ATME

e College of Engineering

MICROCONTROLLER
AND
EMBEDDED

SYSTEMS- 21C543

Mrs Hussana Johar R B
Asst.Professor

Dept. CSE( Al & ML)
ATMECE,Mysuru



— College of Engineering

A T M E gy (&) I 47

Course Learning Objectives: This course will enable
students to:

1. Differentiate between MICroprocessors and
microcontrollers.

2. Explain the architecture of ARM processor with its

Instruction set.

Identify the applicability of the embedded system

4. Comprehend the real time operating system used for the
embedded system

w
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Course Outcomes: The student will be able to :

1.

o

Describe the architectural features and instructions of ARM
microcontroller

Apply the knowledge gained for Programming ARM for different
applications.

Interface external devices and 1/0 with ARM microcontroller.

Interpret the basic hardware components and their selection method
based on the characteristics and attributes of an embedded system.
Develop the hardware /software co-design and firmware design
approaches.

Demonstrate the need of real time operating system for embedded
system applications
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Syllabus
Module-1

Microprocessors versus Microcontrollers, ARM Embedded Systems:
The RISC design philosophy, The ARM Design Philosophy, Embedded
System Hardware, Embedded System Software, ARM Processor
Fundamentals: Registers, Current Program Status Register, Pipeline,
Exceptions, Interrupts, and the Vector Table , Core Extensions

Module-2

Introduction to the ARM Instruction Set : Data Processing Instructions ,
Programme Instructions, Software Interrupt Instructions, Program Status
Register Instructions, Coprocessor Instructions, Loading Constants

ARM programming using Assembly language: Writing Assembly code,
Profiling and cycle counting, instruction scheduling, Register Allocation,
Conditional Execution, Looping Constructs
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Syllabus

Module-3

Embedded System Components: Embedded Vs General
computing system, History of embedded systems, Classification of
Embedded systems, Major applications areas of embedded
systems, purpose of embedded systems

Core of an Embedded System including all types of
processor/controller, Memory, Sensors, Actuators, LED, 7 segment
LED display, stepper motor, Keyboard, Push button switch,
Communication Interface (onboard and external types), Embedded
firmware, Other system components.

Module-4

Embedded System Design Concepts: Characteristics and Quality
Attributes of Embedded Systems, Operational quality attributes ,non-
operational quality attributes, Embedded Systems-Application and
Domain specific, Hardware Software Co-Design and Program
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Syllabus

Module-5

RTOS and IDE for Embedded System Design: Operating System
basics, Types of operating systems, Task, process and threads (Only
POSIX Threads with an example program), Thread preemption,
Multiprocessing and Multitasking, Task Communication (without any
program), Task synchronization issues — Racing and Deadlock,
Concept of Binary and counting semaphores (Mutex example
without any program), How to choose an RTOS, Integration and
testing of Embedded hardware and firmware, Embedded system
Development Environment — Block diagram (excluding Kaeil),
Disassembler/decompiler, simulator, emulator and debugging
techniques, target hardware debugging, boundary scan.
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Text books

1. Andrew N Sloss, Dominic Symes and Chris Wright, ARM system
developers guide, Elsevier, Morgan Kaufman publishers, 2008.

2. Shibu KV, “Introduction to Embedded Systems”, Tata McGraw Hill
Education, Private Limited, 2nd Edition.

Reference Books:

1. Raghunandan..G.H, Microcontroller (ARM) and Embedded
System, Cengage learning Publication,2019

2. The Insider's Guide to the ARM7 Based Microcontrollers, Hitex
Ltd.,1st edition, 2005.

3. Steve Furber, ARM System-on-Chip Architecture, Second Edition,
Pearson, 2015.

4. Raj Kamal, Embedded System, Tata McGraw-Hill Publishers, 2nd
Edition, 2008.
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MODULE-I

Microprocessors versus Microcontrollers, ARM
Embedded Systems

Dr. Puttegowda D
Professor & HOD
Dept. of Computer Science & Engineering
ATMECE, Mysuru
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nat is Micro-Processor

nat is ARM?

W
e What is Micro-controlle
What is CISC?

