the serial clock (SCL) pin. Both SDA and SCL
connected to a positive supply voltage using a pullup resistor as sho
devices USCI_BO and USCI_B1 modules are used for 12C device
lines are mapped with port P3 and P4 as shown below:

UCB1SDA -> P4.2
/ A

UCB1SCL -> P4.1
Slave |

icated using the serial
irectional and must be
g 4.12. In MSP430 series
ication. The SDA and SCL

UCBOSDA -> P3.0
UCBOSCL ->P3.1

Vce

§ MSP430

ol | ] -
R

4 Slave Il Slave IlI

Fig 4.12 12C bus!nnection diagram

In order to initialize USCI module the stepsare:
Set UCSWRST
Initialize USCI registers

Configure ports
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Clear UCSWRST
Enable interrupts (optional)

In most of the applications, the MSP430 is configured as a master and external sensor module acts as a
slave device. In order for MSP430 to work as master, USCI_Bx module need to be configured as a

master and provide clock to the slave device. The USCI_Bx module is configured as an 12C master by

selecting the 12C mode with UCMODEX = 11 and UCSYNC = 1 and setfj UCMST bit. By setting
UCSNYC=1 we ensure that USCI_Bx module is in synchronous mode le of the UCMST bit is to
select whether USCI module will act as a slave or master. When U it is clear, the USCI module
will act as slave, whereas when UCMST bit is set, it acts as a ma an be done in programming
as:

UCB1CTL1 = UCSWRST;
UCB1CTLO = UCMST + UCMODE_3 + UCSYNC;

Prior to this we need to set UCSWRST bit to enable d to assign
SDA and SCL pins to UCSI_Bx (in this example

PASEL |=BIT2 + BIT1;
P4SEL2 | = BIT2 + BIT1;

Before clearing the UCSWRST pin, e and pre-scale divider register value.
This can be done in coding using the i

UCB1CTL1 = USSEL_2; // Selecting
UCB1BRO= 0x02; // pre-scaler divider v
UCB1BR1=0;

After initialization ig riting the desired slave address to
slave address with the UCSLA10 bit, setting UCTR
erate a START condition. Before sending START
e with previous transmission by checking STOP

ters:
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7 8 5 4 3 2 1 0
UCA10 UCSLA10 UCMM Unused UCMST UCMODEx=11 UCSYNC=1
Bit Field Reset Description
Own addressing mode select
7 UCA10 Oh
Ob= Own addressis a 7-bitaddress.
5 UCSLA10 oh Slave addressing mode select
Ob=Address slave with 7-bit address
Multi-master environment select
5 ucmmM Oh | ob=Single master environment. There is no other master inthe system. The
addresscompare unitis disabled.
4 Unused Oh
Master mode select. Whena master loses arbitrationin a multi-master
3 UCMST oh environment (UCMM =1), the UCMST bitis automatically cleared andthe
module acts as slave.

- y 4 v

241 UCMODEX Ch

USCI mode. The UCMODEX bits selectthe synchronous mode when
UCSYNC =1.

00b = 3-pin SPI

01b = 4-pin SPI with UCxSTE active high: Slave enabledwhen UCXSTE=1
10b = 4-pin SPI with UCXSTE active low: Slave enabled when UCXSTE=0
11b=12C mode

0 UCSYNC Ch

Synchronous mode enable
Ob= Asynchronous mode
1b= Synchronous mode

Bx Contr gister 0 (UCBxCTLO)
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7 6 5 4 3 2 1 0
UCSSELx Unused UCTR UCTXNACK [ UCTXSTP UCTXSTT | UCSWRST

Bit Field Reset Description
USCI clock source select. These bits select the BRCLK source clock.
00 =UCLKI

75 UCSSEL 0h

01=ACLK
10 = SMCLK

5 Unused Oh Unusead
Transmitterirecaver

4 UCMST 0Oh . .
0b =Receiver; 1b = Transmitter
Transmit 8 NACK. UCTXNACK is sutomatically cleared after s NACK is
transmitted.

3 UCTXNACK Oh 0b =Acknowledge nommally
1b =Generate NACK
Transmit STOP condition in master mode. Ignored in siave mode. In
masterreceiver mode, the STOP condition is preceded by 8 NACK.
UCTXSTP is sutomatically clearad sfter STOP is generated.

2 UCTXSTP
0b=No STOP generated
1b=Generste STOP
Transmit START condition in master mode. Ignored in slave mode. In
masterreceiver mode, a repesated START condition is preceded by s
NACK. UCTXSTT is automatically cleared sfter START condition and

1 UCXSTT address informsation is transmitted. Ignored in slave mode.
0b =Do not generate START condition
1b= Generste START condition
Softwsre reset enable

0 UCSWRST 0b, = Disabled. USCI reset released for operation.
1b =, Enabled. USCI logic held in reset state.

SCI_Bx control Register 1 (UCBxCTL1)

ve having address 0x32H

SCI_Bx Receive Buffer Register (UCBXRXBUF) and USCI_Bx transmit
), one for receivinq data and other one for transmitting data respectively.
ransmitter mode is initiated by writing the desired slave address to the
ting the size of the slave address with the UCSLA10 bit, setting UCTR for
tting UCTXSTT to generate a START condition.

single byte from the slave device 0x32H the steps are:

transmitter

In order to recei
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Configure CUSI-B1
Module as master

i
Provide Slave add"
OX 32 into UCB212CSA
|

[  Enable Receive Interrupt |

3
Monitor UCTXSTP Flag bit |

Stop conditoin

N

[  Send Stop Condition |

l

] Enable interrupt |

|
[ Enter low power mode | l—b| Monitor UCBIRXBUF |

N
4 available
Copy data in user-
defined Buffer
[ Exit low power mode |
< |
v

odule as a master;
Step 32H into UCB1I2CSA,;
Step 3 upt;
Step 4: Ch condition, whether it is sent or not by monitoring UCTXSTP flag bit;

Step 5: Gene condition;

Step 6: Wait un T condition sent by monitoring UCXSTT flag bit;

Step 7: Send STOR’condition;

Step 8: Enter Low power mode with interrupt enable and repeat step 4 upto step 8 repeatedly.
ISR_routine:

Copy data from UCB1RXBUF to user defined buffer, if data is available

Exit Low Power mode;
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4.9.4. Transmitting single byte to slave having address 0x32H

Configure USCI-B2
Module as master

|

Provide Slave add
OX32H to UCB1 12 CSA

| Enable Transmit entrupt |

|

—N>| Monitor UCTXSTP flagbit |

If
Stop condition
is sent

| Genrate Start Condition I

| Enable interrupt I

l

I Enter low power mode I

A | Load data into Transmit
"| Buffer UCBITXBUF
A Generate stop
condition

[ Clean UCBITXIFG Flag |

| Exit Low power mode |
< |

.

module as a master,;
Xx32H into UCB1I2CSA;

program:
: Configure USC

P condition, whether it is sent or not by monitoring UCTXSTP flag bit ;
Step 5: Ge condition;

er mode with interrupt enable and remains there.

