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About This Manual

Preface

Read This First

The MSP430x1xx User’'s Guide is intended to assist the development of
MSP430x1xx family products by assembling together and presenting
hardware and software information in a manner that is easy for engineers and
programmers to use.

This manual discusses modules and peripherals of the MSP430x1xx family of
devices. Each discussion presents the module or peripheral in a general
sense. Not all features and functions of all modules or peripherals are present
on all devices. In addition, modules or peripherals may differ in their exact
implementation between device families, or may not be fully implemented on
an individual device or device family. Therefore, a user must always consult
the data sheet of any device of interest to determine what peripherals and
modules are implemented, and exactly how they are implemented on that
particular device.

How to Use This Manual

This document contains the following chapters:

Chapter 1 — Introduction

Chapter 2 — Architectural Overview

Chapter 3 — System Resets, Interrupts, and Operating Modes
Chapter 4 — Memory

Chapter 5 — 16-Bit CPU

Chapter 6 — Hardware Multiplier

Chapter 7 — Basic Clock Module

Chapter 8 — Digital /0 Configuration

Chapter 9 — Watchdog Timer

Chapter 10 — Timer_A

Chapter 11 — Timer_B

Chapter 12 — USART Peripheral Interface, UART Mode
Chapter 13 — USART Peripheral Interface, SPI Mode



Related Documentation From Texas Instruments

Chapter 14 — Comparator_A

Chapter 15 — ADC12

Chapter 16 — ADC10

Appendix A — Peripheral File Map
Appendix B — Instruction Set Description
Appendix C — Flash Memory

Notational Conventions

This document uses the following conventions.

(4 Program listings, program examples, and interactive displays are shown
inaspeci al typeface similar to a typewriter’s.

Here is a sample program listing:

0011 0005 0001 .field 1, 2
0012 0005 0003 .field 3, 4
0013 0005 0006 .field 6, 3
0014 0006 .even

Related Documentation From Texas Instruments

FCC Warning

For related documentation see the web site http://www.ti.com/sc/msp430.

This equipmentis intended for use in a laboratory test environment only. It gen-
erates, uses, and can radiate radio frequency energy and has not been tested
for compliance with the limits of computing devices pursuant to subpart J of
part 15 of FCC rules, which are designed to provide reasonable protection
against radio frequency interference. Operation of this equipment in other en-
vironments may cause interference with radio communications, in which case
the user at his own expense will be required to take whatever measures may
be required to correct this interference.
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Chapter 1

Introduction

This chapter outlines the features and capabilities of the Texas Instruments
(T10) MSP430x1xx family of microcontrollers.

The MSP430 employs a von-Neumann architecture, therefore, all memory
and peripherals are in one address space.

The MSP430 devices constitute a family of ultralow-power, 16-bit RISC
microcontrollers with an advanced architecture and rich peripheral set. The
architecture uses advanced timing and design features, as well as a highly
orthogonal structure to deliver a processor that is both powerful and flexible.
The MSP430 consumes less than 400 pA in active mode operating at 1 MHz
in a typical 3-V system and can wake up from a <2-yA standby mode to fully
synchronized operation in less than 6 ps. These exceptionally low current
requirements, combined with the fast wake-up time, enable a user to build a
system with minimum current consumption and maximum battery life.

Additionally, the MSP430x1xx family has an abundant mix of peripherals and
memory sizes enabling true system-on-a-chip designs. The peripherals
include a 12-bit A/D, slope A/D, multiple timers (some with capture/compare
registers and PWM output capability), on-chip clock generation, H/W
multiplier, USART(s), Watchdog Timer, GPIO, and others.

See http://lwww.ti.com for the latest device information and literature for the
MSP430 family.
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Features and Capabilities

1.1 Features and Capabilities

The TI MSP430x1xx family of controllers has the following features and
capabilities:

(O Ultralow-power architecture:
0.1- 250 pA nominal operating current @1 MHz
1.8 — 3.6 V operation (2.5-5.5 V for C11x, P11x, and E11x devices)
6 us wake-up from standby mode
Extensive interrupt capability relieves need for polling

(1 Flexible and powerful processing capabilities:
Seven source-address modes
Four destination-address modes
Only 27 core instructions
Prioritized, nested interrupts
No interrupt or subroutine level limits
Large register file
Ram execution capability
Efficient table processing
Fast hex-to-decimal conversion

(1 Extensive, memory-mapped peripheral set including:
Integrated 12-bit A/D converter
Integrated precision comparator
Multiple timers and PWM capability
Slope A/D conversion (all devices)
Integrated USART(S)
Watchdog Timer
Multiple I/O with extensive interrupt capability
Integrated programmable oscillator
32-kHz crystal oscillator (all devices)
450-kHz — 8-MHz crystal oscillator (selected devices)

[0 Powerful, easy-to-use development tools including:
Simulator (including peripheral and interrupt simulation)
C compiler
Assembler
Linker
Emulators
Flash emulation tool
Device programmer
Application notes
Example code
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1.2 11x Devices

1.3 11x1 Devices

11x Devices

[ Versatile ultralow-power device options including:
Masked ROM
OTP (in-system programmable)
Flash (in-system programmable)
EPROM (UV-erasable, in-system programmable)
—40°C to +85°C operating temperature range
Up to 64K addressing space
Memory mixes to support all types of applications

The 11x devices contain the following peripherals:

(1 Basic Clock System (on-chip DCO + one crystal oscillator)

(1 Watchdog Timer/General Purpose Timer

1 Timer_A3(16-bittimer with 3 capture/compare registers and PWM output)
[ /O Portl, 2 (8 I/Os each, all with interrupt)

The 11x device family includes:

MSP430C111 2KB ROM, 128B RAM
MSP430C112 4KB ROM, 256B RAM
MSP430P112 4KB OTP, 256B RAM
PMS430E112 4KB EPROM, 256B RAM
MSP430F110 1KB +128B Flash, 128B RAM
MSP430F112 4KB +256B Flash, 256B RAM

The 11x1 devices contain the following peripherals:

Uoooo

Basic Clock System (on-chip DCO + one crystal oscillator)

Watchdog Timer/General Purpose Timer

Timer_A3 (16-bit timer with 3 capture/compare registers and PWM output)
I/O Portl, 2 (8 I1/Os each, all with interrupt)

Comparator_A (precision analog comparator, ideal for slope A/D

conversion)

The 11x1 device family includes:

MSP430C1111 2KB ROM, 128B RAM
MSP430C1121 4KB ROM, 256B RAM
MSP430F1101 1KB +128B Flash, 128B RAM
MSP430F1111 2KB +256B Flash, 256B RAM
MSP430F1121 4KB +256B Flash, 256B RAM
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11x2 Devicest

1.4 11x2 Devicest

1.5 12x Devicest

The 11x2 devices contain the following peripherals:

Uoooo

Basic Clock System (on-chip DCO + one crystal oscillator)

Watchdog Timer/General Purpose Timer

Timer_A3 (16-bit timer with 3 capture/compare registers and PWM output)
I/O Portl, 2 (8 I1/0Os each, all with interrupt)

ADC10 (10-bit A/D)

The 11x2 device family includes:

MSP430F1122 4KB +256B Flash, 256B RAM
MSP430F1132 8KB +256B Flash, 256B RAM

The 12x devices contain the following peripherals:

U Uouoooo

Basic Clock System (on-chip DCO + one crystal oscillator)

Watchdog Timer/General Purpose Timer

Timer_A3 (16-bit timer with 3 capture/compare registers and PWM output)
I/O Portl, 2 (8 1/0Os each, all with interrupt)

I/O Port3 (8 I/Os each)

Comparator_A (precision analog comparator, ideal for slope A/D
conversion)

USARTO

The 12x device family includes:

1.6 12x2 Devicest

MSP430F122 4KB +256B Flash, 256B RAM
MSP430F123 8KB +256B Flash, 256B RAM

The 12x2 devices contain the following peripherals:

Uououooo

Basic Clock System (on-chip DCO + one crystal oscillator)

Watchdog Timer/General Purpose Timer

Timer_A3 (16-bit timer with 3 capture/compare registers and PWM output)
I/O Portl, 2 (8 1/0Os each, all with interrupt)

I/O Port3 (8 I/Os each)

ADC10 (10-bit A/D)

USARTO

The 12x2 device family includes:

MSP430F1222 4KB +256B Flash, 256B RAM
MSP430F1232 8KB +256B Flash, 256B RAM

tAdvanced information, future devices
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1.7 13x Devices

1.8 14x Devices

13x Devices

The 13x devices contain the following peripherals:

U0 Uouooooo

Basic Clock System (on-chip DCO + two crystal oscillators)

Watchdog Timer/General Purpose Timer

Timer_A3 (16-bittimer with 3 capture/compare registers and PWM output)
Timer_B3 (16-bittimer with 3 capture/compare registers and PWM output)
I/0 Portl, 2 (8 I1/Os each, all with interrupt)

I/O Port3, 4, 5, 6 (8 1/0s each)

Comparator_A (precision analog comparator, ideal for slope A/D
conversion)

ADC12 (12-bit A/D)

USARTO

The 13x device family includes:

MSP430F133 8KB +256B Flash, 256B RAM
MSP430F135 16KB +256B Flash, 512B RAM

The 14x devices contain the following peripherals:

UUoUUD UUuuououooo

Basic Clock System (on-chip DCO + two crystal oscillators)

Watchdog Timer/General Purpose Timer

Timer_A3 (16-bittimer with 3 capture/compare registers and PWM output)
Timer_B7 (16-bittimer with 7 capture/compare registers and PWM output)
I/0 Portl, 2 (8 1/Os each, all with interrupt)

I/O Port3, 4, 5, 6 (8 1/0s each)

Comparator_A (precision analog comparator, ideal for slope A/D
conversion)

ADC12 (12-bit A/D)

USARTO

USART1

Hardware Multiplier

The 14x device family includes:

MSP430F147 32KB +256B Flash, 1KB RAM

MSP430F148 48KB +256B Flash, 2KB RAM

MSP430F149 60KB +256B Flash, 2KB RAM
Introduction
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Chapter 2

Architectural Overview

This section describes the basic functions of an MSP430-based system.

The MSP430 devices contain the following main elements:

(4 Central processing unit

(1 Program memory

(1 Data memory

[ Operation control

(] Peripheral modules

(1 Oscillator and clock generator

Topic Page
2.1 IntroduCtion . ... ..o it 2-2
2.2 Central Processing Unit ........... i, 2-2
2.3 Program Memory . ...t e 2-3
2.4 Data MemoOry .ot e 2-3
2.5 Operation Control ... 2-3
2.6  Peripherals ...... .. 2-4
2.7 Oscillator and Clock Generator ................ooiiiiiiinnnnnn. 2-4

2-1



Introduction

2.1

Introduction

The architecture of the MSP430 family is based on a memory-to-memory
architecture, acommon address space for all functional blocks, and a reduced
instruction set applicable to all functional blocks as illustrated in Figure 2-1.
See specific device data sheets for complete block diagrams of individual
devices.

Figure 2—-1. MSP430 System Configuration

_________________________________ _i
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System Program Data opPort | | 1O Port 1/0 Port

Clock [~ MCLK | | |
NN NN VAN AN AN |
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- — = v |

cPU riv | | |
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Bus @ l
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Logic » |
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_________________________________ -

2.2 Central Processing Unit
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The CPU incorporates a reduced and highly transparent instruction set and a
highly orthogonal design. It consists of a 16-bit arithmetic logic unit (ALU), 16
registers, and instruction control logic. Four of these registers are used for
special purposes. These are the program counter (PC), stack pointer (SP),
status register (SR), and constant generator (CGx). All registers, except the
constant-generator registers R3/CG2 and part of R2/CG1, can be accessed
using the complete instruction set. The constant generator supplies instruction
constants, and is not used for data storage. The addressing mode used on
CG1 separates the data from the constants.

The CPU control over the program counter, the status register, and the stack
pointer (with the reduced instruction set) allows the development of
applications with sophisticated addressing modes and software algorithms.



Program Memory

2.3 Program Memory

Instruction fetches from program memory are always 16-bit accesses,
whereas data memory can be accessed using word (16-bit) or byte (8-bit)
instructions. Any access uses the 16-bit memory data bus (MDB) and as many
of the least-significant address lines of the memory address bus (MAB) as
required to access the memory locations. Blocks of memory are automatically
selected through module-enable signals. This technique reduces overall
current consumption. Program memory is integrated as programmable or
mask-programmed memory.

In addition to program code, data may also be placed in the ROM section of
the memory map and may be accessed using word or byte instructions; this
is useful for data tables, for example. This unique feature gives the MSP430
an advantage over other microcontrollers, because the data tables do not
have to be copied to RAM for usage.

Sixteen words of memory are reserved for reset and interrupt vectors at the
top of the 64-kilobytes address space from OFFFFh down to OFFEOh.

2.4 Data Memory

The data memory is connected to the CPU through the same two buses as the
program memory (ROM): the memory address bus (MAB) and the memory
data bus (MDB). The data memory can be accessed with full (word) data width
or with reduced (byte) data width.

Additionally, because the RAM and ROM are connected to the CPU via the
same busses, program code can be loaded into and executed from RAM. This
is another unique feature of the MSP430 devices, and provides valuable,
easy-to-use debugging capability.

2.5 Operation Control

The operation of the different MSP430 members is controlled mainly by the
information stored in the special—-function registers (SFRs). The different bits
in the SFRs enable interrupts, provide information about the status of interrupt
flags, and define the operating modes of the peripherals. By disabling
peripherals that are not needed during an operation, total current consumption
can be reduced. The individual peripherals are described later in this manual.

Architectural Overview 2.3



Peripherals

2.6 Peripherals

Peripheral modules are connected to the CPU through the MAB, MDB, and
interrupt service and request lines. The MAB is usually a 5-bit bus for most of
the peripherals. The MDB is an 8-bit or 16-bit bus. Most of the peripherals
operate in byte format. Modules with an 8-bit data bus are connected by
bus-conversion circuitry to the 16-bit CPU. The data exchange with these
modules must be handled with byte instructions. The SFRs are also handled
with byte instructions. The operation for 8-bit peripherals follows the order
described in Figure 2-2.

Figure 2—2. Bus Connection of Modules/Peripherals

MAB
141
MDB
Interrupt Request €—— [4— Interrupt Request
Module/Peripheral
Interrupt Bus Grant —» —» Interrupt Bus Grant

?

PUC

2.7 Oscillator and Clock Generator
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The LFXT1 oscillator is designed for the commonly used 32,768 Hz,
low-current- consumption clock crystal or to be used with a high-speed crystal.
All analog components for the 32,768 Hz oscillator are integrated into the
MSP430; only the crystal needs to be connected with no other external
components required. When using the LFXT1 oscillator with a high-speed
crystal, additional load capacitors are required. Some MSP430 devices have
an additional high-speed crystal oscillator (LFXT2). Refer to the clock chapter
and the specific device data sheets for details.

In addition to the crystal oscillator(s), all MSP430 devices contain a digitally-
controlled RC oscillator (DCO). The DCO is different from RC oscillators found
on other microcontrollers because it is digitally controllable and tuneable.

Clock source selection for peripherals and CPU is very flexible. Most
peripherals are capable of using the 32768-Hz crystal oscillator clock, the
high-speed crystal oscillator clock (where applicable), or the DCO clock. The
CPU is capable of executing from the DCO clock or from either of the two
crystal oscillator clocks. See Chapter 7 for details on the clock system.



Chapter 3

System Resets, Interrupts,
and Operating Modes

This chapter discusses the MSP430x1xx system resets, interrupts, and
operating modes.
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System Reset and Initialization

3.1 System Reset and Initialization

3.1.1

Introduction

The MSP430 system reset circuitry (shown in Figure 3—1) sources two internal
reset signals: power-on reset (POR) and power-up clear (PUC). Different
events trigger these reset signals and different initial conditions exist
depending on which signal was generated.

Figure 3—1. Power-On Reset and Power-Up Clear Schematic
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A POR is a device reset. It is only generated by the two following events:
(1 Powering up the device
[ A low signal on the RST/NMI pin when configured in the reset mode

A PUC is always generated when a POR is generated, but a POR is not
generated by a PUC. The following events trigger a PUC:

A POR signal
Watchdog timer expiration (in watchdog mode only)
Watchdog timer security key violation

A low signal on the RST/NMI pin when configured in the reset mode

I T N I A

A Flash memory security key violation

Note: Software PUC

If desired, software can cause a PUC by simply writing to the watchdog timer
control register with an incorrect password.
L




System Reset and Initialization

Note:

Generation of the POR/PUC signals does not necessarily generate a system
reset interrupt. Anytime a POR is activated, a system reset interrupt is
generated. However, when a PUC is activated, a system reset interrupt may
or may not be generated. Instead, a lower priority interrupt vector may be
generated, depending on what action caused the PUC. Each device data
sheet gives a detailed table of what action generates each interrupt. This
table should be consulted for the proper handling of all interrupts.

When the V¢ supply provides a fast rise time as shown in Figure 3-2, the
POR delay provides enough active time on the POR signal to allow the signal
to initialize the circuitry correctly after power up. When the V¢ rise time is
slow, as shown in Figure 3—-3, the POR detector holds the POR signal active
until Vec has risen above the V(poR) level. This also ensures a correct
initialization.

Figure 3-2. Power-On Reset Timing on Fast V¢ Rise Time

v

v
} Vee
POR
‘ \
\
| |
I |

&—»— POR_Delay

If power to the chip is cycled, the supply voltage Vcc must fall below the V(min)
(see Figure 3-3) to ensure that another POR signal occurs when V¢ is
powered up again. If Vcc does not fall below V(iny during a cycle or a glitch,
a POR is not generated and power-up conditions do not set correctly.

Figure 3-3. Power-on Reset Timing on Slow V¢ Rise Time
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System Reset and Initialization

3.1.2 Device Initialization After System Reset

3-4

Afte

4
J
a

a
J

Afte

r adevice reset (POR/PUC combination), the initial system conditions are:
I/0O pins switched to input mode.
I/O flags are cleared as described in the I/O chapter.

Other peripherals and registers are initialized as described in their
respective chapters.

Status register is reset.

Program counter is loaded with address contained at reset vector location
(OFFFEh). CPU execution begins at that address.

r a system reset, the user program can evaluate the various flags to

determine the source of the reset and take appropriate action.

The

initial state of registers and peripherals is discussed in each applicable

section of this manual. Each register is shown with a key indicating the
accessibility of the register and the initial condition, for example, rw—(0), or
rw-0. In these examples, the r indicates read, the w indicates write, and the

valu
the i

e after the dash indicates the initial condition. If the value is in parenthesis,
nitial condition takes effect only after a POR — a PUC alone will not effect

the bit(s). If the value is not in parenthesis, it takes effect after a PUC alone or
after a POR/PUC combination. Some examples follow:

Type Description

rw—(0) Read/write, reset with POR

rw—0 Read/write, reset with POR or PUC
r-1 Read only, set with POR or PUC

r
w

Read only, no initial state
Write only, no initial state




Global Interrupt Structure

3.2 Global Interrupt Structure

There are four types of interrupts:

[ System reset

J Maskable

J Non-maskable
1 (Non)-maskable

System reset (POR/PUC) is discussed in section 3.1.

Maskable interrupts are caused by:
1 A watchdog-timer overflow (if timer mode is selected)
[ Other modules with interrupt capability

Non-maskable interrupts are not maskable in any way. No individual interrupt
enable bit is implemented for them, and the general interrupt enable bit (GIE)
has no effect on them.

(Non)-maskable interrupts are not masked by the general interrupt enable bit
(GIE) but are individually enabled or disabled by an individual interrupt enable
bit. When a (non)-maskable interrupt is accepted, the corresponding interrupt
enable bitis automatically reset, therefore disabling the interrupt for execution
of the interrupt service routine (ISR). The RETI (return from interrupt)
instruction has no effect on the individual enable bits of the (non)-maskable
interrupts. So the software must set the corresponding interrupt enable bit in
the ISR before execution of the RETI instruction for the interrupt to be
re-enabled after the ISR.

A (non)-maskable NMl interrupt can be generated by an edge on the RST/NMI
pin (if NMI mode is selected), an oscillator fault occurs (if the oscillator fault
interrupt is enabled), or an access violation to the flash memory takes place
(if the access violation interrupt is enabled).

System Resets, Interrupts, and Operating Modes 3.5



MSP430 Interrupt-Priority Scheme

3.3 MSP430 Interrupt-Priority Scheme

The interrupt priority of the modules, as shown in Figure 3—4, is defined by the
arrangement of the modules in the connection chain: the nearer a module is
to the CPU/NMIRS, the higher the priority.

Figure 3—4. Interrupt Priority Scheme

Priority High
- Low
GMIRS
| a
T
CPU GIE Module Module WD Module Module
NMIRS 1 2 Timer m n
1 2 1 2 1 2 1 2 1
> — —»
7 | Ny 3 753 AT IPAY,
PUC ; Bus ¢
Grant
pPuUC
Circuit OSCfault
Flash ACCV

< Reset/NMI

|

T AN

WDT Security Key

<~ Flash Security Key S N4 S NS NS S

<

MAB — 5LSBs >
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Reset and NMI, as shown in Figure 3-5, can only be used as alternative
interrupts because they use the same input pin. The associated control bits are
located in the watchdog timer control register shown in Figure 3—-6, and are
password protected.



MSP430 Interrupt-Priority Scheme

Figure 3-5. Block Diagram of NMI Interrupt Sources
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IRQA: Interrupt Request Accepted

System Resets, Interrupts, and Operating Modes
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MSP430 Interrupt-Priority Scheme

Figure 3—6. RST/NMI Mode Selection

WDTCTL
0120h

7 0
HOLD | NMIES | NMI | TMSEL |CNTCL| SSEL I1IS1 ISO
rw-0 rw-0 rw-0 rw-0 W)-0  rw-0 rw-0 rw-0

BITS 04,7 See Watchdog Timer chapter.

BIT 5:

BIT 6:

The NMI bit selects the function of the RST/NMI input pin. It is cleared after
a PUC signal.

NMI = 0: The RST/NMI input works as reset input. As long as the
RST/NMI pin is held low, the internal PUC signal is active
(level-sensitive).

NMI = 1: The RST/NMI input works as an edge-sensitive, nonmaskable
interrupt input.

This bit selects the activating edge of the RST/NMI input if the NMI function
is selected. It is cleared after a PUC signal.

NMIES = 0: Arising edge triggers an NMI interrupt.
NMIES = 1: A falling edge triggers an NMI interrupt.

3.3.1 Operation of Global Interrupt—Reset/NMI

3-8

If the RST/NMI pin is set to the reset function, the CPU is held in the reset state
as long as the RST/NMI pin is held low. After the input changes to a high state,
the CPU starts program execution at the word address stored in word location
OFFFEh (reset vector).

If the RST/NMI pin is set to the NMI function, a signal edge (selected by the
NMIES bit) will generate an interrupt if the NMIIE bit is set. When accepted,
program execution begins at the address stored in location OFFFCh. The RST/
NMI flag in the SFR IFG1.4 is also set.

Note:

When configured in the NMI mode, a signal generating an NMI event should
not hold the RST/NMI pin low. When a PUC is generated (see section 3.1.1),
the PUC resets the bits in the WDTCTL register. This results in the RST/NMI
pin being configured in the reset mode. If the signal on the RST/NMI pin that
normally operates the NMI event holds the pin low, the processor will be held
in the reset state.

When NMI mode is selected and the NMI edge select bitis changed, an NMI
can be generated, depending on the actual level at RST/NMI pin. When the
NMI edge select bit is changed before selecting the NMI mode, no NMI is
generated.

The NMI interrupt is maskable by the NMIIE bit.
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3.3.2 Operation of Global Interrupt—Oscillator Fault Control

The oscillator fault signal warns of a possible error condition with the crystal
oscillator.

3.3.2.1 Oscillator Fault Control in the Basic Clock System

The oscillator-fault signal is triggered when the LFXT1 oscillator is configured
to run in HF mode but is not running, stops running after being operational, or
is switched off. The oscillator-fault signal is also triggered under the same
conditions for the XT2 oscillator, present in some devices. Note that a PUC
signal can trigger an oscillator fault, because the PUC switches the LFXT1 to
LF mode, therefore switching off the HF mode. The PUC signal also switches
off the XT2 oscillator.

The oscillator fault signal can be enabled to generate an NMI by bit OFIE in
the SFRs. The interrupt flag OFIFG in the SFRs can then be tested by the
interrupt service routine to determine if the NMI was caused by an oscillator
fault. See Basic Clock Module chapter for more details on the operation of the
crystal oscillators LFXT1 and XT2.

3.4 Interrupt Processing

The MSP430 programmable interrupt structure allows flexible on-chip and
external interrupt configurations to meet real-time interrupt-driven system
requirements. Interrupts may be initiated by the processor’'s operating
conditions such as watchdog overflow; or by peripheral modules or external
events. Each interrupt source can be disabled individually by an interrupt
enable bit, or all maskable interrupts can be disabled by the general interrupt
enable (GIE) bit in the status register.

Whenever an interrupt is requested and the appropriate interrupt enable bit
and general interrupt enable (GIE) bit are set, the interrupt service routine
becomes active as follows:

1) CPU active: The currently executing instruction is completed.
2) CPU stopped: The low-power modes are terminated.

3) The program counter pointing to the next instruction is pushed onto the
stack.

4) The status register is pushed onto the stack.

5) The interrupt with the highest priority is selected if multiple interrupts
occurred during the last instruction and are pending for service.

6) The appropriate interrupt request flag resets automatically on single-
source flags. Multiple source flags remain set for servicing by software.

7) The GIE bit is reset; the CPUO(f bit, the OscOff bit, and the SCG1 bit are
cleared; the status bits V, N, Z, and C are reset. SCGO is left unchanged.
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8) The content of the appropriate interrupt vector is loaded into the program
counter: the program continues with the interrupt handling routine at that
address.

The interrupt latency is six cycles, starting with the acceptance of an interrupt
request, and lasting until the start of execution of the appropriate
interrupt-service routine first instruction, as shown in Figure 3—7.

Figure 3-7. Interrupt Processing

Before After
Interrupt Interrupt
lteml Ilteml
SP —» Iltem2 TOS Iltem2
PC
SP —b» SR TOS

The interrupt handling routine terminates with the instruction:
RETI (return from an interrupt service routine)

which performs the following actions:

1) The status register with all previous settings pops from the stack. All
previous settings of GIE, CPUOFF, etc. are now in effect, regardless of the
settings utilized during the interrupt service routine.

2) The program counter pops from the stack and begins execution at the
point where it was interrupted.

The return from the interrupt is illustrated in Figure 3-8.

Figure 3-8. Return From Interrupt

Before After
Return From Interrupt

Iteml Ilteml
Iltem2 SP —» Iltem2 TOS
PC PC
SP —» SR TOS SR

A RETI instruction takes five cycles. Interrupt nesting is activated if the GIE bit
is set inside the interrupt handling routine. The GIE bit is located in status
register SR/R2, which is included in the CPU as shown in Figure 3-9.
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Figure 3-9. Status Register (SR)

15 8 7 0

OSC|CPU
Reserved For Future Enhancements V | SCG1 | SCGO off | off GIE|N|Z]|C

rw-0

Apart from the GIE bit, other sources of interrupt requests can be enabled/
disabled individually or in groups. The interrupt enable flags are located
together within two addresses of the special-function registers (SFRs). The
program-flow conditions on interrupt requests can be easily adjusted using the
interrupt enable masks. The hardware serves the highest priority within the
empowered interrupt source.

3.4.1 Interrupt Control Bits in Special-Function Registers (SFRs)

Most of the interrupt control bits, interrupt flags, and interrupt enable bits are
collected in SFRs under a few addresses, as shown in Table 3—1. The SFRs
are located in the lower address range and are implemented in byte format.
SFRs must be accessed using byte instructions.

Table 3-1. Interrupt Control Bits in SFRs

Address 7 0
000Fh Not yet defined or implemented
000Eh Not yet defined or implemented
000Dh Not yet defined or implemented
000Ch Not yet defined or implemented
000Bh Not yet defined or implemented
000Ah Not yet defined or implemented
0009h Not yet defined or implemented
0008h Not yet defined or implemented
0007h Not yet defined or implemented
0006h Not yet defined or implemented
0005h Module enable 2 (ME2.x)
0004h Module enable 1 (ME1.x)

0003h Interrupt flag reg. 2 (IFG2.x)
0002h Interrupt flag reg. 1 (IFG1.x)
0001h Interrupt enable 2 (IE2.x)
0000h Interrupt enable 1 (IE1.x)

The Module Enable bits, Interrupt Enable bits, and Interrupt flags contained
in the SFRs are shown in the following tables.
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Table 3—-2. MSP430x11xx Interrupt Enable Registers 1 and 2

Bit Position Short Form Initial StateT Comments

IE1.0 WDTIE Reset Watchdog timer enable signal. Inactive if watchdog mode is
s_elected. Active if watchdog timer is configured as general-purpose
timer.

IE1.1 OFIE Reset Oscillator fault interrupt enable

IE1.2 Not implemented

IE1.3 Not implemented

IE1.4 NMIIE Reset NMI interrupt enable

IE1.5 ACCVIE Reset Flash access violation enable (flash devices only)

IE1.6 Not implemented

IE1.7 Not implemented

IE2.0 Not implemented

IE2.1 Not implemented

IE2.2 Not implemented

IE2.3 Not implemented

IE2.4 Not implemented

IE2.5 Not implemented

IE2.6 Not implemented

IE2.7 Not implemented

T The initial state is the logical state after the PUC signal.

Table 3—-3. MSP430x12x Interrupt Enable Registers 1 and 2

Bit Position Short Form Initial StateT Comments

IE1.0 WDTIE Reset Watchdog timer enable signal. Inactive if watchdog mode is
s_elected. Active if watchdog timer is configured as general-purpose
timer.

IE1.1 OFIE Reset Oscillator fault interrupt enable

IE1.2 Not implemented

IE1.3 Not implemented

IE1.4 NMIIE Reset NMI interrupt enable

IE1.5 ACCVIE Reset Flash access violation enable

IE1.6 Not implemented

IE1.7 Not implemented

IE2.0 URXIEO Reset USARTO receive interrupt enable

IE2.1 UTXIEO Reset USARTO transmit interrupt enable

IE2.2 Not implemented

IE2.3 Not implemented

IE2.4 Not implemented

IE2.5 Not implemented

IE2.6 Not implemented

IE2.7 Not implemented

T The initial state is the logical state after the PUC signal.
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Table 3—4. MSP430x13x Interrupt Enable Registers 1 and 2

Bit Position Short Form Initial Statet Comments

IE1.0 WDTIE Reset Watchdog timer enable signal. Inactive if watchdog mode is
selected. Active if watchdog timer is configured as general-purpose
timer.

IE1.1 OFIE Reset Oscillator fault interrupt enable

IE1.2 Not implemented

IE1.3 Not implemented

IE1.4 NMIIE Reset NMI interrupt enable

IE1.5 ACCVIE Reset Flash access violation enable

IE1.6 URXIEO Reset USARTO receive interrupt enable

IE1.7 UTXIEO Reset USARTO transmit interrupt enable

IE2.0 Not implemented

IE2.1 Not implemented

IE2.2 Not implemented

IE2.3 Not implemented

IE2.4 Not implemented

IE2.5 Not implemented

IE2.6 Not implemented

IE2.7 Not implemented

1t The initial state is the logical state after the PUC signal.

Table 3-5. MSP430x14x Interrupt Enable Registers 1 and 2

Bit Position Short Form Initial Statet Comments

IE1.0 WDTIE Reset Watchdog timer enable signal. Inactive if watchdog mode is
s_elected. Active if watchdog timer is configured as general-purpose
timer.

IE1.1 OFIE Reset Oscillator fault interrupt enable

IE1.2 Not implemented

IE1.3 Not implemented

IE1.4 NMIIE Reset NMI interrupt enable

IE1.5 ACCVIE Reset Flash access violation enable

IE1.6 URXIEO Reset USARTO receive interrupt enable

IE1.7 UTXIEO Reset USARTO transmit interrupt enable

IE2.0 Not implemented

IE2.1 Not implemented

IE2.2 Not implemented

IE2.3 Not implemented

IE2.4 URXIE1 Reset USART1 receive interrupt enable

IE2.5 UTXIEL Reset USART1 transmit interrupt enable

IE2.6 Not implemented

IE2.7 Not implemented

T The initial state is the logical state after the PUC signal.
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Table 3—6. MSP430x11xx Interrupt Flag Registers 1 and 2

Bit Position Short Form Initial State Comments

IFG1.0 WDTIFG Set Set on watchdog timer overflow in watchdog mode or security key

violation.
Or reset Reset with VCC power-up, or areset condition at the RST/NMI pin

in reset mode.

IFG1.1 OFIFG Set Flag set on oscillator fault

IFG1.2 Not implemented

IFG1.3 Not implemented

IFG1.4 NMIIFG Reset Set through the RST/NMI pin

IFG1.5 Not implemented

IFG1.6 Not implemented

IFG1.7 Not implemented

IFG2.0 Not implemented

IFG2.1 Not implemented

IFG2.2 Not implemented

IFG2.3 Not implemented

IFG2.4 Not implemented

IFG2.5 Not implemented

IFG2.6 Not implemented

IFG2.7 Not implemented

Note:  The configuration of some MSP430 devices may differ from those in above table. Refer to specific device data sheets for
individual configurations.
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Table 3—7.MSP430x12x Interrupt Flag Registers 1 and 2

Bit Position Short Form Initial State = Comments

IFG1.0 WDTIFG Set Set on watchdog timer overflow in watchdog mode or security key
violation.

Or reset Reset with VCC power-up, or areset condition at the RST/NMI pin

in reset mode.

IFG1.1 OFIFG Set Flag set on oscillator fault

IFG1.2 Not implemented

IFG1.3 Not implemented

IFG1.4 NMIIFG Reset Set through the RST/NMI pin

IFG1.5 Not implemented

IFG1.6 Not implemented

IFG1.7 Not implemented

IFG2.0 URXIFGO Reset USARTO receive flag

IFG2.1 UTXIFGO Set USARTO transmitter ready

IFG2.2 Not implemented

IFG2.3 Not implemented

IFG2.4 Not implemented

IFG2.5 Not implemented

IFG2.6 Not implemented

IFG2.7 Not implemented

Note:  The configuration of some MSP430 devices may differ from those in above table. Refer to specific device data sheets for

individual configurations.
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Table 3—-8. MSP430x13x Interrupt Flag Registers 1 and 2

Bit Position Short Form Initial State Comments

IFG1.0 WDTIFG Set Set on watchdog timer overflow in watchdog mode or security key

violation.
Or reset Reset with VCC power-up, or areset condition at the RST/NMI pin

in reset mode.

IFG1.1 OFIFG Set Flag set on oscillator fault

IFG1.2 Not implemented

IFG1.3 Not implemented

IFG1.4 NMIIFG Reset Set through the RST/NMI pin

IFG1.5 Not implemented

IFG1.6 URXIFGO Reset USARTO receive flag

IFG1.7 UTXIFGO Set USARTO transmitter ready

IFG2.0 Not implemented

IFG2.1 Not implemented

IFG2.2 Not implemented

IFG2.3 Not implemented

IFG2.4 Not implemented

IFG2.5 Not implemented

IFG2.6 Not implemented

IFG2.7 Not implemented

Note:  The configuration of some MSP430 devices may differ from those in above table. Refer to specific device data sheets for
individual configurations.
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Table 3—-9. MSP430x14x Interrupt Flag Registers 1 and 2

Bit Position Short Form Initial State = Comments

IFG1.0 WDTIFG Set Set on watchdog timer overflow in watchdog mode or security key
violation.

Or reset Reset with VCC power-up, or areset condition at the RST/NMI pin

in reset mode.

IFG1.1 OFIFG Set Flag set on oscillator fault

IFG1.2 Not implemented

IFG1.3 Not implemented

IFG1.4 NMIIFG Reset Set through the RST/NMI pin

IFG1.5 Not implemented

IFG1.6 URXIFGO Reset USARTO receive flag

IFG1.7 UTXIFGO Set USARTO transmitter ready

IFG2.0 Not implemented

IFG2.1 Not implemented

IFG2.2 Not implemented

IFG2.3 Not implemented

IFG2.4 URXIFG1 Reset USART1 receive flag

IFG2.5 UTXIFG1 Set USART1 transmitter ready

IFG2.6 Not implemented

IFG2.7 Not implemented

Note:  The configuration of some MSP430 devices may differ from those in above table. Refer to specific device data sheets for

individual configurations.
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Table 3—10.MSP430x11xx Module Enable Registers 1 and 2

Bit Position Short Form Initial State Comments

ME1.0 Reserved
ME1.1 Reserved
ME1.2 Reserved
ME1.3 Reserved
ME1.4 Reserved
ME1.5 Reserved
ME1.6 Reserved
MEL1.7 Reserved
ME2.0 Reserved
ME2.1 Reserved
ME2.2 Reserved
ME2.3 Reserved
ME2.4 Reserved
ME2.5 Reserved
ME2.6 Reserved
ME2.7 Reserved

Note:  The configuration of some MSP430 devices may differ from those in above table. Refer to specific device data sheets for
individual configurations.

Table 3-11. MSP430x12x Module Enable Registers 1 and 2

Bit Position Short Form Initial State Comments

ME1.0 Reserved
ME1.1 Reserved
ME1.2 Reserved
ME1.3 Reserved
ME1.4 Reserved
ME1.5 Reserved
ME1.6 Reserved
ME1.7 Reserved
ME2.0 URXEO Reset USARTO receiver enable (UART mode)
USPIEO Reset USARTO transmit and receive enable (SPI mode)
ME2.1 UTXEO Reset USARTO transmit enable (UART mode)
ME2.2 Reserved
ME2.3 Reserved
ME2.4 Reserved
ME2.5 Reserved
ME2.6 Reserved
ME2.7 Reserved

Note:  The configuration of some MSP430 devices may differ from those in above table. Refer to specific device data sheets for
individual configurations.
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Table 3—-12.MSP430x13x Module Enable Registers 1 and 2

Bit Position Short Form Initial State Comments

ME1.0 Reserved

ME1.1 Reserved

ME1.2 Reserved

ME1.3 Reserved

ME1.4 Reserved

ME1.5 Reserved

ME1.6 URXEO Reset USARTO receiver enable (UART mode)

USPIEO Reset USARTO transmit and receive enable (SPI mode)

ME1.7 UTXEO Reset USARTO transmit enable (UART mode)

ME2.0 Reserved

ME2.1 Reserved

ME2.2 Reserved

ME2.3 Reserved

ME2.4 Reserved

ME2.5 Reserved

ME2.6 Reserved

ME2.7 Reserved

Note: The configuration of some MSP430 devices may differ from those in above table. Refer to specific device data sheets for

individual configurations.

Table 3—-13.MSP430x14x Module Enable Registers 1 and 2

Bit Position Short Form Initial State Comments
ME1.0 Reserved
ME1.1 Reserved
ME1.2 Reserved
ME1.3 Reserved
ME1.4 Reserved
ME1.5 Reserved
MEL1.6 URXEOQO Reset USARTO receiver enable (UART mode)
USPIEO Reset USARTO transmit and receive enable (SPI mode)
ME1.7 UTXEO Reset USARTO transmit enable (UART mode)
ME2.0 Reserved
ME2.1 Reserved
ME2.2 Reserved
ME2.3 Reserved
ME2.4 URXE1 Reset USART1 receiver enable (UART mode)
USPIE1 Reset USART1 transmit and receive enable (SPI mode)
ME2.5 UTXE1 Reset USART1 transmit enable (UART mode)
ME2.6 Reserved
ME2.7 Reserved

Note:

The configuration of some MSP430 devices may differ from those in above table. Refer to specific device data sheets for

individual configurations.
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3.4.2 Interrupt Vector Addresses

The interrupt vectors and the power-up starting address are located in the
address range OFFFFh — OFFEOh as described in Tables 3—14 through 3-16.
The vector contains the 16-bit address of the appropriate interrupt handler
instruction sequence. The interrupt vectors for '1xx devices are shown in the
following tables. See also the specific device’s data sheet.

Table 3—14.Interrupt Sources,Flags, and Vectors of MSP430x11xx Configurations

SYSTEM WORD
INTERRUPT SOURCE INTERRUPT FLAG INTERRUPT ADDRESS PRIORITY
Power-up, external reset, WDTIFG (Notel) i
Reset OFFFEh 15, highest
watchdog KEYV (see Note 1) 9
; NMIIFG (see Notes 1 and 4) (non)-maskable,
NMI, oscillator fault, flash
memory access violation OFIFG (see Notes 1 and 4) (non)-maskable, OFFFCh 14
y ACCVIFG (see Notes 1, 4, and 5) | (non)-maskable
OFFFAh 13
OFFF8h 12
Comparator_A CAIFG (see Note 6) maskable OFFF6h 1
Watchdog timer WDTIFG maskable OFFF4h 10
Timer_A CCIFGO (see Note 2) maskable OFFF2h 9
Timer_A CCIFGL, CCIFG2, TAIFG maskable OFFFOh 8
- (see Notes 1 and 2)
OFFEEh 7
OFFECh 6
OFFEAh 5
OFFE8h 4
I/0 Port P2 (eight flags — P2IFG.0 to P2IFG.7
see Note 3) (see Notes 1 and 2) maskable OFFE6h 3
. P1IFG.0 to P1IFG.7
I/0 Port P1 (eight flags) (see Notes 1 and 2) maskable OFFE4h 2
OFFE2h 1
OFFEOh 0, lowest

NOTES: 1. Multiple source flags

Interrupt flags are located in the module
There are eight Port P2 interrupt flags, but only six Port P2 1/O pins (P2.0-5) are implemented on the 11x1 devices.
(non)-maskable: the individual interrupt enable bit can disable an interrupt event, but the general interrupt enable

rpON

cannot.

Nonmaskable: neither the individual nor the general interrupt enable bit will disable an interrupt event.

o

Flash devices only

6. MSP430x11x1 devices only
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Interrupt Processing

SYSTEM WORD
INTERRUPT SOURCE INTERRUPT FLAG INTERRUPT ADDRESS PRIORITY
Power-up, external reset, WDTIFG (see Note 7) ;
Reset OFFFEh 15, highest
watchdog KEYV (see Note 7) 9
; NMIIFG (see Notes 7 and 10) (non)-maskable,
NMI, oscillator fault, flash
memory access violation OFIFG (see Notes 7 and 10) (non)-maskable, OFFFCh 14
y ACCVIFG (see Notes 7 and 10) (non)-maskable
OFFFAh 13
OFFF8h 12
Comparator_A CAIFG maskable OFFF6h 11
Watchdog timer WDTIFG maskable OFFF4h 10
Timer_A CCIFGO (see Note 8) maskable OFFF2h 9
Timer_A CCIFG1, CCIFG2, TAIFG maskable OFFFOh 8
- (see Notes 7 and 8)
USARTO receive URXIFGO maskable OFFEEh 7
USARTO transmit UTXIFGO maskable OFFECh 6
OFFEAh 5
OFFES8h 4
1/0 Port P2 (eight flags — P2IFG.0 to P2IFG.7
see Note 9) (see Notes 7 and 8) maskable OFFE6h 3
. P1IFG.0 to P1IFG.7
1/0 Port P1 (eight flags) (see Notes 7 and 8) maskable OFFE4h 2
OFFE2h 1
OFFEOh 0, lowest

NOTES: 7. Multiple source flags
8. Interrupt flags are located in the module
9. There are eight Port P2 interrupt flags, but only six Port P2 I/O pins (P2.0-5) are implemented on the 11x1 devices.
10. (non)-maskable: the individual interrupt enable bit can disable an interrupt event, but the general interrupt enable
cannot.
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Table 3—16.Interrupt Sources, Flags, and Vectors of MSP430x13x and MSP430x14x
Configurations

INTERRUPT SOURCE INTERRUPT FLAG SYSTEM WORD PRIORITY
INTERRUPT ADDRESS
Power-up WDTIFG Reset OFFFEh 15, highest
External Reset KEYV
Watchdog (see Note 11)
Flash memory
NMI NMIIFG (see Notes 11 & 13) (Non)maskable
Oscillator Fault OFIFG (see Notes 11 & 13) (Non)maskable OFFFCh 14
Flash memory access violation ACCVIFG (see Notes 11 & 13) | (Non)maskable
Timer_B7 BCCIFGO (see Note 12) Maskable OFFFAh 13
) BCCIFG1 to BCCIFG6
Timer_B7 TBIFG (see Notes 11 & 12) Maskable OFFF8h 12
Comparator_A CAIFG Maskable OFFF6h 11
Watchdog timer WDTIFG Maskable OFFF4h 10
USARTO receive URXIFGO Maskable OFFF2h 9
USARTO transmit UTXIFGO Maskable OFFFOh 8
ADC ADCIFG (see Notes 11 & 12) Maskable OFFEEh 7
Timer_A3 CCIFGO (see Note 12) Maskable OFFECh 6
CCIFG1,
Timer_A3 CCIFG2, Maskable OFFEAhQ 5
TAIFG (see Notes 11 & 12)
P1IFG.0 (see Notes 11 & 12)
1/0O port P1 (eight flags) To Maskable OFFES8h 4
P1IFG.7 (see Notes 11 & 12)
USART1 receive URXIFGL1 (see Note 14) Maskable OFFE6h
USART1 transmit UTXIFG1 (see Note 14) Maskable OFFE4h
P2IFG.0 (see Notes 11 & 12)
1/0O port P2 (eight flags) To Maskable OFFE2h 1
P2IFG.7 (see Notes 11 & 12)
OFFEOh 0, lowest

NOTES: 11. Multiple source flags
12. Interrupt flags are located in the module.
13. (Non)maskable: the individual interrupt-enable bit can disable an interrupt event, but the general-interrupt enable
can not disable it.
14. MSP430x14x devices only

Note: Some MSP430 devices have different implementations, See device datasheet for details.

3.4.2.1 External Interrupts

All eight bits of ports P1 and P2 are designed for interrupt processing of
external events. All individual 1/O bits are independently programmable. Any
combinations of inputs, outputs, and interrupt conditions are possible. This
allows easy adaptation to different I/O configurations. See Chapter 1/0O Ports
for more details on I/O ports.
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3.5 Operating Modes

The MSP430 family was developed for ultralow-power applications and uses
different levels of operating modes. The MSP430 operating modes, shown in
Figure 3-10, give advanced support to various requirements for ultralow
power and ultralow energy consumption. This support is combined with an
intelligent management of operations during the different module and CPU
states. An interrupt event wakes the system from each of the various operating
modes and the RETI instruction returns operation to the mode that was
selected before the interrupt event.

The ultralow power system design which uses complementary metal-oxide
semiconductor (CMOS) technology, takes into account three different needs:

(1 The desire for speed and data throughput despite conflicting needs for
ultra-low power

[ Minimization of individual current consumption

[0 Limitation of the activity state to the minimum required by the use of low
power modes

There are four bits that control the CPU and the main parts of the operation
of the system clock generator: CPUOff, OscOff, SCGO0, and SCG1. These four
bits support discontinuous active mode (AM) requests, to limit the time period
of the full operating mode, and are located in the status register. The major
advantage of including the operating mode bits in the status register is that the
present state of the operating condition is saved onto the stack during an
interrupt service request. As long as the stored status register information is
not altered, the processor continues (after RETI) with the same operating
mode as before the interrupt event. Another program flow may be selected by
manipulating the data stored on the stack or the stack pointer. Being able to
access the stack and stack pointer with the instruction set allows the program
structures to be individually optimized, as illustrated in the following program
flow:

[ Enter interrupt routine

The interrupt routine is entered and processed if an enabled interrupt awakens
the MSP430:

B The SRandPC are stored on the stack, with the content present at the
interrupt event.

B Subsequently, the operation mode control bits OscOff, SCG1, and
CPUOff are cleared automatically in the status register.
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[ Return from interrupt

Two different modes are available to return from the interrupt service routine
and continue the flow of operation:

B Return with low-power mode bits set. When returning from the
interrupt, the program counter points to the next instruction. The
instruction pointed to is not executed, since the restored low power
mode stops CPU activity.

B Return with low-power mode bits reset. When returning from the
interrupt, the program continues at the address following the
instruction that set the OscOff or CPUOff-bit in the status register. To
use this mode, the interrupt service routine must reset the OscOff,
CPUOff, SCGO, and SCG1 bits on the stack. Then, when the SR
contents are popped from the stack upon RET]I, the operating mode
will be active mode (AM).

There are six operating modes that the software can configure:

[ Active mode AM; SCG1=0, SCG0=0, OscOff=0, CPUOff=0:
CPU clocks are active

1 Low power mode 0 (LPMO); SCG1=0, SCG0=0, OscOff=0, CPUOff=1:
CPU is disabled
MCLK is disabled
SMCLK and ACLK remain active

(1 Low power mode 1 (LPM1); SCG1=0, SCGO0=1, OscOff=0, CPUOff=1:

CPU is disabled

MCLK is disabled

DCO'’s dc generator is disabled if the DCO is not used for MCLK or
SMCLK when in active mode. Otherwise, it remains enabled.

SMCLK and ACLK remain active
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[ Low power mode 2 (LPM2); SCG1=1, SCG0=0, OscOff=0, CPUOff=1:

CPU is disabled

MCLK is disabled

SMCLK is disabled

DCO oscillator automatically disabled because it is not needed for MCLK
or SMCLK

DCO'’s dc-generator remains enabled

ACLK remains active

[ Low power mode 3 (LPM3); SCG1=1, SCG0=1, OscOff=0, CPUOff=1:

CPU is disabled

MCLK is disabled

SMCLK is disabled

DCO oscillator is disabled
DCO'’s dc-generator is disabled
ACLK remains active

[ Low power mode 4 (LPM4); SCG1=X, SCG0=X, OscOff=1, CPUOff=1:

CPU is disabled

ACLK is disabled

MCLK is disabled

SMCLK is disabled

DCO oscillator is disabled
DCO'’s dc-generator is disabled
Crystal oscillator is stopped

Peripheral operation is not halted by CPUOff. Peripherals are controlled by
their individual control registers.
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Table 3—17.Low Power Mode Logic Chart for Basic Clock System

SCG1 SCGO OscOff CPUOff

LPMO 0 0 0 1

LPM1 0 1 0 1

LPM2 1 0 0 1

LPM3 1 1 0 1

LPM4 1 1 1 1

These modes are illustrated in Figure 3-11.
Figure 3—-10. MSP430x1xx Operating Modes For Basic Clock System
RST/NMI Vce On
Reset Active
POR
WDT Active,
Jime Expired, Overflow, WDTIFG =0
WDTIFG =1 "LPUC ) RST/NMI is Reset Pin
WDTIFG =1 WDT is Active
WDT Acti RST/NMI
VDT Active, NMI Active
Security Key Violation
Active Mode
CPU Is Active

CPUOff = 1 Various Modules Are Active CPUOff=1

SCG0,1=0 Oscoff =1

' SGO0,1=1

LP Mode LPMO
CPU Off, MCLK Off,
SMCLK, ACLK On

LP-Mode LPM4
CPU Off, MCLK Off,
DCO Off, ACLK Off

DC Generator Off

CPUOff=1
SCG0=1
SCG1=0 CPUOff=1 CPUOff=1
_ SCGO0,1=1
SCG0=0 ’ LP Mode LPM3
LP Mode LPM1 acol=1

CPU Off, MCLK Off,
SMCLK, ACLK On

DC Generator Off if DCO
not used in active mode
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Figure 3—11. Typical Current Consumption of 13x and 14x Devices vs Operating Modes
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AM LPMO  LPM2  LPM3  LPM4
Operating Modes

\:| VCCZSV
- VCC:2.2V

ICC/uA

The low-power modes 1-4 enable or disable the CPU and the clocks. In
addition to the CPU and clocks, enabling or disabling specific peripherals may
further reduce total current consumption of the individual modes. The activity
state of each peripheral is controlled by the control registers for the individual
peripherals. In addition, the SFRs include module enable bits that may be used
to enable or disable the operation of specific peripheral modules (see
Table 3-4).

3.5.1 Low-Power Mode 0 and 1 (LPMO and LPM1)

Low power mode 0 or 1 is selected if bit CPUO(f in the status register is set.
Immediately after the bit is set the CPU stops operation, and the normal
operation of the system core stops. The operation of the CPU halts and all
internal bus activities stop until an interrupt request or reset occurs. The
system clock generator continues operation, and the clock signals MCLK,
SMCLK, and ACLK stay active depending on the state of the other three status
register bits, SCG0, SCG1, and OscOff.

The peripherals are enabled or disabled with their individual control register
settings, and with the module enable registers in the SFRs. All /O port pins
and RAM/registers are unchanged. Wake up is possible through all enabled
interrupts.

The following are examples of entering and exiting LPMO. The method shown
is applicable to all low-power modes.

The following example describes entering into low-power mode 0.

;===Main program flow with switch to CPUOf Mde==============

BI S #18h, SR ;Enter LPM) + enable general interrupt A E
; (CPUOFf=1, G E=1). The PCis increnmented
;during execution of this instruction and
;points to the consecutive program step.

...... ; The program continues here if the CPUXf
;bit is reset during the interrupt service
croutine. Oherwise, the PCretains its
;val ue and the processor returns to LPM.

System Resets, Interrupts, and Operating Modes 3.27
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The following example describes clearing low-power mode 0.

===I nterrupt service routine=================================
...... ;CPU is active while handling interrupts
Bl C #10h,0(SP) ;C ears the CPUOf bit in the SR contents
;that were stored on the stack.

RETI :RETI restores the CPU to the active state
:because the SR val ues that are stored on
;the stack were nmani pul ated. This occurs
; because the SR is pushed onto the stack
;upon an interrupt, then restored fromthe
:stack after the RETI instruction.

3.5.2 Low-Power Modes 2 and 3 (LPM2 and LPM3)

Low-power mode 2 or 3 is selected if bits CPUOff and SCGL1 in the status
register are set. Immediately after the bits are set, CPU, MCLK, and SMCLK
operations halt and all internal bus activities stop until an interrupt request or
reset occurs.

Peripherals that operate with the MCLK or SMCLK signal are inactive because
the clock signals are inactive. Peripherals that operate with the ACLK signal
are active or inactive according with the individual control registers and the
module enable bits in the SFRs. All /O port pins and the RAM/registers are
unchanged. Wake up is possible by enabled interrupts coming from active
peripherals or RST/NMI.

3.5.3 Low-Power Mode 4 (LPM4)
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Inlow power mode 4 all activities cease; only the RAM contents, I/O ports, and
registers are maintained. Wake up is only possible by enabled external
interrupts.

Before activating LPM4, the software should consider the system conditions
during the low power mode period . The two most important conditions are
environmental (that is, temperature effect on the DCO), and the clocked
operation conditions.

The environment defines whether the value of the frequency integrator should
be held or corrected. A correction should be made when ambient conditions
are anticipated to change drastically enough to increase or decrease the
system frequency while the device is in LPM4.
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3.6 Basic Hints for Low-Power Applications

There are some basic practices to follow when current consumption is a critical
part of a system application:

[J Switch off analog circuitry when possible.

[ Select the lowest possible operating frequency for the core and the
individual peripheral module.

(1 Use the interrupt driven software; the program starts execution rapidly.

(O Tieallunused inputs to an applicable voltage level. The list below defines
the correct termination for all unused pins.

Pin
AVcc
AVsg
Xout

VREF+
VeREF+

XIN

XT2IN
XT20UT
Px.0 to Px.7

RST/NMI
Test/Vpp
Test
TDO
TDI:
T™MS
TCK

oo dy o ududooddo

VREF/VeREF-

Potential Comment

DVce

DVgg

Open

Open

DVgg

DVgg

DVgg

DVgs 13x and 14x devices
Open 13x and 14x devices

Open Unused ports switched to port function and
output direction

DVccorVee  Pullup resistor 100k
DVgg 11x devices
DVgg 11x1 devices

Refer to device specific datasheets for the correct termina-
tion of these pins.

System Resets, Interrupts, and Operating Modes 3-29
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Chapter 4

Memory

MSP430 devices are configured as a von-Neumann architecture. It has code
memory, data memory, and peripherals in one address space. As a result, the
same instructions are used for code, data, or peripheral accesses. Also, code
may be executed from RAM.

Topic Page
4.1 IntroduCtioN . ... e 4-2
4.2 Datainthe MEemMOry . .........ioiii e 4-3
4.3 Internal ROM Organization .............c.coiiiiiieinennnnann. 4-4
4.4 RAM and Peripheral Organization ............. ..., 4-6
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Introduction

4.1 Introduction

All of the physically separated memory areas (ROM, RAM, SFRs, and
peripheral modules) are mapped into the common address space, as shown
in Figure 4-1 for the MSP430 family. The addressable memory space is 64KB.
Future expansion is possible.

Figure 4-1. Memory Map of Basic Address Space

Address
(Hex.)

OFFFFh
OFFEOh

Interrupt Vector Table

OFFDFh

Program Memory
Branch Control Tables
Data Tables...

4
v

0200h

Data Memory

01FFh
°
3

.
0100h

16-Bit Peripheral Modules

OFFh
010h

8-Bit Peripheral Modules

OFh
Oh

Special Function Registers

Function Access
ROM Word/Byte
ROM Word/Byte
RAM Word/Byte
Timer,
ADC., . .. Word
I/0, LCD

! Byte
gotic, ... | "
SFR Byte

The memory data bus (MDB) is 16- or 8-bits wide. For those modules that can
be accessed with word data the width is always 16 bits. For the other modules,
the width is 8 bits, and they must be accessed using byte instructions only. The
program memory (ROM) and the data memory (RAM) can be accessed with
byte or word instructions.

Figure 4-2. Memory Data Bus

Address Range 0000h — 00FFh

— — — | USART ROM RAM CPU
High Byte ° .
Data Bus 1

N Low Byte I
A 4 A y A
SFRs | — | COMPARATOR_A ADC | ——| WDT
8-Bit Peripheral Modules, Byte/Word 16-Bit Peripheral Modules,
Byte Access Access Word Access
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4.2 Datain the Memory

Bytes are located at even or odd addresses as shown in Figure 4-3. However,
words are only located at even addresses. Therefore, when using word
instructions, only even addresses may be used. The low byte of a word is
always at an even address. The high byte of a word is at the next odd address
after the address of the word. For example, if a data word is located at address
xxx2h, then the low byte of that data word is located at address xxx2h, and the
high byte of that word is located at address xxx3h.

Figure 4-3. Bits, Bytes, and Words in a Byte-Organized Memory

(X XXXAh

15 | 14 |..Bits..| 9 8 xxx9h
7 6 ..Bits..| 1 0 xxx8h
Byte xxx7h

Byte xxx6h

Word (High Byte) xxx5h

Word (Low Byte) Xxx4h

(X xxx3h

Memory

4-3



Internal ROM Organization

4.3 Internal ROM

Organization

Various sizes of ROM (OTP, masked-ROM, EPROM, or FLASH) are available
within the 64-kB address space, as shown in Figure 4—4. The common
address space is shared with SFRs, peripheral module registers, data and
code memory. The SFRs and peripheral modules are mapped into the address
range, starting with 0 and ending with 01FFh. The remaining address space,
0200h to OFFFFh, is shared by data and code memory. The start address for
ROM depends on the amount of ROM present. The interrupt vector table is
mapped into the the upper 16 words of ROM address space, with the highest
priority interrupt vector at the highest ROM word address (OFFFEh). See the
individual data sheets for specific memory maps.

Figure 4-4. ROM Organization

OFFFEh Vectors Vectors Vectors Vectors
OFF'EOh

. 4K
0F000h
OEFFEh

® 32k
0D000h

OCFFFh

12 k

xX k

08000h

4.3.1 Processing of ROM Tables
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The MSP430 architecture allows for the storage and usage of large tables in
ROM without the need to copy the tables to RAM before using them. This ROM
accessing of tables allows fast and clear programming in applications where
datatables are necessary. This offers the flexible advantages listed below, and
saves on ROM and RAM requirements. To access these tables, all word and
byte instructions can be used.

(1 ROM storage of an output programmable logic array (OPLA) for display
character conversion

The use of as many OPLA terms as needed (no restriction on n terms)
OTP version automatically includes OPLA programmability

Computed table accessibility (for example, for a bar graph display)

I T N I

Table-supported program flows



Internal ROM Organization

4.3.2 Computed Branches and Calls

Computed branches and subroutine calls are possible using standard
instructions. The call and branch instructions use the same addressing modes
as the other instructions.

The addressing modes allow indirect-indirect addressing that is ideally suited
for computed branches and calls. This programming technique permits a
program structure that is different from conventional 8- and 16-bit
microcontrollers. Most of the routines can be handled easily by using software
status handling instead of flag-type program-flow control.

The computed branch and subroutine calls are valid throughout the entire
ROM space.

Memory 4.5
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4.4 RAM and Peripheral Organization

The entire RAM can be accessed with byte or word instructions using the
appropriate instruction suffix. The peripheral modules, however, are located
in two different address spaces and must be accessed with the appropriate

instruction length.

(1 The SFRs are byte-oriented and mapped into the address space from Oh

up to OFh.

(1 Peripheral modules that are byte-oriented are mapped into the address

space from 010h up to OFFh.

(1 Peripheral modules that are word-oriented are mapped into the address

space from 100h up to O1FFh.

4.4.1 Random Access Memory

RAM can be used for both code and data memory. Code accesses are always

performed on even byte addresses.

The instruction mnemonic suffix defines the data as being word or byte data.

Example:

MOV.B TXDATA,&UTXBUFO
ADD R5,SUM_A

ADDC SUM_B

A word consists of two bytes: a high byte (bit 15 to bit 8), and a low byte

;Byte access

ADD.W R5,SUM_A ‘Word access
ADDCW SUM_A :Word access

(bit 7 to bit 0) as shown in Figure 4-5. It must always align to an even address.

Figure 4-5. Byte and Word Operation
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Bytel: 012h

Byte2: 034h

Word1 (High Byte): 056h

Word1 (Low Byte): 078h

Word2 (High Byte): 09Ah

Word2 (Low Byte): 0BCh

All operations on the stack and PC are word operations and use even-aligned

memory addresses.

XXXAh
xxx9h
xxx8h

XXX7h

Xxx6h

xxx5h

xxx4h

xxx3h

ADD.B Bytel, Byte2:
Byte2 = 012h + 034h = 046h

ADD.W Word1, Word2:
Word2 = 05678h + 09ABCh = 0F134h



In the following examples, word-to-word and byte-to-byte operations show the
results of the operation and the status bit information.

Example Word-Word Operation
R5 = OF28Eh

EDE .EQU 0212h
Mem(OF28Eh) = OFFFEh

Mem(0212h) = 00112h
ADD  @R5,&EDE

Mem(0212h) = 00110h
C=1,Z=0,N=0

Example Byte-Byte Operation
R5 =0223h

EDE .EQU 0202h
Mem(0223h) = 05Fh

Mem(0202h) = 043h
ADD.B  @R5,&EDE

Mem(0202h) = 0A2h
C=0,Z=0,N=1

Figure 4-6 shows the register-byte and byte-register operations.

Figure 4—6. Register-Byte/Byte-Register Operations

Register-Byte Operation

High Byte Low Byte

Unused

Register

Byte Memory

Byte-Register Operation

High Byte Low Byte

Byte Memory

oh Register

The two following examples describe the register-byte and byte-register

operations.

Example Register-Byte Operation Example Byte-Register Operation

R5 = 0A28Fh
R6 = 0203h
Mem(0203h) = 012h

ADD.B R5,0(R6)

08Fh
+012h
0Alh

Mem (0203h) = 0Alh
C=0,Z=0,N=1

(Low byte of register)
+ (Addressed byte)
—>(Addressed byte)

R5 =01202h
R6 = 0223h
Mem(0223h) = 05Fh

ADD.B @RG6,R5
05Fh
+ 002h ;Low byte of R5
00061h ;—>Store into R5
;High byte is 0
R5 = 00061h

C=0,Z2=0,N=0

(Addressed byte)
+ (Low byte of register)

—>(Low byte of register,
zero to High byte)

Memory 4-7
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Note: Word-Byte Operations

Word-byte or byte-word operations on memory data are not supported. Each
register-byte or byte-register is performed as a byte operation.

4.4.2 Peripheral Modules—Address Allocation

Some peripheral modules are accessible only with byte instructions, while
others are accessible only with word instructions. The address space from
0100 to 01FFhis reserved for word modules, and the address space from 00h
to OFFh is reserved for byte modules.

Peripheral modules that are mapped into the word address space must be
accessed using word instructions (for example, MOV R5,&WDTCTL).
Peripheral modules that are mapped into the byte address space must be
accessed with byte instructions (MOV.B #1,&P10UT).

The addressing of both is through the absolute addressing mode or the 16-bit
working registers using the indexed, indirect, or indirect autoincrement
addressing mode. See Figure 4-7 for the RAM/peripheral organization.

Figure 4-7. Example of RAM/Peripheral Organization

Address Function Access
(Hex.) 7 0
OlliFh . . Timer, Word
H 16-Bit Peripheral Modules ADC, . ..
0100h
OFFh I/0, USART
-Bi i ’ Byte
o10h 8-Bit Peripheral Modules Comparator A, . .. Yy
OFh . . .
oh Special Function Registers SFR Byte

4.42.1 Word Modules

4-8

Word modules are peripherals that are connected to the 16-bit MDB.

Word modules can be accessed with word or byte instructions. If byte
instructions are used, only even addresses are permissible, and the high byte
of the result is always 0.

The peripheral file address space is organized into sixteen frames with each
frame representing eight words as described in Table 4-1.



Table 4-1. Peripheral File Address Map—Word Modules

4.4.2.2 Byte Modules

RAM and Peripheral Organization

Address Description

1FOh — 1FFh Reserved

1EOh — 1EFh Reserved

1D0Oh — 1DFH Reserved

1COh — 1CFH Reserved

1BOh — 1BFH Reserved

1A0h — 1AFH ADC12 control and interrupt
190h — 19FH Timer_B

180h — 18FH Timer_B

170h - 17FH Timer_A

160h — 16FH Timer_A

150h — 15FH ADC12 conversion

140h — 14FH ADC12 conversion

130h - 13FH Multiplier

120h — 12FH Watchdog Timer, Flash control
110h — 11FH Reserved

100h — 10FH Reserved

Byte modules are peripherals that are connected to the reduced (eight LSB)
MDB. Access to byte modules is always by byte instructions. The hardware
in the peripheral byte modules takes the low byte (the LSBs) during a write

operation.

Byte instructions operate on byte modules without any restrictions. Read
access to peripheral byte modules using word instructions results in
unpredictable data in the high byte. Word data is written into a byte module by
writing the low byte to the appropriate peripheral register and ignoring the high

byte.

The peripheral file address space is organized into sixteen frames as
described in Table 4-2.

Memory
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Table 4-2. Peripheral File Address Map—Byte Modules

Address Description
00FOh — 0O0FFh Reserved
O0OEOh — O0EFh Reserved
00DOh — 00DFh Reserved
00COh — 00CFh Reserved
00BOh — 00BFh Reserved
00AOh — 00AFh Reserved
0090h — 009Fh Reserved

0080h — 008Fh
0070h — 007Fh
0060h — 006Fh
0050h — 005Fh
0040h — 004Fh
0030h — 003Fh
0020h — 002Fh
0010h — 001Fh
0000h — 000Fh

ADC12 memory control

USARTO, USART1

Reserved

System clock generator, Comparator A
Reserved

Digital I/O port P5, digital I/O port P6
Digital I/O port P1 and P2 control
Digital 1/0 port P3, and P4 control
Special function

4.4.3 Peripheral Modules-Special Function Registers (SFRs)

4-10

The system configuration and the individual reaction of the peripheral modules
to the processor operation is configured in the SFRs as described in
Table 4-3. The SFRs are located in the lower address range, and are
organized by bytes. SFRs must be accessed using byte instructions only.



RAM and Peripheral Organization

Table 4-3. Special Function Register Address Map

Address Data Bus

7 0
000Fh Not yet defined or implemented
000Eh Not yet defined or implemented
000Dh Not yet defined or implemented
000Ch Not yet defined or implemented
000Bh Not yet defined or implemented
000Ah Not yet defined or implemented
0009h Not yet defined or implemented
0008h Not yet defined or implemented
0007h Not yet defined or implemented
0006h Not yet defined or implemented
0005h Module enable 2; ME2.2
0004h Module enable 1; ME1.1
0003h Interrupt flag reg. 2; IFG2.x
0002h Interrupt flag reg.1; IFG1.x
0001h Interrupt enable 2; IE2.x
0000h Interrupt enable 1; IE1.x

The system power consumption is influenced by the number of enabled
modules and their functions. Disabling a module from the actual operation
mode reduces power consumption while other parts of the controller remain
fully active (unused pins must be tied appropriately or power consumption will
increase; see Basic Hints for Low Power Applications in section 3.6.

Memory 4-11
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Chapter 5

16-Bit CPU

The MSP430 von-Neumann architecture has RAM, ROM, and peripherals in
one address space, both using a single address and data bus. This allows
using the same instruction to access either RAM, ROM, or peripherals and
also allows code execution from RAM.

Topic Page
5.1 CPU REQISIEIS .ttt e 5-2
5.2  Addressing MOOeS . ... ..ttt e 5-7
5.3 Instruction Set OVerview .............oiiiiiiniiiiiineennnnn.. 5-18
5.4 Instruction Map ...t 5-24
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CPU Registers

5.1 CPU Registers

Sixteen 16-bit registers (RO, R1, and R4 to R15) are used for data and
addresses and are implemented in the CPU. They can address up to
64 Kbytes (ROM, RAM, peripherals, etc.) without any segmentation. The
complete CPU-register set is described in Table 5-1. Registers RO, R1, R2,
and R3 have dedicated functions, which are described in detail later.

Table 5-1. Register by Functions

Program counter (PC) RO
Stack pointer (SP) R1
Status register (SR)

Constant generator (CG1) R2
Constant generator (CG2) R3
Working register R4 R4
Working register R5 R5
Working register R13 R13
Working register R14 R14
Working register R15 R15

5.1.1 The Program Counter (PC)

The 16-bit program counter points to the next instruction to be executed. Each
instruction uses an even number of bytes (two, four, or six), and the program
counter is incremented accordingly. Instruction accesses are performed on
word boundaries, and the program counter is aligned to even addresses.
Figure 5-1 shows the program counter bits.

Figure 5-1. Program Counter

15

Program Counter Bits 15to 1 0

5.1.2 The System Stack Pointer (SP)

The system stack pointer must always be aligned to even addresses because
the stack is accessed with word data during an interrupt request service. The
system SP is used by the CPU to store the return addresses of subroutine calls
and interrupts. It uses a predecrement, postincrement scheme. The
advantage of this scheme is that the item on the top of the stack is available.
The SP can be used by the user software (PUSH and POP instructions), but
the user should remember that the CPU also uses the SP. Figure 5-2 shows
the system SP bits.

Figure 5-2. System Stack Pointer

5-2
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5.1.2.1 Examples for System SP Addressing (Refer to Figure 5-4)

MOV SP, R4 : SP —> R4
MOV @BP, R5 ; ItemI3 (TOS) —> R5
MOV 2(SP),R6 ; Iteml2 —> R6

MoV R7,0(SP) ; Overwite TS with R7

MoV R8,4(SP) ; Mdify iteml1

PUSH R12 ; Store R12 in address Oxxxh — 6; SP points
; to same address

: Restore R12 from address Oxxxh — 6; SP
; points to Oxxxh — 4

MoV @P+, RS ; Item!13 —> R5 (popped fromstack); sane as
; POP instruction

POP R12

Figure 5-3 shows stack usage.

Figure 5-3. Stack Usage

Address PUSH #1 POP R8

Oxxxh 11 11 11

Oxxxh — 2 12 12 12

Oxxxh — 4 13 <— SP 13 13 <4— SP
Oxxxh — 6 #1 14— SP

Oxxxh — 8

5.1.2.2 Special Cases—PUSH SP and POP SP

The special cases of using the SP as an argument to the PUSH and POP
instructions are described below.

Figure 5—-4. PUSH SP and POP SP
PUSH SP POP SP

SPoig —W
sp; —¥ SP3 sp, —¥ SP;

The stack pointer is changed after The stack pointer is not changed after a PUSH SP, POP
a PUSH SP instruction. SP instruction sequence. The POP SP instruction
places SP1 into the stack pointer SP (SP2=SP1)

After the sequence

PUSH SP ; SP1 is stack pointer after this instruction
I
I

POP SP ; SP2 is stack pointer after this instruction

The stack pointer is two bytes lower than before this sequence.
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5.1.3 The Status Register (SR)

The status register SR contains the following CPU status bits:

g Vv Overflow bit

[ SCG1 System clock generator control bit 1
g SCGO System clock generator control bit 0
[ OscOff Crystal oscillator off bit

 CPUOff CPU off bit

O GIE General interrupt enable bit

g N Negative bit

g Z Zero hit

g C Carry hit

Figure 5-5 shows the SR bits.

Figure 5-5. Status Register Bits

15 9 8 7 0

OSC|CPU
Reserved For Future Enhancements V | SCG1 | SCGO off | off GIE|N|Z]|C

Table 5-2 describes the status register bits.

Table 5-2. Description of Status Register Bits

Bit

Description

\Y

Overflow bit. Setif the result of an arithmetic operation overflows the signed-variable range. The
bit is valid for both data formats, byte and word:

ADD(.B), ADDC(.B) Set when:

Positive + Positive = Negative

Negative + Negative = Positive, otherwise reset
SUB(.B), SUBC(.B), CMP(.B)  Set when:

Positive — Negative = Negative

Negative — Positive = Positive, otherwise reset

SCG1, SCGO These bits control four activity states of the system-clock generator and therefore influence the

OscOFF

CPU Off

GIE

operation of the processor system.

If set, the crystal oscillator enters off mode: all activities cease; however, the RAM contents, the
port, and the registers are maintained. Wake up is possible only through enabled external
interrupts when the GIE bit is set and from the NMI.

If set, the CPU enters off mode: program execution stops. However, the RAM, the port registers,
and especially the enabled peripherals (for example, Timer_A, UART, etc.) stay active. Wake
up is possible through all enabled interrupts.

If set, all enabled maskable interrupts are handled. If reset, all maskable interrupts are disabled.
The GIE bit is cleared by interrupts and restored by the RETI instruction as well as by other
appropriate instructions.

Set if the result of an operation is negative.

Word operation: Negative bit is set to the value of bit 15 of the result

Byte operation: Negative bit is set to the value of bit 7 of the result

Set if the result of byte or word operation is O; cleared if the result is not 0.

Setif the result of an operation produced a carry; cleared if no carry occurred. Some instructions
modify the carry bit using the inverted zero bits.
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Note: Status Register Bits V, N, Z, and C

The status register bits V, N, Z, and C are modified only with the appropriate
instruction. For additional information, see the detailed description of the
instruction set in Appendix B.

5.1.4 The Constant Generator Registers CG1 and CG2

Commonly-used constants are generated with the constant generator
registers R2 and R3, without requiring an additional 16-bit word of program
code. The constant used for immediate values is defined by the addressing
mode bits (As) as described in Table 5-3. See Section 5.3 for a description of
the addressing mode bits (As).

Table 5-3. Values of Constant Generators CG1, CG2

Register As Constant Remarks

R2 o0 ————- Register mode

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

R2 11 00008h +8, bit processing

R3 00 00000h 0, word processing

R3 01 00001h +1

R3 10 00002h +2, bit processing

R3 11 OFFFFh —1, word processing

The major advantages of this type of constant generation are:

(1 No special instructions required

(1 Reduced code memory requirements: no additional word for the six most
used constants

(1 Reduced instruction cycle time: no code memory access to retrieve the
constant

The assembler uses the constant generator automatically if one of the six
constants is used as a source operand in the immediate addressing mode.
The status register SR/R2, used as a source or destination register, can be
used in the register mode only. The remaining combinations of
addressing-mode bits are used to support absolute-address modes and bit
processing without any additional code. Registers R2 and R3, used in the
constant mode, cannot be addressed explicitly; they act like source-only
registers.

16-Bit CPU e
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The RISC instruction set of the MSP430 has only 27 instructions. However, the
constant generator allows the MSP430 assembler to support 24 additional,
emulated instructions. For example, the single-operand instruction:

CLR dst

is emulated by the double-operand instruction with the same length:

MOV R3,dst
or the equivalent
MOV #0,dst

where #0 is replaced by the assembler, and R3 is used with As = 00, which
results in:

[ One word instruction
(1 No additional control operation or hardware within the CPU

(1 Register-addressing mode for source: no additional fetch cycle for the
constant (#0)



5.2 Addressing Modes

Addressing Modes

All seven addressing modes for the source operand and all four addressing
modes for the destination operand can address the complete address space.
The bit numbers in Table 5—-4 describe the contents of the As and Ad mode bits.
See Section 5.3 for a description of the source address As and the destination
address Ad bits.

Table 5-4. Source/Destination Operand Addressing Modes

As/Ad  Addressing Mode Syntax Description
00/0 Register mode Rn Register contents are operand
01/1 Indexed mode X(Rn) (Rn + X) points to the operand
Xis stored in the next word
01/1 Symbolic mode ADDR  (PC + X) points to the operand
Xis stored in the next word.
Indexed mode X(PC) is used.
01/1 Absolute mode &ADDR  The word following the instruction
contains the absolute address.
10/- Indirect register @Rn Rn is used as a pointer to the
mode operand.
11/- Indirect @Rn+  Rnis used as a pointer to the
autoincrement operand. Rn is incremented
afterwards.
11/- Immediate mode #N The word following the instruction

contains the immediate constant
N. Indirect autoincrement mode
@PC+ is used.

The seven addressing modes are explained in detail in the following sections.
Most of the examples show the same addressing mode for the source and
destination, but any valid combination of source and destination addressing
modes is possible in an instruction.
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5.2.1 Register Mode

The register mode is described in Table 5-5.

Table 5-5. Register Mode Description

Assembler Code Content of ROM
MOV R10,R11 MOV R10,R11
Length: One or two words
Operation: Move the content of R10 to R11. R10 is not affected.
Comment: Valid for source and destination
Example: MOV R10,R11
Before: After:

R10 0A023h R10 0A023h
R11 OFA15h R11 0A023h

PC PCold PC PCoig + 2

I
Note: Datain Registers

The data in the register can be accessed using word or byte instructions. If
byte instructions are used, the high byte is always 0 in the result. The status
bits are handled according to the result of the byte instruction.
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5.2.2 Indexed Mode

The indexed mode is described in Table 5-6.

Table 5-6. Indexed Mode Description

Addressing Modes

Assembler Code

Content of ROM

MOV 2(R5),6(R6)

MOV X(R5),Y(R6)

X=2
Y=6
Length: Two or three words
Operation: Move the contents of the source address (contents of R5 + 2)

to the destination address (contents of R6 + 6). The source
and destination registers (R5 and R6) are not affected. In
is incremented
automatically so that program execution continues with the

indexed mode, the program counter

next instruction.

Comment: Valid for source and destination
Example: MOV 2(R5),6(R6):
Before: After:
Address Register Address
Space Space
Oxxxxh | PC
OFF16h | 00006h R5| 01080h OFF16h | 00006h R5
OFF14h | 00002h R6| 0108Ch OFF14h | 00002h R6
OFF12h | 04596h | PC OFF12h | 04596h
0108Ch
01094h Oxxxxh +0006h 01094h | Oxxxxh
01092h | 05555h 01092h  1092n [ 012340
01090h | Oxxxxh 01090h | Oxxxxh
01080h
01084h | Oxxxxh +0002h 01084h | Oxxxxh
01082h
01082h | 01234h 01082h | 01234h
01080h | Oxxxxh 01080h | Oxxxxh
16-Bit CPU

Register

01080h
0108Ch
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5.2.3 Symbolic Mode

The symbolic mode is described in Table 5-7.