Department of Computer Science & Engineering, ATMECE, Mysuru



A L M S .

o] College of Engineering

CISC vs RISC
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Instruction Set

INormal instructions \Compressed
loeoea|SUB (16080 CMP [se0  |SUB
o000l AND (10001 TEST [p01  |AND
[ooo10[ADD (10010 LW (o160  |ADD
oeo11 |OR 10011 |SW  fe11  |[CMP
loereo XOR  [10100[LH  [108  [LW
lere1 LSRR [1e101]SH |01  [SW
|oo110 [L.SL. 0110LB 110 |LDI
[pe111|ASR  [1em1|SB 111 MOV
lo10e0 BREV  [11000

le1001 [LDILO  [11001 Reserved for FPU
o1010 MPYUHI 1016 |[FPADD
o1011 [MPYSHI ‘Special Insn 11011 |[FPSUB
1100 MPY  [11100 BREAK 11100 |FPMPY
1101 MOV (11101 LOCK [11101 |FPDIV
p1110|DIVU  |11110[SIM 11110 |FPI2F
p1111|DIVS 11111 NOOP 11111 |FPF2I
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Microprocessor

Read-Only
Memory (ROM)

Read-Write
Memaory

Serial

Microprocessor
i Interface

System Bus

IY0 Port

Micro Controller

Read-Only
Memory

Read-Write

Microcontroller
Memaory

1/O Port

Serial Interface

Microprocessor is heart of Computer system.

Micro Controller is a heart of embedded system.

It is just a processor. Memory and I/0 components
have to be connected externally

Micro controller has external processor along with
internal memory and i/0 components

Sinee memory and I/0 has to be connected externally,
the circuit becomes large.

Since memory and 1/0 are present internally, the
circuit is small.

Cannot be used in compact systems and hence
inefficient

Can be used in compact systems and hence it is an
efficient technique

Cost of the entire system increases

Cost of the entire system is low

Due to external components, the entire power
consumption is high. Henee it is not suitable to used
with devices running on stored power like batteries.

Since external components are low, total power
consumption is less and can be used with devices
running on stored power like batteries.

Most of the microprocessors do not have power saving
features.

Most of the micro controllers have power saving modes
like idle mode and power saving mode. This helps to
reduce power consumption even further.

Sinee memory and I/0 components are all external,
each instruction will need external operation, hence it
is relatively slower.

Since components are internal, most of the operations
are internal instruction, hence speed is fast.

Microprocessor have less number of registers, hence
more operations are memory based.

Micro controller have more number of registers, hence
the programs are easier to write.

Mieroprocessors are based on von Neumann
meodel/ architecture where program and data are stored
in same memory module

Micro controllers are based on Harvard architecture
where program memory and Data memory are separate

Mainly used in personal computers

cience & Eng

Used mainly in washing machine, MP3 players

JTMECE, Mysu
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Microcontroller Microprocessor
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ARM Basics

+» ARM: Advance RISC Machine.

“+ARM was established as a joint venture between Acorn, Apple and VVLSI.

“+ARM is the industry's leading provider of 16/32-bit embedded
RISC microprocessor solutions.

“+The company licenses its high-performance, low-cost, power-
designs to leading international electronics companies.

“+ARM provides comprehensive support required in developing a
complete system.

Department of Computer Science & Engineering, ATMECE, Mysuru
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ARM Embedded Systems

The ARM processor is a key component of many successful 32-bit
embedded systems.

You probably own one yourself and may not even realize it!

ARM cores are widely used in mobile phones, handheld devices,
and a many other everyday portable consumer devices.

The first ARM prototype name ARM1 was designed in 1985 and continues
to improve through constant technical innovation leading to ARMZ2,
ARM3, ARM4, ARM5, ARM6, ARM7, ARMS,

ARM9... ARM Cortex.
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Approximately ~ one billion ARM processors had been shipped
worldwide by the end of 2001.

Now, ARM sales is 7 times more than the worlds population.

The ARM core is not a single core, but a whole family of designs sharing
similar design principles and a common instruction set.

Example, ARM7TDMI is one of the most successful ARM core widely used in
majority of the devices.

It provides up to 120 Dhrystone MIPS, high code density and low power
consumption, making it ideal for mobile embedded devices.

ARM has adopted the RICS design philosophy.

Department of Computer Science & Engineering, ATMECE, Mysuru



<+ ARM Holdings is a technology company headquartered in Cambridge, England,
UK. The company is best known for its processors, although it also designs,
licenses and sells software development tools under the RealView and KEIL brands,
systems and platforms, system-on-a-chip infrastructure and software.

s ARM do not make ICs !

<+ ARM grant license of core to different silicon vendors like ATMEL,
NXP, Cirrus logic etc.. These companies make IC’S. Examples are:
LPC2148 from NXP, AT91RM9200 from ATMEL.