ISR _routine:
Load data into transmit buffer UCB1TXBUF;
Generate stop condition;

Clear transmit flag UCB1TXIFG;

Exit from low power mode;
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4.9.5. Real world interfacing of accelerometer using 12CInterface

In the previous section, we have discussed general techniques to configure the various registers and
flags of USCI module for I2C communication. We have also discussed basic algorithms of transferring or
receiving data bytes from hypothetical slave devices. In 12C based transaction, every slave has a device
address. The external device or module must support 1I2C module to facilitate communication with USCI
module of the MSP430 device. For example, MPU6050 is a sensor module that supports accelerometer,
Gyro meter and in-built temperature sensor and communicates data thro C bus. The MPU6050
has a device address register, some configuration registers and 14 dat ers. The analog voltage
corresponding to particular sensors is digitized by 16-bit ADC and st data registers. The device
address of MPU6050 is 68H. The main features of MPU6050 are

Three-axis MEMS rate gyroscope sensor with 16-bit AD
Three-axis MEMS accelerometer sensor with 16-bit
Digital Motion Processor (DMP) engine

Primary 12C and SPI (MPU-6000 only) serial co,
Auxiliary 12C serial interface for 3rd party m

cations interfaces
eter & other sensors

Clocking
Sensor Data Registers
FIFO
Interrupts
Digital-Output Temperature Se
The pin-to-pin mapping of MSP430 anMiven in th

MPUG050 pin MSP430 pin

| B1 SCL line

CI_B1 SDA line

In order to p
algorithm to pro€
There is a need o
categorize these as:

MSP430 must be configured as master. In order to explain the complete
sor data, the overall software application must be divided into smaller modules.
iinctions or modules that configures USCI module for 12C communication. We can

USCI initialization module

Set slave address or data register address into the buffer UCBxI2CSA.
Read single byte operation on 12C bus

Write operation on 12C bus
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Let us discuss these functions one by one for better understanding.
USCl initialization module:

MSP430x5xx series devices support the USCI module that first needs to be configured for 12C
communication. USCI initialization routine module has to perform following tasks:

Set UCSWRST

Initialize USCI registers

Configure ports for 12C master operation
Clear UCSWRST

Once the USCI module is configured as a master then the vario an be performed.

As per 12C protocol specifications, 12C protocol specifies thegne as per read or writes

Start sequence; send start bit
Send slave address of the device, in our case t
Send R/W bit; O for read from the bus and 1 f
Wait for acknowledgement ACK bit or send AC
Read or Write the data.

Wait or send acknowledgement
Send the stop bit

Set slave address or data register

The address of slave device or data re i i settings:

Set UCSWRST bit
Place address into buffe
Clear UCSWRST bi

dule for stop condition before beginning read or
chieved by checking UCTxSTP flag; while

a NACK is received.
); // character is transmitted means transmit flag is set,then put SA to

by setting UCTR bit, we need to wait for the transmission and then perform write operation. For write
operation, UCTR bit must be clear. This can be achieved as:

while ({(IFG2&UCB1TXIFG));
UCBI1CTL1 &=~UCTR; /I clear UCTR bit for recieve operation
UCBI1CTL1 |=UCTXSTT; /I generate repeated start

Communication Protocols and Interfacing with External Devices 189


http://www.ti.com/

After this operation there is a need to clear the transmit flag to indicate that buffer is not ready to receive
any further data byte. Monitor the UCTXSTT flag to check START condition, generate STOP condition,
and try to read the data from receive buffer UCBXRXBUF.

while (UCB1CTL1 & UCTXSTT);
UCBI1CTL1 |= UCTXSTP;

Write operation on I12C bus

In the USCI module, first monitor the UCTXSTP flag to become 0. Then
master transmission mode and generate start condition;

while (UCB1CTL1 & UCTXSTP);
UCB1CTL1 |= UCTR + UCTXSTT; /I START condition is
transmitter mode

UCTR bit to enable

UCTR setfor master

Before putting slave address or data, one must check t smit buffer and then ¢ data into

UCBXTxBUF.

while ({(IFG2&UCBOTXIFG));
UCB1TXBUF = slave address or data register addres

After putting data, wait for the transmis
transmit buffer.

while ({(IFG2&UCBI1TXIFG));
if(UCB1STAT & UCNACKIFG) return UCB
UCB1TXBUF = data;

slave and then place data into

BOCTL1 |= UCTXS
&= ~UCBOTXIFG;

WHO_AM_| re

This register is usedite verify the identity of the device. The contents of WHO_AM_| are the upper 6 bits
of the MPU-60X0"s 7-bit I2C address. The default value of the register is 0x68.

PWR_MGMT _1 Register

Register BIT7 BITS BITS | BIT4 BIT3 BIT2 | BIT1 BITO

6B H DEVICE_RESET SLEEP MODE TEMP_DIS
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Table 4.9 PWR_MGMT_1 register

The PWR_MGMT_1 register has an address of 6BH. DEVICE_RESET: When set to 1, this bit resets all
internal registers to their default values. The bit automatically clears to O once the reset is done. BIT 6:
When set to 1, this bit puts the MPU-60X0 into sleep mode. TEMP_DIS: When set to 1, this bit disables
the temperature sensor.

Data Registers
There are three types of data registers available in MPU6050.