Table 5-7. Symbolic Mode Description

5-10

Assembler Code Content of ROM
MOV EDE,TONI MOV X(PC),Y(PC)
X =EDE -PC
Y =TONI-PC

Length:

Operation:

Comment:

Example:

Before:

OFF16h
OFF14h
OFF12h

0F018h
0F016h
0F014h

01116h
01114h
01112h

Two or three words

Move the contents of the source address EDE (contents of
PC + X) to the destination address TONI (contents of PC +Y).
The words after the instruction contain the differences
between the PC and the source or destination addresses.
The assembler computes and inserts offsets X and Y
automatically. With symbolic mode, the program counter (PC)
is incremented automatically so that program execution
continues with the next instruction.

Valid for source and destination

MOV EDE,TONI ;Source address EDE = 0F016h,
;dest. address TONI=01114h
After:
Address Register Address Register
Space Space
Oxxxxh | PC
011FEh OFF16h | O11FEh
0F102h OFF14h | OF102h
04090h | PC OFF12h | 04090h
OFF14h
Oxxxxh +0F102h 0F018h Oxxxxh
0A123h OF016h  oro16h [ 0AL23h
Oxxxxh 0FO014h Oxxxxh
OFF16h
Oxxxxh +011FEh 01116h | Oxxxxh
01234h 01114h 01114h | 0A123h
Oxxxxh 01112h Oxxxxh




5.2.4 Absolute Mode

The absolute mode is described in Table 5-8.

Table 5-8. Absolute Mode Description

Addressing Modes

Assembler Code

Content of ROM

MOV &EDE,&TONI

MOV X(0),Y(0)

X =EDE
Y = TONI

Length:

Operation:

Comment:

Example:

Before:

OFF16h
OFF14h
OFF12h

0F018h
0F016h
0F014h

01116h
01114h
01112h

Two or three words

Move the contents of the source address EDE to the
destination address TONI. The words after the instruction
contain the absolute address of the source and destination
addresses. With absolute mode, the PC is incremented
automatically so that program execution continues with the
next instruction.

Valid for source and destination

MOV &EDE,&TONI

Address
Space

01114h

0F016h

04292h

Oxxxxh

0A123h

Oxxxxh

Oxxxxh

01234h

Oxxxxh

PC

Register

After:

OFF16h
OFF14h
OFF12h

0F018h
0F016h
0F014h

01116h
01114h
01112h

Address
Space
Oxxxxh

01114h

0F016h

04292h

Oxxxxh

0A123h

Oxxxxh

Oxxxxh

0A123h

Oxxxxh

:Source address EDE = 0F016h,
:dest. address TONI=01114h

Register

PC

This address mode is mainly for hardware peripheral modules that are located
at an absolute, fixed address. These are addressed with absolute mode to
ensure software transportability (for example, position-independent code).

16-Bit CPU
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Table 5-9. Indirect Mode Description

5-12

Indirect Mode

The indirect mode is described in table 5-9.

Assembler Code

Content of ROM

MOV @R10,0(R11)

MOV @R10,0(R11)

Length:

Operation:

Comment:

Example:

Before:

OFF16h
OFF14h
OFF12h

O0FA34h
0FA32h
OFA30h

002A8h
002A7h
002A6h

Address
Space
Oxxxxh

One or two words

Move the contents of the source address (contents of R10) to
the destination address (contents of R11). The registers are
not modified.

Valid only for source operand. The substitute for destination
operand is O(Rd).

MOV.B @R10,0(R11)

0000h

R10

04AEBh

PC R11

0xxxxh

Oxxxxh

05BC1lh

Oxxxxh

Oxxh

012h

Oxxh

Register

OFA33h

002A7h

OFF16h
OFF14h
OFF12h

OFA34h
O0FA32h
OFA30h

002A8h
002A7h
002A6h

Address
Space
Oxxxxh

0000h

04AEBh

Oxxxxh

Oxxxxh

05BC1h

Oxxxxh

Oxxh

05Bh

Oxxh

PC
R10
R11

Register

OFA33h

002A7h




5.2.6 Indirect Autoincrement Mode

Addressing Modes

The indirect autoincrement mode is described in Table 5-10.

Table 5-10.Indirect Autoincrement Mode Description

Assembler Code

Content of ROM

MOV @R10+,0(R11)

MOV @R10+,0(R11)

Length:

Operation:

Comment:

Example:

Before:

OFF18h
OFF16h

OFF14h
OFF12h

OFA34h
O0FA32h
OFA30h

010AAh
010A8h
010A6h

One or two words

Move the contents of the source address (contents of R10) to

the destination address (contents of R11). Register R10 is
incremented by 1 for a byte operation, or 2 for a word
operation after the fetch; it points to the next address without

any overhead. This is useful for table processing.

Valid only for source operand. The substitute for destination

operand is O(Rd) plus second instruction INCD Rd.

Address
Space

Oxxxxh

00000h

04ABBh

0xxxxh

Oxxxxh

05BC1h

Oxxxxh

Oxxxxh

01234h

Oxxxxh

R10
PC R11

MOV @R10+,0(R11)

Register

0FA32h
010A8h

OFF18h
OFF16h

OFF14h
OFF12h

OFA34h
O0FA32h
OFA30h

010AAh
010A8h
010A6h

Address
Space

Oxxxxh

PC

00000h

R10

04ABBh

R11

Oxxxxh

Oxxxxh

05BC1h

Oxxxxh

Oxxxxh

05BC1h

Oxxxxh

Register

OFA34h

010A8h

The autoincrementing of the register contents occurs after the operand is
fetched. This is shown in Figure 5-6.

Figure 5-6. Operand Fetch Operation

Instruction

\ 4

Address

Operand

+1/ +2

16

-Bit CPU
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Immediate Mode

The immediate mode is described in Table 5-11.

Table 5-11. Immediate Mode Description

5-14

Assembler Code Content of ROM
MOV #45h, TONI MOV @PC+,X(PC)
45
X =TONI-PC

Length:

Operation:

Comment:

Example:

Before:

OFF16h
OFF14h
OFF12h

010AAhN
010A8h
010A6h

Two or three words

It is one word less if a constant of CG1 or CG2 can be used.

Move the immediate constant 45h, which is contained in the
word following the instruction, to destination address TONI.
When fetching the source, the program counter points to the
word following the instruction and moves the contents to the

destination.
Valid only for a source operand.

MOV #45h, TONI

) After:

Address Register Address

Space Space
OFF18h | Oxxxxh
01192h OFF16h | 01192h
00045h OFF14h | 00045h
040BOh | PC OFF12h | 040BOh

OFF16h

Oxxxxh +01192h  010AAh Oxxxxh
01234h 010A8N  510a8h [ 00045h
0xxxxh 010A6h Oxxxxh

Register

PC



Addressing Modes

5.2.8 Clock Cycles, Length of Instruction

The operating speed of the CPU depends on the instruction format and
addressing modes. The number of clock cycles refers to the MCLK.

5.2.8.1 Format-I Instructions (Double Operand)

Table 5-12 describes the CPU format-I instructions and addressing modes.

Table 5-12.Instruction Format | and Addressing Modes

Address Mode No. of Length of Example
As Ad Cycles Instruction
00, Rn 0, Rm 1 1 MOV  R5,R8
0, PC 2 BR R9
00, Rn 1, x(Rm) 4 ADD  R5,3(R6)
1, EDE XOR R8,EDE
1, &EDE MOV R5,&EDE
01, x(Rn) 0,Rm 3 MOV  2(R5),R7
01, EDE AND EDE,R6
01, &EDE MOV  &EDE,RS8
01, x(Rn) 1, x(Rm) 6 ADD  3(R4),6(R9)

01, EDE 1, TONI
01, &EDE 1, &TONI

CMP  EDE,TONI
MOV  2(R5),&TONI
ADD  EDE,&TONI

AND @R4,R5
XOR  @R5,8(R6)

10, @Rn 0, Rm
10, @Rn 1, x(Rm)

1, EDE MOV  @R5,EDE

1, &EDE XOR @R5,&EDE
11, @Rn+ 0, Rm 2 ADD  @R5+,R6

0, PC 3 BR  @R9+
11, #N 0, Rm 2 MOV  #20,R9

0, PC 3 BR  #2AEh
11, @Rn+ 1, x(Rm) 5 MOV  @R9+,2(R4)
11, #N 1, EDE ADD  #33,EDE
11, @Rn+ 1, &EDE MOV @R9+&EDE

WNWNINNEPERINMNNNIRPIOWWWINDNNINDNDN]PRE

11, #N ADD  #33,&EDE

Table 5-13 shows a simple way to determine CPU instruction cycles for
Format—I (double operand) instructions.

Table 5-13.Execution Cycles for Double Operand Instructions

Destination Addressing Mode
x(Rm)
Symbolic
Source Addressing Mode Rm Absolute (&)
Rn 1T 4
@Rn, @Rn+, #N 2T 5
X(Rn), Symbolic, Absolute (&) 3 6

t: Add one cycle if Rm is the PC

EXAMPLE: the instruction ADD #500h, 16( R5) needs 5 cycles for the
execution.
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5.2.8.2 Format-Il Instructions (Single Operand)

Table 5-14 describes the CPU format Il instructions and addressing modes.

Table 5-14.Instruction Format-Il and Addressing Modes

No. of Cycles
RRA
RRC Length of
Address Mode SWPB PUSH/ Instruction
A(s/d) SXT CALL (words) Example
00, Rn 1 3/4 1 SWPB R5
01, X(Rn) 4 5 2 CALL 2(R7)
01, EDE 4 5 2 PUSH EDE
01, &EDE SXT &EDE
10, @Rn 3 4 1 RRC @R9
11, @Rn+ 3 4/5 1 SWPB @R10+
(see Note) CALL #81H
11, #N 2

Note: Instruction Format Il Inmediate Mode

Do not use instructions RRA, RRC, SWPB, and SXT with the immediate
mode in the destination field. Use of these in the immediate mode will result
in an unpredictable program operation.

Table 5-15 shows a simple way to determine CPU instruction cycles for
Format-II (single operand) instructions.

Table 5-15.Execution Cycles for Single Operand Instructions

Instruction
SWPB
SXT
RRA
Addressing Mode RRC PUSH CALL
Rn 1 3 4
@Rn 3 4 4
@Rn+, #N 3 4 5
x(Rn), Symbolic, Absolute (&) 4 5 5

Example: the instruction PUSH #500h needs 4 cycles for the execution.

5.2.8.3 Format-Ill Instructions (Jump)

Format-Ill instructions are described as follows:

Jxx—all instructions need the same number of cycles, independent of
whether a jump is taken or not.

Clock cycle: Two cycles

Length of instruction:  One word

5.2.8.4 Miscellaneous-Format Instructions

Table 5-16 describes miscellaneous-format instructions.
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Table 5-16.Miscellaneous Instructions or Operations

Activity Clock Cycle
RETI 5 cycles

1 wordt
Interrupt 6 cycles
WDT reset 4 cycles
Reset (RST/NMI) 4 cycles

T Length of instruction

Addressing Modes

16-Bit CPU
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5.3

5-18

Instruction Set Overview

This section gives a short overview of the instruction set. The addressing
modes are described in Section 5.2.

Instructions are either single or dual operand or jump.

The source and destination parts of an instruction are defined by the following

fields:

src
dst
As

S-reg
Ad

D-reg
B/W

The source operand defined by As and S-reg
The destination operand defined by Ad and D-reg

The addressing bits responsible for the addressing mode used
for the source (src)

The working register used for the source (src)

The addressing bits responsible for the addressing mode used
for the destination (dst)

The working register used for the destination (dst)

Byte or word operation:
0: word operation
1: byte operation

Note:

Destination Address

Destination addresses are valid anywhere in the memory map. However,
when using an instruction that modifies the contents of the destination, the
user must ensure the destination address is writeable. For example, a
masked-ROM location would be a valid destination address, butthe contents
are not modifiable, so the results of the instruction would be lost.




5.3.1 Double-Operand (Format I) Instructions

Figure 5-7. Double Operand Instruction Format

15 14 13

Instruction Set Overview

Figure 5-7 illustrates the double-operand instruction format. See section 5.2.8
for information on number of code words and execution cycles per instruction.

12 11 10 9

8

2 1 0

Opcode

S-Reg

Ad | B/W As

D-Reg

Table 5-17 describes the effects of an instruction on double operand

instruction status bits.

Table 5-17.Double Operand Instruction Format Results

Mnemonic S-Reg, D-Reg Operation Status Bits

Y N z C
MOV src,dst src —> dst - - - -
ADD src,dst src + dst —> dst * * * *
ADDC src,dst src + dst + C —> dst * * * *
SUB src,dst dst + .not.src + 1 —> dst * * * *
SUBC src,dst dst + .not.src + C —> dst * * * *
CMP src,dst dst — src * * * *
DADD src,dst src + dst + C —> dst (dec) * * * *
AND src,dst src .and. dst —> dst 0 * * *
BIT src,dst src .and. dst 0 * * *
BIC src,dst .not.src .and. dst —> dst - - - -
BIS src,dst src .or. dst —> dst - - - -
XOR src,dst src .xor. dst —> dst * * * *

* The status bit is affected

- The status bit is not affected

0 The status bit is cleared

1 The status bit is set

Note: Instructions CMP and SUB

The instructions CMP and SUB are identical except for the storage of the
result. The same is true for the BIT and AND instructions.
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5.3.2 Single-Operand (Format Il) Instructions

Figure 5-8 illustrates the single-operand instruction format. See section 5.2.8
for information on number of code words and execution cycles per instruction.

Figure 5-8. Single Operand Instruction Format
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Opcode B/W Ad D/S-Reg

Table 5-18 describes the effects of an instruction on the single operand
instruction status bits.

Table 5-18.Single Operand Instruction Format Results

Mnemonic S-Reg, D-Reg Operation Status Bits
\% N Zz C
RRC dst C—>MSB —....... LSB—>C * * * *
RRA dst MSB —> MSB —>....LSB —>C 0 * * *
PUSH src SP-2->SP, src—> @ SP - - - -
SWPB dst Swap bytes - - - -
CALL dst SP-2->SP - - - -
PC+2 —> stack, dst —> PC
RETI TOS —> SR, SP<-SP + 2 X X X X
TOS—>PC,SP<-SP +2
SXT dst Bit 7 —> Bit 8........ Bit 15 0 * * *

* The status bit is affected

—  The status bit is not affected
The status bit is cleared

1 The status bit is set

All addressing modes are possible for the CALL instruction. If the symbolic
mode (ADDRESS), the immediate mode (#N), the absolute mode (&EDE) or
the indexed mode X (RN) is used, the word that follows contains the address
information.
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5.3.3 Conditional Jumps

Conditional jumps support program branching relative to the program counter.
The possible jump range is from —511 to +512 words relative to the program
counter state of the jump instruction. The 10-bit program-counter offset value
is treated as a signed 10-bit value that is doubled and added to the program
counter. None of the jump instructions affect the status bits.

The instruction code fetch and the program counter increment technique end
with the formula:

PChew = PCqld + 2 + PCoffset X 2

Figure 5-9 shows the conditional-jump instruction format.

Figure 5-9. Conditional-Jump Instruction Format

15 14

13

12 11 10 9 8 7 6 5 4 3 2 1 0

Opcode

C 10-Bit PC Offset

Table 5-19 describes these conditional-jump instructions.

Table 5-19.Conditional-Jump Instructions

Mnemonic S-Reg, D-Reg  Operation

JEQIZ Label Jump to label if zero bit is set
JNE/INZ Label Jump to label if zero bit is reset
JC Label Jump to label if carry bit is set
JNC Label Jump to label if carry bit is reset
JN Label Jump to label if negative bit is set
JGE Label Jump to label if (N .XOR. V) =0
JL Label Jump to label if (N .XOR. V) =1
JMP Label Jump to label unconditionally
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5.3.4 Short Form of Emulated Instructions

The basic instruction set, together with the register implementations of the
program counter, stack pointer, status register, and constant generator, form
the emulated instruction set; these make up the popular instruction set. The
status bits are set according to the result of the execution of the basic
instruction that replaces the emulated instruction.

Table 5-20 describes these instructions.

Table 5—20.Emulated Instructions

Mnemonic Description Status Bits Emulation

\% N
Arlthmetic Instructions
ADC[.W] dst Add carry to destination * * ADDC #0,dst
ADC.B dst Add carry to destination * * ADDC.B #0,dst
DADC[.W] dst Add carry decimal to destination * * DADD #0,dst
DADC.B dst Add carry decimal to destination * * DADD.B #0,dst
DEC[.W] dst Decrement destination * * SUB #1,dst
DEC.B dst Decrement destination * * SUB.B #1,dst
DECD[.W] dst Double-decrement destination * * SUB #2,dst
DECD.B dst Double-decrement destination * * SUB.B #2,dst
INC[.W] dst Increment destination * * ADD #1,dst
INC.B dst Increment destination * * ADD.B #1,dst
INCD[.W] dst Increment destination * * ADD #2,dst
INCD.B dst Increment destination * * ADD.B #2,dst
SBC[.W] dst Subtract carry from destination * * SUBC #0,dst
SBC.B dst Subtract carry from destination * * SUBC.B #0,dst
Logical Instructions
INV[L.W] dst Invert destination * * XOR #0FFFFh,dst
INV.B dst Invert destination * * XOR.B #-1,dst
RLA[.W] dst Rotate left arithmetically * * ADD dst,dst
RLA.B dst Rotate left arithmetically * * ADD.B dst,dst
RLC[.W] dst Rotate left through carry * * ADDC dst,dst
RLC.B dst Rotate left through carry * * ADDC.B dst,dst
Data Instructions (common use)
CLR[.W] Clear destination - - MOV #0,dst
CLR.B Clear destination — - MOV.B #0,dst
CLRC Clear carry bit - - BIC #1,SR
CLRN Clear negative bit - 0 BIC #4,SR
CLRZ Clear zero bit - - BIC #2,SR
POP dst Item from stack — - MOV @SP+,dst
SETC Set carry bit - - BIS #1,SR
SETN Set negative bit — 1 BIS #4,SR
SETZ Set zero bit - - BIS #2,SR

5-22




Instruction Set Overview

Table 5-20. Emulated Instructions (Continued)

Mnemonic Description Status Bits Emulation
Y, N z C

Data Instructions (common use) (continued)

TSTL.W] dst Test destination 0 * * *  CMP #0,dst
TST.B dst Test destination 0 * * *  CMP.B #0,dst
Program Flow Instructions

BR dst Branchto... - — - - MOV dst,PC
DINT Disable interrupt - - - - BIC #8,SR
EINT Enable interrupt - — - - BIS #8,SR
NOP No operation - - - - MOV #0h,#0h
RET Return from subroutine - — - - MOV @SP+,PC

5.3.5 Miscellaneous

Instructions without operands, such as CPUOff, are not provided. Their
functions are switched on or off by setting or clearing the function bits in the
status register or the appropriate 1/O register. Other functions are emulated
using dual operand instructions.

Some examples are as follows:

BIS #28h,SR ; Enter OscOff mode
; + Enable general interrupt (GIE)
BIS #18h,SR ; Enter CPUOff mode

; + Enable general interrupt (GIE)
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5.4 Instruction Map

The instruction map in Figure 5-10 is an example of how to encode
instructions. There is room for more instructions, if needed. See section 5.2.8
for information on number of code words and execution cycles per instruction.

Figure 5-10. Core Instruction Map
000 040 080 0OCO 100 140 180 1CO 200 240 280 2CO 300 340 380 3CO

Ox
04x
08x -
0Cx 5]
10x RRC |RRC.B | SWPB RRA | RRAB| SXT PUSH |PUSH.B| CALL RETI %
14x L
18x
1Cx
20x INE/INZ
24x JEQ/IZ
28x INC =
2Cx JC T
30x IN £
34x JGE -
38x JL
3Cx IMP
4xXXX MOV, MOV.B
BXXX ADD, ADD.B
BXXX ADDC, ADDC.B
TXXX SUBC, SUBC.B
8XxXX SUB, SUB.B =
9xxx CMP, CMP.B g
AxXx DADD, DADD.B S
BXXX BIT, BIT.B
Cxxx BIC, BIC.B
Dxxx BIS, BIS.B
Exxx XOR, XOR.B
Fxxx AND, AND.B

5-24



Chapter 6

Hardware Multiplier

The hardware multiplier is a 16-bit peripheral module. It is not integrated into
the CPU. Therefore, it requires no special instructions and operates
independent of the CPU. To use the hardware multiplier, the operands are
loaded into registers and the results are available the next instruction—no
extra cycles are required for a multiplication.
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Hardware Multiplier Module Support

6.1 Hardware Multiplier Module Support

The hardware multiplier module expands the capabilities of the MSP430
family without changing the basic architecture. Multiplication is possible for:

(O 16x16 bits
[ 16x8 bits
(O 8x16 bits
[ 8x8 bhits

The hardware multiplier module supports four types of multiplication: unsigned
multiplication (MPY), signed multiplication (MPYS), unsigned multiplication
with accumulation (MAC), and signed multiplication with accumulation
(MACS). Figure 6-1 shows how the hardware multiplier module interfaces
with the bus system to support multiplication operations.

Figure 6—1. Connection of the Hardware Multiplier Module to the Bus System
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Hardware Multiplier Operation

6.2 Hardware Multiplier Operation

The hardware multiplier has two 16-bit registers for both operands and three
registers to store the results of the multiplication. The multiplication is
executed correctly when the first operand is written to the operand register
OP1 prior to writing the second operand to OP2. Writing the first operand to
the applicable register selects the type of multiplication. Writing the second
operand to OP2 starts the multiplication. Multiplication is completed before the
result registers are accessed using the indexed address mode for the source
operand. When indirect or indirect autoincrement address modes are used,
another instruction is needed between the writing of the second operand and
accessing the result registers. Both operands, OP1 and OP2, utilize all seven
address mode capabilities.

No instruction is necessary for the multiplication; as a result, the real-time
operation does not require additional clock cycles and the interrupt latency is
unchanged.

The multiplier architecture is illustrated in Figure 6—2.

Figure 6-2. Block Diagram of the MSP430 16 x 16-Bit Hardware Multiplier

15 rw 0

MPY 130h 15 rw 0 15 rw 0
Operand 1 ["\15vs 1300 Operand 1 Operand 2 138h
(address
defines | MAC 134h ’ Mode
operation)
MACS 136h 16 x 16 Multiplier

D Accessible Register

0000

b :

MACS
MPYS

MAC

MPY
Mode—b\ Multiplexer

»

/ 4

L 4

Product Register

32-Bit Adder

MAC, MACS

/4— Mode

MPY, MPYS
32-Bit Multiplexer

| SumExt 13Eh I (@

15 r

0

7

Accumulator ACC
SumHi 13Ch SumLo 013Ah

Hardware Multiplier
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The sum extension register contents differ, depending on the operation and
on the results of the operation.

Table 6—-1. Sum Extension Register Contents

Register MPY MPYS MAC MACS, see Notes
Operandl X + - + + (OP1x0OP2 + | (OP1xOP2 + [(OP1xOP2 + [(OP1xOP2 +
ACC) < ACC) > ACC) > ACC) <
Operand?2 X + - - - OFFFFFFFFh | OFFFFFFFFh |07FFFFFFFh | O7FFFFFFFh
SumExt 0000h 0000h | OFFFFh | 0000h 0001h OFFFFh 0000h
Note:  The following two overflow conditions may occur when using the MACS function and should be handled by software or
avoided.

1) Theresult of a MACS operation is positive and larger than 07FFF FFFFh. In this case, the SumExt register contains
OFFFFh and the ACC register contains a negative number (8000 0000h .... OFFFF FFFFh).

2) Theresultofa MACS operation is negative and less than or equal to 07FFF FFFFh. In this case, the SumExt register
contains 0000h and the ACC register contains a positive number (0000 0000h ... 07FFF FFFFh).



Hardware Multiplier Operation

6.2.1 Multiply Unsigned, 16x16 bit, 16x 8 bit, 8x 16 bit, 8 x 8 bit

The following multiplication operation shows 32 bytes of program code and 32
execution cycles (16 x16 bit multiplication).

R R R R R R R R R R R R R R R R R R R R R R R R EREEREEEEEEEEEEREEEEEEEE]

* TRANSFER BOTH OPERANDS TO THE REG STERS | N THE *
* HARDWARE MULTI PLI ER MODULE *
* USE CONSTANT OPERAND1 AND OPERAND2 TO | DENTI FY *
* BYTE DATA *

IR R R R R R R R R R R R R R R R R R R R R R R R EEEEEEEEEEEEEEEEREEEEEEE]

OPERANDL . EQU 0 : 0: OPERANDL |'S WORD (16BIT)
: 8. OPERANDL |'S BYTE ( 8BIT)

OPERAND2 . EQU 0 : 0: OPERAND2 |'S WORD (16BIT)
. 8: OPERAND2 IS BYTE ( 8BIT)

MPY .EQU  0130H

MPYS .EQU  0132H

MAC .EQU  0134H

MACS .EQU  0136H

oP2 .EQU  0138H

RESLO . EQU 013AH

RESHI . EQU 013CH

SUMEXT . EQU 013EH
. BSS OPERL1, 2, 200H
. BSS OPER2, 2
. BSS RAM 8

.| F OPERAND1=8
MOV. B &OPER1, &VPY ; LOAD 1ST OPERAND,
; DEFI NES ADD. UNSI GNED MULTI PLY

. ELSE
MoV &OPER1, &WPY ; LOAD 1ST OPERAND,
; DEFI NES ADD. UNSI GNED MULTI PLY

. ENDI F

.| F OPERAND1=8
MOV. B &OPERZ2, &0P2 ; LOAD 2ND OPERAND AND START
; MULTI PLI CATI ON

. ELSE
MoV &COPER2, &0P2 ; LOAD 2ND OPERAND AND START
; MULTI PLI CATI ON

. ENDI F
R I o I O R R S O R R S S R S I R R I O
* EXAMPLE TO ADD THE RESULT OF THE HARDWARE
* MULTI PLI CATI ON TO THE RAM DATA, 64BI TS

EE I S I I R I

ADD &RESLO &RAM ; ADD LOW RESULT TO RAM

ADDC &RESHI , &RAM+2 ; ADD HI GH RESULT TO RAMK2
ADC &RAM+4 ADD CARRY TO EXTENSI ON WCORD
ADC &RAMH6 IF 64 BIT LENGTH I S USED
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Hardware Multiplier Operation

6.2.2 Multiply Signed, 16x16 bit, 16x8 bit, 8x16 bit, 8x8 bit

6-6

The following multiplication operation shows 36 bytes of program code and 36
execution cycles (16x16 bit multiplication).

LR R R R R R R R R R R R R R R R RS R EEE R EEEEEEREEEEEEEEEEEEESEREE]

TRANSFER BOTH OPERANDS TO THE REG STERS | N THE *
* HARDWARE MULTI PLI ER MODULE *
* IF ONE OF THE OPERANDS IS 8 BIT, SIGN EXTENSI ON *
* i s NEEDED. USE CONSTANT OPERAND1 AND OPERAND2 TO *
* | DENTI FY BYTE DATA *
* *

EEEE S SR EEEEEEEEEEEREEEEEEEREEEEEEEEEREEEEEEEESEESEREEESEEESES

OPERAND1 . EQU O

OPERANDZ . EQU O

MPY . EQU
MPYS . EQU
MAC . EQU
MACS .EQU
o2 .EQU
RESLO . EQU
RESH .EQU
SUNMEXT . EQU

. BSS

. BSS

. BSS

0130H
0132H
0134H
0136H
0138H
013AH
013CH
013EH
OPERL1, 2, 200H
OPER2, 2
RAM 8

. | F OPERAND1=0

MoV

. ELSE

&COPER1, &VPYS

MOV. B &OPERL, &WPYS ;

OPERANDL |'S WORD (16BI T)
OPERANDL 1S BYTE ( 8BIT)
OPERAND2 | S WORD ( 16BI T)
OPERAND2 1S BYTE ( 8BIT)

XO®O

LOAD 1ST (WORD) OPERAND,
DEFI NES ADD. SI GNED MULTI PLY

LOAD 1ST (BYTE) OPERAND,
DEFI NES ADD. SI GNED MULTI PLY

SXT &VPYS ;  EXPAND BYTE TO SI GNED WORD DATA
. ENDI F
. | F OPERAND2=0
MoV &OPER2, &OP2 ; LOAD 2ND (WORD) OPERAND AND
; START SI GNED MULTI PLI CATI ON
. ELSE
MOV. B &OPER2, &OP2 ; LOAD 2ND ( BYTE) OPERAND,
SXT &0OP2 ; RE-LOAD 2ND OPERAND AND START
; SIGNED * FI NAL” MJLTI PLI CATI ON
. ENDI F
EEE O I I I O S S I I S O S O
* EXAMPLE TO ADD THE RESULT OF THE HARDWARE
* MULTI PLI CATI ON TO THE RAM DATA, 64 BITS

EREEEE R EEEEEEEEEEEEEEESEEEEESEREEEEEEEEEEEEREESEEEEEESEEEEEESEEES

ADD &RESLO, &RAM

ADDC &RESHI , &RAMEF2
ADDC &SUMEXT, &RAMF4 |
ADDC &SUMEXT, &RAMKG ;

ADD LOW RESULT TO RAM

ADD HI GH RESULT TO RAM+2

ADD SI GN WORD TO EXTENSI ON WORD
IF 64 BIT LENGTH | S USED



Hardware Multiplier Operation

6.2.3 Multiply Unsigned and Accumulate, 16x16bit, 16x8bit, 8x16bit, 8x8bit

The following multiplication operation shows 32 bytes of program code and 32
execution cycles (16X16-bit multiplication).

R R R EEEEEEEEEEREEEEEEEEEEEEEEEEEEEEEEREEEEEEEEEEEEEEESE RS

* TRANSFER BOTH OPERANDS TO THE REG STERS I N THE
* HARDWARE MULTI PLI ER MODULE *
* THE RESULT OF THE MULTI PLI CATION |'S ADDED TO THE *
* CONTENT OF BOTH RESULT REG STERS, RESLO AND RESHI *
* USE CONSTANT OPERANDL AND OPERAND2 TO | DENTIFY — *
* BYTE DATA *
R I S S S O S O O R I O O O O I
OPERANDL . EQU 0 ; 0: OPERANDL |'S WORD (16BIT)
; 8: OPERANDL IS BYTE ( 8BIT)
OPERAND2 . EQU 0 ; 0: OPERAND2 1S WORD (16BIT)
; 81 OPERAND2 1S BYTE ( 8BIT)

MPY  .EQU  0130H
MPYS . EQU  0132H
MAC  .EQU  0134H
MACS .EQU  0136H
oP2 .EQU  0138H
RESLO .EQU  013AH
RESH .EQU  013CH
SUMEXT .EQU  013EH

.BSS  OPERL, 2, 200H

.BSS  OPER2,2

.BSS RAM 8

| F OPERANDL=8

MOV. B &OPERIL, &VAC :

. ELSE
MoV

. ENDI F

&OPERL1, &VAC ;

.| F OPERAND1=8
MOV. B &OPERZ2, &0OP2 ;

LOAD 1ST OPERAND,
DEFI NES ADD. UNSI GNED MULTI PLY

LOAD 1ST OPERAND,
DEFI NES ADD. UNSI GNED MULTI PLY

LOAD 2ND OPERAND AND START
MULTI PLI CATI ON

. ELSE
MoV &COPER2, &0P2 ; LOAD 2ND OPERAND AND START
; MULTI PLI CATI ON
. ENDI F
R S S S S S I R S I I S
EXAMPLE TO ADD THE RESULT OF THE HARDWARE *
MULTI PLI CATI ON TO THE RAM DATA, 64BI TS *

*
*
*
*
*
*

AND RESH

ADDC  &SUMEXT, &RAMH4
ADC &RAMH6

THE RESULT OF THE MULTI PLI CATION IS HELD I N RESLO*
REG STERS. THE UPPER TWO WORDS IN THE *
EXAMPLE ARE FURTHER LOCATED | N THEI R RAM LOCATI ON*

EEEEEEEEEEEESEEEEEEEEEEEEEEEREEEEEREEEEEEEEEESEEREEEESEERESEESSESES

ADD SUMEXTENSTI ON TO RAM+4
IF 64 BIT LENGTH IS USED
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Hardware Multiplier Operation

6.2.4 Multiply Signed and Accumulate, 16x16bit, 16x8bit, 8x16bit, 8x8bit

6-8

EE R R R Sk Sk Sk Sk R S R S S S R Sk Sk S Sk Sk Sk R Sk Sk Sk Sk kS Sk Sk kS kS kS Sk Sk S kS kS

* TRANSFER BOTH CPERANDS TO THE REG STERS | N THE HARDWARE *
* MULTI PLI ER MODULE *
* USE CONSTANT OPERANDL AND OPERAND 2 TO | DENTI FY BYTE DATA  *
IR SRS S S S EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE S
OPERANDL .EQU O : 0: OPERANDL |'S WORD (16BIT)
: 8 OPERANDL IS BYTE ( 8BIT)
OPERAND2 .EQU O : 0: OPERAND2 1S WORD (16BIT)
: 8 OPERAND2 1S BYTE ( 8BIT)
MPY .EQU  0130H
MPYS .EQU  0132H
MAC .EQU  0134H
MACS .EQU  0136H
oP2 .EQU  0138H
RESLO .EQU  013AH
RESHI .EQU  013CH
SUNEXT .EQU  O013EH
MAXMACS .EQU  32H : NUVBER OF MACS FUNCTI ONS WHI CH COULD

; BE EXECUTED TILL AN OVERFLOW CR UNDERFLOW
; COULD OCCUR THE FI RST TI ME

. BSS OPER1, 2, 200H

. BSS OPER2, 2

.BSS RAM 8
.BSS  MOOUNT, 2
.| F OPERANDL=8
MOV. B &OPERL, &VACS ; LOAD 1ST OPERAND,
; DEFINES ADD. UNSI GNED MULTIPLY
SXT  &MACS ; EXPAND BYTE TO SI GNED WORD DATA
. ELSE
MOV &OPERL, &VACS ; LOAD 1ST OPERAND,
; DEFINES ADD. UNSI GNED MULTI PLY
.ENDI F
.| F OPERANDL=8
SXT  &OPER2 ; OPER2 MEMORY LOCATI ON NEEDS
; 2 BYTES
MOV. B &OPER2, &0P2  ; LOAD 2ND OPERAND AND START
; MULTI PLI CATI ON
. ELSE
MV &QOPER2,&0P2  ; LOAD 2ND OPERAND AND START
; MULTI PLI CATI ON
.ENDI F
R R R Sk S Sk S R S R S S kR Sk S Sk S R Sk Sk Sk Sk Sk Sk Sk Sk Sk Sk kS kg kS Sk Sk kS Sk Sk Sk Sk kS Sk kS ko
* EXAMPLE TO ADD THE RESULT OF THE HARDWARE MULTIPLI CATION  *
* TO THE RAM DATA | F NECESSARY *
* THE RESULT OF THE MULTI PLI CATION |'S HELD I N RESLO AND *
* RESHI REG STERS. THE UPPER TWD WORDS | N THE EXAMPLE ARE *
* FURTHER LOCATED | N THEI R RAM LOCATI ON *
khkkhkkkhkkhkkhkkhkkhkkhkkhkhkhkhkhkkhkkhkhkkhkkhkkhkkhkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkhkkhkkkkkkkkkkkkkkkkkkkkkk*x*%x
INC  MOOUNT . INC MACS COUNTER
CVWP #MAXMACS, MDOUNT  ; ONLY ADD TO RAM | F NECESSARY
INE NEXTMACS ;
ADDC  &RESLO, &RAMKO ; ADD SUMEXTENSI ON TO RAM+O
ADDC  &RESHI , &RAMF2 ; ADD SUVEXTENSI ON TO RAM+2
ADDC  &SUMEXT, &RAM+4 ; ADD SUMEXTENSI ON TO RAM+4
ADDC  &SUNEXT, &RAMt6 ; IF 64 BIT LENGTH | S USED

CLR MCOUNT
NEXTMACS



Hardware Multiplier Registers

6.3 Hardware Multiplier Registers

Hardware multiplier registers are word structured, but can be accessed using
word or byte processing instructions. Table 6-2 describes the hardware
multiplier registers.

Table 6-2. Hardware Multiplier Registers

Register Short Form  Register Type Address Initial State
Multiply Unsigned (Operandl) MPY Read/write 0130h Unchanged
Multiply Signed (Operandl) MPYS Read/write 0132h Unchanged
Multiply+Accumulate (Operandl) MAC Read/write 0134h Unchanged
Multiply Signed+Accumulate (Operandl) MACS Read/write 0136h Unchanged
Second Operand OP2 Read/write 0138h Unchanged
Result Low Word ResLo Read/write 013Ah Undefined
Result High Word ResHi Read/write 013Ch Undefined
Sum Extend SumExt Read 013Eh Undefined

Two registers are implemented for both operands, OP1 and OP2, as shown
in Figure 6-3. Operand 1 uses four different addresses to address the same
register. The different address information is decoded and defines the type of
multiplication operation used.

Figure 6-3. Registers of the Hardware Multiplier

15 0
MPY (130h),MPYS (132h) Operand 1, OP1
MAC (134h), MACS(136h)
OP2 (138h) Operand 2, OP2
ResLo (13Ah) Result Low Word, ResLo
ResHi (13Ch) Result High Word, ResHi
SumExt (13Eh) Sum Extension Word, SumExt

The multiplication result is located in two word registers: result high (RESHI)
and result low (RESLO). The sum extend register (SumExt) holds the result
sign of a signed operation or the overflow of the multiply and accumulate
(MAC) operation. See Section 6.5.3 for a description of overflow and
underflow when using the MACS operations.

All registers have the least significant bit (LSB) at bitO and the most significant
bit (MSB) at hit7 (byte data) or bitl5 (word data).

Hardware Multiplier



Hardware Multiplier Special Function Bits

6.4 Hardware Multiplier Special Function Bits

Because the hardware multiplier module completes all multiplication
operations quickly, without interrupt intervention, no special function bits are
used.

6.5 Hardware Multiplier Software Restrictions
Two restrictions require attention when the hardware multiplier is used:

(1 Theindirect or indirect autoincrement address mode used to process the
result

(d The hardware multiplier used in an interrupt routine

6.5.1 Hardware Multiplier Software Restrictions—Address Mode

The result of the multiplication operation can be accessed in indexed, indirect,
or indirect autoincrement mode. The result registers may be accessed without
any restrictions if you use the indexed address mode including the symbolic
and absolute address modes. However, when you use the indirect and indirect
autoincrement address modes to access the result registers, you need at least
one instruction between loading the second operand and accessing one of the
result registers.

EEEEEEEEEEEEEEEEEEEEESEEEESEREEEEEEEEESEEREREESEEREEEESEEEEEESEEES

* EXAMPLE: MULTI PLY OPERAND1 AND OPERANDZ2

LR EE R SRS EE SR EEEEEEEEEEEEEEEEEEEEEEEEEEEEREESEEREEREESEESREREESESSES

RESLO .SET 013AH ; RESLO = ADDRESS OF RESLO
PUSH R5 ; RS WLL HOLD THE ADDRESS OF
MoV #RESLO, R5 ; THE RESLO REG STER

MoV &OPER1, &VWPY ; LOAD 1ST OPERAND,

; DEFI NES ADD. UNSI GNED MULTI PLY
MoV &OPER2, &0P2 ; LOAD 2ND OPERAND AND START

; MULTI PLI CATI ON

LR R R R R R R R R R R R R R R R R EEEEEEREEEEEEEEEEREEESEERE]

* EXAMPLE TO ADD THE RESULT OF THE HARDWARE *
* MULTI PLI CATI ON TO THE RAM DATA, 64BI TS *

LR EE R SRS EE SR EEE RS EEEEEEEEEEEEEEEEEEEEEEREEEEREEREESEEREREESESEES

NOP ; MN. ONE CYCLES BETWEEN MOVI NG
THE OPERANDZ TO HW-MULTI PLI ER

AND PROCESSI NG THE RESULT W TH
I NDI RECT ADDRESS MCODE

ADD LOW RESULT TO RAM

ADD HI GH RESULT TO RAM+2

ADD @5+, &RAM
ADDC @5, &RAMF2

ADC &RAMH4 ADD CARRY TO EXTENSI ON WORD
ADC &RAM6 IF 64 BIT LENGTH | S USED
POP R5

The previous example shows that the indirect or indirect autoincrement
address modes, when used to transfer the result of a multiplication operation
to the destination, need more cycles and code than the absolute address
mode. There is no need to access the hardware multiplier using the indirect
addressing mode.
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Hardware Multiplier Software Restrictions

6.5.2 Hardware Multiplier Software Restrictions—Interrupt Routines
The entire multiplication routine requires only three steps:

1) Move operand OP1 to the hardware multiplier; this defines the type of
multiplication.

2) Move operand OP2 to the hardware multiplier; the multiplication starts.

3) Process the result of the multiplication in the RESLO, RESHI, and
SUMEXT registers.

The following considerations describe the main routines that use hardware
multiplication. If no hardware multiplication is used in the main routine,
multiplication in an interrupt routine is protected from further interrupts,
because the GIE bit is reset after entering the interrupt service routine.
Typically, a multiplication operation that uses the entire data process occurs
outside an interrupt routine and the interrupt routines are as short as possible.

A multiplication operation in an interrupt routine has some feedback to the
multiplication operation in the main routine.

6.5.2.1 Interrupt Following an OP1 Transfer

The two LSBs of the first operand address define the type of multiplication
operation. This information cannot be recovered by any later operation.
Therefore an interrupt must not be accepted between the first two steps: move
operand OP1 and OP2 to the multiplier.

6.5.2.2 Interrupt Following an OP2 Transfer

After the first two steps, the multiplication result is in the corresponding
registers RESLO, RESHI, and SUMEXT. It can be saved on the stack (using
the PUSH instruction) and can be restored after completing another
multiplication operation (using the POP instruction). However, this operation
takes additional code and cycles in the interrupt routine. You can avoid this,
by making an entire multiplication routine uninterruptible, by disabling any
interrupt (DINT) before entering the multiplication routine, and by enabling
interrupts (EINT) after the multiplication routine is completed. The negative
aspect of this method is that the critical interrupt latency is significantly
increased for events that occur during this period.

6.5.2.3 General Recommendation

In general, one should avoid a hardware multiplication operation within an
interrupt routine when a hardware multiplication is already used in the main
program. (This will depend upon the application-specific software, applied
libraries, and other included software.) The methods previously discussed
have some negative implications; therefore, the best practice is to keep
interrupt routines as short as possible.
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Hardware Multiplier Software Restrictions

6.5.3 Hardware Multiplier Software Restrictions—MACS

6-12

The multiplier does not automatically detect underflow or overflow in the
MACS mode. An overflow occurs when the sum of the accumulator register
and the result of the signed multiplication exceed the maximum binary range.

The binary range of the accumulator for positive numbers is 0 to 231-1
(7FFF FFFFh) and for negative numbers is =1 (OFFFF FFFFh) to —231
(8000 0000h). An overflow occurs when the sum of two negative numbers
yields a result that is in the range given above for a positive number. An
underflow occurs when the sum of two positive numbers yields a result that is
in the range for a negative number.

The maximum number of successive MACS instructions without underflow or
overflow is limited by the individual application and should be determined
using a worst-case calculation. Care should then be exercised to not exceed
the maximum number or to handle the conditions accordingly.



Chapter 7

Basic Clock Module

This chapter discusses the Basic Clock Module used in the MSP430x1xx
families.
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7.1 Basic Clock Module

The Basic Clock Module (shown in Figure 7-1) follows the major targets of low
system cost and low power consumption. Using three internal clock signals,
the design engineer can select the best balance of performance and low power
consumption. The Basic Clock Module can be configured to operate without
any external components, with one external resistor, with one or two external
crystals, with resonators, or with clock sources using any combination of the
above. The Basic Clock Module is accessible to the CPU as a byte-wide
peripheral module.

Figure 7-1. Basic Clock Schematic

rr"F"""-">">"-""-"—>—-—-7-F"""" |
| DIVA |
| 2 |
LFXT1CLK I
! > 11,12,14, 18 —» ACLK |
| OseOff  XTS Auxiliary Clock |
XIN : LFXT1 Oscillator ACLKGEN |
f > | L 4 |
= | ) l
I SELM DIVM CPUOff I
< hd 2 2 |
XouT | |
S 010 | |
r | N -: XT2CLK  “F=— 1,12, /4,18, Off —» MCLK |
I | | ! 20 Main System Clock
[ | XT20ff | MCLKGEN |
| xT2in | | | |
| = O [> | |
= I
=, 54— XT2 DCOCLK |
| xr20ut | oscillator | |
| I, 4 4 |
Vee | Ve |
| Rsel SCGO DCO MOD SELS DIVS  SCG1 |
E I 2 |
I |
| \O DC Digital Controlled Oscillator DCO 0 |
~O | ¥ 11,12, 14,18, Off » SMCLK
o G t L]
- I enerator Modulator MOD 1° Sub-System Clockl
I DCOMOD SMCLKGEN
»—— DCOR |
AL -
v
y ) ____Ifthe external resistor function is shared on a digital terminal, the DCOR control
bit defines if the digital port of the DCO generator is connected to that terminal.
Pn.x

Note: The XT2 oscillator is implemented in MSP430F13x and MSP430F14x devices. The LFXT1 signal is used instead of XT2CLK signal in
MSP430x11xx and MSP430x12x devices without XT2 oscillator.
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The Basic Clock Module includes two or three clock sources:

a

U

LFXT1CLK low-frequency/high-frequency clock source. One oscillator
that can be used with low-frequency watch crystals, standard crystals,
resonators, or external clock sources. See the device data sheet for the
exact operating frequency range.

XT2CLK high-frequency clock source. This optional high-frequency
oscillator can also use standard crystals, resonators, or external clock
sources in the 450-kHz to 8-MHz range. See the device data sheet for the
exact operating frequency range and availability of this optional oscillator.

DCOCLK clock source. One digitally controlled oscillator (DCQO) with
RC-type characteristics.

Three clock signals are available from the Basic Clock Module:

U

ACLK auxiliary clock. The ACLK is the buffered LFXT1CLK clock source
divided by 1, 2, 4, or 8. Software selects the division factor. ACLK is
software selectable for individual peripheral modules.

MCLK master clock. MCLK is software selectable as LFXT1CLK, XT2CLK
(if available), or DCOCLK. MCLK is divided by 1, 2, 4, or 8. Software
selects the division factor. MCLK is used by the CPU and system.

SMCLK submain clock. SMCLK is software selectable as LFXT1CLK,
XT2CLK (if available), or DCOCLK. SMCLK is divided by 1, 2, 4, or 8.
Software selects the division factor. SMCLK is software selectable for
individual peripheral modules.
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LFXT1 and XT2 Oscillators

7.2 LFXT1 and XT2 Oscillators

The Basic Clock Module includes the LFXT1 oscillator and, in some
configurations, a second XT2 oscillator.

7.2.1 LFXT1 Oscillator

The LFXT1 oscillator starts operating on a valid PUC condition. A valid PUC
condition resets the OscOff bit in the status register, which enables LFXT1.
Software can disable LFXT1 by setting OscOff, if this signal does not source
SMCLK or MCLK.

The design of the LFXT1 oscillator (shown in Figure 7—-2) supports the
low-current consumption feature and the use of a 32,768-Hz watch crystal
when in LF mode (XTS=0). A watch crystal connects to the clock module via
two terminals without any other external components. Components necessary
to stabilize the clock operation have been integrated into the MSP430.

The design of the LFXT1 oscillator also supports high-speed crystals or
resonators when in HF mode (XTS = 1). The crystal or resonator connects to
the terminals and requires external capacitors on both terminals. These
capacitors should be sized according to crystal or resonator specifications.

Figure 7-2. Principle of LFXT1 Oscillator

XIN LFXT1CLK
—> <] |'> >
OscOff XTS
i 1
P S i e U S i
| | %« | |
= | 1 o : | LFXTL_OscFault
= | il IO 1 | Oscillator | —
| T LFoff | |XT10ff Fault Detect |
= 0 1
| o—}oy o | |
| 1 | | |
| T | b -
L -
—a <]
XOUT Low Power
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LF Oscillator, XTS =0

The OscOff bit in the status register is used to turn off LFEXT1CLK if this signal
does not source MCLK or SMCLK.



LFXT1 and XT2 Oscillators

Figure 7-3. Off Signals for the LFXT1 Oscillator
XTS
OscOff

CPUOff J L

SELM.1 —]

SELM.0 XT1off
XT2

XT2 Is an Internal Signal
SCG1____
SELS —— )

XT2 = 0: MSP430x11xx, MSP430x12x devices
OscOff |CPUOff | SELM.x |scc31 |SELS |LFXT1CLK Comment

XT2 = 1: MSP430F13x, MSP430F14x devices

0 X X X X on Oscillator Active
1 0 3 or 2+3f X X onf Clock Signal Needed for MCLK
1 X X 0 1 ont Clock Signal Needed for SMCLK

T Two oscillators: SELM.x = 3. Three oscillators: SELM.x = 3 and 2
¥ LEXT1CLK is switched off for all other bit combinations

7.2.2 XT2 Oscillator

A second oscillator, XT2, is available in MSP430F13x and MSP430F14x de-
vices. XT2 sources XT2CLK, and its characteristics are identical to LFXT1 in
HF mode.

The XT20ff control bit disables the XT2 oscillator if signal XT2CLK is not used
for MCLK or SMCLK. Ifthe CPUO(ff bitis resetand SELM =2, XT2CLK sources
MCLK . The XT2CLK sources SMCLK if SCG1 is reset and SELS = 1.

Figure 7-4. Off Signals for Oscillator XT2

XT20ff —I_
CPUOff —(
SELM.1 XT20ff
SELM.0 —O
SCG1 —
SELS ——

OscOff |CPUOff | SELM.x |sce1 |SELS | XT2CLK |C0mment

0 X X X X on Oscillator Active
1 0 2 X X ont Clock Signal Needed for MCLK
1 X X 0 1 onf Clock Signal Needed for SMCLK

T XT2CLK is switched off in all other bit combinations
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LFXT1 and XT2 Oscillators

7.2.3 Oscillator Fault Detection

An analog circuit controls the operation of oscillators LFXT1 and XT2 and flags
an oscillator fault when crystal cycles are not present for approximately 50 ps.
The active OSCFault signal sets the oscillator-fault-interrupt flag (OFIFG) and
requests a non-maskable interrupt when the oscillator-fault interrupt enable bit
(OFIE) is set. User software must clear the OFIFG flag.

Figure 7-5. Oscillator-Fault-Interrupt

I_ ________________________________________ |
XT1off >— |
! |
| B |
| [ XT_OscFault
| LFXTl_OSCI;aé)J: NMIFG NMIRS l
|
| XT20ff P + OFIFG |
| XT2_OscFault ® S |9 |
|
: T2 > I IFG1.1 |
I I
| OFIE I
: IEL.1 | Clear |
F4 i
: Oscillator Fault NMI PUC IRQA |
_________ A ]
r——————— -] ——————————— A
| *— |
| hd 9 |
I XTS |
| SELM.1 * XSELM.1 I
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| ¢ =i |
| SELM.0 1 I
| Fault_from |
I XT2 I
| |
| Fault_from L |
| XT1 T\ L |
= indE P
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| |

Select DCO including Internal Resistor XT Oscillator Fails

XT2 Is an internal signal
XT2 = 0: Two oscillators — MSP430x11xx and MSP430x12x devices
XT2 = 1: Three oscillators — MSP430F13x and MSP430F14x devices
IRQA: Interrupt request accepted

LFT_XT_OscFault: Only applicable to LFXT1 oscillator in HF mode.
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The XT2_OscFault signal of the XT2 oscillator, and the LFXT1_OscFault
signal of the LFXT1 oscillator will set the oscillator-fault-interrupt flag (OFIFG)
independently. For two-oscillator implementation, the oscillator-fault-interrupt
flag can be reset by software if the LFXT1_OscFault signal is a logic low. For
three-oscillator implementation, the oscillator-fault-interrupt flag can be reset
by software only if both oscillator-fault signals, LFXT1_ OscFault and
XT2_OscFault, are low.



LFXT1 and XT2 Oscillators

Note: LFXT1 Oscillator Fault Signal

The LFXT1_OscFault signal is only applicable when the LFXT1 oscillator is
used in HF mode. There is no oscillator fault detection for the LFXT1
oscillator when it is configured in LF mode.

After applying V¢ the oscillator fault signal (XT_OscFault) becomes active.
The XT_OscFault sighal becomes inactive when XT2CLK and/or LFXT1CLK
have been oscillating for approximately 50 ps.

Figure 7—6. Oscillator-Fault Signal

e s (T

XT_OscFault \b

XT_OscFault becomes active after XT2CLK and/or LFXT1CLK stop
oscillating. The delay associated with the XT_OscFault signal is
approximately 50 ps.

Figure 7—7. Oscillator Fault in Oscillator Error Condition

XT2CLK
LFXT1CLK [T

XT_OscFault T
|

The oscillator-fault signal returns to a logic low if the oscillator starts operating
again. The delay is typically 50 ps.

When an XT oscillator has stopped and is then restarted, the oscillator fault
signal (XT_OscFault) remains active until the oscillator starts operating, and
becomes inactive after a delay of typically 50 ps.

Basic Clock Module 7.7



LFXT1 and XT2 Oscillators

Figure 7-8. Oscillator Fault in Oscillator Error Condition at Start-Up

f

Vee L ______________________

XT10ff/
XT20ff

2 TR

XT_OscFault »

7.2.4 Select DCO Oscillator for MCLK on XT Oscillator Fault
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The DCO oscillator is selected automatically for MCLK if either one of the
oscillators LFXT1 (in HF mode only), or XT2 is selected for MCLK source and
this oscillator fails. Since the DCO oscillator is now selected, the NMI
requested by the oscillator fault can be processed. The DCO oscillator is
switched on and the DCOCLK is switched to be the source for MCLK. An NMI
is processed even if the CPU is switched off (CPUOFF=1).

The MSP430 ultralow-power system allows any enabled interrupt to be
serviced from any low-power mode, including LPM4. MCLK automatically
becomes active inside of an interrupt service routine.

An NMl interrupt routine written by the user, which handles the oscillator fault,
has some important steps that should be used for proper handling of the fault
situation. First, if the NMI interrupt routine detects the oscillator fault and
selects the DCO as clock source for the system clock MCLK. Second, the user
programs a proper algorithm to detect if the XT oscillator is working again and
reselects an XT oscillator for the system clock MCLK if desired.



Figure 7-9. NMI/OSCFault Interrupt Handler

Start of NMI Interrupt Handler
Reset by HW:
OFIE, NMIE, ACCIE

LFXT1 and XT2 Oscillators

v ,

RETI
End of NMI Int. Handler

Bl S. B Mask, &l E1l

Note: Example for MSP430F1xx device

I
/T 7" 7] BIS.B #(NM|E+OG E+ACCVIFQ, & El
I
I
I
I

I
I
I
I
I
| Select DCO For MCLK Reset ACCVIFG Reset NMIIFG
| SELM.1=0
: + \4 \4
ser’s Software, ser’s Software, ser’s Software,
User’s Softw: User’s Soft User’s Softw:
| Oscillator Fault Flash Access External NMI
| Handler Violation Handler Handler
I
| ‘
[ OFIFG =0
I
I
| No
I
: Yes
| Reselect Failed
| XT Oscillator
| Optional
\4
Set NMIE, OFIE, Examplel:
ACCVIE Within One
Instruction /
Example2:

Mask Enabl es Only
I nterrupt Sources
; That are Needed

If an oscillator error forces the DCO on and uses the DCOCLK for MCLK, the
clock source for MCLK should be selected to DCOCLK with SELM.1=0. If the
oscillator error disappears and the original source for MCLK should be used
again, the SELM.1 bit needs to be reset.

Int_OscError
BI C. B #SELML, &BCSCTL2

Bl C. B #OFI FG & FGL

Bl T. B #OFI FG, & FGL
JC #Cont i nue
Bl S. B #SELML, &BCSCTL2

Use DCOCLK for MCLK

Try to clear oscillator error
flag

Test if oscillator error gone
Cscillator fault still valid

Return to original source for
MCLK
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Digitally-Controlled Oscillator (DCO)

7.3 Digitally-Controlled Oscillator (DCO)

The DCO is an integrated RC-type oscillator in the Basic Clock Module. The
DCO frequency can be tuned by software using the DCO, MOD, and RSEL
bits. The DCO is absolutely monotonic. As with any RC-type oscillator,
frequency varies with temperature, voltage, and from device to device. The
digital control of the oscillator allows frequency stabilization despite its
RC-type characteristics.

Figure 7-10. DCO Schematic
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The dc generator, when switched off, requires some minimal start-up time (4
microsecond range) due to its low-current design. Once the currentis switched
on, the resistor injects current in the microampere range into the dc generator;
the internal and external parasitic capacitances introduce the delay in the
microsecond range. No delay occurs in operating modes that do not require
to switch off the dc generator current.

An internal or external resistor is connected to the dc generator, which
determines the operating fundamental frequency of the DCOCLK.

The frequency of DCOCLK is set by the following functions:

[d The current injected into the dc generator (DCGEN) by either the internal
or external resistor defines the fundamental frequency. Control bit DCOR
selects the internal or external resistor.

[ Control bits Rsel2, Rsell, and RselO divide the fundamental frequency
into eight nominal frequency ranges. These ranges are defined for an
individual device in the appropriate data sheet.

[ The three control bits, DCOO0 to DCO2, adjust the DCOCLK frequency.

(1 The five modulation bits, MODO to MOD4, switch between the frequency
selected by the DCO bits and the next higher frequency set by DCO+1.



Digitally-Controlled Oscillator (DCO)

The clock period of the DCOCLK signal changes approximately ten percent
for each step of the control bit DCO.

Figure 7-11. Principle Period Steps of the DCO

fococLk

Nominal —

Five bits (SCGO0, CPUOff, SELM.1, SCG1, and SELS) control the operation of
the DCO.

Figure 7-12. On/Off Control of DCO

CPUOf
) DCOCLK_on
XSELM.1 »
D Q 1:on
SCG1 0: off
’(>
SELS——D Q
DCOCLK
|
POR
SMCLK DCO_Gen_on
SCGO 1:0n
0: off
SCGO | CPUOff | SELM.1 | SCG1 | SELS | DCOCLK | DCO_GEN | Comment
X 0 0 X X on on DCO Clock Needed for MCLK
X X X 0 0 on on DCO Clock Needed for SMCLK
0 0 1 (see Note A) off on DCO Clock Is Not Needed
0 1 X off on For MCLK (and SMCLK)
0 (see Note B) 0 1 off on DCO Clock Is Not Needed
0 1 X off on For SMCLK (and MCLK)
1 Note C off off DCO Clock Is Not Needed:
| (see °|e ) | SCGO Bit Switches Off DCOGEN

NOTES: A. SMCLK does not need the DCOCLK signal if:
SMCLK is switched off (SCG1 = 1), or DOCCLK is not selected for SMCLK (SELS = 0).
B. MCLK does not need the DCOCLK signal if:
MCLK is switched off (CPUOff = 1), or DOCCLK is not selected for MCLK (SELM.1 = 1).
C. MCLK and SMCLK does not need the DCOCLK signal if:
The control bit SCGO in the status register can switch off (SCGO = 1) the DCOGEN.
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Digitally-Controlled Oscillator (DCO)

7.3.1 Operation of the DCO Modulator

The modulator is intended to reduce a long accumulating period variation by
mixing adjacent DCO periods. On average, a longer period variation can be
minimized by mixing DCO periods. The modulator accumulates a period of 32
DCOCLK clock cycles. The MOD control bits define the mixing ratio of the
DCO+1 period. The remaining 32-MOD time slots use the DCO period. If the
modulation constantis 0, the DCO data in the control register defines the peri-
od. The following formula defines the accumulating periods:

t =(32— MOD) X tpco + MOD X tpco+1

The modulator selects fycq Or fycot+l individually for each DCO cycle. This is
the highest possible rate that can be modulated between two discrete
frequency steps. The following example illustrates the main operation of the
modulator.

Figure 7—13. Operation of the DCO Modulator
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Digitally-Controlled Oscillator (DCO)

The user should consider two factors when reviewing the timing accuracy gen-
erated from the DCOCLK signal:

(1 Short term accuracy: Each individual cycle is as inaccurate as the DCO
steps.

[ Long term accuracy: The accumulated average of many individual
cycles reduces the relative error by less
than 0.33%, assuming a step delta of 10% and
a modulation period of 32.

Proper use of the modulation feature on the DCOCLK period increases the
accuracy by averaging the periods. The selected frequency set using the
control bits in the DCO and the modulation fraction defined by the control bits
in MOD sets the DCOCLK periods.

Note: Control of DCOCLK Frequency

The frequency of the digitally-controlled oscillator varies with temperature
and voltage and is different for each individual sample. The frequency can
be controlled by software if an external reference (such as the ACLK signal)
is used to measure the difference and to readjust the DCO frequency.
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7.4 Basic Clock Module Operating Modes

Control bits SCGO0, SCG1, OscOff, and CPUOTff in the status register configure
the operating mode, as discussed in Chapter 3, System Resets, Interrupts and
Operating Modes.

The digitally-controlled oscillator is disabled when not used for MCLK or
SMCLK. The dc generator must be switched off separately, but is switched on
automatically when the DCOCLK signal is used, either for MCLK or SMCLK.

7.4.1 Starting From Power Up Clear (PUC)

On avalid PUC, the internal resistor is selected for the dc generator, Rgg| = 4,
and DCO = 3, allowing the oscillator to operate at a medium frequency and
independently from external conditions. ACLK is sourced from LFXT1 in the
LF mode and configured to operate with a watch crystal; MCLK and SMCLK
are sourced from DCOCLK. Because the CPU executes code from MCLK,
which is sourced from the fast-starting DCO, code execution from PUC is fast,
typically less than 6 ps. After a PUC, user software selects the best basic clock
configuration for the application.

7.4.2 Adjusting the Basic Clock

7-14

The control registers of the Basic Clock are under full software control. If clock
requirements other than those of the default from PUC are necessary, the
Basic Clock can be configured or reconfigured by software at any time during
program execution.

[ ACLKGEN from LFXT1 crystal, resonator, or external-clock source and
divided by 1, 2, 4, or 8. If no LFXTCLK clock signal is needed in the
application, the OscOff bit should be set in the status register.

[ SCLKGEN from LFXTCLK, DCOCLK, or XT2CLK (x13x and x14x only)
and divided by 1, 2, 4, or 8. The SCGL1 bit in the status register enables
or disables SMCLK.

(O MCLKGEN from LFXTCLK, DCOCLK, or XT2CLK (x13x and x14x only)
and divided by 1, 2, 4, or 8. When set, the CPUO(f bit in the status register
enables or disables MCLK.

(1 DCOCLK frequencyis adjusted using the RSEL, DCO, and MOD bits. The
DCOCLK clock source is stopped when not used, and the dc generator
can be disabled by the SCGO bit in the status register (when set).

[ The XT2 oscillator sources XT2CLK (x13x and x14x only) by clearing the
XT20ff bit.

User software can modify the Basic Clock to meet the system requirements
at any time using the full MSP430 instruction set. A few examples follow:

bis.b #007h, &CSCTL1 ; RSEL=7

nov. b #081h, &BCSCTL1 ; XT2of f, RSEL=1

bis.b #070h, &BCSCTL1 ; ACLK= hi gh-speed XTAL/8
bis. b #008h, &CSCTL2 ; SMCLK=LFXT1

inc.b &DCOCTL ;I ncrease DCOCLK

dec. b &DCOCTL ; Decrease DCOCLK
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7.4.3 Basic Clock Features for Low-Power Applications

Conflicting requirements typically exist in battery powered MSP430x1xx
applications:

(1 Low clock frequency for energy conservation and time keeping

(O High clock frequency for fast reaction to events and fast burst processing
capability

The Basic Clock Module addresses the above conflicting requirements by
allowing the design engineer to select from the three available clock signals:
ACLK, MCLK and SMCLK. For optimal low-power performance, the ACLK can
be configured to oscillate with a low 32,786-Hz watch-crystal frequency,
providing a stable time base for the system and low power stand-by operation.
The MCLK can be configured to operate from the on-chip DCO which is only
activated when requested by events. The SMCLK can be configured to
operate from either the watch-crystal or the DCO, depending on peripheral
requirements. A flexible clock distribution and divider system is provided to
fine tune the individual clock requirements. All basic clock-module
configurations are under full software control.

7.4.4 Selecting a Crystal Clock for MCLK

After power up, the Basic Clock Module uses the DCO clock for the system
clock MCLK. The LFXT1 oscillator starts in the low-frequency mode (XTS=0).
Regardless of the configuration of the clock system the application uses, if all
initial conditions are set, the software execution is ensured by the integrated
DCO. Finally, the application may use a crystal for further software execution.

Figure 7-14. Select Crystal Oscillator for MCLK, Example Uses LFXT1 for MCLK

LFXT1CLK ==
SELM DIVM CPUOff
«|’2 T2

I Qli
DCOCLK ¢ 0] 15 11, 12, 14, I8, off _MCLK
( O 2 Main System Clock

§
XT2CLK
MCLKGEN

The sequence to switch the MCLK source from the DCO clock to the crystal
clock (LFXT1CLK or XT2CLK) should be:

1) Switch on the crystal oscillator

a) OscOff = 0, XTS is reset (LF mode is selected) or set (HF mode is

selected)
BIS.B #XTS,&BCSCTL1 ; Set XTS bit to select LFXT1
; oscillator
BI C #OSCOFF, SR ; Turn on LFXT1 oscillator
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b) Inx13xandx14x devices, the XT2 oscillator can also be used: XT20ff
is reset

BIC. B #XT2Of, &CSCTL1 ; Reset XT2Off to turn on LFXT1
; oscillator

2) Clear the OscFault flag.
3) Wait the required delay.
4) Test the OscFault flag.

5) Repeat steps 2 through 4 until the OscFault flag remains cleared.

L1 BIC B #OFIFG & FGL ; Cear OscFault flag

MoV #0FFFh, R15 ; Move delay value to register
L2 DEC R15 ; Decrenent delay val ue

JINZ L2 ; Repeat until zero

BIT.B #OFIFG & FG1L ; Test OscFault flag

JINZ L1 ; Repeat if necessary

Sourcing MCLK With 32768 Hz

Do not source MCLK from LFXT1_CLK when the LFXT1 oscillator
isin LF mode (32768 Hz). Increased power consumption will result.

Figure 7-15. Timing to Select Crystal Oscillator for MCLK, Example Uses LFXT1 in HF
Mode for MCLK

Turn on the
Crystal Oscillator

DCOCLK J :_MJLUU—HU—HM
(NN
MCLK ' ___ | ]I,H”l mmmmmummmm

\

If Crystal Oscillator settled Then Select Crystal Oscillator
for MCLK
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7.4.5 Synchronization of Clock Signals

The clock signals MCLK and SMCLK can be supplied by different clock
sources. While switching from one clock source to the other, the switch is
synchronized to avoid critical race conditions. When another clock source is
selected the following occurs in order:

1) The current clock cycle continues until the next rising edge.

2) The clockthenremains high until the nextrising edge of the newly selected
clock.

3) Nowthe new clock source is selected and continues with a full high period.

Figure 7-16. Select Another Clock Source Signal, Example Switches From DCOCLK to
LFXT1CLK for Clock MCLK

Select
LFXT1CLK

v

DCOCLK

LFXT1CLK i B \—I \—
MCLK J

Wait for
~DCOCLKP— |91 &) g P»|——————LFXTICLK

\4
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7.5 Basic Clock Module Control Registers

The Basic Clock Module is configured using control registers DCOCTL,
BCSCTL1, and BCSCTLZ2, and four bits from the CPU status register: SCG1,
SCGO, OscOff, and CPUOFF. User software can modify these control
registers from their default condition at any time. The Basic Clock Module
control registers are located in the byte-wide peripheral map and should be
accessed with byte (.B) instructions.

Register Short Form  Register Type Address Initial State
DCO control DCOCTL Read/write 056h 060h
register

Basic clock BCSCTL1 Read/write 057h 084h
system control 1

Basic clock BCSCTL2 Read/write 058h reset

system control 1

7.5.1 Digitally-Controlled Oscillator (DCO) Clock-Frequency Control

DCOCTL is loaded with a value of 060h with a valid PUC condition.
7 0

DCOCTL
056h

DCO.2|DCO.1|DCO.0 | MOD.4 (MOD.3 | MOD.2 | MOD.1 {MOD.0

rw—0 rw—1 rw-1 rw—0 rw—0 w-0 rw-0 rw—0

MOD.0 .. MOD.4: The MOD constant defines how often the discrete
frequency fpco+1 is used within a period of 32 DCOCLK cycles.
During the remaining clock cycles (32—MOD) the discrete frequency
fbcoisused. Whenthe DCO constantis setto seven, no modulation is
possible since the highest feasible frequency has then been selected.

DCO.0..DCO.2: The DCO constantdefines which one ofthe eight discrete
frequencies is selected. The frequency is defined by the current
injected into the dc generator.

7.5.2 Oscillator and Clock Control Register

BCSCTL1 is affected by a valid PUC or POR condition.
7 0

BCSCTL1
057h XT20ff | XTS| DIVA.1| DIVA.O| XT5V| Rsel.2| Rsel.1| Rsel.0

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

BitO to Bit2: The internal resistor is selected in eight different steps.
Rsel.0 to Rsel.2 The value of the resistor defines the nominal frequency.
The lowest nominal frequency is selected by setting Rsel=0.

Bit3, XT5V:  XT5V should always be reset.
Bit4 to Bit5:  The selected source for ACLK is divided by:
DIVA=0: 1
DIVA=1: 2
DIVA=2: 4
DIVA=3: 8
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Bit6, XTS: The LFXT1 oscillator operates with a low-frequency clock
crystal or with a high-frequency crystal:
XTS =0: The low-frequency oscillator is selected.
XTS=1: The high-frequency oscillator is selected.

The oscillator selection must meet the external crystal’s operating condition.

Bit7, XT20ff: The XT2 oscillator is switched on or off:
XT20ff = 0: the oscillator is on
XT20ff = 1: the oscillator is off if it is not used for MCLK or SMCLK.

BCSCTL2 is affected by a valid PUC or POR condition.

7 0

BCSCTL2
058h

SELM.1 | SELM.0 [ DIVM.1| DIVM.0| SELS| DIVS.1| DIVS.0| DCOR
rw—(0) rw—(0) rw—(0) rmw—0) rw-0 rw-0 rw-0 rw—0

Bit0, DCOR: The DCOR bit selects the resistor for injecting current into the
dc generator. Based on this current, the oscillator operates if
activated.

DCOR = 0: Internal resistor on, the oscillator can operate. The fail-
safe mode is on.

DCOR = 1: Internal resistor off, the current must be injected
externally if the DCO output drives any clock using
the DCOCLK.

Bit1, Bit2: The selected source for SMCLK is divided by:

DIVS.1..DIVS.0 DIVS=0:1
DIVS=1:2
DIVS=2:4
DIVS=3:8

Bit3, SELS: Selects the source for generating SMCLK:
SELS = 0: Use the DCOCLK
SELS = 1: Use the XT2CLK signal (in three-oscillator systems)
or
LFXT1CLK signal (in two-oscillator systems)

Bit4, Bit5: The selected source for MCLK is divided by:

DIVM.O .. DIVM.1 DIVM =0:1
DIVM =1:2
DIVM =2:4
DIVM =3:8

Bit6, Bit7: Selects the source for generating MCLK:
SELM.0 .. SELM.1 SELM = 0: Use the DCOCLK
SELM = 1: Use the DCOCLK
SELM = 2: Use the XT2CLK (x13x and x14x devices) or
Use the LFXT1CLK (x11xx and x12x devices)
SELM = 3: Use the LFXT1CLK
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7.5.3 Special-Function Register Bits
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The Basic Clock Module affects two bits in the special-function registers
OFIFG and OFIE. The oscillator fault-interrupt enable bit (OFIE) is located in
bit 1 of the interrupt-enable register IE1. The oscillator fault-interrupt flag bit
(OFIFG) is located in bit 1 of the interrupt-flag register IFG1.

IE1 7 6 5 4 3 2 1 0

0oh I I I I I I | OFIE | |
rw—0

IFG1 7 6 5 4 3 2 1 0

o2h | I I I I I [ OFIFG | |
rw—1

The oscillator fault signal XT_OscFault sets the OFIFG as long as the oscillator
fault condition is active. The detection and effect of the oscillator fault condition
is described in section 7.4.1. The oscillator fault interrupt requests a
nonmaskable interrupt if the OFIE bit is set. The oscillator interrupt-enable bit
is reset automatically if a non-maskable interrupt is accepted. The initial state
ofthe OFIE bitis reset and no oscillator fault requests an interrupt even if a fault
condition occurs.



Chapter 8

Digital /0 Configuration

This chapter describes the digital /O configuration.
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Introduction

8.1
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Introduction

The general-purpose I/O ports of the MSP430 are designed to give maximum
flexibility. Each I/O line is individually configurable, and most have interrupt
capability.

There are two different types of I/O port modules in the MSP430x1xx family
devices. Ports P1 and P2 are of one type, and ports P3 to P6 are of another
type. Both types have the capability to control input/output direction and output
level, toread the level applied to a pin, and to control if a port or module function
is applied to a pin. The port module for P1 and P2 have interrupt capability; flag,
enable, and edge sensitivity are available individually for each bit.

MSP430x11xx devices have ports P1 and P2 implemented; MSP430x12x
devices have ports P1 to P3 implemented; MSP430x13x and MSP430x14x
have ports P1 to P6 implemented.



8.2 Ports P1, P2

Ports P1, P2

Each of the general-purpose ports P1 and P2 contain 8 general-purpose 1/0
lines and all of the registers required to control and configure them. Each 1/O
line is capable of being controlled independently. In addition, each 1/O line is
capable of producing an interrupt.

Separate vectors are allocated to ports P1 and P2 modules. The pins for port
P1 (P1.0-7) source one interrupt, and the pins for port P2 (P2.0-7) source
another interrupt.

Seven registers are used to control the port I/O pins (see Section 8.2.1).

Ports P1 and P2 are connected to the processor core through the 8-bit MDB
and the MAB. They should be accessed using byte instructions in the absolute
address mode.

Figure 8-1. Port P1, Port P2 Configuration

n
n

B MDB R
« r 3 r 3 r 3 r 3 r 3 r A v
8
R 8
8
Input Register PnIN
1:020n T -~ 8
2: 028h Output Register PNOUT
A 4 R/W 8
n=1:021h Direction Register
=2:02%h
n=2:029 PnDIR J RIW
n=1:022h 8
n=2: 02Ah Interrupt Flags PnIFG
vy R/W
n=1:023h Interrupt Edge Select 8
n=2:02Bh PnIES
7'y R/W
n=1: 024h
n=2:02Ch Interrupt Enable PnlE
R/W
n=1:025h 4
n=2:02Dh Function Select PnSEL
n=1:026h 4
n=2: 02Eh
MSB LSB
Pn.7 Pn.0

Digital I/0O Configuration
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8.2.1 Port P1, Port P2 Control Registers

The seven control registers give maximum digital input/output configuration
flexibility:

(1 Allindividual I/O bits are independently programmabile.
[ Any combination of input, output, and interrupt condition is possible.

[ Interrupt processing of external events is fully implemented for all eight
bits of ports P1 and P2.

The seven registers for port P1 and the seven registers for port P2 are shown
in Table 8-1 and Table 8-2, respectively.

Table 8-1.Port P1 Registers

Short Register

Register Form Type Address Initial State
Input P1IN Readonly 020h  ————-—
Output P1OUT Read/write 021h Unchanged
Direction P1DIR Read/write  022h Reset
Interrupt flags P1lIFG Read/write  023h Reset
Interrupt edge select PlIES Read/write  024h Unchanged
Interrupt enable PlIE Read/write  025h Reset
Function select P1SEL  Read/write 026h Reset

Table 8-2.Port P2 Registers

Short Register

Register Form Type Address Initial State
Input P2IN Readonly 028h  ————-—
Output P20OUT Read/write 029h Unchanged
Direction P2DIR Read/write  02Ah Reset
Interrupt flags P2IFG Read/write  02Bh Reset
Interrupt edge select P2IES Read/write  02Ch Unchanged
Interrupt enable P2IE Read/write  02Dh Reset
Function select P2SEL  Read/write 02Eh Reset

These registers contain eight bits, and should be accessed using byte
instructions in absolute-address mode.

8.2.1.1 Input Registers P1IN, P2IN

Both Input registers are read-only registers that reflect the signals at the 1/O
pins.

Note: Writing to Read-Only Registers P1IN, P2IN

Writing to these read-only registers results in increased current consumption
while the write attempt is active.
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8.2.1.2 Output Registers P10OUT, P20UT

Each output register shows the information of the output buffer. The output
buffer can be modified by all instructions that write to a destination. If read, the
contents of the output buffer are independent of pin direction. A direction
change does not modify the output buffer contents.

8.2.1.3 Direction Registers P1DIR, P2DIR

The direction registers contain eight independent bits that define the direction
of the 1/0O pin. All bits are reset by the PUC signal.

When:
Bit = 0: The port pin is switched to input direction (3-state)

Bit = 1: The port pin is switched to output direction

8.2.1.4 Interrupt Flags P1IFG, P2IFG

Each interrupt flag register contains eight flags that reflect whether or not an
interruptis pending for the corresponding I/O pin, if the I/O is interrupt-enabled.

When:
Bit = 0: No interrupt is pending

Bit = 1: An interrupt is pending due to a transition at the 1/0 pin or from
software setting the bit.

Note:

Manipulating P1OUT and P1DIR, as well as P20UT and P2DIR, can result
in setting the P1IFG or P2IFG bits.

Writing a zero to an interrupt flag resets it; writing a one to an interrupt flag sets
it and generates an interrupt.

Each group of interrupt flags P1FLG.0 to P1FLG.7 and P2FLG.0 to P2FLG.7
sources its own interrupt vector. Interrupt flags P1IFG.0 to P1IFG.7 and
P2IFG.0 to P2IFG.7 are not reset automatically when an interrupt from these
events is serviced. The software should determine the origin of the interrupt
and reset the appropriate flag(s).

Note:

Any external interrupt event should be at least 1.5 times MCLK or longer, to
ensure that it is accepted and the corresponding interrupt flag is set.

Digital I/0O Configuration 8.5
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8.2.1.5 Interrupt Edge Select P1IES, P2IES

Each interrupt edge select register contains a bit for each corresponding 1/0
pin to select what type of transition triggers the interrupt flag.

When:
Bit = 0: The interrupt flag is set with a low-to-high transition

Bit = 1: The interrupt flag is set with a high-to-low transition

Note:

Changing the P1IES and P2IES bits can result in setting the associated
interrupt flags.

PnIES.x PnIN.x PnIFG.x
0-1 0 Unchanged
0-1 1 May be set
1-0 0 May be set
1-0 1 Unchanged

8.2.1.6 Interrupt Enable P1IE, P2IE

Each interrupt enable register contains bits to enable the interrupt flag for each
I/O pin in the port. Each of the sixteen bits corresponding to pins P1.0 to P1.7
and P2.0 to P2.7 is located in the P1IE and P2IE registers.