< ARM processors can be used in any domain

<Mainly ARM processors are used in Handheld devices, Robotics,
Automation, Consumer Electronics.

< ARM processors are available for almost every domain.

Department of Computer Science & Engineering, ATMECE, Mysuru



Apple iPhone ARM11 Motorola Z8 Smart phone
ARM11
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To: ajohnson@cephas. net

Sub ject: Testing Email

Here is a phone number you
requested: §17-335-3105 and the
ermail address: ajohnsen®cephas.net.
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Blackberry ARM11 Nokia E9OQ
Communicator ARM11
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Juice Box

iPOD ARM7TDMI Low cost Multimedia
player ARM7TDMI
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Paison Series game

Lego Mindstrome
Robot ARM7 consoles ARM7TDMI
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The RISC design philosophy
O The ARM processors uses a RISC architecture.

0 RICS-Reduced Instruction Set Computing
O RISC is a design philosophy aims to provide few simple but

powerful instructions that execute within a single clock cycle.
QO  The RISC philosophy aims to reduce the complexity of instructions performed by

the hardware because it is easier to provide greater flexibility and intelligence in
software rather than hardware.

O RISC design places greater burden/load on the compiler.

Q  Traditional complex instruction set computer (CISC) relies more on the
hardware (processor) for instruction functionality, as CISC instructions are more
complicated.

Department of Computer Science & Engineering, ATMECE, Mysuru
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CISC RISC
Greater
Compiler 3 Compiler
[ e ) Complexity ( £ ]
Code Code
Generation Generation
Greater A
Complexity Processor Processor

CISC vs. RISC. CISC emphasizes hardware complexity. RISC emphasizes compiler
complexity.
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Pipelining:

Q Instruction execution is done in pipelined fashion

QIdeal pipeline stage clock cycle is 1 to have maximum
throughput.

QInstructions are executed in pipeline stages.
ARM7 is a 3 stage pipelined processor

First stage — fetches the instruction
Second Stage - Decodes the instruction and fetches
the operands
Third Stage - Executes the instruction and stores
the result

Department of Computer Science & Engineering, ATMECE, Mysuru
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Instruction 1 2 3 |

_ Non-Pipelined
Instruction 1 2 3 4

FPipelined

Cycles/ Time -
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Registers
%

OxX000100A0

Ox00010609E

<vara:
0x00016089C

<varl>
0x00010898
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Registers:
O RISC machines have a large general-purpose register set.

L Any register can contain either data or an address.

ORegisters act as the fast local memory store for all data
processing operations.

QIn contrast, CISC processors have dedicated registers  for
specific purposes.

Department of Computer Science & Engineering, ATMECE, Mysuru
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RO RO

R1 R1
R2 | R2
R3 R3
R4 | R4
RS | RS
R6 | R6
R7 | R7
R8 | )

RO
R10
R11
R12 |

R13(SP) | SP

R14(LR) | | LR

R15(PC) PC x

CPSR ; ~ CPsR
ARM Thumb
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| architecture:

Q Processor operates only on data held in registers.

Separate load and store instructions transfer data between the
register bank and external memory.

dMemory accesses are costly, so separating memory accesses
from data processing provides an advantage because you can use
data items held in the register bank multiple times without
needing multiple memory accesses.

O 1In contrast, with a CISC design the data processing
operations can act on memory directly.
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> These RICS design rules allow a RISC processor to be simpler,
and thus the core can operate at higher clock frequencies.

> 1n contrast, traditional CISC processors are more complex
and operate at lower clock frequencies.

»>Over the course of two decades, however, the distinction between
RISC and CISC has blurred as CISC processors have implemented
more RISC concepts.

Department of Computer Science & Engineering, ATMECE, Mysuru
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RISC : Reduced Instruction Set Computing
Lesser number of fixed length instructions.
Fewer addressing modes.

Increased pipelining and increased execution speed.
Orthogonal instruction set(Allows each instruction to operate on any register and use

any addressing mode).

Operations are performed on registers only. Memory operations are load

and store. (Load Store Architecture).

Alarge number of register are available.

Programmer needs to write more code to execute a task since the
instructions are simpler once.

Instruction take one clock cycle. The average clock cycle per

instruction (CPI) is 1.5.

Department of Computer Science & Engineering, ATMECE, Mysuru
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The ARM Design Philosophy o

RICS features accepted by ARM
O Alarge set of uniform register file
 Aload store architecture

O Uniform and fixed length (32-bit) instruction fields

L Three address instruction formats




RICS features rejected by ARM

O Register windows — because they occupy large chip area.