Accelerometer measurement registers:

ADDRESS | ADDRESS BIT7 BIT6 BIT5S BIT 4 BIT3 BIT2 BIT1 BITO
(HEX) (Decimal)

3B 59 ACCEL_XOUT_H [15:8]

3C 60 ACCEL_XOUT_L[7:0]

3D 61 ACCEL_YOUT_HI[15:8]

3E 62 ACCEL_YOUT_L[7:0]

3F 63 ACCEL_ZOUT_H[15:8]

40 54 ACCEL_ZOUT_L[7:0]

Ta
Temperature and Gyro measurement

rnal datare

ADDRESS | ADDRESS BIT7 |BIT6 | BITS | BIT4 BIT3 BIT2 BIT 1 BITO
(HEX) (Decimal)
41 85 TEMP_OUT_H [15:8]
42 86 TEMP_OUT_L [7:0]
43 87 GYRO_XOUT_H [15:8]
44 88 GYRO_XOUT_L[7:0]
45 89 GYRO_YOUT_H[15:8]
48 70 GYRO_YOUT_L[7:0]
47 71 GYRO_ZOUT_H[15:8]
72 GYRO_ZOUT_L[7:0]

T!Ie 4.11 Internal data registers

sensor values from MPU6050

Init. MSP430 ro :

Step 1: Declare and initialize fourteen 8-bit variable to place sensor values

AcXL, AcYL,AcZL,TmpL,GyXL,GyYL,GyZL,AcXM,AcYM,AcZM, TmpH,GyXM,GyYM,GyZM
Step 2: Configure USCI module of MSP430 as master

Init_ MPUG6050 routine:

Step 3: Place the slave address 68H value into buffer UCBxI2CSA

Step 4: Start transmission to slave device with START bit and put MSP430 in transmit mode
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Step 5: place the register address 6BH into transmit buffer and wait for transmission.
Step 6: Now place data value O0H into the transmit buffer to reset the device registers of
MPU6050.

Step 7: Stop transmission using STOP bit

Read_AC data routine:

Step 8: Start transmission with START bit and put MSP430 in transmit mode.

Step 9: place the slave address 68H into transmit buffer and wait for tra ission.

Step 10: Send internal register address 3BH.

Step 11: Send START sequence again

Step 12: Send slave device address with R/W bit HIGH.

Step 13: Read data byte from the bus and place it into MSB of
Step 14: Send STOP bit and Repeat Step 8 upto 14 by incre nal register address
and placing the value into corresponding 8-bit buffer.

| Initialize the 14 user defined variables |

I

Initialize the counter variable count=0
For tracking 14 read cycle

A4 F
Initialize MPU6050 internal

data register

Provide slave
address
| Set read mode RW=1 | B
|Set write mode|
R/W=0
Copy data into user
defined duffer

A4
|Send device data register address (RA)| l | RA=RA+1 |
l I Generate stop

condition
|Generate Repeated start conditionl

While
Count<14

A 4

| Provide Slave address |

|

With the help
for further proce

orithm, we can get the digitized acceleration values of various sensor modules
epending upon application requirement.

4.10. Case Study: MSP430 based embedded system application using the interface
protocols for communication with external devices: —A Low-Power Battery less
Wireless Temperature and Humidity Sensor with Passive Low Frequency RFIDII

The smart weather monitoring systems today are quite sophisticated. They require wireless
measurement of several environmental parameters such as humidity, pressure, temperature etc. For
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this wireless measurement system, we need battery-less operations. In this type of applications we
require wireless data and power transfer. We need a set of modules (shown in fig) combined together to
perform this application. Blocks of this system are as follows:

Low frequency RF Interface Device(TMS37157): To establish communication link
Microcontroller(MSP430): To control the whole system

Humidity & Temperature Sensor(SHT21):To sense the environmental parameter
DC/DC Converter(TPS71433):To stabilize the power level

L; ol Low frequency RF SPI Microcontroller 12C Temperature &
TC: . interface MSP430 Humidity
device (TMS37157) ( ) Sensor (SHT21)
R *
C
|4 D1
DC/DC Converter
(TPS71433) N

There are some phases to complete

Charge phase: Generation of RF field
power capacitor.

ation to the ss sensor module to charge the

Downlink phase: Send
parameters.

enser to sense the atmospheric

contains three steps, first the measurement of

Measurement &
e nd third humidity measurement Uplink Phase: Send
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Work Flow:

| Initralise I'C & SPI |

Activate SPI

Read date from
TMS 37157

]

| Deactivate SPI |

¥

Set measurement
resolution of SHT 21

Start Temperature
measurement

Read measurement
after 12ms from SHT 21

Set measurement
Resolution

¥

Start humidity
measurement

4

Read measurement
after 12ms

¥

Activate SPI

Store data ento
controller Buffer

Deactivate SPI
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The operation of whole system starts with the initialization of SPI and I12C. This is because
communication protocols are the backbone of this system either wired or wireless. After getting
instruction from base station, the measurement starts. The power capacitor should be charged before
measurement of each parameter. As the name suggests, the whole system is low power because the
power capacitor is the only source. The overall flow of system can be rstood by the flow chart
below:

4.11. Summary
(Inputs required)
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4,12. Review Questions
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4.13. Exercises
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Embedded Networking and_Drnet of Things

The previous chapter covered the process of interfacing the MSP, devices using various
serial communication protocols such as UART, I°’C, SPI for data logging

applications. This learning is essential to integrate the rger system of

communication protocols to build the I0T applicati ut the
building blocks of 10T applications using MSP430 su i ing it
with a Wi-Fi module.

By the end of this chapter, readers can expect to understa communication protocols and its
integration with controllers; acquire impleLink Wi-Fi module and its
architecture and know how to interface
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5.1. Introduction

In this chapter, readers will be introduced to embedded networking technologies such as ZigBee, NFC,
Bluetooth, Wi-Fi etc. These are key elements in designing internet enabled applications such as smart
homes, low power wireless sensor networks, commercial building automatiopgindustrial automation and in
location tracking like asset tracking.