When:
Bit = 0: The interrupt request is disabled

Bit = 1: The interrupt request is enabled

Note: Port P1, Port P2 Interrupt Sensitivity
Only transitions, not static levels, cause interrupts.

If an interrupt flag is still set when the RETI instruction is executed (for
example, atransition occurs during the interrupt service routine), an interrupt
occurs again after RETI is completed. This ensures that each transition is
acknowledged by the software.

8.2.1.7 Function Select Registers P1SEL, P2SEL

8-6

P1 and P2 port pins are often multiplexed with other peripheral modules to
reduce overall pin count on MSP430 devices (see the specific device data
sheet to determine which other peripherals also use the device pins). Control
registers P1SEL and P2SEL are used to select the desired pin function—I/O
port or other peripheral module. Each register contains eight bits
corresponding to each pin, and each pin’s function is individually selectable.
All bits in these registers are reset by the PUC signal. The bit definitions are:

Bit = 0: Port P1 or P2 function is selected for the pin

Bit = 1: Other peripheral module function is selected for the pin
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Note: Function Select With P1SEL, P2SEL

The interrupt-edge-select circuitry is disabled if control bit PnSEL.X is set.
Therefore, the input signal can no longer generate an interrupt.

When a port pinis selected to be used as an input to a peripheral module other
than the I/O port (PnSEL.x = 1), the actual input signal to the peripheral module
is a latched representation of the signal at the device pin (see Figure 8-2
schematic). The latch uses the PnSEL.x bit as its enable, so while PnSEL.x=1,
the internal input signal simply follows the signal at the pin. However, if the
PnSEL.x bitis reset, then the output of the latch (and therefore the input to the
other peripheral module) represents the value of the signal at the device pin
just prior to the bit being reset.

8.2.2 Port P1, Port P2 Schematic

The pin logic of each individual port P1 and port P2 signal is identical. Each
bit can be read and written to as shown in Figure 8-2.

Figure 8-2. Schematic of One Bit in Port P1, P2

PnSEL.x ® |
PnDIR.x > Output
Direction Control > MUX
From Module
i____ ________
PnOUT.x » | Output
Module X OUT > | MUX
|
|
|
| I .
PnIN.x | ®
EN
Module x IN €—Y
Al—<¢ ®
PnIRQ.x L PnlE.x
Interrupt Interrupt
Edge
PnIFG.x Flag Select

PnIRQ.y T T

PnIES.x

Request PnSEL.x
Interrupt

Pn.07 PnIRQ.z

x =0to 7, according to bits 0 to 7
n =1 for Port P1 and 2 for Port P2
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8.2.3 Port P1, P2 Interrupt Control Functions

8-8

Ports P1 and P2 use eight bits for interrupt flags, eight bits to enable interrupts,
eight bits to select the effective edge of an interrupt event, one interrupt vector
address for port P1, and one interrupt vector address for port P2.

Each signal uses three bits for configuration and interrupt:

[ Interrupt flag, P1IFG.0 to P1IFG.7 and P2IFG.0 to P2IFG.7
[ Interrupt enable bit, P1IE.O to P1IE.7 and P2IE.O to P2IE.7
(1 Interrupt edge select bit, P1IES.0 to P1IES.7 and P2IES.O to P2IES.7

The interrupt flags P1IFG.0 to P1IFG.7 source one interrupt and P2IFG.0 to
P2IFG.7 source one interrupt. Any interrupt event on one or more pins of P1.0
to P1.7 or P2.0 to P2.7 requests an interrupt when two conditions are met: the
appropriate individual bit PnlE.x is set, and the GIE bit is set. Interrupt flags
P1IFG.0 to P1IFG.7 or P2IFG.0 to P2IFG.7 are not automatically reset. The
software of the interrupt service routine should handle the detection of the
source, and reset the appropriate flag when it is serviced.
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8.3 Ports P3, P4, P5, P6

General-purpose ports P3—-P6 function as shown in Figure 8-3. Each pin can
be selected to operate with the 1/O port function, or to be used with a different
peripheral module. This multiplexing of pins allows for a reduced pin count on
MSP430 devices.

Four registers control each of the ports (see Section 8.3.1).

Ports P3—P6 are connected to the processor core through the 8-bit MDB and
the MAB. They should be accessed with byte instructions using the absolute
address mode.

Figure 8-3. Ports P3—P6 Configuration

P MDB R
~ Z 3 7 § x x >
8 8
R
8
Input Register PnIN
R/W
a 8
n=3:018h .
n=4:01ch Output Register PNOUT
n=5:030h 3 015h R/W
n=e603h | "% Direction Register
' n=4:01Dh
PnDIR RIW
n=5:031h n=3 0lAh '
n=6:035h - Function Select
n=4:01Eh Register PnSEL
n =5:032h
n=6:036h |n=3:01Bh
n =4:01Fh
n=5:033h
n=6:037h
MSB LSB
Pn.7 Pn.0

8.3.1 Port P3-P6 Control Registers

The four control registers of each port give maximum configuration flexibility
of digital 1/0.

[ Allindividual I/O bits are programmed independently
(1 Any combination of input is possible
(1 Any combination of port or module function is possible

The four registers for each port are shown in Table 8-3. They each contain
eight bits and should be accessed with byte instructions.

Digital I/0O Configuration 8-9
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Table 8-3. Port P3—P6 Registers

Register Short Form Address Register Type Initial State

Input P3IN 018h Readony ———-—-
P4IN 01Ch Readony @  ————-—
P5IN 030h Readony @~  ————-—
P6IN 034h Readony @  ————-—

Output P30OUT 01%9h Read/write Unchanged
P40OUT 01Dh Read/write Unchanged
P50UT 031h Read/write Unchanged
P6OUT 035h Read/write Unchanged

Direction P3DIR 01Ah Read/write Reset
P4DIR O1lEh Read/write Reset
P5DIR 032h Read/write Reset
P6DIR 036h Read/write Reset

Port Select P3SEL 01Bh Read/write Reset
PASEL 01Fh Read/write Reset
P5SEL 033h Read/write Reset
P6SEL 037h Read/write Reset

8.3.1.1 Input Registers

The input registers are read-only registers that reflect the signal at the I/O pins.

Note: Writing to Read-Only Register

Any attempt to write to these read-only registers results in an increased
current consumption while the write attempt is active.

8.3.1.2 Output Registers

The output registers show the information of the output buffers. The output
buffers can be modified by all instructions that write to a destination. If read,
the contents of the output buffer are independent of the pin direction. A
direction change does not modify the output buffer contents.

8.3.1.3 Direction Registers

The direction registers contain eight independent bits that define the direction
of each 1/O pin. All bits are reset by the PUC signal.

When:
Bit = 0: The port pin is switched to input direction

Bit = 1: The port pin is switched to output direction

8-10
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8.3.1.4 Function Select Registers PnSEL

Ports P3—P6 pins are often multiplexed with other peripheral modules to
reduce overall pin count on MSP430 devices (see the specific device data
sheet to determine which other peripherals also use the device pins). Control
registers PnSEL are used to select the desired pin function—I/O port or other
peripheral module. Each register contains eight bits corresponding to each
pin, and each pin’s function is individually selectable. All bits in these registers
are reset by the PUC signal. The bit definitions are:

Bit = 0: Port function is selected for the pin

Bit = 1: Other peripheral module function is selected for the pin

Note: Function Select With PnSEL Registers

The interrupt-edge-select circuitry is disabled if control bit PnSEL.x is set.
Therefore, the input signal can no longer generate an interrupt.

When a port pinis selected to be used as an input to a peripheral module other
than the 1/0 port (PnSEL.x=1), the actual input signal to the peripheral module
is a latched representation of the signal at the device pin (see Figure 8-4
schematic). The latch uses the PnSEL.x bit as its enable, so while PnSEL.x=1,
the internal input signal simply follows the signal at the pin. However, if the
PnSEL.x bitis reset, then the output of the latch (and therefore the input to the
other peripheral module) represents the value of signal at the device pin, just
prior to the bit being reset.

8.3.2 Port P3-P6 Schematic

The pin logic of each individual port signal is shown in Figure 8—4.

Figure 8—4. Schematic of Bits Pn.x

PnSEL.x
PnDIR.x

Direction Control
From Module

PnOUT.x

Module x OUT

PnIN.x

Module x IN

* |
> Output
> MUX
F—,——
> Output
> MUX
EN
<+—Y
Al—<

n = 3 for Port3, 4 for Port P4, 5 for Port P5, and 6 for Port P6
x =0to 7, according to bits 0 to 7
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Chapter 9

Watchdog Timer

This chapter discusses the Watchdog Timer.

Topic Page

9.1 The Watchdog Timer . .........oiuiiii e 9-2
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9.1 The Watchdog Timer

The primary function of the watchdog-timer module (WDT) is to perform a
controlled-system restart after a software problem occurs. If the selected time
interval expires, a system reset is generated. If the watchdog function is not
needed in an application, the module can work as an interval timer, to generate
an interrupt after the selected time interval. The WDT diagram is shown in
Figure 9-1.

Figure 9-1. Schematic of Watchdog Timer
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Features of the Watchdog Timer include:

J
J
J

Eight software-selectable time intervals
Two operating modes: as watchdog or interval timer

Expiration of the time interval in watchdog mode, which generates a
system reset; or in timer mode, which generates an interrupt request

Safeguards which ensure that writing to the WDT control register is only
possible using a password

Support of ultralow-power using the hold mode
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9.1.1 Watchdog Timer Register

The watchdog-timer counter (WDTCNT) is a 16-bit up-counter that is not
directly accessible by software. The WDTCNT is controlled through the
watchdog-timer control register (WDTCTL), shown in Figure 9-2, which is a
16-bit read/write register located at the low byte of word address 0120h. Any
read or write access must be done using word instructions with no suffix or .w
suffix. In both operating modes (watchdog or timer), it is only possible to write
to WDTCTL using the correct password.

Figure 9—2. Watchdog Timer Control Register

15 8 7 0
WD(;I—l(;(I)—t HOLD|NMIES| NMI |TMSEL|CNTCL| SSEL | IS1 IS0
mw—0 m-0 w0 rm-0 row) m-0 rmw-0 rw-0
WDTCTL < 069h I
Read
WDTCTL ~
wiite € 05Ah »

Bits 0, 1: Bits ISO and IS1 select one of four taps from the WDTCNT, as
described in Table 9-1. Assuming ferystal = 32,768 Hz and
fsystem = 1 MHz, the following intervals are possible:

Table 9—1. WDTCNT Taps

SSEL 1IS1 ISO Interval [ms]
0 1 1 0064 tgycLk x28
0 1 0 05 tsmeLk X 29
1 1 1 1.9 tacLk x 28
0 0 1 8 tsmeLk * 213
1 1 0 16.0  tacLk x29
0 0 0 32 tsmeLk X 215 <— Value after PUC (reset)
1 0 1 250 tacLk x 213
1 0 0 1000 tacik %215
Bit 2: The SSEL bit selects the clock source for WDTCNT.

SSEL =0: WDTCNT is clocked by SMCLK .
SSEL=1: WDTCNT is clocked by ACLK.

Bit 3: Counter clear bit. In both operating modes, writing a 1 to this bit
restarts the WDTCNT at 00000h. The value read is not defined.

Bit 4: The TMSEL bit selects the operating mode: watchdog or timer.
TMSEL = 0: Watchdog mode
TMSEL = 1: Interval-timer mode

Watchdog Timer 9-3
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Bit 5: The NMI bit selects the function of the RST/NMI input pin. It is
cleared by the PUC signal.
NMI = 0: The RST/NMI input works as reset input.
As long as the RST/NMI pin is held low, the internal
signal is active (level sensitive).
NMI = 1: The RST/NMI input works as an edge-sensitive
nonmaskable interrupt input.

Bit 6: If the NMI function is selected, this bit selects the activating edge
of the RST/NMI input. It is cleared by the PUC signal.
NMIES = 0: A rising edge triggers an NMI interrupt.
NMIES = 1: A falling edge triggers an NMI interrupt.
CAUTION: Changing the NMIES bit with software can generate
an NMl interrupt.

Bit 7: This bit stops the operation of the watchdog counter. The clock
multiplexer is disabled and the counter stops incrementing. It holds
the last value until the hold bit is reset and the operation continues.
It is cleared by the PUC signal.

HOLD =0: The WDT is fully active.
HOLD =1: The clock multiplexer and counter are stopped.

9.1.1.1 Accessing the WDTCTL (Watchdog Timer Control Register)

The WDTCTL register can be read or written to. As illustrated in Figure 9-3,
WDTCTL can be read without the use of a password. A read access is
performed by accessing word address 0120h. The low byte contains the value
of WDTCTL. The value of the high byte is always read as 069h.

Figure 9-3. Reading WDTCTL

WDTCTL
0120h 01 1 O 1 0 0 1 Read Data

rrr r ror rr rw-x, (w)

Write access to WDTCTL, illustrated in Figure 9—4, is only possible using the
correct high-byte password. To change register WDTCTL, write to word
address 0120h. The low byte contains the data to write to WDTCTL. The high
byte is the password, which is 05Ah. A system reset (PUC) is generated if any
value other than 05Ah is written to the high byte of address 0120h.

Figure 9—4. Writing to WDTCTL

15 8 7 0
WDTCTL _
0120h 01 0 1 1 0 1 0 Write Data
(W) (w) (W) (W) (w) (W) (W) (W) rw-x, (w)
5 A
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9.1.2 Watchdog Timer Interrupt Control Functions

The Watchdog Timer (WDT) uses two bits in the SFRs for interrupt control.

(1 The WDT interrupt flag (WDTIFG) (located in IFG1.0, initial state is reset)
[ The WDT interrupt enable (WDTIE) (located in IE1.0, initial state is reset)

When using the watchdog mode, the WDTIFG flag is used by the reset
interrupt service routine to determine if the watchdog caused the device to
reset. If the flag is set, then the Watchdog Timer initiated the reset condition
(either by timing out or by a security key violation). If the flag is cleared, then
the PUC was caused by a different source. See chapter 3 for more details on
the PUC and POR signals.

When using the Watchdog Timer in interval-timer mode, the WDTIFG flag is
set after the selected time interval and a watchdog interval-timer interrupt is
requested. The interrupt vector address in interval-timer mode is different from
that in watchdog mode. In interval-timer mode, the WDTIFG flag is reset
automatically when the interrupt is serviced.

The WDTIE bit is used to enable or disable the interrupt from the Watchdog
Timer when it is being used in interval-timer mode. Also, the GIE bit enables
or disables the interrupt from the Watchdog Timer when it is being used in
interval-timer mode.

9.1.3 Watchdog Timer Operation

The WDT module can be configured in two modes: watchdog and the interval-
timer modes.

9.1.3.1 Watchdog Mode

When the WDT is configured to operate in watchdog mode, both a watchdog
overflow and a security violation trigger the PUC signal, which automatically
clears the appropriate system register bits. This results in a system
configuration for the WDTCTL bits where the WDT is set into the watchdog
mode and the RST/NMI pin is switched to the reset configuration.

After a power-on reset or a system reset, the WDT module automatically
enters the watchdog mode and all bits in the WDTCTL register and the
watchdog counter (WDTCNT) are cleared. The initial conditions at register
WDTCTL cause the WDT to start running at a relatively-low frequency, due to
the range of the digitally-controlled oscillator (DCO) automatically being set in
these situations. Since the WDTCNT is reset, the user software has ample
time to set up or halt the WDT and to adjust the system frequency. Users must
refer to the specific data sheets and the clock-system chapter of this manual
to determine the details of the clocking circuit on the MSP430 device chosen.

Watchdog Timer 9-5
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9.1.3.2 Timer Mode

When the module is used in watchdog mode, the software should periodically
reset the WDTCNT by writing a 1 to bit CNTCL of WDTCTL to prevent
expiration of the selected time interval. If a software problem occurs and the
time interval expires because the counter is no longer being reset, a system
reset is generated and a system PUC signal is activated. The system restarts
at the same program address that follows a power up. The cause of reset can
be determined by testing bit 0 of interrupt flag register 1 in the SFRs. The
appropriate time interval is selected by setting bits SSEL, 1S0, and IS1
accordingly.

Setting WDTCTL register bit TMSEL to 1 selects the timer mode. This mode
provides periodic interrupts at the selected time interval. A time interval can
also be initiated by writing a 1 to bit CNTCL in the WDTCTL register.

When the WDT is configured to operate in timer mode, the WDTIFG flag is set
after the selected time interval, and it requests a standard interrupt service.
The WDT interrupt flag is a single-source interrupt flag and is automatically
reset when it is serviced. The enable bit remains unchanged. In interval-timer
mode, the WDT interrupt-enable bit and the GIE bit must be set to allow the
WNDT to request an interrupt. The interrupt vector address in timer mode is
different from that in watchdog mode.

Note: Watchdog Timer, Changing the Time Interval

Changing the time interval without clearing the WDTCNT may result in an
unexpected and immediate system reset or interrupt. The time interval must
be changed together with a counter-clear command using a single
instruction (for example, MOV #05A0Ah,&WDTCTL).

Changing the clock source during normal operation may resultin anincorrect
interval. The timer should be halted before changing the clock source.

9.1.3.3 Operation in Low-Power Modes

9-6

The MSP430 devices have several low-power modes. Different clock signals
are available in different low-power modes. The requirements of the user’s
application and the type of clocking circuit on the MSP430 device determine
how the Watchdog Timer and clocking signals should be configured. Review
the device data sheet and clock-system chapter to determine the clocking
circuit, clock signals, and low-power modes available. For example, the WDT
should not be configured in watchdog mode with SMCLK as its clock source
if the user wants to use low-power mode 3 because SMCLK is not active in
LPMS, therefore the WDT would not function properly.

The WDT hold condition can also be used to support low power operation. The
hold condition can be used in conjunction with low-power modes when
needed.



The Watchdog Timer

9.1.3.4 Software Example

The following example illustrates the watchdog-reset operation.

)
)

After RESET or power-up, the WDTCTL register and WDTCNT
are cleared and the initial operating conditions are
wat chdog node with a tinme interval of 32 ns.

; Constant definitions:

WDTCTL .EQU 0120h ; Address of Watchdog Ti nmer
WDTPW . EQU 05A00h; Password

T250M5 .EQU 5 : SSEL, 1S0, I1S1 set to 250 ns
TO5M5 . EQU 2 ; SSEL, 1S0, ISl set to 0.5 ns
CNTCL .EQU 8 ; Bit position to reset WDTCNT

TMSEL .EQU 010h ; Bit position to select tiner node

As long as watchdog node is sel ected, watchdog reset has
to be done periodically through an instruction e.g.:

MOV #WDTPWHCNTCL, &ADTCTL

To change to tinmer node and a time interval of 250 ns,
the followi ng instruction sequence can be used:

MoV #WDTPW-CNTCL+TMSEL+T250MS, &ADTCTL
; Clear WDTCNT and
; select 250 ns and tiner
; node

Note: The tine interval and clear of WDTCNT shoul d be

nodi fied within one instruction to avoid
unexpected reset or interrupt

Swi t chi ng back to watchdog node and a tine interval of
0.5 ns is perfornmed by:

MoV #WDTPW-CNTCL, &WDTCTL ; Reset VDT count er

MoV #VDTPWTOSMS, &WDTCTL  ; Sel ect wat chdog nobde
; and 0.5 ns

Watchdog Timer 9-7
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Chapter 10

Timer A

This section describes the basic functions of the MSP430 general-purpose
16-bit Timer_A. All capture/compare blocks (CCR) are identical. All
MSP430x1xx devices have three CCRs (Timer_A3) implemented.

Note: Use of the Word Count

Throughout this chapter, the word count is used in the text. As used in these
instances, itrefers to the literal act of counting. It means that the counter must
be in the process of counting for the action to take place. If a particular value
is directly written to the counter, then the associated action will not take place.
For example, the CCRO interrupt flag is set when the timer counts up to the
value in CCRO. The counter must count from CCR0O-1 to CCRO. If the CCRO
value were simply written directly to the timer with software, the interrupt flag
would not be set, even though the values in the timer and the CCRO registers
are the same.
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10.1 Introduction
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Timer_A is an extremely versatile timer made up of :
[ 16-bit counter with 4 operating modes
(1 Selectable and configurable clock source

[ Three or five independently configurable capture/compare registers with
configurable inputs

[ Three orfive individually configurable output modules with 8 output modes

Timer_A can support multiple, simultaneous, timings; multiple capture/
compares; multiple output waveforms such as PWM signals; and any
combination of these. Also, each capture/compare register has hardware
support for implementing serial communications such as UART protocol (see
section 10.7).

Additionally, Timer_A has extensive interrupt capabilities. Interrupts may be
generated from the counter on overflow conditions and from each of the
capture/compare registers on captures or compares. Each capture/compare
block is individually configurable and can produce interrupts on compares or
on rising, falling, or both edges of an external capture signal.

The block diagram of Timer_A is shown in Figure 10-1.



Figure 10-1. Timer_A Block Diagram
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10.2 Timer_A Operation

The 16-bit timer has 4 modes of operation selectable with the MCO and MC1
bits in the TACTL register. The timer increments or decrements (depending on
mode of operation) with each rising edge of the clock signal. The timer can be
read or written to with software. Additionally, the timer can generate an
interrupt with its ripple-carry output when it overflows.

10.2.1 Timer Mode Control

The timer has four modes of operation as shown in Figure 10—2 and described
in Table 10-1: stop, up, continuous, and up/down. The operating mode is
software selectable with the MCO and MC1 bits in the TACTL register.

Figure 10-2. Mode Control

Data
15 i 0
Timer Clock 16-Bit Timer »  Mode
——— P CLK
RC Control |¢— Equo
T o ) :
Carry/izero 1\~ MCO Set_TAIFG
POR
0 0 Stop Mode
0 1 Up Mode
1 0 Continuous Mode
1 1  Up/Down Mode
Table 10-1.Timer Modes
Mode Control
MC1 MCO Mode Description
0 0 Stop The timer is halted.
0 1 Up The timer counts upward until value is equal to
value of compare register CCRO.
1 0 Continuous  The timer counts upward continuously.
1 1 Up/Down The timer counts up until the timer value is

equal to compare register 0 and then it counts
down to zero.
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10.2.2 Clock Source Select and Divider

The timer clock can be sourced from internal clocks (i.e. ACLK or SMCLK) or
from an external source (TACLK) as shown in Figure 10-3. The clock source
is selectable with the SSELO and SSEL1 bits in the TACTL register. It is
important to note that when changing the clock source for the timer, errant
timings can occur. For this reason stopping the timer before changing the clock
source is recommended.

The selected clock source may be passed directly to the timer or divided by
2,4, or 8, as shown in Figure 10—4. The ID0 and ID1 bits in the TACTL register
select the clock division. Note that the input divider is reset by a POR signal
(see chapter 3, System, Resets, Interrupts, and Operating Modes for more
information on the POR signal) or by setting the CLR bit in the TACTL register.
Otherwise, the input divider remains unchanged when the timer is modified.
The state of the input divider is invisible to software.

Figure 10-3. Schematic of 16-Bit Timer

SSEL1 SSELO

1,

TACLK
ACLK —o
SMCLK__¢

INCLK —o

1

Timer Clock Data
0 I 15
Input 16-Bit Timer »  Mode
o >CLK
Divider RC Control l¢— Equo
T ; \ } } >
ID1 DO Carry/Zero 1\~ Mco Set_TAIFG
POR/CLR
0 0 Pass 0 0 Stop Mode
0 1 12 0 1 Up Mode
1 0 1/4 1 0 Continuous Mode
1 1 1/8 1 1 Up/Down Mode

Figure 10-4. Schematic of Clock Source Select and Input Divider

SSEL1 SSELO
1,

TACLK
ACLK —o
SMCLK_

INCLK —o

Input Divider

L T QT Q4T Q » 16-Bit Timer Clock

C C C
2 \ +
3 o |

D1 1DO POR CLR

0 0 Pass

0 1 12

1 0 1/4

1 1 1/8

Timer_A
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10.2.3 Starting the Timer

10-6

The timer may be started or restarted in a variety of ways:

4

a

Release Halt Mode: The timer counts in the selected direction when a
timer mode other than stop mode is selected with the MCx bits.

Halted by CCRO = 0, restarted by CCRO > 0 when the mode is either up
or up/down: When the timer mode is selected to be either up or up/down,
the timer may be stopped by writing 0 to capture/compare register 0
(CCROQ). The timer may then be restarted by writing a nonzero value to
CCRO. In this scenario, the timer starts incrementing in the up direction
from zero.

Setting the CLR bit in TACTL register: Setting the CLR bit in the TACTL
register clears the timer value and input clock divider value. The timer
increments upward from zero with the next clock cycle as long as
stop-mode is not selected with the MCx bits.

TAR is loaded with 0: When the counter (TAR register) is loaded with zero
with a software instruction the timer increments upward from zero with the
next clock cycle as long as stop-mode is not selected with the MCx bits.



10.3 Timer Modes

Timer Modes

10.3.1 Timer—Stop Mode

Stopping and starting the timer is done simply by changing the mode control
bits (MCx). The value of the timer is not affected.

When the timer is stopped from up/down mode and then restarted in up/down
mode, the timer counts in the same direction as it was counting before it was
stopped. For example, if the timer is in up/down mode and counting in the down
direction when the MCx bits are reset, when they are set back to the up/down
direction, the timer starts counting in the down direction from its previous
value. If this is not desired in an application, the CLR bit in the TACTL register
can be used to clear this direction memory feature.

10.3.2 Timer—Up Mode

The up mode is used if the timer period must be different from the 65,536
(16-bit) clock cycles of the continuous mode period. The capture/compare
register CCRO data define the timer period.

The counter counts up to the content of compare register CCRO, as shown in
Figure 10-5. When the timer value and the value of compare register CCRO
are equal (or if the timer value is greater than the CCRO value), the timer
restarts counting from zero.

Figure 10-5. Timer Up Mode

OFFFFh
CCRO

Oh

Flag CCIFGO is set when the timer equals the CCRO value. The TAIFG flag is
set when the timer counts from CCRO to zero. All interrupt flags are set
independently of the corresponding interrupt enable bit, but an interrupt is
requested only if the corresponding interrupt enable bit and the GIE bit are set.
Figure 10-6 shows the flag set cycle.

Figure 10-6. Up Mode Flag Setting

Timer
Clock

NN\

Timer _Xccro-1Xccro X_oh X 1h X Xccro-rX ccro X_oh X _1n X

Set Flag

TAIFG
Set Flag
CCIFGO

L\ |
™
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10.3.2.1 Timer in Up Mode—Changing the Period Register CCRO Value

Changing the timer period register CCRO while the timer is running can be a
little tricky. When the new period is greater than or equal to the old period, the
timer simply counts up to the new period and no special attention is required
(see Figure 10-7). However, when the new period is less than the old period,
the phase of the timer clock during the CCRO update affects how the timer
reacts to the new period.

If the new, smaller period is written to CCRO during a high phase of the timer
clock, then the timer rolls to zero (or begins counting down when in the
up/down mode) on the next rising edge of the timer clock. However, if the new,
smaller period is written during a low phase of the timer clock, then the timer
continues to increment with the old period for one more clock cycle before
adopting the new period and rolling to zero (or beginning counting down). This
is shown in Figure 10-8.

Figure 10-7. New Period > Old Period

Timer CCROold = 2
Register CCROnew =3

1 _ L
l |
0 L L f¢f%f_L_ff

ol1l2lol1l213lol1l2131lo0l1

CCRO 2 PRI 3

Figure 10-8. New Period < Old Period

10-8

Timer Timer

Register CCROold =5 Register CCROold =5
5 CCROnew =2 5 CCROnew =2
N B 4 -
3 —— 7 — — — 34 tr—71T1 "
2 — — 1 T 2 — —
! Emba s ! iR Bl
0 +HtHFE+ 0 +H+H+
\ \
O112[3[4[5]0 23|01 2 |0[1]2|0[1 | PLR[B4B0LRBI4OL2OL 2O
CCRO 5 X 2 CCRO 5 X 2
— __ __CCRO Loaded With 2 During High Clock Phase _____CCRO Loaded With 2 During Low Clock Phase
Timer Clock _/ﬁ\J_\_/_ Timer Clock /M/‘
[
Timer Timer X__n X n+1 X oornf X
CCRO CCRold CCRO _CCRold X CCRnew
I
Load New CCRO Load New CCRO
During High Phase of Clock During Low Phase of Clock
T Up mode: 0; up/down mode: n-1 Tt Up mode: 0; up/down mode: n
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10.3.3 Timer—Continuous Mode

The continuous mode is used if the timer period of 65,536 clock cycles is used
for the application. A typical application of the continuous mode is to generate
multiple, independent timings. In continuous mode, the capture/compare
register CCRO works in the same way as the other compare registers.

The capture/compare registers and different output modes of each output unit
are useful to capture timer data based on external events or to generate
various different types of output signals. Examples of the different output
modes used with timer-continuous mode are shown in Figure 10-25.

In continuous mode, the timer starts counting from its present value. The
counter counts up to OFFFFh and restarts by counting from zero as shown in
Figure 10-9.

Figure 10-9. Timer—Continuous Mode

OFFFFh

Oh

The TAIFG flag is set when the timer counts from OFFFFh to zero. The interrupt
flag is set independently of the corresponding interrupt enable bit, as shown
in Figure 10-10. An interruptis requested if the corresponding interrupt enable
bit and the GIE bit are set.

Figure 10-10. Continuous Mode Flag Setting

Timer
Clock

Timer _X_Frre XFrrE X_oh X1 X X rrre XFrre X_oh X 1h X

Set Interrupt
Flag TAIFG
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10.3.3.1 Timer—Use of the Continuous Mode

The continuous mode can be used to generate time intervals for the
application software. Each time an interval is completed, an interrupt can be
generated. In the interrupt service routine of this event, the time until the next
event is added to capture/compare register CCRx as shown in Figure 10-11.
Up to five independent time events can be generated using all five
capture/compare blocks.

Figure 10-11.Output Unit in Continuous Mode for Time Intervals

Interrupt Events A U AT Ac D Ac D Ac D A At Ach A D Ac I At T A

OFFFFh

CCRof CCROI

CCROicﬁ/ CCROchROk /
CCROC / CCROI //

CCROb CCROh
CCROa // CCROg // coRom
Oh |/ LT

Time intervals can be produced with other modes as well, where CCRO is used
as the period register. Their handling is more complex since the sum of the old
CCRx data and the new period can be higher than the CCRO0 value. When the
sum CCRxold plus At is greater than the CCRO data, the CCRO value must be
subtracted to obtain the correct time interval. The period is twice the value in
the CCRO register.

10.3.4 Timer—Up/Down Mode

Figure 10-12.

10-10

The up/down mode is used if the timer period must be different from the 65,536
clock cycles, and if symmetrical pulse waveform generation is needed. In
up/down mode, the timer counts up to the content of compare register CCRO,
then back down to zero, as shown in Figure 10-12. The period is twice the
value in the CCRO register.

Timer Up/Down Mode

CCRO

Oh
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The up/down mode also supports applications that require dead times
between output signals. For example, to avoid overload conditions, two
outputs driving an H-bridge must never be in a high state simultaneously. In
the following example (see Figure 10-13), the tgeaq IS:

tdead = ttimer X (CCR1 — CCR2)=
With:  tgeag Time during which both outputs need to be inactive
tiimer Cycle time of the timer clock

CCRx Content of capture/compare register x

Figure 10-13. Output Unit in Up/Down Mode (II)

OFFFFh
CCRO
CCR1
CCR2 \
Oh
—» «¢— | —» <4 DeadTime
Output Mode 6: PWM Toggle/Set
| Output Mode 2: PWM Toggle/Reset
TAIFG EQUL EQUL TAIFG EQU1 EQU1 Interrupt Events

EQU2 EQUO EQU2 EQU2 EQUO  EQU2

The count direction is always latched with a flip-flop (Figure 10-14). This is
useful because it allows the user to stop the timer and then restartitin the same
direction it was counting before it was stopped. For example, if the timer was
counting down when the MCx bits were reset, then it will continue counting in
the down direction if it is restarted in up/down mode. If this is not desired, the
CLR bitinthe TACTL register must be used to clear the direction. Note that the
CLR bit affects other setup conditions of the timer. Refer to Section 10.6 for a
discussion of the Timer_A registers.

Figure 10-14. Timer Up/Down Direction Control

POR CLR
in TACTL

Set Up/Down For
Up/Down Mode

} b Q ) 16-B_|t Timer TAR
TAR => CCRO —— Low: Down Direction

High: Up Direction

Timer Clock ———— > Reset
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In up/down mode, the interrupt flags (CCIFGO and TAIFG) are set at equal time
intervals (Figure 10-15). Each flag is set only once during the period, but they
are separated by 1/2 the timer period. CCIFGO is set when the timer counts
from CCRO0O-1 to CCRO, and TAIFG is set when the timer completes counting
down from 0001h to 0000h. Each flag is capable of producing a CPU interrupt
when enabled.

Figure 10-15. Up/Down Mode Flag Setting

Timer
Clock

Timer

Up/Down

Set
CCIFGO
Set
TAIFG

—Xccro-1X ccro_XCCRO-LXCCRO-2X X _2h X i X on X 1 X

\

y

10.3.4.1 Timer In Up/Down Mode—Changing the Value of Period Register CCRO

Changing the period value while the timer is running in up/down mode is even
trickier than in up mode. Like in up mode, the phase of the timer clock when
CCRO is changed affects the timer’s behavior. Additionally, in up/down mode,
the direction of the timer also affects the behavior.

If the timer is counting in the up direction when the new period is written to
CCRO, the conditions in the up/down mode are identical to those in the up
mode. See Section 10.3.2.1 for details. However, if the timer is counting in the
down direction when CCRO is updated, it continues its descent until it reaches
zero. The new period takes effect only after the counter finishes counting down
to zero. See Figure 10-16.

Figure 10-16. Altering CCRO—Timer in Up/Down Mode

10-12
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10.4 Capture/Compare Blocks

Figure 10-17. Captu

CCISx1 CCIsx0
1,

Three or five (depending on device) identical capture/compare blocks (shown
in Figure 10-17) provide flexible control for real-time processing. Any one of
the blocks may be used to capture the timer data at an applied event, or to
generate time intervals. Each time a capture occurs or a time interval is
completed, interrupts can be generated from the applicable capture/compare
register. The mode bit CAPX, in control word CCTLX, selects the compare or
capture operation and the capture mode bits CCMx1 and CCMx0 in control
word CCTLx define the conditions under which the capture function is
performed.

Both the interrupt enable bit CCIEx and the interrupt flag CCIFGx are used for
capture and compare modes. CCIEx enables the corresponding interrupt.
CCIFGx is set on a capture or compare event.

The capture inputs CCIxA and CCIxB are connected to external pins or internal
signals. MSP430x1xx devices may have different signals connected to CCIxXA
and CCIxB. The data sheet should always be consulted to determine the
Timer_A connections for a particular device.

re/Compare Blocks

Overflow x

Logic |— COVx

Timer Bus
CAPx ]

CCIXA N \ j 15 0
CCIxB —© Capture Capture | capture/Compare Register <:
GND —0 02 Mode CCRx
3
Vee —© ‘ ‘
CCMx1 CCMx0
0 0 Disabled
0 1 Positive Edge Comparator x ‘
1 0 Negative Edge CAPx
1 1 Both Edges EQUX 0
1 O
Set_CCIFGx
EN
Y}— SCCIx
¢ A
CClIx
Timer_A
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10.4.1 Capture/Compare Block—Capture Mode

The capture mode is selected if the mode bit CAPX, located in control word
CCTLx, is set. The capture mode is used to fix time events. It can be used for
speed computations or time measurements. The timer value is copied into the
capture register (CCRXx) with the selected edge (positive, negative, or both) of
the input signal. Captures may also be initiated by software as described in
section 10.4.1.1.

If a capture is performed:
(4 The interrupt flag CCIFGX, located in control word CCTLYX, is set.

(d An interrupt is requested if both interrupt enable bits CCIEx and GIE are
set.

The input signal to the capture/compare block is selected using control bits
CCISx1 and CCISx0, as shown in Figure 10-18. The input signal can be read
at any time by the software by reading bit CCIx. The input signal may also be
latched with compare signal EQUXx (see SCCIx bit below) when in compare
mode. This feature was designed specifically to support implementing serial
communications with Timer_A. See section 10.7 for more details on using
Timer_A as a UART.

Figure 10-18. Capture Logic Input Signal

CCISx1 CCIsx0
1,

CCIXA
CCIxB —©

GND —©
Vee —@©

10-14

W N |-

CAPx
e EQUx ——— 1o
wa ity -

Capture 0, Set_CCIFGx

Mode T .

i ——20
‘ ‘ Timer Synchronize
CCMx1 CCMx0 Clock Capture SCSx Capture
0 0 Disabled
0 1 Positive Edge
1 0 Negative Edge
1 1 Both Edges EN v sce
* A
CClIx

The capture signal can also be synchronized with the timer clock to avoid race
conditions between the timer data and the capture signal. This is illustrated in
Figure 10-19. The bit SCSx in capture/compare control register CCTLx
selects the capture signal synchronization.



Figure 10-19. Capture Signal

Timer

Clock }

Timer Modes

Timer _X_n2 X nl )7 :n Xt Xz X3 X nd X5 X 6 X
|

CCIx Y22

|
Capture \ /\

Set \\A'

CCIFGx

Applications with slow timer clocks can use the nonsynchronized capture
signal. In this scenario the software can validate the data and correct it if
necessary as shown in the following example:

Sof tware exanple for the handling of asynchronous

capture signals

The data of the capture/conpare register CCRx are taken

— they are taken only after a CCl FG was set.
The tinmer clock is much slower than the system cl ock

SMCLK.

CCRx_Int_hand. ..

JEQ
Data_Valid

RETI

&CCRx, &TAR

Data_Valid
&TAR, &CCRx

; by the software in the according interrupt routine

Start of interrupt
handl er

Test if the data
CCRX = TAR

The data in CCRx is
wong, use the tiner data
The data in CCRx are valid

Overflow logic is provided with each capture/compare register to flag the user
if a second capture is performed before data from the first capture was read
successfully. Bit COVx in register CCTLx is set when this occurs as shown in

Figure 10-20.
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Figure 10-20. Capture Cycle

10-16

Idle

Capture Capture Read

No
Capture
Taken

Read
Taken
Capture

Capture Read and No Capture

Capture
Clear Bit COV

in Register CCTL
Second
Capture
Taken
Ccov=1

Idle

Overflow bit COVx is reset by the software as described in the following
example:

; Software exanple for the handling of captured data
; looking for overflow condition

; The data of the capture/conpare register CCRx are taken
; by the software and inmediately with the next

; instruction the overflow bit is tested and a decision is
; made to proceed regularly or with an error handl er

bCRx_I nt _hand ; Start of handler Interrupt

MoV &CCRx, RAM Buf f er
BIT #COV, &CCTLx
INZ Over fl ow_Hand

RETI
Overflow Hand BIC #COV, &CCTLXx ; reset capture
; overflow flag
; get back to | ost
; synchroni zation

:  RETI

Note: Capture With Timer Halted

The capture should be disabled when the timer is halted. The sequence to
follow is: stop the capture, then stop the timer. When the capture function is
restarted, the sequence should be: start the capture, then start the timer.
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10.4.1.1 Capture/Compare Block, Capture Mode—Capture Initiated by Software

In addition to internal and external signals, captures can be initiated by
software. This is useful for various purposes, such as:

[0 To measure time used by software routines
[ To measure time between hardware events
[ To measure the system frequency

Two bits, CCISx1 and CCISx0, and the capture mode selected by bits CCMx1
and CCMxO0 are used by the software to initiate the capture. The simplest
realization is when the capture mode is selected to capture on both edges of
CClx and bit CCISx1 is set. Software then toggles bit CCISx0 to switch the
capture signal between V¢ and GND, initiating a capture each time the input
is toggled, as shown in Figure 10-21.

Figure 10-21. Software Capture Example

ccsxy _ _
CCISx0 S/ \ /
CClIx / \ /
Capture _/\ /\ /\
CCISx1 CCISx0
| | CMPx
0 | F
CCIxA 1
IXB —©O Capture
CClx 2 MF(;de ——— Capture
GND —© 3
Vee —O
cc ccix | |
CCMx1 CCMx0
Both Edges Selected 1 1

The following is a software example of a capture performed by software:

; The data of capture/conpare register CCRx are taken

; by the software. It is assuned that CCwk1l, CCWkO, and
; CCSx1 bits are set. Bit CCI SO selects the CClx

; signal to be high or |ow

XOR  #0C Sx0, &OCTLX

Timer_A 10-17
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10.4.2 Capture/Compare Block—Compare Mode

10-18

The compare mode is selected if the CAPx bit, located in control word CCTLX,
is reset. In compare mode all the capture hardware circuitry is inactive and the
capture-mode overflow logic is inactive.

The compare mode is most often used to generate interrupts at specific time
intervals or used in conjunction with the output unit to generate output signals
such as PWM signals. If the timer becomes equal to the value in compare
register x, then:

[ Interrupt flag CCIFGX, located in control word CCTLY, is set.
(d An interrupt is requested if interrupt enable bits CCIEx and GIE are set.

(O Signal EQUXx is output to the output unit. This signal affects the output
OUTYX, depending on the selected output mode.

The EQUO signal is true when the timer value is greater or equal to the CCRO
value. The EQU1 to EQU4 signals are true when the timer value is equal to
the corresponding CCR1 to CCR4 values.



10.5 The Output Unit

Timer Modes

Each capture/compare block contains an output unit shown in Figure 10-22.
The output unit is used to generate output signals such as PWM signals. Each
output unit has 8 operating modes that can generate a variety of signals based
on the EQUO and EQUx signals. The output mode is selected with the OMx
bits located in the CCTLXx register.

Figure 10-22. Output Unit

OUTX

EQUO >—b
EQUX >—b;

Output
Control
Block

OMx2 OMx1 OMx0

PP RPRPPFPOOOO

0

PR OORRO

o—

0

RPORrROROR

I OUTx Signal
D Set Q l )

Reset

~ ]

POR

Timer Clock

OUTx

Output mode: OUTXx signal reflects the value of the OUTXx bit
Set mode: OUT x signal reflects the value of signal EQUx
PWM toggle/reset: EQUx toggles OUTx. EQUO resets OUTX.
PWM set/reset: EQUXx sets OUTx. EQUO resets OUTx
Toggle: EQUx toggles OUTx signal.

Reset: EQUX resets OUTX.

PWM toggle/set: EQUx toggles OUTx. EQUO sets OUTX.
PWM reset/set: EQUx resets OUTx. EQUx sets OUTX.

Note: OUTXx signal updates with rising edge of timer clock for all modes except

mode 0.
Modes 2, 3, 6, 7 not useful for output unit 0.

Timer_A

10-19



Timer Modes

10.5.1 Output Unit—Output Modes

The output modes are defined by the OMx bits and are discussed below. The
OUTXx signal is changed with the rising edge of the timer clock for all modes
except mode 0. Output modes 2, 3, 6, and 7 are not useful for output unit 0.

Output mode 0: Output mode:
The output signal OUTx is defined by the OUTx bit in control
register CCTLxX. The OUTx signal updates immediately
upon completion of writing the bit information.

Output mode 1: Set mode:
The output is set when the timer value becomes equal to
capture/compare data CCRXx. It remains set until a reset of
the timer, or until another output mode is selected that
controls the output.

Output mode 2: PWM toggle/reset mode:
The output is toggled when the timer value becomes equal
to capture/compare data CCRXx. It is reset when the timer
value becomes equal to CCRO.

Output mode 3: PWM set/reset mode:
The output is set when the timer value becomes equal to
capture/compare data CCRXx. Itisresetwhen the timer value
becomes equal to CCRO.

Output mode 4: Toggle mode:
The output is toggled when the timer value becomes equal
to capture/compare data CCRx. The output period is double
the timer period.

Output mode 5: Reset mode:
The output is reset when the timer value becomes equal to
capture/compare data CCRx. It remains reset until another
output mode is selected that controls the output.

Output mode 6: PWM toggle/set mode:
The output is toggled when the timer value becomes equal
to capture/compare data CCRXx. It is set when the timer
value becomes equal to CCRO.

Output mode 7: PWM toggle/set mode:
The output is reset when the timer value becomes equal to
capture/compare data CCRx. It is set when the timer value
becomes equal to CCRO.

10-20



Timer Modes

10.5.2 Output Control Block

The output control block prepares the value of the OUTx signal, which is
latched into the OUTx flip-flop with the next positive timer clock edge, as shown
in Figure 10-23 and Table 10-2. The equal signals EQUx and EQUO are
sampled during the negative level of the timer clock, as shown in Figure 10-23.

Figure 10-23. Output Control Block
OUTx

|_' ' OUTX Signal
EQUO Output p Set Q
EQUX >— Control Timer Clock
Block Reset
POR
._
| OUTx

OMx2 OMx1 OMx0

The timer is Incremented with the rising edge of the timer clock.

2@5&5\5\5>l/y§\_i/w

|

' ( | L
Tlg?'\: X n-2 X n-1 X n X n+t ()() )@FFF("CCR(X 0 X - X

)T [

|

|

I |

I |

| | | |

EQUX / | \ | ! I
| | ! |

| CCRx=n | | |

| |

EQUO / TAR=0 \

or
TAR = CCRO

I I
EQUO, Delayed l/_\_

Used in Up Mode Only

EQUO delayed is used in up mode, not EQUO. EQUO is active high when
TAR = CCRO. EQUO delayed is active high when TAR = 0.
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Table 10-2.State of OUTx at Next Rising Edge of Timer Clock

Mode EQUO EQUX D
0 X X X(OUTX bit)
1

OUTx (no change)
1 (set)

OUTx (no change)
OUTXx (toggle)

0 (reset)

1 (set)

OUTXx (no change)
1 (set)

0 (reset)

1 (set)

OUTx (no change)
OUTXx (toggle)

OUTXx (no change)
0 (reset)

OUTx (no change)
OUTXx (toggle)

1 (set)

0 (reset)

OUTXx (no change)
0 (reset)

1 (set)

0 (reset)

PRPOOIRPPRPOO|IX X |IX X|PPOO|PFPOO]|IX X
POPRPOIPOPFRPO|PO|IPO|IPOPFRPO|POPFRLO|FO

10.5.3 Output Examples

The following are some examples of possible output signals using the various
timer and output modes.

10.5.3.1 Output Examples—Timer in Up Mode

The OUTXx signal is changed when the timer counts up to the CCRx value, and
rolls from CCRO to zero, depending on the output mode, as shown in
Figure 10-24.

10-22



Timer Modes

Figure 10-24. Output Examples—Timer in Up Mode

OFFFFh Example, EQU1 Used
CCRO
CCR1 r
Oh
————— Output Mode 1: Set
————— I Output Mode 2: PWM Toggle/Reset
————— Output Mode 3: PWM Set/Reset
————— " | Output Mode 4: Toggle
Output Mode 5: Reset
_____ - me 6: PWM Toggle/Set
_____ [ Output Mode 7: PWM Reset/Set
EQUO EQUL EQUO EQU1 EQUO Interrupt Events

10.5.3.2 Output Examples—Timer in Continuous Mode

The OUTXx signal is changed when the timer reaches the CCRx and CCRO
values, depending on the output mode, as shown in Figure 10-25.

Figure 10-25. Output Examples—Timer in Continuous Mode

OFFFFh
CCRO
CCR1 / /
Oh
T Output Mode 1: Set
T Output Mode 2: PWM Toggle/Reset
— — — Output Mode 3: PWM Set/Reset
T T B@JMode 4: Toggle
Output Mode 5: Reset
____ - Output Mode 6: PWM Toggle/Set
Output Mode 7: PWM Reset/Set
TAOV EQU1 EQUO TAOV EQU1 EQUO Interrupt Events
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10.5.3.3 Output Examples—Timer in Up/Down Mode

The OUTx signal changes when the timer equals CCRx in either count
direction and when the timer equals CCRO, depending on the output mode, as
shown in Figure 10-26.

Figure 10-26. Output Examples—Timer in Up/Down Mode (I)

OFFFFh
CCRO

CCR2

" AN

Output Mode 1: Set

| Output Mode 2: PWM Toggle/Reset

[ ___|, Output Mode 3: PWM Set/Reset

] 1 _1'Output Mode 4: Toggle

Output Mode 5: Reset

Output Mode 6: PWM Toggle/Set

Output Mode 7: PWM Reset/Set

TIMOV o jp EQUO £ ) TIMOV o1 EQUO vy Interrupt Events

10.6 Timer_A Registers

The Timer_Aregisters, described in Table 10-3, are word-structured and must
be accessed using word instructions.

Table 10-3.Timer_A Registers

Register Short Form Register Type Address Initial State
Timer_A control TACTL Read/write 160h POR reset
Timer_A register TAR Read/write 170h POR reset
Cap/com control 0 CCTLO Read/write 162h POR reset
Capture/compare 0 CCRO Read/write 172h POR reset
Cap/com control 1 CCTL1 Read/write 164h POR reset
Capture/compare 1  CCR1 Read/write 174h POR reset
Cap/com control 2 CCTL2 Read/write 166h POR reset
Capture/compare 2 CCR2 Read/write 176h POR reset
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10.6.1 Timer_A Control Register TACTL

The timer and timer operation control bits are located in the timer control
register (TACTL) shown in Figure 10-27. All control bits are reset automati—
cally by the POR signal, but are not affected by the PUC signal. The control
register must be accessed using word instructions.

Figure 10-27. Timer_A Control Register TACTL

15

TACTL J J J
160h Unused
1 1 1

| | | |
Input Input Mode Un-

L LR | TAIE |TAIF
Select Dlvlder Coptrol used ¢ G

rw-

r'w- r'w- rw- W-  Irw-

w- w-  Tw- rw- rw- o rw- W worw- rw-
© © © © © © ©® @© © © © O O O O ©

Bit O:

Bit 1:

Bit 2:

Bit 3:

TAIFG: This flag indicates a timer overflow event.

Up mode: TAIFG is set if the timer counts from CCRO
value to 0000h.

Continuous mode:  TAIFG is set if the timer counts from
OFFFFh to 0000h.

Up/down mode: TAIFG is set if the timer counts down from
0001h to 0000h.

Timer overflow interrupt enable (TAIE) bit. Aninterrupt request from
the timer overflow bit is enabled if this bit is set, and is disabled if
reset.

Timer clear (CLR) bit. The timer and input divider are reset with the
POR signal, or if bit CLR is set. The CLR bit is automatically reset
and is always read as zero. The timer starts in the upward direction
with the next valid clock edge, unless halted by cleared mode
control bits.

Not used

Bits 4, 5. Mode control: Table 10—4 describes the mode control bits.

Table 10-4.Mode Control

MC1

MCO Count Mode Description

0
0
1
1

0

1
0
1

Stop Timer is halted.

Up to CCRO Timer counts up to CCRO and restarts at 0.

Continuous up  Timer counts up to OFFFFh and restarts at O.

Up/down Timer continuously counts up to CCRO and back
down to 0.

Bits 6, 7: Input divider control bits. Table 10-5 describes the input divider

control bits.

Timer_A 10-25



Timer_A Registers

Table 10-5.Input Clock Divider Control Bits

ID1 IDO Operation Description
0 0 /1 Input clock source is passed to the timer.
0 1 12 Input clock source is divided by two.
1 0 14 Input clock source is divided by four.
1 1 /8 Input clock source is divided by eight.

Bits 8, 9: Clock source selection bits. Table 10-6 describes the clock source
selections.

Table 10-6.Clock Source Selection

SSEL1 SSELO O/P Signal Comment

0 0 TACLK See data sheet device description.

0 1 ACLK Auxiliary clock ACLK is used.

1 0 SMCLK System clock SMCLK.

1 1 INCLK See device description in data sheet.
Bits 10 to 15: Unused

Note: Changing Timer_A Control Bits

If the timer operation is modified by the control bits in the TACTL register, the
timer should be halted during this modification. Critical modifications are the
input select bits, input divider bits, and the timer clear bit. Asynchronous
clocks, input clock, and system clock can result in race conditions where the
timer reacts unpredictably.

The recommended instruction flow is:
1) Modify the control register and stop the timer.
2) Start the timer operation.

For example:

MOV #01C6,&TACTL ; ACLK/8, timer stopped, timer cleared
BIS #10h,&TACTL ; Start timer with up mode

10.6.2 Timer_A Register TAR

The TAR register is the value of the timer.

Figure 10-28. TAR Register

15 0
TAR T T T T T T T T T T T T T T T
170h Timer Value
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
rw-(0) rw-(0) rw-(0) rw-(0)rw-(0) rw-(0) rw-(0)rw-(0)rw-(0)rw-(0)rw-(0) rw-(0) rw-(0)w-(0)rw-(0) rw-(0)
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Note: Modifying Timer_A Register TAR

When ACLK, SMCLK, or the external clock TACLK or INCLK is selected for
the timer clock, any write to timer register TAR should occur while the timer
is not operating; otherwise, the results may be unpredictable. In this case,
the timer clock is asynchronous to the CPU clock MCLK and critical race
conditions exist.

10.6.3 Capture/Compare Control Register CCTLXx

Each capture/compare block has its own control word CCTLx, shown in
Figure 10-29. The POR signal resets all bits of CCTLx; the PUC signal does
not affect these bits.

Figure 10-29. Capture/Compare Control Register CCTLX
15 0

CCTLX | Capture Input scs| scci|unused cap OIUTMOIIZ)X ccie| cci |out|covlccird
162h to 166h Mcide Sellect

] ]
rw-(0) rw-(0) rw-(0) rw-(0)rw-(0) rw-(0) r-(0) rw-(0)rw-(0)rw-(0)rw-(0)rw-(0) r  rw-(0)rw-(0) rw-(0)

Bit O: Capture/compare interrupt flag CCIFGx

Capture mode:
If set, it indicates that a timer value was captured in the
CCRXx register.

Compare mode:
If set, it indicates that a timer value was equal to the data
in the CCRX register.

CCIFGO flag:
CCIFGO is automatically reset when the interrupt request
is accepted.

CCIFGL1 to CCIFG4 flags:
The flag that caused the interrupt is automatically reset
after the TAIV word is accessed. If the TAIV register is not
accessed, the flags must be reset with software.
No interrupt is generated if the corresponding interrupt
enable bit is reset, but the flag will be set. In this scenario,
the flag must be reset by the software.

Setting the CCIFGx flag with software will request an
interrupt if the interrupt-enable bit is set.

Bit 1: Capture overflow flag COV

Compare mode selected, CAP = 0:
Capture signal generation is reset. No compare event will
set COV hit.

Capture mode selected, CAP = 1;
The overflow flag COV is set if a second capture is
performed before the first capture value is read. The
overflow flag must be reset with software. It is not reset by
reading the capture value.

Bit 2: The OUTXx bit determines the value of the OUTx signal if the
output mode is 0.
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Bit 3:

Bit 4:

Bits 5to 7:

Capture/compare input signal CCIx:
The selected input signal (CCIXA, CCIXB, V. or GND) can be
read by this bit. See Figure 10-18.

Interrupt enable CCIEx: Enables or disables the interrupt
request signal of capture/compare block x. Note that the GIE bit
must also be set to enable the interrupt.

0: Interrupt disabled

1: Interrupt enabled

Output mode select bits:
Table 10-7 describes the output mode selections.

Table 10-7.Capture/Compare Control Register Output Mode

10-28

\B/zlitlue Output Mode Description

0 Qutput only The OUTXx signal reflects the value of the OUTX hit
1 Set EQUXx sets OUTx

2 PWM toggle/reset EQUXx toggles OUTx. EQUO resets OUTX.

3 PWM set/reset EQUx sets OUTx. EQUO resets OUTx

4 Toggle EQUXx toggles OUTXx signal.

5 Reset EQUXx resets OUTXx.

6 PWM toggle/set EQUXx toggles OUTx. EQUO sets OUTXx.

7 PWM reset/set EQUXx resets OUTx. EQUO sets OUTXx.

Note: OUTXx updates with rising edge of timer clock for all modes except mode O.
Modes 2, 3, 6, 7 not useful for output unit 0.

Bit 8:

Bit 9:

Bit 10:

Bit 11:

Bits 12, 13:

CAP sets capture or compare mode.
0: Compare mode
1: Capture mode

Read only, always read as 0.

SCCIx bit:

The selected input signal (CCIxA, CCIxB, V¢, or GND) is
latched with the EQUXx signal into a transparent latch and can be
read via this bit.

SCSx bit:

This bit is used to synchronize the capture input signal with the
timer clock.

0: asynchronous capture

1: synchronous capture

Input select, CCISO and CCIS1:
These two bits define the capture signal source. These bits are
not used in compare mode.

0 Input CCIXA is selected
1 Input CCIxB is selected
2 GND
3 Vce
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Bits 14, 15: Capture mode bits:
Table 10-8 describes the capture mode selections.

Table 10-8.Capture/Compare Control Register Capture Mode

\B/zlitlue Capture Mode Description

0 Disabled The capture mode is disabled.

1 Positive Edge Capture is done with rising edge.

2 Negative Edge Capture is done with falling edge.

3 Both Edges Capture is done with both rising and falling edges.

Note: Simultaneous Capture and Capture Mode Selection

Captures must not be performed simultaneously with switching from
compare to capture mode. Otherwise, the result in the capture/compare
register will be unpredictable.

The recommended instruction flow is:

1) Modify the control register to switch from compare to capture.

2) Capture
For example:
BIS #CAP,&CCTL2 ; Select capture with register CCR2
XOR #CCIS1,&CCTL2 ; Software capture: CCIS0=0
; Capture mode = 3

10.6.4 Timer_A Interrupt Vector Register
Two interrupt vectors are associated with the 16-bit Timer_A module:
[ CCRO interrupt vector (highest priority)
(1 TAIV interrupt vector for flags CCIFG1-CCIFGx and TAIFG.

10.6.4.1 CCRO Interrupt Vector

The interrupt flag associated with capture/compare register CCRO, as shown
in Figure 10-30, is set if the timer value is equal to the compare register value.

Figure 10-30. Capture/Compare Interrupt Flag

Capture
CCIEO .
EQUO IRQ, Interrupt_Service_Requested
CCRO = Timer } p Set g
——
CAP
Timer Clock —>
Reset

‘ IRACC, Interrupt_Request_Accepted
a
-

Capture/compare register O has the highest Timer_A interrupt priority, and
uses its own interrupt vector.
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10.6.4.2 Vector Word, TAIFG, CCIFG1 to CCIFG4 Flags

The CCIFGx (other than CCIFGO0) and TAIFG interrupt flags are prioritized and
combined to source a single interrupt as shown in Figure 10-31. The interrupt
vector register TAIV (shown in Figure 10-32) is used to determine which flag
requested an interrupt.

Figure 10-31. Schematic of Capture/Compare Interrupt Vector Word

ccil S CCIFG1
EQl —S
CMP1 ———Sel CCI;
Timer Clock — R
| a
IRACC
ccl2 s CCIFG2
EQ2 —S
CMP2 ——Sel CCIE2 |
Timer Clock —— R
ll RACC < Interrupt_Service_quuest
cCi3 S CCIFG3 "
EQ3 —S ] Priority and
CMP3 ———{Sel CCIE3 Vector Word
Timer Clock ——— R Generator
' <
IRACC Interrupt_Vector_Address
»
Figure 10-32. Vector Word Register
15 0
TAIV ! !
12Eh 0 0 0 0 0 0 0 0 0 0 0 0 Intelrrupt Velzctor 0
ro 10 0 r0 r0 ro 10 r0 r0O r0 r0 r0 r-(0) r-(0) r-(0) r0

The flag with the highest priority generates a number from 2 to 12 in the TAIV
register as shown in Table 10-9. (If the value of the TAIV register is 0, no
interrupt is pending.) This number can be added to the program counter to
automatically enter the appropriate software routine without the need for
reading and evaluating the interrupt vector. The software example in section
10.6.4.3 shows this technique.
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Table 10-9.Vector Register TAIV Description

Interrupt Vector Register
Priority Interrupt Source Short Form TAIV Contents
Highest!  Capture/compare 1 CCIFG1 2
Capture/compare 2 CCIFG2 4
Reserved 6
Reserved 8
Timer overflow TAIFG 10
Reserved 12
Lowest Reserved 14
No interrupt pending 0
t Highest pending interrupt other than CCIFGO0. CCIFGO is always the highest priority Timer_A
interrupt.

Accessing the TAIV register automatically resets the highest pending interrupt
flag. If another interrupt flag is set, then another interrupt will be immediately
generated after servicing the initial interrupt. For example, if both CCIFG1 and
CCIFG2 are set, when the interrupt service routine accesses the TAIV register
(either by reading it or by adding it directly to the PC), CCIFG1 will be reset
automatically. After the RETI instruction of the interrupt service routine is
executed, the CCIFG2 flag will generate another interrupt.

Note: Writing to Read-Only Register TAIV

Register TAIV should not be written to. If a write operation to TAIV is
performed, the interrupt flag of the highest-pending interrupt is reset.
Therefore, the requesting interrupt event is missed. Additionally, writing to
this read-only register results in increased current consumption as long as
the write operation is active.

10.6.4.3 Timer Interrupt Vector Register, Software Example

The following software example describes the use of vector word TAIV and the
handling overhead. The numbers at the right margin show the necessary
cycles for every instruction. The example is written for continuous mode: the
time difference to the next interrupt is added to the corresponding compare
register.

Sof tware exanple for the interrupt part Cycl es

Interrupt handl er for Capture/ Conpare Mdul e 0.
The interrupt flag CCOFQ is reset automatically

TIMVODO ... ; Start of handler Interrupt |latency 6
RETI 5
; Interrupt handl er for Capture/ Conpare Mddules 1 to 4.
; The interrupt flags CClFGx and TAIFG are reset by
; hardware. Only the flag with the highest priority
; responsible for the interrupt vector word is reset.
TIMHND $ ; Interrupt I|atency
ADD &TAl 'V, PC ; Add offset to Junp table
RETI ; Vector 0: No interrupt
JMWP TI MMOD1 ; Vector 2: Mdule 1

N Ol O
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10.6.4.4 Timing Limits

10-32

JVP TI MMOD2 : Vector 4: Mdule 2 2
RETI ; Reserved 2
RETI : Reserved 2

Modul e 5. Tinmer Overflow Handler: the Timer Register is
expanded into the RAM | ocation TI MEXT (MSBs)

TI MOVH

; Vector 10: TIMOV Fl ag

I NC TI MEXT ; Handl e Tinmer Overflow 4

RETI 5
TI MMOD2 ; Vector 4: Module 2

ADD #NN, &CCR2 : Add tine difference 5

; Task starts here

RETI ; Back to main program 5
TI MMVOD1 ; Vector 2: Module 1

ADD #MWMV &CCR1 ; Add tine difference 5

; Task starts here

RETI ; Back to main program 5

. SECT " VECTORS", OFFFOh ; Interrupt Vectors

; The vector address may be different for different
; devices.

.\WORD TIM HND ; Vector for Capture/Conpare
; Module 1..4 and tinmer overflow
; TAIFG

. VWORD TI MMODO Vector for Capture/ Conpare

Modul e O

If the CPU clock MCLK was turned off (CPUOFF=1), then two or three
additional cycles need to be added for synchronous start of the CPU. The delta
of one clock cycle is caused when clocks are asynchronous to the restart of
CPU clock MCLK.

The software overhead for different interrupt sources includes interrupt
latency and return-from-interrupt cycles (but not the task handling itself), as
described:

(1 Capture/compare block CCRO 11 cycles
(1 Capture/compare blocks CCR1 to CCR4 16 cycles
(4 Timer overflow TAIFG 14 cycles

With the TAIV register and the previous software, the shortest repetitive time
distance tcrmin between two events using a compare register is:

tcRmin = ttaskmax * 16 X teycle

With:  tiagskmax Maximum (worst case) time to perform the task during the
interrupt routine (for example, incrementing a counter)

teycle Cycle time of the system frequency MCLK

The shortest repetitive time distance tc min between two events using a
capture register is:

tcLmin = ttaskmax * 16 X teycle
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10.7 Timer_A UART

The Timer_A is uniquely capable of implementing a UART function, with the
following features:

[ Automatic start-bit detection — even from ultralow-power modes
Hardware baud-rate generation
Hardware latching of RXD and TXD data

Baud rates of 75 to 115,200 baud

I I I I

Full-duplex operation

This UART implementation is different from other microcontroller
implementations where a UART may be implemented with general-purpose
I/0 and manual bit manipulation via software polling. Those implementations
require great CPU overhead and therefore increase power consumption and
decrease the usability of the CPU.

The transmit feature uses one compare function to shift data through the
output unit to the selected pin. The baud rate is ensured by reconfiguring the
compare data with each interrupt.
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The receive feature uses one capture/compare function to shift pin data into
memory through bit SCCIx. The receive start time is recognized by capturing
the timer data with the negative edge of the input signal. The same
capture/compare block is then switched to compare mode and the receive bits
are latched automatically with the EQUx signal. The interrupt routine collects
the bits for later software processing. Figure 10-33 illustrates the UART
implementation.

Figure 10-33. UART Implementation

CCISx1 CCISx0

|
Logic |—COvx |
| Timer Bus

|
I
|
I
CAPXx I ]
: CCIxA | Lo | } | 15 0
| CCIxB —© 31; Capture | Capture/Compare Register |/~
o Mode | CCRx N
: GND 3 | Capture |
Vcec —© |
: CCMx1 CCMx0 |
| 0 0 Disabled | g
| 0 1 Positive Edge : Comparator x N
| 1 0 Negative Edge
| 1 1 Both Edges - - - -
| CAPx
| EQUX 0 :
| ¢ L, |
| Set_CCIFGX |
|_Recelve Data Path EN |
———————— T A Y}— SCCIx |
I I
cew 4 __ _
l'__________—_____—_____—_____—__I _________ 1
I i . I
| OUTXx Signal
Set I
I > > D Q I
| > |
| > » Timer Clock | Reset |
I | | | | T | Transmit Data Path l
I I
OMx2 OMx1 OMx0
| |
I 0 0 1 Set, EQUx set OUTx signal clock synchronized with timer clock I
I 1 0 1 Reset, EQUXx resets OUTXx signal clock synchronized with |
| timer clock |
S S S P |
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One capture/compare block is used when half-duplex communication mode
is desired. Two capture/compare blocks are used for full-duplex mode.
Figure 10-34 illustrates the capture/compare timing for the UART.

Figure 10-34. Timer_A UART Timing

URXD Signal | | | | | {; | | | |
Capture —l-l-l-"
Compare $§

e ||| | | . | | |

Capture Compare Compare oo Compare
Compare Compare (X1 Compare Compare

((
UTXD Signal | | | | | (j(j | | | |

manst | | ]| YO I B
)7

Compare Compare (1Y} Compare Compare
Compare Compare YY) Compare Compare

A complete application note including connection diagrams and complete soft-
ware listing may be found at www.ti.com/sc/msp430.
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Chapter 11

Timer B

This section describes the basic functions of the MSP430 general-purpose
16-bit Timer_B. Timer_B implementation differs among MSP430 devices.
Always check the device’s data sheet to determine the connections and the
number of identical capture/compare registers. Also, the data sheets use
additional nomenclature to indicate the number of capture/compare registers
implemented for a specific device. For example, if Timer_B3 is discussed in
a data sheet, then that device's implementation of Timer_B contains 3
capture/compare registers.

In its default condition, Timer_B operates identically to Timer_A, except the
SCCI bit is not implemented on Timer_B.

Note: Use of the Word Count

Throughout this chapter, the word count is used in the text. As used in these
instances, itrefers to the literal act of counting. It means that the counter must
be in the process of counting for the action to take place. If a particular value
is directly written to the counter, then the associated action will not take place.
For example, the CCRO interrupt flag is set when the timer counts up to the
value in CCRO compare latch TBCLO. The counter must count from
TBCLO -1 to TBCLO. If the TBCLO value were simply written directly to the
timer with software, the interrupt flag would not be set, even though the
values in the timer and TBCLO would be the same.

Topic Page
11.1 INtroducCtion . ... 11-2
11.2 Timer_B Operation . ........iiiiii it 11-5
11.3 TiMer MOOES . ..ottt 11-8
11.4 Capture/Compare Blocks ....... ... ... i 11-15
11.5 The Output Unit ... e 11-23
11.6 Timer_B RegiSters . ...t 11-29
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11.1 Introduction

Timer_B is an extremely versatile timer made up of :

[ 16-bit counter with 4 operating modes and four selectable lengths (8-bit,
10-bit, 12-bit, or 16-bit)

[ Selectable and configurable clock source

[d Up to seven independently-configurable capture/compare registers with
configurable inputs and double-buffered compare registers.

[ Up to seven individually-configurable output modules with eight output
modes

Timer_B can support multiple, simultaneous, timings; multiple capture/
compares; multiple output waveforms such as PWM signals; and any
combination of these. In addition, with the double-buffering of compare data,
multiple PWM periods can be updated simultaneously.

Additionally, Timer_B has extensive interrupt capabilities. Interrupts may be
generated from the counter on overflow conditions and from each of the
capture/compare registers on captures or compares. Each capture/compare
block is individually configurable and can produce interrupts on compares or
on rising, falling or both edges of an external capture signal.

The block diagram of Timer_B is shown in Figure 11-1.

11.1.1 Similarities and Differences From Timer_A

11-2

Timer_B is almostidentical to Timer_A (except for a few enhancements noted
below) and operates identically to Timer_A in its default condition.

Timer_B is different from Timer_A in the following ways:

1) Thelength of Timer_B is programmable to be 8, 10, 12, or 16 bits, where-
as Timer_A is only a 16-bit timer.

2) The SCCI bit functionality of the capture/compare registers of Timer_A is
not implemented in Timer_B.

3) The function of the capture/compare registers for the compare mode of
Timer_B has changed slightly.

4) On some devices a pin is implemented to put all Timer_B outputs into a
high-impedance state. Check the device data sheet for the presence of
this pin.

On Timer_A, the capture/compare register CCRx holds the data for the
comparison to the timer value. On Timer_B, each CCRx acts as a buffer for
a compare latch, and the compare latch holds the data used for the
comparison. So, compare data is written to each CCRx in both timers;
however, in Timer_B, the compare data is then transferred to the compare
latch for the comparison. The timing of the transfer of the compare data from
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each CCRXx register to the corresponding compare latch (TBCLX) is user-
selectable to be either immediate, or on a timer event. See section 11.4.2.1 for
a complete discussion on using and configuring the compare latches.

The addition of the compare latch gives the user more control over when
exactly a compare period updates. In addition, multiple compare latches may
be grouped together allowing the compare period of multiple compare
registers to be updated simultaneously. This is useful for example when there
is a need to change the period or duty cycle of multiple PWM signals
simultaneously.

It is useful to note that in Timer_B’s default condition, the compare data is
immediately transferred from each CCRXx register to the corresponding
compare latch. Therefore, in the default condition, the compare mode of
Timer_B functions identically to the compare mode of Timer_A.
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Figure 11-1. Timer_B Block Diagram

P —
| Data 16-Bit Timer —i
| TPSSEL1 TPSSELO Timer Clock |
| TBCLK 2 I L t — |
ACLK —=© Input o 16-Bit Timer ”1 Mode
| o ® CLK1 RC <«— Equo
| SMCLK —© ; Divider 8,10, 12. or 16-Bit Control q :
I INCLK —© [ I I I I
| ID1 1DO poRICLR | S¥Y/280  Mc1 mco  Set_TBIFG |
Timer Bus
- - - 4
5 [ |
| 15 Capture/Compare Register CCRO |
| CCIS01 CcCIs00 { OM02 OMO1 OMOO |
| o | Capture/Compare | | |
| CCIOA . Copture ®|  Register CCRO |
CccioB —™©° Captl ut 0
I 2 apture 15 4 0 Output Unit 0 -3 I
| GND —© Mode |
3 TBCLO
| Vec —©° | Compare Latch |
| CCI0 cCM01 CCMO0 ! T |
I —.I Comparator 0 I— I
| EQUO EQUO |
- - - -
r----"-"-"----"--—-"---r)—_———_ 1
| 15 0 Capture/Compare Register CCRlI
I CCIS11 CcCiIs10 OM12 OMil OM10 |
| 0 | Capture/Compare
| CCI1A L Capture "l Register cCR1 |
| ccis —° o Capture = 1 0 ououtunits L
| GND —© Mode utput Uni |
3 TBCL1
| Vee —° | Comparator Latch |
l CCI1  cCM11 CCM10 T T |
] |
| —.I Comparator 1 | EQUL EQUO |
g S S -
Module 2
Module 3
Module 4
Module 5
F—————————————— e — —
| 0 Capture/Compare Register CCRgi
15
| CClS61 CCIS60 { OM62 OM61 OM60 |
0 > Capture/Compare
| CCI6A 1 Capture Register CCR6 6 |
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I oD 2 Mz;e 15 v 0 Output Unit 6 -3 I
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11.2 Timer_B Operation

The 16-bittimer has four modes of operation selectable with the MCO and MC1
bits in the TBCTL register and four selectable lengths, also configured in the
TBCTL register. The timer increments or decrements (depending on mode of
operation) with each rising edge of the clock signal. The timer can be read or
written to with software. Additionally, the timer can generate an interrupt with
its ripple-carry output when it overflows.

11.2.1 Timer Length

Timer_B is configurable to operate as a true 8-bit, 10-bit, 12-bit, or 16-bit timer.
The length of the counter is configured in the TBCTL register. Leading bits are
read as zero in 8-bit, 10-bit, and 12-bit mode. Data written to the TBR register
in 8-bit, 10-bit, and 12-bit mode will show leading 0s. The maximum count
value, TBR(max), for the various lengths is:

Timer_B Configuration TBR(max)
16-bit OFFFFh
12-bit OFFFh
10-bit 03FFh

8-bit OFFh

11.2.2 Timer Mode Control

The timer has four modes of operation as shown in Figure 11-2 and described
in Table 11-1: stop, up, continuous, and up/down. The operating mode is
software selectable with the MCO and MCL1 bits in the TBCTL register.

Figure 11-2. Mode Control

Data
15 t 0
Timer Clock 16-Bit TimerT > Mode
——F—F P CLK
RC Control |¢— Equo
T oo :
CarrylZero  \~1 Mco Set_TBIFG
POR

0 Stop Mode
0 1 Up Mode
1 0 Continuous Mode
1 1 Up/Down Mode

T Length is selectable for 8-, 10-, 12-, or 16-bit operation.
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Table 11-1. Timer Modes

Mode Control
MC1 MCO |Mode Description
0 0 Stop The timer is halted.
0 1 Up The timer counts upward until its value is equal to
the value of compare latch TBCLO.
Note: If TBCLO > TBR(max), the counter counts to
zero with the next rising edge of timer clock.
1 0 Continuous | The timer counts upward continuously.
The maximum value of TBR [TBR(max)] is:
OFFFFh for 16-bit configuration
O00FFFh for 12-bit configuration
003FFh for 10-bit configuration
000FFh for 8-bit configuration
1 1 Up/Down The timer counts up until the timer value is equal
to compare latch 0 and then it counts down to zero.
Note: If TBCLO > TBR(max), the counter operates
as if it were configured for continuous mode. It will
not count down from TBRnax) to zero.

11.2.3 Clock Source Select and Divider

The timer clock can be sourced from internal clocks (i.e. ACLK, MCLK or
SMCLK) or from an external source (TBCLK) as shown in Figure 11-3. The
clock source is selectable with the SSELO and SSEL1 bits in the TBCTL
register. It is important to note, that when changing the clock source for the
timer, errant timings can occur. For this reason stopping the timer before
changing the clock source is recommended.

The selected clock source may be passed directly to the timer or divided by
2,4, or 8, as shown in Figure 11-4. The ID0 and ID1 bits in the TBCTL register
select the clock division. Note that the input divider is reset by a POR signal
or by setting the CLR bitin the TBCTL register (see chapter 3, System Resets,
Interrupts, and Operating Modes, for more information on the POR signal).
Otherwise, the input divider remains unchanged when the timer is modified.
The state of the input divider is invisible to software.

Figure 11-3. Schematic of 16-Bit Timer

SSEL1 SSELO Timer Clock Data
TBCLK ‘ ‘ 0 0 I o
1 Input >CiE'Bit TimerT »| Mode
ACLK o Divider RC Control |¢— Equo
\ \ \ .
SMCLK 2 ! \ -
© ID1 DO Carry/zero o1 mco Set_TBIFG
POR/CLR
INCLK o 3 0 0 Pass 0 0 StopMode
0 1 1/2 0 1 Up Mode
1 0 1/4 1 0 Continuous Mode
1 1 1/8 1 1 Up/Down Mode

t Length is selectable for 8-, 10-, 12-, or 16-bit operation.
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Figure 11-4. Schematic of Clock Source Select and Input Divider
SSEL1 SSELO

‘ ‘ Input Divider
TBCLK 0
1 T QT QT @ » 16-Bit Timer Clock
ACLK —o0

C C C
SMCLK__o .2 | +
INCLK —o o2 ‘ ‘ POR C‘LR

D1 IDO

0 0 Pass

0 1 12

1 0 14

1 1 18

11.2.4 Starting the Timer
The timer may be started or restarted in a variety of ways:

] Release Halt Mode: The timer counts in the selected direction when a
timer mode other than stop mode is selected with the MCx bits.

[ Halted by TBCLO =0, restarted by TBCLO > 0 when the mode is either up
or up/down: When the timer mode is selected to be either up or up/down,
the timer may be stopped by loading O in compare latch 0 (TBCLO) via
capture/compare register (CCRO0). The timer may then be restarted by
loading a nonzero value to TBCLO. In this scenario, the timer starts
incrementing in the up direction from zero.

[d Setting the CLR bit in TBCTL register: Setting the CLR bit in the TBCTL
register clears the timer value and input clock divider value. The timer
increments upward from zero with the next clock cycle as long as
stop-mode is not selected with the MCx bits.

(1 TBRisloaded with 0: When the counter (TBR register) is loaded with zero
with a software instruction the timer increments upward from zero with the
next clock cycle as long as stop-mode is not selected with the MCx bits.
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11.3 Timer Modes

11.3.1 Timer—Stop Mode

Stopping and starting the timer is done simply by changing the mode control
bits (MCx). The value of the timer is not affected.

When the timer is stopped from up/down mode and then restarted in up/down
mode, the timer counts in the same direction as it was counting before it was
stopped. For example, if the timer is in up/down mode and counting in the down
direction when the MCx bits are reset, when they are set back to the up/down
direction, the timer starts counting in the down direction from its previous
value. If this is not desired in an application, the CLR bit in the TBCTL register
can be used to clear this direction memory feature.

11.3.2 Timer—Up Mode

The up mode is used if the timer period must be different from the TBR(nax)
clock cycles of the continuous mode periods. The capture/compare register
CCRO data defines the timer period.

The counter counts up to the content of compare latch TBCLO, as shown in
Figure 11-5. When the timer value and the value of compare latch TBCLO are
equal (or if the timer value is greater than the TBCLO value), the timer restarts
counting from zero.

Figure 11-5. Timer Up Mode

TBR(maX)
TBCLO

Oh

Flag CCIFGO is set when the timer equals the TBCLO value. The TBIFG flag
is set when the timer counts from TBCLO to zero. All interrupt flags are set
independently of the corresponding interrupt enable bit, but an interrupt is
requested only if the corresponding interrupt enable bit and the GIE bit are set.
Figure 11-6 shows the flag set cycle.