O Delayed Branches

O Single cycle execution of all instructions.

Department of Computer Science & Engineering, ATMECE, Mysuru



Instruction Set for Embedded System

The ARM instruction set differs from pure RISC definition in

several ways that make the ARM instruction set suitable for embedded
applications.

< Variable cycle execution for certain instruction
< Barrel shifter: Inline barrel shifter for more complex instructions.
< Conditional execution facility in majority of the instructions.

< Enhanced instruction — Enhanced DSP instructions were added
to the standard ARM instruction.

<+ Thumb state (16 bit- instruction  set) — improves the code
density by 30% to 35% over 32-bit fixed length instructions

Department of Computer Science & Engineering, ATMECE, Mysuru
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Embedded System Hardware
“»Embedded systems are designed to control many different devices,

- from Small sensors found on a production line, to

-- the real-time control systems used on a NASA space
probe.

< All these devices use a combination of software and hardware
Components.

«Each component is designed to provide higher efficiency and, is
designed for future extension and expansion.

Department of Computer Science & Engineering, ATMECE, Mysuru
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An example of an ARM-based Embedded Device, a

Microcontroller
Boxes represent-
feature or function
ROM -
SRAM Lines represent -
FLASHROM i
—{ Memoyyconmter) || Busses connecting
sl s (AHB-exlcrnal bridgc)— External bus the devices
) ——
& i - . -
() Divided into 4
(Rearime o) ——— (Bt }————1— Fierne Major components
.- 3 ] 3 p \5,;.: _
oo |- o] | Coutertimers drve ARM processor
: 4 -Controllers
( ARM ) {C@nuullersj :l’eripherals)] Bus 'Perlpherals
-Bus
Figure 1.2 An example of an ARM-based embedded device, a microcontroller.

AHB - ARM High performance Bus
APB - ARM Peripheral Bus

Department of Computer Science & Engineering, ATMECE, Mysuru
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+2» Controls the embedded device.

<+ Different Versions of the ARM processor are available to suit the
desired operating characteristics.

“»An ARM processor comprises

-ad COre (the execution engine that processes instructions and
manipulates data)

plus

-the surrounding components that interface it with a bus
(include memory management and caches.)

Department of Computer Science & Engineering, ATMECE, Mysuru



COntrO”erS s
+Helps coordinate important functional blocks of the
system.

 Two commonly found controllers are
-interrupt controller and
-memory controllers.

Peripherals

< Provides Input-output capability external to the chip.
-includes serial 1/0, Parallel I/O, Timers counters and clock circuits

“* Responsible for the uniqueness of the embedded device.

Bus

% Supports communicate between different parts of the device.
AHB, APB

Department of Computer Science & Engineering, ATMECE, Mysuru
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<Embedded systems use different bus technologies than those
designed for x86 PCs.

«PCs bus technology  uses Peripheral = Component

Interconnect (PCI) bus, to connect devices such as
- video cards and
-hard disk controllers to the x86 processor bus.

<+This technology is external or off-chip (i.e., the bus is designed to
connect mechanically and electrically to devices external to the chip) and is
built into the motherboard of a PC.

«+Embedded devices use an 0N-chip bus that is internal to the chip and that
allows different peripheral devices to be interconnected with an ARM core.

Department of Computer Science & Engineering, ATMECE, Mysuru
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ARM Bus Technology Cont..
<+ There are two different classes of devices attached to the ARM on chip bus.

- A bus master: a logical device capable of initiating a data transfer with another
device across the same bus. The ARM processor core is the bus master.

- Bus slaves: logical devices capable only of responding to a transfer request from a
bus master device. All peripherals are bus slaves

< On chip ARM bus has two architecture levels.

- Physical level covers the electrical characteristics and bus width (16, 32,
or 64 bits).

- Protocol level covers the logical rules that govern the
communication between the processor and a peripheral.

< ARM is primarily a design company. It does not/rarely implements the
electrical characteristics of the bus, but it specifies the bus protocol.

Department of Computer Science & Engineering, ATMECE, Mysuru
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AMBA Bus Protocol
% AMBA - Advanced Microcontroller Bus Architecture.

*»Was introduced  in 1996 and widely adopted as the on-chip bus
architecture used for ARM processors.