Let's take the example of a Wireless Sensor Network, which utiliz
from the energy sources such as wind, heat, light as the main po
are ultra low power MCUs and are a better choice for designing V,

arvested energy that comes
e. TI MSP430 series devices

5.1.1. IOT Overview and Architecture

Today's embedded systems designers and de i i i te Ethernet
connectivity into their systems. Ethernet's ubiquit ity i i akes it an
attractive networking choice for embedded systems: i
that is widely used to connect computers using wires or
with a different medium.

rnet is similar to Wi-Fi technology, but

To put it differently, Ethernet is wiredy @ i is wi . et is based on standards (IEEE802.3)
that ensure reliability of network connet i nsures interoperability of Ethernet.
Ethernet networks are scalable from the rks or up t02748 network nodes.

Based on its ease
Ethernet has be ork access for 32 16 and even 8-bit mlcrocontrollers
As we see fro and Ethernet controller can connect any device to the

Internet
gthernet
ontroller Ethernet
Local Bus g
> |Ethernet MAC | < >
| Ethernet PHY |

— ]

L\

\4

Fig 2. Embedded networking with Ethernet

Klevin Ashton introduced the term “Internet of Things” (loT), to the world of technology in 1999. Since
then, 10T has generated a lot of interest. It is expected that the number of ,things" connected to 10T will
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grow from 20 billion in 2015 to an estimated 200 billion by 2020. The Internet has spread across various
technological platforms and to billions of people in the world. With this spread getting wider, new
technologies and devices have evolved. Examples include smart phones, smart watches and smart
homes equipped with sensing technologies for smart energy, water management etc. The internet lies as
the backbone for all of these devices and technologies. 10T refers to a sce in which all the real-life
things (including objects, people and animals) are connected to the Interne an transfer data over it,
preferably to a cloud. This data can then be used by businesses and to create a world of new
possibilities and subsequently benefit from it. Fig. 1 shows the three mponents of 10T i.e. things,
data (cloud) and the people. For e.g. a smart refrigerator can se tity of items inside it, and
then automatically generate a shopping list to be ordered on-k

refrigerator on the cloud, where the best deals are offered fom

Cloud
Services

as connectin o the Internet and using that connection to provide
itoring or control of these things. It is about harmonizing the way humans
ment using some common public services.

the one that creates an intelligent, invisible network environment

med. loT-enabled products employ embedded technology that

hem to communicateydirectly oFindirectly, with each other or the Internet.
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R —.
Automated Lighting

Devices an iances working invisibly for

4/5lyb2

Anywhere: Any cone irg i g k should be abstract enough to run from any
locatiop phica pology perspective. The former refers to Internet-

is will make the I0oT accessible to anyone. Anyone will be able to connect
d also customize it to their personal preferences.

With the ind adest loT-ready portfolio of wired and wireless connectivity technologies,
microcontrollers, B §sors, sensors, analog signal chain and power solutions, Texas Instruments offers

several cloud-ready” system solutions. From high-performance home, industrial and automotive
applications to battery-powered wearable and portable electronics or energy-harvested wireless sensor
nodes, Texas Instruments makes developing applications easier with hardware, software, tools and
support to get anything connected as an loT device.

In automotive appliances, 10T is mainly used for infotainment purposes such as connecting between the
phones and the speakers of the car, activating the engine through voice control etc.
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The loT paradigm discussed may be encountered in a wide variety of venues that span across various
activity circles throughout the day utilizing different kinds of devices. In the personal area network we
encounter wearable devices for entertainment and location tracking. As an example, it can be a Blue*tooth
headset or GPS tracker. These devices enable users to enhance their healthpand wellness and gather
information around the user. At home, we are surrounded with an ever- number of appliances,
multimedia devices and other consumer gadgets. In home automation s, loT applications include
monitoring and controlling the devices inside a home in an intelli . They include lighting and
temperature control among the connected appliances for effective

While on-the-go, we use private or public transportation vehic
time utilization. In industries, sensors might be introduc
failure management. And at a metropolitan level, smart
equipped with smart city lights, residential e-meters
detection etc.

improve our mobility
aintenance and
e smart cities

ipeline leak

production efficie
g management systems
illance cameras for traffic con

Healthcare 10T applications include remote monitoring
level etc.

ample heart rate, blood pressure

5.3. Architecture of IOT:

3).

Things & 3 % Service

Figure 2 The IOT Players
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The different devices and environments needed in IoT can be layered as shown in the Figure 3. The
sensors and devices needed in the 10T environment are the bottom layer. The different types of sensors
can be temperature, pressure, moisture etc. The data captured by the sensors needs to be processed
using processors and enabling technologies. The technologies include R detection, motion sensing
etc. Some of the technologies that enable these devices are dicusse r in the Wireless Sensor
networks section. Examples include Bluetooth, Wi-Fi etc. The proce ta can be stored using cloud
infrastructures and thus in turn provide different I0T services. Th types of 10T services include
Home automation, healthcare services, energy management, e s among others.

loT Services
Home Health Energy Emergency
Automation Service Management Service
Cloud Storage
= €E &

o

Enabling Technologies and Processors j

Devices
Sensors, Devices, Machines
\ ///
w ’//_\\
v‘/ \‘\
‘igure 3 Architecture of loT

of technology for the horizontal nature of the I0T requires manufacturers to
2ntal challenges, including:

ere is not one connectivity standard that _wins* over the others. There is a wide
variety € ed and wireless standards as well as proprietary implementations used to connect
things in the I0T. The challenge is getting the connectivity standards to talk to one another with
one common worldwide data currency.

e Power management: More things within the 0T require battery power, or need to use energy
harvesting to be more portable and self-sustaining. Line-powered equipment needs to be more
energy efficient. The challenge is making it easy to add power management to these devices and
equipment. Wireless charging incorporates connectivity with charge management.
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e Complexity: Manufacturers are looking to add connectivity to devices and equipment that have
never been connected before to become part of the 10T. Ease of design and development is
essential to get more things connected, especially when typical RF programming is complex.
Additionally, the average consumers need to be able to set-up and their devices without a
technical knowledge.

e Rapid evolution: The 10T is constantly changing and evolvi
everyday and the industry is still in its naissance. The ch

e devices are being added
ing the industry is around

sensors, mixed-signal and power-manageme
interface to the loT and energy-friendly designs.

There are several fundamental featureg ass to be a good IoT solution. Among
these, the most important features are e andling and simplicity.