Figure 11-6. Up Mode Flag Setting

Timer Clock

NN\

Timer _XmBcLo-3XTBco X_on X 1n X Xrscro-XTteco X_on X 1h X

Set Flag TBIFG

Set Flag CCIFGO
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11.3.2.1 Timer in Up Mode—Changing the Period Register TBCLO Value,
Immediate Mode for TBCLO

Changing the timer period register TBCLO while the timer is running and when
the transfer mode from CCRO is immediate can be a little tricky. When the new
period is greater than or equal to the old period, the timer simply counts up to
the new period and no special attention is required (see Figure 11-7).
However, when the new period is less than the old period, the phase of the
timer clock during the TBCLO update affects how the timer reacts to the new
period.

If the new, smaller period is transferred from CCRO to TBCLO during a high
phase of the timer clock, then the timer rolls to zero (or begins counting down
when in the up/down mode) on the next rising edge of the timer clock.
However, if the new, smaller period is written during a low phase of the timer
clock, then the timer continues to increment with the old period for one more
clock cycle before adopting the new period and rolling to zero (or beginning
counting down). This is shown in Figure 11-8.

Note:

If TBCLO > TBR(max), the counter rolls to zero with the next rising edge of
timer clock.

Figure 11-7. New Period > Old Period

Timer TBCLOold = 2
Register TBCLOnew =3

1 I
l I
0 4 L f¢f#f_L_ff

ol1l2lol1l213lol1l2131l0l1
TBCLO 2 LSS 3
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Figure 11-8. New Period < Old Period

Timer _ Timer _
Register TBCLOoId = 5 Register TBCLOold = 5
5 TBCLOnew =2 5 TBCLOnew =2
sir——trFr-——-— 4 - — ———————
3 e 3 i E—
2 = — 2 — 1
: ! g L
0 e Em e S = B L e
| |

O[1j2[3]4[5|0 2[310L 2101 2|0]1 |

PILRPBIAPOLRBAOL 2L 20|

TBCLO 5 X 2 TBCLO 5 X 2
—___ _TBCLO Loaded With 2 During High Clock Phase __ __ TBCLO Loaded With 2 During Low Clock Phase
Timer Clock W TimerClock — /~ N\ [/ \_ A \__/
[
Timer Timer X n .X nt1 X _oornt X
TBCLO TBCLold X TBCLnew

TBCLO TBCLold TBCLnew

Load New TBCLO
During High Phase of Clock

T Up mode: 0; up/down mode: n-1

Load New TBCLO
During Low Phase of Clock

T Up mode: 0; up/down mode: n

11.3.3 Timer—Continuous Mode

The continuous mode is used if the timer period of TBR(max) clock cycles is
used for the application. A typical application of the continuous mode is to
generate multiple, independent timings. In continuous mode, the capture/
compare block 0 works in the same way as the other capture/compare blocks.

The capture/compare blocks and different output modes of each output unit
are useful to capture timer data based on external events or to generate
various different types of output signals. Examples of the different output
modes used with timer-continuous mode are shown in Figure 11-25.

In continuous mode, the timer starts counting from its present value. The
counter counts up to TBR(max) and restarts by counting from zero as shown
in Figure 11-9.

The maximum value of TBR [TBR(mnax)] in continuous mode is:
OFFFFh for 16-bit configuration
OOFFFh for 12-bit configuration
003FFh for 10-bit configuration
O000FFh for 8-bit configuration

Figure 11-9. Timer Continuous Mode

TBR(maX)

Oh
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The TBIFG flag is set when the timer counts from TBR(nax) to zero. The
interrupt flag is set independently of the corresponding interrupt enable bit, as
shown in Figure 11-10. An interrupt is requested if the corresponding interrupt
enable bit and the GIE bit are set.

Figure 11-10.Continuous Mode Flag Setting

Timer
Clock
TBR(maX)—l

Timer X XT8RmagX_0n X 1h X X XermagX_on_X_1n_ X

TBR(max)—l
Set Interrupt

Flag TBIFG

11.3.3.1 Timer—Use of the Continuous Mode

The continuous mode can be used to generate time intervals for the
application software. Each time an interval is completed, an interrupt can be
generated. In the interrupt service routine of this event, the time until the next
eventis added to capture/compare register CCRx (and subsequently compare
latch TBCLX) as shown in Figure 11-11. Up to seven independent time events
can be generated using all seven capture/compare blocks.

Figure 11-11. Output Unit in Continuous Mode for Time Intervals

TBCLOf TBCLOI

TBCLOe | ] TBCLOK /
TecLod| A TBCLO] e
TECLOC | A TBCLOi
TBCLOb

/ TBCLOh //

TBCLOa / TBCLOg
o I// TBCLIO; _

TBR(max)

Interrupt Events A VAT Ac ! Acl Ac D Ac D Ach Ac A D A T A T Ae

Time intervals can be produced with other modes as well, where capture/
compare block 0 is used to determine the period. Their handling is more
complex since the sum of the old CCRx data and the new period can be higher
than the TBCLO value. When the sum CCRxold plus At is greater than the
TBCLO data, the old CCRO value must be subtracted to obtain the correct time
interval.
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11.3.4 Timer—Up/Down Mode

The up/down mode is used if the timer period must be different from the
TBR(max) clock cycles, and if symmetrical pulse waveform generation is
needed. In up/down mode, the timer counts up to the content of compare latch
TBCLO, then back down to zero, as shown in Figure 11-12. The period is twice
the value in the TBCLO latch.

Note:

If TBCLO > TBR(max), the counter operates as if it were configured for
continuous mode. It will not count down from TBR(max) to zero.

Figure 11-12.Timer Up/Down Mode
TBCLO

Oh

The up/down mode also supports applications that require dead times
between output signals. For example, to avoid overload conditions, two
outputs driving an H-bridge must never be in a high state simultaneously. In
the following example (see Figure 11-13), the tgeaq IS:

With:  tgeag Time during which both outputs need to be inactive
timer Cycle time of the timer clock

TBCLx Content of compare latch x

Note:

The dead time is ensured by the ability to simultaneously load the compare
latches.

Figure 11-13.Output Unit in Up/Down Mode (I1)

TBRUﬂa@
TBCLO

TBCL1

TBCL3 \

Oh
—» ¢ | » (4 DeadTime
Output Mode 6: PWM Toggle/Set

| Output Mode 2: PWM Toggle/Reset

TBIFG EQUL EQUL TBIFG EQU1 EQUL Interrupt Events
EQU3 EQUO EQU3 EQU3 EQUO  EQU3
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The count direction is always latched with a flip-flop (Figure 11-14). This is
useful because it allows the user to stop the timer and then restartitin the same
direction it was counting before it was stopped. For example, if the timer was
counting down when the MCx bits were reset, then it will continue counting in
the down direction if it is restarted in up/down mode. If this is not desired, the
CLR bit in the TBCTL register must be used to clear the direction. Note that
the CLR bit affects other setup conditions of the timer. Refer to Section 11.6
for a discussion of the Timer_B registers.

Figure 11-14.Timer Up/Down Direction Control

POR CLR
in TBCTL

Set Up/Down For
Up/Down Mode

} 5 o p TMerTBR
TBR =>TBCLO — Low: Down Direction

High: Up Direction

Timer Clock ———— > Reset

Inup/down mode, the interrupt flags (CCIFGO0 and TBIFG) are set at equal time
intervals (Figure 11-15). Each flag is set only once during the period, but they
are separated by 1/2 the timer period. CCIFGO is set when the timer counts
from TBCLO-1to TBCLO, and TBIFG is set when the timer completes counting
down from 0001h to 0000h. Each flag is capable of producing a CPU interrupt
when enabled.

Figure 11-15.Up/Down Mode Flag Setting

Timer
Clock

Timer _XTBCLo-XTBCLO XTBCLO-IXTBCLOX X 2n X 1ih X on X _1n X

Up/Down

Set

CCIFGO
Set

TBIFG

11.3.4.1 Timer In Up/Down Mode—Changing the Value of Period Register TBCLO,
Immediate Mode for TBCLO

Changing the period value while the timer is running in up/down mode and the
transfer mode for TBCLO is immediate is even trickier than in up mode. Like
in up mode, the phase of the timer clock when TBCLO is changed affects the
timer’s behavior. Additionally, in up/down mode, the direction of the timer also
affects the behavior.

If the timer is counting in the up direction when the new period is transferred
from CCRO to TBCLO, the conditions in the up/down mode are identical to
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those in the up mode. See Section 11.3.2.1 for details. However, if the timer
is counting in the down direction when TBCLO is updated, it continues its
descentuntilitreaches zero. The new period takes effect only after the counter
finishes counting down to zero. See Figure 11-16.

Note:

If TBCLO > TBR(max), the counter operates as if it were configured for
continuous mode. It will not count down from TBR(max) to zero.

Figure 11-16.Altering TBCLO—Timer in Up/Down Mode

Timer
Register

OoOrRrNWh O

0‘ 1‘2‘3‘4‘5‘4‘3‘2‘1‘0‘1‘2‘3‘4‘3‘2‘1‘0‘1‘2‘3‘2‘1‘0‘1‘2‘1 ‘0‘1‘2‘3 ‘4‘5‘4‘3‘2‘1‘0‘1‘2‘1

TBco [ 5 X 2 X 4 X 2 X 5 X 2

11-14



Timer Modes

11.4 Capture/Compare Blocks

Seven identical capture/compare blocks (shown in Figure 11-17) provide
flexible control for real-time processing. Any one of the blocks may be used
to capture the timer data at an applied event, or to generate time intervals.
Each time a capture occurs or a time interval is completed, interrupts can be
generated from the applicable capture/compare register. The mode bit CAPX,
in control word CCTLX, selects the compare or capture operation and the
capture mode bits CCMx1 and CCMx0 in control word CCTLx define the
conditions under which the capture function is performed.

Both the interrupt enable bit CCIEx and the interrupt flag CCIFGx are used for
capture and compare modes. CCIEx enables the corresponding interrupt.
CCIFGx is set on a capture or compare event.

The capture inputs CCIxA and CCIxB are connected to external pins or internal
signals. Different MSP430 devices may have different signals connected to
CCIxA and CCIxB. The data sheet should always be consulted to determine
the Timer_B connections for a particular device.

Figure 11-17.Capture/Compare Blocks

Overflow x
Logic }— COVx
CCISx1 CCIsx0
‘ ‘ 0 CAPx ]
CCIXA . \ 15 0
CCIxB —O ) Capture Capture Capture/Compare Register -
Mode
GND —0 3 CCRX Reset
Vce —© \ \
CCMx1  CCMx0 POR
CCMx1 CCMx0 CAP 15 0
0 0 Disabled CLLDO Reset
L Load
0 1 Positive Edge CLLD1 Compare Latch TBCLx
1 0 Negative Edge
1 1 Both Edges { }
High Comparator x 9
Zero o)
EQUO — o l cou o CAPX
_ X
Up/Down ? 0
CClIx L O
Set_CCIFGx
Timer_B
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11.4.1 Capture/Compare Block—Capture Mode

The capture mode is selected if the mode bit CAPX, located in control word
CCTLY, is set. The capture mode is used to fix time events. It can be used for
speed computations or time measurements. The timer value is copied into the
capture register (CCRXx) with the selected edge (positive, negative, or both) of
the input signal. Captures may also be initiated by software as described in
section 11.4.1.1.

If a capture is performed:
(1 The interrupt flag CCIFGX, located in control word CCTLY, is set.

[ Aninterrupt is requested if both interrupt enable bits CCIEx and GIE are
set.

The input signal to the capture/compare block is selected using control bits
CCISx1 and CCISx0, as shown in Figure 11-18. The input signal can be read
at any time by the software by reading bit CCIx.

Figure 11-18.Capture Logic Input Signal

CCISx1 CCIsx0
1,

CCIXA

CCIxB —© L
GND —© 2
Vee —© 3

CAPXx
CMAX EQUX —10
— 4 o

Capture 0 Set_CCIFGx

Mode T . o)
‘ ‘ Timer_’ Synchronize !

CCMx1 CCMxo  Clock Capture SCSx apture

0 0 Disabled
0 1 Positive Edge
1 0 Negative Edge
1 1 Both Edges

CClIx

The capture signal can also be synchronized with the timer clock to avoid race
conditions between the timer data and the capture signal. This is illustrated in
Figure 11-19. The bit SCSx in capture/compare control register CCTLX
selects the capture signal synchronization.

Figure 11-19.Capture Signal

Timer
Clock

Timer :>< n2 X nl >? n X 1 X ne2 X 3 X nta X nt5 X n+6 )C

CClIx

Capture

Set
CCIFGx

11-16




Timer Modes

Applications with slow timer clocks can use the nonsynchronized capture
signal. In this scenario the software can validate the data and correct it if
necessary as shown in the following example:

; Software exanple for the handling of asynchronous
; capture signals

; The data of the capture/conpare register CCRx are taken
; by the software in the according interrupt routine

; — they are taken only after a CCl FG was set.

; The tinmer clock is much slower than the system cl ock

; MCLK.
bCRx_I nt _hand. .. ; Start of interrupt
; handl er
CNP &CCRx, &TBR ; Test if the data
; CCRX = TBR
JEQ Data_Valid
MoV &TBR, &CCRx ; The data in CCRx is
; wrong, use the tiner data

Data_Valid ; The data in CCRx are valid

RETI

Overflow logic is provided with each capture/compare register to flag the user
if a second capture is performed before data from the first capture was read
successfully. Bit COVx in register CCTLx is set when this occurs as shown in
Figure 11-20.

Figure 11-20.Capture Cycle

Idle

Capture Capture Read

No Canture Read
Capture Tapl)<en Taken
Taken Capture

Capture Read and No Capture

Capture
Clear Bit COV

in Register CCTL
Second
Capture
Taken
cov=1

Idle
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Overflow bit COVXx is reset by the software as described in the following
example:

Software exanple for the handling of captured data
| ooking for overflow condition

; The data of the capture/conpare register CCRx are taken
; by the software and imediately with the next
:instruction the overflow bit is tested and a decision is
; made to proceed regularly or with an error handl er

CCRx_Int _hand ... ; Start of handler Interrupt

MOV &CCRx, RAM Buf f er
BIT #COV, &CCTLX
JINZ Over f |l ow_Hand

; correct capture data

RETI
Overflow Hand BIC #COV, &CCTLX reset capture
overflow fl ag
get back to | ost

synchroni zati on

: Proceed

; RETI

Note: Capture With Timer Halted

The capture should be disabled when the timer is halted. The sequence to
follow is: stop the capture, then stop the timer. When the capture function is
restarted, the sequence should be: start the capture, then start the timer.

11.4.1.1 Capture/Compare Block, Capture Mode—Capture Initiated by Software

11-18

In addition to internal and external signals, captures can be initiated by
software. This is useful for various purposes, such as:

(1 To measure time used by software routines
[ To measure time between hardware events
(1 To measure the system frequency

Two bits, CCISx1 and CCISx0, and the capture mode selected by bits CCMx1
and CCMxO0 are used by the software to initiate the capture. The simplest
realization is when the capture mode is selected to capture on both edges of
CClx and bit CCISx1 is set. Software then toggles bit CCISxO0 to switch the
capture signal between V¢ and GND, initiating a capture each time the input
is toggled, as shown in Figure 11-21.
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Figure 11-21.Software Capture Example

ccsxy _ _
CCISx0 S/ \ /
CClIx / \ /
Capture _/7\ 7/ \ 7/ \
CCISx1 CCISx0
| | CMPx
0 | F
CCIxA 1
IxB —©O Capture
CClx 2 MI(J)de ——— Capture
GND —© 3
Vee —O
cc ccix | |
CCMx1 CCMx0
Both Edges Selected 1 1

The following is a software example of a capture performed by software:

; The data of capture/conpare register CCRx are taken

; by the software. It is assuned that CCwk1l, CCWkO, and
; CCISx1 bits are set. Bit CCI SO selects the CClx

; signal to be high or |ow

XOR  #0C Sx0, &OCTLx

11.4.2 Capture/Compare Block—Compare Mode

The compare mode is selected if the CAPx bit, located in control word CCTLX,
is reset. In compare mode all the capture hardware circuitry is inactive and the
capture-mode overflow logic is inactive.

The compare mode is most often used to generate interrupts at specific time
intervals or used in conjunction with the output unit to generate output signals
such as PWM signals.

The compare data is double-buffered. The software writes the compare data
to the capture/compare register, but the data is transferred to the compare
latch TBCLx to be compared by the compare logic. The transfer of the compare
data from the CCRx register to the compare latch is user-selectable to be
either immediate or dependent upon a timer event. This double buffering
allows the user to update multiple compare values simultaneously. This is
useful for example with PWM signals where the period or duty cycle of multiple
signals needs to be updated simultaneously. See section 11.4.2.1 for more
discussion on how to use and configure the compare latches.

If the timer becomes equal to the value in compare latch TBCLX, then:
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[ Interrupt flag CCIFGX, located in control word CCTLY, is set.
[ An interrupt is requested if interrupt enable bits CCIEx and GIE are set.

[ Signal EQUX is output to the output unit. This signal affects the output
OUTX, depending on the selected output mode.

The EQUO signal is true when the timer value is greater or equal to the TBCLO
value. The EQU1 to EQUXx signals are true when the timer value is equal to the
corresponding TBCL1 to TBCLx values.

11.4.2.1 Capture/Compare Block—Compare Mode—Compare Latch TBCLx

11-20

The compare logic uses the data in the compare latch for its comparison with
the timer value. The compare data is first written by software to the capture/
compare register CCRx and then automatically transferred to the compare
latch on a user-selectable load event. The load event is selected with the
CLLDx bits in each CCTLX register.

In addition, the compare latches may be grouped together so that each
compare latch in a group is updated simultaneously on the load event. All
compare latches may be grouped together in a single group, or they may be
grouped in groups of two or three compare latches. The grouping is configured
with the TBCLGRP bits in the TBCTL register. When using groups, the CLLDx
bits of the lowest numbered CCRXx register in the group determine the load
event for each compare latch of the group except when all 7 compare latches
are grouped together (TBCLGRP=3). For example, if a user selects the
compare latches to be grouped in threes, then there are two groups of three:
TBCL1, TBCL2, and TBCL3 form one group, and TBCL4, TBCL5, and TBCL6
form the other group. In this scenario, the CLLDx bits for TBCL1 determine the
load event for the first group, and the CLLDx bits for TBCL4 determine the load
event for the second group. The CLLDx bits in CCTL2, CCTL3, CCTL5, and
CCTL6 are unused. When all compare latches are grouped together
(TBCLGRP=3), then the CLLDx bits in TBCL1 determine the load event.

When using groups, two conditions must exist for the compare latches to be
loaded. First, all CCRXx registers of the group must be updated (except when
using immediate mode); second, the load event must occur. This means that
if a user intends to retain any CCRXx register data of a group when updating the
group, the old data must be written to the CCRXx register again. Otherwise, the
compare latches will not be updated.

The CLLDx bits in the applicable CCTLx register select the load event. There
are four choices for the load event:

O Immediate
[ When TBR counts to 0

(1 Continuous mode or up mode —when TBR counts to 0
Up/down mode — when TBR counts to TBCLO or counts to 0

(1 When TBR counts to TBCLXx
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Table 11-2. Compare Latch Operating Modes

The groupings and load conditions are summarized below in Table 11-2.

TBCLO

TBCL1

CLLDx From . t
Lowest Counter Load ConditionsT(load TBCCRx data to compare latch TBCLXx)
TBCLGRP | TBCCTLx in Mode
Group (see MCx _ _ _ _ _ _ _
Note 1) x=0 x=1 X=2 x=3 x=4 X=5 X=6
0 0-3 Immediate Immediate Immediate Immediate Immediate Immediate Immediate
1 1-3 TBR countsto O | TBR countsto O | TBRcountstoO | TBRcountstoO | TBR countstoO | TBR countsto O | TBR countsto O
1,2 TBR countsto O | TBR countsto 0O | TBR countstoO | TBRcountstoO | TBR countstoO | TBR countsto O | TBR countsto O
0
2 3 TBRcountsto0 | TBRcountstoO | TBRcountsto 0 | TBRcountstoO | TBRcountsto O | TBR countsto 0 | TBR countsto O
orto TBCLO or to TBCLO or to TBCLO orto TBCLO orto TBCLO orto TBCLO or to TBCLO
3 1-3 TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to
A TBCLO TBCL1 TBCL2 TBCL3 TBCL4 TBCL5 TBCL6
TBCL1, TBCL2 loaded immediately TBCL3, TBCL4 loaded immediately TBCL5, TBCL6 loaded immediately
0 0-3 Immediate when the corresponding TBCCRx when the corresponding TBCCRx when the corresponding TBCCRx
register is loaded register is loaded register is loaded
TBCL1, TBCL2 updated TBCL3, TBCL4 updated TBCLS5, TBCL6 updated
1 1-3 TBR counts to 0 simultaneously when TBR counts simultaneously when TBR counts simultaneously when TBR counts
to0 to0 to 0
1 TBCL1, TBCL2 updated TBCL3, TBCL4 updated TBCLS5, TBCL6 updated
1,2 TBR counts to 0 simultaneously when TBR simultaneously when simultaneously when
counts to O TBR counts to O TBR counts to O
2
TBR counts to 0 TBCL1, TBCL2 updated TBCL3, TBCL4 updated TBCL5, TBCL6 updated
3 or to TBCLO simultaneously when TBR counts to | simultaneously when TBR counts to | simultaneously when TBR counts to
0 orto TBCLO 0 orto TBCLO 0 orto TBCLO
3 1-3 TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to
A TBCL2 TBCL3 TBCL4 TBCL5 TBCL6

t Timer_B3 has only three CCR blocks: TBCCRO, TBCCR1, and TBCCR2. The load conditions for TBCL3/4/5/6 are not relevant and can be ignored.
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Table 12—2. Compare Latch Operating Modes (Continued)

CLLDx From L
Lowest Counter Load Conditions (load TBCCRx data to compare latch TBCLx)
TBCLGRP | TBCCTLx in Mode
Group (see MCx x=0 x=1 X=2 x=3 X=4 x=5 X=6
Note 1)
0 0-3 Immediate TBCL1, TBCL2, TBCL3 loaded immediately when the TBCL4, TBCL5, TBCL6 loaded immediately when the
corresponding TBCCRX register is loaded corresponding TBCCRXx register is loaded
TBCL1, TBCL2, TBCL3 updated simultaneously when TBCL4, TBCL5, TBCL6 updated simultaneously when
1 1-3 TBR counts to 0 TBR counts to 0 TBR counts to 0
TBCL1, TBCL2, TBCL3 updated simultaneously when TBCL4, TBCL5, TBCL6 updated simultaneously when
2t 12 TBR counts to 0 TBR counts to 0 TBR counts to 0

2

3 TBR counts to 0 TBCL1, TBCL2, TBCL3 updated simultaneously when TBCL4, TBCL5, TBCL6 updated simultaneously when
orto TBCLO TBR counts to 0 or to TBCLO TBR counts to 0 or to TBCLO

3 1-3 TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to
A TBCLO TBCL1 TBCL2 TBCL3 TBCL4 TBCL5 TBCL6

0 0-3 TBCLO, TBCL1, TBCL2, TBCL3, TBCL4, TBCL5, TBCL6 Loaded immediately when the corresponding TBCCRX register is loaded.

1-3 TBCLO,TBCL1, TBCL2, TBCL3, TBCL4, TBCL5, TBCL6 updated simultaneously when TBR counts to 0
ot 1,2 TBCLO,TBCL1, TBCL2, TBCL3, TBCL4, TBCL5, TBCL6 updated simultaneously when TBR counts to 0

2
3 TBCLO,TBCL1, TBCL2, TBCL3, TBCL4, TBCL5, TBCL6 updated simultaneously when TBR counts to O or to TBCLO

3 1-3 TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to TBR counts to
B TBCLO TBCL1 TBCL2 TBCL3 TBCL4 TBCL5 TBCL6

T Timer_B3 has only three CCR blocks: No triple group is possible with 3 CCR’s. If TBCLGRP=2 then it is treated as TBCLGRP=1.

% Timer_B3 has only three CCR blocks: TBCCRO, TBCCR1, and TBCCR2 are one group (TBCLGRP=3, CLLDx={0, 1, 2}).

1) Whenusing groups, load mode for the group is selected with the CLLDx bits of the lowest numbered TBCCTLXx register in the group (except when TBCLGRP=3). For example,
when grouped by 2, the CLLDx bits of TBCCTL3 determine the load mode for TBCL3 and TBCL4. When grouped by 3, the CLLDx bits of TBCCTL4 determine the load mode

Notes:

for TBCL4, TBCL5, and TBCL6, etc. When TBCLGRP=3 the CLLDx bits from TBCTL1 are used.

2) When using groups, all TBCCRX registers must be updated with new data before the load will take place (except when using immediate mode), even if new data = old data.

When using immediate mode, each compare latch is updated immediately when its corresponding TBCCRX register is updated.

3) When using groups, different load modes may be selected for each group. For example, when grouped by 3, immediate mode may be selected (via CLLDx bits in TBCCTL1)

for TBCL1, TBCL2, and TBCL3, and mode 2 may be selected (via CLLDx bits in TBCCTL4) for TBCL4, TBCL5, and TBCLS6.
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The Output Unit

11.5 The Output Unit

Each capture/compare block contains an output unit shown in Figure 11-22.
The output unit is used to generate output signals such as PWM signals. Each
output unit has 8 operating modes that can generate a variety of signals based
on the EQUO and EQUx signals. The output mode is selected with the OMx
bits located in the CCTLXx register.

Figure 11-22.Output Unit
OUTx

I_> SI OUTx Signal
EQUO Output D et Q
EQUX >—» Contro| Timer Clock
Q Block Reset
POR
‘_
R OUTx

OMx2 OMx1 OMx0

0 0 Output mode: OUTx signal reflects the value of the OUTXx bit
Set mode: OUT x signal reflects the value of signal EQUx
PWM toggle/reset: EQUx toggles OUTx. EQUO resets OUTX.
PWM set/reset: EQUXx sets OUTx. EQUO resets OUTx
Toggle: EQUx toggles OUTx signal.

Reset: EQUX resets OUTX.

PWM toggle/set: EQUx toggles OUTx. EQUO sets OUTX.
PWM reset/set: EQUx resets OUTx. EQUO sets OUTx.

PR RPrRRLROOOO
PR OORRO
RPORrROROR

Note: OUTXx signal updates with rising edge of timer clock for all modes except
mode 0.
Modes 2, 3, 6, 7 not useful for output unit 0.
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11-24

Output Unit — Output Modes

The output modes are defined by the OMx bits and are discussed below. The
OUTXx signal is changed with the rising edge of the timer clock for all modes
except mode 0. Output modes 2, 3, 6, and 7 are not useful for output unit 0.

Output mode O:

Output mode 1:

Output mode 2:

Output mode 3:

Output mode 4:

Output mode 5:

Output mode 6:

Output mode 7:

Output mode:

The output signal OUTx is defined by the OUTx bit in control
register CCTLx. The OUTx signal updates immediately
upon completion of writing the bit information.

Set mode:

The output is set when the timer value becomes equal to
compare data TBCLX. It remains set until a reset of the timer,
or until another output mode is selected and controls the
output.

PWM toggle/reset mode:

The output is toggled when the timer value becomes equal
to compare data TBCLx. It is reset when the timer value
becomes equal to TBCLO.

PWM set/reset mode:

The output is set when the timer value becomes equal to
compare data TBCLx. It is reset when the timer value
becomes equal to TBCLO.

Toggle mode:

The output is toggled when the timer value becomes equal
to compare data TBCLx. The output period is double the
timer period.

Reset mode:

The output is reset when the timer value becomes equal to
compare data TBCLx. It remains reset until another output
mode is selected and controls the output.

PWM toggle/set mode:

The output is toggled when the timer value becomes equal
to compare data TBCLx. It is set when the timer value
becomes equal to TBCLO.

PWM toggle/set mode:

The output is reset when the timer value becomes equal to
compare data TBCLx. It is set when the timer value
becomes equal to TBCLO.



11.5.2 Output Control Block

The output control block prepares the value of the OUTx signal, which is
latched into the OUTx flip-flop with the next positive timer clock edge, as shown
in Figure 11-23 and Table 11-3. The equal signals EQUx and EQUO are
sampled during the negative level of the timer clock, as shown in Figure 11-23.

Figure 11-23.Output Control Block
OUTx

|_' ' OUTX Signal
EQUO Output p Set Q
EQUX >— Control Timer Clock
Block Reset
POR
._
| OUTx

OMx2 OMx1 OMx0

The timer is Incremented with the rising edge of the timer clock.

2@5&5\5\5>l/y§\_i/w

| | ((

|

) |
Toe X2 X wn X0 X (XX o X2 X

I

I

| [
|

| | |
EQUXx / | \ | ! I
! [

: TBCLx=n : | |

! |

EQUO / TBR=0 \

or
TBR = TBCLO

EQUO, Delayed l/_\_

Used in Up Mode Only

EQUO delayed is used in up mode, not EQUO. EQUO is active high when
TBR = TBCLO. EQUO delayed is active high when TBR = 0.
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Table 11-3. State of OUTx at Next Rising Edge of Timer Clock

Mode EQUO EQUX D
0 X X X(OUTX bit)
1

OUTx (no change)
1 (set)

OUTx (no change)
OUTXx (toggle)

0 (reset)

1 (set)

OUTXx (no change)
1 (set)

0 (reset)

1 (set)

OUTx (no change)
OUTXx (toggle)

OUTXx (no change)
0 (reset)

OUTx (no change)
OUTXx (toggle)

1 (set)

0 (reset)

OUTXx (no change)
0 (reset)

1 (set)

0 (reset)

PRPOOIRPPRPOO|IX X |IX X|PPOO|PFPOO]|IX X
POPRPOIPOPFRPO|PO|IPO|IPOPFRPO|POPFRLO|FO

11.5.3 Output Examples

The following are some examples of possible output signals using the various
timer and output modes.

11.5.3.1 Output Examples—Timer in Up Mode

The OUTx signalis changed when the timer counts up to the TBCLx value, and
rolls from TBCLO to zero, depending on the output mode, as shown in
Figure 11-24.
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Figure 11-24.0Output Examples—Timer in Up Mode

TBR(max) Example, EQU1 Used
TBCLO
TBCL1 7
Oh

Output Mode 1: Set

Output Mode 2: PWM Toggle/Reset

Output Mode 3: PWM Set/Reset

Output Mode 4: Toggle

Output Mode 5: Reset

Output Mode 6: PWM Toggle/Set

| Output Mode 7: PWM Reset/Set

EQUO EQU1 EQUO EQU1 EQUO Interrupt Events

11.5.3.2 Output Examples—Timer in Continuous Mode

The OUTXx signal is changed when the timer reaches the TBCLx and TBCLO
values, depending on the output mode, as shown in Figure 11-25.

Figure 11-25.0Output Examples—Timer in Continuous Mode

TBCLO
TBCL1 / /
Oh
T Output Mode 1: Set
T Output Mode 2: PWM Toggle/Reset
— — — Output Mode 3: PWM Set/Reset
T T B@JMode 4: Toggle
Output Mode 5: Reset
____ - Output Mode 6: PWM Toggle/Set
Output Mode 7: PWM Reset/Set
TBOV EQU1 EQUO TBOV EQU1 EQUO Interrupt Events
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11.5.3.3 Output Examples — Timer in Up/Down Mode

The OUTXx signal changes when the timer equals TBCLXx in either count
direction and when the timer equals TBCLO, depending on the output mode,
as shown in Figure 11-26.

Figure 11-26.Output Examples — Timer in Up/Down Mode (1)

TBR(maX)
TBCLO
TBCL3
o AN
[ Output Mode 1: Set
1 [Output Mode 2: PWM Toggle/Reset
L Output Mode 3: PWM Set/Reset
[ e e S A —_]'Output Mode 4: Toggle
[ Output Mode 5: Reset
I Output Mode 6: PWM Toggle/Set
T Output Mode 7: PWM Reset/Set
TIMOV 5 EQUO £ ;3TIMOV £ s EQUO £ioya interrupt Events
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11.6 Timer_B Registers

Timer_B Registers

The Timer_B registers, described in Table 11-4, are word structured and must
be accessed using word instructions.

Table 11-4. Timer_B Registers

Register Short Form Register Type Address Initial State
Timer_B control TBCTL Read/write 180h POR reset
Timer_B register TBR Read/write 190h POR reset
Cap/com control 0 CCTLO Read/write 182h POR reset
Capture/compare 0 CCRO Read/write 192h POR reset
Cap/com control 1 CCTL1 Read/write 184h POR reset
Capture/compare 1 CCR1 Read/write 194h POR reset
Cap/com control 2 CCTL2 Read/write 186h POR reset
Capture/compare 2 CCR2 Read/write 196h POR reset
Cap/com control 3 CCTL3 Read/write 188h POR reset
Capture/compare 3 CCR3 Read/write 198h POR reset
Cap/com control 4 CCTL4 Read/write 18Ah POR reset
Capture/compare 4 CCR4 Read/write 19Ah POR reset
Capture/compare 5 CCTL5 Read/write 18Ch POR reset
Capture/compare 5 CCR5 Read/write 19Ch POR reset
Capture/compare 6 CCTL6 Read/write 18Eh POR reset
Capture/compare 6 CCR6 Read/write 19Eh POR reset
Interrupt vector TBIV Read 11Eh (POR reset)

11.6.1 Timer_B Control Register TBCTL

The timer and timer operation control bits are located in the timer control
register (TBCTL) shown in Figure 11-27. All control bits are reset
automatically by the POR signal, but are not affected by the PUC signal. The
control register must be accessed using word instructions.

Figure 11-27.Timer_B Control Register TBCTL

TBCTL
180h

15 0
I I I I I
Group TBCL CL"e“n’gfr{ u%g'd Input Select | Input Divider éﬂgr?t?m ulég'd cLr| TBIE [TBIFG
1 1 1 1 1
rw- rw- r'w-  rw-  rw- rw- rw-  rw- rw- rw- w rw-  w- rw- rw-
© (0 © © © © @© © @© © © © © © (©
Bit O: TBIFG: This flag indicates a timer overflow event.
Up mode: TBIFG is set if the timer counts from TBCLO
value to 0000h.
Continuous mode:  TBIFG is set if the timer counts from
Up/down mode: TBIFG is set if the timer counts down from
0001h to 0000h.
Bit 1: Timer overflow interrupt enable (TBIE) bit. An interrupt request

from the timer overflow bit is enabled if this bit is set, and is disabled

if reset.

Timer_B
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Timer_B Registers

Bit 2: Timer clear (CLR) bit. The timer and input divider are reset with the
POR signal, or if bit CLR is set. The CLR bit is automatically reset
and is always read as zero. The timer starts in the upward direction
with the next valid clock edge, unless halted by cleared mode

control bits.

Bit 3: Not used

Bits 4, 5: Mode control: Table 11-5 describes the mode control bits.

Table 11-5. Mode Control

MC1 MCO Count Mode

Description

0 0 Stop
0 1 Up to CCRO

1 0 Continuous up

1 1 Up/down

Timer is halted.

Timer counts up to TBCLO and restarts at 0.
Note: If TBCLO > TBR(may), the counter counts to
zero with the next rising e ge of timer clock.

Timer counts up to TBR(max) and restarts at 0.

The maximum value of TBR [TBR(max)] is:
OFFFFh for 16-bit conﬂguratlon
O00FFFh for 12-bit configuration
003FFh for 10-bit configuration
000FFh for 8-bit configuration

Timer continuously counts up to CCRO0 and back
down to O.

Note: If CCRO > TBR(max), the counter operates
as if it were configured for continuous mode. It
will not count down from TBR(yax) t0 zero.

Bits 6, 7: Input divider control bits. Table 11-6 describes the clock-divider

bits.

Table 11-6. Input Clock Divider Control Bits

ID1 IDO Operation Description
0 0 /1 Input clock source is passed to the timer.
0 1 12 Input clock source is divided by two.
1 0 14 Input clock source is divided by four.
1 1 /8 Input clock source is divided by eight.

Bits 8, 9: Clock source selection bits. Table 11-7 describes the clock source

selections.

Table 11-7. Clock Source Selection

SSEL1 SSELO O/P Signal

Comment

0 0 TBCLK
0 1 ACLK
1 0 SMCLK
1 1 INCLK

See data sheet device description
Auxiliary clock ACLK is used
System clock SMCLK

See device description in data sheet
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Timer_B Registers

Bit 10: Unused

Bits 11, 12: Configure 16-bit timer (TBR) for 8-bit, 10-bit, 12-bit, or 16-bit
operation

CNTL = 0: 16-bit length, TBR(max) is OFFFFH
CNTL = 1: 12-bit length, TBR(max) is OFFFH
CNTL = 2: 10-bit length, TBR(max) is 03FFH
CNTL =3: 8-bit length, TBR(max) is OFFH

Bits 13, 14: Load compare latches, individually or in groups. The load signal
is controlled via the CLLDx bits located in the appropriate
capture/compare control register CCTLX.

TBCLGRP = 0: load individually
Load of the shadow registers is defined in each
individual CCTLx register by bits CLLDx. The
CLLD bits in each CCTLx register define the
operating mode for the shadow registers.

TBCLGRP = 1: Three groups are selected (TBCL1 + TBCL2,
TBCL3 + TBCL4, TBCL5 + TBCL6):
TBCL1 + TBCL2: The CLLD bits in CCTL1
define the operating mode.
TBCL3 + TBCL4: The CLLD bits in CCTL3
define the operating mode.
TBCL5 + TBCL6: The CLLD bits in CCTL5
define the operating mode.

TBCLGRP = 2: Two groups are selected (TBCL1 + TBCL2 +
TBCL3, TBCL4 + TBCL5 + TBCL6):
TBCL1 + TBCL2 + TBCL3: The CLLD bits in
CCTL1 define the operating mode.
TBCL4 + TBCL5 + TBCL6: The CLLD bits in
CCTLA4 define the operating mode.

TBCLGRP = 3: One group is selected (all TBCLx registers):
The CLLD bits in CCTL1 define the operating
mode for all shadow registers.

Bit 15: Unused
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Note: Changing Timer_B Control Bits

If the timer operation is modified by the control bits in the TBCTL register, the
timer should be halted during this modification. Critical modifications are the
input select bits, input divider bits, and the timer clear bit. Asynchronous
clocks, input clock, and system clock can result in race conditions where the
timer reacts unpredictably.

The recommended instruction flow is:
1) Modify the control register and stop the timer with one instruction.
2) Start the timer operation.
For example:
MOV #0286h,&TBCTL ; ACLK/8, timer stopped, timer cleared
BIS #10h,&TBCTL ; Start timer with up mode

11.6.2 Timer_B Register TBR

The TBR register is the value of the timer.

Figure 11-28.TBR Register

15 0
TBR I I I I I I I I I I I I I I I
190h Timer Value

rw-(0) lrw-(O)lrw-(O)l rw-(O;rw-(Ol) rw-((;) rw-(Ol)rw-(O; rw-(Ol) rw-(Ol) rw-(Ol) rw-(Ol) rw-(O)lrw-(O; rw-(Ol) rw-(0)

Note: Modifying Timer_B Register TBR

When ACLK, SMCLK, or the external clock TBCLK or INCLK is selected for
the timer clock, any write to timer register TBR should occur while the timer
is not operating; otherwise, the results may be unpredictable. In this case,
the timer clock is asynchronous to the CPU clock MCLK and critical race
conditions exist.

11.6.3 Capture/Compare Control Register CCTLX

Each capture/compare block has its own control word CCTLX, shown in
Figure 11-29. The POR signal resets all bits of CCTLx; the PUC signal does
not affect these bits.

Figure 11-29.Capture/Compare Control Register CCTLX
15 0
T T T T
182h tgig IA'\L( C,aff;ée S";t’ctt scs| cp  |cap| outmobx |[ccig| ccr |ouT|covceirs
1 i

rw-(0) rw-(0) rw-(0) rw-(0)rw-(0) rvv-((;) rw-(0) rw-(0) rW-(Ol) rvv-(Ol) rw-(0)rw-(0) r  rw-(0)rw-(0) rw-(0)
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Bit O:

Bit 1:

Bit 2:

Bit 3:

Bit 4:

Bits 5to 7:

Timer_B Registers

Capture/compare interrupt flag CCIFGx

Capture mode:
If set, it indicates that a timer value was captured in the
CCRXx register.

Compare mode:
If set, it indicates that a timer value was equal to the data
in the TBCLx latch.

CCIFGO flag:
CCIFGO is automatically reset when the interrupt request
is accepted.

CCIFG1 to CCIFGx flags:
The flag that caused the interrupt is automatically reset
after the TBIV word is accessed. If the TBIV register is not
accessed, the flags must be reset with software.

No interrupt is generated if the corresponding interrupt
enable bit is reset, but the flag will be set. In this scenario,
the flag must be reset by the software.

Setting the CCIFGx flag with software will request an
interrupt if the interrupt-enable bit is set.

Capture overflow flag COV

Compare mode selected, CAP = 0:
Capture signal generation is reset. No compare event will
set COV bit.

Capture mode selected, CAP = 1.
The overflow flag COV is set if a second capture is
performed before the first capture value is read. The
overflow flag must be reset with software. It is not reset by
reading the capture value.

The OUTX bit determines the value of the OUTXx signal if the
output mode is 0.

Capture/compare input signal CCIx:
The selected input signal (CCIXA, CCIxB, Vcc. or GND) can be
read by this bit. See Figure 11-18.

Interrupt enable CCIEx: Enables or disables the interrupt
request signal of capture/compare block x. Note that the GIE bit
must also be set to enable the interrupt.

0: Interrupt disabled

1: Interrupt enabled

Output mode select bits:
Table 11-7 describes the output mode selections.
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Table 11-8. Capture/Compare Control Register Output Mode
Bit
Value  Output Mode Description

0 Output only The OUTXx signal reflects the value of the OUTXx bit
1 Set EQUx sets OUTx
2 PWM EQUXx toggles OUTx. EQUO resets OUTX.

toggle/reset

3 PWM set/reset EQUx sets OUTx. EQUO resets OUTx

4 Toggle EQUXx toggles OUTx signal.

5 Reset EQUx resets OUTX.

6 PWM EQUXx toggles OUTx. EQUO sets OUTx.
toggle/set

7 PWM reset/set EQUX resets OUTx. EQUO sets OUTX.

Note: OUTx updates with rising edge of timer clock for all modes except mode 0.
Modes 2, 3, 6, 7 not useful for output unit 0.

Bit 8: CAP sets capture or compare mode.
0: Compare mode
1: Capture mode

Bits 9, 10:  CLLD: Select load source for compare latch TBCLx

(also see description of bits TBCLGRP, 13 and 14, in TBCTL)

CLLD = 0: Immediate

CLLD = 1: Load CCRx data to TBCLx when TBR counts to O

CLLD = 2: UP/DOWN mode: load CCRx data to TBCLx when
TBR counts to TBCLO orto O
Continuous mode or UP-mode: load CCRx data
to TBCLx when TBR counts to 0

CLLD = 3: CCRx data are loaded to TBCLx when TBR counts

to TBCLx

Bit 11: SCSx bit:
This bit is used to synchronize the capture input signal with the
timer clock.
0: asynchronous capture
1: synchronous capture

Bits 12, 13: Input select, CCIS0 and CCIS1:
These two bits define the capture signal source. These bits are
not used in compare mode.

0 Input CCIXA is selected
1 Input CCIxB is selected
2 GND
3 Vce

Bits 14, 15: Capture mode bits:
Table 11-8 describes the capture mode selections.
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Table 11-9. Capture/Compare Control Register Capture Mode

\B/,Iatlue Capture Mode Description

0 Disabled The capture mode is disabled.

1 Pos. Edge Capture is done with rising edge.

2 Neg. Edge Capture is done with falling edge.

3 Both Edges Capture is done with both rising and falling edges.

Note: Simultaneous Capture and Capture Mode Selection

Captures must not be performed simultaneously with switching from
compare to capture mode. Otherwise, the result in the capture/compare
register will be unpredictable.

The recommended instruction flow is:

1) Modify the control register to switch from compare to capture.

2) Capture
For example:
BIS #CAP&CCTL2 ; Select capture with register CCR2
XOR #CCIS1,&CCTL2 ; Software capture: CCIS0=0

; Capture mode = 3

11.6.4 Timer_B Interrupt Vector Register
Two interrupt vectors are associated with the 16-bit Timer_B module:
[ CCRO interrupt vector (highest priority)
[J TBIV interrupt vector for flags CCIFG1-CCIFGx and TBIFG.

11.6.4.1 CCRO Interrupt Vector

The interrupt flag associated with capture/compare register CCRO, as shown
in Figure 11-30, is set if the timer value is equal to the compare register value.

Figure 11-30.Capture/Compare Interrupt Flag

Capture
£Q0 CCIEO IRQ, Interrupt_Service_Requested
TBCLO = Timer } p Setq }
CAP
Timer Clock —>
Reset

‘ IRACC, Interrupt_Request_Accepted
a
-

Capture/compare register 0 has the highest Timer_B interrupt priority, and
uses its own interrupt vector.
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11.6.4.2 Vector Word, TBIFG, CCIFG1 to CCIFGx Flags

The CCIFGx (other than CCIFGO0) and TBIFG interrupt flags are prioritized and
combined to source a single interrupt as shown in Figure 11-31. The interrupt
vector register TBIV (shown in Figure 11-32) is used to determine which flag
requested an interrupt.

Figure 11-31.Schematic of Capture/Compare Interrupt Vector Word

ccil S CCIFG1
EQl —S )7
CMP1 ———Sel CCIEL
Timer Clock — R
[ <
-
IRACC
ccl2 s CCIFG2
EQ2 —S )7
CMpP2 ———Sel CCIE2
Timer Clock —— R
ll RACC < Interrupt_Service_Request
>
Module 3 o
_____________________ Priority and
Module 4 Vector Word
————————————————————— Generator
Module 5
Interrupt_Vector_Address
IF >
ccle ——S celree g
EQs —|s )7
CMP6 ————Sel CCIE6
Timer Clock ——— R
[ <
-
IRACC
TBIFG
TBR(MAX) S
Timer = TBCLO S )7
XXX Sel TBIE
Timer Clock R
[ <
l
IRACC
Figure 11-32.Vector Word Register
15 0
TBIV ! !
11en | © 0 0 o|o 0 0 0 0 0 0| o Interrupt Vector 0
] ]

ro 10 0 r0 r0 ro 10 r0 0 r0 r0 ro r-(0) r-(0) r-(0) r0

The flag with the highest priority generates a number from 2 to 14 in the TBIV
register as shown in Table 11-9. (If the value of the TBIV register is 0, no
interrupt is pending.) This number can be added to the program counter to
automatically enter the appropriate software routine without the need for
reading and evaluating the interrupt vector. The software example in section
11.6.4.3 shows this technique.
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Table 11-10. Vector Register TBIV Description

Timer_B Registers

Interrupt Vector Register
Priority Interrupt Source Short Form TBIV Contents
Highest!  Capture/compare 1 CCIFG1 2
Capture/compare 2 CCIFG2 4
Capture/compare 3% CCIFG3 6
Capture/compare 4F CCIFG4 8
Capture/compare 5% CCIFG5 10
Capture/compare 6F CCIFG6 12
Lowest Timer overflow TBIFG 14
No interrupt pending 0

T Highest pending interrupt other than CCIFGO0. CCIFGO is always the highest priority Timer_B

interrupt.
¥ 14x devices only

Accessing the TBIV register automatically resets the highest pending interrupt
flag. If another interrupt flag is set, then another interrupt will be immediately
generated after servicing the initial interrupt. For example, if both CCIFG2 and
CCIFG3 are set, when the interrupt service routine accesses the TBIV register
(either by reading it or by adding it directly to the PC), CCIFG2 will be reset
automatically. After the RETI instruction of the interrupt service routine is
executed, the CCIFG3 flag will generate another interrupt.

Note: Writing to Read-Only Register TBIV

Register TBIV should not be written to. If a write operation to TBIV is
performed, the interrupt flag of the highest-pending interrupt is reset.
Therefore, the requesting interrupt event is missed. Additionally, writing to
this read-only register results in increased current consumption as long as

the write operation is active.

Timer_B
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11.6.4.3 Timer Interrupt Vector Register, Software Example, Timer_B7
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The following software example describes the use of vector word TBIV of
Timer_B3 and the handling overhead. The numbers at the right margin show
the necessary cycles for every instruction. The example is written for
continuous mode: the time difference to the next interrupt is added to the
corresponding compare register.

; Software exanple for the interrupt part Cycl es

: Interrupt handler for Capture/ Conpare Modul e 0.
; The interrupt flag CCOFQ is reset automatically

TIMVODO ... : Start of handler Interrupt latency 6
RETI 5

: Interrupt handl er for Capture/ Conpare Mdules 1 to 6.
; The interrupt flags CCl F&x and TBIFG are reset by

; hardware. Only the flag with the highest priority

; responsible for the interrupt vector word is reset.
TIMHND $

Interrupt |atency
ADD &TBI V, PC Add offset to Junp table
RETI Vector 0: No interrupt

JMP TI MVOD1 ; Vector 2: Mdule
JMVP TI MMOD2 ;. Vector 4: Modul e
JWVP TI MMOD3 : Vector 6: Module
JMVP TI MVOD4 ; Vector 8: Mddule
JMP TI MMOD5 ; Vector 10: Mbdul e
JMP TI MMOD6 ; Vector 12: Mbdul e

: Module 7. Tinmer Overflow Handler: the Tiner Register is
; expanded into the RAM | ocation TIMEXT (MSBs)

NNNNMNNDN OO

O WNE

TI MOVH : Vector 14: TIMW Flag
I NC TI MEXT ; Handl e Tinmer Overflow 4
RETI 5
TI MVOD2 : Vector 4: Mdule 2
ADD #NN, &CCR2 : Add tine difference 5
; Task starts here
RETI ; Back to main program 5
TI MMODL : Vector 2: Mdule 1
ADD #MM &CCR1 ; Add tine difference 5
; Task starts here
RETI ; Back to main program 5

; The Modul e 3 handl er shows a way to |l ook if any other
; interrupt is pending: 5 cycles have to be spent, but
; 9 cycles may be saved if another interrupt is pending

TI MMOD3 : Vector 6: Mdule 3
ADD #PP, &CCR3 ; Add tine difference 5
: Task starts here
JwP TIMHND ; Look for pending interrupts 2

. SECT " VECTORS", OFFFOh ; Interrupt Vectors
; The vector address may be different for different devices.

.MORD TIMHND ; Vector for Capture/Conpare

; Module 1..6 and timer overflow
TBI FG
Vector for Capture/ Conmpare
Modul e 0

. WORD TI MMODO
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11.6.4.4 Timer Interrupt Vector Register, Software Example, Timer_B3

The following software example describes the use of vector word TBIV of
Timer_B3 and the handling overhead. The numbers at the right margin show
the necessary cycles for every instruction. The example is written for
continuous mode: the time difference to the next interrupt is added to the
corresponding compare register.

; Software exanple for the interrupt part Cycl es

; Interrupt handler for Capture/ Conpare Mdul e O.
; The interrupt flag CCOFQ is reset automatically

TIMVODO ... ; Start of handler Interrupt latency 6
RETI 5

; Interrupt handl er for Capture/Conpare Mddules 1 to 6.
; The interrupt flags CClIFGx and TBIFG are reset by

; hardware. Only the flag with the highest priority

; responsible for the interrupt vector word is reset.

TIMHND $ ; Interrupt I|atency 6
ADD &TBI V, PC ; Add offset to Junp table 3
RETI ; Vector 0: No interrupt 5
JMP TI MVOD1 ; Vector 2: Mdule 1 2
JMP TI MMOD2 : Vector 4: NMbdule 2 2
RETI ;. Vector 6
RETI ; Vector 8
RETI : Vector 10
RETI ;. Vector 12

:; Timer Overflow Handler: the Tinmer Register is expanded
; into the RAM | ocation TI MEXT ( MSBs)

TI MOVH ; Vector 14: TIMOW Fl ag
I NC TI MEXT ; Handl e Tinmer Overfl ow 4
RETI 5
TI MVOD2 : Vector 4: Module 2
ADD #NN, &CCR2 ; Add tine difference 5
; Task starts here
RETI ; Back to main program 5
; The Module 1 handler shows a way to |l ook if any other
; interrupt is pending: 5 cycles have to be spent, but
; 9 cycles may be saved if another interrupt is pending
TI MVODL Vector 6: Module 3

Task starts here

ADD  #PP,&CCRL. Add time difference 5
: Look for pending interrupts 2

JNP TI M_HND
. SECT " VECTORS”, OFFFOh ; Interrupt Vectors
; The vector address may be different for different devices.

.WORD TIM HND ; Vector for Capture/ Conpare
; Module 1..6 and timer overflow
; TBIFG

.VWORD TI MMODO Vector for Capture/ Conpare

Modul e O
If the FLL (on applicable devices) is turned off, then two additional cycles need
to be added for a synchronous start of the CPU and system clock MCLK.

If the CPU clock MCLK was turned off in devices with the Basic Clock Module
(CPUOFF=1), then 2 or 3 additional cycles need to be added for synchronous
start of the CPU. The delta of one clock cycle is caused when clocks are
asynchronous to the restart of CPU clock MCLK.
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11.6.4.5 Timing Limits
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The software overhead for different interrupt sources includes interrupt
latency and return-from-interrupt cycles (but not the task handling itself), as
described:

[ Capture/compare block CCRO 11 cycles
[ Capture/compare blocks CCR1 to CCR6 16 cycles
g Timer overflow TBIFG 14 cycles

With the TBIV register and the previous software, the shortest repetitive time
distance tcrmin between two events using a compare register is:

tcRmin = ttaskmax * 16 X teycle

With:  tigskmax Maximum (worst case) time to perform the task during the
interrupt routine (for example, incrementing a counter)

teycle Cycle time of the system frequency MCLK

The shortest repetitive time distance tc min between two events using a
capture register is:

tcLmin = ttaskmax * 16 X teycle



Chapter 12

USART Peripheral Interface, UART Mode

The universal synchronous/asynchronous receive/transmit (USART) serial-
communication peripheral supports two serial modes with one hardware
configuration. These modes shift a serial bit stream in and out of the MSP430
at a programmed rate or at a rate defined by an external clock. The first mode
is the universal asynchronous receive/transmit (UART) communication
protocol; the second is the serial peripheral interface (SPI) protocol (discussed
in Chapter 13).

Bit SYNC in control register UCTL (UOCTL for USARTO or U1CTL for
USART1) selects the required mode:

SYNC =0: UART — asynchronous mode selected

SYNC =1: SPI — synchronous mode selected

The '12x and '13x have one USART, named USARTO. The '14x has two
USARTs implemented: USARTO and USART1.

This chapter addresses the UART mode.
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12.1 USART Peripheral Interface

The USART peripheral interface connects to the CPU as a byte peripheral
module. It connects the MSP430 to the external system environment with
three or four external pins. Figure 12—1 shows the USART peripheral interface

module.

Figure 12-1. Block Diagram of USART

Receive Status Receive Buffer
UORXBUF or UIRXBUF SYI\iC +RXE Listen MM SYNC
A
1 OJ/OO b SOMI
Receive Shift Register |4 j <
o—e—-o0
A 1 0| syNC URXD
SSEL1 SSELO « SYNC | i
| | 0 Baud Rate Generator e 0
UCLKI . : : oTE
ACLK 2 Baud Rate Register | —e—]
SMCLK—o0 " o UOBR or U1BR |
SMCLK—o0 I SYNG ! UTXD
L - >
Baud Rate Generator CLKS |
v I
I
WUT Transmit Shift Register » o——lo| SIMO
——
T 4 o
Transmit Buffer
TXWake UOTXBUF or UITXBUF CKPH  SYNC CKPL
UCLKI €4+— + + + UCLK
Clock Phase and Polarity [¢»<__>
UCLKS <€—»
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12.2 USART Peripheral Interface, UART Mode

The USART peripheral interface is a serial channel that shifts a serial bit
stream of 7 or 8 bits in and out of the MSP430. The UART mode is chosen
when control bit SYNC in the USART control register (UOCTL for USARTO or
U1CTL for USART1) is reset.

12.2.1 UART Serial Asynchronous Communication Features

Some of the UART features include:

U

a

a
a

Asynchronous formats that include idle line/address bit-communication
protocols

Two shift registers that shift a serial data stream into URXD and out of
UTXD

Data that is transmitted/received with the LSB first
Programmable transmit and receive bit rates

Status flags

Figure 12-2 shows the USART in UART mode.

Figure 12-2. Block Diagram of USART—UART Mode

Receive Buffer r————

Receive Status 1
UORXBUF or ULIRXBUF RXE L | SYNC=0 |

isten L———_—21

A f |
0
. ) ) o——<_] URXD
Receive Shift Register |4 i
O_
* 1
SSEL1 SSELO
|| 0 Baud Rate Generator —» UCLKS
UCLKI 1 l
ACLK - 2 Baud Rate Register
SMCLK —0 3 UOBR or U1BR
SMCLK —o \
Baud Rate Generator
] ] . LSB First
wWuT »| Transmit Shift Register > ® > UTXD
T Transmit Buffer
TXWake UOTXBUF or ULTXBUF CKPL

v

Clock Polarity }<4—<] UCLK

UCLKI €+—
UCLKS —¥
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12.3 Asynchronous Operation

In the asynchronous mode, the receiver synchronizes itself to frames but the
external transmitting and receiving devices do not use the same clock source;
the baud rate is generated locally.

12.3.1 Asynchronous Frame Format

The asynchronous frame format, shown in Figure 12-3, consists of a start bit,
seven or eight data bits, an even/odd/no parity bit, an address bit in address
bit mode, and one or two stop bits. The bit period is defined by the selected
clock source and the data in the baud rate registers.

Figure 12—-3. Asynchronous Frame Format

~Ist[po eoe D6 | D7 |AD |PA [SP | SP I__:: Zs;te

—

[2nd Stop Bit, SP = 1]
[Parity Bit, PENA = 1]
[Address Bit, MM = 1]
[Optional Bit, Condition] [8th Data Bit, CHAR = 1]

The receive (RX) operation is initiated by the receipt of a valid start bit. It begins
with a negative edge at URXD, followed by the taking of a majority vote from
three samples where two of the samples must be zero. These samples occur
at n/2-X, n/2, and n/2+X of the BRCLK periods following the negative edge.
This sequence provides false start-bit rejection, and also locates the center of
the bits in the frame, where the bits can be read on a majority basis. The timing
of X is 1/32 to 1/63 times that of the BRCLK, depending on the division rate
of the baud rate generator and provides complete coverage of at least two
BRCLK periods. Figure 12—4 shows an asynchronous bit format.

Figure 12—-4. Asynchronous Bit Format Example for n or n + 1 Clock Periods

Falling Edge Majority Vote
on UEXD Taken From
Indicates Start bit URXD Data Line
/_/\_\ n—1 n 1 2 3
H 3 nfl2-x n/2 n/2+x n+tl 1
UTXD 'E-! 1

‘4—‘— Data Bit Period = n or n+1 BRCLK Periods ——+—pl
\ \
URXD L | | [ |
\ \ \
= +
| F— Data Bit Period = n or n+1 BRCLK Periods 4‘”
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12.3.2 Baud Rate Generation in Asynchronous Communication Format

Baud rate generation in the MSP430 differs from other standard serial-
communication interface implementations.

12.3.2.1 Typical Baud Rate Generation

Typical baud-rate generation uses a prescaler from any clock source and a
fixed, second-clock divider that is usually divide-by-16. Figure 12-5 shows a
typical baud-rate generation.

Figure 12-5. Typical Baud-Rate Generation Other Than MSP430

0 7 0 7
Select Clock Source |  UxBRO || UxBR1 | start
| | 8 8 15
Clock | 1 18 1 | o
o — BRCLK> 16-Bit Prescaler/Divider 6 B
s RC BITCLK
Clockn — BRSCLK
Start T |
H 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1
BRSCLK L
| t 41 |
‘ Take Majority Vote of Receive Bit |
H
BITCLK | | [
Baud rate = BRCLK
n x 16

Typical baud-rate schemes often require specific crystal frequencies or cannot
generate some baud rates required by some applications. For example,
division factors of 18 are not possible, nor are noninteger factors such as
13.67.

12.3.2.2 MSP430 Baud Rate Generation

The MSP430 baud rate generator uses one prescaler/divider and a modulator
as shown in Figure 12—6. This combination works with crystals whose
frequencies are not multiples of the standard baud rates, allowing the protocol
to run at maximum baud rate with a watch crystal (32,768 Hz). This technique
results in power advantages because sophisticated, MSP430 low-power
operations are possible.
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Figure 12—-6. MSP430 Baud Rate Generation Example for n or n + 1 Clock Periods

0 7 0 7
SSE'-ll S|SE'-0 [ uxero [ uBRL | stant
UCLKI (1) BROLK 147 A48 15
ACLK © > . 15-Bit Prescaler/Divider | o
MCLK —o Mipip
MCLK —oO 3 | 1 see Q15|
T CompareOor 1 ] Toggle
FF
> BITCLK
Shift Modulation Register Data |
<
Shift_out Shift_in
m ; ]
0 7
Modulation Register
UOMCTL or UIMCTL
H
Start L |
BRCLK ':
Counter |2 j2-af ez Lo w2z ]2 | 1] o | we|
n n/z-1n/2- n n/z-
1 :nlz :nlz-llnlz-zl : 1 :n/2 :nlz—lln/2—2:
H |
BITCLK | l
INT(n/2), m=0 ——
INT(n/2)+m(=1)
. n(Even), m =0 ——
Divide By n(Odd) or n(Even)+m(=1)

n(Odd)+m(=1)

The modulation register LSB is first used for modulation, which begins with the
start bit. A set modulation bit increases the division factor by one.

Example 12-1. 4800 Baud

Assuming a clock frequency of 32,768 Hz for the BRCLK signal and a required
baud rate of 4800, the division factor is 6.83. The baud rate generation in the
MSP430 USART uses a factor of six plus a modulation register load of 6Fh
(0110 1111). The divider runs the following sequence: 7 -7 -7 -7 — 6 —
7 — 7 -6 and so on. The sequence repeats after all eight bits of the modulator
are used.

Example 12—2. 19,200 Baud

Assuming a clock frequency of 1.04 MHz (32 x 32,768 Hz) for the BRCLK
signal and arequired baud rate of 19,200, the division factor is 54.61. The baud
rate generation in the MSP430 USART uses a factor of 54 (36h) plus a
modulation register load of 0D5h. The divider runs the following sequence: 55
—54 -55-54-55-54 -55-55, and so on. The sequence repeats after all
eight bits of the modulator are used.
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12.3.3 Asynchronous Communication Formats

The USART module supports two multiprocessor communication formats
when asynchronous mode is used. These formats can transfer information
between many microcomputers on the same serial link. Information is
transferred as a block of frames from a particular source to one or more
destinations. The USART has features that identify the start of blocks and
suppress interrupts and status information from the receiver until a block start
is identified. In both multiprocessor formats, the sequence of data exchanged
with the USART module is based on data polling, or on the use of the receive
interrupt features.

Both of the asynchronous multiprocessor formats—idle-line and address-bit
—allow efficient data transfer between multiple communication systems. They
can also minimize the activity of the system to save current consumption or
processing resources.

The control register bit MM defines the address bit or idle-line multiprocessor
format. Both use the wake-up-on-transfer mode by activating the TXWake bit
(address feature function) and RXWake bit. The URXWIE and URXIE bits
control the transmit and receive features of these asynchronous
communication formats.

12.3.4 Idle-Line Multiprocessor Format
In the idle-line multiprocessor format, shown in Figure 12—7, blocks of data are

separated by an idle time. An idle-receive line is detected when ten or more
1sin a row are received after the first stop bit of a character.

Figure 12—7. Idle-Line Multiprocessor Format

Block of Frames
— |
UTXD/URXD | I | I
% T | ” ll
‘ /‘

Idle Periods of 10 Bits or More

UTXD/URXD Expanded

\
\
\
\
\
\
\
\
UTXD/URXD —i

ST Address  [SP[sT|  Data sp |[s7]  Daa SP
First Frame Within Block Frame Within Block Frame Within Block
Is Address. It Follows Idle
Period of 10 Bits or More Idle Period Less Than 10 Bits
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When two stop bits are used for the idle line, as shown in Figure 12-8, the
second one is counted as the first mark bit of the idle period. The first character
received after an idle period is an address character. The RXWake bit can be
used as an address tag for the character. In the idle-line multiprocessor format,
the RXWake bit is set when a received character is an address character and
is transferred into the receive buffer.

Figure 12-8. USART Receiver Idle Detect

Example: One Stop Bit

Example: Two Stop Bits

Space

Space ——— ‘

4 10-BitIdle Period ——,
|

XXXX | SP ST XXXXXXX

Mark

‘h— 10-Bit Idle Period ——)
Mark

XXXX | SP SP‘ ST| XXXXXXX

SP: Stop Bit
ST: Start Bit

Normally, if the USART URXWIE bit is set in the receive control register,
characters are assembled as usual by the receiver. They are not, however,
transferred to the receiver buffer, UXRXBUF, nor are interrupts generated.
When an address character is received, the receiver is temporarily activated
to transfer the character to UXRXBUF and to set the URXIFG interrupt flag.
Applicable error status flags are set. The application software can validate the
received address. If there is a match, the application software further
processes the data and executes the operation. If there is no match, the
processor waits for the next address character to arrive. The URXWIE bit is
not modified by the USART: it must be modified manually to receive
nonaddress or address characters.

In idle-line multiprocessor format, a precise idle period can be generated to
create efficient address character identifiers. The wake-up temporary (WUT)
flag is an internal flag and is double-buffered with TXWake. When the
transmitter is loaded from UXTXBUF, WUT is loaded from TXWake, and the
TXWake bit is reset as shown in Figure 12-9.

Figure 12-9. Double-Buffered WUT and TX Shift Register

12-8
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The following procedure sends out an idle frame to identify an address
character:

1) Setthe TXWake bit and then write any word (don’t care) to the UxTXBUF
(UTXIFG must be set).

When the transmitter shift register is empty, the contents of UXTXBUF are
shifted to the transmit shift register and the TXWake value is shifted to
WUT.

2) Set bit WUT, which suppresses the start, data, and parity bits and
transmits an idle period of exactly 11 bits, as shown in Figure 12—10.

The next data word, shifted out of the serial port after the address-
character identifying idle period, is the second word written to the
UxTXBUF after the TXWake bit has been set. The first data word written is
suppressed while the address identifier is sent out and ignored thereafter.
Writing the first don't care word to UXTXBUF is necessary to shift the
TXWAKE bit to WUT and generate an idle-line condition.

Figure 12-10. USART Transmitter Idle Generation

E le: One Stop Bit
xample: ne Stop = 4 11-BitIdle Period ——|
|

XXXX | SP ST| XXXXXXX

Mark

Space

Example: Two Stop Bits

‘h— 11-Bit Idle Period ——)
Mark

XXXX | SP SP‘ ST| XXXXXXX
Space ———— ‘

SP: Stop Bit
ST: Start Bit

12.3.5 Address-Bit Multiprocessor Format

In the address-bit multiprocessor format shown in Figure 12-11, characters
contain an extra bit used as an address indicator. The first character in a block
of data carries an address bit which indicates that the character is an address.
The RXWake bit is set when a received character is an address character. It
is transferred into the receive buffer (receive conditions are true).

Usually, if the USART URXWIE bit is set, data characters are assembled by
the receiver but are not transferred to the receiver buffer UXRXBUF, nor are
interrupts generated. When a character that has an address bit setis received,
the receiver is temporarily activated to transfer the character to UXRXBUF and
to set the URXIFG. Error status flags are set as applicable. The application
software processes the succeeding operation to optimize resource handling
or reduce current consumption. The application software can validate the
received address. If there is a match, the processor can read the remainder
of the data block. If there is not a match, the processor waits for the next
address character to arrive.

USART Peripheral Interface, UART Mode 12-9
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Figure 12—-11. Address-Bit Multiprocessor Format

,/ Block of Frames \‘

UTXD/URXD
IIIIIIIIIITIIIII

\ Idle Periods of No Significance

TXD/RXD Expanded

UTXD/URXD —l

sT|  Address [ifsP[sT| Data  [ofsPp [s7| Dpam [ofspP
First Frame Within Block ADDR/DATA BitIs 0
Is an Address. The for Data Within Block.

ADDR/DATA Bit Is 1 Idle Time Is of No Significance

In the address-bit multiprocessor mode, the address bit of a character can be
controlled by writing to the TXWake bit. The value of the TXWake bit is loaded
into the address bit of that character each time a character is transferred from
transmit buffer UXTXBUF to the transmitter. The TXWake bit is then cleared
by the USART.

12-10



Interrupt and Enable Functions

12.4 Interrupt and Enable Functions

The USART peripheral interface serves two main interrupt sources for

transmission and reception. Two interrupt vectors serve receive and transmit
events.

The interrupt control bits and flags and enable bits of the USART peripheral
interface are located in the SFR registers. They are discussed in Table 12-1.
See the peripheral file map in Appendix A for the exact bit locations.

Table 12-1.USART Interrupt Control and Enable Bits—UART Mode

Receive interrupt flag URXIFG?F Initial state reset (by PUC/SWRST)
Receive interrupt enable URXIE® Initial state reset (by PUC/SWRST)
Receive enablet URXEF  Initial state reset (by PUC)
Transmit interrupt flag UTXIFGF Initial state set (by PUC/SWRST)
Transmit interrupt enable UTXIE} Initial state reset (by PUC/SWRST)
Transmit enablet UTXE* Initial state reset (by PUC)

T Different for SPI mode, see Chapter 13
¥ Suffix .0 for USARTO and .1 for USART1

The USART receiver and transmitter operate independently, but use the same
baud rate.

12.4.1 USART Receive Enable Bit

The receive enable bit URXE, shown in Figure 12-12, enables or disables
receipt of the bit stream on the URXD data line. Disabling the USART receiver
stops the receive operation after completion of receiving the character, or
stops immediately if no receive operation is active. Start-bit detection is also

disabled.
Figure 12-12. State Diagram of Receiver Enable

No Valid Start Bit
URXE =0

Not Completed

URXE =1
Valid Start Bit

Idle State
(Receiver
Enabled)

Receiver
Collects
Character

Receive
Disable

Handle Interrupt
Conditions

Character
Received

Note: URXE Reenabled, UART Mode

Because the receiver is completely disabled, reenabling the receiver is
asynchronous to any data stream on the communication line.

Synchronization can be performed by looking for an idle line condition before
receiving a character.
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12.4.2 USART Transmit Enable Bit

The transmit enable bit UTXE, shown in Figure 12-13, enables or disables a
character transmission on the serial-data line. If this bit is reset, the transmitter
is disabled, but any active transmission does not halt until the data in the
transmit shift register and the transmit buffer are transmitted. Data written to
the transmit buffer before UTXE has been reset may be modified or
overwritten—even after UTXE is reset—until it is shifted to the transmit shift
register. For example, if software writes a byte to the transmit buffer and then
resets UTXE, the byte written to the transmit buffer will be transmitted and may
be modified or overwritten until it is transferred into the transmit shift register.
However, after the byte is transferred to the transmit shift register, any
subsequent writes to UxTXBUF while UTXE is reset will not result in
transmission, but UxTXBUF will be updated with the new value.

Figure 12—-13. State Diagram of Transmitter Enable

12-12

No Data Written
to Transmit Buffer

UTXE=1
Data Written to

UTXE=0

Not Completed

Idle State
(Transmitter
Enabled)

Handle Interrupt
Conditions

Transmit
Disable

Active

Character
Transmitted

UTXE = 0 And Last Buffer
Entry Is Transmitted

When UTXE is reset and the current transmission is completed, new data
written to the transmit buffer will not be transmitted. Once the UTXE bit is set,
the data in the transmit buffer are immediately loaded into the transmit shift
register and character transmission is started.

Note: Writing to UXTXBUF, UART Mode

Data should never be written to transmit buffer UxTXBUF when the buffer is
not ready and when the transmitter is enabled (UTXE is set). Otherwise, the
transmission will have errors.

Note: Write to UXTXBUF/Reset of Transmitter, UART Mode

Disabling the transmitter should be done only if all data to be transmitted has
been moved to the transmit shift register.
MOV.B #. ..., &UOTXBUF
BI C. B #UTXE. 0, &VE2 ; | f BITCLK < MCLK then the
; transmitter might be stopped
: before the buffer is | oaded
cinto the transmtter shift
; register
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12.4.3 USART Receive Interrupt Operation

In the receive interrupt operation, shown in Figure 12—14, the receive interrupt
flag URXIFG is set or is unchanged each time a character is received and
loaded into the receive buffer:

(1 Erroneous characters (parity, frame, or break error) do not set interrupt
flag URXIFG when URXEIE is reset: URXIFG is unchanged.

1 All types of characters (URXWIE = 0), or only address characters
(URXWIE = 1), set the interrupt flag URXIFG. When URXEIE is set,
erroneous characters can also set the interrupt flag URXIFG.

Figure 12-14. Receive Interrupt Operation

SYNC
Valid Start Bit URXS
Receiver Collects Character
URXSE —Q—I_
From URXD —| T } >
Clear
______________ 1
i- Erroneous Character |
Will Not Set Flag URXIFG
| EE ! URXIE Request_
| BRK | SYNC Interrupt_Service
| URXEIE L ) _)7
L] )
Fe———=========3 ‘ URXIFG

| Each Character or Address
Will Set Flag URXIFG

il s
|URXWIE | Clear
| Rxwake —— I ‘ ° SWRST
|

Character Received PUC
or UXRXBUF

————— - Break Detected E URXSE
C‘ IRQA

URXIFG is reset by a system reset PUC signal, or with a software reset
(SWRST). URXIFG is reset automatically if the interrupt is served
(URXSE = 0) or the receive buffer UXRXBUF is read. A set receive interrupt
flag URXIFG indicates that an interrupt event is waiting to be served. A set
receive interrupt enable bit URXIE enables serving a waiting interrupt request.
Both the receive interrupt flag URXIFG and the receive interrupt enable bit
URXIE are reset with the PUC signal and a SWRST.

Signal URXIFG can be accessed by the software, whereas signal URXS
cannot. When both interrupt events—character receive action and receive
start detection—are enabled by the software, the flag URXIFG indicates that
a character was received but the start-detect interrupt was not. Because the
interrupt software handler for the receive start detection resets the URXSE bhit,
this clears the URXS bit and prevents further interrupt requests from URXS.
The URXIFG should already be reset since no set condition was active during
URXIFG latch time.
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12.4.4 USART Transmit Interrupt Operation

In the transmit interrupt operation, shown in Figure 12-15, the transmit
interrupt flag UTXIFG is set by the transmitter to indicate that the transmitter
buffer UXTXBUF is ready to accept another character. This bit is automatically
reset if the interrupt request service is started or a character is written into the
UXTXBUEF. This flag asserts a transmitter interrupt if the local (UTXIE) and
general interrupt enable (GIE) bits are set. The UTXIFG is set after a system
reset PUC signal, or removal of a SWRST.

Figure 12-15. Transmit Interrupt Operation
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UTXIE

Clear

PUC or SWRST %
Request_

SetQ UTXIFG \ Interrupt_Service

Vcc —1D
Character Mpved F_rom - SWRST
Buffer to Shift Register Clear

UxRXBUF Written Into Transmit Shift Register
IRQA

The transmit interrupt enable UTXIE bit controls the ability of the UTXIFG to
request an interrupt, but does not prevent the flag UTXIFG from being set. The
UTXIE is reset with a PUC signal or a software reset (SWRST) bit. The
UTXIFG bit is set after a system reset PUC signal or software reset (SWRST),
but the UTXIE bit is reset to ensure full interrupt-control capability.
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12.5 Control and Status Registers
The USART control and status registers are byte structured and should be

accessed using byte processing instructions (suffix B). Table 12—3 lists the
registers and their access modes.

Table 12—-2.USARTO Control and Status Registers

Short Register
Register Form Type Address Initial State
USART control UOCTL Read/write  070h See section 12.5.1.
Transmit control UOTCTL Read/write 071h See section 12.5.2.
Receive control UORCTL Read/write  072h See section 12.5.3.
Modulation control  UOMCTL Read/write 073h Unchanged
Baud rate O UOBRO Read/write 074h Unchanged
Baud rate 1 UOBR1 Read/write 075h Unchanged
Receive buffer UORXBUF Read/write 076h Unchanged
Transmit buffer UOTXBUF Read 077h Unchanged

Table 12—-3.USART1 Control and Status Registers

Short Register
Register Form Type Address Initial State
USART control U1CTL Read/write  078h See section 12.5.1.
Transmit control U1TCTL Read/write  079h See section 12.5.2.
Receive control U1RCTL Read/write  07Ah See section 12.5.3.
Modulation control  U1MCTL Read/write  07Bh Unchanged
Baud rate O U1BRO Read/write  07Ch Unchanged
Baud rate 1 U1BR1 Read/write  07Dh Unchanged
Receive buffer U1RXBUF Read/write 07Eh Unchanged
Transmit buffer U1TXBUF Read 07Fh Unchanged

All bits are random after a PUC signal, unless otherwise noted by the detailed
functional description.

The reset of the USART peripheral interface is performed by a PUC signal or
a SWRST. After a PUC signal, the SWRST bit remains set and the USART
interface remains in the reset condition until it is disabled by resetting the
SWRST bit.

The USART module operates in asynchronous or synchronous mode as
defined by the SYNC bit. The bits in the control registers can have different
functions in the two modes. All bits in this section are described with their
functions in the asynchronous mode (SYNC = 0). Their functions in the
synchronous mode are described in Chapter 13, USART Peripheral Interface,
SPI Mode.
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12.5.1 USART Control Register UOCTL, U1CTL

The information stored in the USART control register (UOCTL for USARTO and
U1CTL for USART1), shown in Figure 12-16, determines the basic operation
of the USART module. The register bits select the communications protocol,
communication format, and parity bit. All bits must be programmed according
to the selected mode before resetting the SWRST bit to disable the reset.

Figure 12-16. USART Control Register UOCTL, U1CTL
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UOCTL, 070h
U1CTL, 078h

Bit O:

Bit 1:

Bit 2:

Bit 3:

7 0

PENA PEV SP CHAR | Listen | SYNC MM  |[SWRST

w0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-1

The USART state machines and operating flags are initialized
to the reset condition (URXIFG = URXIE = UTXIE =0, UTXIFG
= 1) if the software reset bit is set. Until the SWRST bit is reset,
all affected logic is held in the reset state. This implies that after
a system reset the USART must be reenabled by resetting this
bit. The receive and transmit enable flags URXE and UTXE are
not altered by SWRST.

The SWRST bit resets the following bits and flags: URXIE,
UTXIE, URXIFG, RXWAKE, TXWAKE, RXERR, BRK, PE, OE,
and FE

The SWRST bit sets the following bits: UTXIFG, TXEPT

Multiprocessor mode (address/idle-line wake up)

Two multiprocessor protocols, idle-line and address-bit, are
supported by the USART module. The choice of multiprocessor
mode affects the operation of the automatic address decoding
functions.

MM = 0O: Idle-line multiprocessor protocol

MM = 1: Address-bit multiprocessor protocol

The conventional asynchronous protocol uses MM-bit reset.

Mode or function of USART module selected

The SYNC bit selects the function of the USART peripheral
interface module. Some of the USART control bits have different
functions in UART and SPI mode.