% The first AMBA buses introduced were the
-ARM System Bus (ASB) and
-ARM Peripheral Bus (APB)

% Later ARM introduced another bus design, called
-ARM High Performance Bus (AHB)

+Using AMBA, peripheral designers can reuse the same interface
design on multiple projects.

« Aperipheral can simply be bolted onto the on-chip bus without
having to redesign an interface for each different processor architecture.

Department of Computer Science & Engineering, ATMECE, Mysuru
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AMBA Bus Protocol Cont...

< AHB provides higher data throughput than ASB.

- Because AHB is based on a centralized multiplexed

bus scheme.
- ASB bidirectional bus design.

«»» ARM has introduced two variations on the AHB bus:
-Multi-layer AHB and
-AHB-L.ite.

“The original AHB, was allowing a single bus master to be active on the bus at any time, the
Multi-layer AHB bus allows multiple active bus masters.

< AHB-Lite is a subset of the AHB bus and it is limited to a single bus master.

< AHB-Lite was developed for designs that do not require the full features of the standard
AHB bus.

Department of Computer Science & Engineering, ATMECE, Mysuru
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Memory
< An embedded system requires some form of memory to store and execute code.

< The memory should be fast, large and inexpensive.
<Unfortunately it is Impossible to meet all
requirements.

 The common solution is to have the memory hierarchy.

Performance/costs

T T
1 MB 1 GB

Memory Size

Figure 1.3  Storage trade-offs.

Department of Computer Science & Engineering, ATMECE, Mysuru
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Memory Width
& The memory width is the number of  bits the memory
returns on each access which is typically 8, 16, 32, or 64 bits.

< The memory width has a direct effect on the overall performance
of the system.

< If you have a system using 32-bitARM instructions and 16-bit-
wide  memory chips, then the Processor will have to make two

memory fetches per instruction.

<+ This reduces the system performance, but the benefit is that 16-bit memory is
less expensive.

< If the core executes 16-bit Thumb instructions, it will achieve
better performance with a 16-bit memory.

Department of Computer Science & Engineering, ATMECE, Mysuru
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Table 1.1 summarizes theoretical cycle
processor using different memory width devices.

Table 1.1 Fetching instructions from memory.

Instruction size 8-bit memory 16-bit memory 32-bit memory
ARM 32-bit 4 cycles 2 cycles 1 cycle
Thumb 16-bit 2 cycles 1 cycle 1 cycle

Department of Computer Science & Engineering, ATMECE, Mysuru
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_ Memory Types
“ There are many different types of memory
- ROM
- Flash ROM
- Dynamic RAM
- Static RAM

- SDRAM — Synchronous Dynamic RAM
ROM- Read Only Memory

% Least flexible of all memory types because it contains an image that is
permanently stored and cannot be reprogrammed.

< Many devices use a ROM to hold boot code.

Department of Computer Science & Engineering, ATMECE, Mysuru



+Flash ROM can be read as well as written, but it is slow to w

it is not used for holding dynamic data. _ _ _
<Itis mainly used for holding the device firmware orstoring

long-term data that needs to be preserved after power is off.

% The erasing and writing of flash ROM are completely software
controlled with no additional hardware circuitry required.

Dynamic Random Access Memory -DRAM
< The most commonly used RAM for devices.

<1t has the lowest cost per megabyte compared with other types of RAM.
+DRAM is dynamic—it needs to have its storage cells refreshed and given a new

electronic charge every few milliseconds, so you need to set up a DRAM
controller before using the memory.

Department of Computer Science & Engineering, ATMECE, Mysuru



Static Random Access Memory -SRAM
+»» Faster than the more traditional DRAM

<+ SRAM is static—the RAM does not require refreshing.

«The access time for SRAM is considerably shorter than the equivalent

DRAM because SRAM does Not require a Pause between data
accesses.

Synchronous Dynamic Random Access Memory -
SDRAM

<+ SDRAM is synchronized with the processor clock speed.

+SDRAM run at much higher clock speed than the conventional
DRAM:s.

Department of Computer Science & Engineering, ATMECE, Mysuru



Peripherals

< Embedded systems communicate with the Outside world
via peripheral device.

<A peripheral device performs Input and output functions forthe
chip by connecting to other devices or sensors that are off- chip.

 Peripherals range from
-asimple serial communication device to a

-more complex 802.11 wireless device.

% Two important types of controllers are
- memory controllers and
- Interrupt controllers.