Energy Efficiency: As the number of de s of excessive power cause
considerable waste. When it comes to powe adding Internet connectivity

does not increase powe pent. vithi sting power budget headroom. The
e loT application takes minimal power.

vorks. This challenge intensifies in the case of IoT

introd0ees a challenge to limited resource systems. The Tl wireless
ing with the MSP430 to provide connectivity that suits the need of the IoT

Wireless Senso
elements that ai 0
monitored environment. It acts as an interface between the virtual and the physical worlds.Wireless
Sensor Networks are networks consisting of dozens to thousands of small sensors that measure,
calculate and communicate wirelessly among themselves and with central systems. The individual
sensors or nodes function on extremely little power, harvesting the ambient energy around them to
operate, so that they can be installed without a costly wired infrastructure and can keep going for years
without maintenance. Small and inexpensive, these systems have been dubbed _stick-on< sensors to
emphasize how easy they are to install. Multipoint sensing has been prohibitively expensive since it
consists of dozens, hundreds or even thousands of nodes. WSNs not only make it affordable, but also
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enable dynamic control that reduces costs and extends capabilities. The main components of WSN
include nodes, gateway and software (refer figure below). The spatially distributed nodes interface with
sensors to monitor assets or their environment. The acquired data wirelessly transmits to the gateway,
which can operate independently or connect to a host system where you can collect, process, analyze,
and present your measurement data using software. Routers are a special type of node that can be used

to extend WSN distance and reliability. A
/ Wireless Sensor Networks \
Software
Gateway
Sensors

. 4

5.6. Relation between WSN & IOT
WSNs consist of smart sensing nodes

er radios and sensors, which are
e, humidity, vibration, energy
roviding a virtual layer where

ational system. As a result, they are

ernet, requiring bigger pipes and the expansion of cloud computing. The
orks will be fully unlocked once it is connected to the Internet, thereby
hings. However, the details and intricacy of integration at the network
ions) must be considered.

illustrates, de applications in areas such as industrial control and heating, ventilation and air
conditioning ( which have traditionally relied on sensors. But as the variety of sensing nodes

increases, it can potentially enable new types of applications such as body-area networks (BANs) that
monitor health, agricultural networks that aid in crop cultivation, and environmental networks that help
reduce pollution, warn of earthquakes or prevent widespread forest fires.
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5.6.2. Design example of WSN

The movement towards an intelligent power network, frequently referred to as the _Smart Grid, promises
not only improved delivery but also lower costs. These are achieved through i_mproved infrastructure
maintenance and a better understanding of patterns of consumption. Vir every stage of power
production and delivery can benefit from such remote sensors, fr nerators to high-power
transmissions and substations, from street-level power lines and tr ers to points of access in
homes, factories and office buildings.

Energy Harvesting

While creating remote wireless sensors, it is important t
requirements (such as size, cost and reliable supply
software libraries. The availability of ultra-low-power ( unctioning of
remote sensor nodes. Memories, transceivers, re r low cost
applications without ULP microcontrollers. Technolo
light sources, vibrations or heat are also critical to th se devices and the WSNs they
comprise (Figure 5).

between system

“

Energy Source like Heat,

! ; Tl gateway solution O
e CC3100 Wi-Fi module | O Y

MSP430 LOW
Power MCU [«
A

A 4

Harvester/ Boost charger and
Transducer Storage management

Sensing unit

sensor nodes require ULP microcontrollers that sleep for long periods—
nt of the time—in order to conserve power. An active cycle refers to the
process i i rforming measurement, running communication and control functions

i eep. Because of the large number of potential applications for sensors, the
MCU must inc peripheral functions to make it flexible. But there needs to be a provision to

Smart World

As the Smart Grid is joined by intelligent communication among powered equipments everywhere: in
homes, offices, factories, even outdoors (Figure 6). Such equipment and their networks are themselves
extended by wireless sensor networks that monitor conditions and report to central systems, thus enabling
control over extremely wide areas.
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The Smart World

to gauge factory gas

Network of sensors to
monitor humicity and
temperature levels 1o
provent forest frea

Figure 5 The Smart Grid compleme

The design of the power supply subsystem is extremel ireless sensor nodes. The energy
source, whether a solar panel, thermal,or piezoelectric tr , or other device, must be supported by

ularities of ambient conditions. Energy

sive, ultra-low-power components that can harvest
pecessary measurement functions, and periodically

for a variety of applications.
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5.7. Various Wireless Protocols and its Applications
Frequency 2402 - 2482 868 - 868.8,
(MHz) 902 - 928,
2402 - 2482
Channels 3 16 1 3
Modulation GFSK BPSK & ASK 64QAM
QPSK
Max potential 1 Mbps 250 Kbps 424 Kbps 54 Mbps
data rate
Range 10m 100+m 10cm 30m
Power Profile Days Months/Years Months/Years Hours
Complexity Complex Simple Simple Complex
Nodes/Master 7 65,000 1+1
Extendibility No Yes No Yes 4
Figure 6 Comparison of diffe
5.7.1. NFC (Near Field Communicatio
The MSP430 can interfaced with an NF : ize i close-contact battery-less, RF-field

een digital devices, pay bills wirelessly or even
ticket using existing contactless infrastructure

yoth is the shorter set-up time. Instead of performing
identify Bluetooth devices, the connection between two NFC devices is
1/10" of a second).

provides a higher degree of security than Bluetooth and makes
where correlating a signal with its transmitting physical device
ser) might otherwise prove impossible. NFC can also work when one of the

1 by a battery (e.g. on a phone that may be turned off, a contactless smart

An NFC device c8 ate in two modes: active, which is battery powered, and passive, which is radio-
energy powered. NFC always involves both an initiator and a target. The initiator generates an RF field
that can power a passive target. This enables NFC targets to take on non-battery operated, simple-form
factors such as tags, stickers, key fobs and cards.
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0 Active communication mode: Both initiator and target device communicate by alternately
generating their own fields. A device deactivates its RF field while it is waiting for data. In this
mode, both devices typically have power supplies.

0 Passive communication mode: The initiator device provides a carrier field and the target device
answers by modulating the existing field. In this mode, the target device may draw its operating

power from the initiator-provided electromagnetic field, thus ing the target device a
transponder.