SYNC = 0: UART function is selected

SYNC = 1: SPI function is selected

The listen bit selects if the transmitted data is fed back internally

to the receiver.

Listen = 0: No feedback

Listen = 1: Transmit signal is internally fed back to the receiver.
This is commonly known as loopback mode.



Bit 4:

Bit 5:

Bit 6:

Bit 7:

Control and Status Registers

Character length

This register bit selects the length of the character to be
transmitted as either 7 or 8 bits. 7-bit characters do not use the
eighth bit in UXRXBUF and UxXTXBUF. This bit is padded with 0.
CHAR = 0: 7-bit data

CHAR = 1: 8-bit data

Number of stop bits

This bit determines the number of stop bits transmitted. The
receiver checks for one stop bit only.

SP = 0: one stop bit

SP = 1: two stop bits

Parity odd/even

If the PENA bit is set (parity bit is enabled), the PEV bit defines
odd or even parity according to the number of odd or even 1 bits
(in both the transmitted and received characters), the address
bit (address-bit multiprocessor mode), and the parity bit.

PEV = 0: odd parity

PEV = 1: even parity

Parity enable

If parity is disabled, no parity bit is generated during
transmission or expected during reception. A received parity bit
is not transferred to the UXRXBUF with the received data as it
is not considered one of the data bits. In address-bit multi-
processor mode, the address bit is included in the parity
calculation.

PEN = 0: Parity disable

PEN = 1: Parity enable

Note: Mark and Space Definitions

The mark condition is identical to the signal level in the idle state. Space is

the opposite signal level: the start bit is always space.
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12.5.2 Transmit Control Register UOTCTL, ULTCTL

The transmit control register shown in Figure 12-17 controls the USART
hardware associated with the transmit operation.

Figure 12-17. Transmitter Control Register UOTCTL, U1TCTL
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UOTCTL, 071h
U1TCTL, 078h

Bit O:

Bit 1:
Bit 2:

Bit 3:

Bits 4, 5:

Bit 6:

Bit 7:

7 0

Unused | CKPL | SSEL1 | SSELO | URXSE [TXWake |Unused | TXEPT

w0 w0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-1

The transmitter empty (TXEPT) flag is set when the transmitter
shift register and UXTXBUF are empty, and is reset when data
is written to UXTXBUF. It is set by a SWRST.

Unused

The TXWake bit controls the transmit features of the
multiprocessor communication modes. Each transmission
—started by loading the UxTXBUF—uses the state of the
TXWake bittoinitialize the address-identification feature. It must
not be cleared—the USART hardware clears this bit once it is
transferred to the WUT; a SWRST also clears the TXWake bit.

The receive-start edge-control bit, if set, requests a receive
interrupt service. For a successful interrupt service, the
corresponding enable bits URXIE and GIE must be set. The
advantage of this bit is that it starts the controller clock system,
including MCLK, along with the interrupt service, and keeps it
running by modifying the mode control bits. If the selected clock
source is activated, then the receive operation starts, even from
low-power modes.

Source select 0 and 1

The source select bit defines which clock source is used for
baud-rate generation:

SSEL1,SSELO0 O External clock, UCLKI

1 ACLK
2,3 SMCLK
Clock polarity CKPL

The CKPL bit controls the polarity of the UCLKI signal.

CKPL =0: The UCLKI signal has the same polarity as the

UCLK signal.

CKPL = 1: The UCLKI signal has an inverted polarity to the
UCLK signal.

Unused
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12.5.3 Receiver Control Register UORCTL, ULRCTL

The receiver-control register shown, in Figure 12-18, controls the USART
hardware associated with the receiver operation and holds error and wake-up
conditions modified by the latest character written to the receive buffer
(UXRXBUF). Once any one of the bits FE, PE, OE, BRK, RXERR, or RXWake
is set, none are reset by receiving another character. The bits are reset by
accessing the receive buffer, by a USART software reset (SWRST), by a
system reset PUC signal, or by an instruction.

Figure 12-18. Receiver-Control Register UORCTL, U1IRCTL

UORCTL, 072h
U1RCTL, 07Ah

Bit O:

Bit 1:

Bit 2:

Bit 3:

7

0

FE

PE OE BRK | URXEIE | URXWIE| RXWake |RXERR

w-0 rw-0 rw—0 rw—0 rw—0 rw-0 rw-0 rw-0

The receive error bit (RXERR) indicates that one or more error
flags (FE, PE, OE, or BRK) is set. It is not reset when the error
flags are cleared by instruction.

Receiver wake-up detect

The RXWake bit is set when a received character is an address

character and is transferred into the receive buffer.

Address-bit multiprocessor mode: RXWake is set when the
address bit is set in the
character received.

Idle-line multiprocessor mode: RXWake is set if an idle
URXD line is detected
(11 bits of mark level) in
front of the received
character.

RXWake is reset by accessing the receive buffer (UXRXBUF),

by a USART software reset, or by a system-reset PUC signal.

The receive wake-up interrupt-enable bit (URXWIE) selects the

type of character to set the interrupt flag (URXIFG):

URXWIE = 0: Each character received sets the URXIFG

URXWIE = 1: Only characters that are marked as address
characters set the interrupt flag URXIFG. It
operates identically in both multiprocessor
modes.

The wake-up interrupt enable feature depends on the receive

erroneous-character feature. See also Bit 3, URXEIE.

The receive erroneous-character interrupt-enable bit URXEIE

selects whether an erroneous character is to set the interrupt

flag URXIFG.

URXEIE = 0: Each erroneous character received does not
alter the interrupt flag URXIFG.

URXEIE = 1: All characters can set the interrupt flag URXIFG
as described in Table 12—4, depending on the
conditions set by the URXWIE bit.
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Table 12—4.Interrupt Flag Set Conditions

12-20

0

Char. Char. Description Flag URXIFG
URXEIE URXWIE  w/Error Address  After a Character Is Received

X 1 X Unchanged

0 0 X Set

1 0 0 Unchanged

1 0 1 Set

0 X X Set (Receives all characters)

1 X 0 Unchanged

1 X 1 Set

B B O O O

Bit 4:

Bit 5:

Bit 6:

Bit 7:

The break detect bit (BRK) is set when a break condition occurs
and the URXEIE bit is set. The break condition is recognized if
the RXD line remains continuously low for at least 10 bits,
beginning after a missing first stop bit. It is not cleared by receipt
of a character after the break is detected, but is reset by a
SWRST, a system reset, or by reading the UxRXBUF. The
receive interrupt flag URXIFG is set if a break is detected.

The overrun error flag bit OE is set when a character is
transferred into the UXxRXBUF before the previous character is
read out. The previous character is overwritten and lost. OE is
reset by a SWRST, a system reset, or by reading the UXRXBUF.

The parity error flag bit PE is set when a character is received
with a mismatch between the number of 1s and its parity bit. The
parity checker includes the address bit, used in the address-bit
multiprocessor mode, in the calculation. The flag is disabled if
parity generation and detection are not enabled. In this case the
flag is read as 0. It is reset by a SWRST, a system reset, or by
reading the UXRXBUF.

The framing error flag bit FE is set when a character is received
with a 0 stop bit and is loaded into the receive buffer. Only the
first stop bitis checked when more than one is used. The missing
stop bitindicates that the start-bit synchronization is lost and the
character is incorrectly framed. FE is reset by a SWRST, a
system reset, or by reading the UXRXBUF.

Note:

Receive Status Control Bits

The receive status control bits FE, PE, OE, BRK, and RXWake are set by the
hardware according to the conditions of the characters received. Once the
bits are set, they remain set until the software resets them directly, or there
is a reading of the receive buffer. False character interpretation or missing-
interrupt capability can result in uncleared error bits.
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12.5.4 Baud Rate Select and Modulation Control Registers
The baud-rate generator uses the content of the baud-rate select registers
UxBRO and UxBR1 shown in Figure 12-19, with the modulation control

register to generate the serial data-stream bit timing.

Figure 12-19. USART Baud Rate Select Register

7 0
UOBRO, 074h
UiBRO,07Ch | 27 | 26 | @ | 24 | 28 [ 22 | 21 | 20
w w w rw rw rw rw rw
7 0
UOBR1, 075h
U1BR1, 07Dh 215 | 214 213 212 211 210 29 28
w rw rw rw rw rw rw rw
BRCLK
Baud rate =

T = with UxBR= [UxBR1, UxBRO]
UxBR + ﬁgoml

The baud-rate control register range is: 3 < UxBR < OFFFFh

Note:

Unpredictable receive and transmission occur if UXBR <3.
L

The modulation control register, shown in Figure 12—20, ensures proper timing
generation with the UxBRO and UxBR1, even with crystal frequencies that are
not integer multiples of the required baud rate.

Figure 12—-20. USART Modulation Control Register

7 0

UOMCTL, 073h
UIMCTL. 07Bh m7 m6 m5 m4 m3 m2 ml mo

w rw rw rw w w 'w 'w

The timing of the running bit is expanded by one clock cycle of the baud-rate-
divider input clock if bit mj is set.

Each time a bitis received or transmitted, the next bit in the modulation control
register determines the present bit timing. The first bit time in the protocol—the
start bit time—is determined by UxBR plus mO; the next bit is determined by
UxBR plus m1, and so on.

The modulation sequence is:

mo—-ml-m2-m3—-m4-ms5-m6-m7-m0-ml-m2-—
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12.5.5 Receive-Data Buffer UOURXBUF, UIRXBUF

The receive-data buffer, shown in Figure 12—-21, contains previous data from
the receiver shift register. Reading the receive-data buffer resets the
receive-error bits, the RXWake bit, and the interrupt flag (URXIFG).

Figure 12-21. USARTO Receive Data Buffer UURXBUF, ULRXBUF
7 0

UORXBUF, 076h .
ULRXBUF, 07Eh | 2

r r r r r r r r

26 25 24 23 22 21 20

In seven-bit length mode, the MSB of the UXRXBUF is always reset.

The receive data buffer is loaded with the recently-received character as
described in Table 12-5, when receive and control conditions are true.

Table 12-5.Receive Data Buffer Characters

URXEIE URXWIE Load UxRXBUF With: PE FE BRK
0 1 Error-free address characters 0 0 0
1 1 All address characters X X X
0 0 Error-free characters 0 0 0
1 0 All characters X X X

12.5.6 Transmit Data Buffer UOUTXBUF, U1TXBUF

The transmit data buffer, shown in Figure 12—22, contains current data to be
transmitted.

Figure 12-22. Transmit Data Buffer UUTXBUF, U1ITXBUF
7 0

UOTXBUF, 077h . .
ULTXBUF, 07Fh | 2 2

rw rw rw rw rw rw rw w

25 24 23 22 21 20

The UTXIFG flag indicates that the UXTXBUF buffer is ready to accept another
character for transmission.

The transmission is initialized by writing data to UXTXBUF. The transmission
of this data is started immediately if the transmitter shift register is empty or is
going to be empty.

Note: Writing to UXTXBUF

Writing data to the transmit-data buffer must only be done if buffer UXTXBUF
is empty; otherwise, an unpredictable character can be transmitted.
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12.6 Utilizing Features of Low-Power Modes

There are several functions or features of the USART that support the ultralow-
power architecture of the MSP430. These include:

[ Support system start up from any processor mode by sensing of UART
frame-start condition

(1 Use the lowest input clock frequency for the required baud rate

(1 Support multiprocessor modes to reduce use of MSP430 resources

12.6.1 Receive-Start Operation From UART Frame

The most effective use of start detection in the receive path is achieved when
the baud-rate clock runs from SMCLK. In this configuration, the MSP430 can
be put into a low-power mode with SMCLK disabled. The receive-start
condition is the negative edge from the signal on pin URXD. Each time the
negative edge triggers the interrupt flag URXS, it requests a service when
enable bits URXIE and GIE are set. This wakes the MSP430 and the system
returns to active mode, supporting the USART transfer.

Figure 12-23. Receive-Start Conditions

SYNC
Valid Start Bit D URXS
Receiver Collects Character = Q
URXSE
From URXD T >CI
ear
______________ 1
|
EE : URXIE Request_
BRK Interrupt_Service
URXEIE I SYNC } pt_
|
URXWIE —® :
RXWake | SWRST
| PUC
| UxXRXBUF Read
—————————————— - URXSE

IRQA

Three character streams do not set the interrupt flag (URXIFG):

[ Erroneous characters (URXEIE = 0)
[J Address characters (URXWIE = 1)
g Invalid start-bit detection

The interrupt software should handle these conditions.
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12.6.1.1 Start Conditions

The URXD signal feeds into the USART module by first going into a deglitch
circuit. Glitches cannot trigger the receive-start condition flag URXS, which
prevents the module from being started from small glitches on the URXD line.
Because glitches do not start the system or the USART module, current
consumption is reduced in noisy environments. Figure 12-24 shows the
accepted receive-start timing condition.

Figure 12-24. Receive-Start Timing Using URXS Flag, Start Bit Accepted
Majority Vote
URXD | | | '

URXS N |

\
G URXS is Reset in the Interrupt \
Handler Using Control Bit URXSE

The UART stops receiving a character when the URXD signal exceeds the
deglitch time t; but the majority vote on the signal fails to detect a start bit, as
shown in Figure 12—-25. The software should handle this condition and return

the system to the appropriate low-power mode. The interrupt flag URXIFG is
not set.

Figure 12-25. Receive Start Timing Using URXS Flag, Start Bit Not Accepted
Majority Vote
URXD | [ | |

URXS | 77—

i URXS is Reset in The Interrupt
Handler Using Control Bit URXSE

Glitches atthe URXD line are suppressed automatically and no further activity
occurs inthe MSP430 as shown in Figure 12—-26. The data for the deglitch time
t; is noted in the corresponding device specification.

Figure 12-26. Receive Start Timing Using URXS Flag, Glitch Suppression
Majority Vote
URXD L BN

\
URXS ‘ |

The interrupt handler must reset the URXSE bit in control register UXCTL to
prevent further interrupt service requests from the URXS signal and to enable
the basic function of the receive interrupt flag URXIFG.
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khkkkhkhkkhkkhkhkhkhkhkhkhkhkhkhhhhhhhhhhkhkdhdhhhddhkdkdkdddddk k k h hhhhhkhdx*x*x*k*x*x*%x

* Interrupt handler for frame start condition and *
* Character receive *

EE S I R I

| F& EQU3 ; URXIFG and UTXIFG in
; address 3

UOTCTL EQU 71h ;

UTXI FQO EQUO ;

URXSE EQU 8

UORX_Int BIT.B #URXI FQD, & FG2
JNE  ST_COND

test URXIFG signal to
check if frame start
condi tion

ST_COND BIC. B #URXSE, &JOTCTL clear ff/signal URXS,
stop further interrupt
requests

Prepare FF_URXS for next
frame start bits and set
the conditions to run the

cl ock needed for UART RX

Bl S. B #URXSE, &UOTCTL

Note: Break Detect (BRK) Bit With Halted UART Clock

If the UART operates with the wake-up-on-start-condition mode and
switches off the UCLK whenever a character is completely received, a
communication line break cannot be detected automatically by the UART
hardware. The break detection requires the baud-rate generator BRSCLK,
but it is stopped upon the missing UCLK.

12.6.2 Maximum Utilization of Clock Frequency vs Baud Rate UART Mode

The current consumption increases linearly with the clock frequency. It should
be kept to the minimum required to meet application conditions. Fast
communication speed is needed for calibration and testing in manufacturing
processes, alarm responses in critical applications, and response time to
human requests for information.

The MSP430 USART can generate baud rates up to one third of the clock
frequency. An additional modulation of the baud-rate timing adjusts timing for
individual bits within a frame. The timing is adjusted from bit to bit to meet
timing requirements even when a noninteger division is needed. Baud rates
up to 4800 baud can be generated from a 32,768 Hz crystal with maximum
errors of 11 percent. Standard UARTs—even with the worst maximum error
(-14.6 percent)—can obtain maximum baud rates of 75 baud.
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12.6.3 Support of Multiprocessor Modes for Reduced Use of MSP430 Resources

Communication systems can use multiprocessor modes with multiple-
character idle-line or address-bit protocols. The first character can be a target
address, a message identifier, or can have another definition. This character
is interpreted by the software and, if it is of any significance to the application,
the succeeding characters are collected and further activities are defined. An
insignificant first character would stop activity for the processing device. This
application is supported by the wake-up interrupt feature in the receive
operation, and sends wake-up conditions along with a transmission. Avoiding
activity on insignificant characters reduces consumption of MSP430
resources and the system can remain in the most efficient power-conserving
mode.

In addition to the multiprocessor modes, rejecting erroneous characters saves
MSP430 resources. This practice prevents interrupt handling of the erroneous
characters. The processor waits in the most efficient power-conserving mode
until a character is processed.

12.7 Baud Rate Considerations

12-26

The MSP430 baud-rate generator uses a divider and a modulator. A given
crystal frequency and a required baud rate determines the required division
factor N:

_ _BRCLK
baud rate

The required division factor N usually has an integer part and a fraction. The
divider in the baud rate generator realizes the integer portion of the division
factor N, and the modulator meets the fractional part as closely as possible.
The factor N is defined as:

1n—l )
N = UxBR +ﬁ2m|
i=0

Where:

N: Target division factor
UxBR: 16-bit representation of registers UxBR1 and UxBRO
i Actual bit in the frame

n: Number of bits in the frame
mj: Data of the actual modulation bit
Baud rate = BRSLK _ BRCLK

n-1
UXBR + %5 m;
i=0
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12.7.1 Bit Timing in Transmit Operation

The timing for each individual bit in one frame or character is the sum of the
actual bit timings as shown in Figure 12—-27. The baud-rate generation error
shown in Figure 12—28 in relation to the required ideal timing, is calculated for
each individual bit. The relevant error information is the error relative to the

actual bit, not the overall relative error.

Figure 12-27. MSP430 Transmit Bit Timing

i'o:1:2:3:4 5:6:7:8 9'101112'

sroek ([ U UL UL U AL A

b :toltl:tzlt3:t4:t5:t6:t7:t8:tg:tlo:tllltlzl Mark
—— Mar

URXD _| STl Do see D6 | D7| | | _:_Jl. ______ Space
L [2nd stop Bit, SP = 1]
[Parity Bit, PE = 1]
[Address Bit, MM = 1]
[8th Data Bit, Char = 1]

Figure 12-28. MSP430 Transmit Bit Timing Errors

i | o | 1 | 1 s | 9o | 10 | 1 |
ttarget | to | 1 || tg | tq | t10 | ty |
terror
Mark
URXD ST DO | | D7 PA T T
_| | | l | | ___J-____|_ Space
tactual | 0 |t | tg | to | to | tix |

Even small errors per bit (relative errors) can result in large cumulative errors.
They must be considered to be cumulative, not relative. The error of an
individual bit can be calculated by:

n-1 n-1
.g‘otactuali - _glottargeti
Error [%] = = = X 100%

tbaud rate
or,

baud rate - = ;
0, = Jrsu At | = 0,
Error [%] [ BRELK [(I + 1) X UXBR + Eom'] (i + 1)] X 100%

With:
baud rate: Required baud rate
BRCLK: Input frequency — selected for UCLK, ACLK, or MCLK

i = 0 for the start bit, 1 for the data bit DO, and so on
UxBR: Division factor in registers UxBR1 and UxBRO
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Example 12-3. Error Example for 2400 Baud
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The following data are assumed:

Baud rate = 2400

BRCLK = 32,768 Hz (ACLK)

UXBR = 13, since the ideal division factor is 13.67

m = 6Bh: m7=0, m6=1, m5=1, m4=0, m3=1, m2=0, m1=1
and m0=1

The LSB (m0) of the modulation register is used first.
Start bit Error [%] = (bg‘;dci?ée x ((0 + 1) x UXBR + 1)—1) x 100% = 2.54%

baud rate
"BRCLK

Data bit DO Error [%)] X (1 + 1) X UXBR + 2)-2| x 100% = 5.08%

- baud rate
0,
Data bit D1 Error [%] ( BRCLK. X ((2 + 1) x UxBR + 2)-3

(baud rate
BRCLK

X 100% = 0.29%

Data bit D2 Error [%] X ((3+ 1) X UXBR + 3)-4| x 100% = 2.83%
baud rate

I 0,
Data bit D3 Error [%)] BRCLK

baud rate
BRCLK

baud rate
BRCLK

Data bit D4 Error [%]

X ((5 + 1) X UXBR + 4)-6 | x 100% = 0.59%

Data bit D5 Error [%)] X 100% = 3.13%

X ((6 + 1) X UXBR + 5)-7

Data bit D6 Error [%] x 100% = —1.66%

)
)
)
x ((4 + 1) x UXBR + 3)- 5) X 100% = —1.95%
)
)
)

BRCLK
baud rate
BRCLK

baud rate
BRCLK

baud rate
BRCLK

baud rate
BRCLK

Data bit D7 Error [%] X ((8 + 1) X UXBR + 6)—9) X 100% = 0.88%

Parity bit Error [%] = X ((9 + 1) X UXBR + 7)—10) x 100% = 3.42%

Stop bit 1 Error [%] =

-

(“aHeic

(“aHeic

(ba“d rate . ((7 + 1) x UXBR + 5)-8
Eors

(CaHeic

( x ((10 + 1) x UXBR + 7)—11) x 100% = —1.37%
(

Stop bit 2 Error [%] = X ((11 + 1) X UxBR + 8)—12) X 100% = 1.17%
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12.7.2 Typical Baud Rates and Errors

The standard baud rate data needed for the baud rate registers and the
modulation register are listed in Table 12—6 for the 32,768-Hz watch crystal
(ACLK) and MCLK, assumed to be 32 times the ACLK frequency. The error
listed is calculated for the transmit and receive paths. In addition to the error
for the receive operation, the synchronization error must be considered.

Table 12—-6.Commonly Used Baud Rates, Baud Rate Data, and Errors
Divide by ACLK (32,768 Hz) MCLK (1,048,576 Hz)
Max. Max. Synchr. Max. Max.
Baud X RX RX X RX
Rate ACLK MCLK UxBR1 | UxBRO UxMCTL Error % Error % Error % UxBR1 UxBRO UXMCTL Error % | Error %
75 | 436.9 13,981 1 B4 FF -0.1/0.3 -0.1/0.3 +2 36 9D FF 0/0.1 +2
1
110 | 297.8 9532.51 1 29 FF 0/0.5 0/0.5 +3 25 3C FF 0/0.1 +3
9
150 | 218.4 6990.5 0 DA 55 0/0.4 0/0.4 +2 1B 4E FF 0/0.1 +2
5
300 | 109.2 3495.25 0 6D 22 -0.3/0.7 —-0.3/0.7 +2 oD A7 00 -0.1/0 +2
3
600 | 54.61 1747.63 0 36 D5 -11 -11 +2 06 D3 FF 0/0.3 +2
1200 | 27.31 873.81 0 1B 03 —4/3 —4/3 +2 03 69 FF 0/0.3 +2
2400 13.65 436.91 0 oD 6B 6/3 —-6/3 +4 01 B4 FF 0/0.3 +2
4800 6.83 218.45 0 06 6F -9/11 -9/11 +7 0 DA 55 0/0.4 +2
9600 341 109.23 0 03 4A -21/12 -21/12 +15 0 6D 03 -0.4/1 +2
19,200 54.61 0 36 6B -0.2/2 +2
38,400 27.31 0 1B 03 —4/3 +2
76,800 13.65 0 0D 6B —-6/3 +4
115,200 9.10 0 09 08 —-5/7 +7

The maximum error is calculated for the receive and transmit modes. The
receive-mode error is the accumulated time versus the ideal scanning time in
the middle of each bit. The transmit error is the accumulated timing error
versus the ideal time of the bit period.

The MSP430 USART peripheral interface allows baud rates nearly as high as
the clock rate. It has a low error accumulation as a result of modulating the
individual bit timing. In practice, an error margin of 20% to 30% supports
standard serial communication.
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12.7.3 Synchronization Error

The synchronization error, shown in Figure 12-29, results from the
asynchronous timing between the URXD pin data signal and the internal clock
system. The receive signal is synchronized with the BRSCLK clock. The
BRSCLK clock is sixteen to thirty-one times faster than the bit timing, as

described.
BRSCLK = BRCLK for N <1F
BRSCLK = BRCLK/2 for 20h <N < 3Fh
BRSCLK = BRCLK/4 for 40h <N <7Fh
BRSCLK = BRCLK/8 for 80h <N <FFh
BRSCLK = BRCLK/16 for 100 <N <1FF
BRSCLK = BRCLK/32 for 200 <N < 3FFh
BRSCLK = BRCLK/64 for 400 <N < 7FFh
BRSCLK = BRCLK/128 for 800h <N < FFFh
BRSCLK = BRCLK/256 for 1000h <N < 1FFFh
BRSCLK = BRCLK/512 for 2000h <N < 3FFFh
BRSCLK = BRCLK/1024 for 4000h <N < 7FFFh
BRSCLK = BRCLK/2048 for 8000h <N < FFFFh

Figure 12-29. Synchronization Error
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The target start-bit detection-baud-rate timing tiarget(0) is half the baud-rate
timing thaud rate PeCause the bit is tested in the middle of its period. The target
baud rate timing tiargetifor all of the other succeeding bits is the baud rate timing

thaud rate-

n-1 n-1
; tactual, — ; ttarget-
i=1 I i=1 1 X 100%

tamualo + ttargeto
0.5 X ttaurget0 ttargeti

Error [%] =

OR
Error [%)] = (bg‘;{dTﬁe x [2 x [m0 + int (UXBR/2)] + (i x UXBR + ém )} - 1—i) x 100%
Where:

baud rate is the required baud rate

BRCLK is the input frequency—selected for UCLK, ACLK, or MCLK

i = 0 for the start bit, 1 for data bit DO, and so on

UxBR is the division factor in registers UxBR1 and UxBRO

Example 12-4. Synchronization Error—2400 Baud

The following data are assumed:

Baud rate = 2400
BRCLK = 32,768 Hz (ACLK)

UxBR = 13, since the ideal division factor is 13.67
m = 6Bh: m7=0, m6=1, m5=1, m4=0, m3=1, m2=0, m1=1 and
mO=1

The LSB (mO) of the modulation register is used first.

Start bit Error [%] = (t’gngrL?(te x [2x(1 + 6) + (0 X UXBR + 0 -0)]—1) x 100% = 2.54%

Data bit DO Error [%] = (bl‘gg’T&te x [2x(1 + 6) + (1 x UXBR + 1)]—1—1) x 100% = 5.08%

Data bit D1 Error [%] =

baud rate 0 = 0
BRCLKC X [2X(L + 6) + (2 X UXBR + 1)1~ 2) X 100% = 0.29%

baud rate

i 0,
Data bit D2 Error [%] = BRCLK

x [2x(1 + 6) + (3 x UXBR + 2)]-1-3| x 100% = 2.83%
baud rate

BRCLK

Data bit D3 Error [%)] X [2x(1 + 6) + (4 X UxBR + 2)]-1-4 ) x 100% = —1.95%
baud rate

I 0,
Data bit D4 Error [%] = BRCLK

X [2x(1 + 6) + (5 X UXBR + 3)]-1-5) x 100% = 0.59%

BRCLK
baud rate
BRCLK
baud rate
BRCLK
baud rate
BRCLK

baud rate
BRCLK

baud rate
BRCLK

Data bit D6 Error [%] = X [2x(1 + 6) + (7 X UXBR + 4)]-1-7 | x 100% = —1.66%

Data bit D7 Error [%] = X [2x(1 + 6) + (8 x UXBR + 5)]-1-8 | x 100% = 0.88%

Parity bit Error [%] = X [2x(1 + 6) + (9 X UXBR + 6)]-1-9) x 100% = 3.42%

Stop bit 1 Error [%] = X [2x(1 + 6) + (10 x UXBR + 6)]—1—10) X 100% = —1.37%

(PEraix

(PEraix )

(PEraix )

(PEraix )
Data bit D5 Error [%] = (ba”d rate . [ox(1 + 6) + (6 x UXBR + 4)]-1— 6) x 100% = 3.13%
(PEraix )

(PEraix )

(PEraix )

(
Stop bit 2 Error [%] = (

X [2x(1 + 6) + (11 x UXBR + 7)]—1—11) x 100% = —1.17%
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Chapter 13

USART Peripheral Interface, SPI Mode

The universal synchronous/asynchronous receive/transmit (USART) serial-
communication peripheral supports two serial modes with one hardware
configuration. These modes shift a serial-bit stream in and out of the MSP430
at a programmed rate or at a rate defined by an external clock. The first mode
is the universal asynchronous-receive/transmit (UART) communication
protocol (discussed in Chapter 12); the second is the serial peripheral-
interface (SPI) protocol.

Bit SYNC in control register UOCTL for UARTO and U1CTL for USART1
selects the required mode:

SYNC =0: UART—asynchronous mode selected

SYNC = 1: SPl—synchronous mode selected

This chapter describes the SPI mode.
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13.1 USART Peripheral Interface

The USART peripheral interface connects to the CPU as a byte-peripheral
module. It connects the MSP430 to the external system environment with
three or four external pins. Figure 13—1 shows the USART peripheral-interface
module

Figure 13-1. Block Diagram of USART

Receive Status UlR)I?chjle:ive ?J%E)ZBUF SYNC RXE
7\ O*r gt Lisen MM, |SYNC
L b SoMmI
Receive Shift Register |4 i o—»<__>
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SMCLK —O0 I | UTXD
SYNC I
Baud-Rate Generator L —
UCLKS i
v I
I
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Transmit Buffer
TXWake UL1TXBUF or UOTXBUF CKPH  SYNC CKPL
UCLKI| €¢— + + + UCLK
Clock Phase and Polarity |e»<__>
UCLKS <«—»
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13.2 USART Peripheral Interface, SPI Mode

The USART peripheral interface is a serial channel that shifts a serial bit
stream of 7 or 8 bits in and out of the MSP430. The SPI mode is chosen when
control bit SYNC in the USART control register (UOCTL for UARTO and U1CTL
for USARTL) is set.

13.2.1 SPI Mode Features

The features of the SPI mode are:

a

(I I I N A

Supports three-pin and four-pin SPI operations via SOMI, SIMO, UCLK,

and STE

Master or slave mode

Separate shift registers for receive (UXRXBUF) and transmit (UXTXBUF)

Double buffers for receiving and transmitting

Has clock-polarity and clock-phase control

Has clock-frequency control in master mode

Supports a character length of seven or eight bits per character

Figure 13-2 shows the USART module in SPI mode.

Figure 13—-2. Block Diagram of USART—SPI Mode
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Synchronous Operation

13.3 Synchronous Operation

13-4

In USART synchronous mode, data and clock signals transmit and receive
serial data. The master supplies the clock and data. The slaves use this clock
to shift serial information in and out.

The four-pin SPI mode also uses a control line to enable a slave to receive and
transmit data. The line is controlled by the master.

Three or four signals are used for data exchange:

1 SIMO Slave in, master out
The direction is defined by SIMODIR (SIMODIR=0, input
direction) SIMODIR = [SYNC .and. MM .and. (STC .or. STE)]
Output direction is selected when SPI + Master Mode is selected.
When 4-pin SPI is selected (STC=0) input direction is forced by
a low level on external STE pin.

[J SOMI Slave out, master in
The direction is defined by SOMIDIR (SIMODIR=0 input
direction) SOMIDIR = [SYNC .and. .not.(MM)] .or.
[STC .or. .not.(STE)]
Output direction is selected when SPI + Slave Mode is selected.
When 4-pin SPI is selected (STC=0) input direction is forced by
a low level on external STE pin.

(1 UCLK USART clock. The master drives this signal and the slave uses
it to receive and transmit data.
The direction is defined by UCLKDIR (UCLKDIR=0 input
direction) UCLKDIR = [SYNC .and. MM .and. (STC .or. STE)]
Outputdirection is selected when SPI + Master Mode is selected.
When 4-pin SPI is selected (STC=0) input direction is forced by
a low level on external STE pin.

1 STE Slave transmit enable. Used in four-pin mode to control more
than one slave in a multiple master and slave system.

The interconnection of the USART in synchronous mode to another device's
serial port with one common transmit/receive shift register is shown in
Figure 13—-3, where MSP430 is master or slave. The operation of both devices
is identical.
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Figure 13—-3. MSP430 USART as Master, External Device With SPI as Slave

MASTER SIMO R SIMO SLAVE
Receive Buffer UXRXBUF Transmit Buffer UXTXBUF SPI Receive Buffer
Px.x > STE
STE —|— SS
Port.x
. . ) L . SOMI SOMI . .
Receive Shift Register L1 Transmit Shift Register < Data Shift Register (DSR) H
MSB LSB W MSB LSB MSB LSB
UCLK > SCLK
MSP430 USART COMMON SPI

The master initiates the transfer by sending the UCLK signal. For the master,
data is shifted out of the transmit shift register on one clock edge, and shifted
into the receive shift register on the opposite edge. For the slave, the data
shifting operation is the same and uses one common register for transmitting
and receiving data. Master and slave send and receive data at the same time.

Whether the data is meaningful or dummy data depends on the application
software:

[0 Master sends data and slave sends dummy data
[ Master sends data and slave sends data
[ Master sends dummy data and slave sends data

Figures 13-4 and 13-5 show an example of a serial synchronous data transfer
for a character length of seven bits. The initial content of the receive shift
register is 00. The following events occur in order:

A) Slave writes 98h to the data shift register (DSR) and waits for the master
to shift data out.

B) Master writes BOh to UXTXBUF, which is immediately transferred to the
transmit shift register, and starts the transmission.

C) First character is finished and sets the interrupt flags.

D) Slave reads 58h from the receive buffer (right justified).

E) Slave writes 54h to the DSR and waits for the master to shift out data.
F) Master reads 4Ch from the receive buffer UXRXBUF (right justified).

G) Master writes E8h to the transmit buffer UXTXBUF and starts the
transmission.

Note: If USART is in slave mode, no UCLK is needed after D), until G).
However, in master mode, two clocks are used internally (not on UCLK
signal) to end transmit/receive of first character and prepare the
transmit/receive of the next character.

USART Peripheral Interface, SPI Mode 13-5
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H) Second character is finished and sets the interrupt flag.

1)

Figure 13-4. Serial Synchronous Data Transfer
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Figure 13-5. Data Transfer Cycle
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Figure 13-6 illustrates the USART module functioning as a slave in a three or
four-pin SPI configuration.

Figure 13—6. MSP430 USART as Slave in Three-Pin or Four-Pin Configuration

MASTER SIMO SIMO SLAVE
SPI Receive Buffer Transmit Buffer UXTXBUF Receive Buffer UXRXBUF
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SCLK » UCLK
COMMON SPI MSP430 USART

13.3.1 Master SPI Mode

The master mode is selected when the master-mode bit (MM) in control
register UXCTL is set. The USART module controls the serial-communication
network by providing UCLK at the UCLK pin. Data is output on the SIMO pin
during the first UCLK period and latched from the SOMI pin in the middle of
the corresponding UCLK period.

The data written to the transmit buffer (UxTXBUF) is moved to the transmit shift
register as soon as the shift register is empty. This initiates the data transfer
on the SIMO pin starting with the most-significant bit. At the same time,
received data is shifted into the receive shift register and, upon receiving the
selected number of bits, the data is transferred to the receive buffer
(UXxRXBUF) setting the receive interrupt flag (URXIFG). Data is shifted into the
receive shift register starting with the most-significant bit. It is stored and
right-justified in the receive buffer (UxRXBUF). When previous datais not read
from the receive buffer (UXRXBUF), the overrun error bit (OE) is set.

Note: USART Synchronous Master Mode, Receive Initiation

The master writes data to the transmit buffer UXTXBUF to receive a
character. The receive starts when the transmit shift register is empty and the
data is transferred to it. Receive and transmit operations always take place
together, at opposite clock edges.

The protocol can be controlled using the transmit-interrupt flag UTXIFG, or the
receive-interrupt flag URXIFG. By using UTXIFG immediately after sending
the shift-register data to the slave, the buffer data is transferred to the shift
register and the transmission starts. The slave receive timing should ensure
that there is a timely pick-up of the data. The URXIFG flag indicates when the
data shifts out and in completely. The master can use URXIFG to ensure that
the slave is ready to correctly receive the next data.

USART Peripheral Interface, SPI Mode 13-7
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13.3.1.1 Four-Pin SPI Master Mode

The signal on STE is used by the active master to prevent bus conflicts with
another master. The STE pin is an input when the corresponding PnSEL bit
(in the I/O registers) selects the module function. The master operates
normally while the STE signal is high. Whenever the STE signal is low, for
example, when another device makes a request to become master, the actual
master reacts such that:

(1 The pins that drive the SPI bus lines SIMO and UCLK are set to inputs.

[ The error bit FE and the interrupt flag URXIFG in registers UORCTL and
U1RCTL, respectively, are set.

The bus conflict is then removed: SIMO and UCLK do not drive the bus lines,
and the error flag indicates the system integrity violation to the software. Pins
SIMO and UCLK are forced to the input state while STE is in a low state, and
they return to the conditions defined by the corresponding control bits when
STE returns to a high state.

In the three-pin mode, the STE input signal is not relevant.

13.3.2 Slave SPI Mode

The slave mode is selected when bit MM of the control register is reset and
synchronous mode is selected.

The UCLK pin is used as the input for the serial-shift clock supplied by an
external master. The data-transfer rate is determined by this clock and not by
the internal bit-rate generator. The data, loaded into the transmit shift register
through the transmit buffer (UxTXBUF) before the start of UCLK, is transmitted
on the SOMI pin using the UCLK supplied from the master. Simultaneously,
the serial data applied to the SIMO pin are shifted into the receive shift register
on the opposite edge of the clock.

The receive-interrupt flag URXIFG indicates when the data is received and
transferred into the receive buffer. The overrun-error bit is set when the
previously-received data is not read before the new data is written to the
receive buffer.

13.3.2.1 Four-Pin SPI Slave Mode

13-8

In the four-pin SPI mode, the STE signal is used by the slave to enable the
transmit and receive operations. Itis applied from the SPI master. The receive
and transmit operations are disabled when the STE signal is high, and enabled
when itis low. Whenever the STE signal becomes high, any receive operation
in progress is halted and then continues when the STE signal is low again. The
STE signal enables one slave to access the data lines. The SOMI is input if
STE is set high.
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13.4 Interrupt and Control Functions

The USART peripheral interface serves two main interrupt sources for
transmission and reception. Two interrupt vectors serve receive and transmit
interrupt events.

The interrupt control bits and flags and enable bits of the USART peripheral
interface are located in the SFR address range. The bit functions are
described below in Table 13-1. See the peripheral-file map in Appendix A for
the exact bit locations.

Table 13—-1.USART Interrupt Control and Enable Bits—SPI| Mode

Receive interrupt flag URXIFGY Initial state reset (by PUC/SWRST)
Receive interrupt enable URXIEF Initial state reset (by PUC/SWRST)
Receive/transmit enablet USPIIE¥  Initial state reset (by PUC)
Transmit interrupt flag UTXIFGT Initial state set (by PUC/SWRST)

Transmit interrupt enable UTXIE} Initial state reset (by PUC/SWRST)

1 Different for UART mode, see Chapter 12
¥ Suffix .0 for USARTO and .1 for USART1

The USART receiver and transmitter operate in parallel and use the same
baud-rate generator in synchronous master mode. In synchronous slave
mode, the external clock applied to UCLK is used for the receiver and the
transmitter. The receiver and transmitter are enabled and disabled together
with the USPIIE bit.

13.4.1 USART Receive/Transmit Enable Bit, Receive Operation

The receive/transmit enable bit (USPIIE) enables or disables collection of the
bit stream on the URXD/SOMI data line. Disabling the USART receiver
(USPIIE = 0) stops the receive operation after completion, or stops a pending
operation if no receive operation is active. In synchronous mode, UCLK does
not shift any data into the receiver shift register.

13.4.1.1 Receive/Transmit Enable Bit—MSP430 as Master

The receive operation functions identically for three-pin and four-pin modes,
as shown in Figure 13-7, when the MSP430 USART is selected to be the SPI
master.

USART Peripheral Interface, SPI Mode 13-9



Interrupt and Control Functions

Figure 13—7. State Diagram of Receiver Enable Operation—MSP430 as Master
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13.4.1.2 Receive/Transmit Enable Bit—MSP430 as Slave, Three-Pin Mode

The receive operation functions differently for three-pin and four-pin modes
when the MSP430 USART module is selected to be the SPI slave. In the
three-pin mode, shown in Figure 13-8, no external SPI receive-control signal
stops an active receive operation. A PUC signal, a software reset (SWRST),

or areceive/transmit enable (USPIIE) signal can stop a receive operation and
reset the USART.

Figure 13—-8. State Diagram of Receive/Transmit Enable—MSP430 as Slave, Three-Pin
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Note: USPIIE Reenabled, SPI Mode

After the receiver is completely disabled, a reenabling of the receiver is asyn-
chronous to any data stream on the communication line. Synchronization to
the data stream is handled by the software protocol in three-pin SPI mode.

13.4.1.3 Receive/Transmit Enable Bit—MSP430 as Slave, Four-Pin Mode

13-10

In the four-pin mode, shown in Figure 13-9, the external SPI receive-control
signal applied to pin STE stops a started receive operation. A PUC signal, a
software reset (SWRST), or a receive/transmit enable (USPIIE) can stop a
receive operation and reset the operation-control state machine. Whenever
the STE signal is set to high, the receive operation is halted.
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Figure 13-9. State Diagram of Receive Enable—MSP430 as Slave, Four-Pin Mode
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13.4.2 USART Receive/Transmit Enable Bit, Transmit Operation

The receive/transmit enable bit USPIIE, shown in Figures 13—-10 and 13-11,
enables or disables the shifting of a character on the serial data line. If this bit
is reset, the transmitter is disabled, but any active transmission does not halt
until all data previously written to the transmit buffer is transmitted. If the
transmission is completed, any further write operation to the transmitter buffer
does not transmit. When the UXTXBUF is ready, any pending request for
transmission remains, which results in an immediate start of transmission
when USPIIE is set and the transmitter is empty. A low state on the STE signal
removes the active master (four-pin mode) from the bus. It also indicates that
another master is requesting the active-master function.

13.4.2.1 Receive/Transmit Enable—MSP430 as Master

Figure 13-10 shows the transmit-enable activity when the MSP430 is master.

Figure 13-10. State Diagram of Transmit Enable—MSP430 as Master
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13.4.2.2 Receive/Transmit Enable, MSP430 is Slave

Figure 13-11 shows the receive/transmit-enable-bit activity when the
MSP430 is slave.

Figure 13-11.State Diagram of Transmit Enable—MSP430 as Slave
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When USPIIE is reset, any data can be written regularly into the transmit
buffer, but no transmission is started. Once the USPIIE bit is set, the data in
the transmit buffer are immediately loaded into the transmit shift register and
character transmission is started.

Note: Writing to UXTXBUF, SPI Mode

Data should never be written to transmit buffer UXTXBUF when the buffer is
not ready (UTXIFG = 0) and the transmitter is enabled (USPIIE is set). If data
is written, character shifting can be random.

Note: Writing to UXTXBUF/Reset of Transmitter, SPI Mode

Disabling of the transmitter should be done only if all data to be transmitted
have been moved to the transmit shift register.

MOV.B #. ..., &UOTXBUF

BI C. B #USPI EO, &VE2 ; If BITCLK < SMCLK t hen the
transmtter mght be stopped
before the buffer is | oaded
; into the transmtter
; shift register
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13.4.3 USART Receive-Interrupt Operation

In the receive-interrupt operation shown in Figure 13-12, the receive-interrupt
flag URXIFG is set each time a character is received and loaded into the

receive buffer.

Figure 13—-12. Receive Interrupt Operation
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URXIFG is reset by a system reset PUC signal, or by a software reset
(SWRST). UXRXIFG is reset automatically if the interrupt is served or the
receive buffer UXRXBUF is read. The receive interrupt enable bit (USPIIE), if
set, enables a CPU interrupt request as shown in Figure 13-13. The receive
interrupt flag bits URXIFG and USPIIE are reset with a PUC signal or a

SWRST.

Figure 13-13. Receive Interrupt State Diagram
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13.4.4 Transmit-Interrupt Operation

In the transmit-interrupt operation shown in Figure 13-14, the transmit-
interrupt flag UTXIFG is set by the transmitter to indicate that the transmitter
buffer UXTXBUF is ready to accept another character. This bit is automatically
reset if the interrupt-request service is started or a character is written to the
UxXTXBUF. This flag activates a transmitter interrupt if bits USPIIE and GIE are
set. The UTXIFG is set after a system reset PUC signal, or removal of SWRST.

Figure 13-14. Transmit-Interrupt Operation
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The transmit-interrupt enable bit UTXIE controls the ability of the UTXIFG to
request an interrupt, but does not prevent the UTXIFG flag from being set. The
USPIIE is reset with a PUC signal or a SWRST. The UTXIFG bit is set after a
system reset PUC signal or a SWRST, but the USPIIE bit is reset to ensure full

interrupt-control capability.
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13.5 Control and Status Registers

The USART registers, shown in Table 13-2, are byte structured and should be
accessed using byte instructions.

Table 13—-2.USARTO Control and Status Registers

Register ggﬁ:‘t _IFS;F(;:]éster Address Initial State
USART control UOCTL Read/write  070h See Section 13.5.1
Transmit control UOCTL Read/write  071h See Section 13.5.2
Receive control UORCTL Read/write  072h See Section 13.5.3
Modulation control UOMCTL Read/write  073h Unchanged
Baud rate O UOBRO Read/write  074h Unchanged
Baud rate 1 UOBR1 Read/write  075h Unchanged
Receive buffer UORXBUF Read/write  076h Unchanged
Transmit buffer UOTXBUF Read 077h Unchanged

Table 13—-3.USART1 Control and Status Registers

Register ?22: _IFS;Séster Address Initial State
USART control U1CTL Read/write  078h See Section 13.5.1
Transmit control ULTCTL Read/write  079h See Section 13.5.2
Receive control U1RCTL Read/write  07Ah See Section 13.5.3
Modulation control U1MCTL Read/write  07Bh Unchanged
Baud rate O U1BRO Read/write  07Ch Unchanged
Baud rate 1 U1BR1 Read/write  07Dh Unchanged
Receive buffer U1RXBUF Read/write  07Eh Unchanged
Transmit buffer U1TXBUF Read 07Fh Unchanged

All bits are random following the PUC signal, unless otherwise noted by the
detailed functional description.

Reset ofthe USART module is performed by the PUC signal ora SWRST. After
a PUC signal, the SWRST bit remains set and the USART module remains in
the reset condition. It is disabled by resetting the SWRST bit. The SPI mode
is disabled after the PUC signal.

The USART module operates in asynchronous or synchronous mode as
defined by the SYNC bit. The bits in the control registers can have different
functions in the two modes. All bits are described with their function in the
synchronous mode—SYNC = 1. Their function in the asynchronous mode is
described in Chapter 12.
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13.5.1 USART Control Register

The information stored in the control register, shown in Figure 13-15,
determines the basic operation of the USART module. The register bits select
the communication mode and the number of bits per character. All bits should
be programmed to the desired mode before resetting the SWRST bit.

Figure 13-15. USART Control Register
7 0

UOCTL, 070h )
ULCTL, 078h Unused| Unused | Unused| CHAR | Listen | SYNC MM |SWRST

w—-0 rw-0 rw—-0 rw-0 rw—0 rw-0 rw-0 rw-1

Bit O: The USART state machines and operating flags are initialized
to the reset condition (URXIFG=USPIIE=0, UTXIFG=1) if the
software reset bit is set. Until the SWRST bit is reset, all affected
logic is held in the reset state. This implies that after a system
reset the USART must be reenabled by resetting this bit.

Bit 1: Master mode is selected when the MM bit is set. The USART
module slave mode is selected when the MM bit is reset.

Bit 2: Peripheral module mode select
The SYNC bit sets the function of the USART peripheral-
interface module. Some of the USART control bits have different
functions in UART and SPI modes.
SYNC = 0: UART function is selected
SYNC = 1: SPI function is selected

Bit 3: The listen bit determines the transmitted data to feed back
internally to the receiver. This is commonly called loopback
mode.

Bit 4: Character length

This register bit sets the length of the character to be transmitted
as either seven or eight bits.

CHAR = 0: 7-bit data

CHAR = 1: 8-bit data

Bit 5: Unused
Bit 6: Unused
Bit 7: Unused

13-16



Control and Status Registers

13.5.2 Transmit Control Register UOTCTL, U1TCTL

The transmit control register, shown in Figure 13-16, controls the USART
hardware associated with transmitter operations.

Figure 13—-16. Transmit Control Register UOTCTL, U1TCTL

UOTCTL, 071h | ckpH | ckpL | sseLt | SSELO [unused |Uunused| sTc [TxepT
U1TCTL, 079h

Bit O:

Bit 1:

Bit 2:
Bit 3:

Bits 4, 5:

Bits 6, 7:

7 0

rw—0 w0 w0 rw-0 rw-0 rw-0 rw-0 rw-1

Master mode:

The transmitter-empty flag TXEPT is set when the transmitter
shift register and UXTXBUF are empty, and reset when data are
written to UXTXBUF. It is set again by a SWRST.

Slave mode:
The transmitter-empty flag TXEPT is not set when the trans-
mitter shift register and UXTXBUF are empty.

The slave transmit-control bit STC selects if the STE pin is used

for master and slave mode:

STC =0: The four-pin mode of SPI is selected. The STE
signal is used by the master to avoid bus conflicts,
or is used in slave mode to control transmit and
receive enable.

STC =1: The three-pin SPI mode is selected. STE is not
used in master or slave mode.

Unused
Unused

Source select 0 and 1
The source-select bits define which clock source is used for
baud-rate generation only when master mode is selected:
SSEL1,SSELO 0 External clock UCLK selected

1  Auxiliary clock ACLK selected

2,3 SMCLK
In master mode (MM = 1), an external clock at UCLK cannot be
selected since the master supplies the UCLK signal for any
slave. In slave mode, bits SSEL1 and SSELO are not relevant.
The external clock UCLK is always used.

Clock polarity CKPL and clock phase CKPH

The CKPL bit controls the polarity of the SPICLK signal.

CKPL=0: The inactive level is low; data is output with the
rising edge of UCLK; input data is latched with
the falling edge of UCLK.

CKPL=1: The inactive level is high; data is output with the
falling edge of UCLK; input data is latched with
the rising edge of SPICLK.

The CKPH bit controls the polarity of the SPICLK signal as

shown in Figure 13-17.

CKPH =0: Normal UCLK clocking scheme

CKPH =1: UCLK is delayed by one half cycle
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Figure 13-17. USART Clock Phase and Polarity
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When operating with the CKPH bit set, the USART (synchronous mode)
makes the first bit of data available after the transmit shift register is loaded and
before the first edge of the UCLK. In this mode, data is latched on the first edge
of UCLK and transmitted on the second edge.

13.5.3 Receive Control Register UORCTL, ULIRCTL

The receive control register, shown in Figure 13—-18, controls the USART
hardware associated with the receiver operation and holds error conditions.

Figure 13-18. Receive Control Register UORCTL, U1IRCTL
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Bit O:
Bit 1:
Bit 2:
Bit 3:
Bit 4:

Bit 5:

Bit 6:
Bit 7:

7 0

UORCTL, 072h FE Undef. OE Undef. | Unused | Unused | Undef. | Undef.
U1RCTL, 07Ah

rw—0 rw-0 rw-0 rw—-0 rmmw-0 rw-0 rw-0 rw-0

Undefined, driven by USART hardware
Undefined, driven by USART hardware
Unused
Unused
Undefined, driven by USART hardware

The overrun-error-flag bit (OE) is set when a character is
transferred to UXRXBUF before the previous character is read.
The previous character is overwritten and lost. OE is reset by a
SWRST, a system reset, by reading the UXRXBUF, or by an
instruction.

Undefined, driven by USART hardware

Frame error. The FE bit is set when four-pin mode is selected
and a bus conflict stops an active master by applying a negative
transition signal to pin STE. FE is reset by a SWRST, a system
reset, by reading the UxRXBUF, or by an instruction.
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13.5.4 Baud Rate Select and Modulation Control Registers

The baud-rate generator uses the content of baud-rate select registers UxBR1
and UxBRO, shown in Figure 13-19, to generate the serial-data-stream bit
timing. The smallest division factor is two.

Figure 13-19. USART Baud-Rate Select Register

7 0
UOBRO, 074h 27 26 25 24 23 22 21 20
U1BRO, 07Ch

'w 'w 'w 'w 'w w w w

7 0
UOBR1,075h [ 515 | 214 | 513 | 512 | 211 | 210 29 28
U1BR1, 07Dh

'w 'w 'w 'w 'w w w w

Baud rate = — BRCLK__\yith UxBR= [UXBR1, UXBRO]
UXBR + Zmi
|

The maximum baud rate that can be selected for transmission in master mode
is half of the clock-input frequency of the baud-rate generator. In slave mode,
the rate is determined by the external clock applied to UCLK.

The modulation control register, shown in Figure 13-20, is not used for serial
synchronous communication. It is best kept in reset mode (bits m0 to m7 = 0).

Figure 13-20. USART Modulation Control Register

7 0
UOMCTL,073h | 7 | s | ms | ma | m3 | m2 | m2 | mo
UIMCTL, 07Bh

r'w rw rw rw rw rw rw rw

13.5.5 Receive Data Buffer UURXBUF, ULRXBUF

The receive data buffer (UXRXBUF), shown in Figure 13-21, contains
previous data from the receiver shift register. UXRXBUF is cleared with a
SWRST or a PUC signal. Reading UXRXBUF resets the receive-error bits and
the receive-interrupt flag URXIFG.

Figure 13-21. Receive Data Buffer UOURXBUF, UIRXBUF
7 0

UORXBUF, 076h 27 26 25 24 23 22 21 20
U1RXBUF, 07Eh

'w 'w 'w 'w 'w 'w w w

The MSB of the UXRXBUF is always reset in seven-bit-length mode.
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13.5.6 Transmit Data Buffer UOUTXBUF, U1LTXBUF

The transmit data buffer (UXTXBUF), shown in Figure 13—22, contains current
data for the transmitter to transmit.

Figure 13-22. Transmit Data Buffer UOUTXBUF, ULTXBUF

13-20

7 0

UOTXBUF, 077h
’ 7 6 5 4 3 2 1 0
U1TXBUF, 07Fh 2 2 2 2 2 2 2 2

'w rw rw rw rw 'w 'w 'w

The UTXIFG bit indicates that UXTXBUF is ready to accept another character
for transmission. In master mode, the transmission is initialized by writing data
to UXTXBUF. The transmission of this data is started immediately if the
transmit shift register is empty.

When seven-bit character-length is used, the data moved into the transmit
buffer must be left-justified since the MSB is shifted out first.



Chapter 14

Comparator_A

The Comparator_A peripheral module is used to compare analog signals to
support various forms of analog-to-digital conversion.

The Comparator_A module includes:

Comparator with on/off capability and no input hysteresis
Internal analog voltage reference generator

Internal reference levels available externally

Input multiplexer to exchange the comparator terminals
Software-selectable RC-filter at the comparator output
One interrupt vector

I I O

The Comparator_ A is implemented in MSP430x11x1, MSP430x12x,
MSP430x13x, and MSP430x14x devices.
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14.1 Comparator_A Overview

The primary function of the comparator module is to support precision A/D
slope-conversion applications, battery-voltage supervision, and monitoring of
external analog signals. The comparator is controlled via twelve control bits
in registers CACTL1 and CACTL2.

Figure 14-1. Schematic of Comparator_A
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The input and output pins of Comparator_A are often multiplexed with other
pin functions on the MSP430. Additionally, the internal connections to
Comparator_A can differamong MSP430 devices. The data sheet of a desired
device should always be consulted to determine the specific connection
implementations.
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14.2 Comparator_A Description

The comparator_A peripheral module is comprised of several major blocks.
These blocks are described in this section.

14.2.1 Input Analog Switches

The input analog switches connect or disconnect the comparator input
terminals to associated port pins using the P2CAO0 and P2CA1 control bits.
Both terminal inputs can be controlled individually. P2CAO0 and P2CA1 allow:

(1 Application of an external signal to the + and — terminals of the comparator,
or

(1 Routing of an internal reference voltage (if applied) to a comparator-input
terminal as an output on an associated port pin. In this way, the internal
reference voltage can be used to bias external circuitry.

Internally, the input switch is constructed as a T-switch to suppress distortion
in the signal path. When a comparator terminal is not connected to an external
pin, it should be connected to an internal reference-voltage level.

Note: Comparator Input Connection

Ensure that the comparator input terminals are connected to signal, power,
or ground level. Otherwise, floating levels may cause unexpected interrupts
and current consumption may increase.

14.2.2 Input Multiplexer

Control bit CAEX controls the input multiplexer to select which input signals are
connected to the comparator’'s + and — terminals. Additionally, when the
comparator terminals are exchanged, the output signal from the comparator
is inverted. This allows the user to determine or compensate for the
comparator offset.

14.2.3 The Comparator

The comparator compares the analog voltages at the + and — input terminals.
If the + terminal is more positive than the — terminal, the comparator output will
be high (note that the value of signal CAOUT also depends on the value of
CAEX). The comparator can be switched on or off using control bit CAON. The
comparator should be switched off when not in use to stop its current
consumption. When the comparator is switched off, the output is low (note that
the value of CAOUT still depends on the value of CAEX, even when the
comparator is off).

14.2.4 The Output Filter

The output of the comparator can be used with or without internal filtering.
When control bit CAF is set, the output is filtered with an-chip RC-filter. The
filter is bypassed when CAF is reset.
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A comparator output will oscillate if the voltage difference across the input
terminals is small. Internal and external parasitic effects and cross coupling on
and between signal lines, power-supply lines, and other parts of the system
are responsible for this behavior (see Figure 14-2). The comparator output
oscillation reduces accuracy and resolution of the comparison result.
Selecting the output filter can reduce errors associated with comparator
oscillation.

Figure 14-2. RC-Filter Response at the Output of the Comparator
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14.2.5 The Voltage Reference Generator

The voltage reference generator is used to generate VcaARer VCAREF €an be
applied to either of the comparator input terminals. Control bits CAREF0 and
CAREF1 control the output of the voltage generator. Control bit CARSEL
selects the comparator terminal to which Vcargg is applied. If external signals
are applied to the comparator input terminals, the internal reference generator
should be shut off to reduce current consumption. The divider in the voltage
reference generator can generate a fraction of the device's V¢, or a fixed
transistor-threshold voltage. This threshold voltage tolerance is specified in
the specific device’s data sheet.

Ratiometric measurement principles that compare unknown values, such as
resistive or capacitive sensors, with a known value such as a precision resistor
or capacitor, can use an internal reference and achieve accurate results
without an absolute Vcc. Ve needs to be stable, but not necessarily known.
The accuracy of ratiometric measurements is determined by the accuracy of
the known resistor or capacitor value.

Absolute measurement principles require a stable V¢ to ensure that the
voltage reference generated produces accurate reference-voltage levels.
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14.2.6 Comparator_A Interrupt Circuitry

One interrupt and one interrupt vector are associated with the Comparator_A
(see Figure 14-3). The interrupt flag CAIFG is set on either the rising or falling
edge of the comparator output. The interrupt edge-select bit, CAIES,
determines which edge of the output signal sets the CAIFG flag. The
interrupt-enable bit, CAIE, along with the general interrupt-enable bit (GIE)
control if the CAIFG bit generates a CPU interrupt. If both the CAIE and the
GIE bits are set, then the CAIFG flag will generate a CPU interrupt request.
The CAIFG flag is automatically reset when the CPU interrupt request is
serviced. The CAIFG, CAIES, and CAIE bits are all located in the CACTL1
register.

Figure 14-3. Comparator_A Interrupt System
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IRQ, Interrupt Service Request
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14.3 Comparator_A Control Registers

The Comparator_A module is configured with three module registers as
shown in Table 14-1. The module registers are mapped into the lower
peripheral file address range where all byte modules are located and should
be accessed with byte instructions (suffix B).

Table 14-1.Comparator_A Control Registers

Short Initial
Register Form Register Type Address State
» C_A control register 1: CACTL1 Read/write 059h Reset
» C_A control register 2: CACTL2 Read/write 05Ah Reset
e C_A portdissipation reg: CAPD Read/write 05Bh Reset

14.3.1 Comparator_A, Control Register CACTL1

The control register CACTL1 is shown and described below.

7 0

CACTL1 CA CA CA
059h CAEX RSEL REF1 REFO CAON | CAIES | CAIE | CAIFG

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

CAIFG, bitO: The Comparator_A interrupt flag
CAIE, bit1: The Comparator_A interrupt enable
CAIES, bit2: The Comparator_A interrupt edge select bit

0: The rising edge of the comparator output sets the
Comparator_A interrupt flag CAIFG

1: The falling edge of the comparator output sets the
Comparator_A interrupt flag CAIFG

CAON, bit3: The comparator is switched on or off. When off, the
current consumption of the comparator is stopped. The
current consumption of the reference circuitry is enabled
or disabled independently.

0: The comparator is disabled, current consumption is
stopped and the output of the comparator is low.

1: The comparator is enabled and active.

CAREF, bit4,5: 0: Internal reference is switched off. An external
reference can be applied.

1: 0.25*Vcc reference is selected
0.50*Vcc reference is selected

3: Diode reference is selected.
The diode reference varies with each individual
device, temperature and supply voltage. See device
data sheet.
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CARSEL, bité: The internal reference Vcargr selected by CAREF bits,
is applied to the +terminal or —terminal.

0: Reference is selected to the +terminal (CAEX = 0) or
—terminal (CAEX = 1)

1: Reference is selected to the —terminal (CAEX = 0) or
+terminal (CAEX = 1)

CAEX, bit7: The inputs of the comparator are exchanged. This is
used to measure or compensate for the offset of the
comparator.

14.3.2 Comparator_A, Control Register CACTL2
The control register CACTL2 is shown and described below.

7 0

CACTL2 CACTL | CACTL | CACTL | CACTL
05Ah 2.7 2.6 2.5 2.4

P2CA1 | P2CAO CAF | CAOUT

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

CAOQOUT, bit0: ~ The comparator output. Writing to this bit, for example
when writing a new register value, has no affect or
negative impact.

CAF, bitl: The comparator output filter is bypassed (CAF=0) or
switched into the output path (CAF=1).

P2CAO, bit2: Pin to CAO

0: The external, pin signal is not connected to the
Comparator_A

1: The external, pin signal is connected to the
Comparator_A

P2CA1, bit3: Pin to CAl

0: The external, pin signal is not connected to the
Comparator_A

1: The external, pin signal is connected to the
Comparator_A

Bits 4-7: See device data sheet for implementation.

14.3.3 Comparator_A, Port Disable Register CAPD

Typically, the comparator input and output functions are multiplexed with
digital I/O port pins to save pin count on a device. Also, slope A/D applications
often utilize multiple digital I/O ports (for charging and discharging) to provide
multiple channels of slope A/D conversion. In these multichannel applications,
a useful feature of the digital 1/0 pins is the ability to disable the input buffer.
Typically, all channels except the one being converted are disabled, providing
a high-impedance input and avoiding current consumption caused by
throughput current. (See section 14.4.1)

The typical digital I/O ports on MSP430 do not have the ability to disable the
input buffer. However, on devices with the Comparator_A, the capability has
been added and is controlled with the CAPD.x bits.
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The control bits CAPD.0 to CAPD.7 are initially reset, enabling all the input
buffers for the associated port. The portinput buffer is disabled if the according
CAPD.x bit is set. See device data sheet for port associations.

The ability to disable the input buffer for the device pin applies to up to eight
inputs of the associated digital 1/0O port (check device data sheet for
implementation details). For example, the x11x1 devices have CA1l
multiplexed on pin P2.4 and CAO multiplexed on pin P2.3, so the
Comparator_A is associated with port P2. On this device, all input buffers
associated with all P2 pins (P2.x) may have the capability to be disabled with
the CAPD register.

7 0

CAPD

05Bh CAPD.7 [ CAPD.6 | CAPD.5 | CAPD.4 | CAPD.3 | CAPD.2 | CAPD.1 [ CAPD.O
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)

CAPD.x: 0: The input buffer for the pin enabled.

1. The input buffer for the pin is disabled.
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14.4 Comparator_A in Applications
The Comparator_A can be used to:

Measure resistive elements

Detect external voltage or current levels

Measure external voltage and current sources
Measure the voltage of a battery used in the system

Uooo

14.4.1 Analog Signals at Digital Inputs

Typically, Comparator_A inputs are multiplexed with digital I/O pins. When
analog signals are applied to these digital CMOS gates, parasitic current can
flow fromthe positive terminal (Vpp, Vcc) to the negative terminal (Vgg, GND).
See Figure 14—4. This parasitic current occurs if the input voltage is around
the transition level of the input gate.

Figure 14—-4. Transfer Characteristic and Power Dissipation in a CMOS Inverter/Buffer
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Figure 14-5. Transfer Characteristic and Power Dissipation in a CMOS Gate
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MSP430 devices with the Comparator_A module have additional circuitry on
the associated digital I/O port pins to allow the input buffers to be disabled (see
Figure 14-5). The buffers are enabled or disabled with the CAPD.x bits (see
section 14.3.3). Note that the circuitry is added to all pins of the associated 1/0
port, not just the pins for the Comparator_A inputs.

Disabling the input buffer for a specific pin will disable the parasitic current flow
and therefore reduce overall current consumption. Itis important to disable the
buffer for any 1/0O pin that is not being actively driven if current consumption is
critical (see Figure 14-6).
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Figure 14-6. Application Example With One Active(Driving R3) and Three Passive Pins
With Applied Analog Signals
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Control2=0
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Control4 =0
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The specific implementation (which digital inputs/outputs can be controlled by
CAPD.x) varies with each MSP430 device configuration. Refer to the specific
device’s data sheet to see which 1/O port is associated with Comparator_A.

P
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14.4.2 Comparator_A Used to Measure Resistive Elements

The Comparator_A can be used to measure resistive elements. For example,
temperature can be converted into digital data via a thermistor, by comparing
the thermistor’s discharge time to that of a reference resistor. See Figure 14—7.

Figure 14—-7. Temperature Measurement Systems

Vce Vce

e.g.
Capture
Input of

—p Timer_A

Lo

CAREF

CARSEL

L 15| VcaREF
lolo— 0.25 x Voo

The resistive elements are compared using a capacitor charge-discharge
cycle, as shown in Figure 14-8. This is based on a ratiometric conversion
principle, as the ratio of two capacitor-discharge times is compared. Absolute
V¢ and the actual capacitor value are not critical, as the ratiometric principle
cancels these values out. Ve and the capacitor value should simply remain
constant during the conversion.

Vv
f
—Rmeas X C X In €
Nmeas _ VCC
N Vv
ref —R o X C X In —Vref
CC

Nmeas _ Rmeas
N R

ref ref

Nmeas
Rmeas = Rygf X Tef
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Figure 14-8. Timing for Temperature Measurement Systems

Ve A \ \ I \
R N A L }
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Phase I: | ¢ Phase II: > ‘ Phase llI: | “ Phase IV: .‘ t
Charge-Up ‘ Discharge C ‘ Charge-Up ‘ Discharge C ‘
— tref —» — tmeas —»!

MSP430 resources used to calculate the temperature sensed by R(meas):
Digital 1/0O:

(O Two digital outputs to charge and discharge the capacitor. Port pins are
set to provide a V¢ output (charge a capacitor), reset to discharge a
capacitor, and switched to high-impedance (including correct state of
CAPD.x bit) when not in use. One output discharges the capacitor via
reference resistor R(ref), the other output discharges it via R(meas).

Comparator_A:

(1 The—terminal is connected to a reference level, for example 0.25 x V¢c.
[ The +terminal is connected to the positive terminal of the capacitor.

[0 CAOUT or CAIFG utilized to measure the discharge time.
U

The output filter should be used to minimize multiple switching when the
voltages at the comparator inputs are close together.

If CAOUT is available as an input to a timer-capture register such as Timer_A,
the capacitor discharge time can be measured very precisely, without software
polling for a change of CAOUT, by using the timer capture function.

Nmeas
Rmeas = R X N Tmeas = f (Rmeas)

ref
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14.4.3 Measuring Two Independent Resistive Element Systems

It is possible to measure two independent systems with one comparator. The
input multiplexer, which is controlled via CAEX, allows the two independent
systems to be isolated. See Figure 14-9. An example could be if one
temperature sensor has a resistor range of 10 kQ to 200 kQ. The other sensor
is in the range of 1 kQ to 1.5 kQ. Two independent measurement paths are
used to optimize individual measurement performance. The conversion
principle is identical to the one described in the previous section.

Figure 14-9. Two Independent Temperature Measurement Systems

e.g.
Capture
Input of

—p Timer_A
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15| VCAREF

0 o 1 0.25x Ve
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In Figure 14-10, the active signal paths are shown when the upper
independent system is selected for conversion. This example uses the
0.25xVc internal reference, and shows the software selectable RC-filter as

active.

Figure 14-10. Temperature Measurement Via Temperature Sensor Rlimeas)

Vce vVce
b T b [T
N EON -
e.g.
Capture
Input of
Timer_A

CAREF

CARSEL
il

0.25xVce
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Figure 14-11 shows the active signal paths for the lower independent system.
This example uses the 0.25xV ¢ internal reference and shows the software
selectable RC-filter as active.

Figure 14-11.Temperature Measurement Via Temperature Sensor R2meas)

0V Vcc

40 1
P2CA
Rl(meas) = Rlef CAO CAEX — CAON e.g.

O\L) l Capture
CAO o

Input of
C1 0

Timer_A

Vce Vce

CAREF

c2
—-I-_ CARSEL

0.25x Ve
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14.4.4 Comparator_A Used to Detect a Current or Voltage Level

Comparator_A can be used to detect current or voltage levels if they are below
or above a reference level (shown in Figure 14-12). The reference level can
be selected from the internal reference-voltage generator, or by applying an
external reference level. Application software can poll the CAOUT bit for the
status of the comparator, or use the interrupt flag CAIFG to determine if the
level of the current or voltage source has crossed the comparator threshold.

In Figure 14-12, two external voltages are compared. Application software
can poll the CAOUT bit:

CAOQUT = 0: V(signal < V(ref)
CAOUT = 1: V(signal > V(ref)

Figure 14-12. Detect a Voltage Level Using an External Reference Level

0V Vcc
0 1
P2CA0 capx © L eron
0 l CAF
o 0
CAD ; loe—0 1
»—0 0 |
o 3 ’-o—o
J Signal 0 o0 3 CAOUT to
Voltage ~ —»—O 0 | | External Pin
CAL —0 - | I | Set
= P2CA1 [ | CAIFG
T02pus
‘ Reference
Voltage
— CAREF
CARSEL

J\OVCAREF
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In Figure 14-13 current is transferred to an input voltage by | x R(sense)- The
current limit is set for example to 0.25xV . The current is below the limit as
long as CAOUT is reset.

Figure 14-13. Detect a Current Level Using an Internal Reference Level

Vce

R(sense)
il CAL
Optional
R(hyst)
Px.y

paca0  cAEx 09 41
— CAON

o
CAO 1

P2CAl

0V Vcc

0
| O—e—O
O
‘.—OO —
= Set
CAIFG
2
CAREF
CARSEL 0.5 xVee
L 15| VCAREF
0 lolo 0.25 x Ve

14.4.5 Comparator_A Used to Measure a Current or Voltage Level

In addition to detecting levels, the comparator can be used to measure
currents or voltages. To measure a voltage, a known, stable voltage source is
used to charge up an RC combination. The time required to charge the
combination to a threshold value set by the voltage to be measured is then
used to calculate the voltage level (see Figure 14-16). VcaREE €an be used
as the known stable voltage source if V¢ in the user’s system meets the
required stability and accuracy.

A similar approach is used to measure a current. A known, stable voltage
source is again used to charge an RC combination to a threshold value. In this
case, the threshold voltage is created by passing the current to be measured
through a known resistance (see Figure 14-14).
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Figure 14-14. Measuring a Current Source
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The equation for the current I is:

tlxln0.5

1 t+t,
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Figure 14-15. Timing for Measuring a Current Source
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Figure 14-16. A/D Converter for Voltage Sources

V(meas)
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V(meas) = TRy X VCC X |1-e

Figure 14-17. A/D Converter for Voltage Sources, Conversion Timing

CAF

Ve a |
Vee "__‘:' _____ =
I
0.5%xVcce ———: ————— —
| |
I
Ve =A==
| |
I
b t I
I |
Phase [: Phase II:

Charge-Up Charge-Up:
Determine Tau, RC

Note: During phase I, control bit P2CA0 = 1 and CAREF = 0.
During phase Il, control bit P2CAQ0 = 0, CARSEL =0, and CAREF= 1.

Comparator_A
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14.4.6 Measuring the Offset Voltage of Comparator_A

The input offset voltage of the comparator varies with each device and also
with temperature, supply voltage, and input voltage. If the input voltage is
stable (reference voltage), it will not influence the offset voltage significantly.
To increase the precision of voltage measurements, the comparator offset
voltage can be measured by the following steps. To simply compensate for the
offset without measuring it, see section 14.4.7

First, execute a conversion with CAEX = 0. Vg is applied to the + terminal
of the comparator, and Vs is applied to the — terminal of the comparator as
shown in Figure 14-18.

Figure 14-18. Measuring the Offset Voltage of the Comparator, CAEX =0

0V Vcc
P2cAD b0 41
— CAON CAF gg.t
o 0 apture
CAO 1 _loe—0 Input of
—»—0 — Timer_A
g +
0 o9 _ S
1 = L—»
P2CA1
Vref

The Vyifset in this configuration is in series with Ve as shown in Figure 14-19.

Vcao = Vref + Voffset

Figure 14-19. Offset Voltage of the Comparator, CAEX =0

0V Vcc
50 &1
— CAON eg.
CAEX CAF Capture

o <
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Next, execute a conversion with CAEX = 1. Vcag is applied to the — terminal
of the comparator, and Vs is applied to the + terminal of the comparator as
shown in Figure 14-20.
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Figure 14-20. Measuring the Offset Voltage of the Comparator, CAEX =1

0V Vcc
P2cAo CAEX 6ofi CAON e.g
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—» -3 1 > —» Timer_A
0 ]
= —>
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The Vpfisetin this configurationisin serieswith Ve pg as shownin Figure 14-21.
Vet = Vcao * Voffset

Vcao = Vref — Voffset

Figure 14-21. Offset Voltage of the Comparator, CAEX = 1

0V Vcc
L0 1
— CAON e.g.
CAEX CAF Capture
1 Input of
| —» Timer_A
O by
() 4
T < | T
Voffset i | I I
Vet  VCAO L —=__1
v v 102 ps

Finally, calculate Vgt from the below formulas.

NL = —Ryppq x C x In —tef * Voftset

VCAO X fosc

CcC

V.~V
% C % In ref” offsetxf

N2 = R
VCAO Vee

0oscC

This leads to:

\%

(N1+N2x|n Vref)
N1 'V
VA~ X € CcC Ve

offset — v CC

N = timer counts
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14.4.7 Compensating for the Offset Voltage of Comparator_A

Another way to improve the accuracy is to compensate for the effect of input
offset voltage without actually measuring it.

When CAEX = 0, the Vet is in series with Vet
Vcao = Vref + Voffset

When CAEX = 1, the Vgfiset IS in series with Veap:
Vief =Vcao + Vofiset 0 VAo = Vref — Voffset

Adding the result of two conversions (one with each input configuration) and
dividing by two will cancel the effect of the offset voltage.

Veao = Vier tV
+ Vepo = Vier = V

offset

ref offset _ N1 + N2 _

5 = Conversion without offset

2 X Vepg = 2% Vg .
N = Timer count

14.4.8 Adding Hysteresis to Comparator_A

14-22

When the voltage level applied to the + terminal is close to the voltage level
at the — terminal, the output of the comparator may oscillate. This can cause
the following two situations:

[ The current consumption increases, since the signal path driven by the
comparator output is constantly charged and discharged.

(1 The software receives constant requests for service either via interrupt
service requests, or after successful polling of CAOUT or CAIFG.
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Figure 14—22 shows how to add hysteresis to the comparator to prevent output
oscillation.

Figure 14-22. Use CAOUT at an External Pin to Add Hysteresis to the Reference Level

j It Feedback is Possible

L0 41
P2CAD  apx ~ RN

CAF

1 +
Reference 0° B
Voltage —>—10/ 0

CAY —10 = Set
= P2CA1 CAIFG
¢ Signal
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CAREF
CARSEL 0 0.5 x Ve
O\LOVCAREF 2
1 0.25 x Ve

3

Adding hysteresis can only be done if CAOUT is available externally. Refer to
the device’s data sheet to determine if CAOUT is available at an external pin.

The hysteresis can be calculated as follows:

R2

Viys) =* R+ Rz < Vec

Comparator_A 14-23
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Chapter 15

ADC12

The ADC12 12-bit analog-to-digital converter is a high-speed, extremely
versatile analog-to-digital converter implemented on MSP430x13x and
MSP430x14x devices. This chapter discusses the ADC12 and how to use it.
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Introduction

15.1 Introduction

The ADC12 12-bit analog-to-digital converter (shown in Figure 15-1) has five
main functional blocks that can be individually configured and optimized:

ADC core with sample-and-hold
Conversion memory and configuration
Reference voltage and configuration
Conversion clock source select and control
Sample timing and conversion control

Uoooo

Figure 15-1. ADC12 Schematic
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The ADC12 can convert one of eight external analog inputs, or one of four
internal voltages. The four internal channels are used for temperature
measurement (via on-chip temperature diode), and for measurement of Vcc
(via Vcce/2) and the positive and negative references applied on Veggg+ and
VREF/VeREF--

The ADC12 can use its internal reference, or it can use external reference(s)
or a combination of internal and external reference-voltage levels.
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The ADC12 has versatile sample-and-hold circuitry giving the user many
options for control of the sample timing. The sample timing may be directly
controlled by software (via a control bit), or any one of three internal or external
signals (depending on device configuration — see Sampling section and check
the data sheet for details). Typically, the internal timing signals come from
other MSP430 timers such as Timer_A. Additionally, the sample timing may
be programmed as a multiple of the ADC12 conversion clock.

As with sample timing, the user has several choices for the ADC12 conversion
clock. The ADC12 conversion clock may be chosen from any available internal
MSP430 clock, or may be selected from a dedicated oscillator contained in the
ADC12 peripheral. Additionally, the chosen clock source may be divided by
any factor from 1 to 8.

The ADC12 has four operating modes. It can be configured to perform a single
conversion on a single channel, or multiple conversions on a single channel.
The ADC12 can also be configured to perform conversions on a sequence-of-
channels, running through the sequence once, or repeatedly. When
performing conversions on a sequence-of-channels, the sequence is
completely definable by the user. For example, a possible sequence-of-
channels could be al-a3—al-a6-a2, etc. In addition, each channel may be
individually configured for which reference(s) are to be used for the
conversion.

Conversion results are stored in 16 conversion-memory registers. Each of
these registers has its own configuration and control register allowing the user
to select the input channel and the reference(s) used for the conversion result
that is stored in that register.

Some key and unique features of the ADC12 are:
(1 200-ksps maximum conversion rate

(1 12-bit converter with £1LSB differential nonlinearity (DNL) and +1LSB
integral nonlinearity (INL)

(1 Built-in sample-and-hold with selectable sampling periods controlled by
software (via a control bit), a sampling timer, or by other MSP430 timers

[ On-chip, dedicated RC oscillator — used as an option for sample-and-
conversion timing

[ Integrated diode for temperature measurement
[ Eightindividually configurable channels for conversion of external signals

(1 Four internal channels for conversion of temperature, AV¢, and external
references

[ On-chip reference voltages — 1.5 V or 2.5V, selected by software

[ Selectable internal or external sources for both positive and negative
reference-voltage levels (selectable for each channel independently)

] Selectable conversion clock source
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[ Versatile conversion modes including single-channel, repeated single-
channel, sequence, and repeated sequence.