Department of Computer Science & Engineering, ATMECE, Mysuru



Memory Controller
“»Memory controller provides the following functionalities.
-Connects different types of memories to the processor bus.
-On power up the memory controller activates certain
memory devices to execute initialization code -ROM.

-It configures the memory  timings and the refresh rate of
the DRAM before it is accessed.

Interrupt Controllers
“*When a peripheral or device requires processor attention, it sends an
Interrupt to the processor.

 There are two types of interrupt controller in the ARM processor:
- the standard interrupt controller (S1C)
- and the vector interrupt controller (VIC).

Department of Computer Science & Engineering, ATMECE, Mysuru
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Standard Interrupt Controller (SIC)

<It sends an interrupt signal to the processor core when an external

device requests servicing.

It can be programmed to ignore or mask an individual device

or set of devices interrupt signals.

+The interrupt handler determines which device requires

servicing by reading a device bitmap register in the interrupt
controller.

Vectored Interrupt Controller (VIC)
Provides more functionality than the SIC.

«Along with the masking functionality it also provides the
functionality to prioritize the interrupts.

Department of Computer Science & Engineering, ATMECE, Mysuru
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Embedded System Software
% An embedded system needs software to drive it.

< Figure shows four typical software components required to
control an embedded device.

Operating system

Hardware device

Figure 1.4 Software abstraction layers executing on hardware.

Department of Computer Science & Engineering, ATMECE, Mysuru
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Initialization (Boot) Code

The initialization code is the first code executed on the board when
the device is powered on.

It sets up the minimum parts of the board before handing control
over to the operating system.

< Boot code is present inside the ROM and is responsible for loading the OS
to the RAM.

“The Initialization code handles 3 administrative tasks prior to
handing control over to an operating system image.

% These administrative tasks can be grouped into three phases:
- initial hardware configuration,
- diagnostics, and
- booting.

Department of Computer Science & Engineering, ATMECE, Mysuru
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Initial Hardware Configuration:

< Although the device comes up in a standard configuration, this initial
hardware configuration normally requires modification to satisfy the
requirements of the booted image.

“*For example, the memory system normally requires reorganization of the
memory map, as shown in below Example

Before After
Oxffffffff
1/0 Regs |———| I/0 Regs
FAST SRAM |—
Boot ROM

DRAM DRAM
Targe large
contiguous contiguous
block block
Boot ROM H L—=| FAST SRAM

0x00000000

Figure 1.5 Memory remapping.
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Diagnostics

% Diagnostics is a program embedded in the initialization code.

< Diagnostic code tests the system by checking if the all the hardware
components is in working condition.

It also tracks down standard system-related issues.

¢ The primary purpose of diagnostic code is fault identification and isolation.

Department of Computer Science & Engineering, ATMECE, Mysuru



Booting:

< Booting involves loading an OS image to RAM and handing control over to
that image.

< The boot process can be complicated if the system must boot different
operating systems or different versions of the same operating system.

<+Once booted, the system hands over control by modifying the
program counter to point into the start of the OS image.

% Sometimes, to reduce the image size, an image is compressed.

“»The image is then decompressed either when it is loaded or when
control is handed over to it.

Department of Computer Science & Engineering, ATMECE, Mysuru
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%The Initialization process Prepares the hardware for an Operatmg
system to take control.

“» ARM Processor supports over 50 operating systems.
% Operating system can be divided into two main categories.

- Real Time Operating System — RTOS

- Platform Operating System —POS
“+RTOS used in embedded devices and they don’t use the secondary storage and
POS used in the general purpose computer systems and they use secondary
storage

» RTOS is classified into.

-Hard Real Time Operating System - Used in hard real time
applications which requires the guaranteed response time.

-Soft Real Time Operating System - Used in soft real time
applications which does not require guaranteed response time and the
performance gracefully reduces when the time overruns

Department of Computer Science & Engineering, ATMECE, Mysuru
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Applications:

<+ ARM processors are found in numerous domains, including networking,
automotive, mobile and consumer devices, mass storage, and imaging devices.

<Within each domain ARM processors can be found in multiple
applications.

For example, the ARM processor is found in networking applications
like home gateways, modems for high-speed Internet communication, and
wireless communication.

< The mobile device domain is the largest application area for ARM
processors because of mobile phones.