NFC Card

Peer-to-Peer Mode Read/Write Mode Emulation Mode

Applications

. REQ Card
ecord Type .
LLCP Definition Emulation
Logical Link & Sénart bCﬁrd
Control Protocol NDEF apability
Data Exchange for MQb”e
Format Device

- RF Layer ISO 18092 + ISO 14443 Type A, Type B + Felica

7: Differe es of Modes in NFC

com/tech ork/articles/javame/nfc-140183.html

s open banking payment systems based on Visa® payWave,
ss or American Express® ExpressPay.

ows applications involving transmission of NFC forum-defined messages.
is not secure. It is supported by the contactless communication API. The NFC

[0 Person-toPerson (P2P) Mode allows two NFC devices to communicate with each other while
exchanging information.
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Applications of NFC -

0 Access control, provides additional security over traditional RFIDtags

Consumer electronics, implementing pay-for-use or smart debit functionality
Healthcare, for secure identification of medical equipment

Information collection and exchange from -smart posters|
Loyalty cards and coupons

Mobile payments

Transportation toll collection

Electronic passport

[y

oDooog e

Limitations of NFC -

e Equipment Required - NFC enabled equipment j

MSP430 is demonst
from it.

e RF430CL330H enables end equipments to communicate with the fast-
2nabled smart phones, tablets, and notebooks.
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: Controller TAG

— VCC
NDEF — VSS
Memory
(SRAM) — VCORE
SCL/SO ANTA
Processing| 1SO14443B
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SCK Interface (MSP430- Interface
based) ANT2
SCMS/CS
EO E1 E2 INTO

Figure 8b: Connection Diagram of NFC with MSP430

Source: http/www .ti.com/lit/ds/symlink/rf430c1330h.pdf
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Key advantages of RF430CL330H Transponder

It is a combination of both wireless NFC interface and wired SPI/I2Cinterface

Dynamic update of data content supports update of pairingparameters

The NFC uses alternative carriers like BT, BLE, Wi-Fi and RF4CE for pairing process.

Wake up on RF — measurement of current consumption only when the device is in active state.
The firmware requirements for microcontroller are very minimal
NFC also acts as a service interface for firmware update and for da ostics

d

[ Format NFC Tag ]

J

[Write NDEF data to tag]

J

[ Activate NFC tag ]

|

leep until interrupt fromJ

OoOoeogoQg

S
NFC module

If NFC Tag

———> Print to console

If NFC Tag
written onto

———>{ Print to console
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5.7.2. ZigBee

The MSP430 can be interfaced with a ZigBee wireless module to enable communication with other
ZigBee compatible devices such as home automation systems.

ZigBee is a specification for a suite of high-level communication protocols used to create personal area
networks built from small, low-power digital radios. ZigBee is based on an IEEE 802.15.4 standard. Though
its low power consumption limits transmission distances to 10-100 m e-of-sight, depending on
power output and environmental characteristics, ZigBee devices can tr data over long distances by
passing data through a mesh network of intermediate devices t more distant ones. ZigBee is
typically used in low data rate applications that require long batt ure networking. ZigBee has
a defined rate of 250kbit/s, best suited for intermittent data tran ensor or input device.

Application Software

Network Layer

MAC Layer

RF Transceiver

Zighee d

JJwww . ti.

block diagram
it/ml/slap129/slap129.pdf

. The ZDO (ZigBee Device Object), a protocol in the

onsible for overall” device management, security keys and policies. It is
f a device as either coordinator or end device but also for the discovery
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‘ ZigBee Coordinator (FFD) ‘ / \\o
‘ ZigBee Router (FFD) ©

() ZigBee End Device (RFD or FFD)
<+— Mesh Link

Source: httprfand s-local-area-networks-wireless-

Limitations

Zigbee has limitat the area of energy use restrictions for certification, memory size, processing
speed of data, and Size of bandwidth (Radmand, unk). Most importantly, Zigbee is vulnerable to various

Zigbee Wireless Mesh Protocol network attacks and penetration.
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Case Study Il: Use of Zigbee in integration with MSP430 (The detailed pin diagram is shown in
Figure 9).
This case study uses theAnaren A2530x24AZ1 AIR Module BoosterPack which is a combination of

CC2530 low-power-RF chip and CC2591 range extender designed for the MSP430 value line
development kit. AIR Module BoosterPack is intended to communicate wirelessly in compilence with

Zigbee standard.
This case study discusses about the commissioning of ZigBee module ee coordinator.

H | J

G - T30 L3

Fac by & |

E—2 3 ‘ |

TR - s — R
D S 1 1 o ,
C B
A AIR Radio Module F  Tri-color LED
B Control switches G Current sensor
C “LaunchPad” Switches & LED’s (module or full-board)
D Sensors H MCU (pre-mounted & flashed)
(IR temperature, RGB light) | I*C and SPI extemal connection

E EEPROM J  AIR Module LEDs (2)

of ZigBe ule

?mfg=anaren&virtualdir=ana

Attempt initializing
module as ZigBee

If
initialization
successful

Print error message}

[Print success message}
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5.7.3. Bluetooth

Bluetooth functionality can be easily added to the MSP430 by interfacing a low-cost Bluetooth module.
This enables the MCU to communicate with several devices that support Bluetooth connectivity and
remotely control such devices by sending commands over Bluetooth. We may also receive data from a
wide range of Bluetooth enabled sensors, which cannot be physically connected to the MSP430.

d and mobile devices,
ers - class and supported

jble. Most mobile devices are
e and have a range of up

Bluetooth is a wireless protocol for exchanging data over short distances f
creating personal area networks. Bluetooth devices have two important

profiles. "Class" signifies the distance at which a Bluetooth connection ji
Class 2, which means they have a range of upto 10 m.Class 1 d

to 100 feet. A "profile" is a type of Bluetooth connection. The m e Headset (HSP) and
Handsfree (HFP) profiles that enable the device to conne r handsfree. Some
other profiles are OBEX (OBject EXchange), which allo events; A2DP,
which adds support for streaming of stereo sound and

Components

Any Bluetooth solution consists of four major compon tenna/RF component, Bluetooth
hardware and firmware (baseband and Link Controller software protocol stack, and the
application itself. Each of these compq and companies exist that have entire

Antenna/RF: The antenna and RF desig i requires a unigue solution for
each device. When purchasing a Bluetooth ) i the antenna is not provided.