[ Sixteen 12-bit registers for storage of conversion results. Each register is
individually accessible by software and individually configurable to define
the channel and references for its conversion result.

[0 ADC core and reference voltage powered down separately

15.2 ADC12 Description and Operation

15.2.1 ADC Core

The ADC core (shown in Figure 15-2) converts the analog input to its 12-bit
representation and stores the results in the conversion memory. The core uses
two programmable/selectable voltage levels (Vr+and Vr_) to define the upper
and lower limits of the conversion range, and to define the full-scale and
zero-scale readings. The digital output is full scale when the input signal is
equal to or higher than VR4, and zero when the input signal is equal to or lower
than VR_. The input channel and the reference voltage levels (Vr+ and VR_)
are defined in the conversion-control memory. The conversion formula is:
Vin — V

R_
NADC = 4095 X ——
VR+_ VR—

Figure 15-2. ADC Core, Input Multiplexer, and Sample-and-Hold
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Itis important to note that the 3 LSBs of the conversion are resolved resistively.
Therefore, when the 3 LSBs are being resolved during a conversion,
approximately 200 pA will be required from the reference. The user should
keep this in mind when choosing and decoupling an external reference. Refer
to the device data sheet for more details on ADC12 specifications.
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Caution! ADC12 Turnon Time

When the ADC12 is turned on with the ADC120N bit, the turnon
time noted in the data sheet (taopc120N) Must be observed before a
conversion is started. Otherwise, the results will be false.

15.2.2 Reference

The ADC12 A/D converter contains a built-in reference with two selectable
reference-voltage levels (1.5 V and 2.5 V). Either of these reference voltages
may be applied to VR of the A/D core and also may be available externally on
pin VReg+ (check device data sheet for availability of VRgg+ pin). Additionally,
an external reference may be supplied for Vr+ through pin Vergg+ (check data
sheet for availability of Vergfg+ pin).

The reference-voltage level for Vr_ can be selected to be AVgg or may be
supplied externally through the VRep_/Vergg_pin (check device data sheet for
VREr_/VeRgfr_ pin). If the VRep_/Vergg_ pin is not available, then Vr— is
connected to AVgs.

Configuration of the reference voltage(s) is done with the Sref bits (bits 4, 5,
and 6) in the ADC12MCTLx registers. Up to six combinations of positive and
negative reference voltages are supported as described in Table 15-1.

If only external references are used, the internal-reference generator can be
turned off with the REFON bit to conserve power.

Table 15-1.Reference Voltage Configurations

Sref Voltage at Vr+ Voltage at Vr_
0 AVee AVgs
1 VREE+ (internal) AVSS
2,3 Vereg+ (external) AVgg
4 AVce VREfF-/ VeRep- (internal or external)
5 VREE+ (internal) VRer_! Vergfr_ (internal or external)
6,7 Verger+ (external) VREepr_/ Vergep_ (internal or external)

The voltage levels Vi and VRr_ establish the upper and lower limits of the
analog inputs to produce a full-scale and zero-scale reading, respectively. The
values of VR4, VR_, and the analog input should not exceed the positive supply
or be lower than AVgg, consistent with the absolute maximum ratings specified
in the device data sheet. The digital output is full scale when the input signal
is equal to or higher than VR, and zero when the input signal is equal to or
lower than VRr_.
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Warning! Reference Voltage Settling Time

When the built-in reference is turned on with the VREFON bit, the
settling timing noted in the data sheet must be observed before
starting a conversion. Otherwise, the results will be false until the
reference settles. Once all internal and external references have
settled, no additional settling time is required when selecting or
changing the conversion range for each channel.

15.3 Analog Inputs and Multiplexer

15.3.1 Analog Multiplexer

The eight external analog input channels and four internal signals are selected
as the channel for conversion by the analog multiplexer. Channel selection is
made for each conversion-memory register with the corresponding
ADC12MCTLx register. The input multiplexer is a break-before-make type
(shown in Figure 15-3) to reduce input-to-input noise injection resulting from
channel switching. The input multiplexer is also a T-switch to minimize the
coupling between channels. Channels that are not selected are isolated from
the A/D and the intermediate node is connected to analog ground (AVgg) SO
that the stray capacitance is grounded to help eliminate crosstalk.

Figure 15-3. Analog Multiplexer Channel
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Crosstalk can exist because there is always some parasitic coupling
capacitance across the switch and between switches. This can take several
forms, such as coupling from the input to the output of an off switch, or coupling
from an off analog input channel to the output of an adjacent on channel. For
high-accuracy conversions, crosstalk interference should be minimized by
shielding and other well-known printed-circuit board (PCB) layout techniques.
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15.3.2 Input Signal Considerations

During sampling, the analog input signal is applied to the internal capacitor
array of the A/D core. Therefore, the charge of the capacitor array is supplied
directly by the source. The capacitor array has to be charged completely
during the sampling period. Therefore the external source resistances,
dynamic impedances, and capacitance of the capacitor array must be
matched with the sampling period so the analog signal can settle to within
12-bit accuracy.

Additionally, source impedances also affect the accuracy of the converter. The
source signal can drop at the input of the device due to leakage current or
averaged dc-input currents (due to input switching currents). For a 12-bit
converter, the error in LSBs due to leakage current is:

Error(LSBs) = 4.096 x (MA of leakage current) x (kQ of source
resistance)/(Vgr+ — VR_)

For example, a 50-nA leakage current with a 10-kQ source resistance and a
1.5-V VREep gives 1.4 LSBs of error.

These errors due to source impedance also apply to the output impedance of
any external-voltage reference source applied to Verggp+. The output
impedance must be low enough to enable the transients to settle within
0.2/ADCLK and generate leakage current induced errors of <<1LSB.

See the Sampling section for more details on sample timing and sampling con-
siderations.

15.3.3 Using the Temperature Diode

To use the on-chip temperature diode, the user simply selects the analog input
channel to 10. Any other configuration is done as if an external channel was
selected, including reference selection, conversion-memory selection, etc.

Selecting the diode channel automatically turns on the on-chip reference
generator (see Figure 15-1) as a voltage source for the temperature diode.
However, it does notenable the VRgg+ output or affect the reference selections
for the conversion; so, reference selections are the same as with any other
channel.

See the device data sheet for the temperature diode specifications.
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15.4 Conversion Memory

15-8

A typical approach in single-channel converters uses an interrupt request to
signal the end of the conversion and requires the conversion data to be moved
to another location before another conversion can be performed. However, the
ADC12 incorporates 16 conversion-memory registers (ADC12MEMX, see
Figure 15-1) allowing the A/D converter to run multiple conversions without
software intervention. This increases the system performance by reducing
software overhead.

Additionally, each of the 16 conversion-memory registers has an associated
control register (ADC12MCTLx) allowing total flexibility for each conversion.
The memory-control registers allow the user to specify the channel and
reference(s) used for each individual conversion. All other control bits that
configure the other operating conditions of the ADC12, such as conversion
modes, sample and conversion control signal, ADC clock, and sample timing,
are located in control registers ADC12CTLO and ADC12CTL1. Each
conversion-memory register is individually accessible by software in the
address range 0140h — 015Eh.

Using the conversion memory involves control bits in two places. First, the
CStartAdd bits located in ADC12CTL1 point to the conversion-memory
register to be used for single-channel conversions or the first
conversion-memory register to be used for a sequence. The conversion-start
address (CStartAdd) can be any value from Oh — OFh and points to
ADC12MEMO — ADC12MEM15, respectively. Second, the end-of-sequence
(EOS) hit in each conversion-memory control register marks the end of an
automatic-conversion sequence.

The EOS bit, when set, defines the end of a conversion sequence. When
cleared, an internal conversion-memory pointer (not visible to software) is
incremented after the current conversion is completed and the conversion
result is stored in the conversion memory. The conversion-memory pointer is
then prepared to use the next conversion-memory register to store the results
of the next conversion. The internal conversion-memory pointer is
incremented with each conversion until a set EOS bitis encountered. Note that
defining the end of a sequence is independent from defining the mode of
operation (see the Conversion Modes section), and that the EOS bits are
ignored when using single-conversion mode or repeated conversion of a
single-channel mode.

Conversion sequences always use sequential conversion-memory registers,
can start with any conversion-memory register, and do not necessarily require
any EOS bit to be set. For example, if the CONSEQ bits define the mode of
operation to be conversion of a sequence (single or repeated), the CStartAdd
bits point to conversion-memory register 14, and no EOS bits are set for any
of the conversion-memory registers, then the conversion-memory registers
will be used in sequential order (14, 15,0, 1, 2, ..., 14, 15,0, 1, 2, ... etc.) for
each consecutive conversion, and the sequence of conversions will continue
until stopped by software. This is useful, for example, in an application that
must take advantage of the buffering supplied by the conversion memory but
requires more than 16 repeated conversions of a single channel. In this
instance the user should set up each memory-control register identically,
specifying the same channel and reference(s) for each conversion, and all
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EOS bits must be cleared. Once the converter is started, it will continue to run
until stopped by software.

15.5 Conversion Modes

The ADC12 has four conversion modes:

[ Single-channel, single-conversion

(1 Single-channel, repeated-conversions

[ Sequence-of-channels, single-sequence
[ Sequence-of-channels, repeated-sequence

Each mode is summarized in Table 15-2 and described in detail in the follow-
ing sections.

Table 15-2.Conversion-Modes Summary

CONVERSION MODE

CONSEQ

OPERATION

Single channel

00

Single conversion from a selected channel

X = CStartAdd, points to the conversion start address

Result is in ADC12MEMYX; interrupt flag is ADC12IFG.x

Channel (INCH) and reference voltage (Sref) are selected in ADC12MCTLx

Sequence-of-channels

01

A sequence-of-channels is converted
x = CStartAdd; points to the conversion start address

The last channel in a sequence (y) is marked with EOS=1 (ADC12MCTLx.7), all
other EOS bits in ADC12MCTLx, ADC12MCTL(x+1)..., ADC12MCTL(y-1) are
reset.

Result is in ADC12MEMx, ADC12MEM(x+1),..., ADC12MEMy

Interrupt flags are ADC12IFG.x, ADC12IFG.(x+1),..., ADC12IFG.y

More than one sequence is possible

Channel (INCH) and reference voltage (Sref) are selected in ADC12MCTLXx

Repeat single channel

10

The conversion of one single channel is permanently repeated until repeat is off or
ENC is reset

x = CStartAdd; points to the conversion start address
Result is in ADC12MEMYX; interrupt flag is ADC12IFG.x
Channel (INCH) and reference voltage (Sref) are selected in ADC12MCTLx

Repeat sequence-of-
channels

11

The conversion of a sequence-of-channels is permanently repeated until repeat is
off or ENC is reset

x = CStartAdd; points to the conversion start address

The last channel in a sequence (y) is marked with EOS=1 (ADC12MCTL.7), all
other EOS bits in ADC12MCTLx, ADC12MCTL(x+1),..., ADC12MCTL(y-1) are
reset

Result is in ADC12MEMx, ADC12MEMx+1,....; interrupt flag is ADC12IFG.x,
ADC12IFG.x+1,....

More than one sequence is possible
Channel (INCH) and reference voltage (Sref) are selected in ADC12MCTLx

ADC12
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15.5.1 Single-Channel, Single-Conversion Mode

The single-channel mode converts a single channel once. The channel to be
converted is selected by the INCH bits in the conversion-memory control regis-
ter (ADC12MCTLx) associated with the conversion-memory register pointed
to by the CStartAdd bits (located in ADC12CTL1x. The conversionrange (VRr+,
VR_) is configured in the same conversion-memory control register by the Sref
bits. The conversion result is stored in conversion-memory register
ADC12MEMX pointed to by the CStartAdd bits.

The conversion may be stopped immediately by resetting the enable-
conversion bit (ENC, located in ADC12CTLO), but the conversion results will
be unreliable, or the conversion may not be performed. This is illustrated in
Figure 15-4.

Figure 15-4. Stopping Conversion With ENC Bit

ENC and ADC12SC ENC and ADC12SC
may be set together may be set together
ENC O T
SAMPCON | ? FHHHH
Operational Mode Sample Period Conversion Period / Sample Period ( Conversion Period
ENC is reset before conversion period is completed: ENC is reset after conversion period is completed:
no conversion executed or unreliable conversion result. conversion is executed regularly.
Sample-and-conversion (SAMPCOM) signal can be reset Sample-and-conversion (SAMPCOM) signal can be reset
and conversion started when appropriate. and conversion started when appropriate.
R R R R AR R R L
ENC YYYYYYYYVYVYYYVYYYYVYYYVYYVYYYVYVYVVYVYVVYVVVVVYVY ﬂ
SAMPCON #\
Operational Mode Sample Period Conversion Period Sample Period ( Conversion Period
ENC is reset before conversion period is completed: ENC is reset after conversion period is completed:
no conversion executed or unreliable conversion result. conversion is executed regularly.
Sample-and-conversion (SAMPCOM) signal can be reset Sample-and-conversion (SAMPCOM) signal can be reset
and conversion started when appropriate. and conversion started when appropriate.

When the conversion is complete and the results are written to the selected
conversion-memory register, the corresponding interrupt flag ADC12IFG.x is
set, and, if the appropriate interrupt enables are set, an interrupt request is
generated (see the ADC12 Interrupt Vector Register ADC121V section).

When software is using the ADC10SC bit to initiate conversion, successive
conversions can be initiated by simply setting the ADC10SC bit (the ENC bit
can remain set or may be set at the same time as ADC10SC). However, when
any other trigger source (ADC1011, ADC10I2, or ADC10I3) is being used to
start conversions, the ENC bit must be toggled between each conversion. All
additional incoming sample-input signals will be ignored until the ENC bit is
reset and set again.

The conversion mode may be changed after the conversion begins but before
it has completed, and the new mode will take effect after the current conversion
has completed. See also the Switching between Conversion Modes section.

An illustration of single-channel, single-conversion mode is shown in Figure
15-5.

15-10
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Figure 15-5. Single-Channel, Single-Conversion Mode

CONSEQ =0

ADC120N =1
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// - Wait for Enable
/ SHS =0
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I\ ADC12SC = 4
T
!’ | ENC=0 SAMPCON =4
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: \ AN SAMPCON =1
’ \ g Sample, Input
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ll ‘Enc oot N\ ADC12MCTLx
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l \
| \ <12 x ADC12CLK
| AN
\ S Convert, use
\ 12 x ADC12CLK
ENC = of
\
\ 1 x ADC12CLK
\\ Conversion
N Completed,
S~

Result Stored Into
ADC12MEMX,
ADC12IFG.x is Set

tConversion result is unpredictable

An example of the conversion-memory setup is shown in Figure 156 for
single-channel conversion. The example uses the following conditions:

[J Single conversion of channel a4
(1 Internal reference voltage with Vi, at AV and with Vg_ at AVgg
[ Conversion result to be stored in conversion-memory register

ADC12MEM1

This means that control bit CStartAdd in ADC12CTLO is assigned a value of
1. The channel (INCH=4) and reference voltages (Sref=0) are selected via

ADC12MCTL1.

ADC12 1511
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Figure 15-6. Example Conversion-Memory Setup

140h + 2 x CStartAdd

¢ E Select
(o]
VR+VR- Multiplexer

) 4444444

0140h ADC12MEMO ADC12MCTLO 080N
0142h 0 | conv:ersion résult 1 | 0 | 0| 0 | 0| 1 | 0 | 0] os1n M
ADC12MEM2 ADC12MCTL2
16 x 12-bit 16 x 8-bit
ADC Memory ADC Memory Controls
015Ch ADC12MEM14 ADCI12MCTL14 08Eh
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15.5.2 Sequence-of-Channels Mode

15-12

The sequence-of-channels mode converts a sequence of channels. The
CStartAdd bits in ADC12CTL1 point to the first conversion-memory register
used for the sequence. The results of the remaining conversions in the
sequence are stored in sequential conversion-memory registers. For
example, if a sequence is three-conversions long and the CStartAdd bits point
to conversion-memory register 4, then when the sequence is started, the first
conversion result is stored in ADC12MEM4, the second result is stored in
ADC12MEMS5, and the third result is stored in ADC12MEMS6.

When performing sequences of conversions, the channels and references for
each conversion are individually configurable via the conversion-memory
control register associated with the each conversion-memory register used in
the sequence. For example, if a sequence of conversions uses ADC12MEMS3
— ADC12MEMBS6, then the channel and reference(s) for each conversion are
individually configurable with ADC12MCTL3 — ADC12MCTLS6.

The end of a sequence is marked by the end-of-sequence bit (EOS) in the last
conversion-memory control register used in the sequence. Each
conversion-memory control register contains an EOS bit. All EOS bits of the
conversion-memory control registers used in a sequence must be reset,
except for the last one in the sequence. For example, if a sequence starts with
ADC12MEM7 and ends with ADC12MEM12, then the EOS bit of registers
ADC12MCTL7 — ADC12MCTL11 must be reset and the EOS bit of
ADC12MCTL12 must be set. Conversions stop when the end of a sequence
is reached.

When software is using the ADC10SC bit to initiate a sequence, successive
sequences can be initiated by simply setting the ADC10SC bit (the ENC bit can
remain set or may be set at the same time as ADC10SC). However, when any
other trigger source (ADC10I1, ADC10I2, or ADC10I3) is being used to start
a sequence, the ENC bit must be toggled between each sequence. All
additional incoming sample-input signals will be ignored until the ENC bit is
reset and set again.

The conversion mode may be changed after the conversion begins but before
it has completed, and the new mode will take effect after the current sequence
has completed. See also the Switching between Conversion Modes section.
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If the conversion mode is changed after the sequence begins but before it has
completed and the ENC bitis left high, the sequence completes normally, and
the new mode takes effect after the sequence completes, unless the new
mode is single-channel single-conversion. If the new mode is single-channel
single-conversion, the current sequence-of-channels stops proceeding when
no sample-and-conversion is active, or after an active sample-and-conversion
is completed. The original sequence may not be completed, but all completed
conversion results are valid. See also the Switching Between Conversion
Modes section.

If the conversion mode is changed after the sequence begins, but before it has
completed, and the ENC bit is toggled, then the original sequence completes
normally and the new mode takes effect and is started after the original
sequence completes unless the new mode is single-channel
single-conversion. If the new mode is single-channel single-conversion, then
the original sequence stops when no sample-and-conversion is active, or after
an active sample-and-conversion is completed, or when the ENC bit is reset,
whichever comes first. Then, the single conversion begins when the ENC bit
is set again. See also the Switching Between Conversion Modes section.

Figure 15-7. ENC Does Not Effect Active Sequence
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An active sequence may be stopped immediately by selecting single-channel
single-conversion mode (reset CONSEQ.1 bit) and then resetting the
enable-conversion bit ENC. The data in memory register ADC12MEMX is
unpredictable and the interrupt flag ADC12IFG.x may or may not be set. This
is generally not recommended but may be used as an emergency exit.

Each time a conversion is completed, the results are loaded into the
appropriate ADC12MEMx register and the corresponding interrupt flag
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ADCI12IFG.xis setto indicate completion of the conversion. Additionally, If the
appropriate interrupt-enable flags are set, an interrupt request is generated
(see the ADC12 Interrupt Vector Register ADC121V section).

An illustration of sequence of channels mode is shown in Figure 15-8.

Figure 15-8. Sequence-of-Channels Mode

CONSEQ =1

ADC120N =1
ENC = 4

x = CStartAdd
Wait for Enable

SHS =0
and
ENC=1ord
and
ADC12SC =

Wait for Trigger

4

EOSx=1

SAMPCON =1

Sample, Input
Channel Defined in

ADC12MCTLX Ifx<15thenx=x+1

Ifx<15thenx=x+1

elsex=0 elsex=0
SAMPCON =¥_
<12 x ADC12CLK

MSC =1

and Convert, Use
SHP =1 12 x ADC12CLK

and
EOS.x=0

1 x ADC12CLK

Conversion
Completed,
Result Stored Into
ADC12MEMX,
ADC12IFG.x is Set

X= pointer to conversion memory register (ADC12MEMO0..ADC12MEM15) and
conversion memory control register (ADC12MCTLO0..ADC12MCTL15)
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An example showing a sequence of conversions is shown and flow-charted
in Figures 15-9 and 15-10. The example shows the sequence a0, a5, a7, a0,
a0, a3, and uses ADC12MEMS for storing the first conversion results. The
setup of each conversion in the sequence is:

(I Iy

Figure 15-9. Sequence-of-Channels Mode Flow
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via control registers ADC12CTLO/1
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!
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ADC12
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Figure 15-10. Sequence-of-Channels Mode Example
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15.5.3 Repeat-Single-Channel Mode

The repeat-single-channel mode is identical to the single-channel mode,
except that conversions are repeated on the chosen channel until stopped by
software. Each time a conversion is completed, the results are loaded into the
appropriate ADC12MEMXx register and the corresponding interrupt flag
ADCI12IFG.xis setto indicate completion of the conversion. Additionally, If the
appropriate interrupt-enable flags are set, an interrupt request is generated
(see the ADC12 Interrupt Vector Register ADC121V section).

The conversion mode may be changed without first stopping the conversions.
When this is done, the new mode takes effect after the current conversion
completes (see also the Switching Between Conversion Modes section).

There are three ways to stop repeated conversions on a single channel:

1) Select single-channel mode instead of repeat-single-channel mode with
the CONSEQ bits. When this is done, the current conversion is completed
normally, the result is loaded into ADC12MEMxX, and the associated
interrupt flag ADC12IFG.x is set.

2) Resetthe ENC bit (ADC12CTLO0.1) to stop conversions after the current
conversion is completed. Again, the result is loaded into ADC12MEMXx
and the associated interrupt flag ADC12IFG.x is set.

3) Select single-channel mode instead of repeat-single-channel mode and
then reset the enable-conversion bit (ENC). When this is done, the current
conversion stops immediately. However, the data in memory register
ADC12MEMx is unpredictable and the associated interrupt flag
ADC12IFG.x may or may not be set. This method is generally not
recommended.
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An illustration of repeat-single-channel mode is shown in Figure 15-11.

Figure 15-11.Repeat-Single-Channel Mode
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15.5.4 Repeat-Sequence-of-Channels Mode

The repeat-sequence-of-channel mode is identical to the sequence-of-
channel mode, except the sequence is repeated continuously until stopped by
software. Each time a conversion is completed, the results are loaded into the
appropriate ADC12MEMXx register and the corresponding interrupt flag
ADC12IFG.x s setto indicate completion of the conversion. Additionally, If the
appropriate interrupt-enable flags are set, an interrupt request is generated
(see the ADC12 Interrupt Vector Register ADC121V section).

The conversion mode may be changed without first stopping the conversions.
When this is done, the new mode takes effect after the current sequence
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15-18

completes, except when the new mode is repeat-single-channel. In this case,
the sequence does not complete and the new mode takes effect immediately
(see also the Switching Between Conversion Modes section).

There are four ways to stop repeat-sequence-of-channels conversions:

1) Select sequence-of-channels mode (CONSEQ = 1) instead of repeated
sequence-of-channels mode (CONSEQ = 3). When this is done, the
current sequence of conversions is completed normally and no further
conversions take place. The conversion results are loaded into registers
ADC12MEMXx and the corresponding interrupt flags ADC12IFG.x are set.

2) Reset ENC bhit (ADC12CTLO0.1). This stops the conversions after the
current sequence is completed. The conversion results of all conversions
in the sequence are stored in their appropriate ADC12MEMX register and
the associated interrupt flags ADC12IFG.x are set.

3) Select repeat-single-channel mode (CONSEQ = 2) instead of the repeat-
sequence-of-channel mode, and then select single-channel mode. The
current conversion is completed normally. The current conversion result
is loaded into register ADC12MEMXx and the associated interrupt flags
ADC12IFG.x are set. The data for x is somewhere between CStartAdd
and the last register of the sequence.

4) Select single-channel mode (CONSEQ = 0) and reset enable-conversion
bit ENC. The current conversion is stopped immediately. The data in
memory register ADC12MEMXx is unpredictable and the interrupt flag
ADC12IFG.x may or may not be set. This method is generally not
recommended.
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An illustration of repeat-sequence-of-channels mode is shown in
Figure 15-12.

Figure 15-12. Repeat-Sequence-of-Channels Mode
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X= pointer to conversion memory register (ADC12MEMO0..ADC12MEM15) and
conversion memory control register (ADC12MCTLO0..ADC12MCTL15)

15.5.5 Switching Between Conversion Modes

Changing the mode of operation of the ADC12 while the converter is not
actively running is done simply by selecting the new mode of operation with
the CONSEQ bits. However, if the conversion mode is changed while the
converter is actively running, intermediate and undesirable modes can be
accidentally selected if both CONSEQ bits are changed in a single instruction.
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15.5.6 Power Down

15-20

Therefore, the following mode changes should be avoided while the converter
isrunning:0 - 3,1 - 2,2 - 1,and3 - 0.

The intermediate modes are caused by the asynchronous clocks for the CPU
and the ADC12. These intermediate modes can be avoided simply by
changing only one CONSEQ bit per instruction. For example, to change from
mode 0 to mode 3 while the converter is actively running, the following
instructions could be used:

Bl S #CONSEQ 0, &ADC12CTL1 ; Example: 0 - 3, first
................................ ; stepis 0 - 1
Bl S #CONSEQ 1, &ADC12CTL1 ... ; second stepis 1 - 3

Acceptable sequence modifications are:0 - 1,0 - 2,1 - 0,1 - 3,2 - 0,
23,3 1,and3 - 2.

The ADC12 incorporates two bits (ADC120N and REFON) for power savings.
ADC120N turns on the A/D core and REFON turns on the reference
generator. Each bit is individually controllable by software. The ADC12 is
turned off completely if both bits are reset. The ADC12 registers are not
affected by either of these bits and can be accessed and modified at any time
(see the ADC12 Control Registers section). Note, however, that ADC120N
and REFON may only be modified if ENC=0.

Additionally, other ADC12 functions are automatically switched on and off as
needed—if possible—to realize additional power savings — even while the
ADC12 is running.

Caution! Powering Down the Converter

Do not power-down the converter or the reference generator while
the converter is active. Conversion results will be false.

It is possible to disable the reference generator and the ADC12 by
resetting bits ADC120N and REFON before an active conversion or
sequence of conversions has completed. For example, if the
conversion mode is set to sequence-of-channels, and software
resets the ENC bit immediately after the sequence begins, the
ADC120N and REFON bits can then be reset before the sequence
completes. If this occurs, the ADC12 will be powered down
immediately and the conversion results will be false.




Conversion Clock and Conversion Speed

Caution! Turning the ADC12 and Voltage Reference On or Off

The following must be considered when .

ADC12 turnon time: when the ADC12 is turned on with the
ADC120N bit, the turnon time noted in the data sheet (tapc120N)
must be observed before a conversion is started. Otherwise, the
results will be false.

Reference-voltage settling Time: When the built-in reference is
turned on with the VREFON bit, the settling timing noted in the data
sheet must be observed before aconversion is started. Otherwise,
the results will be false until the reference settles. Once all internal
and external references have settled, no additional settling time is
required when selecting or changing the conversion range for each
channel.

Settling time of external signals: external signals must be settled
before performing the first conversion after turning on the ADC12.
Otherwise, the conversion results will be false.

15.6 Conversion Clock and Conversion Speed

The conversion clock for the ADC12 (ADC12CLK shown in Figure 15-13) can
be selected from several sources and can be divided by any factor from 1 —
8. The ADC12CLK is used for the A/D conversion and to generate the
sampling period [if pulse-sampling mode is selected (SHP=1)]. Possible clock
sources are the internal oscillator (ADC120SC), ACLK, MCLK, and SMCLK.

The internal oscillator generates the ADC120SC signal and is in the 5-MHz
range (see device data sheet for specifications). The internal-oscillator
frequency will vary with individual devices, supply voltage, and temperature.
A stable clock source should be used for the conversion clock when accurate
conversion timing is required.

Figure 15-13. The Conversion Clock ADC12CLK
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15.7 Sampling

The conversion starts with the falling edge of the sample signal SAMPCON
(see the Sampling section and Figure 15-14). Thirteen conversion clocks
(ADC12CLK) are required to complete a conversion. The conversion time is:

tconversion = 13 X (ADC12DIV/fapci2cLk )

Where ADC12DIV is any integer from 1 to 8. The ADC12CLK frequency must
not exceed the maximum and minimum frequencies specified in the data
sheet. Either violation may result in inaccurate conversion results.

Note: Availability of ADC12CLK During Conversion

Users must ensure that the clock chosen for ADC12CLK remains active until
the ADC12 can complete its operation. If the clock is removed while the
ADC12 is active, the operation can not be completed and the end-of-conver-
sion feedback to the program is not possible.

The ADC12 sample-and-hold (S/H) circuitry (shown in Figure 15-14) is
flexible and configurable. The configuration is done by software via control bits
in the ADC12CTLO and ADC12CTL1 registers. Configuration and operation
of the S/H circuitry is discussed in this section.

Figure 15-14. The Sample-and-Hold Function
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15.7.1 Sampling Operation
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The sample-and-hold circuitry samples the analog signal when the sampling
signal SAMPCON (see Figure 15-14) is high. Conversion starts immediately
with the falling edge of SAMPCON. The sample-and-hold holds the signal
value when SAMPCON is low. Conversion takes 13 ADC12CLK cycles (see
Figure 15-15).
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Figure 15-15. Sample and Conversion, Basic Signal Timing
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The analog input signal must be valid and steady during the sampling period
in order to obtain an accurate conversion. It is also desirable not to have any
digital activity on any adjacent channels during the whole conversion period

to ensure that errors due to supply glitching, ground bounce, or crosstalk do
not corrupt the conversion results.

In addition, gains and losses in internal charge limit the hold time. The user
should ensure that the data sheet limits are not violated. Otherwise, the
sampled analog voltage may increase or decrease, resulting in false
conversion values.

15.7.2 Sample Signal Input Selection

The SAMPCON signal, which controls sample timing and the start of a
conversion, may be sourced by one of several signals. SAMPCON may be
sourced directly from one of the signals available at the input selection switch
(see Figure 15-16), further called sample-signal input, or from the integrated
sampling timer. When the sampling timer is used to source SAMPCON, the
sample-signal input is used to trigger the sampling timer.

The sample-signal input is selected by the SHS bits in ADC12CTL1. There are
four choices for the sample-signal input: ADC12SC, Timer_A.OUT1,
Timer_B.OUTO, and Timer_B.OUTL1. The polarity of the sample-signal input
may be selected by the ISSH bit (see Figure 15-16). Also, the sample-signal
input is passed to the sampling timer or to the SAMPCON signal under control
of the ENC bit. This is discussed in detail further ahead.

ADC12SC is a control bit located in ADC12CTLO. Its value is set by software.
Depending on the selected sampling mode, this bit allows the software to
either start a sample-and-conversion (S/C) cycle (SHP=1), or to completely
control the sampling period (SHP=0).

The sample-signal input can be asynchronous to a conversion-enable, and is
synchronized and enabled by the ENC bit. Without synchronization, the first
sampling period after the ENC bit is set could be erroneous, depending on
where the ENC bit is set within the cycle of the input signal. In Figure 15-18,
for example, note that the ENC bit is set in the middle of a high pulse from the
sample-signal input. If the sample-input signal were simply passed directly to
the S/H, the first conversion of the example would be erroneous because the
first sampling period is too short.
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To prevent this problem, synchronization logic is implemented in the sample
input selection switch. This ensures that the first sample-and-conversion cycle
begins with the first rising edge of the sample-input signal applied after the
ENC bit is set. Additionally, the last sample-and-conversion begins with the
first rising edge of the sample-input signal after ENC has been reset.

Figure 15-16. Synchronized Sample and Conversion Signal With Enable Conversion
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15.7.3 Sampling Modes

The sampling circuitry has two modes of operation: pulse-sampling mode and
extended-sampling mode. In pulse-sampling mode, the sample-signal input
(selected by the SHS bits in ADC12CTL1) is used to trigger the internal
sampling timer, and the actual sample timing signal (SAMPCON) is then
generated by the sampling timer and is an integer multiple of the ADC12CLK
signal.

In extended-sampling mode, the sampling-signal input bypasses the sample
timer and is used to source SAMPCON directly, therefore completely
controlling the sample timing—asynchronously to ADC12CLK. Note that 13
ADC12CLK cycles are still required to complete one conversion.

15.7.3.1 Pulse-Sample Mode

15-24

In the pulse-sample mode, the sample-input signal, selected by the SHS bits,
triggers the sampling timer with its rising edge. The sampling timer then
generates the sample timing. The sampling time is programmable by the
SHTO or SHT1 bits located in ADC12CTLO. When conversion-memory
registers ADC12MEMO to ADC12MEM?7 are selected to store the conversion
result(s), the SHTO bits are used to program the sampling time. When
conversion-memory registers ADC12MEMS8 to ADC12MEM15 are selected
for the conversion data, the SHT1 bits are used to program the sampling
timing. Therefore, it is possible to program two different sampling times for a
sequence of conversions by using both upper and lower conversion-memory
registersinthe sequence. This feature is useful when different external-source
impedance conditions exist and require different sample timings.



Sampling

In pulse-sampling mode, sampling time is a multiple of the ADC12CLK x 4, and
is calculated by:

tsample = 4 X taApc12cLK X SHTX

SHTx is determined by bits SHTO or SHT1 (see table in Control Registers
ADC12CTLO and ADC12CTL1 section).

The sampling signal SAMPCON remains in the sampling state (high) for the
synchronization time tgync and the selected sample time tgampje, as shownin
Figure 15-17. The conversion takes 13 x ADC12CLK cycles (tconyery- It is
important to note that after a sample-and-conversion cycle has been triggered
by the sample-input signal, additional triggers (via a rising edge on the
sample-input signal) will be missed/ignored until the prior sample-and-
conversion cycle is completed.

Figure 15-17. Conversion Timing, Pulse-Sample Mode
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An example of the pulse-sample mode configuration is shown in Figure 15-18.
The selected input signal source is Timer_B.OUTO. The timing for the example
is shown in Figure 15-19.

Figure 15-18. Pulse-Sample Mode Example Configuration
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Figure 15-19. Pulse-Sample Mode Example Timing
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15.7.3.2 Extended-Sample Mode

In extended-sample mode, the input signal selected by the SHS bits is used
to control the sampling (SAMPCON signal) directly. The internal sampling
timeris not used. As shown in Figure 1520, the sampling period is active while
SAMPCON is high. Hold mode is active when SAMPCON is low. The
conversion starts with the falling edge of SAMPCON after a synchronization
time tgync. The conversion takes 13 x ADC12CLK (tconvert)-

Figure 15-20. Conversion Timing for Extended-Sample Mode
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The extended-sample mode allows total control of the sampling period and the
start of a conversion. The extended-sample mode is useful in applications that
require an extended sampling period to accommodate different input-source
impedances, or in applications where the maximum sampling period supplied
by the internal sampling timer is insufficient.

An example of the extended-sample-mode configuration is shown in
Figure 15-21. The selected input signal source is Timer_B.OUTO. The timing
for the example is shown in Figure 15-22.
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Figure 15-21. Extended-Sample Mode Example Configuration
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Figure 15-22. Extended-Sample Mode Example Timing
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15.7.4 Using the MSC Bit

The multiple-sample-and-conversion (MSC) control bit is not used if the
sample signal SAMPCON is generated without the sampling timer. However,
when the sampling timer is used to generate the SAMPCON signal and the
operating mode is other than single-channel single-conversion (CONSEQ >
0), the MSC bit can be used to configure the converter to perform the
successive conversions automatically and as quickly as possible.

If MSC = 0, then a rising edge of the SHI signal is required to trigger each
sample-and-conversion, regardless of what mode the converter is in. When
MSC =1 and CONSEQ > 0, the first rising edge of the SHI signal triggers the
first conversion, but successive conversions are triggered automatically as
soon as the prior conversion is completed. Additional rising edges on SHI are
ignored until the sequence is completed or until the ENC bit is toggled
(depending on mode). The function of the ENC bit is unchanged when using
the MSC bit. See Figures 15-23 and 15-24.
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Figure 15-23. Use of MSC Bit With Nonrepeated Modes
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Figure 15-24. Use of MSC Bit With Repeated Modes
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15.7.5 Sample Timing Considerations

The A/D converter uses the charge redistribution method. Thus, when the
inputs are internally switched to sample the input analog signal, the switching
action causes displacement currents to flow into and out of the analog inputs.
These current spikes or transients occur at the leading and falling edges of the
sample pulse, and usually decay and settle before causing any problems
because typically the external time constant is less than that presented by the
internal effective RC. Internally, the analog inputs see an effective maximum
nominal RC of a 30 pF (C-array) capacitor in series with a 2-kQ resistor (Rgp
of switches). However, if the external dynamic-source impedance is large,
then these transients may not settle within the allocated sampling time to
ensure 12 bits of accuracy.

It is imperative that the proper sample timing be used for accurate
conversions. The next section discusses how to calculate the sample timing.

15.7.5.1 Simplified Sample-Timing Analysis

Using the equivalent circuit shown in Figure 15-25, the time required to charge
the analog-input capacitance from 0 to VS within 1/2 LSB can be derived as
follows.

Figure 15-25. Equivalent Circuit

MSP430
| V| = Input voltage at pin Ax
R \‘/ n Vg= External driving-source voltage
Vs ' Ve Rg = Source resistance (must be real at input frequency)
\ r; = Input resistance (MUX-on resistance)
‘ i Ci C; = Input capacitance

| V= Capacitance-charging voltage

The capacitance-charging voltage is given by:

- _ _—tc 1
Ve = Vgl L EXP(Rt > Ci) 1)

Where:
Ri=Rg + Z;
tc = Cycle time

The input impedance Z;is ~1 kQ at 3.0 V, and is higher (~ 2 kQ) at 1.8 V. The
final voltage to 1/2 LSB is given by:

\Y
—v.|—S 2
Ve (1/2LSB) = Vg (8192) (2)
Equating equation 1 to equation 2 and solving for cycle time tc gives:
\Y,
-S| - _ _-tc 3
Vs (8192) Vs|t EXP(Rtx ci) )
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and the time to charge to 1/2 LSB (minimum sampling time) is:
tch(1/2 LSB) = Rt x Cj x In(8192)

Where:
In(8192) = 9.011

Therefore, with the values given, the time for the analog input signal to settle
is:

tch(1/2 LSB) = (Rg + 1 kQ) x C; x 9.011 (4)
This time must be less than the sampling time.

If the pulse-sampling mode is used, the maximum ADC12CLK frequency is:

max[f(ADC12CLK)] = %(517'%88) (5)
C

This frequency must not exceed the maximum ADC12CLK frequency
specified in the data sheet.

15.8 ADC12 Control Registers

Five control registers, sixteen conversion-memory registers, and sixteen
conversion-memory control registers are used to configure the ADC12:

Register Short Form Register Type Address Initial State
ADC control register 0 ADC12CTLO Read/write 01A0h Reset with POR
ADC control register 1 ADC12CTL1 Read/write 01A2h Reset with POR
ADC interrupt flag register ADC12IFG Read/write 01A4h Reset with POR
ADC interrupt enable register ADC12IE Read/write 01A6h Reset with POR
ADC interrupt vector word ADC12IV Read 01A8h Reset with POR
ADC memory 0 ADC12MEMO 0140h

to Read Unchanged
ADC memory 15 ADC12MEM15 015Eh
ADC memory control 0 ADC12MCTLO 080h

to Read Reset with POR
ADC memory control 15 ADC12MCTL15 08Fh

Note: All registers may be accessed by any instruction subject to register-access restrictions.
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15.8.1 Control Registers ADC12CTLO and ADC12CTL1

All control bits of ADC12CTLx are reset during POR. Most of the control bits
in registers ADC12CTLO, ADC12CTL1, and ADC12MCTLx can only be

modified if ENC is reset. These bits are marked |:| All other bits can

be modified at any time.

The control bits of control register ADC12CTLO and ADC12CTL1 are:

15 8 7 0
T T T T T T
ADC12CTLO REF [ ADC12| ADC12| ADC12 ADC12
SHT1 SHTO MSC | 2 5V ON ON OVIE | ToviE ENC g
01A0h 1 1 1 1 1 1

w—(0) rw—0) rw—0) rw—(0) rw—0) rw—0) rw—0) rw—(0) rmw—0) rw—0) rw—(0) rw—0) rw—0) rw—0) rw—(0) rw—(0)

ADC12SC bit0 Sample and convert. The ADC12SC bit can be used to control the
conversion with software if ENC is set. It is recommended to have ISSH=0.
If the sampling signal SAMPCON is generated by the sampling timer
(SHP=1), changing the ADC12SC bit from O to 1 starts the sample-and-
conversion operation. When the A/D conversion is complete (BUSY=0) the
ADC12SC bit is automatically reset.

If the sample signal is directly controlled by ADC12SC (SHP=0), then the
high level of the ADC12SC bit defines the sample time. The conversion
starts once it is reset.

All automatic-sequence functions (CONSEQ={1,2,3}) and multiple sample-
and-conversion functions (MSC=1) are executed normally. Therefore, when
using ADC12SC the software must ensure that the frequency of the timing
of the ADC12SC bit meets the applicable timing requirements.

NOTE: The start of a conversion by software (SHS=0, in ADC12CTL1) is
possible by setting both ENC and ADC12SC control bits within one
instruction.

ENC bitl Enable conversion. The software (via ADC12SC) or external signals can
start a conversion only if the enable-conversion bit ENC is high. Most of the
control bits in ADC12CTLO and ADC12CTL 1, and all bits in ADCMCTL.x
may be changed only if ENC is low.

0 : No conversion can be started. This is the initial state.
1 : The first sample and conversion starts with the first rising edge of the
SAMPCON signal. The selected operation proceeds as long as ENC is set.

CONSEQ=0, ADC12BUSY=1, ENC=1- 0:
Inthis mode, if ENC is reset, the current conversion isimmediately stopped.
The conversion results are unpredictable.

CONSEQ#0, ADC12BUSY=x, ENC=1- 0:

In these modes, if ENC is reset, the current conversion or sequence is
completed and the conversion results are valid. The conversion activities
are stopped after the current conversion or sequence is completed.
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ADCI12TOVIE bit2 Conversion-time-overflow interrupt enable.

The timing overflow happens if another sample-and-conversion is
requested while the current conversion is not completed. This is
independent of the conversion modes selected by CONSEQ. If the timing
overflow vector is generated and the timing overflow interrupt enable flag
ADC12TOVIE and the general interrupt enable bit GIE are set, an interrupt
service is requested. There is no individual interrupt flag. See the ADC12
Interrupt Vector Register ADC121V section for more information on ADC12
interrupts.

ADC120VIE bit3 Overflow-interrupt enable. Individual enable for the overflow-interrupt
vector.
The overflow happens if a conversion result is written into an ADC memory
ADC12MEMX but the previous result was not read. An interrupt service is
requested if the overflow vector is generated, the overflow-interrupt-enable
flag ADC120VIE is set, and the general-interrupt-enable bit GIE is set.
There is no individual interrupt flag. See the ADC12 Interrupt Vector
Register ADC12IV section for more information on ADC12 interrupts.

ADC120N bit4 Turn onthe 12-bit ADC core. Settling-time constraints must be met when the
ADC12 core is powered up.

0: Power consumption of the core is off. No conversion will be started.
1: ADC core is supplied with power. If no A/D conversion is needed,
ADC120N can be reset to conserve power.

REFON bit5 Reference voltage ON.

0: The internal-reference voltage is switched off. No power is consumed
from the reference-voltage generator.

1. The internal-reference voltage is switched on. The reference-voltage
generator consumes power. When the reference generator is switched
on, the settling time of the reference voltage must be completed before
the first sampling and conversion is started.

2 5V bit6 Reference-voltage level.

0: The internal reference voltage is 1.5V, if REFON = 1.
1: The internal reference voltage is 2.5V, if REFON = 1.

MSC bit7 Multiple sample and conversion. Valid only when the sample timer is
selected to generate the SAMPCON signal (SHP=1) and the A/D mode is
chosen as repeat-single-channel, sequence-of-channel or repeat-
sequence-of-channels (CONSEQz=0).

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-conversion are performed automatically as soon as
the prior conversion is completed—without additional rising edges of
SHI. Additional rising edges of SHI are ignored until the sequence has
completed or the ENC bit has been toggled (depending on mode).
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bits Sample-and-hold Time0. These bits define the sample timing for
8-11 conversions whose results are stored in conversion-memory registers
ADC12MEMO to ADC12MEM?7.
The sample time is a multiple of the ADC12CLK x 4:
tsample = 4 X tapc12CLK X N
SHTO|O |1 |2 |3 |4 |56 |7 ([8]9 |10 |11 |12-15
n 112|418 1]16|24 (32|48 |64 |96 |128|192 | 256
bits Sample-and-hold Timel. These bits define the sample timing for
12-15 conversions whose results are stored in conversion-memory registers
ADC12MEMS8 to ADC12MEM15.
The sample time is a multiple of the ADC12CLK x 4:
tsample = 4 X tapDc12CLK X N
SHT1 |0 |1 |2 |3 |4 |5]|6 |7 (8]9 |10 |11 |12-15
n 112|418 ]16|24 (32|48 |64 |96 |128|192 | 256
15 8 7 0
| | | [ | | | |
CSStartAdd SHS SHP ISSH ADC12DIV ADC12SSEL CONSEQ ’;Ducslf
| | | | | | | |
w—0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) w—0) rw—(0) rw—(0) w—0) rw—(0) rw—0) rw—0) r —0)

ADC12BUSY bit0

CONSEQ

bits
1-2

The ADC12BUSY bit indicates an active sample or conversion operation. It
is used specifically when the conversion mode is single-channel-
single-conversion, because if the ENC bit is reset in this mode, the
conversion stops immediately and the results are invalid. Therefore, the
ADC12BUSY bhit should be tested to verify that it is 0 before resetting the
ENC bit when in single-channel-single-conversion mode.

The busy bit is not useful in all other operating modes because resetting the
ENC bit does not immediately affect any other mode.

0: No operation is active.
1. A sample period, conversion or conversion sequence is active.

The CONSEQ bits select the conversion mode. Repeat mode is on if the
CONSEQ.1 is set.

0: Single-channel-single-conversion mode. One single channel is
converted once.

1: Sequence-of-channels mode. A sequence of conversions is executed
once.

2: Repeat-single-channel mode. Conversions on a single channel are
repeated until CONSEQ is setto O or 1.

3: Repeat-sequence-of-channels. A sequence of conversions is repeated
until CONSEQ is setto 0 or 1.

See also section Conversion Modes for additional information.
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ADC12SSEL

ADC12DIV

ISSH

SHP

SHS

CStartAdd
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bits
3-4

bits
5-7

bit8

bit9

bits
10-11

bits
12-15

Select the clock source for the converter core
0: ADC12 internal oscillator, ADC120SC

1: ACLK
2: MCLK
3: SMCLK

Select the division rate for the clock source selected by ADC12SSEL bits.

Oto 7: Divide selected clock source by 1 to 8
The divider’s output signal name is ADC12CLK. Thirteen of these clocks are
required for a conversion.

Invert sample-input signal.

0: The sample-input signal is not inverted.
1: The sample-input signal is inverted.

The SHP bit selects the source of the sampling signal (SAMPCON) to be
either the output of the sampling timer or the sample-input signal directly.

0: SAMPCOM signal is sourced directly from the sample-input signal.
1: SAMPCON signal is sourced from the sampling timer. The rising edge
of the sample-input signal triggers the sampling timer.

Source select for the sample-input signal.

0: Control bit ADC12SC is selected.
1. Timer_A.OUT1
2: Timer_B.OUTO
3: Timer_B.OUT1

Conversion start address CStartAdd is used to define which ADC12
conversion-memory register (ADC12MEMX) is used for a single conversion
or for the first conversion in a sequence of conversions. The value of
CStartAdd is 0 to OFh, corresponding to ADC12MEMO to ADC12MEM15.
Since there is one corresponding conversion-memory control register
(ADC12MCTLX) for each conversion-memory register (ADC12MEMX),
CStartAdd also points to the corresponding ADC12MCTLX register.

Warning: Modifying ADC Control Register During Active
Conversion

Theenable conversion control bit (ENC)inthe ADC12CTLOregister
protects most bits from modification during an active conversion.
However, some bits that are necessary for proper completion of
active conversions and interrupt enable bits can be modified
independently of ENC. The user must use caution when modifying
theses bits to ensure an active conversion is not corrupted, or to
not use corrupted data.

To avoid corrupting any active conversions, stop the conversion,
wait for the busy bit to be reset, reset the ENC bit, then modify the
control bits.
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15.8.2 Conversion-Memory Registers ADC12MEMx

There are sixteen conversion-memory registers ADC12MEMx as follows:

15 12 11 0
ADCIAME 1T T T 1T T T T T T ]
0 0 0 0 MO B o e e e e e e e e e e e e e e e LSB
0140h...015Eh I I I I I I I I I I I
ro r0 ro r0 rw rw rw rw w w w w rw w w w
ADC12MEMO, bits Conversion results. The 12-bit conversion results are right-justified and
to 0-15 the four MSBs are always read as 0.
ADC12MEM15

The ADC120V interrupt flag will be set in time to indicate that a overflow
situation occurred. Software can detect it if it reads the conversion result
and then tests for overflow condition. The corresponding interrupt flag
is reset if ADC12MEMX is accessed.

Warning : Software Write to Register ADC12MEMXx

Typically, software should not write to the conversion result
registers ADC12MEMX. If software writes to one of these registers
whilethe ADC12is attempting to write to the same register, the data
in the register will be unpredictable. If software ensures that it is
writing to aconversion result register that is not being accessed by
the ADC12, then the write completes normally and the data is
written correctly. The associated interrupt flag is reset.

15.8.3 Control Registers ADC12MCTLX

Each conversion-memory register ADC12MEMXx has its own control register
ADC12CTLx. The conversion-memory registers hold the conversion results,
and the control register for each conversion-memory register selects basic
conversion conditions such as selecting the analog channel, the reference
voltage sources for VR4 and Vg_, and indicating the end of a sequence.

All control bits in ADC12CTLx are reset during POR (see Chapter 3 for POR
details). The control registers ADC12MCTL.x can be modified only if the
enable conversion control bit ENC is reset. Any instruction that writes to an
ADC12MCTL register while the ENC bit is set will have no effect.
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7 0

ADC12MCTLx ' '

EOS Sref, source of reference INCH, input channel a0 to a1l
080h...08Fh 1 1
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)

INCH, bits 0-3 The INCH (input channel) bits select one of eight external, or one of four internal

analog signals for conversion.

0-7: altoa7

8: VeRE|:+

9: VREF—/VeREFf

10: Temperature diode

11-15: (AVCC - AVSS) /2

Note: Selecting channel 10 automatically turns on the on-chip reference
generator for a voltage source for the temperature diode. However, it
does not enable the VRgE+ output or effect the reference selections for
the conversion.

Sref, bits4—6 The Sref bits select one of six reference voltage combinations used for
conversion. The conversion is done between the selected voltage range Vi+
and VRr_.

0: VR+ = AVCC and VR— = AVSS
1 VR+ = VREF+ and VR— = AVSS
2,3: VR+ = VeRE,:+ and VR— = AVSS
4: VR+ = AVcc and VR_ = VRep_/ VEREF-
5: VR+ = VREp+ and Vr_ = VRer_/ VeRep—
6,7: VR+ = VeRE|:+ and VR— = VREFJ VeREF_
EOS, bit7 The end-of-sequence bit, when set, indicates the last conversion in a sequence
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of conversions.

Note: A sequence will roll over from ADC12MEM15/ADC12MCTL15 to
ADC12MEMO/ADC12MCTLOifthe EOS bitin ADC12MCTL15 is not set.

Note: If none of the EOS bits is set and a sequence-of-channels
(CONSEQ={1,3}) is selected, resetting the ENC bit will not stop the
sequence. To stop the sequence, first select a single-channel mode
(CONSEQ={0,2}) and then reset ENC. See also the ENC bit description.
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15.8.4 ADC12 Interrupt Flags ADC12IFG.x and Interrupt-Enable Registers

ADCI12IEN.x
There are 16 ADC12IFG.x interrupt flags, 16 ADC12IE.x interrupt enable bits,
and one interrupt vector word. The interrupt flags and enable bits are
associated with the 16 ADC12MEMX registers.
All interrupt flags and interrupt-enable bits are reset during POR.
15 0
ADCI12IFG
ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC
0184h IFG.15 ||FG.14 [IFG.A3 [IFG.12 [IFG.11 |IFG.10 | IFG.9 | IFG8 | IFG7 [ IFG6 [IFG5 |[IFG4 | IFG3 | IFG2 | IFG1 | IFG.0

w—(0) rw—(0) rw-(0) rw—(0) mw—0) rw—0) rw—0) rw—0) rw—0) rw—(0) rw—(0) rw—-(0) rw—(0) rw—(0) rw—0) rw—(0)

ADC12IFG.x,

15

bits 0-15 The ADCI12IFG.x interrupt flag is set if a conversion-result register

ADC12MEMXx is loaded with the result of a conversion. The range for x
is 0 to 15.

The interrupt flags are reset if their corresponding ADC12MEMXx
conversion-result register is accessed. To enable correct handling of
overflow conditions, they are not reset by accessing the interrupt vector
word ADC12IV. The overflow condition exists if another conversion result
is written to ADC12MEMx and the corresponding ADC12IFG.x is not
reset.

0

ADCI12IE 5c

01A6h IE.15

ADC
IE.14

ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC ADC
IE13 IE.12 IE.11 IE.10 IE.9 IE.8 IE.7 IE.6 IE5 IE4 IE.3 IE.2 IE.1 IE.0

w—(0) rw—0) rw—(0) rw—(0) rw—(0) rw—0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—0) rw—(0)

ADCI12IE.x, bits 0-15 The ADCI12IE.x interrupt-enable bit enables or disables the interrupt-

reguest service generated if the corresponding interrupt flag ADC12IFG.x
is set. The range for x is 0 to 15.

15.8.5 ADC12 Interrupt Vector Register ADC12IV

The 12-bit ADC has one interrupt vector to assist the handling of the 18
possibleinterruptflags. Each of the 18 interrupt flags is prioritized and a unique
vector word is generated according to the highest-pending interrupt. The
priorities and corresponding vector-word values are shown in Table 15-3.
Overflow flag ADC120VIFG has the highest priority, followed by timing-
overflow flag ADC12TOVIFG, and then by the interrupt flags for each
conversion-memory register ADC12IFG.0 to ADC12IFG.15.

The highest-pending interrupt flag generates a number from 0 (no interrupt is
pending) to 36. This encoded number can be added to the program counter
to automatically enter the software routine for handling each specific interrupt
(see software example, section 15.8.5.1.

An interrupt request is immediately generated if an interrupt flag is pending
(ADC12IVz0), if the corresponding interrupt enable bit (ADC120VIE,
ADCI12TOVIE, or ADC12IE.x) is set, and if the general interrupt enable bit GIE
is set. When an interrupt request is generated, the service is requested by the
highest-priority interrupt that is enabled.
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Table 15-3.ADC12lV Interrupt-Vector Values

It is important to note that ADC120VIFG and ADC12TOVIFG are reset
automatically when either is the highest pending interrupt and the ADC12IV
register is accessed. For example, if both are pending simultaneously,
ADC120VIFG will be reset automatically with the first access of ADC121V, and
ADC12TOVIFG will be reset automatically with the next access to the
ADCI12IV (assuming ADC120VIFG was not set again). However, flags
ADC12IFG.x must be reset by software or reset by accessing the
corresponding conversion-memory register ADC12MEMX.

Also note that the flags ADC120VIFG and ADC12TOVIFG can not be ac-
cessed by software. They are visible only via the interrupt vector word

ADC12|V data.

ADC Interrupt Flags ADC12IFG

ADC12TOV | ADC120V ADC12IV

15(14 (13|12 (11 (10| 9 | 8 [ 7 6 | 5| 4

ojojojojojojofofo]JO]|]O]O 0 0 0

X X X X X X X | X X X X X X 1 2

X [ x| x| x| x| x| x| x|[x]x|[x]X 1 0 4

X [ x| x| x| x| x| x| x|[x]x|[x]X 0 0 6

X [ x | x| x| x| x| x]|x|[x]|]Xx|XxX]|X 0 0 8

X i1/0(0)]OjJO|O]J]OfO)JO]|O]|O 0 0 34

1 ojofofojojojojofojojo 0 0 36
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Note: Writing to Read Only Register ADC12IV

When a write to vector word register ADC12|V occurs, the highest-pending
interrupt flag is reset. Therefore, the interrupt event is missed.
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15.8.5.1 ADC Interrupt Vector Register, Software Example

The following software example shows the use of vector word ADC121V and
the associated software overhead. The numbers at the right margin show the
cycles required for every instruction. The example shows a basic interrupt
handler structure that can be adopted to individual application requirements.

The software overhead for the different interrupt sources, including interrupt
latency and return-from-interrupt cycles (but not the task handling itself), is:

(O ADC12IFG.0 to ADC12IFG.14, ADC120V 16 cycles

0 ADC12IFG.15 14 cycles

; Interrupt handler for the 12-bit ADC.

; The flag, which is enabled and has the highest priority,
; determines the interrupt vector word and is reset by
; hardware after accessing (instruction
; ADD &TADC12|V, PC). Flags ADC120V, ADC12TOV, and
ADC12| FG x are reset by hardware.

ADC HND % ; Interrupt |atency

6
ADD&ADC12| V, PC ; Add offset to Junp table 3
RETI ; Vector 0: No interrupt 5
JVP ADC120V : Vector 2: ADC overfl ow 2
JVP ADC12TOV ; Vector 4: ADC timnming overflow 2
JMP ADC12MODO ; Vector 6: ADCL2MEMD was | oaded
...................... ; (ADC12I FG 0) 2
JMP ADC12MOD1 : Vector 8: ADCI2MEML was | oaded
...................... ; (ADC12I FG 1) 2
JMP ADC12MOD13 ; Vector 34: ADC12MEML4 was | oaded
; (ADC12I FG 14) 2
JMP ADC12MOD14 : Vector 36: ADC12MEML5 was | oaded
; (ADC12l FG 15) 2

; Modul e 15. Handl er for ADC12l FG 15 starts here. Note a JWP
; instruction is not needed to get here because the PCis

; already here after the ADD&ADCL2IV, PC i nstruction.

ADC120V ; Vector 2: ADCl20V Fl ag
: First instruction to handl e ADC12
; overflow condition
RETI 5
ADC12TOV ... ; Vector 4: ADCL20V Fl ag
; First instruction to handl e ADCl12 tim ng
; overflow condition
RETI 5
ADC12MOD2

;. Vector 10: ADC12MEMR was | oaded
; (ADC12I FG 2)

MOV &ADC12MEMR, R6; ADCl2I FQ2 is reset due to access
; of ADC menory

: Task starts here

ADC12 15.39



ADC12 Control Registers

RETI ; Back to main program 5

ADC12MOD1 ; Vector 8: ADCI2MEML was | oaded
: (ADCL2I FG 1)

ADD&ADCI12MEML, R6; ADCl121 FGlL is reset due to access
; of ADC nenory

; Task starts here
RETI ; Back to main program 5
The Modul e 3 handler shows a way to ook if any other
;interrupt is pending: 5 cycles have to be spent, but 9 cycles
may be saved if another interrupt is pending
ADC12MODO ; Vector 6: ADC12MEMD was | oaded
: (ADCl12I FG. 0)

: First instruction to be executed X
Task starts here

JMPADC12 HND ; Wth this instruction the software
; does not |leave the handler; it |ooks

for pending ADCl2 interrupts 2

. SECT "VECTORS', OFFF4h ; Interrupt Vectors

.WORD ADC12_HND ; Vector for 12-bit ADC interrupt
; flags and overfl ow

Note: Basic Clock System

If the CPU clock MCLK is turned off (CPUOff=1), then two or three additional
cycles need to be added for synchronous start of the CPU system. The delta
of one clock cycle is caused when clocks are asynchronous to the restart of
CPU clock MCLK.
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15.9 A/D Grounding and Noise Considerations

As with any high-resolution converter, care and special attention must be paid
to the printed-circuit-board layout and the grounding scheme to eliminate
ground loops and any unwanted parasitic components/effects and noise.
Industry-standard grounding and layout techniques should be followed to
reduce these unwanted effects.

Ground Loops are formed when return current from the A/D flows through
paths that are common with other analog or digital circuitry. If care is not taken,
this current can generate small, unwanted offset voltages that can add to or
subtract from the reference or input voltages of the A/D converter. One way
to avoid ground loops is to use a star connection scheme for AVgg (shown in
Figure 15-26). This way the ground current or reference currents do not flow
through any common input leads, eliminating any error voltages.

In addition to grounding, ripple and noise spikes on the power supply lines due
to digital switching or switching power supplies can corrupt the conversion
result. The ripple can become more dominant by reducing the value of the
conversion voltage range (Vr+— VR_), therefore reducing the value of the LSB
and the noise margin. Thus a clean, noise-free setup becomes even more
important to achieve the desired accuracy. Adding carefully placed bypass
capacitors returned to the respective ground planes can help in reducing ripple
in the supply current and minimizing these effects.

Figure 15-26. A/D Grounding and Noise Considerations
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Chapter 16

ADC10

The ADC10 10-bit analog-to-digital converter is a high-speed, versatile ana-
log-to-digital converter implemented on the MSP430x11x2. This chapter dis-
cusses the ADC10 and how to use it.
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Introduction

16.1 Introduction

The ADC10 10-bit analog-to-digital converter (shown in Figure 16—1) has four
main functional blocks that can be individually configured and optimized:

[0 ADC core with sample-and-hold

(O Reference voltage and configuration

[ Conversion clock source select and control
[0 Sample timing and conversion control

Figure 16-1. ADC10 Schematic
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The ADC10 can convert one of eight external analog inputs, or one of four
internal voltages. The four internal channels are used to measure temperature
(via on-chip temperature diode), Vcc (via Vcc/2), and the positive and negative
references applied on Vergg+ and VRer_/VeReE-.

The ADC10 can use its internal reference, or it can use external reference(s)
or a combination of internal and external reference-voltage levels.

The ADC10 has versatile sample-and-hold circuitry. One sample takes four
ADC10CLKs and can be triggered by software (ADC10SC) or by any one of
the three signals ADC10I1, ADC10I2, or ADC10I3. Typically, the internal
timing signals come from other MSP430 timers such as Timer_A.
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As with sample timing, users have several choices for the ADC10 conversion
clock. The ADC10 conversion clock may use ACLK, MCLK, or SMCLK, or may
be selected from a dedicated oscillator contained in the ADC10 peripheral.
Also, the chosen clock source may be divided by any factor from 1 to 8.

The ADC10 has four operating modes. It can be configured to perform a single
conversion on a single channel, or multiple conversions on a single channel.
The ADC10 can also be configured to perform conversions on a sequence-of-
channels, running through the sequence once, or repeatedly.

The conversion result is stored in register ADC10MEM.
Some key and unique features of the ADC10 are:
(1 200-ksps maximum conversion rate

[d 10-bit converter with £1LSB differential nonlinearity (DNL) and +1LSB
integral nonlinearity (INL)

Built-in sample-and-hold
On-chip, dedicated RC oscillator
Integrated sensor for temperature measurement

Ten analog inputs (two shared with external reference input)

I N N A AN

Four internal channels for conversion of temperature, AV¢, and external
references

(]

On-chip reference voltages: 1.5 V or 2.5V, selected by software

Selectable internal or external sources for both positive and negative
reference-voltage levels (selectable for each channel independently)

L

(1 Conversion clock source, ADC100SC (RC-oscillator in ADC10), ACLK,
MCLK, or SMCLK

[ Versatile conversion modes including single-channel, repeated single-
channel, sequence, and repeated sequence.

1 One register (buffer) loaded after each conversion with the conversion
result.

(1 ADC core and reference voltage powered down separately

ADC10
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16.2 ADC10 Description and Operation

16.2.1 ADC Core

The ADC core (shown in Figure 16—2) converts the analog input to its 10-bit
representation and stores the results in the ADC10MEM register. The core
uses two programmable/selectable voltage levels (Vr+ and VR_) to define the
upper and lower limits of the conversion range, and to define the full-scale and
zero-scale readings. The digital output is full scale when the input signal is
equal to or higher than VR, and zero when the input signal is equal to or lower
than VR_. The input channel and the reference voltage levels (Vr+ and VR_)
are defined in the conversion-control memory. The conversion formula is:

Vin -V
Vv

R—

N
R+ VR—

ADC = 1023 x

Figure 16—2. ADC Core, Input Multiplexer, and Sample-and-Hold
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Caution! ADC10 Turnon Time

When the ADC10 is turned on with the ADC100N bit, the turnon
time noted in the data sheet (t apc100N)) must be observed before
a conversion is started. Otherwise, the results will be false.
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16.2.2 Reference

The ADC10 A/D converter contains a built-in reference with two selectable
reference-voltage levels (1.5 V and 2.5 V). Either of these reference voltages
may be applied to VR of the A/D core and also may be available externally on
pin VReE+ (check device data sheet for availability of Vg pin). Additionally,
an external reference may be supplied for Vg through pin Vegrgg+ (check data
sheet for availability of Vergg+ pin).

The reference-voltage level for Vgr_ can be selected to be AVgg or may be
supplied externally throughthe VRep_/Vergg_ pin (check device data sheet for
VREp_/Vergr_ pin). If the VRep_/VeRgE_ pin is not available, then Vr— is
connected to AVgs.

Configuration of the reference voltage(s) is done with the Sref bits (bits 13, 14,
and 15) in the ADC10CTLO register. Up to six combinations of positive and
negative reference voltages are supported as described in Table 16-1.

If only external references are used, the internal-reference generator can be
turned off with the REFON bit to conserve power.

Table 16—1.Reference Voltage Configurations

Sref Voltage at VR4 Voltage at Vr_
0 AVee AVgg
1 VREE+ (internal) AVSS
2,3 Vergg+ (external) AVgg
4 AVce VREep-/ VeReg- (internal or external)
5 VREF+ (internal) VREep-/ VeReg- (internal or external)
6,7 Vereg+ (external) VREpF-/ VeRep- (internal or external)

The voltage levels VR, and VRi_ establish the upper and lower limits of the
analog inputs to produce a full-scale and zero-scale reading, respectively. The
values of VR, VR_, and the analog input should not exceed the positive supply
or be lower than AVgg, consistent with the absolute maximum ratings specified
in the device data sheet. The digital output is full scale when the input signal
is equal to or higher than VR, and zero when the input signal is equal to or
lower than Vg_.

Warning! Reference Voltage Settling Time

When the built-in reference is turned on with the REFON bit, the
settling timing noted in the data sheet must be observed before
starting aconversion. Otherwise, the results will be false until the
reference settles. Once all internal and external references have
settled, no additional settling time is required when selecting or
changing the conversion range for each channel.

ADC10
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16.3 Analog Inputs and Multiplexer

16.3.1 Analog Multiplexer

One of eight external analog input channels, two external analog inputs shared
with reference voltage inputs, and two internal signals can be selected by the
analog multiplexer as the channel for conversion. Channel selection is made
using INCH bits in register ADC10CTL1 for single channel conversions. When
in a sequence mode, the INCH bits select the first channel of the sequence.
The input multiplexer is a break-before-make type (shown in Figure 16-3) to
reduce input-to-input noise injection resulting from channel switching. The
input multiplexer is also a T-switch to minimize the coupling between channels.
Channels that are not selected are isolated from the A/D and the intermediate
node is connected to analog ground (AVgg) so that the stray capacitance is
grounded to help eliminate crosstalk.

Figure 16-3. Analog Multiplexer Channel

16-6

R~ 100 Q ADC10CTL1.12..15

L T

L

ESD protection

L

Crosstalk can exist because there is always some parasitic coupling
capacitance across the switch and between switches. This can take several
forms, such as coupling from the input to the output of an off switch, or coupling
from an off analog input channel to the output of an adjacent on channel. For
high-accuracy conversions, crosstalk interference should be minimized by
shielding and other well-known printed-circuit board (PCB) layout techniques.
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16.3.2 Input Signal Considerations

During sampling, the analog input signal is applied to the internal capacitor
array of the A/D core. Therefore, the charge of the capacitor array is supplied
directly by the source. The capacitor array has to be charged completely
during the sampling period. Therefore the external source resistances,
dynamic impedances, and capacitance of the capacitor array must be
matched with the sampling period so the analog signal can settle to within
10-bit accuracy.

Additionally, source impedances also affect the accuracy of the converter. The
source signal can drop at the input of the device due to leakage current or
averaged dc-input currents (due to input switching currents). For a 10-bit
converter, the error in LSBs due to leakage current is:

Error(LSBs) = 1024 x (MA of leakage current) x (kQ of source
resistance)/(Vgr+ — VR_)

For example, a 50-nA leakage current with a 10-kQ source resistance and a
1.5-V VREEp gives 1/3 LSBs of error.

These errors due to source impedance also apply to the output impedance of
any external-voltage reference source applied to Verggp+. The output
impedance must be low enough to enable the transients to settle within
0.2/ADC10CLK and generate leakage current induced errors of <<1 LSB.

See the Sampling section for more details on sample timing and sampling
considerations.

16.3.3 Using the Temperature Sensor

To use the on-chip temperature sensor, the user simply selects the analog
input channel to 10.

Selecting the diode channel automatically turns on the on-chip reference
generator (see Figure 16-1) as a voltage source for the temperature diode.
However, it does not enable the VR gg+ output or affect the reference selections
for the conversion; so, reference selections are the same as with any other
channel.

The conversion can start after the required settling time. See the device data
sheet for the temperature sensor specifications.

Note: Offset Error of the Temperature Diode

The offset error of the temperature diode can be large (see the device data
sheet) and may require calibration to be used in an application.
L
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16.4 Conversion Modes

The ADC10 has four conversion modes:

(1 Single-channel, single-conversion

[ Single-channel, repeated-conversions

[ Sequence-of-channels, single-sequence
(O Sequence-of-channels, repeated-sequence

Each mode is summarized in Table 16—-2 and described in detail in the follow-
ing sections.

Table 16—2.Conversion-Modes Summary

CONVERSION MODE

CONSEQ OPERATION

Single channel

00 Single conversion on channel selected by INCH bits

Sequence-of-channels

01 A sequence-of-channels is converted. The sequence starts with the channel se-
lected by the INCH bits. Each channel from A(INCH) down to A0 is converted
once.

Repeat single channel

10 The conversion of channel A(INCH) is repeated until repeat is off or ENC is reset

Repeat sequence-of-
channels

11 The conversion of a sequence-of-channels is repeated until repeat is off or ENC is
reset. The sequence starts with A(INCH) and ends at AO.

16.4.1 Single-Channel, Single-Conversion Mode

16-8

The single-channel mode converts the channel selected by the INCH bits
once. When the conversion is complete, the conversion result is stored in
register ADC10MEM and the interrupt flag ADC10IFG is set. If the interrupt
enable is set, an interrupt request is generated.

The conversion may be stopped immediately by resetting the enable-
conversion bit (ENC, located in ADC10CTLO), but the conversion results will
be unreliable, or the conversion may not be performed.

When software is using the ADC10SC bit to initiate conversion, successive
conversions can be initiated by simply setting the ADC10SC bit (the ENC bit
can remain set or may be set at the same time as ADC10SC). However, when
any other trigger source (ADC1011, ADC10I2, or ADC10I3) is being used to
start conversions, the ENC bit must be toggled between each conversion. All
additional incoming sample-input signals will be ignored until the ENC bit is
reset and set again.

The conversion mode may be changed after the conversion begins but before
ithas completed, and the new mode will take effect after the current conversion
has completed. See also the Switching between Conversion Modes section.

Figure 16—4 illustrates the single-channel, single-conversion mode.
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Figure 16—4. Single-Channel, Single-Conversion Mode
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16.4.2 Sequence-of-Channels Mode

The sequence-of-channels mode converts a sequence of channels beginning
with A(INCH) down to AO. The sequence stops after the conversion result of
A0 is loaded into ADC10MEM. Each conversion result is stored in register
ADCI10MEM each time a conversion is completed. The interrupt flag
ADCI10IFG is set each time register ADC10MEM is loaded. Additionally, If the
interrupt-enable flag ADC10IE is set, an interrupt request is generated.
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When software is using the ADC10SC bit to initiate a sequence, successive
sequences can be initiated by simply setting the ADC10SC bit (the ENC bit can
remain set or may be set at the same time as ADC10SC). However, when any
other trigger source (ADC1011, ADC10I2, or ADC10I3) is being used to start
a sequence, the ENC bit must be toggled between each sequence. All
additional incoming sample-input signals will be ignored until the ENC bit is
reset and set again.

The conversion mode may be changed after the conversion begins but before
it has completed, and the new mode will take effect after the current sequence
has completed. See also the Switching between Conversion Modes section.

If the conversion mode is changed after the sequence begins but before it has
completed and the ENC bit is left high, the sequence completes normally, and
the new mode takes effect after the sequence completes, unless the new
mode is single-channel single-conversion. If the new mode is single-channel
single-conversion, the current sequence-of-channels stops proceeding when
no sample-and-conversion is active, or after an active sample-and-conversion
is completed. The original sequence may not be completed, but all completed
conversion results are valid. See also the Switching Between Conversion
Modes section.

If the conversion mode is changed after the sequence begins but before it has
completed and the ENC bit is toggled, then the original sequence completes
normally and the new mode takes effect and is started after the original
sequence completes—unless the new mode is single-channel single-
conversion. If the new mode is single-channel single-conversion, then the
original sequence stops when no sample-and-conversion is active, or after an
active sample-and-conversion is completed, or when the ENC bit is reset,
whichever comes first. Then, the single conversion begins when the ENC bit
is set again. See also the Switching Between Conversion Modes section.

An active sequence may be stopped immediately by selecting single-channel
single-conversion mode (reset CONSEQ.1 bit) and then resetting the
enable-conversion bit ENC. The data in register ADC10MEM is unpredictable
and the interrupt flag ADC10IFG may or may not be set. This is generally not
recommended but may be used as an emergency exit.
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Figure 16-5 illustrates the sequence-of-channels mode.

Figure 16-5. Sequence-of-Channels Mode
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16.4.3 Repeat-Single-Channel Mode

The repeat-single-channel mode is identical to the single-channel mode,
except that conversions are repeated on the chosen channel until stopped by
software. The conversion result is stored in register ADC10MEM each time a
conversion is completed. The interrupt flag ADC10IFG is set each time
register ADC10MEM is loaded. Additionally, if the interrupt-enable flag
ADCI10IE is set, an interrupt request is generated.

The conversion mode may be changed without first stopping the conversions.
When this is done, the new mode takes effect after the current conversion
completes (see also the Switching Between Conversion Modes section).
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There are three ways to stop repeated conversions on a single channel:

1)

2)

3)

Select single-channel mode instead of repeat-single-channel mode with
the CONSEQ bits. When this is done, the current conversion is completed
normally, the result is loaded into ADC10MEM, and interrupt flag
ADCI10IFG is set.

Reset the ENC bit (ADC10CTLO.1) to stop conversions after the current
conversion is completed. Again, the result is loaded into ADC10MEM and
the associated interrupt flag ADC10IFG is set.

Select single-channel mode instead of repeat-single-channel mode and
then reset the enable-conversion bit (ENC). When this is done, the current
conversion stops immediately. However, the data in memory register
ADCI10MEM is unpredictable and interrupt flag ADC10IFG may or may
not be set. This method is generally not recommended.
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Figure 16-6 illustrates the repeat-single-channel mode.

Figure 16—6. Repeat-Single-Channel Mode

CONSEQ =2

ADCI100N =1
ENC = 4

X = INCH
Wait for Enable

SHS =0
and

ENC=1or &

and

ADC10SC = 4 Wait for Trigger

SAMPCON =
4 ENC =0
<4 x ADC10CLK

Sample,
Input Channel Ax,
Use 4 x ADC10CLK

K

<10 x ADC10CLK
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Conversion
Completed,
Result to ADC10MEM,
ADCI10IFG Is Set

16.4.4 Repeat-Sequence-of-Channels Mode

The repeat-sequence-of-channels mode is identical to the sequence-of-
channels mode, except the sequence is repeated continuously until stopped
by software. Each time a conversion is completed, the results are loaded into
register ADC10MEM and interrupt flag ADC10IFG is set. Additionally, If the
interrupt-enable flag ADC10IE is set, an interrupt request is generated.
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The conversion mode may be changed without first stopping the conversions.
When this is done, the new mode takes effect after the current sequence
completes, except when the new mode is repeat-single-channel. In this case,
the sequence does not complete and the new mode takes effect immediately
(see also the Switching Between Conversion Modes section).

There are four ways to stop repeat-sequence-of-channels conversions:

1) Select sequence-of-channels mode (CONSEQ = 1) instead of repeated
sequence-of-channels mode (CONSEQ = 3). When this is done, the
current sequence of conversions is completed normally and no further
conversions take place. The conversion result is loaded into register
ADC10MEM and interrupt flag ADC10IFG is set.

2) Reset bit ENC (ADC10CTLO0.1). This stops the conversions after the
current sequence is completed. The conversion result is stored in register
ADC10MEM and interrupt flag ADC10IFG is set.

3) Select repeat-single-channel mode (CONSEQ = 2) instead of the repeat-
sequence-of-channel mode, and then select single-channel mode. The
current conversion is completed normally. The current conversion result
is loaded into register ADC10MEM and interrupt flag ADC10IFG is set.

4) Select single-channel mode (CONSEQ = 0) and reset enable-conversion
bit ENC. The current conversion is stopped immediately. The data in
memory register ADC10MEM is unpredictable and interrupt flag
ADC10IFG may or may not be set. This method is generally not
recommended.
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Figure 16-7 illustrates the repeat-sequence-of-channels mode.

Figure 16—7. Repeat-Sequence-of-Channels Mode
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16.4.5 Switching Between Conversion Modes

Changing the mode of operation of the ADC10 while the converter is not
actively running is done simply by selecting the new mode of operation with
the CONSEQ bits. However, if the conversion mode is changed while the
converter is actively running, intermediate and undesirable modes can be
accidentally selected if both CONSEQ bits are changed in a single instruction.
Therefore, the following mode changes should be avoided while the converter
isrunning:0 - 3,1 - 2,2 - 1,and3 - 0.
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16.4.6 Power Down
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The intermediate modes are caused by the asynchronous clocks for the CPU
and the ADC10. These intermediate modes can be avoided simply by
changing only one CONSEQ bit per instruction. For example, to change from
mode 0 to mode 3 while the converter is actively running, the following
instructions could be used:

Bl S #CONSEQ 0, &ADC10CTL1 ; Example: 0 - 3, first
................................ ; stepis 0 - 1
Bl S #CONSEQ_ 1, &ADC10CTL1 ... ; second step is 1 - 3

Acceptable sequence modificationsare:0 - 1,0 - 2,1 - 0,1 - 3,2 - 0,
2-.33-1,and3 - 2.