<+ ARM processors are also found in mass storage devices domains
such as hard drives, products such as inkjet printers
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ARM/TDMI Processor

<+ The ARM7TDMI core is a member of the ARM family of general-

purpose 32-bit microprocessors.
— T: capable of executing Thumb instruction set
—D: Featuring with IEEE Std. 1149.1 JTAG boundary-scan debugging

interface.
—M: Featuring with a Multiplier-And-Accumulate (MAC) unit for DSP

applications.
— | Featuring with the support of embedded In-Circuit Emulator.

power

<+The ARM family offers high performance for very low
consumption, and small size.

<+ The ARM architecture is based on Reduced Instruction Set Computer
(RISC)
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SUMMARY:

«It allows variable cycle execution on certain instructions to
save power, area, and code size.

% It adds a barrel shifter to expand the capability of certain
Instructions.

< It uses the Thumb 16-bit instruction set to improve code density.

It improves code density and performance by conditionally
executing instructions.

It includes enhanced instructions to perform digital signal
processing type functions.
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Chapter-2
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ARM core dataflow modewi

Data
f I | Instruction
7 " | decoder
(Sign extendj
Write Read
ris Register file Rd
pc ro-ril5 Result
Rn|A Rm | B
A | B |Ace
Y ‘ r
[Barrcl shiftca
- . MAC
¥ ¢ N
& ALU ]
Y
Y
[Addrcss rcgisterJ <
—l r(lncrementer]
Y

Address
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* Instruction Fetch: Fetches the instruction form the memory
* Instruction Decoder: Decodes the instruction and identifies the opcode

Of the instruction.

 Sign extend hardware: The sign extend hardware converts signed 8-bit
and 16-bit numbers to 32-bit values as they are read from memory and
placed in a register.

 ALU(arithmetic logic unit) or MAC(multiply-accumulate unit):Takes the
register values Rn and Rm from the A and B buses and computes a result.

-Data processing instructions write the result in Rd directly to
the reqister file.
- Load and store instructions use the ALU to generate an address
to be held in the address register and broadcast on the Address bus.

* Incrementer: For load and store instructions the
incrementer updates the address register before the core reads or
writes the next register value from or to the next sequential memory
location.
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Registers

» General-purpose registers hold either data or an address.

« They are identified with the letter r prefixed to the register number.
For example, register 4 is given the label r4.

« Figure 2.2 shows the active registers available in user mode—a
protected mode normally =

ri
r2
r3
r4
rs

ro

r7
8

r9
rio
ril
ri2
ri3 sp
ri4 Ir

ris pc

cpsr

Figure 2.2  Registers available in user mode.
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The processor can operate in seven different modes

All the registers shown are 32 bits in size.

There are up to 18 active registers: 16 data registers and 2 processor
Status registers.

The data registers are visible to the programmer as r0O to rl15.
The ARM processor has three registers assigned to a particular task or
special function:

r13, r14, and r15. They are frequently given different labels to
Differentiate them from the other registers.

Register r13 is traditionally used as the stack pointer (sp) and stores
the head of the stack in the current processor mode.

Register r14 is called the link register (Ir) and is where the core puts
the return address whenever it calls a subroutine.

Register r15 is the program counter (pc) and contains the address of
the next instruction to be fetched by the processor.
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Depending upon the context, registers r13 and r14 can also be used as
general-purpose registers.

Dangerous to use rl3 as a general register when the
processor is running any form of operating system because
operating systems often assume that r13 always points to a valid
stack frame.

In ARM state the registers rO to r13 are orthogonal—any instruction
that you can apply to rO you can equally well apply to any of the other
registers.

However, there are instructions that treat r14 and r15 in a special
way.

In addition to the 16 data registers, there are two program status
registers:

— cpsr and spsr (the current and saved program status
registers, respectively).
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Current Program Status Register-

i Flags Status Extension Control
Fields | | I 1l %
Bit 31302928 76 S 4 0
N|Z|C|V IN\F|T| Mode
Function ——— e | ——y
Condition Interrupt | Processor
flags Masks mode
Thumb
state
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The ARM core uses the cpsr to monitor and control
Internal operations.

The cpsris a dedicated 32-bit register and resides inthe
Register file.

The shaded parts are reserved for future expansion.

The cpsr is divided into four fields, each 8 bits wide:

-flags,

- status,

- extension, and

- control.
In current designs the extension and status fields are reserved
for future use.
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 The control field contains the
- processor mode,

-state, and
- Interrupt mask bits.

- The flags field contains the condition flags.
« Some ARM processor cores have extra bits allocated.

- For example, the J bit, which can be found in the
flags field, Is only available on Jazelle-enabled

processors, Which execute 8 bit instructions
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Processor Modes

 The processor mode determines which registers are active and the
access rights to the cpsr register itself.