Bluetooth silicon manufa i yith the hardware. Even single chip
solutions require spe device. Antenna design requires
specialized skills tg operate within its specification.

is the hardware transceiver unit that implements

Bluetooth Rads [ :
the Bluetooth rad ecificati [ pecification is to provide compatibility between

As one would exp

Bluetooth Software Protocol Stack: The Bluetooth software protocol stack can be thought of as driver

code. This code allows the application software to send and receive information from the Bluetooth
module. Several implementations of this currently exist, and vary from GNU licensed code to commercial
products targeted at various operating systems.

2re are a number of other manufacturers developing Bluetooth modules too.
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Bluetooth Printer

Body Weight

Patient
Monitoring

Gaming

Fitness

Weight
Loss

Bluetooth Camera

Applications

Bluetooth provides

table and stationary communications devices.
need for numerous, often proprietary cable
ind of communications device. Connections are

Bluetooth low energy (Bluetooth LE, BLE, marketed as Bluetooth Smart) is a wireless personal area
network technology designed and marketed by the Bluetooth Special Interest Group aimed at novel
applications in healthcare, fitness, beacons, security and home entertainment industries. Compared to
Classic, Bluetooth Smart is intended to provide considerably reduced power consumption and cost while
maintaining a similar communication range.
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Components/Architecture -

Bluetooth Low Energy is a connectionless protocol that appreciably reduces the amount of time the radio
is on and thus significantly decreases power consumption (Figure 11). Single mode BLE devices are
designed for the smallest footprint, lowest power and lowest cost price point. Dual mode BLE devices
support Bluetooth low energy protocols and classical Bluetooth technology. Bluetooth low energy
consumes 10-20 times less power and is able to transmit data times quicker than
classical Bluetooth solutions.

- N y N
Bluetooth / Bluetooth dual \ Bluetooth LE

BR/EDR mode Single mode

ute Profile

> Rate RF ILOW Energy RF | | nergy RF
J

X A ‘

Low Energy

2 devices

Limitations

Data transfer rates with Classic Bluetooth technology using Enhanced Data Rate (Bluetooth v2.1 + EDR)
can exceed 2 Mbps (actual payload), but practical transfer rates for Bluetooth low energy technology are
below 100 kbps (1/20 of the actual payload). Streaming Bluetooth low energy connections lose a great
deal of the huge potential power savings as the utilization approaches continuous transmission.Some
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applications are better served with a Bluetooth low energy connection than others. The use varies
depending on the type of device a sensor is connected to.

Case Study lll: Use of Bluetooth in integration with MSP430

This code connects the PC to MSP430 via Bluetooth. When if 1 is pressed on the keyboard, LED is turned
on and when if O is pressed, LED is turned off. The PC is first paired withgtheSimpleLink™ Bluetooth®
Smart ultra-low power wireless module connected to the MSP430. A t emulator (Tera Term for
instance) is used on the PC to send and receive data from the Sim CC2640 using the Bluetooth
Serial Interface by connecting to the respective COM port of the Bl odule on your PC.
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|

Initialize SoftwareSerial
object

ll

[ Check for new data

If new data
available

If1is
received

g > Switch on LED

IfOis
received

Switch off LED

imited t ple 8-bit controllers; many are sophisticated and self-contained
vanced embedded systems can support color LED displays, vast data
power and myriad interfaces. One growing trend in these systems is to add
of proprietary or standards-based radios to add wireless requires RF and
panies do not have the RF expertise or tools to develop their own wireless

wireless ©
protocol expe
interface.

While many wireless¥options exist, Wi-Fi has quickly become the de facto standard for wireless embedded
systems because of its global acceptance and interoperability. Additionally, with the availability of low-
power, self-contained, industry-certified solutions, Wi-Fi fits into many markets; including those with mobile
and battery-powered requirements.

Components:
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A typical WLAN hardware implementation uses several voltages and often includes power management
logic to reduce power consumption. Ease-of-integration demands that the module be supplied with a
single, standard voltage. A power management unit internal to the module generates the required
voltages efficiently--often employing one or more DC-DC switching converters followed by low dropout
linear regulators. In addition, the power management unit handles the fine-grained control of individual,
internal supply paths used to power sections of the device, enabling maximum power savings through the
selective switching on or off of portions of the device based on the need the operation profile over
time. The WLAN device also requires a number of clocks and reference ncy signals for operation.
The RF transceiver contains a frequency synthesizer that uses a stab ency reference that adheres
to the requirements of the standard--a frequency accuracy of 20 pp

Frequency .

REfareNES »| PLL EEPROM
Power Amplifier | | Analog | | Baseband
RF Front-end Front-end Processor

Power 'I Host

Management}——» Interface || B
Iy Internal 'y
Voltages
SDIO
3.3V SPI
UART
v USB WLAN Module

nts of WLAN Module
tivity/4217738/2/Designing-Wi-Fi-connectivity-into-
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5.8. Adding Wi-Fi to a Microcontroller-based system using cc3100 Simplelink Wi-Fi module

To illustrate the use of wireless connectivity in embedded networks, this section discusses the usage of
Wi-Fi technology with a microcontroller. Wi-Fi is very widely used to provide connectivity between users

and embedded systems. For example, a user can interact with utility systems (such as AC, Garage door,
Coffee machine etc.) in a smart-home using a smartphone, provided both (smart-home and smartphone)
are connected to the internet.

Texas Instruments provides low-power and easy-to-use Wi-Fi solutions
designs with more than a year of battery life on two AA batteries

clude battery-operated Wi-Fi
uments* SimpleLink Wi-Fi

CC3100 module is a wireless network processor with on-c -Fi, t, and robust security
protocols. It can be used to connect any low-cost microcon r'(MCU). A f al block diagram of
CC3100 module is shown in Fig. 9.