The ADC10 incorporates two bits (ADC100N and REFON) for power savings.
ADC100N turns on the A/D core and REFON turns on the reference
generator. Each bit is individually controllable by software. The ADC10 is
turned off completely if both bits are reset. Register ADC10MEM is not
affected by either of these bits and can be accessed and modified at any time
(see the ADC10 Control Registers section). Note, however, that ADC100N
and REFON may only be modified if ENC=0.

Additionally, other ADC10 functions are automatically switched on and off as
needed—if possible—to realize additional power savings—even while the
ADC10 is running.

Caution! Powering Down Active Converter

Do not power down the converter or the reference generator while
the converter is active. Conversion results will be false.

It is possible to disable the reference generator and the ADC10 by
resetting bits ADC100N and REFON before an active conversion or
sequence of conversions has completed. For example, if the
conversion mode is set to sequence-of-channels, and software
resets the ENC bit immediately after the sequence begins, the
ADC100N and REFON bits can then be reset before the sequence
completes. If this occurs, the ADC10 will be powered down
immediately and the conversion results will be false.
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Caution! Considerations Before Turning the ADC10 and Voltage
Reference On or Off.
ADC10 turnon time: when the ADC10 is turned on with the
ADCI100N bit, the turnon time noted in the data sheet (t(apc100N))
must be observed before a conversion is started. Otherwise, the
results will be false.

Reference-voltage settling Time: When the built-in reference is
turned on with the REFON bit, the settling timing noted in the data
sheet must be observed before a conversion is started. Otherwise,
the results will be false until the reference settles. Once all internal
and external references have settled, no additional settling time is
required when selecting or changing the conversion range for each
channel.

Settling time of external signals: external signals must be settled
before performing the first conversion after turning on the ADC10.
Otherwise, the conversion results will be false.

16.5 Conversion Clock and Conversion Speed

The conversion clock for the ADC10 (ADC10CLK shown in Figure 16-8) can
be selected from several sources and can be divided by any factor from 1-8.
The ADC10CLK is used for the A/D conversion and to generate the sampling
period [if pulse-sampling mode is selected (SHP=1)]. Possible clock sources
are the internal oscillator (ADC100SC), ACLK, MCLK, and SMCLK.

The internal oscillator generates the ADC100SC signal and is in the 5-MHz
range (see device data sheet for specifications). The internal-oscillator
frequency will vary with individual devices, supply voltage, and temperature.
A stable clock source should be used for the conversion clock when accurate
conversion timing is required.

Figure 16—8. The Conversion Clock ADC10CLK
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The conversion starts after the sample period (4 x ADC10CLK) is completed.
(see the Sampling section). A total of eleven conversion clocks (ADC10CLK)
are required to complete a conversion and store the resultin ADC10MEM. The
conversion time is:

tconversion = 11 X (ADC10DIV/fapciocLK )

Where ADC10DIV is any integer from 1 to 8. The ADC10CLK frequency must
not exceed the maximum and minimum frequencies specified in the data
sheet. Either violation may result in inaccurate conversion results.

Note: Availability of ADC10CLK During Conversion

Users must ensure that the clock chosen for ADC10CLK remains active until
the ADC10 can complete its operation. If the clock is removed while the
ADC10 s active, the operation can not be completed and the end-of-conver-
sion feedback to the program is not possible.

16.6 Sampling
16.6.1 Sampling Operation

The sample-and-hold circuitry samples the analog signal with the four
ADC10CLKs prior to the conversion.

Figure 16-9. Sample and Conversion, Basic Signal Timing, ADC100SC Selected for

ADC10CLK
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Figure 16-10. Sample and Conversion, Basic Signal Timing, SMCLK Selected for
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The analog input signal must be valid and steady during the sampling period
in order to obtain an accurate conversion. It is also desirable not to have any
digital activity on any adjacent channels during the whole conversion period
to ensure that errors due to supply glitching, ground bounce, or crosstalk do
not corrupt the conversion results.

In addition, gains and losses in internal charge limit the hold time. The user
should ensure that the data sheet limits are not violated. Otherwise, the
sampled analog voltage may increase or decrease, resulting in false
conversion values.

16.6.2 Sample Signal Input Selection

The leading edge of the sample-signal input SHI triggers the sample
(4 x ADC10CLK) and conversion cycle (11 x ADC10CLK).

The sample-signal input SHI is selected by the SHS bitsin ADC10CTL1. There
are four choices for the sample-signal input: ADC10SC, ADC10l11, ADC10I2,
and ADC10I3. The polarity of the sample-signal input may be selected by the
ISSH bit (see Figure 16-1).

The sample-signal input can be asynchronous to a conversion-enable, and is
synchronized and enabled by the ENC bit. Without synchronization, the first
sampling period after the ENC bit is set could be erroneous, depending on
where the ENC bit is set within the cycle of the input signal. In Figure 16-11,
for example, note that the ENC bit is set in the middle of a high pulse from the
sample-signal input. If the sample-input signal were simply passed directly to
the S/H, the first conversion of the example would be erroneous because the
first sampling period is too short.

To prevent this problem, synchronization logic is implemented in the sample
input selection switch. This ensures that the first sample-and-conversion cycle
begins with the first rising edge of the sample-input signal applied after the
ENC bit is set. Additionally, the last sample-and-conversion begins with the
first rising edge of the sample-input signal after ENC has been reset.

Figure 16-11.Synchronized Sample and Conversion Signal With Enable Conversion

Enable Conversio
ENC

Input

" |

tENC
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/ /
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16.6.3 Using the MSC Bit

If the operating mode is other than single-channel single-conversion
(CONSEQ > 0), the MSC bit can be used to configure the converter to perform
the successive conversions automatically and as quickly as possible.

If MSC = 0, then a rising edge of the SHI signal is required to trigger each
sample-and-conversion, regardless of what mode the converter is in. When
MSC =1 and CONSEQ > 0, the first rising edge of the SHI signal triggers the
first conversion, but successive conversions are triggered automatically as
soon as the prior conversion is completed. Additional rising edges on SHI are
ignored until the sequence is completed or until the ENC bit is toggled
(depending on mode). The function of the ENC bit is unchanged when using
the MSC bit. See Figure 16—12 and Figure 16-13.

Figure 16-12. Use of MSC Bit With Nonrepeated Modes
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Figure 16-13. Use of MSC Bit With Repeated Modes
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16.6.4 Sample Timing Considerations

The A/D converter uses the charge redistribution method. Thus, when the
inputs are internally switched to sample the input analog signal, the switching
action causes displacement currents to flow into and out of the analog inputs.
These current spikes or transients occur at the leading and falling edges of the
sample pulse, and usually decay and settle before causing any problems
because typically the external time constant is less than that presented by the
internal effective RC. Internally, the analog inputs see an effective maximum
nominal RC of a 30 pF (C-array) capacitor in series with a 2-kQ resistor (Rgp
of switches). However, if the external dynamic-source impedance is large,
then these transients may not settle within the allocated sampling time to
ensure 10 bits of accuracy.

It is imperative that the proper sample timing be used for accurate
conversions. The next section discusses how to calculate the sample timing.

16.6.4.1 Simplified Sample-Timing Analysis

Using the equivalent circuit shown in Figure 16—14, the time required to charge
the analog-input capacitance from 0 to VS within 1/2 LSB can be derived as
follows.

Figure 16-14. Equivalent Circuit

MSP430
| V| = Input voltage at pin Ax
R \‘/ n Vg= External driving-source voltage
Vs ' Ve Rg = Source resistance (must be real at input frequency)
\ ri = Input resistance (MUX-on resistance)
‘ i Ci C; = Input capacitance

| V= Capacitance-charging voltage

The capacitance-charging voltage is given by:

- y _—tc 1
Ve = Vgl L EXP(Rt v Ci) 1)

Where:
Ri=Rg *+ Z;
tc = Cycle time

The input impedance Z;is ~1 kQ at 3.0 V, and is higher (~ 2 kQ) at 1.8 V. The
final voltage to 1/2 LSB is given by:

Y,
- _ S 2
Vi (1/2LSB) = Vg (2048) (2)
Equating equation 1 to equation 2 and solving for cycle time tc gives:
Y
=S | = - _—tc 3
Vs (2048) Vs|t EXP(Rt X Ci) )
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and the time to charge to 1/2 LSB (minimum sampling time) is:
teh(1/2 LSB) = Rt x Cj x In(2048)

Where:
In(2048) = 7.625

Therefore, with the values given, the time for the analog input signal to settle
is:

tep(1/2 LSB) = (Rg + 1 kQ) x Cj x 7.625 @)

This time must be less than the sampling time.
The maximum ADC10CLK frequency is:

fabciocLK = : ©)
(max) — t , (1/2LSB)

This frequency must not exceed the maximum ADC10CLK frequency
specified in the data sheet.

16.7 ADC10 Control Registers

Two control registers and one conversion-memory register are used to
configure the ADC10:

Register Short Form Register Type Address Initial State
ADC control register 0 ADC10CTLO Read/write 01A0h Reset with POR
ADC control register 1 ADC10CTL1 Read/write 01A2h Reset with POR
ADC memory ADC10MEM Read 0140h Unchanged
Note: These registers may be accessed by any instruction subject to register-access restrictions.

16.7.1 Control Registers ADC10CTLO and ADC10CTL1

ADC10CTLO

16-22

1A0h

All control bits of ADC10CTLO and ADC10CTL1 are reset during POR. Most
of the control bits in registers ADC10CTLO and ADC10CTL1 can only be

modified if ENC is reset. These bits are marked|:|. All other bits can

be modified at any time.

The control bits of control register ADC10CTLO and ADC10CTL1 are:

REF ADC | ADC10| ADC10 ADC10
MSC | 2_5V
Sref Reserved for Future use = ON ON \E IEG ENC sC
rw—(0) w—(0) rw—(0) rmw—(0) rw—(0) rw—(0) rw—(0) rw—0) rmw—(0) rw—0) rw—(0) rw—(0) rmw—(0) rw—(0) rw—(0)



ADC10SC

ENC

ADC10IFG

ADC10IE

ADC100N

REFON

bit0

bitl

bit2

bit3

bit4

bit5

ADC10 Control Registers

Sample and convert. The ADC10SC bit can be used to control the
conversion with software if ENC is set. It is recommended to have ISSH=0.
Setting (ISSH=0) or resetting (ISSH=1) the ADC10SC bit starts the
sample-and- conversion operation. When the A/D conversion is complete
(BUSY=0) the ADC10SC bit is automatically reset.

All automatic-sequence functions (CONSEQ={1,2,3}) and multiple sample-
and-conversion functions (MSC=1) are executed normally. Therefore, when
using ADC10SC the software must ensure that the frequency of the timing
of the ADC10SC bit meets the applicable timing requirements.

NOTE: The start of a conversion by software (SHS=0, in ADC10CTL1) is
possible by setting both ENC and ADC10SC control bits within one
instruction.

Enable conversion. The software (via ADC10SC) or external signals can
start a conversion only if the enable-conversion bit ENC is high. Most of the
control bits in ADC10CTLO and ADC10CTL1 may be changed only if ENC
is low.

0 : No conversion can be started. This is the initial state.
1: The first sample and conversion starts with the first rising edge of the SHI
signal. The selected operation proceeds as long as ENC is set.

CONSEQ=0, ADC10BUSY=1,ENC=1- 0:
Inthis mode, if ENC is reset, the current conversion is immediately stopped.
The conversion results are unpredictable.

CONSEQ#0, ADC10BUSY=x, ENC=1- 0:

In these modes, if ENC is reset, the current conversion or sequence is
completed and the conversion results are valid. The conversion activities
are stopped after the current conversion or sequence is completed.

ADC10interruptflag. The ADC10IFG is setif register ADC10MEM has been
loaded with the conversion result.

Itis automatically reset when the interrupt service starts. It may also be reset
by software, such as BIC #ADC10IFG,&ADC10CTLO.

ADC10 interrupt enable. An ADC10 interrupt request (ADC10IFG = 1) is
accepted if the ADC10IE bit and the general interrupt enable bit GIE are set.

Turns on the 10-bit ADC core. Settling-time constraints must be met when
the ADC10 core is powered up.

0: Power consumption of the core is off. No conversion will be started.
1: ADC core is supplied with power. If no A/D conversion is needed,
ADC100N can be reset to conserve power.

Reference voltage ON.

0: The internal-reference voltage is switched off. No power is consumed
from the reference-voltage generator.

1: The internal-reference voltage is switched on. The reference-voltage
generator consumes power. When the reference generator is switched
on, the settling time of the reference voltage must be completed before
the first sampling and conversion is started.
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2 5V bit6 Reference-voltage level.

0: The internal reference voltage is 1.5V, if REFON = 1.

1: The internal reference voltage is 2.5V, if REFON = 1.

MSC bit7 Multiple sample and conversion. Valid only when the A/D mode is chosen
as repeat-single-channel, sequence-of-channel or repeat-sequence-of-
channels (CONSEQ#0).

0: The sampling timer starts with 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-conversion are performed automatically as soon as
the prior conversion is completed—without additional rising edges of
SHI. Additional rising edges of SHI are ignored until the sequence has
completed or the ENC bit has been toggled (depending on mode).

Reserved bits Reserve for future use.

8-12
Sref bits The Sref bits select one of six reference voltage combinations used for
13-15 conversion. The conversion is done between the selected voltage range VR +
and VRr_.

0: VR+ = AVCC and VR— = AVSS

1 VR+ = VREF+ and VR— = AVSS

2,3: VR+ = VeRE|:+ and VR— = AVSS

4: VR+ = AVcc and VR_ = VRep/ VEREF-

5: VR+ = VREF+ and VR— = VREFJ VeREF_

6,7: VR+ = VeRE|:+ and VR— = VREFJ VeREF_

Reserved fo‘r Future use
ADCl%(l:l; INCH SHS ! MSC ADC10DIV ADCl%JSSEL CON:SEQ ’E%%{(O
w—(0) rw—(0) rw—0) rw—0) rw—(0) rw—(0) rw—0) rw—0) rw—0) rw—0) rw—(0) rw—0) rw—0) rw—0) rw—0) r —(0)

ADC10BUSY bit0
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The ADC10BUSY bit indicates an active sample or conversion operation. It
is used specifically when the conversion mode is single-channel-
single-conversion, because if the ENC bit is reset in this mode, the
conversion stops immediately and the results are invalid. Therefore, the
ADC10BUSY bit should be tested to verify that it is O before resetting the
ENC bit when in single-channel-single-conversion mode.

The busy bit also indicates if sequence or repeat mode is still active even if
the end of these modes is already started by resetting the ENC bit.

0: No operation is active.
1. A sample period, conversion or conversion sequence is active.



CONSEQ

ADC10SSEL

ADC10DIV

ISSH

SHS

INCH

bits
1-2

bits
3-4

bits
5-7

bit8

bit9

bits
10-11

bits
12-15

ADC10 Control Registers

The CONSEQ bits select the conversion mode. Repeat mode is on if the
CONSEQ.1 is set.

0: Single-channel-single-conversion mode. One single channel is
converted once.

1: Sequence-of-channels mode. A sequence of conversions is executed
once.

2: Repeat-single-channel mode. Conversions on a single channel are
repeated until CONSEQ is setto O or 1.

3: Repeat-sequence-of-channels. A sequence of conversions is repeated
until CONSEQ is setto O or 1.

NOTE: See also the Conversion Modes section.

Select the clock source for the converter core
0: ADCI10 internal oscillator, ADC100SC

1: ACLK
2: MCLK
3: SMCLK

Select the division rate for the clock source selected by ADC10SSEL bits.

0to 7: Divide selected clock source by 1to 8
The divider’s output signal name is ADC10CLK. Eleven of these clocks are
required for a conversion.

Invert sample-input signal.

0: The sample-input signal is not inverted.
1. The sample-input signal is inverted.

Reserved for future use.

Source select for the sample-input signal.
0: Control bit ADC10SC is selected.

1: ADC10I1
2. ADC10I12
3: ADCI10I3

Input channel bits are used to select which ADC10 input channel is
converted

Warning! Modifying ADC Control Register During Active
Conversion

The enable conversion control bit (ENC)inthe ADC10CTLOregister
protects most bits from modification during an active conversion.
However, some bits that are necessary for proper completion of
active conversions and interrupt enable bits can be modified
independently of ENC. The user must use caution when modifying
theses bits to ensure an active conversion is not corrupted, or to
not use corrupted data.

To avoid corrupting any active conversions, stop the conversion,
wait for the busy bit to be reset, reset the ENC bit, then modify the
control bits.
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16.7.2 Conversion-Memory Register ADC10MEM

ADC10MEM

01xxh

15

One register ADC10MEM is loaded after a conversion is completed::

12 1 0

16.8 A/D Grounding and Noise Considerations
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As with any high-resolution converter, care and special attention must be paid
to the printed-circuit-board layout and the grounding scheme to eliminate
ground loops and any unwanted parasitic components/effects and noise.
Industry-standard grounding and layout techniques should be followed to
reduce these unwanted effects.

Ground Loops are formed when return current from the A/D flows through
paths that are common with other analog or digital circuitry. If care is not taken,
this current can generate small, unwanted offset voltages that can add to or
subtract from the reference or input voltages of the A/D converter. One way
to avoid ground loops is to use a star connection scheme for AVgg (shown in
Figure 15-26). This way the ground current or reference currents do not flow
through any common input leads, eliminating any error voltages.

In addition to grounding, ripple and noise spikes on the power supply lines due
to digital switching or switching power supplies can corrupt the conversion
result. The ripple can become more dominant by reducing the value of the
conversion voltage range (Vr+— VR_), therefore reducing the value of the LSB
and the noise margin. Thus a clean, noise-free setup becomes even more
important to achieve the desired accuracy. Adding carefully placed bypass
capacitors returned to the respective ground planes can help in reducing ripple
in the supply current and minimizing these effects.
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Figure 16-15. A/D Grounding and Noise Considerations
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Peripheral File Map

This appendix summarizes the peripheral file (PF) and control-bit information
into a single location for reference.

Each PFregisteris presented as a row of boxes containing the control or status
bits belonging to the register. The register symbol (e.g. POIN) and the PF hex
address are to the left of each register.
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Overview

A.1 Overview

A-2

Bit accessibility and/or hardware definitions are indicated following each bit
symbol:

a

I U N N N Ny

(I I TR

rw:
r:
ro:
rl:
w:
woO:

wil:

(w):

hO:
hi:
-0,-1:

—(0).—~(1):

Read/write
Read only
Read as 0
Read as 1
Write only
Write as 0
Write as 1

No register bit implemented; writing a 1 results in a
pulse. The register bit is always read as 0.

Cleared by hardware
Set by hardware
Condition after PUC signal active

Condition after POR signal active

The tables in the following sections describe byte access to each peripheral
file according to the previously-described definitions.



A.2 Special Function Register of MSP430x1xx Family, Byte Access

Special Function Register of MSP430x1xx Family, Byte Access

000Fh
| | | I | | | |
Module enable 2, URXE1
ME2 Umgl USPIE1
0005h rw-0
Module enable 1, URXEO
ME1 U:\ngo USPIEO
0004h rw-0
Interrupt ﬂf‘gezz* UTXIFGL | URXIFG1 utxiFcot | urxiFGot
0003h rw-1 rw-0 rw-1 rw-0
Interrupt ﬂf‘gell* UTXIFGOT | URXIFGOE NMIIFG OFIFG WDTIFG
0002h rw-1 rw-0 rw-0 rw-1 rw-0
Interrupt enable UTXIEL | URXIE1 utxieot | urxieof
0001h rw-0 rw-0 rw-0 rw-0
Interrupt ef""ltl’z'i utxieot | urxieot | accvie | NmiE OFIE WDTIE
0000h rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
t'12x devices only
'13x and '14x devices only
Note:  SFR bits are not implemented on devices without the corresponding peripheral.
A.3 Digital I/O, Byte Access
Bit # - 7 6 5 4 3 2 1 0
Function select, PASEL | PASEL.7 | PASEL.6 | PASEL.5 | P4SEL.4 | P4SEL.3 | PASEL.2 | PASEL.1 | PASEL.O
001Fh rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
Direction register, P4DIR | PADIR.7 | PADIR.6 | PADIR.5 | P4DIR.4 | P4DIR.3 | P4DIR.2 | PADIR.1 | P4DIR.O
001Eh rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
Output register, PAOUT | PAOUT.7 | PAOUT.6 | PAOUT.5 | PAOUT.4 | PAOUT.3 | PAOUT.2 | P4AOUT.1 | P4AOUT.0
001Dh w w w w w w rw w
Input register, P4IN P4IN.7 P4IN.6 P4IN.5 P4IN.4 P4IN.3 P4IN.2 P4IN.1 P4IN.O
001Ch r r r r r r r r
Function select, P3SEL | P3SEL.7 | P3SEL.6 | P3SEL.5 | P3SEL.4 | P3SEL.3 | P3SEL.2 | P3SEL.1 | P3SEL.O
001Bh rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
Direction register, P3DIR | P3DIR.7 | P3DIR.6 | P3DIR.5 | P3DIR.4 | P3DIR.3 | P3DIR.2 | P3DIR.1 | P3DIR.O
001Ah rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
Output register, P3OUT | P3OUT.7 | P3OUT.6 | P3OUT.5 | P3OUT.4 | P3OUT.3 | P3OUT.2 | P30OUT.1 | P30OUT.0
0019h w w w w w w w w
Input register, P3IN P3IN.7 P3IN.6 P3IN.5 P3IN.4 P3IN.3 P3IN.2 P3IN.1 P3IN.O
0018h r r r r r r r r
0017h
0016h
| | | | | | | | |
0010h

Peripheral File Map
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Digital 1/0, Byte Access (Continued)

A.3 Digital I/0, Byte Access (Continued)

Bit # -

Function select, P6SEL
0037h

Direction register, P6DIR
0036h

Output register, P6OUT
0035h

Input register, P6IN
0034h

Function select, P5SEL
0033h

Direction register, P5DIR
0032h

Output register, P5SOUT
0031h

Input register, PSIN
0030h

002Fh

Function select, P2SEL
002Eh

Interrupt enable, P2IE
002Dh

Interrupt edge select, P2IES
002Ch

Interrupt flags, P2IFG
002Bh

Direction register, P2DIR
002Ah

Output register, P20UT
0029h

Input register, P2IN
0028h

0027h

Function select, P1SEL
0026h

Interrupt enable, P1IE
0025h

Int. edge select, P1IES
0024h

Interrupt flags, P1IFG
0023h

Direction register, P1DIR
0022h

Output register, PLOUT
0021h

Input register, P1IN
0020h

A-4

7 6 5 4 3 2 1 0
P6SEL.7 | P6SEL.6 | P6SEL.5 | P6SEL.4 | P6SEL.3 | P6SEL.2 | P6SEL.1 | P6SEL.O
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P6DIR.7 | P6DIR.6 | P6DIR.5 | P6DIR.4 | P6DIR.3 | P6DIR.2 | P6DIR.1 | P6DIR.O
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P60OUT.7 | P6OUT.6 | P6OUT.5 | P6OUT.4 | P6OUT.3 | P6OUT.2 | P6OUT.1 | P6OUT.0
rw w w w w rw w rw
P6IN.7 P6IN.6 P6IN.5 P6IN.4 P6IN.3 P6IN.2 P6IN.1 P6IN.O
r r r r r r r r
P5SEL.7 | P5SEL.6 | P6SEL.5 | P5SEL.4 | P5SEL.3 | P5SEL.2 | P5SEL.1 | PSSEL.O
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P5DIR.7 | P5DIR.6 | P5DIR.5 | P5DIR.4 | P5DIR.3 | P5DIR.2 | P5DIR.1 | P5DIR.O
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P50UT.7 | P5SOUT.6 | PSOUT.5 | P5SOUT.4 | P5SOUT.3 | PSOUT.2 | P5SOUT.1 | PSOUT.0
rw w w w w rw w rw
P5IN.7 P5IN.6 P5IN.5 P5IN.4 P5IN.3 P5IN.2 P5IN.1 P5IN.O
r r r r r r r r
P2SEL.7 | P2SEL.6 | P2SEL.5 | P2SEL.4 | P2SEL.3 | P2SEL.2 | P2SEL.1 | P2SEL.O
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P2IE.7 P2IE.6 P2IE.5 P2IE.4 P2IE.3 P2IE.2 P2IE.1 P2IE.O
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P2IES.7 | P2IES.6 | P2IES.5 | P2IES.4 | P2IES.3 | P2IES.2 | P2IES.1 | P2IES.O0
rw w w w w rw w rw
P2IFG.7 | P2IFG.6 | P2IFG.5 | P2IFG.4 | P2IFG.3 | P2IFG.2 | P2IFG.1 | P2IFG.0
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P2DIR.7 | P2DIR.6 | P2DIR.5 | P2DIR.4 | P2DIR.3 | P2DIR.2 | P2DIR.1 | P2DIR.O
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P20OUT.7 | P20UT.6 | P20OUT.5 | P20UT.4 | P20UT.3 | P20UT.2 | P20UT.1 | P20OUT.0
rw w w w w rw w rw
P2IN.7 P2IN.6 P2IN.5 P2IN.4 P2IN.3 P2IN.2 P2IN.1 P2IN.O
r r r r r r r r
P1SEL.7 | PISEL.6 | P1SEL.5 | PISEL.4 | P1SEL.3 | PISEL.2 | P1SEL.1 | P1SEL.O
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P1lIE.7 P1IE.6 P1lIE.5 PlIE.4 P1IE.3 P1lIE.2 PlIE.1 P1IE.O
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P1IES.7 | P1IES.6 | P1IES.5 | P1IES.4 | P1IES.3 | P1lIES.2 | P1IES.1 | P1lIES.0
rw w w w w rw w rw
P1IFG.7 | P1IFG.6 | P1IFG.5 | P1IFG.4 | P1IFG.3 | P1IFG.2 | P1IFG.1 | P1lIFG.0
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P1DIR.7 | PADIR.6 | P1IDIR.5 | PIDIR.4 | P1IDIR.3 | P1DIR.2 | P1DIR.1 | P1DIR.O
rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
P10OUT.7 | P1OUT.6 | P1OUT.5 | P1OUT.4 | P1IOUT.3 | P1OUT.2 | P1OUT.1 | P1OUT.O0
rw w w w w rw w rw
P1IN.7 P1IN.6 P1IN.5 P1IN.4 P1IN.3 P1IN.2 P1IN.1 P1IN.O

r

r

r

r

r

r

r

r




Basic Clock Registers, Byte Access

A.4 Basic Clock Registers, Byte Access

Bit # — 7 6 5 4 3 2 1 0
BCSCTL2 | SELM.1 | SELM.0 | DIVM.1 | DIVM.0 | SELS DIVS.1 DIVS.0 DCOR
0058h rw—0 rw—0 rw—0 rw—0 rw—0 rw—0 rw—0 rw—0
BCSCTL1 | XT20FF XTS DIVA.1 | DIVA.O | XT5V Rsel.2 Rsel.1 Rsel.0
0057h | rw—(1) w—(0) | rw—(0) | rw—(0) rw—0 rw—1 rw—0 rw—0
DCOCTL | DCO.2 | DCO.1 | DCO.0 | MOD.4 | MOD.3 MOD.2 MOD.1 MOD.0
0056h rw—0 rw—1 rw—1 rw-0 rw-0 rw—0 rw-0 rw-0

A.5 EPROM Control Register Byte Access

Bit # — 7 6 5 4 3 2 1 0
EPROM control registerT
EPCTL | -0 -0 -0 -0 -0 -0 VPPS EXE
0054h rw-0 rw-0

T Non-EPROM devices may use this register for other control purposes.

A.6 Comparator_A Registers, Byte Access

Bit # — 7 6 5 4 3 2 1 0
Comparator_A Port Disable, CAPD CAPD.7 CAPD.6 CAPD.5 CAPD.4 CAPD.3 | CAPD.2 | CAPD.1 | CAPD.O
005Bh rw—(0) w—(0) rw—(0) w—(0) rw—(0) rw—(0) rw—(0) rw—(0)
Comparator_A control reg. 2, CACTL2 CACTL2.7 | CACTL2.6 | CACTL2.5 | CACTL2.4 CAl CAO0 CAF CAOUT
005Ah rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) r—(0)
Comparator_A control reg. 1, CACTL1 CAEX CARSEL CAREF1 CAREFO CAON CAIES CAIE CAIFG
0059h rw—(0) w—(0) rw—(0) w—(0) rw—(0) rw—(0) rw—(0) rw—(0)
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USARTO, USART1, UART Mode (Sync=0), Byte Access

A.7 USARTO, USART1, UART Mode (Sync=0), Byte Access

Bit # — 7 6 5 4 3 2 1 0
USART1 7 6 5 4 3 2 1 0
Transmit buffer UTXBUF1 2 2 2 2 2 2 2 2
07Fh rw rw rw rw rw rw rw rw
USART1 7 6 5 4 3 2 1 0
Receive buffer URXBUF1 2 2 2 2 2 2 2 2
07Eh r r r r r r r r
Baud ratgaggﬁ 215 214 213 212 o1l 210 29 28
07Dh rw rw rw rw rw rw rw w
sadrasUsroL| 2 | 2 | 2 | 22 | 8 | 2 | 2 | 20
07Ch rw rw rw rw rw rw rw w
USART1
Modulation control m7 m6 m5 m4 m3 m2 ml mo
UMCTL1 07Bh w rw rw rw rw rw rw w
Receive control Bgé?{i FE PE OE BRK URXEIE | URXWIE | RXWake RXERR
07Ah rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
USART1
Transmit control UTCTL1 Unused CKPL SSEL1 SSELO URXSE | TXWAKE Unused TXEPT
079h rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-1
USART controLIJfJé"T'lTi PENA PEV SP CHAR Listen SYNC MM SWRST
078h rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-1
USARTO 7 6 5 4 3 2 1 0
Transmit buffer UTXBUFO 2 2 2 2 2 2 2 2
077h rw rw rw rw rw rw rw rw
USARTO 7 6 5 4 3 2 1 0
Receive buffer URXBUFO | 2 2 2 2 2 2 2 2
076h r r r r r r r r
Baud ratgﬁgg{g 215 214 213 212 o1l 210 29 28
075h w rw w rw rw rw rw w
Baud ratéJ Sgggg 2! 26 25 24 23 22 21 20
074h w rw rw rw rw rw rw w
USARTO
Modulation control m7 mé m5 m4 s m2 m1 mo
UMCTLO 073h rw rw rw rw rw rw rw w
Receive control Ldgé?{g FE PE OE BRK URXEIE | URXWIE | RXWake RXERR
072h rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
USARTO
Transmit control UTCTLO Unused CKPL SSEL1 SSELO URXSE | TXWAKE Unused TXEPT
071h rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-1
USART controlljflé"?ll_-g PENA PEV SP CHAR Listen SYNC MM SWRST
070h rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-1
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USARTO, USART1, SPI Mode (Sync=1), Byte Access

A.8 USARTO, USART1, SPI Mode (Sync=1), Byte Access

Bit # — 7 6 5 4 3 2 1 0
USART1
7 6 5 4 3 2 1 0
Transmit buffer UTXBUF1 2 2 2 2 2 2 2 2
07Fh rw w rw rw rw rw w rw
USART1
7 6 5 4 3 2 1 0
Receive buffer URXBUF1 2 2 2 2 2 2 2 2
07Eh r r r r r r r r
Baud rat(teJ LSJABE-E 215 214 213 212 211 210 29 28
07Dh rw rw rw rw rw rw w rw
Baud rat(;J Sgggi 27 26 25 24 23 22 21 20
07Ch rw w rw rw rw rw w rw
USART1
Modulation control m7 mé m5 m4 m3 m2 mil mo
UMCTL1 07Bh rw w rw rw rw rw w rw
Receive control 82@?—& FE Undef. OE Undef. Unused Unused Undef. Undef.
07Ah rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
Transmit control lﬁﬁ-’éﬁ-ﬁ CKPH CKPL SSEL1 SSELO Unused Unused STC TXEPT
079h rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-1
USART controllJlsJél‘T'H Unused Unused Unused CHAR Listen SYNC MM SWRST
078h rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-1
USARTO 7 6 5 4 3 2 1 0
Transmit buffer UTXBUFO | 2 2 2 2 2 2 2 2
077h rw w rw w rw rw w rw
USARTO 7 6 5 4 3 5 1 0
Receive buffer URXBUFO | 2 2 2 2 2 2 2 2
076h r r r r r r r r
Baud ratgagg-{g 215 214 213 212 211 210 29 28
075h rw rw rw rw rw rw w rw
Baud rat(l;J agg—gg 27 26 25 24 23 22 21 20
074h rw w rw w rw rw w rw
USARTO
Modulation control m7 mé m5 m4 m3 m2 m1 mo
UMCTLO 073h rw rw rw rw rw rw w rw
Receive control 82@?{8 FE Undef. OE Undef. Unused Unused Undef. Undef.
072h rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0
Transmit control %STélﬁ:g CKPH CKPL SSEL1 SSELO Unused Unused STC TXEPT
071h rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-1
USART controLIJLSJéRF-IL-g Unused Unused Unused CHAR Listen SYNC MM SWRST
070h rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-0 rw-1
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ADC12 Registers, Byte and Word Access

A.9 ADC12 Registers, Byte and Word Access

T All bits of ADC12MCTLx registers are only modifiable when ENC=0.

Bit # —

ADC12MCTL15"
008Fh

ADC12MCTL14t
008Eh

ADC12MCTL13"
008Dh

ADC12MCTL12t
008Ch

ADC12MCTL11t
008Bh

ADC12MCTL10t
008Ah

ADC12MCTL9t
0089h

ADC12MCTL8T
0088h

ADC12MCTL7t
0087h

ADC12MCTL6T
0086h

ADC12MCTL5T
0085h

ADC12MCTLA4T
0084h

ADC12MCTL3T
0083h

ADC12MCTL2t
0082h

ADC12MCTL1T
0081h

ADC12MCTLOT
0080h

7 6 5 4 3 2 1 0
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O0
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O0
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O0
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O0
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O0
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O0
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O0
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
EOS Sref.2 Sref.1 Sref.0 INCH.3 | INCH.2 | INCH.1 | INCH.O
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)




ADC12 Registers, Byte and Word Access (Continued)

A.9 ADC12 Registers, Byte and Word Access (Continued)

Bit # —

ADC12MEM15
015Eh

ADC12MEM14
015Ch

ADC12MEM13
015Ah

ADC12MEM12
0158h

ADC12MEM11
0156h

ADC12MEM10
0154h

ADC12MEM9
0152h

ADC12MEMS8
0150h

ADC12MEM7
014Eh

ADC12MEM6
014Ch

ADC12MEM5
014Ah

ADC12MEM4
0148h

ADC12MEMS3
0146h

ADC12MEM2
0144h

ADC12MEM1
0142h

ADC12MEMO
0140h

15 14 13 12 11 0

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 ro r0 ro All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
ro ro r0 ro All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 ro r0 ro All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 ro r0 ro All conversion-result bits of type rw

Unused | Unused | Unused | Unused | MSB < Conversion Result LSB
r0 r0 r0 r0 All conversion-result bits of type rw
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ADC12 Registers, Byte and Word Access (Continued)

A.9 ADC12 Registers, Byte and Word Access (Continued)

Bit # —

ADCI12IE
01A6h

ADC12IFG
01A4h

ADC12CTL1
01A2h

ADC12CTLO
01AOh

T Only modifiable when ENC=0.

Bit # —

ADC12IE
01A6h

ADC12IFG
01A4h

ADC12CTL1
01A2h

ADC12CTLO
01A0h

15 14 13 12 1 10 9 8
ADC12IE.15 | ADC12IE.14 | ADC12IE.13 | ADC12IE.12 | ADC12IE.11 | ADCI2IE.10 ADCI12IE.9 ADC12IE.8
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
ADC12IFG.15 | ADC12IFG.14 | ADC12IFG.13 | ADC12IFG.12 | ADC12IFG.11 | ADC12IFG.10 | ADC12IFG.9 | ADC12IFG.8
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
cstartadd.3" | cstartadd.2t | cstartadd.1™ | cstartadd.of sHs.1t sHs.of sHpT issHT

rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
sHT1.3" sHT1.2T sHT1at sHT1.0T sHTo0.3T sHT0.2t sHTo.T sHTo.0f
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)

7 6 5 4 3 2 1 0
ADCI12IE.7 ADCI12IE.6 ADCI12IE.5 ADCI12IE.4 ADCI12IE.3 ADCI12IE.2 ADCI12IE.1 ADC12IE.O
rw—(0) w—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
ADC12IFG.7 | ADCI12IFG.6 ADC12IFG.5 ADC12IFG.4 ADC12IFG.3 ADC12IFG.2 | ADC12IFG.1 | ADC12IFG.0
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)
Abcizoiv.2t | abcizpivat | Abciepivot | abcizsseLit | abcizsseLot CONSEQ.1 CONSEQ.0 | ADC12BUSY
rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) -(0)
msct 2 svt REFONT ADC120NT ADC120VIE ADC12TOVIE ENC ADC12SC

rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0) rw—(0)

T only modifiable when ENC=0.
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A.10 Watchdog/Timer, Word Access

Watchdog Timer,
Control register WDTCTL

Watchdog Timer,
Control register WDTCTL

Bit # —

FCTL3
012Ch

FCTL2
012Ah

FCTL1
0128H

Bit # —

FCTL3
012Ch

FCTL2
012Ah

FCTL1

Watchdog/Timer, Word Access

Bit # — 15 8
< Read as 069h >
< Written as 05Ah >
120h
Bit # — 7 5 4 3 2 1 0
HOLD NMIES NMI TMSEL CNTCL SSEL 1S1 1SO
120h rw-0 rw-0 rw-0 rw-0 (w),ro rw-0 rw-0 rw-0
A.11 Flash Control Registers, Word Access
15 14 13 12 11 10 9 8
< Read as 096h >
< Written as 0A5Sh >
< Read as 096h >
< Written as 0A5Sh >
< Read as 096h >
< Written as 0A5Sh >
7 6 5 4 3 2 1 0
Reserved | Reserved EMEX Lock WAIT ACCVIFG KEYV Busy
r0 r0 rw—0 rw—1 r-1 rw—0 rw—(0) r(w)-0
SSEL1 SSELO FN5 FN4 FN3 FN2 FN1 FNO
rw-0 rw-1 rw-0 rw-0 rw-0 rw—0 rw-1 rw-0
SEGWRT WRT Reserved | Reserved Reserved MEras Erase Reserved
rw—-0 rw-0 r0 r0 (0] rw—0 rw-0 r0

0128H

Peripheral File Map
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Hardware Multiplier, Word Access

A.12 Hardware Multiplier, Word Access

Bit # — 15 14 13 12 11 10 9 8

Sum extend, SumExt t t t t t t t t
013Eh r r r r r r r r

Result-high word ResHI 215 214 213 212 211 210 29 28
013Ch w w w rw rw rw w w

Result-low word ResLO 215 214 213 212 211 210 29 28
013Ah w rw w rw rw rw w w

Second operand OP2 | 215 214 213 212 211 210 29 28
0138h w w w rw rw rw w w

MPYS+ACC MACS | 215 214 213 212 211 210 29 28
0136h w rw w w rw rw w w

MPY+ACC MAC 215 214 213 212 211 210 29 28

0134h w rw w rw rw rw w w

Multiply signed MPYS | 215 214 213 212 211 210 29 28
0132h w rw w rw rw rw w w

Multiply unsigned MPY | 215 214 213 212 211 210 29 28
0130h w w w rw rw rw w w

Bit # — 7 6 5 4 3 2 1 0

Sum extend, SumExt t t t t t t t t
013Eh r r r r r r r r

Result-high word ResHI 27 26 25 24 23 22 21 20
013Ch w rw w rw rw rw w w

Result-low word ResLO 27 26 25 24 23 22 21 20
013Ah w rw w rw rw rw w w

Second operand OP2 27 26 25 24 23 22 21 20
0138h w rw w rw rw rw w w

MPYS+ACC MACS 27 26 25 24 23 22 21 20
0136h w w w rw rw rw w w

MPY+ACC MAC 27 26 25 24 23 22 21 20

0134h w rw w rw rw rw w w

Multiply signed MPYS 27 26 25 24 23 22 21 20
0132h w w w rw rw rw w w

Multiply unsigned MPY 27 26 25 24 23 22 21 20
0130h w rw w rw rw rw w w

T The Sum Extend register SumExt holds a 16x16-bit multiplication (MPYS) sign result, or the overflow of the multiply and accu-
mulate (MAC) operation, or the sign of the signed multiply and accumulate (MACS) operation. Overflow and underflow of the
MACS operation must be handled by software.
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Timer_A Registers, Word Access

A.13 Timer_A Registers, Word Access

Bit # — 15 14 13 12 11 10 9 8
017Eh
017Ch
Caplcom register CCR4T | 215 214 213 212 211 210 29 28
017Ah | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Caplcom register CCR3T | 215 214 213 212 211 210 29 28
0178h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Capl/com register CCR2 | 215 214 213 212 211 210 29 28
0176h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Cap/com register CCR1 | 215 214 213 212 211 210 29 28
0174h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Cap/com register CCRO | 215 214 213 212 211 210 29 28
0172h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Timer_A register TAR | 215 214 213 212 211 210 29 28
0170h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
016Eh
016Ch
Cap/com control CCTL4T, | cm41 CM40 CCIS41 | CCIs40 SCs4 SCCl4 Unused CAP4
016Ah | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) r0 rw-(0)
Cap/com control CCTL3T, | cm31 CM30 CCIS31 | CCIS30 SCS3 SCCI3 Unused CAP3
0168h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) ro rw-(0)
Cap/com control CCTL2, | CM21 CM20 CCIS21 | CCISs20 SCS2 SCCI2 Unused CAP2
0166h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) r0 rw-(0)
Cap/com control CCTL1, | CM11 CM10 CCIS11 | CCIs10 SCS1 SCCI1 Unused CAP1
0164h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) r0 rw-(0)
Cap/com control CCTLO, | CMO01 CMO00 CCIS01 | CCIS00 SCS0 SCCIo Unused CAPO
0162h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) r0 rw-(0)
Timer_A control TACTL | Unused | Unused Unused Unused Unused SSEL2 SSEL1 SSELO
0160h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)

1 Registers are reserved on devices with Timer_A3.
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Timer_A Registers, Word Access (Continued)

A.13 Timer_A Registers, Word Access (Continued)

Bit # —
017Eh
017Ch

Cap/com register CCR4T
017Ah

Cap/com register CCR3"
0178h

Cap/com register CCR2
0176h

Cap/com register CCR1
0174h

Cap/com register CCRO
0172h

Timer_A register TAR
0170h

016Eh
016Ch

Cap/com control CCTL4T,
016Ah

Cap/com control CCTL3T,
0168h

Cap/com control CCTL2,
0166h

Cap/com control CCTL1,
0164h

Cap/com control CCTLO,
0162h

Timer_A control TACTL
0160h

T Registers are reserved on devices with Timer_A3.

Bit # —

Timer_A interrupt vector
TAIV 12Eh

Bit # —

Timer_A interrupt vector
TAIV 12Eh

7 6 5 4 3 2 1 0
27 26 25 24 23 22 21 20
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
27 26 25 24 23 22 21 20
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
27 26 25 24 23 22 21 20
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
27 26 25 24 23 22 21 20
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
27 26 25 24 23 22 21 20
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
27 26 25 24 23 22 21 20
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
OutMod42 OutMod41 OutMod40 CCIE4 CCl4 ouT4 coVv4 CCIFG4
rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
OutMod32 OutMod31 OutMod30 CCIE3 CCI3 ouT3 cov3 CCIFG3
rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
OutMod22 OutMod21 OutMod20 CCIE2 CCI2 ouT2 COV2 CCIEG2
rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
OutMod12 OutMod11 OutMod10 CCIE1 CcCcl1 OUT1 COV1 CCIFG1
rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
OutMod02 OutMod01 OutMod00 CCIEO CCIo ouUTOo COVo CCIEGO
rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
ID1 IDO MC1 MCO Unused CLR TAIE TAIFG
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
15 14 13 12 11 10
0 0 0 0 0 0 0 0
ro ro ro ro r0 r0 ro ro
7 6 5 4 3 2 1 0
0 0 0 0 TAIV 0
ro ro ro ro r-(0) r-(0) r-(0) ro

TAIV Vector, Timer_A5 (five capture/compare blocks integrated)

0: No interrupt pending

2: CCIFGL1 flag set, interrupt flag of capture/compare block 1
4: CCIFG2 flag set, interrupt flag of capture/compare block 2 (CCIFG1=0)
6: CCIFG3 flag set, interrupt flag of capture/compare block 3 (CCIFG1=CCIFG2=0)
8: CCIFG3 flag set, interrupt flag of capture/compare block 3 (CCIFG1=CCIFG2=CCIFG3=0)
10: TAIFG flag set, interrupt flag of Timer_A register/counter (CCIFG1=CCIFG2=CCIFG3=CCIFG4=0)
TAIV Vector, Timer_A3 (three capture/compare blocks integrated)

0: No interrupt pending

2: CCIFG1 flag set, interrupt flag of capture/compare block 1
4: CCIFG2 flag set, interrupt flag of capture/compare block 2 (CCIFG1=0)

6: Reserved
8: Reserved

10: TAIFG flag set, interrupt flag of Timer_A register/counter (CCIFG1=CCIFG2=CCIFG3=CCIFG4=0)
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A.14 Timer_B Registers, Word Access

Timer_B Registers, Word Access

Bit # — 15 14 13 12 11 10 9 8
Cap/tceﬁfgfceggsqc 15 214 513 212 211 210 29 28
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
019Eh
Cap/tceﬁfgfcegg 15 214 513 212 211 210 29 28
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
019Ch
Cap/fe(;mcggf{ 215 214 213 212 211 210 29 28
019Ah rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Cap/f;%gg?{ 215 214 213 212 211 210 29 28
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
0198h
CaP/CSeT(":ngF'fZ' 215 214 213 212 211 210 29 28
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
0196h
CaP/CSeTéeéJF'fl' 215 214 213 212 211 210 29 28
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
0194h
Cap/ctoefpéeg% 215 214 213 212 211 210 29 28
rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
0192h
Timer_B fegiTSéng 215 214 213 212 211 210 29 28
0190h rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Cap/com control | CM61 CM60 CClIs61 CCIS60 SCS6 CLLD6.1 | CLLD6.0 CAP6
ccTLet, 018Eh rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw—(0) rw-(0)
Cap/com control | CM51 CM50 CCIS51 CCIS50 SCS5 CLLD5.1 | CLLD5.0 CAP5
ccTLst, 018ch | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw—(0) rw-(0)
Cap/com control | CM41 CM40 CCiIs41 CCIs40 SCs4 CCLDA4.1 | CCLD4.0 CAP4
ccTLat, o18Ah rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) r0 rw-(0)
Cap/com control | CM31 CM30 CCIS31 CCIS30 SCS3 CCLD3.1 | CCLD3.0 CAP3
ccTLat, 0188h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) r0 rw-(0)
Cap/com control | CM21 CM20 CClis21 CCIS20 SCS2 CCLD2.1 | CCLD2.0 CAP2
CCTL2,0186h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) r0 rw-(0)
Cap/com control | CM11 CM10 CCis11 CCISs10 SCS1 CCLD1.1 | CCLD1.0 CAP1
CCTL1, 0184h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) r0 rw-(0)
Cap/com control | CMO1 CMO00 CCIS01 CCIS00 SCS0 CCLDO0.1 | CCLDO0.0 CAPO
CCTLO, 0182h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) r0 rw-(0)
Timer_B control | Unused | TBCLGRP1 | TBCLGRPO | TBCNTL1 | TBCNTLO Unused | TBSSEL1 | TBSSELO
TBCTL, 0180h | rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)

1t Registers are reserved on devices with Timer_B3.

Peripheral File Map
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Timer_B Registers, Word Access (Continued)

A.14 Timer_B Registers, Word Access (Continued)

Bit # — 7 6 5 4 3 2 1 0
Cap/com register CCR6T 27 26 25 24 23 22 21 20
019Eh rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Cap/com register CCR5" 27 26 25 24 23 22 21 20
019Ch rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Cap/com register CCR4T 27 26 25 24 23 22 21 20
019Ah rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Cap/com register CCR3" 27 26 25 24 23 22 21 20
0198h rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Cap/com register CCR2 27 26 25 24 283 22 21 20
0196h rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Cap/com register CCR1 27 26 25 24 283 22 21 20
0194h rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Cap/com register CCRO 27 26 25 24 283 22 21 20
0192h rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Timer_B register TBR 27 26 25 24 283 22 21 20
0190h rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)
Cap/com control CCTL6T, | OutModé2 | OutMod6l | OutModé0 | CCIE6 CcCl6 ouT6 COVée | cCIFGe
018Eh rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
Cap/com control CCTL5T, | OutMod52 | OutMod51 | OutModSO | CCIES CCI5 OuUT5 Covs | ccIFGs
018Ch rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
Cap/com control CCTL4T, | OutMod42 | OutMod4l | OutMod40 | CCIE4 CcCl4 OouT4 COoV4 | cCIFG4
018Ah rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
Cap/com control CCTL3T, | ©OutMod32 | OutMod3l | OutMod30 | CCIE3 ccI3 ouT3 cov3 | cCIFG3
0188h rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
Cap/com control CCTL2, | OutMod22 | OutMod2l | OutMod20 | CCIE2 CCI2 ouT2 Cov2 | ccIFG2
0186h rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
Cap/com control CCTL1, | ©utModi2 | OutModil | OutModl0 | CCIEL cci ouT1 Ccovl | ccIFG1
0184h rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
Cap/com control CCTLO, | OutMod0Z | OutMod0l | OutMod00 | CCIEQ CcClo ouTo COV0 | cCIFGo
0182h rw-(0) rw-(0) rw-(0) rw-(0) r rw-(0) rw-(0) rw-(0)
Timer_B control TACTL | TBID1 TBIDO TBMC1 | TBMCO | Unused | TBCLR TBIE TBIFG
0180h rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0) rw-(0)

T Registers are reserved on devices with Timer_B3.
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Timer_B Registers, Word Access (Continued)

A.14 Timer_B Registers, Word Access (Continued)

Bit # —

Timer_B interrupt vector
TBIV 11Eh
Bit # —

Timer_B interrupt vector
TBIV 11Eh

TBIV Vector, Timer_B5 (five capture/compare blocks integrated)
0: No interrupt pending
2. CCIFGL1 flag set, interrupt flag of capture/compare block 1

15 14 13 12 11 10

0 0 0 0 0 0 0 0
r0 r0 r0 r0 r0 ro r0 r0
7 6 5 4 3 2 1 0
0 0 0 0 TBIV 0
r0 ro r0 ro r-(0) r-(0) r-(0) ro

4: CCIFG2 flag set, interrupt flag of capture/compare block 2 (CCIFG1=0)

6: CCIFG3 flag set, interrupt flag of capture/compare block 3 (CCIFG1=CCIFG2=0)

8: CCIFG4 flag set, interrupt flag of capture/compare block 4 (CCIFG1=CCIFG2=CCIFG3=0)
10: CCIFG5 flag set, interrupt flag of capture/compare block 5 (CCIFG1=CCIFG2=CCIFG3=CCIFG4=0)
12: CCIFGE6 flag set, interrupt flag of capture/compare block 6 (CCIFG1=CCIFG2=CCIFG3=CCIFG4=CCIFG5=0)

14: TBIFG flag set, interrupt flag of Timer_B register/counter
(CCIFG1=CCIFG2=CCIFG3=CCIFG4=CCIFG5=CCIFG6=0)
TBIV Vector, Timer_B3 (three capture/compare blocks integrated)
0: Nointerrupt pending
2: CCIFGL1 flag set, interrupt flag of capture/compare block 1

4: CCIFG2 flag set, interrupt flag of capture/compare block 2 (CCIFG1=0)

6. Reserved
8: Reserved
10: Reserved
12: Reserved

14: TBIFG flag set, interrupt flag of Timer_B register/counter (CCIFG1=CCIFG2=0)

Peripheral File Map
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Instruction Set Description

The MSP430 core CPU architecture evolved from a reduced instruction set
with highly-transparent instruction formats. Using these formats, core
instructions are implemented into the hardware. Emulated instructions are
also supported by the assembler. Emulated instructions use the core
instructions with the built-in constant generators CG1 and CG2 and/or the
program counter (PC). The core and emulated instructions are described in
detail in this section. The emulated instruction mnemonics are listed with
examples.

Program memory words used by an instruction vary from one to three words,
depending on the combination of addressing modes. Program memory words
and execution cycles vary with each instruction, depending on addressing
modes used. See section 5.2.8 forinformation on instruction words and execu-
tion cycles per instruction.
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Instruction Set Overview

B.1

B-2

Instruction Set Overview

The following list gives an overview of the instruction set.

* ADC[.W];:ADC.B
ADD[.W];ADD.B
ADDC[.W];ADDC.B
AND[.W];AND.B
BIC[.W];BIC.B
BIS[.W];BIS.B
BIT[.W];BIT.B

* BR
CALL

* CLR[WJ:CLR.B

* CLRC

* CLRN

* CLRZ
CMP[.W];CMP.B

* DADC[.W];DADC.B
DADD[.W];DADD.B

* DEC[.W]:DEC.B

* DECD[.W];DECD.B

* DINT

* EINT

* INC[.WJ;INC.B

* INCD[.WJ;INCD.B

* INV[.WI]INV.B
JCIIHS

JEQIIZ
JGE
JL

JMP
JN

JNC/JLO

JNE/INZ

dst
src,dst
src,dst
src,dst
src,dst
src,dst
src,dst
dst
dst
dst

dst + C —> dst

src + dst —> dst

src + dst + C —> dst

src .and. dst —> dst
.not.src .and. dst —> dst
src .or. dst —> dst

src .and. dst

Branch to .......

PC+2 —> stack, dst —> PC
Clear destination

Clear carry bit
Clear negative bit
Clear zero bit

src,dst
dst
src,dst
dst
dst

dst —src

dst + C —> dst (decimal)

src + dst + C —> dst (decimal)
dst—1 —> dst

dst — 2 —> dst

Disable interrupt
Enable interrupt

dst

dst

dst
Label

Label

Label

Label

Label
Label

Label

Label

Increment destination,

dst +1 —> dst
Double-Increment destination,
dst+2—>dst

Invert destination

Jump to Label if

Carry-bit is set

Jump to Label if

Zero-bit is set

Jump to Label if
(N.XOR.V)=0

Jump to Label if
(N.XOR.V)=1

Jump to Label unconditionally
Jump to Label if

Negative-bit is set

Jump to Label if

Carry-bit is reset

Jump to Label if

Zero-bit is reset

Status Bits

VN ZC

*
*
*
*



MOV[.W];MOV.B

* NOP
* POP[.W];POP.B

PUSH[.W];PUSH.B
RETI

* RET

* RLA[WJ;RLA.B
* RLC[.W];RLC.B

RRA[.W];RRA.B
RRC[.W];RRC.B

* SBC[.W];SBC.B
* SETC
* SETN
* SETZ

SUB[.W];SUB.B
SUBC[.W];SUBC.B
SWPB

SXT

* TSTL.W];TST.B

XOR[.W];XOR.B

src,dst

dst
src

dst
dst
dst
dst
dst

src,dst
src,dst
dst
dst
dst
src,dst

Instruction Set Overview

Status Bits

src —> dst

No operation

Item from stack, SP+2 - SP
SP-2 - SP,src - @SP
Return from interrupt

TOS - SR,SP+2 - SP
TOS - PC,SP +2 - SZP
Return from subroutine

TOS - PC,SP+2 - SP
Rotate left arithmetically
Rotate left through carry
MSB - MSB - ....LSB - C
C -5 MSB - ......... LSB - C
Subtract carry from destination
Set carry bit

Set negative bit

Set zero bit

dst + .not.src + 1 - dst

dst + .not.src + C - dst
swap bytes

Bit7 - Bit8 ........ Bit15

Test destination

src .xor. dst — dst

\Y,

* O O |

*

|

*

Note: Asterisked Instructions

Asterisked (*) instructions are emulated. They are replaced with core
instructions by the assembler.

Instruction Set Description
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B.1.1

Instruction Formats

The following sections describe the instruction formats.

B.1.1.1 Double-Operand Instructions (Core Instructions)

The instruction format using double operands, as shown in Figure B-1,
consists of four main fields to form a 16-bit code:

(1 operational code field, four bits [op-code]

[ source field, six bits

[source register + As]

(1 byte operation identifier, one bit [BW]
[ destination field, five bits

[dest. register + Ad]

The source field is composed of two addressing bits and a four-bit register
number (0....15). The destination field is composed of one addressing bit and
a four-bit register number (0....15). The byte identifier B/W indicates whether
the instruction is executed as a byte (B/W = 1) or as a word instruction

(BIW = 0).

Figure B—1.Double-Operand Instructions
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15

12 11 8 7

5 4 3

OP-Code

Source Register | Ad B/W

As Destination Register

| Field

Operational Code

ADD[.W]; ADD.B
ADDC[.W]; ADDC.B
AND[.W]; AND.B
BICLW]; BIC.B
BISLW]; BIS.B
BITLW], BITB
CMP[LW]; CMP.B
DADD[.W]; DADD.B
MOV[.W]; MOV.B
SUBL.W]; SUB.B
SUBC[.W]; SUBC.B
XOR[.W]; XOR.B

src,dst
src,dst
src,dst
src,dst
src,dst
src,dst
src,dst
src,dst
src,dst
src,dst
src,dst
src,dst

src + dst —> dst

src + dst + C —> dst

src .and. dst —> dst
.not.src .and. dst —> dst
src .or. dst —> dst

src .and. dst

dst — src

src + dst + C —> dst (dec)
src —> dst

dst + .not.src + 1 —> dst
dst + .not.src + C —> dst
src .xor. dst —> dst

Status Bits

V N
*  *

*

0

*

*

Note: Operations Using the Status Register (SR) for Destination

All operations using status register SR for destination overwrite the SR
contents with the operation result; as described in that operation, the status

bits are not affected.
Example: ADD #3,SR

; Operation: (SR) + 3 —> SR
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B.1.1.2 Single Operand Instructions (Core Instructions)

The instruction format using a single operand, as shown in Figure B-2,
consists of two main fields to form a 16-bit code:

(1 operational code field, nine bits with four MSBs equal to 1h
[J byte operation identifier, one bit  [B/W]
(1 destination field, six bits [destination register + Ad]

The destination field is composed of two addressing bits and the four-bit
register number (0....15). The destination field bit position is the same as that
of the two operand instructions. The byte identifier (B/W) indicates whether the
instruction is executed as a byte (B/W = 1) or as a word (B/W = 0).

Figure B-2.Single-Operand Instructions

15

12 11 10 9 7 6 5 4 3 0

1 X X X X X |B/W Ad  |Destination Register

Operational Code Field | Destination Field |

Status Bits

V N zZzC
RRA[W];, RRAB dst MSB - MSB ..LSB - C o * * *
RRC[.W]; RRC.B dst C - MSB ........ LSB - C *okox X
PUSH[.W]; PUSH.B dst SP-2 - SP,src - @SP - - - -
SWPB dst  swap bytes - - - =
CALL dst PC-2+ @SP, dst -~ PC - - - -
RETI dst TOS - SR,SP+2 - SP ok

TOS - PC,SP+2 - SP

SXT dst Bit7 - Bit8........ Bit 15 o * * *

B.1.2 Conditional and Unconditional Jumps (Core Instructions)

The instruction format for conditional and unconditional jumps, as shown in
Figure B—3, consists of two main fields to form a 16-bit code:

(1 operational code (op-code) field, six bits
1 jump offset field, ten bits

The operational-code field is composed of the op-code ( three bits), and three
bits according to the following conditions.

Figure B—3.Conditional and Unconditional Jump Instructions

15 13 12 10 9 0
0 0 1 X X X X X X X X X X X X X
\ \
| OP-Code | Jump-On Code‘ Sign | Offset |
Operational Code Field Jump Offset Field

Conditional jumps jump to addresses in the range of -511 to +512 words
relative to the current address. The assembler computes the signed offsets
and inserts them into the op-code.

Instruction Set Description B-5
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JC/IHS Label Jump to label if carry bit is set
JEQ/IZ Label Jump to label if zero bit is set
JGE Label Jump to label if (N .XOR. V) =0
JL Label Jump to label if (N .XOR. V) =1
JMP Label Jump to label unconditionally

JN Label Jump to label if negative bit is set
JNC/ILO Label Jump to label if carry bit is reset
JNE/INZ Label Jump to label if zero bit is reset

Note: Conditional and Unconditional Jumps

Conditional and unconditional jumps do not affect the status bits.

A jump that is taken alters the PC with the offset:
PCnew = PCold + 2 + 2*offset

A jump that is not taken continues the program with the ascending instruction.

B.1.3 Emulated Instructions

The following instructions can be emulated with the reduced instruction set
without additional code words. The assembler accepts the emulated
instruction mnemonic, and inserts the applicable core instruction op-code.

B-6
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The following list describes the emulated instruction short form.

Mnemonic Description Status Bits Emulation
VN Z C

Arithmetical instructions

ADC[.W] dst Add carry to destination *oxok o ADDC #0,dst
ADC.B dst Add carry to destination *oxook o ADDC.B #0,dst
DADC[.W] dst Add carry decimal to destination * * * * DADD #0,dst
DADC.B dst Add carry decimal to destination * * * * DADD.B #0,dst
DEC[.W] dst Decrement destination *oxok % SUB #1,dst
DEC.B dst Decrement destination *okox % SUB.B #1,dst
DECD[.W] dst Double-decrement destination *oxoox % SUB #2,dst
DECD.B dst Double-decrement destination *okoxk % SUB.B #2,dst
INC[.W] dst Increment destination *oxook o ADD #1,dst
INC.B dst Increment destination ok ok k ADD.B #1,dst
INCD[.W]  dst Increment destination *oxok % ADD #2,dst
INCD.B dst Increment destination ok ok k ADD.B #2,dst
SBC[.W] dst Subtract carry from destination *oxok % SUBC #0,dst
SBC.B dst Subtract carry from destination *oxok o SUBC.B #0,dst

Logical instructions

INV[.W] dst Invert destination *oxook o XOR #0FFFFh,dst
INV.B dst Invert destination ok ok k XOR.B #0FFFFh,dst
RLA[.W] dst Rotate left arithmetically *oxook o ADD dst,dst
RLA.B dst Rotate left arithmetically *oxok % ADD.B dst,dst
RLC[.W] dst Rotate left through carry *oxok ok ADDC dst,dst
RLC.B dst Rotate left through carry *oxook o ADDC.B dst,dst

Data instructions (common use)

CLR[.W] Clear destination - - - - MOV #0,dst
CLR.B Clear destination - - - = MOV.B #0,dst
CLRC Clear carry bit - - =20 BIC #1,SR
CLRN Clear negative bit -0 - - BIC #4,SR
CLRZ Clear zero bit - - 0 - BIC #2,SR
POP dst Item from stack - - - - MOV @SP+,dst
SETC Set carry bit - - =1 BIS #1,SR
SETN Set negative bit -1 - BIS #4,SR
SETZ Set zero bit - - BIS #2,SR
TSTL.W] dst Test destination o * * 1 CMP #0,dst
TST.B dst Test destination o * * 1 CMP.B #0,dst

Program flow instructions

BR dst Branchto ....... - - - = MOV dst,PC
DINT Disable interrupt - - - = BIC #8,SR
EINT Enable interrupt - - - = BIS #8,SR
NOP No operation - - - = MOV #0h,#0h
RET Return from subroutine - - - - MOV @SP+,PC
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B.2 Instruction Set Description

This section catalogues and describes all core and emulated instructions in
alphabetical order. Some examples serve as explanations and others as
application hints.

The suffix .W or no suffix in the instruction mnemonic results in a word
operation.

The suffix .B at the instruction mnemonic results in a byte operation.
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ADC[.W]
ADC.B
Syntax

Operation

Emulation

Description

Status Bits

Mode Bits

Example

Example

Instruction Set Overview

Add carry to destination
Add carry to destination

ADC dst or ADC.W dst
ADC.B dst

dst + C —> dst

ADDC #0,dst
ADDC.B #0,dst

The carry bit (C) is added to the destination operand. The previous contents
of the destination are lost.

N: Set if result is negative, reset if positive

Z. Setif result is zero, reset otherwise

C: Set if dst was incremented from OFFFFh to 0000, reset otherwise
Set if dst was incremented from OFFh to 00, reset otherwise

V: Set if an arithmetic overflow occurs, otherwise reset

OscOff, CPUOff, and GIE are not affected.

The 16-bit counter pointed to by R13 is added to a 32-bit counter pointed to
by R12.

ADD @R13,0(R12) ; Add LSDs

ADC 2(R12) ; Add carry to MSD

The 8-bit counter pointed to by R13 is added to a 16-bit counter pointed to by
R12.

ADD.B @R13,0(R12) ; Add LSDs

ADC.B 1(R12) ; Add carry to MSD

Instruction Set Description B-9
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ADD[.W]
ADD.B
Syntax

Operation

Description

Status Bits

Mode Bits

Example

Example

B-10

Add source to destination
Add source to destination

ADD src,dst or ADD.W  src,dst
ADD.B src,dst

src + dst —> dst

The source operand is added to the destination operand. The source operand
is not affected. The previous contents of the destination are lost.

N: Set if result is negative, reset if positive

Z: Setif resultis zero, reset otherwise

C: Set if there is a carry from the result, cleared if not
V: Set if an arithmetic overflow occurs, otherwise reset

OscOff, CPUOMf, and GIE are not affected.
R5 is increased by 10. The jump to TONI is performed on a carry.

ADD #10,R5
JC TONI ; Carry occurred
...... ; No carry

R5 is increased by 10. The jump to TONI is performed on a carry.

ADD.B #10,R5 ; Add 10 to Lowbyte of R5
JC TONI ; Carry occurred, if (R5) = 246 [0Ah+0F6h]
...... ; No carry



ADDC[.W]
ADDC.B
Syntax
Operation

Description

Status Bits

Mode Bits

Example

Example

Instruction Set Overview

Add source and carry to destination
Add source and carry to destination

ADDC src,dst or ADDC.W src,dst
ADDC.B src,dst

src + dst + C —> dst

The source operand and the carry bit (C) are added to the destination operand.
The source operand is not affected. The previous contents of the destination
are lost.

N: Set if result is negative, reset if positive

Z: Setif resultis zero, reset otherwise

C: Setif there is a carry from the MSB of the result, reset otherwise
V: Set if an arithmetic overflow occurs, otherwise reset

OscOff, CPUOff, and GIE are not affected.

The 32-bit counter pointed to by R13 is added to a 32-bit counter, eleven words
(20/2 + 2/2) above the pointer in R13.

ADD @R13+,20(R13) ; ADD LSDs with no carry in
ADDC @R13+,20(R13) ; ADD MSDs with carry
; resulting from the LSDs

The 24-bit counter pointed to by R13 is added to a 24-bit counter, eleven words
above the pointer in R13.

ADD.B @R13+,10(R13) ; ADD LSDs with no carry in
ADDC.B @R13+,10(R13) ; ADD medium Bits with carry
ADDC.B @R13+,10(R13) ; ADD MSDs with carry

; resulting from the LSDs
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AND[.W] Source AND destination
AND.B Source AND destination
Syntax AND src,dst  or AND.W src,dst
AND.B src,dst
Operation src .AND. dst —> dst
Description The source operand and the destination operand are logically ANDed. The

result is placed into the destination.

Status Bits N: Set if result MSB is set, reset if not set
Z: Setif resultis zero, reset otherwise
C: Set if result is not zero, reset otherwise ( = .NOT. Zero)

V: Reset

Mode Bits OscOff, CPUOMf, and GIE are not affected.

Example The bits set in R5 are used as a mask (#0AA55h) for the word addressed by
TOM. If the result is zero, a branch is taken to label TONI.
MOV #0AA55h,R5 ; Load mask into register R5
AND R5,TOM ; mask word addressed by TOM with R5
Jz TONI ;

...... : Result is not zero

; or
AND #0AA55h, TOM
JZ TONI

Example The bits of mask #0A5h are logically ANDed with the low byte TOM. If the result
is zero, a branch is taken to label TONI.
AND.B #0A5h,TOM ; mask Lowbyte TOM with R5
JZ TONI ;

...... : Result is not zero
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BIC[.W]
BIC.B

Syntax

Operation

Description

Status Bits

Mode Bits

Example

Example

Example

Instruction Set Overview

Clear bits in destination
Clear bits in destination

BIC src,dst or BIC.W src,dst
BIC.B src,dst

.NOT.src .AND. dst —> dst

The inverted source operand and the destination operand are logically
ANDed. The result is placed into the destination. The source operand is not
affected.

N: Not affected
Z: Not affected
C: Not affected
V: Not affected

OscOff, CPUOff, and GIE are not affected.

The six MSBs of the RAM word LEO are cleared.
BIC #0FCOOh,LEO ; Clear 6 MSBs in MEM(LEO)
The five MSBs of the RAM byte LEO are cleared.

BIC.B #0F8h,LEO ; Clear 5 MSBs in Ram location LEO

The port pins PO and P1 are cleared.

POOUT .equ  01lh; Definition of port address
PO O .equ 01h
PO_1 .equ 02h
BIC.B #P0_0+P0_1,&POOUT ;Set P0.0 and P0.1 to low
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BIS[.W]
BIS.B

Syntax

Operation

Description

Status Bits

Mode Bits

Example

Example

Example

Example
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Set bits in destination
Set bits in destination

BIS src,dst or BIS.W src,dst
BIS.B src,dst

src .OR. dst —> dst

The source operand and the destination operand are logically ORed. The
result is placed into the destination. The source operand is not affected.

N: Not affected
Z: Not affected
C: Not affected
V: Not affected

OscOff, CPUOff, and GIE are not affected.
The six LSBs of the RAM word TOM are set.
BIS #003Fh, TOM; set the six LSBs in RAM location TOM

Start an A/D- conversion

ASOC .equ 1 ; Start of conversion bit
ACTL .equ 114h ; ADC control register
BIS #ASOC,&ACTL ; Start A/D-conversion

The three MSBs of RAM byte TOM are set.
BIS.B #0EOh,TOM ; set the 3 MSBs in RAM location TOM

Port pins PO and P1 are set to high.

POOUT .equ 011h
PO .equ 01h
P1 .equ 02h
BIS.B #P0+P1,&POOUT



BIT[.W]
BIT.B

Syntax
Operation

Description

Status Bits

Mode Bits

Example

Example

Example

Example

Instruction Set Overview

Test bits in destination
Test bits in destination

BIT src,dst or BIT.W src,dst
src .AND. dst

The source and destination operands are logically ANDed. The result affects
only the status bits. The source and destination operands are not affected.

N: Setif MSB of result is set, reset otherwise

Z. Setif result is zero, reset otherwise

C: Setif result is not zero, reset otherwise (.NOT. Zero)
V: Reset

OscOff, CPUOff, and GIE are not affected.
If bit 9 of R8 is set, a branch is taken to label TOM.

BIT #0200h,R8
JINZ TOM

; bit 9 of R8 set?
; Yes, branch to TOM
; No, proceed

Determine which A/D channel is configured by the MUX.

ACTL .equ 114h ; ADC control register
BIT #4,& ACTL ; Is channel 0 selected?
jnz END : Yes, branch to END

If bit 3 of R8 is set, a branch is taken to label TOM.

BIT.B #8,R8
JC TOM

A serial communication receive bit (RCV) is tested. Because the carry bit is
equal to the state of the tested bit while using the BIT instruction to test a single
bit, the carry bit is used by the subsequent instruction; the read information is
shifted into register RECBUF.

Serial communication with LSB is shifted first:
TXXXX OXXXX XXXX XXXX

BIT.B #RCV,RCCTL ; Bit info into carry
RRC RECBUF ; Carry —> MSB of RECBUF
; CXXX  XXXX
...... ; repeat previous two instructions
...... ; 8 times
; CCCC  ccce
; N N
; MSB LSB
; Serial communication with MSB is shifted first:
BIT.B #RCV,RCCTL ; Bit info into carry
RLC.B RECBUF ; Carry —> LSB of RECBUF
7 XXXX XXXC
...... ; repeat previous two instructions
...... ; 8 times
; ccce ccee
i LSB
; MSB
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* BR, BRANCH Branchto .......... destination

Syntax BR dst

Operation dst—> PC

Emulation MOV dst,PC

Description An unconditional branch is taken to an address anywhere in the 64K address

space. All source addressing modes can be used. The branch instruction is
a word instruction.

Status Bits Status bits are not affected.
Example Examples for all addressing modes are given.
BR #EXEC  ;Branch to label EXEC or direct branch (e.g. #0A4h)

: Core instruction MOV @PC+,PC

BR EXEC ; Branch to the address contained in EXEC
; Core instruction MOV X(PC),PC
; Indirect address

BR &EXEC ; Branch to the address contained in absolute
; address EXEC
; Core instruction MOV X(0),PC
; Indirect address

BR R5 : Branch to the address contained in R5
; Core instruction MOV R5,PC
; Indirect RS
BR @R5 ; Branch to the address contained in the word

; pointed to by R5.
; Core instruction MOV @R5,PC
; Indirect, indirect R5

BR @R5+ ; Branch to the address contained in the word pointed
; to by R5 and increment pointer in R5 afterwards.
; The next time—S/W flow uses R5 pointer—it can
; alter program execution due to access to
; next address in a table pointed to by R5
; Core instruction MOV @R5,PC
; Indirect, indirect R5 with autoincrement

BR X(R5) ; Branch to the address contained in the address
; pointed to by R5 + X (e.g. table with address
; starting at X). X can be an address or a label
; Core instruction MOV X(R5),PC
; Indirect, indirect R5 + X
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CALL
Syntax

Operation

Description

Status Bits

Example

Instruction Set Overview

Subroutine

CALL dst

dst —>tmp dst is evaluated and stored
SP-2 —> SP

PC —> @SP PC updated to TOS

tmp —>PC dst saved to PC

A subroutine call is made to an address anywhere in the 64K address space.
All addressing modes can be used. The return address (the address of the
following instruction) is stored on the stack. The call instruction is a word
instruction.

Status bits are not affected.

Examples for all addressing modes are given.

CALL

CALL

CALL

CALL

CALL

CALL

CALL

#EXEC ; Callonlabel EXEC orimmediate address (e.g. #0A4h)
; SP-2 -~ SP, PC+2 - @SP, @PC+ - PC

EXEC : Call on the address contained in EXEC
; SP-2 - SP, PC+2 - @SP, X(PC) - PC
; Indirect address

&EXEC ; Call on the address contained in absolute address
; EXEC
; SP-2 - SP, PC+2 - @SP, X(PC) - PC
; Indirect address

R5 ; Call on the address contained in R5
:SP-2 .. SP,PC+2 . @SP, R5 - PC
; Indirect R5

@R5 ; Call on the address contained in the word

; pointed to by R5
:SP-2 - SP, PC+2 -~ @SP, @R5 - PC
; Indirect, indirect R5

@R5+ ; Call on the address contained in the word
; pointed to by R5 and increment pointer in R5.
; The next time—S/W flow uses R5 pointer—
; it can alter the program execution due to
; access to next address in a table pointed to by R5
; SP-2 - SP, PC+2 - @SP, @R5 - PC
; Indirect, indirect R5 with autoincrement

X(R5) ; Call on the address contained in the address pointed
; to by R5 + X (e.g. table with address starting at X)
; X can be an address or a label
; SP-2 - SP, PC+2 - @SP, X(R5) - PC
; Indirect indirect R5 + X

Instruction Set Description B-17



Instruction Set Overview

* CLR[.W]
*CLR.B
Syntax

Operation

Emulation

Description

Status Bits

Example

Example

Example
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Clear destination
Clear destination

CLR dst or CLR.W dst
CLR.B dst

0 —> dst

MOV #0,dst

MOV.B #0,dst

The destination operand is cleared.
Status bits are not affected.

RAM word TONI is cleared.

CLR TONI ;0 —>TONI
Register R5 is cleared.

CLR R5

RAM byte TONI is cleared.

CLR.B TONI ; 0 —>TONI



*CLRC
Syntax
Operation
Emulation
Description

Status Bits

Mode Bits

Example

Instruction Set Overview

Clear carry bit

CLRC

0—>C

BIC #1,SR

The carry bit (C) is cleared. The clear carry instruction is a word instruction.

N: Not affected
Z: Not affected
C: Cleared

V: Not affected

OscOff, CPUOff, and GIE are not affected.

The 16-bit decimal counter pointed to by R13 is added to a 32-bit counter
pointed to by R12.

CLRC ; C=0: defines start
DADD @R13,0(R12) ; add 16-bit counter to low word of 32-bit counter
DADC 2(R12) ; add carry to high word of 32-bit counter
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* CLRN
Syntax

Operation

Emulation

Description

Status Bits

Mode Bits

Example

SUBR

SUBRET

B-20

Clear negative bit
CLRN

0 el N
or
(.NOT.src .AND. dst —> dst)

BIC #4,SR

The constant 04h is inverted (OFFFBh) and is logically ANDed with the
destination operand. The result is placed into the destination. The clear
negative bit instruction is a word instruction.

N: Resetto 0
Z: Not affected
C: Not affected
V: Not affected

OscOff, CPUOff, and GIE are not affected.

The negative bit in the status register is cleared. This avoids special treatment
with negative numbers of the subroutine called.

CLRN

CALL SUBR

JN SUBRET ; If input is negative: do nothing and return
RET



*CLRZ
Syntax

Operation

Emulation

Description

Status Bits

Mode Bits

Example

Instruction Set Overview

Clear zero bit
CLRZ

0 g Z
or
(.NOT.src .AND. dst —> dst)

BIC #2,SR

The constant 02h is inverted (OFFFDh) and logically ANDed with the
destination operand. The result is placed into the destination. The clear zero
bit instruction is a word instruction.

N: Not affected
Z: Resetto0

C: Not affected
V: Not affected

OscOff, CPUOff, and GIE are not affected.
The zero bit in the status register is cleared.

CLRz
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CMPL.W]
CMP.B

Syntax

Operation

Description

Status Bits

Mode Bits

Example

Example

Example

Example
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Compare source and destination
Compare source and destination

CMP src,dst or CMP.W src,dst
CMP.B src,dst

dst + .NOT.src + 1
or
(dst — src)

The source operand is subtracted from the destination operand. This is
accomplished by adding the 1s complement of the source operand plus 1. The
two operands are not affected and the result is not stored; only the status bits
are affected.

N: Setif result is negative, reset if positive (src >= dst)

Z: Setif result is zero, reset otherwise (src = dst)

C: Setif there is a carry from the MSB of the result, reset otherwise
V. Set if an arithmetic overflow occurs, otherwise reset

OscOff, CPUOff, and GIE are not affected.

R5 and R6 are compared. If they are equal, the program continues at the label
EQUAL.

CMP R5,R6 ; RS = R6?
JEQ EQUAL ; YES, JUMP

Two RAM blocks are compared. If they are not equal, the program branches
to the label ERROR.

MOV  #NUM,R5 ; humber of words to be compared
L$1 CMP  &BLOCK1,&BLOCK2 ; Are Words equal?

JNZ ERROR ; No, branch to ERROR

DEC R5 ; Are all words compared?

JNZ  L$1 ; No, another compare

The RAM bytes addressed by EDE and TONI are compared. If they are equal,
the program continues at the label EQUAL.

CMP.B EDE,TONI : MEM(EDE) = MEM(TONI)?
JEQ EQUAL . YES, JUMP

Check two keys connected to port pins PO and P1. If keyl is pressed, the
program branches to label MENUL1; if key2 is pressed, the program branches
to MENU2.

POIN .EQU 010h
KEY1 .EQU 01h
KEY2 .EQU 02h

CMP.B #KEY1,&POIN

JEQ MENU1
CMP.B #KEY2,&POIN
JEQ MENU2



* DADC[.W]
* DADC.B

Syntax

Operation

Emulation

Description

Status Bits

Mode Bits

Example

Example
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Add carry decimally to destination
Add carry decimally to destination

DADC dst or DADC.W src,dst
DADC.B dst

dst + C —> dst (decimally)

DADD #0,dst
DADD.B #0,dst

The carry bit (C) is added decimally to the destination.

N: Setif MSBis 1

Z: Setif dstis 0, reset otherwise

C: Set if destination increments from 9999 to 0000, reset otherwise
Set if destination increments from 99 to 00, reset otherwise

V: Undefined

OscOff, CPUOff, and GIE are not affected.

The four-digit decimal number contained in R5 is added to an eight-digit
decimal number pointed to by R8.

CLRC ; Reset carry

; next instruction’s start condition is defined
DADD R5,0(R8) ; Add LSDs + C
DADC 2(R8) ; Add carry to MSD

The two-digit decimal number contained in R5 is added to a four-digit decimal
number pointed to by R8.

CLRC ; Reset carry

; next instruction’s start condition is defined
DADD.B R5,0(R8) : Add LSDs + C
DADC 1(R8) ; Add carry to MSDs
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DADD[.W]
DADD.B

Syntax

Operation

Description

Status Bits

Mode Bits

Example

Example

B-24

Source and carry added decimally to destination
Source and carry added decimally to destination

DADD src,dst or DADD.W src,dst
DADD.B src,dst

src + dst + C —> dst (decimally)

The source operand and the destination operand are treated as four binary
coded decimals (BCD) with positive signs. The source operand and the carry
bit (C) are added decimally to the destination operand. The source operand
is not affected. The previous contents of the destination are lost. The resultis
not defined for non-BCD numbers.

N: Setifthe MSB is 1, reset otherwise
Z: Setif result is zero, reset otherwise
C: Set if the result is greater than 9999

Set if the result is greater than 99
V: Undefined

OscOff, CPUOff, and GIE are not affected.

The eight-digit BCD number contained in R5 and R6 is added decimally to an
eight-digit BCD number contained in R3 and R4 (R6 and R4 contain the
MSDs).

CLRC ; CLEAR CARRY

DADD R5,R3 ; add LSDs

DADD R6,R4 ; add MSDs with carry

JC OVERFLOW ; If carry occurs go to error handling routine

The two-digit decimal counter in the RAM byte CNT is incremented by one.

CLRC ; Clear Carry

DADD.B #1,CNT ; increment decimal counter
or

SETC

DADD.B #0,CNT : =DADC.B CNT



* DEC[.W]
* DEC.B

Syntax

Operation
Emulation
Emulation

Description

Status Bits

Mode Bits

Instruction Set Overview

Decrement destination
Decrement destination

DEC dst or DEC.W dst
DEC.B dst
dst—1 —>dst

SuB #1,dst
SUB.B  #1,dst

The destination operand is decremented by one. The original contents are
lost.

Set if result is negative, reset if positive

Set if dst contained 1, reset otherwise

Reset if dst contained 0, set otherwise

Set if an arithmetic overflow occurs, otherwise reset.

Set if initial value of destination was 08000h, otherwise reset.
Set if initial value of destination was 080h, otherwise reset.

<oNz

OscOff, CPUOff, and GIE are not affected.
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Example R10 is decremented by 1
DEC R10 ; Decrement R10

; Move a block of 255 bytes from memory location starting with EDE to memory location starting with
;TONI. Tables should not overlap: start of destination address TONI must not be within the range EDE
; to EDE+OFEh

MOV #EDE,R6
MOV #255,R10
L$1 MOV.B @R6+, TONI-EDE-1(R6)
DEC R10
IJNZ L$1

; Do not transfer tables using the routine above with the overlap shown in Figure B—4.

Figure B—4.Decrement Overlap

EDE
4t“———»
TONI
EDE+254
TONI+254
Example Memory byte at address LEO is decremented by one.
DEC.B LEO ; Decrement MEM(LEO)

; Move a block of 255 bytes from memory location starting with EDE to memory location starting with
; TONI. Tables should not overlap: start of destination address TONI must not be within the range EDE
; to EDE+OFEh

MOV #EDE,R6
MOV.B #255,LEO
L$1 MOV.B @R6+,TONI-EDE-1(R6)
DEC.B LEO
INZ L$1
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* DECD[.W]
* DECD.B

Syntax

Operation

Emulation
Emulation

Description

Status Bits

Mode Bits

Example

Instruction Set Overview

Double-decrement destination
Double-decrement destination

DECD dst or DECD.W dst
DECD.B dst

dst—2 —> dst

SuB #2,dst
SUB.B  #2,dst

The destination operand is decremented by two. The original contents are lost.

Set if result is negative, reset if positive

Set if dst contained 2, reset otherwise

Reset if dst contained 0 or 1, set otherwise

Set if an arithmetic overflow occurs, otherwise reset.

Set if initial value of destination was 08001 or 08000h, otherwise reset.
Set if initial value of destination was 081 or 080h, otherwise reset.

<oNz

OscOff, CPUOff, and GIE are not affected.
R10 is decremented by 2.

DECD R10 ; Decrement R10 by two

; Move a block of 255 words from memory location starting with EDE to memory location

; starting with TONI

; Tables should not overlap: start of destination address TONI must not be within the
; range EDE to EDE+0OFEh

Example

MOV #EDE,R6
MOV #510,R10

L$1 MOV @R6+,TONI-EDE-2(R6)
DECD R10
INZ L$1

Memory at location LEO is decremented by two.
DECD.B LEO ; Decrement MEM(LEO)
Decrement status byte STATUS by two.

DECD.B STATUS
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*DINT
Syntax

Operation

Emulation

Description

Status Bits

Mode Bits

Example
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Disable (general) interrupts

DINT

0—)
or

(OFFF7h .AND. SR - SR

BIC

All interrupts are disabled.

GIE

#8,SR

/' .NOT.src .AND. dst —> dst)

The constant 08h is inverted and logically ANDed with the status register (SR).
The result is placed into the SR.

N:
Z:
C:
V.

Not affected
Not affected
Not affected
Not affected

GIE is reset. OscOff and CPUO(ff are not affected.

The general interrupt enable (GIE) bit in the status register is cleared to allow
a nondisrupted move of a 32-bit counter. This ensures that the counter is not
modified during the move by any interrupt.

DINT ; Allinterrupt events using the GIE bit are disabled
NOP

MOV COUNTHI,R5 ; Copy counter

MOV COUNTLO,R6

EINT ; All interrupt events using the GIE bit are enabled
Note: Disable Interrupt

If any code sequence needs to be protected from interruption, the DINT
should be executed at least one instruction before the beginning of the

uninterruptible sequence, or should be followed by an NOP.




*EINT
Syntax

Operation

Emulation

Description

Status Bits

Mode Bits

Example

Instruction Set Overview

Enable (general) interrupts
EINT

1 - GIE
or
(0008h .OR. SR —> SR / .NOT.src .OR. dst —> dst)

BIS #8,SR

All interrupts are enabled.
The constant #08h and the status register SR are logically ORed. The result
is placed into the SR.

N: Not affected
Z: Not affected
C: Not affected
V: Not affected

GIE is set. OscOff and CPUOff are not affected.

The general interrupt enable (GIE) bit in the status register is set.

; Interrupt routine of port P0.2 to P0.7

; The interrupt level is the lowest in the system

; POIN is the address of the register where all port bits are read. POIFG is the address of
; the register where all interrupt events are latched.

MaskOK

PUSH.B &POIN

BIC.B @SP,&POIFG ; Reset only accepted flags

EINT ; Preset port 0 interrupt flags stored on stack
; other interrupts are allowed

BIT #Mask,@SP

JEQ MaskOK ; Flags are present identically to mask: jump

BIC #Mask,@SP

INCD SP ; Housekeeping: inverse to PUSH instruction
; at the start of interrupt subroutine. Corrects
; the stack pointer.

RETI

Note: Enable Interrupt

The instruction following the enable interrupt instruction (EINT) is always
executed, even if an interrupt service request is pending when the interrupts
are enable.
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* INC[.W]
*INC.B

Syntax

Operation
Emulation
Description

Status Bits

Mode Bits

Example

Example
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Increment destination
Increment destination

INC dst or INC.W dst
INC.B dst
dst + 1 —> dst

ADD #1,dst
The destination operand is incremented by one. The original contents are lost.

N: Setif result is negative, reset if positive

Z: Set if dst contained OFFFFh, reset otherwise
Set if dst contained OFFh, reset otherwise

C. Setif dst contained OFFFFh, reset otherwise
Set if dst contained OFFh, reset otherwise

V. Set if dst contained 07FFFh, reset otherwise
Set if dst contained 07Fh, reset otherwise

OscOff, CPUOff, and GIE are not affected.

The item on the top of a software stack (not the system stack) for byte data is
removed.

SSP  .EQU R4
INC SSP  ; Remove TOSS (top of SW stack) by increment
; Do not use INC.B since SSP is a word register

The status byte of a process STATUS is incremented. When it is equal to 11,
a branch to OVFL is taken.

INC.B STATUS
CMP.B  #11,STATUS
JEQ OVFL



* INCD[.W]
*INCD.B

Syntax

Operation

Emulation
Emulation

Example

Status Bits

Mode Bits

Example

Example

Instruction Set Overview

Double-increment destination
Double-increment destination

INCD dst or INCD.W dst
INCD.B dst
dst + 2 —> dst

ADD #2,dst
ADD.B  #2,dst

The destination operand is incremented by two. The original contents are lost.

N: Set if result is negative, reset if positive

Z. Set if dst contained OFFFEh, reset otherwise
Set if dst contained OFEh, reset otherwise

C: Set if dst contained OFFFEh or OFFFFh, reset otherwise
Set if dst contained OFEh or OFFh, reset otherwise

V: Set if dst contained 07FFEh or 07FFFh, reset otherwise
Set if dst contained 07Eh or 07Fh, reset otherwise

OscOff, CPUOff, and GIE are not affected.

The item on the top of the stack (TOS) is removed without using a register.

PUSH R5 ; R5 is the result of a calculation, which is stored
; in the system stack

INCD SP ; Remove TOS by double-increment from stack
; Do not use INCD.B, SP is a word-aligned
; register

RET

The byte on the top of the stack is incremented by two.

INCD.B 0(SP) ; Byte on TOS is incremented by two
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* INV[.W]
*INV.B

Syntax

Operation

Emulation
Emulation

Description

Status Bits

Mode Bits

Example

Example
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Invert destination
Invert destination

INV dst
INV.B dst

.NOT.dst —> dst

XOR #OFFFFh,dst
XOR.B  #OFFh,dst

The destination operand is inverted. The original contents are lost.

N: Setif result is negative, reset if positive
Z: Setif dst contained OFFFFh, reset otherwise
Set if dst contained OFFh, reset otherwise
C: Setif result is not zero, reset otherwise ( = .NOT. Zero)
Set if result is not zero, reset otherwise ( = .NOT. Zero)
V: Set if initial destination operand was negative, otherwise reset

OscOff, CPUOff, and GIE are not affected.

Content of R5 is negated (twos complement).

MOV #00Aeh,R5 ; R5 = 000AEh
INV R5 ; Invert R5, R5 = OFF51h
INC R5 ; R5is now negated, R5 = 0FF52h

Content of memory byte LEO is negated.

MOV.B #OAEN,LEO ; MEM(LEO) = OAEh
INV.B LEO : Invert LEO, MEM(LEO) = 051h
INC.B LEO : MEM(LEO) is negated, MEM(LEO) = 052h



JC
JHS
Syntax

Operation

Description

Status Bits

Example

Example

Instruction Set Overview

Jump if carry set
Jump if higher or same

JC label
JHS label

If C=1: PC + 2 x offset —> PC
If C = 0: execute following instruction

The status register carry bit (C) is tested. If it is set, the 10-bit signed offset
contained inthe instruction LSBs is added to the program counter. If Cis reset,
the next instruction following the jump is executed. JC (jump if carry/higher or
same) is used for the comparison of unsigned numbers (0 to 65536).

Status bits are not affected.
The POIN.1 signal is used to define or control the program flow.

BIT #10h,&POIN ; State of signal —> Carry
JC PROGA ; If carry=1 then execute program routine A
...... ; Carry=0, execute program here

R5 is compared to 15. If the content is higher or the same, branch to LABEL.

CMP #15,R5
JHS LABEL ; Jump is taken if R5 = 15
...... ; Continue here if R5 <15
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JEQ, JZ
Syntax

Operation

Description

Status Bits

Example

Example

Example
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Jump if equal, jump if zero
JEQ label, JZ label

If Z=1: PC + 2 x offset —> PC
If Z = 0: execute following instruction

The status register zero bit (2) is tested. If it is set, the 10-bit signed offset
contained in the instruction LSBs is added to the program counter. If Z is not
set, the instruction following the jump is executed.

Status bits are not affected.
Jump to address TONI if R7 contains zero.

TST R7 ; Test R7
JZ TONI ; if zero: JUMP

Jump to address LEO if R6 is equal to the table contents.

CMP R6,Table(R5) ; Compare content of R6 with content of
; MEM (table address + content of R5)

JEQ LEO ; Jump if both data are equal

...... ; No, data are not equal, continue here

Branch to LABEL if R5 is 0.

TST R5
JZ LABEL



JGE
Syntax

Operation

Description

Status Bits

Example

Instruction Set Overview

Jump if greater or equal
JGE label

If (N .XOR. V) = 0 then jump to label: PC + 2 x offset —> PC
If (N .XOR. V) = 1 then execute the following instruction

The status register negative bit (N) and overflow bit (V) are tested. If both N
and V are set or reset, the 10-bit signed offset contained in the instruction LSBs
is added to the program counter. If only one is set, the instruction following the
jump is executed.

This allows comparison of signed integers.
Status bits are not affected.

When the content of R6 is greater or equal to the memory pointed to by R7,
the program continues at label EDE.

CMP @R7,R6 ; R6 = (R7)?, compare on signed numbers
JGE EDE ; Yes, R6 = (R7)
...... ; No, proceed
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JL
Syntax

Operation

Description

Status Bits

Example
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Jump if less
JL label

If (N .XOR. V) =1 then jump to label: PC + 2 x offset —> PC
If (N .XOR. V) = 0 then execute following instruction

The status register negative bit (N) and overflow bit (V) are tested. If only one
is set, the 10-bit signed offset contained in the instruction LSBs is added to the
program counter. If both N and V are set or reset, the instruction following the
jump is executed.

This allows comparison of signed integers.
Status bits are not affected.

When the content of R6 is less than the memory pointed to by R7, the program
continues at label EDE.

CMP @R7,R6 ; R6 < (R7)?, compare on signed numbers
JL EDE ; Yes, R6 < (R7)
...... ; No, proceed
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JMP Jump unconditionally

Syntax JMP label

Operation PC + 2 x offset —> PC

Description The 10-bit signed offset contained in the instruction LSBs is added to the

program counter.
Status Bits Status bits are not affected.

Hint: This one-word instruction replaces the BRANCH instruction in the range of
—511 to +512 words relative to the current program counter.
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JN
Syntax

Operation

Description

Status Bits

Example

L$1
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Jump if negative
JN label

if N=1: PC + 2 x offset —> PC
if N = 0: execute following instruction

The negative bit (N) of the status register is tested. If it is set, the 10-bit signed
offset contained in the instruction LSBs is added to the program counter. If N
is reset, the next instruction following the jump is executed.

Status bits are not affected.

The result of a computation in R5 is to be subtracted from COUNT. If the result
is negative, COUNT is to be cleared and the program continues execution in
another path.

SuUB R5,COUNT : COUNT — R5 —> COUNT
JN L$1 ; If negative continue with COUNT=0 at PC=L$1
...... ; Continue with COUNT=0

CLR COUNT



JNC
JLO

Syntax

Operation

Description

Status Bits

Example

ERROR

CONT

Example

Instruction Set Overview

Jump if carry not set
Jump if lower

JNC label
JNC label

if C=0: PC + 2 x offset —> PC
if C = 1. execute following instruction

The status register carry bit (C) is tested. If it is reset, the 10-bit signed offset
contained in the instruction LSBs is added to the program counter. If C is set,
the nextinstruction following the jumpis executed. JNC (jump if no carry/lower)
is used for the comparison of unsigned numbers (0 to 65536).

Status bits are not affected.

The resultin R6 is added in BUFFER. If an overflow occurs, an error handling
routine at address ERROR is used.

ADD R6,BUFFER ; BUFFER + R6 — BUFFER
JNC CONT ; No carry, jump to CONT
...... ; Error handler start

...... ; Continue with normal program flow

Branch to STL2 if byte STATUS contains 1 or O.

CMP.B  #2,STATUS
JLO STL2 : STATUS <2
...... : STATUS = 2, continue here
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JNE, JNZ
Syntax

Operation

Description

Status Bits

Example

B-40

Jump if not equal, jump if not zero
JNE label, JNZ label

If Z=0: PC + 2 x offset —> PC
If Z = 1: execute following instruction

The status register zero bit (Z) is tested. If it is reset, the 10-bit signed offset
contained in the instruction LSBs is added to the program counter. If Z is set,
the next instruction following the jump is executed.

Status bits are not affected.
Jump to address TONI if R7 and R8 have different contents.

CMP R7,R8 ; COMPARE R7 WITH R8
JNE TONI ; if different: jump
...... ; if equal, continue



MOV[.W]
MOV.B
Syntax
Operation

Description

Status Bits
Mode Bits

Example

Loop

Example

Loop

Instruction Set Overview

Move source to destination
Move source to destination

MOV src,dst or MOV.W src,dst
MOV.B src,dst
src —> dst

The source operand is moved to the destination.
The source operand is not affected. The previous contents of the destination
are lost.

Status bits are not affected.
OscOff, CPUOff, and GIE are not affected.

The contents of table EDE (word data) are copied to table TOM. The length
of the tables must be 020h locations.

MOV #EDE,R10 ; Prepare pointer

MOV  #020h,R9 ; Prepare counter

MOV @R10+,TOM-EDE-2(R10) ; Use pointer in R10 for both tables
DEC R9 ; Decrement counter

JNZ  Loop ; Counter # 0, continue copying
...... ; Copying completed

The contents of table EDE (byte data) are copied to table TOM. The length of
the tables should be 020h locations

MOV #EDE,R10 ; Prepare pointer
MOV  #020h,R9 ; Prepare counter
MOV.B @R10+,TOM-EDE-1(R10) ; Use pointer in R10 for

; both tables
DEC R9 ; Decrement counter
JNZ  Loop ; Counter # 0, continue
; copying

...... ; Copying completed
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* NOP

Syntax

Operation

Emulation

Description

Status Bits
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No operation
NOP

None

MOV #0,R3

No operation is performed. The instruction may be used for the elimination of
instructions during the software check or for defined waiting times.

Status bits are not affected.

The NOP instruction is mainly used for two purposes:

[ To hold one, two or three memory words
[ To adjust software timing

Note: Emulating No-Operation Instruction

Other instructions can emulate the NOP function while providing different
numbers of instruction cycles and code words. Some examples are:

Examples:

MOV 0(R4),0(R4) ; 6 cycles, 3 words
MOV @R4,0(R4) ; 5 cycles, 2 words
BIC #0,EDE(R4) ; 4 cycles, 2 words
JMP $+2 ; 2 cycles, 1 word
BIC #0,R5 ; 1 cycle, 1 word

However, care should be taken when using these examples to prevent
unintended results. For example, if MOV 0(R4), 0(R4) is used and the value
in R4 is 120h, then a security violation will occur with the watchdog timer
(address 120h) because the security key was not used.




* POP[.W]
*POP.B
Syntax

Operation

Emulation
Emulation

Description

Status Bits

Example

Example

Example

Example

Instruction Set Overview

Pop word from stack to destination
Pop byte from stack to destination

POP dst

POP.B dst

@SP —>temp

SP+2—>SP

temp —> dst

MOV @SP+,dst or MOV.W  @SP+,dst
MOV.B @SP+,dst

The stack location pointed to by the stack pointer (TOS) is moved to the
destination. The stack pointer is incremented by two afterwards.

Status bits are not affected.
The contents of R7 and the status register are restored from the stack.

POP R7 ; Restore R7
POP SR ; Restore status register

The contents of RAM byte LEO is restored from the stack.
POP.B LEO ; The low byte of the stack is moved to LEO.
The contents of R7 is restored from the stack.

POP.B R7 ; The low byte of the stack is moved to R7,
; the high byte of R7 is 00h

The contents of the memory pointed to by R7 and the status register are
restored from the stack.

POP.B 0(R7) ; The low byte of the stack is moved to the
; the byte which is pointed to by R7
: Example: R7 =203h
; Mem(R7) = low byte of system stack
: Example: R7 =20Ah
; Mem(R7) = low byte of system stack
POP SR

Note: The System Stack Pointer

The system stack pointer (SP) is always incremented by two, independent
of the byte suffix.
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PUSH[.W]
PUSH.B
Syntax
Operation

Description

Status Bits

Mode Bits

Example

Example
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Push word onto stack
Push byte onto stack

PUSH src or PUSH.W src
PUSH.B src

SP-2 . SP
src - @SP

The stack pointer is decremented by two, then the source operand is moved
to the RAM word addressed by the stack pointer (TOS).

N: Not affected
Z: Not affected
C: Not affected
V: Not affected

OscOff, CPUOMf, and GIE are not affected.
The contents of the status register and R8 are saved on the stack.

PUSH SR ; save status register
PUSH R8 ; save R8

The contents of the peripheral TCDAT is saved on the stack.

PUSH.B &TCDAT ; save data from 8-bit peripheral module,
; address TCDAT, onto stack

Note: The System Stack Pointer

The system stack pointer (SP) is always decremented by two, independent
of the byte suffix.
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*RET Return from subroutine
Syntax RET
Operation @SP- PC
SP+2 - SP
Emulation MOV @SP+,PC
Description The return address pushed onto the stack by a CALL instruction is moved to

the program counter. The program continues at the code address following the
subroutine call.

Status Bits Status bits are not affected.
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RETI
Syntax

Operation

Description

Status Bits

Mode Bits

Example

Return from interrupt

RETI

TOS ~ SR
SP+2 . SP
TOS ~ PC
SP+2 . SP

The status register is restored to the value at the beginning of the interrupt
service routine by replacing the present SR contents with the TOS contents.
The stack pointer (SP) is incremented by two.

The program counter is restored to the value at the beginning of interrupt
service. This is the consecutive step after the interrupted program flow.
Restoration is performed by replacing the present PC contents with the TOS
memory contents. The stack pointer (SP) is incremented.

N: restored from system stack
Z: restored from system stack
C: restored from system stack
V: restored from system stack

OscOff, CPUOff, and GIE are restored from system stack.

Figure B-5 illustrates the main program interrupt.

Figure B-5.Main Program Interrupt
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* RLA[.W]
*RLA.B

Syntax

Operation

Emulation

Description

Instruction Set Overview
Rotate left arithmetically
Rotate left arithmetically

RLA dst or RLA.W dst
RLA.B dst

C<-MSB<-MSB-1.... LSB+1<-LSB<-0

ADD dst,dst
ADD.B dst,dst

The destination operand is shifted left one position as shown in Figure B—6.
The MSB is shifted into the carry bit (C) and the LSB is filled with 0. The RLA
instruction acts as a signed multiplication by 2.

An overflow occurs if dst = 04000h and dst < 0C0O00h before operation is
performed: the result has changed sign.

Figure B—6.Destination Operand—Arithmetic Shift Left

Status Bits

Mode Bits

Example

Example

Word 15 0
__________________ PR
Byte 7 0

An overflow occurs if dst = 040h and dst < 0COh before the operation is
performed: the result has changed sign.

Set if result is negative, reset if positive

Set if result is zero, reset otherwise

Loaded from the MSB

Set if an arithmetic overflow occurs:

the initial value is 04000h < dst < 0C000h; otherwise it is reset
Set if an arithmetic overflow occurs:

the initial value is 040h < dst < 0COh; otherwise it is reset

OscOff, CPUOff, and GIE are not affected.
R7 is multiplied by 4.

<oNzZ

RLA R7 ; Shift left R7 (x 2) — emulated by ADD R7,R7
RLA R7 ; Shift left R7 (x 4) — emulated by ADD R7,R7
The low byte of R7 is multiplied by 4.
RLA.B R7 ; Shift left low byte of R7 (x 2) — emulated by

; ADD.B R7,R7
RLA.B R7 ; Shift left low byte of R7 (x 4) — emulated by

; ADD.B R7,R7

Note: RLA Substitution

The assembler does not recognize the instruction:

RLA @R5+ nor RLA.B  @R5+.
It must be substituted by:
ADD @R5+,-2(R5) or ADD.B @R5+,-1(R5).
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* RLC[.W] Rotate left through carry

*RLC.B Rotate left through carry

Syntax RLC dst or RLC.W dst
RLC.B  dst

Operation C<-MSB<-MSB-1.... LSB+1<-LSB<-C

Emulation ADDC dst,dst

Description The destination operand is shifted left one position as shown in Figure B-7.
The carry bit (C) is shifted into the LSB and the MSB is shifted into the carry
bit (C).

Figure B—7.Destination Operand—Carry Left Shift
Word 15 0

——————————————————

Byte 7 0

Status Bits Set if result is negative, reset if positive

Set if result is zero, reset otherwise

Loaded from the MSB

Set if arithmetic overflow occurs, reset otherwise
Set if 03FFFh < dstjnjtigl < 0C000, reset otherwise

Set if 03Fh < dstjpjtig) < 0COh, reset otherwise

Mode Bits OscOff, CPUOff, and GIE are not affected.
Example R5 is shifted left one position.
RLC R5 :(R5x2)+C—>R5
Example The input POIN.1 information is shifted into the LSB of R5.

BIT.B #2,&POIN ; Information —> Carry
RLC R5 ; Carry=PQin.1 —> LSB of R5

Example The MEM(LEO) content is shifted left one position.
RLC.B LEO ; Mem(LEO) x 2 + C —> Mem(LEO)
Example The input POIN.1 information is to be shifted into the LSB of R5.

BIT.B #2,&POIN ; Information —> Carry
RLC.B R5 ; Carry = POin.1 —> LSB of R5
; High byte of R5 is reset

Note: RLC and RLC.B Emulation

The assembler does not recognize the instruction:
RLC @R5+.

It must be substituted by:
ADDC  @R5+,-2(R5).
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RRA[.W]
RRA.B

Syntax

Operation

Description

Instruction Set Overview

Rotate right arithmetically
Rotate right arithmetically

RRA dst or RRA.W dst
RRA.B dst

MSB —> MSB, MSB —> MSB-1, ... LSB+1—=>LSB, LSB—>C

The destination operand is shifted right one position as shown in Figure B-8.
The MSB is shifted into the MSB, the MSB is shifted into the MSB-1, and the
LSB+1 is shifted into the LSB.

Figure B—8.Destination Operand—Avrithmetic Right Shift

Status Bits

Mode Bits

Word 15 0

N — >
Byte |

15 0

Set if result is negative, reset if positive
Set if result is zero, reset otherwise
Loaded from the LSB

Reset

<oNzZ

OscOff, CPUOff, and GIE are not affected.

Instruction Set Description B-49



Running Title—Attribute Reference

Example

;:OR

Example

;OR
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R5 is shifted right one position. The MSB retains the old value. It operates
equal to an arithmetic division by 2.

RRA R5 i R5/2—>R5

The value in R5 is multiplied by 0.75 (0.5 + 0.25).

PUSH R5 ; hold R5 temporarily using stack

RRA RS iR5x0.5 —> R5

ADD @SP+R5 ;R5x05+R5=15xR5 —>R5

RRA RS ;(1.5xR5)x0.5=0.75 xR5 —>R5

RRA RS ;R5x0.5 —> R5

PUSH R5 ;R5x0.5 —> TOS

RRA @SP ;TOSx05=05%xR5x0.5=0.25xR5 —>TOS
ADD @SP+R5 ;R5x05+R5x0.25=0.75xR5 —>R5

The low byte of R5 is shifted right one position. The MSB retains the old value.
It operates equal to an arithmetic division by 2.

RRA.B R5 ; R5/2 —> R5: operation is on low byte only
; High byte of R5 is reset

The value in R5 (low byte only) is multiplied by 0.75 (0.5 + 0.25).

PUSH.B R5 ; hold low byte of R5 temporarily using stack
RRA.B R5 ;R5x05 —> R5

ADD.B @SP+R5 ;R5x05+R5=15xR5 —>R5

RRA.B R5 ; (L5 xR5)x0.5=0.75xR5 —> R5

RRA.B RS iR5x0.5 —> R5

PUSH.B R5 ;R5x0.5 —> TOS

RRA.B @SP ;TOSx0.5=0.5xR5x0.5=0.25%xR5 —>TOS
ADD.B @SP+R5 ;R5x05+R5x%x0.25=0.75xR5 —>R5



RRC[.W]
RRC.B

Syntax

Operation

Description

Instruction Set Overview

Rotate right through carry
Rotate right through carry

RRC dst or RRC.W dst
RRC dst

C—>MSB—>MSB-1... LSB+1—>LSB—>C

The destination operand is shifted right one position as shown in Figure B—6.
The carry bit (C) is shifted into the MSB, the LSB is shifted into the carry bit (C).

Figure B-9.Destination Operand—Carry Right Shift

Status Bits

Mode Bits

Example

Example

Word 15 0
——————————————————
Byte 7 0

Set if result is negative, reset if positive

Set if result is zero, reset otherwise

Loaded from the LSB

Set if initial destination is positive and initial carry is set, otherwise reset

<oNzZ

OscOff, CPUOff, and GIE are not affected.
R5 is shifted right one position. The MSB is loaded with 1.

SETC ; Prepare carry for MSB
RRC R5 ; R5/2 + 8000h —> R5

R5 is shifted right one position. The MSB is loaded with 1.

SETC ; Prepare carry for MSB
RRC.B R5 ; R5/2 + 80h —> R5; low byte of R5 is used
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* SBC[.W]
*SBC.B
Syntax
Operation
Emulation

Description

Status Bits

Mode Bits

Example

Example
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Subtract (borrow®) from destination
Subtract (borrow®) from destination

SBC dst or SBC.W dst
SBC.B dst

dst + OFFFFh + C —> dst
dst + OFFh + C —> dst

SUBC #0,dst
SUBC.B #0,dst

The carry bit (C) is added to the destination operand minus one. The previous
contents of the destination are lost.

N: Setif result is negative, reset if positive

Z: Setif result is zero, reset otherwise

C: Reset if dst was decremented from 0000 to OFFFFh, set otherwise
Reset if dst was decremented from 00 to OFFh, set otherwise

V: Setifinitially C = 0 and dst = 08000h
Set if initially C = 0 and dst = 080h

OscOff, CPUOff, and GIE are not affected.

The 16-bit counter pointed to by R13 is subtracted from a 32-bit counter
pointed to by R12.

SUB @R13,0(R12) ; Subtract LSDs
SBC 2(R12) ; Subtract carry from MSD

The 8-bit counter pointed to by R13 is subtracted from a 16-bit counter pointed
to by R12.

SUB.B @R13,0(R12) ; Subtract LSDs
SBC.B 1(R12) ; Subtract carry from MSD

Note: Borrow Is Treated as a .NOT.

The borrow is treated as a .NOT. carry :  Borrow  Carry bit
Yes 0
No 1




* SETC
Syntax
Operation
Emulation
Description

Status Bits

Mode Bits

Example

DSuUB

Instruction Set Overview

Set carry bit

SETC

1->C

BIS #1,SR

The carry bit (C) is set.

N: Not affected
Z: Not affected
C:. Set

V: Not affected

OscOff, CPUOff, and GIE are not affected.

Emulation of the decimal subtraction:
Subtract R5 from R6 decimally
Assume that R5 = 3987 and R6 = 4137

ADD #6666h,R5 ; Move content R5 from 0-9 to 6—0Fh
; R5 = 03987 + 6666 = 09FEDh
; Invert this (result back to 0-9)
; R5 = .NOT. R5 = 06012h
SETC ; Prepare carry = 1
DADD R5,R6 ; Emulate subtraction by addition of:
; (10000 - R5-1)
:R6=R6+R5+1
: R6 =4137 + 06012 + 1 = 1 0150 = 0150

INV R5
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*SETN
Syntax
Operation
Emulation
Description

Status Bits

Mode Bits

B-54

Set negative bit

SETN

1-—>N

BIS #4,SR

The negative bit (N) is set.

N: Set

Z: Not affected
C: Not affected
V: Not affected

OscOff, CPUOff, and GIE are not affected.



*SETZ
Syntax
Operation
Emulation
Description

Status Bits

Mode Bits

Set zero bit
SETZ

1—>Z

BIS #2,SR

The zero bit (Z) is set.

N:
Z:
C:
V.

Not affected
Set

Not affected
Not affected

Instruction Set Overview

OscOff, CPUOff, and GIE are not affected.

Instruction Set Description
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SUB[.W] Subtract source from destination

SUB.B Subtract source from destination

Syntax SUB src,dst or SUB.W src,dst
SUB.B src,dst

Operation dst + .NOT.src + 1 —> dst
or

[(dst — src —> dst)]

Description The source operand is subtracted from the destination operand by adding the
source operand’s 1s complement and the constant 1. The source operand is
not affected. The previous contents of the destination are lost.

Status Bits N: Set if result is negative, reset if positive
Z: Setif result is zero, reset otherwise
C: Setif there is a carry from the MSB of the result, reset otherwise.
Set to 1 if no borrow, reset if borrow.
V: Set if an arithmetic overflow occurs, otherwise reset

Mode Bits OscOff, CPUOff, and GIE are not affected.
Example See example at the SBC instruction.
Example See example at the SBC.B instruction.

Note: Borrow Is Treated as a .NOT.

The borrow is treated as a .NOT. carry :  Borrow  Carry bit
Yes 0
No 1
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SUBC[.W]SBB[.W]
SUBC.B,SBB.B

Syntax

Operation

Description

Status Bits

Mode Bits

Example

Example

Instruction Set Overview

Subtract source and borrow/.NOT. carry from destination
Subtract source and borrow/.NOT. carry from destination

SuUBC src,dst or SUBC.W src,dst or
SBB src,dst or SBB.W src,dst
SUBC.B src,dst or SBB.B src,dst

dst + .NOT.src + C —> dst
or
(dst—src—1 + C —>dst)

The source operand is subtracted from the destination operand by adding the
source operand’s 1s complement and the carry bit (C). The source operand
is not affected. The previous contents of the destination are lost.

N: Set if result is negative, reset if positive.

Z. Setif result is zero, reset otherwise.

C: Setif there is a carry from the MSB of the result, reset otherwise.
Set to 1 if no borrow, reset if borrow.

V. Set if an arithmetic overflow occurs, reset otherwise.

OscOff, CPUOff, and GIE are not affected.

Two floating point mantissas (24 bits) are subtracted.
LSBs are in R13 and R10, MSBs are in R12 and R9.

SUB.W R13,R10 ; 16-bit part, LSBs
SUBC.B R12,R9 ; 8-bit part, MSBs

The 16-bit counter pointed to by R13 is subtracted from a 16-bit counterin R10
and R11(MSD).

SUB.B @R13+,R10 ; Subtract LSDs without carry
SUBC.B @R13,R11 ; Subtract MSDs with carry
; resulting from the LSDs

Note: Borrow Is Treated as a .NOT. Carry

The borrow is treated as a .NOT. carry :  Borrow  Carry bit
Yes 0
No 1
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SWPB Swap bytes

Syntax SWPB dst

Operation Bits 15t0 8 <—>bits 7to 0

Description The destination operand high and low bytes are exchanged as shown in
Figure B-10.

Status Bits N: Not affected

Z: Not affected
C: Not affected
V: Not affected

Mode Bits OscOff, CPUOff, and GIE are not affected.

Figure B—10. Destination Operand Byte Swap

15 8 7 0

Example

MOV #040BFh,R7 ; 0100000010111111 —> R7

SWPB R7 ; 1011111101000000 in R7
Example The value in R5 is multiplied by 256. The result is stored in R5,R4.

SWPB R5 ;

MOV R5,R4 ;Copy the swapped value to R4

BIC #0FFO0h,R5 ;Correct the result

BIC #00FFh,R4 ;Correct the result
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SXT

Syntax
Operation
Description

Status Bits

Mode Bits

Instruction Set Overview

Extend Sign

SXT dst

Bit7—>Bit8 ......... Bit 15

The sign of the low byte is extended into the high byte as shown in Figure B—11.

N: Set if result is negative, reset if positive

Z: Setif result is zero, reset otherwise

C: Setif result is not zero, reset otherwise (.NOT. Zero)
V: Reset

OscOff, CPUOff, and GIE are not affected.

Figure B-11. Destination Operand Sign Extension

Example

15 8 7 0

R7 is loaded with the Timer/Counter value. The operation of the sign-extend
instruction expands bit 8 to bit 15 with the value of bit 7.
R7 is then added to R6.

MOV.B  &TCDAT,R7 : TCDAT = 080h: .... ....1000 0000
SXT R7 : R7 = OFF80h: 1111 1111 1000 0000
ADD R7,R6 : add value of EDE to 16-bit ACCU
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* TST[.W]
*TST.B
Syntax
Operation
Emulation

Description

Status Bits

Mode Bits

Example

Example
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Test destination
Test destination

TST dst or TST.W dst
TST.B dst

dst + OFFFFh + 1
dst+ OFFh + 1

CMP #0,dst
CMP.B #0,dst

The destination operand is compared with zero. The status bits are set
according to the result. The destination is not affected.

N: Set if destination is negative, reset if positive

Z: Set if destination contains zero, reset otherwise
C:. Set

V. Reset

OscOff, CPUOff, and GIE are not affected.

R7 is tested. If it is negative, continue at R7NEG,; if it is positive but not zero,
continue at R7POS.

TST R7 ; Test R7

JN R7NEG ; R7 is negative

Jz R7ZERO ; R7 is zero
R7POS ... ; R7 is positive but not zero
R7NEG ... ; R7 is negative
R7ZERO  ...... ; R7 is zero

The low byte of R7 is tested. Ifitis negative, continue at R7NEG,; if it is positive
but not zero, continue at R7POS.

TST.B R7 ; Test low byte of R7

JN R7NEG ; Low byte of R7 is negative

Jz R7ZERO ; Low byte of R7 is zero
R7POS ... ; Low byte of R7 is positive but not zero
R7NEG ... ; Low byte of R7 is negative
R7ZERO  ...... ; Low byte of R7 is zero



XOR[.W]
XOR.B
Syntax

Operation

Description

Status Bits

Mode Bits

Example

Example

Example

Instruction Set Overview

Exclusive OR of source with destination
Exclusive OR of source with destination

XOR src,dst or XOR.W src,dst
XOR.B src,dst

src .XOR. dst —> dst

The source and destination operands are exclusive ORed. The resultis placed
into the destination. The source operand is not affected.

N: Setif result MSB is set, reset if not set

Z: Setif result is zero, reset otherwise

C: Setif result is not zero, reset otherwise ( = .NOT. Zero)
V: Set if both operands are negative

OscOff, CPUOff, and GIE are not affected.

The bits set in R6 toggle the bits in the RAM word TONI.

XOR R6,TONI ; Toggle bits of word TONI on the bits set in R6
The bits set in R6 toggle the bits in the RAM byte TONI.

XOR.B R6,TONI ; Toggle bits in word TONI on bits
; set in low byte of R6,

Reset to 0 those bits in low byte of R7 that are different from bits in RAM byte
EDE.

XOR.B  EDE,R7Y ; Set different bit to 1s
INV.B R7 ; Invert Lowbyte, Highbyte is Oh
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Appendix C

Flash Memory

This chapter describes the MSP430 flash memory module. The flash memory
module is electrically erasable and programmable. Devices with a flash
memory module are multiple-time programmable devices (MTP). They can be
erased and programmed off-board, or in a system via the MSP430’s JTAG
peripheral module, a bootstrap loader, or via the processor’s resources.

Software running on an MSP430 device can erase and program the flash
memory module. This active software may run in RAM, in ROM, or in the flash
memory. The flash memory may be a different memory module or the same
memory module.
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C.1 Flash Memory Organization .............ouiiiinneerinneennnn... C-2
C.2 Flash Memory Data Structure and Operation .................... C-5
C.3 Flash Memory Control Registers ............ ... C-13
C.4 Flash Memory, Interrupt, and Security Key Violation ............ C-18
C.5 Flash Memory Access via JTAG and Software .................. C-22
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Flash Memory Organization

C.1 Flash Memory Organization

The flash memory may have one or more modules of different sizes as shown
in Figure C-1. A module is a physical memory unit that operates independent
from other modules. In an MSP430 configuration with more than one flash
memory module, all modules are located in one linear-address range.

Figure C-1. Interconnection of Flash Memory Module(s)

r . — 1
| ROM RAM |
| |
: :
DI |
|
TDO/TDI — PANPANEVAN :
| |
I H MAB, 16 Bit I
| | |
: CPU [ | Test N To Other :
|| Includes [ _|JTAG Peripheral |
| |16 Registers| | Modules |
, — | N/ N/ ,
A K S
s ! [ ] moB, 16 i :
)
| I A4 NS I
TCK
B : Flash Flash |
Test/VPP |~ T Memory Memory l
I Optional Module 1| | Module 2 I
| |
| |
ey S, -

Independent modules, such as Modulel and Module2, are intended to
execute software code from one module while simultaneously programming
or erasing another module.

Note: Flash Memory Module(s) in MSP430 Devices

Different devices may have one or more flash memory modules.

A flash memory module can not be accessed while being programmed or
erased.

Ifthe active software and the target programming location are in the same flash
memory module, the program execution is halted (flag BUSY=1) until the
programming cycle is completed (flag BUSY=0). Then it proceeds with the
next instruction. The active software may also erase segments of the flash
memory module. The user should be careful not to erase memory locations
that are necessary to execute the software correctly.

Figure C-2 shows the flash memory Modulel in program or erase operation.
During this operation the module is disconnected from the memory address
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Flash Memory Organization

bus and memory data bus. When a second module (here Module2) is
implemented, program code in this module can be executed while Modulel is
disconnected.

Figure C-2. Flash Memory Modulel Disabled, Module2 Can Execute Code
Simultaneously

G T 1

I ROM RAM I

| |

| |

DI — |
|

TDO/TDI — NN N :

| |

I H MAB, 16 Bit I

| | |
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i | \/ \ ,

| < ) |

| L '

s ! | : MDB, 16 Bt~ J~ b~ I~ :
L]

| | VA IRAY .
TCK —

J' : Flash Flash |

Test/VPP |~ T Memory Memory l

I Optional Module 1 Module 2 I

| |

| |

e -

One MSP430 flash memory module will have, in addition to its code segments,
extra flash memory called information memory.
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Figure C-3. Flash Memory Module Example

One Module
Flash Memory

4Kbyte + 256Byte

FFFFh
4-kbyte
Flash
Memory
FO0Oh
010FFh 256-Byte
01000h Flash Memory

A module has several segments. The information memory has two segments
of 128 bytes each. In the example in Figure C—4, the 4-kB module has eight
segments of 512 bytes (Segment0 to Segment7), and two 128-byte segments
(SegmentA and SegmentB). Segment0 to Segment7 can be erased
individually or as a group. SegmentA and SegmentB can be erased
individually or as a group with segments 0 to 7.

The segment structure is described in the device’s data sheet. The information
memory can be located directly below the main memory’s address, or at a
different address but will be in the same module.

Note:

Flash memory modules may have different numbers of segments. Segment
are numbered from O up to n, e.g., segment 0 to segment n.
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Figure C—4. Segments in Flash Memory Module, 4K-Byte Example

Flash Memory Flash Memory
One Module One Module
4Kbyte + 256Byte Several Segments
FFFFh FFFFh Segment0
4-kbyte FEOOh
Flash FDFFh
Main Memory FCOOh Segmentl
FOOOh Segment2
010FFh .
ZSFGIaZfe Segment3
01000h
Information Segment4
Memory
Segment5
Segment6
FOOOh Segment?7
010FFh
SegmentA
01000h SegmentB

C.1.1 Why Is a Flash Memory Module Divided Into Several Segments?

Once abitin flash memory has been programmed, it cannot be erased without
erasing awhole segment. For this reason, the MSP430 flash memory modules
have been heavily segmented to allow erasing and reprogramming of smaller
memory segments.

C.2 Flash Memory Data Structure and Operation

The flash memory can be read and written (programmed) in bytes or words.
Bits can be written as Os once between erase cycles. The read access does
not differ from access to masked ROM or RAM. Flash memory has restrictions
in write operation:

[ The default (erased) level for all bits is 1. Bits that are not programmed to
Os can be programmed to Os at any time.

[ The smallest memory portion to be erased is a segment. No single byte
or word erase is possible.

(1 Accessto aflash memory module is only possible when the module is not
in a write or erase operation. For example, program code can not be
executed in a module while itis processing a write or erase operation. The
access limitation has no critical impact on program execution, but an
access violation can be flagged in some situations (see flash memory
register section in this appendix).
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Flash Memory Data Structure and Operation

C.2.1 Flash Memory Basic Functions

The basic functions of flash memory are to:

[ Supply program code and data during program execution

[ Erase, under software or JTAG control, parts of a module (one segment),

multiple segments, or an entire module.

(1 Write datato a memory location under software or JTAG control. A double-
speed programming sequence is implemented within a 64-byte section of

the address range xx00h to xx3fh.

C.2.2 Flash Memory Block Diagram

The flash memory module has a minimum of three control registers, a timing
generator, a voltage generator to supply program and erase voltages, and the
flash memory itself. Data and address are latched when execution of a write

(program) or erase operation is in progress.

Figure C-5. Flash Memory Module Block Diagram

1T

i MAB OB
L =~ ~ > =
FCTL1 Address Latch | —»| Data Latch
=
JLJ7 1C
FCTL2 Enable
iL iE Address
Latch
FCTL3 Flash
J\ Memory
I/ Array
Timing
Generator Enable
Data Latch
v
Programming
Voltage
Generator

C.2.3 Flash Memory, Basic Operation

The flash memory module normally works in read mode, the address and data
latch are transparent, and the timing generator and programming voltage
generator are off. The flash memory module changes its mode of operation
when data is written (programmed) to the module, or when the flash memory,
or parts of it, are erased. In these situations, flash control registers FCTL1,
FCTL2, and FCTL3 need to be set up properly to ensure correct write or erase
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Flash Memory Data Structure and Operation

operation. Once these registers are set up and write or erase is started, the
timing generator controls the entire operation and applies all signals internally.
If the BUSY control signal is set, it indicates that the timing generator is active
and a write or erase cycle is active. The block write mode also uses a second
control bit WAIT. There are three basic parts to a write or erase cycle:
preparation of program/erase voltage, control timing for the program or erase
operation, and the switch-off sequence of the program/erase voltage. Once a
write or erase function is started, the software should not access the flash
memory until the BUSY signal indicates, with 0, that it can be accessed again.
In critical situations where flash programming or erase should be immediately
stopped, the emergency exit bit EMEX can be set. The current operation may
be incomplete or the result may be incorrect.

Different clock sources (ACLK, MCLK, or SMCLK) can be selected to clock the
timing generator. The connected clock sources applied to the timing generator
may vary with the device, see data sheet for details. The clock source selected
should be active from the beginning of write or erase until the operation is fully
completed.

Figure C—6. Block Diagram of the Timing Generator in the Flash Memory Module

SSELL Write ‘1’ to
ENS ovveeenne FNO PUC EMEX
SSELO T T T T
ACLK — 94 o
Reset
MCLK ) Divider, 1-64 > N
SMCLK —»—=0 Flash Timing Generator
SMCLK — -3 0

i

Busy Wait

The selected clock source should be divided to meet the frequency require-
ment fy of the flash timing generator.

If the clock signals are not available throughout the duration of the write or
erase operation, or their frequencies change drastically, the result of the write
or erase may be marginal, or the flash memory module may be stressed above
the limits of reliable operation.

Table C-1 shows all useful combinations of control bits for proper write and
erase operation:
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Table C-1. Control Bits for Write or Erase Operation

FUNCTION PERFORMED

BLKWRT WRT Meras Erase BUSY WAIT Lock

Write word or byte 0 1 0 0 0 0 0
Write word or byte in same block, block write 1 1 0 0 0 1 0
mode

Erase one segment by writing to any address 0 0 0 1 0 0 0
in the target segment (0 to n or A or B)

Erase all segments (0 to n) but not the infor- 0 0 1 0 0 0 0
mation memory (SegmentA and SegmentB)

Erase all segments (0 to n and A and B) by 0 0 1 1 0 0 0

writing to any address in the flash memory

module

Note: A write to flash memory performed with any other combination of bits BLKWRT, WRT, Meras, Eras, BUSY, WAIT, and
Lock will result in an access violation. ACCVIFG is set and an NMI is requested if ACCVIE=1.

C.2.4 Flash Memory Status During Code Execution

The flash memory module delivers data for code execution in the same
manner as any masked ROM or RAM. The flash memory module should be
in read mode, with no write (programming) or erase operation active. By
default, power-on reset (POR) puts the flash memory into read mode. No
control bits need to be defined in the flash memory control registers after POR
for code execution.

C.2.5 Flash Memory Status During Erase

C-8

The default bit level of the flash memory is 1. Any successful erase sets all bits
of a segment or a block to this default level. Once a bit is programmed to the
O-level, only the erase function can reset it back to 1. Erase can be performed
for one segment, a group of segments, or for an entire module. This can vary
for each device configuration, and the exact implementation should be noted
in the data sheet.

The erase operation starts with the following sequence:

1) Setthe correct input-clock frequency of the timing generator by selecting
the clock source and predivider.

2) Resetthe LOCK control bit, if set.

3) Watch the BUSY bit. Continue to the next steps only if the BUSY bit is
reset.

4) Set the erase control bit Erase to erase a segment, or
5) Set the mass-erase control bit MEras to erase a group of segments or

6) Setthe mass-erase (MEras) and erase (Erase) control bits to erase the
entire flash memory

7) Execute a dummy write to any address in the range to be erased.
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The dummy write starts the erase cycle. An example of dummy write is
CLR &0F012h.

Note that a dummy write is ignored in a segment where the selected operation
can not be executed successfully.

An example of such a situation can take place when Segment 1 is to be erased:
the control bits are set properly, but the dummy write is sent to the information
memory. No flag indicates this unsuccessful erase situation.

Figure C-7. Basic Flash EEPROM Module Timing During the Erase Cycle
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[«
‘ Time of Increased Current Consumption From Supply, VCC
| |

\

\
BUSY
_| Mass Erase: tgrase) = 5296/fx; Segment Erase: t(grase) = 4817/fx |_
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The erase cycle completes successfully when none of the following
restrictions is violated:

[ The selected clock source is available until the cycle is completed.
[ The predivider should not be modified during the operation.

[ No further access to the flash memory module is performed while BUSY
is set.

B No read of data from this block
B No write into this block
B No further erase of this block

An access will result in setting the KEYV bit and requesting an NMI
interrupt. The NMI interrupt routine should handle such violations.

[ The supply voltage should be within the devices’ electrical specifications
defined in the respective data sheet; however, slight variations can be
tolerated.

Control bit BUSY indicates an active erase cycle. It is set immediately after a
dummy write starts the timing generator. It remains set until the entire erase
cycle is completed and the erased segment or block is ready to be accessed
again. The BUSY bit can not be set by software. But it can be reset. In case
of emergency, set the emergency exit (EMEX) bit and the erase operation will
be stopped immediately; BUSY bit is reset. One example of stop erase by
software is when the supply voltage drops drastically and the operating
conditions of the controller are exceeded. Another example is when the timing
of the erase cycle gets out of control, for example, when the clock-source
signal is lost.
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Note:

When the erase cycle is stopped before its normal completion by the
hardware, the timing generator is stopped and erasure of the flash memory
can be marginal. An incomplete erasure can be verified. But an erase level
of 1 can be inconsistently read as valid when supply voltage, temperature,
access time (instruction execution, data read), and frequency vary.

C.2.6 Flash Memory Status During Write (Programming)

C-10

The flash memory erase bit level is 1. Bits can only be written (programmed)
to aO-level. Once a bitis programmed, only the erase function can reset it back
to the 1-level. The byte or word O-level can not be written (programmed) in one
cycle. Any bit can be programmed from 1 to 0 at any time, but not from 0 to 1.

Two slightly different write operations can be performed: write a single byte or
word of data, or write a sequence of bytes or words. A write sequence of bytes
or words can be performed as multiple sequential, or as a block write. The
block write is approximately twice as fast as a multiple-sequential write
algorithm.

The write (program) operation starts with the following sequence:

[ Setthe correct input clock frequency of the timing generator by selecting
the clock source and predivider.

Reset the LOCK control bit, if set.

Watch the BUSY bit. Continue with the next steps only if the BUSY bit is
reset.

[ Set the write-control bit WRT when a single byte of word data is to be
written.

[ Setthe write WRT and BLKWRT control bits when block write is chosen
to write multiple bytes or words to the flash memory module.

[ Writing the data to the selected address starts the timing generator.
The data is written (programmed) while the timing generator proceeds.

Note:

Whenever the write cycle is stopped before its normal ending by the
hardware, the timing generator is stopped and the data written to the flash
memory can be marginal. The data may be incorrect, which can be verified,
or the data are verified to be correct but the programming is marginal.
Reading of the data may be inconsistently valid when varying the supply
voltage, the temperature, the access time (instruction execution, data read),
or the time.
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Figure C-8. Basic Flash Memory Module Timing During Write (Single Byte or Word) Cycle
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Figure C-9. Basic Flash Memory Module Timing During a Block-Write Cycle
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The block write can be used on sequential addresses of the memory module.
One blockis 64 bytes long, starting at 0xx00h, 0xx40h, 0xx80h, or 0xxCOh, and
ending at Oxx3Fh, 0xx7Fh, OxxBFh, or OxxFFh. Examples of sequential block
addresses are:

OF000h to OFO3Fh, OF040h to OFO7Fh, OFO80h to OFOBFh,
OFOCOh to OFOFFh, OF100 to OF13Fh,

The block-write (program) operation at the 64-byte boundaries needs special
software support (test of address 0xx3Fh, Oxx7Fh, 0xxBFh, or OxxFFh was
successful):

[ Waituntilthe WAIT bitis set, indicating that the write of the last byte or word
was completed.

[ Reset control bit BLKWRT.

[ The BUSY bit remains set until the programming voltage is removed from
the flash memory module and overstress is avoided.

(1 Wait the recovery time t) before another block write is started.
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The write cycle is successfully completed if none of the following restrictions

is violated:

[ The selected clock source is available until the cycle is completed.

[ The predivider is not modified.

[ The access to the flash memory module is restricted as long as BUSY is

set.

The conditions to read data from the flash memory with and without access
violation are listed in Table C-2.

Table C—-2. Conditions to Read Data From Flash Memory

Flash Operation Instruction BUSY WAIT Dataon Memory Data Action
Fetch Bus (MDB)
(see Note 1)

Byte/word program No 1 0 3FFF Access violation
cycle (see Note 2)

Yes 1 0 3FFF - JMP $ Nothing
Flash read mode 0 0 Memory contents from PC=PC + 2

applied address

Page erase cycle No 1 0 3FFF Access violation
(see Note 3)

Yes 1 0 3FFF - JMP $ Nothing
Mass-erase cycle No 1 0 3FFF Access violation
(see Note 3)

Yes 1 0 3FFF -~ JMP $ Nothing
All erase (mass and in- No 1 0 3FFF Access violation
formation memory)

Yes 1 0 3FFF -~ JMP $ Nothing
Block write N.A. 1 0 3FFF Access violation and
(see Note 4) LOCK (see Note 5)

No 1 1 3FFF Nothing

Yes 1 1 3FFF Access violation and

LOCK (see Note 5)

Notes:

1) Instruction fetch refers to the fetch part of an instruction, and reads one word. The instruction fetch reads the first

word of instructions with more than one word. The JMP instruction has one word. The data fetched (3FFFh) is used
by the CPU as an instruction.

2) Ensure that the programmed data does not result in unpredictable program execution, such as destruction of
executable code sequences.

3) If the PC points to the memory location being erased, no access violation indicates this situation. After erase, no
executable code is available and an unpredictable situation occurs.

4) Any software located in a flash memory module can not use the BLKWRT mode to program the same flash memory
module. Using the byte or word programming mode allows programming data in the flash memory module holding
the software code currently executing.

5) The access violation sets the LOCK bit to 1. Setting the LOCK bit allows completion of the active block write

operation in the normal manner.
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(1 The supply voltage should be within the devices’ electrical conditions and
can only vary slightly, as specified in the applicable data sheet

The control bit BUSY indicates that the write or block-write cycle is active. It
is set by the instruction that writes data to the flash memory module and starts
the timing generator. It remains set until the write cycle is completed and the
programming voltage is removed. In the write mode the BUSY bit indicates if
the flash memory is ready for another write operation. In block write mode the
WAIT bit indicates if the flash memory is ready for another write operation and
the BUSY bit indicates the block write operation is completed. In case of
emergency, the emergency exit bit EMEX is set and stops the write cycle
immediately. The programming voltage is switched off. One situation where
the write cycle should be stopped by software is when the supply voltage drops
drastically and the controller’s operating conditions may be exceeded.
Another case is when the flash memory timing gets out of control, as when the
clock-source signal is lost.

Note:

Whenever the write cycle is stopped before its normal ending by the
hardware, the timing generator is stopped and the data written in flash
memory may be marginal. Data reading may be inconsistently valid when
varying the supply voltage, the temperature, the access time (instruction
execution, data read), or the time.

C.3 Flash Memory Control Registers

Defining the correct control bits of three control registers enables write
(program), erase, or mass-erase. All three registers should be accessed using
word instructions only. The control registers are protected against false write
or erase cycles via a key word. Any violation of this keyword sets the KEYV
bitand requests a nonmaskable interrupt (NMI). The keyword is different to the
keyword used with the Watchdog Timer.

All control bits are reset during PUC. PUC is activated after V¢ is applied, a
reset condition is applied to the RST/NMI pin or watchdog, or a flash operation
was not performed normally.

C.3.1 Flash Memory Control Register FCTL1

Any write to control register FCTL1 during erase, mass-erase, or write
(programming) will end in an access violation with ACCVIFG=1. In an active
segment-write mode, the control register can be written if wait mode is active
(WAIT=1). In an active block write mode and while WAIT=0, writing to control
register FCTL1 will also end in an access violation with ACCVIFG=1.

Read access is possible at any time without restrictions.

Any write to control register FCTL1 during erase, mass-erase, or write
(programming) will end in an access violation with ACCVIFG=1. In an active
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segment write mode, the control register can be written if wait mode is active
(WAIT=1). In an active block write mode and while WAIT=0, writing to control
register FCTL1 will also end in an access violation with ACCVIFG=1.

Read access is possible at any time without restrictions.

The control bits of control register FCTL1 are:

15 8 7 0
FCTL1 SEG

0128h WRT
ECTL1 read: 096h w—0 rw-0 r0 r0 r0 w—0 rw-0 r0

FCTL1 write: 0A5h

WRT]| res. | res. | res. |MEras|Erase| res.

»
»
»
»

A A

Erase 0128h, bit1, Erase a segment
0: No segment erase is started.

1: Erase of one segment is enabled. The segment n to be erased is
defined by a dummy write into any address within the segment.
The Erase bit is automatically reset when the erase operation is
completed.

Note: Instruction fetch access during erase is allowed. Any other
access to the flash memory during erase results in setting the
ACCVIFG bit, and an NMI interrupt is requested. The NMI
interrupt routine should handle such violations.

MEras 0128h, bit2, Mass-erase, Segment0 to Segmentn are erased together.
0: No erase is started

1: Erase of Segment0 to Segmentn is enabled. When a dummy write
into any address in Segment0 to Segmentn is executed, mass-
erase is started. The MEras bit is automatically reset when the
erase operation is completed.

Note: Instruction fetch access during mass-erase is allowed. Any other
access to the flash memory during erase results in setting the
ACCVIFG bit, and an NMI interrupt is requested. The NMI
interrupt routine should handle such violations.

WRT 0128h, bit6, The bit WRT should be set to get a successful write execution.

If bit WRT is reset and write access to the flash memory is performed,
an access violation occurs and ACCVIFG is set.

Note: Instruction fetch access during erase is allowed. Any other
access to the flash memory during erase results in setting the
ACCVIFG bit, and an NMI interrupt is requested. The NMI
interrupt routine should handle such violations.

BLKWRT 0128h, bit7, Bit BLKWRT can be used to reduce total programming time.

The block-write bit BLKWRT is useful if larger sequences of data have
to be programmed. If programming of one block is completed, a reset
and set sequence should be performed to enable access to the next
block. The WAIT bit should be high before the next write instruction is
executed. See also paragraph C.1.1 and Figure C-9.

0: No block write accelerate is selected.

1: Block write is used. This bit needs to be reset and set between
borders of blocks.
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C.3.2 Flash Memory Control Register FCTL2

A PUC resets the flash timing generator. The generator is also reset if the
emergency exit bit EMEX is set.

The timing generator generates the timing necessary to write, erase, and
mass-erase from a selected clock source. Two control bits SSELO and SSEL1
in control register FCTL2 can select one of three clock sources. The clock
source selected should be divided to meet the frequency requirements for f,,
as specified in the device’s data sheet.

Writing to control register FCTL2 should not be attempted if the BUSY bitis set;
otherwise an access violation will occur (ACCVIFG=1). Read accessto FCTL2
is possible at any time without restrictions.

15 8 7 0
FCTL2
SSELYSSELQ FN5 | FN4 | FN3 | FN2 | FN1 | FNO
012Ah
ECTL2 read: < 096h =|'W—O w-1 rw—0 rw-0 rw—-0 rw—-0 rw-1 rw-0
FCTL2 write:« 0A5h >

The control bits are:

FNO 012Ah, bit0, These six bits define the division rate of the clock signal. The division
to rate can be 1 to 64, depending on the digital value of FN5 to FNO
FN5 012Ah, bit5, Plus one
SSELO  012Ah, bitO, Determine the clock source.
SSEL1  012Ah, bit6, bit 7: 0: ACLK

1. MCLK

2,3 SMCLK
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C.3.3 Flash Memory Control Register FCTL3

There are no restrictions on modifying this control register. The control bits are
reset or set (WAIT) by a PUC, but key violation bit KEYV is reset by POR.

15 8 7 0
FCTL3 res. res. | EMEX| Lock | WAIT ACCY KEYV| BUSY
012Ch IFG
ECTL3 read: < 096h » 10 r0 w—0 rw-1 r-1  rw=0 rw—(0) r(w)-0
FCTL3 write: < 0A5h >
BUSY 0128h, bit0, The bit BUSY shows if an access to the flash memory is possible

(BUSY=0), or if an access violation can occur. The BUSY bit is read
only, but a write operation is allowed. The BUSY bit should be tested
before each write and erase cycle. The flash-timing generator
hardware immediately sets the BUSY bit after the start of a write
operation, a block-write operation, a segment erase, or a mass- erase.
Once the timing generator has completed its function, the BUSY bit is
reset by hardware.

The program and erase timing are shown in Figures C-7, C-8, and
C-9.

0: Flash memory is not busy. Read, write, erase and mass-erase are
possible without any violation of the internal flash timing. The
BUSY bit is reset by POR and by the flash timing generator.

1: Flash memoryis busy. Remains in busy state if block write function
is in wait mode.

The conditions for access to the flash memory during BUSY=1 are
described in paragraph C.2.6.

KEYV, 012Ch, bit1, Key Violated.
0: Key 0A5h (high byte) was not violated.

1. Key 0A5h (high byte) was violated. Violation occurs when a write
access to register FCTL1, FCTL2 or FCTL3 is executed and the
high byte is not equal to 0A5h. If the security key is violated, bit
KEYV is set and a PUC is performed. The KEYV bit can be used
to determine the source that forced a start of the program at the
resetvector's address. The KEYV bit is not automatically reset and
should reset by software.

Note: Any key violation results in a PUC, independent of the state of the
KEYV bit. To avoid endless software loops, the flash memory
control registers should not be written during a key violation
service routine.

Note: The software can set the KEYV bit. A PUC is also performed if
it is set by software.
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Flash Memory Control Registers

Access violation interrupt flag

The access-violation interrupt flag is set when the flash memory
module is improperly accessed while a write or erase operation is
active. The violation situations are described in section C.2. When the
access-violation interrupt-enable bit is set, the interrupt-service
request is accepted and the program continues at the NMI
interrupt-vector address.

Reading the control registers will not set the ACCVIFG bit.

Note: The proper interrupt-enable bit ACCVIE is located in interrupt-
enable register IE1 of the special-function register. Software can
set the ACCVIFG bit; in this case, an NMI is also executed.

Wait. In the block write mode the WAIT bit indicates that the flash
memory is ready to receive the (next) data for programming. The WAIT
bit is read only, but a write to the WAIT bit is allowed.

The WAIT bit is automatically reset if the BLKWRT bit is reset or the
LOCK bhitis set. Block-write operation is completed, and then the WAIT
bit returns to 1.

Condition, BLKWRT=1 (see Figure C-9):

After each successful write operation, the BUSY bit is reset to indicate
that another byte or word can be written (programmed). The BUSY bit
does not indicate the condition when the timing generator has
completed the entire programming. The high-voltage portion and
voltage generator remain active. The maximum time tcpr) should not
be violated.

0: Block-write operation has started and programming is in progress.

1: Block-write operation is active and programming of data is
completed. Waiting for the next data to be programmed.

The Lock bit can be set during any write, erase of a segment, or
mass-erase request. The active sequence is completed normally. In
block-write mode, if the Lock bit is set and BLKWRT and WAIT are set,
the BLKWRT and WAIT bits are reset and the mode ends normally. The
WAIT bitis 1 after block-write mode has ended. Software or hardware
can control the Lock bit. If an access violation occurs (see conditions
described in paragraph C.1.1), the ACCVIFG and the Lock bit are set.

0: Flash memory can be read, programmed, erased, and mass-
erased.

1. Flash memory can be read but not programmed, erased, or
mass-erased. A current program, erase, or mass-erase operation
is completed normally. The access-violation interrupt flag
ACCVIFG is set when the flash memory module is accessed while
the Lock bit is set.
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EMEX 012Ch, bit5, Emergency exit. The emergency exit should only be used when a flash
memory write or erase operation is out-of-control.

0: No function.

1: Stops the active operation immediately and shuts down all internal
parts of the flash memory controller. Current consumption
immediately drops back to the active mode. All bits in control
register FCTL1 are reset. Since the EMEX bitis automatically reset
by hardware, the software always reads EMEX as 0.

C.4 Flash Memory, Interrupt, and Security Key Violation

One NMI vector is used for three non-maskable interrupt (NMI) events,
RST/NMI, oscillator fault (OFIFG), and flash-access violation (ACCVIFG). The
software can determine the source of the interrupt request by testing interrupt
flags NMIIFG, OFIFG, and ACCVIFG. They remain set until reset by software.
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Figure C-10. Access Violation (Non)Maskable Interrupt Scheme in Flash Memory Module
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C.4.1 Example of an NMI Interrupt Handler

|

Reset by HW:

Start of NMI Interrupt Handler
OFIE, NMIE, NMIIFG

|
\
\
\
\
} L Reset OFIFG J Reset ACCVIFG Reset NMIIFG
| v v v
|
| User’s Software, User’s Software, User’s Software,
| Oscillator Fault Flash Access External NMI
\ Handler Violation Handler Handler
|
} Optional v
Set NMIIE, OFIE, } Example 1:
ACCVIE Within One «__| BIS #(NMIIE+OFIE+ACCVIE), &IE1
Instruction ~| Example 2:
# . | BIS Mask,&IE1 ; Mask enables only
( RETI \ : interrupt sources
End of NMI Interrupt
L Handler )

The NMI handler takes care of all sources requesting a nonmaskable interrupt.
The NMI interrupt is a multiple-source interrupt per MSP430 definition. The
hardware resets the interrupt-enable flags: the external nonmaskable interrupt
enable NMIIE, the oscillator fault interrupt enable OFIE, and the flash memory
access-violation interrupt enable. The individual software handlers reset the
interrupt flags and reenables the interrupt enable bits according to the
application needs. After all software is processed, the interrupt enable bits
have to be set if another NMI event is to be accepted. Setting the interrupt
enable bits should be the last instruction before the return-from-interrupt
instruction RETI. If this rule is violated, the stack can grow out of control while
other NMI requests are already pending. Setting the interrupt enable bits can
be accomplished by using a bit-set-instruction BIS using immediate data or a
mask. The mask data can be modified anywhere via software (for example in
RAM); this constitutes the nonmaskable interrupt processing.

C.4.2 Protecting One-Flash Memory-Module Systems From Corruption
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MSP430 configurations having one flash memory module use this module for
program code and interrupt vectors. When the flash memory module is in a
write, erase, or mass-erase operation and the program accesses it, an access
violation occurs. This violation will request an interrupt service — but when the
interrupt vector is read from the flash memory, 03FFFh will be read
independent of the data in the flash memory at the vector’s memory location.
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To protect the software from this error situation, all interrupt sources have to
be disabled since all interrupt requests will fail. The flash memory returns the
vector 03FFFh. Before the interrupt enable bits are modified, they can be
stored in RAM to be restored when the flash memory is ready for access again.

The following interrupt enable bits should be reset to stop all interrupt service
requests:

0 GIE=0
0 NMIIE = ACCVIE =OFIE=0

Additionally the watchdog should be halted to prevent its expiration when flash
memory is busy:

(1 WDTHOLD =1

When the flash memory is ready, the interrupt sources can be enabled again.
Before they are enabled, critical interrupt flags should be checked and, if
necessary, served or reset by software.

(1 GIE =1 or left disabled, or be restored to the previous level

(1 NMIIE=ACCVIE=0FIE =1orleftdisabled, or be restored to the previous
level

(1 WDTHOLD = 0 or left disabled, or be restored to the previous level
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C.5 Flash Memory Access via JTAG and Software

C.5.1 Flash Memory Protection

Flash memory access via the serial test and programming interface JTAG can
be inhibited when the security fuse is activated. The security fuse is activated
via serial instructions shifted into the JTAG. Activating the fuse is not
reversible, and any access to the internal system is disrupted. The bypass
function described in the IEEE1149.1 standard is active.

C.5.2 Program Flash Memory Module via Serial Data Link Using JTAG Feature

The hardware interconnection to the JTAG pins is done via four separate pins,
plus the ground or Vgg reference level. The JTAG pins are TMS, TCK, TDI
(/VPP), and TDO (/TDI).

Figure C-11. Signal Connections to MSP430 JTAG Pins
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V
% SN74AHC244 %68 kQ MSP430Fxxx
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A
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C.5.3 Programming a Flash Memory Module via Controller Software
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No special external hardware is required to program a flash memory module.
The power supply at pin V¢ should supply sufficient current during write
(program) and erase modes. Please separate the device’s data sheet for flash
write end erase current. The software algorithm is simple. The embedded
timing generator in the flash memory module controls the program and erase
cycles. Software can run in the same flash memory module where data is to
be written, on in other memory modules, such as ROM, RAM, or another flash
memory module.
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C.5.3.1 Example: Programming One Word Into a Flash Memory Module via Software

Execution Outsid

e This Module

This example assumes that the code to program the flash location is not

exe

cuted from the target flash memory module.

and Watchdog

Disable all Interrupt Sources FXKEY .set 03300h

FWKEY .set 0A500h

; No interrupt request may happen while the flash is programmed

w Test_Busyl
BIT #BUSY,&FCTL3
no INZ

Test_Busyl
LOCK=0, WRT =1 MOV #FWKEY,&FCTL3 : Clear lock bit
Write Data to Flash Address MOV  #(FWKEY+WRT),&FCTL1 : Enable write to flash
MOV #123h,&0FF1Eh - Write a word to flash

yes Test_Busy2
BIT #BUSY,&FCTL3 ; still busy?
INZ Test_Busy2

; yes, repeat busy test

no MOV  #FWKEY,&FCTL1 : Reset write bit
LOCK=1 XOR  #(FXKEY+LOCK),&FCTL3: Change lock bit to 1
v
Restore or Enable Required ; Enable those interrupt sources that should be accepted

Interrupt Sources and Watchdog

The BUSY bit can be tested before the write to the flash memory module is

don

U

e, or after a write (program) starts:

For flash memory locations that hold data, it is a good practice to test the
BUSY bit before the write is executed. This has some time benefits, since
the write process is executed via the flash memory timing generator
without further CPU intervention. It is important that the clock source
remains active until BUSY is reset by the flash memory hardware.

The power or clock management, responsible for entering low-power
modes, has to make sure that it does not switch off the clock source used
by the flash controller.

For flash memory blocks that hold program code, it is a good practice to
test the BUSY bit after the write is executed. The program can only
proceed if the module can be accessed again. No special attention is
needed during execution of software code. Every write to the flash
memory module has to leave the programming cycle with the BUSY bit
reset.

Testing the BUSY bit before writing to a flash memory block that holds
program code ensures that the active program will not access the flash
memory module. Two types of access are visible: execute program code,
or read and write data on this flash memory module.
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C.5.3.2 Example: Programming One Word Into the Same Flash Memory Module via Software

C-24

The program execution waits after the write-to-flash instruction (MOV
#123h,&0FF1Eh) until the busy bit is reset again. If no other write-to-flash

instruction method is used the BUSY bit test may not be needed to ensure
correct flash-write handling.

Disable all Interrupt Sources FXKEY .set 03300h
and Watchdog FWKEY .set 0A500h
¢ ; No interrupt request may happen while the flash is programmed
LOCK=0, WRT =1 MOV #FWKEY,&FCTL3;LOCK=0
Write Data to Flash Address MOV  #FWKEY+WRT),&FCTL1 : Enable Write to flash
¢ MOV  #123h,&0FF1Eh : Write a word to flash
WRT =0, LOCK=1 MOV  #FWKEY,&FCTL1 : Reset Write bit

XOR  #(FXKEY+LOCK),&FCTL3: Change Lock bit to 1

v

Restore or Enable Required

Interrupt Sources and ; Enable those interrupt sources that should be accepted
Watchdog
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C.5.3.3 Example, Programming Byte Sequences Into a Flash Memory Module via Software

Sequences of data, bytes, or words can use the block-write feature. This
reduces the programming time by about one half.

FXKEY .set 03300h
FWKEY .set 0A500h
FRKEY .set 09600h

; Ensure that neither Watchdog Timer, nor
;interrupts nor Low-Power Modes may corrupt
; proper execution

RAM2FLASH
MOV #Start_Ptr,Rx
MOV #End_Ptr,Ry

Set Pointer for Start and End

Clear Lock Bit MOV #FWKEY,&FCTL3 ; Clear lock bit
A =i Test_Busyl
yes ¢ BIT #BUSY,&FCTL3 ; Flash busy? BLKWRT ended?
JNZ Test_Busyl
no
| SEG WRT = WRT =1 | MOV #(FWKEY+WRT+BLKWRT), &FCTL1 ; Block write
=V Test WAIT1

yes
| BIT #WAIT,&FCTL3

JNE Test WAIT1

WAIT =1

no
All data Y
Programmed?
no

CMP Rx,Ry ; All data programmed?
Jz End_Seg_Write

; Program data: in this example one byte
MOV.B @Rx+,(Flash_Start_Ptr—Start_ptr—1) (Rx)

BIT #03Fh,Rx ; Block border?
IJNZ Test_Waitl

Test_Wait2

BIT #WAIT,&FCTL3 ; Test if data written
Jz Test_Wait2

MOV #FWKEY,&FCTL1 ; Stop block write
JMP  Test_busyl ; Block write ends if busy=0

| SEG WRT = WRT =0 |

v

—
| SEG WRT = WRT =0 |

End_Seg_Write

; All data are programmed

MOV #FWKEY,&FCTL1 ; Stop block write
V Test_Busy2
BIT #BUSY,&FCTL3 ; Block write ended?
JNZ Test_Busy2
no XOR #(FXKEY+LOCK),&FCTL3 ; Change Lock bit to 1

[ End of Block Write ]
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Flash Memory Access via JTAG and Software

C.5.3.4 Example, Erase Flash Memory Segment or Module via Software Execution
Outside This Flash Module

The following sequence can be used to erase a segment, or mass-erase of

segments.

[ Erase or Mass Erase l

Segment Erase: Erase = 1

or
Mass Erase: MEras = 1

| Dummy Write

e

[ End of Erase or

‘Mass’ Erase

—

BIC #(FWKEY+LOCK), &FCTL3 ;Reset lock bit

Test_Busyl

BIT #BUSY,&FCTL3
INZ Test_Busyl

MOV  #(FWKEY+Erase),&FCTL1 ; select segment erase

CLR &OF000h

Test_Busy2

BIT #BUSY,&FCTL3
JINZ Test_Busy2

XOR #(FXKEY+LOCK),&FCTL3

C.5.3.5 Example, Erase Flash Memory Segment Module in the Same Flash Memory Module

via Software

Disable All Interrupt Sources
and Watchdog

v

LOCK=0, Eras=1 (or MEras=1)
Dummy Write to Flash Address in the
Target Segment

v

LOCK=1

v

Restore or Enable Required
Interrupt Sources and Watchdog

; Disable all possible interrupt sources and watchdog

MOV #(FWKEY+Eras),&FCTL1 ;Enable Erase of Flash
CLR &OFAO0Oh ;Dummy Write to Flash
;Erase Segment 2

; Program execution in information memory if MEras=1 (Eras=0)

XOR #(FXKEY+Lock),&FCTL3 ; Change Lock bit to 1

; The erase bit Eras is automatically reset

; Enable those interrupt sources that should be accepted

C.5.3.6 Code for Write (Program), Erase, and Mass-Erase

Software that controls write, erase, or mass-erase can be located in the flash
memory module and copied during execution into RAM. In this case the code
should be written position-independent, and should be loaded (for instance,
to RAM) before it is used. The algorithm runs in RAM during the programming
sequence to avoid conflict when the flash memory is written or erased.
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Fl ash_ram set 0222h ;
Prg_source_start .set  Oxxxxh;
Prg_source_end .set  Oyyyyh;
Prg_dest_start .set Flash_ram

| oad_f 1l ash_routine ;

Flash Memory Access via JTAG and Software

In the following example, a subroutine moves the programming-code
sequence to another memory such as RAM.

CStart-of-Subroutine: Load_FIash_Routine)

Source Start Address of The Code Sequence >> R7
Destination Start Address of The Code Sequence >> R10

g

Move One Word: (R7) >> (R10)
Increment Source and Destination Pointer in R7 and R10

End-of-Source Code ?

[ End-of-Subroutine: RET ]

Definitions used in Subroutine:
Move programm ng code sequence

; starts at
push r9
push r10
nmov #Prg_source_start,R9 ;
nmov #Prg_dest _start, R10 ;

| oad_flash_prg

nmov @r9, 0( R10) ;
incd RI10 ;
incd R9 ;
cnp # Prg_source_end, R9 ;
j ne |l oad_ flash_prg

pop ro

pop rio

ret

Start address of flash
programin the RAM
programin the RAM

Start address of code

in the flash to be prg’ ed
End address of code

in the flash to be prg’ ed

The code of the program whi ch noves
; Flash access code (wite,

erase,..)

| abel | oad_flash_routine

| oad pointer source
| oad poi nter destination

nmove a word

destination pointer + 2
source pointer + 2
conpare to end_of _code
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