SPI 40-MHZ

I
|
32-kHz !
| FLASH || XTAL
1
I

XTAL

eLink Wi-Fi CC3100 Module

CC3100 (slave) MCU

HOST_SPI_CLK | SPI_CLK

HOST SPI_nCS |e SPI_nCS

HOST_SPI_MISO » SPI_MISO

HOST_SPI_MOSI |« SPI_MOSI
HOST_INTR INTR
nHIB | GPIO

Fig 16: Connection of CC3100 with Msp430
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It is important to understand the hardware and s i any device befo ing it in a
i C3100 module, that can be used to

provide Wi-Fi connectivity to any micro-controller based onsists mainly of two parts:

e  Wi-Fi Network Processor SuB
e Power-management Subsyste

Wi-Fi Network Processor Subsystem

The Wi-Fi Network Progce

CC3100
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TCP/IP & TLS/SSL

Stacks

ARM Processor .| Crypto Engine

A

~

MAC Processor ]‘ -
spssmmmnli iy SP!
J UART

S

d/1 LSOH

Ve

DC2DC

WN3LSAS

current.

Features of Wi-Fj

Function/ Utility

Provides 13 channels in 2.4 GHz
frequency band

P, WAP, WAP2 Secure Wi-Fi access

Provides additional security for enterprise

= Security networks

4 Wi-Fi Protected Set-up with WPS2

5 Access Point mode with interal HTTP Provisioning methods to connect to Wi-Fi
server

6 SmartConfig technology
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7 802.11 Transceiver Transmits and receives Wi-Fi packets
8 Supports IPv4 Internet Protocol
9 802.11 Power save and device deep sleep Low Power Operation

power with three user configurable policies

Up to 8 open sockets o
10 o User Application
Up to 2 secured application sockets

The SimpleLink Host Driver includes a

Programs using

Device API - Manages hardware
configurations.

g parameters, such as setting the MAC address,
by DHCP, and setting the static IP address.
access to the serial flash component for read and write operations

pleLink device consist of the following software blocks:

Wi-Fi subsystem initialization - Wakes the Wi-Fi subsystem from the hibernate state.

Configuration — WiFi sub-system. This phase refers to the initial time configuration that does not
happen very often. For instance, changing the WiFi sub-system from a WLAN STA to WLAN soft
AP, changing the MAC address and so forth.

Embedded Networking and Internet of Things 225


http://www.ti.com/

/]
INSTRUMENTS

Building 10T Applications using CC3100 user API www.ti.com

e WLAN connection - The physical interface needs to be established. There are numerous ways to
do so, all of which will be explained in this document. The simplest way is to manually connect to
an AP as a wireless station.

e DHCP - Although not an integral part of the WLAN connection, you need to wait for the receiving
IP address before continuing to the next step of working with TCP\UDP sockets.

e Socket connection - At this point, it is up to the application to set u CP\IP layer. This phase
can be broken down into the following parts:

o Creating the socket - Choosing to use TCP, UDP
client or a server socket, defining socket charact
socket timeouts, and so forth.

o Querying for the server IP address
side communication, you will not know

required for establishing the socket co
to query the server IPaddress by usj

sockets, whether to use a
as blocking\non-blocking,

plementing a client
ddress, which is
DNS protocol

ote server side
n. This can be done by

server name.

o Creating socket connection - Wh lish a

e Data transactions - Once the socket connectio ed, it is possible to transmit data
both ways between the client an

e Socket disconnection - Upo ansactions, it is recommended to
perform a graceful closure of the

e Wi-Fi subsystem hibernate - j bsystem for a long period of
time, it is recomme

|[somiz
Crystal

Chip
Antenna

UFL
Conn

20 pinlLP
Connector

S—ﬂasr; |

GPI012 |

20pinlP
Connector

Micro USB Conn
(Power only)

Current|
Mezs

Figure 15 CC3100 Layout
Source: www.ti.com/lityug/swru371b/swru371b.pdf
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Case Study IV: Configuration of CC3100 as a WLAN station by interfacing with MSP430F5529.

This case study demonstrates interfacing the MSP430 with CC3100 WiFi module. The following code
attempts to configure CC3100 Booster Pack as a Wireless Local Area Network (WLAN) Station and

connect to a Wi-Fi access-point. The application connects to an Access-
also checks for internet connectivity by pinging the website www.ti.com.

Configure CC3100 Device to Default State

NO
Forever Loop

0

Y

Start the Device as Station

NO

Forever Loop

0

Y

Establish Connection With AP

NO
Forever Loop

0

Y]

Check LAN and INternet Connection

NO
Forever Loop

G

YES

return O
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5.10. Implementing Wi-Fi Connectivity in a Smart Electric Meter

A smart meter is an electronic device that records energy consumption in some time intervals and
communicates that information back to the utility for monitoring and billing. Around the world, electric
meters are leading the way in smart meter deployments. Modern e-meters must meet certain criteria to
play such a critical role in the smart grid rollout. First, meters need to report energy consumption
information from houses and buildings back to the utilities. These meters need e, deliver useful power

consumption information into the home through an in-home display or a g . This information allows
consumers to adapt energy behavior and lower utility bills.

Additionally, the MCU on a smart meter needs to suppor functions like dynamic
pricing/demand response, remote connect and disconnect, netw r-the-air downloads and

post-installation upgrades; so utility providers donlt have ians to each meter.
TexaslInstruments has increased the availability of its field its and grown its
portfolio of metrology ICs with more memory, security &

i connectivity.
t, RMS voltage,

This case study demonstrates a three-phase e
energy meter is used to perform all metrology fun

frequency, active and reactive power and energies an
smart meter data can then be displayed on any Wi-Fi conn

TI3-phase current meter .| Tl gateway solution
EVM430-F6779 CC3100

.| Ultra Low Power MCU
= MSP430

\ 4

LCD display

re 13Smart electric meter system block diagram
Source: www.ti.com/lit/ml/slyb214/slyb214.pdf

In this case study TI"s EVM430-F6779 3-phase current meter is used to measure all metrology functions.
The measured energy consumption is displayed on the LCD every two seconds. For every parameter or
metrology function, the metering is displayed on the LCD. In addition to displaying the metrology results
on the LCD, the LCD is also used to display the Wi-Fi status.
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Summary

Configure the LCD, Wi-
Fi, eUSCI, Clock

B
P

A

Y

Receive
acknowledge met
for every 2 sec?

Calculate RMS Current

RMS Voltage, Active Power,
Apparent Power, Reactive Power,
Frequency (Hz), and Power Factor

Y

LCD Display Management

A 4

Check Wi-Fi Status ?

Send the data to
Cloud

"

A
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5.12. Review Questions
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5.13. Exercises
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