« [Each processor mode is either
— privileged or
— non privileged

« A privileged mode allows full read-write access to the cpsr.

Conversely, a non-privileged mode only allows read access to
the control field in the cpsr but still allows read-write access
to the condition flags.
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« There are seven processor modes In total:
- six privileged modes

(abort, fast Interrupt request, interrupt request
supervisor, system, and undefined)

- one non privileged mode (User).

 Abort Mode: The processor enters abort mode when
there Is a failed attempt to access memory.

* Fast interrupt and interrupt request modes:
Correspond to the two interrupt levels available on the
ARM processor.

Department of Computer Science & Engineering, ATMECE, Mysuru



RECGESTE ARS AL r

- Supervisor mode: is the mode that an operating
system kernel operates in.

« System mode: is a special version of User Mode
that allows full read-write access to the cpsr

« Undefined mc_)de: IS _used Whgn the processor
encounters an Instruction that i1s undefined or

not supported by the implementation.

« User mode: is used for programs and applications.
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User and
system
ro
ri
r2
r3
r4
s Fast
P interrupt
7 reque,st
r8 r8_fig
r9 r9_fig
rio rio_fig
5T r1l_fig Interrupt
R 712_fig request  Supervisor  Undefined Abort
ri3 sp ri3_fig ri3_irg ri3_sve ri3_undef ri3_abt
ri4 ir rl4_fig ri4_irg ri4_sve rid_undef ri4_abt
ris pc
cpsr
spsr_fig| |spsr_irg| |spsr_sve| |spsr_undef| | spsr_abt
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« There are 37 registers in the reqister file. Of those, 20
registers are hidden registers and are called as banked
registers indicated in shade.

« They are available only whenthe  processor Is
In a particular mode.

« Changing mode on an interrupt
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Table 2.1 Processor mode.

Mode Abbreviation Privileged Mode[4:0]
Abort abt yes 10111
Fast interrupt request fig yes 10001
Interrupt request Irq yes 10010
Supervisor SVC yes 10011
Systetn 5y yes 1111
Undefined und yes 11011
User st no 10000
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State and Instruction Sets

» The state determines which instruction set is being executed.

* There are three instruction states:
— ARM state
— Thumb state, and
— Jazelle state.

ARM State:

« The ARM instruction set (32 bit) is only active when the
processor is in ARM state (T=0 and J=0).

Thumb State:

* Similarly the Thumb instruction set (16 bits) is only active when the
processor is in Thumb state (T=1 and J=0).

* In Thumb state the processor executes only Thumb 16-bit

instructions. You cannot intermingle ARM , Thumb, and Jazelle
Instructions
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Jazelle State:

« The Jazelle instruction set (8 bits) is only active when the
processor is in Jazelle state (T=0 and J=1).

« Jazelle executes 8-bit instructions and is a hybrid mix of
software and hardware designed to speed up the
execution of Java byte-codes.

 To execute Javabyte-codes,Jazelle plus technology
a Java virtual machine is required.
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Comparison of ARM and Thumb State

ARM and Thumb instruction set features.

ARM (cpsr T=10) Thumb (epsr T=1)
[nstruction size 32-bit 16-bit
Core instructions 58 30
Conditional execution® most only branch instructions
Data processing access to barrel shifter and separate barrel shifter and
instructions ALU ALU instructions
Program status register read-write in privileged mode  no direct access
Register usage 15 general-purpose registers 8 general-purpose registers
+pe +7 high registers +pc
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Jazelle instruction set features.

Jazelle (cpsr T=0,] =1)

[nstruction size ~ §-bit
Core instructions  Over 60% of the Java bytecodes are implemented in hardware;
the rest of the codes are implemented in software,
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Interrupt Masks

* Interrupt masks are used to stop interrupt requests

from interrupting the processor.

« There are two interrupt requestlevels available on the ARM
processor core

- Interrupt request (IRQ) and
- fast interrupt request (FIQ).
 The cpsr has two interrupt mask bits, 7 and 6 (or | and F), which
control the masking of IRQ and FIQ, respectively.

« The I bit masks IRQ when set to binary 1, and similarly the F
bit masks FIQ when set to binary 1.

Condition
code flags Reserved Control bits
| | |
| | | | | |
313029282726252423_ 8 ¥ 6 S5 & ¥ 2 1 O
INfzle|v]- [ [-[-[- [/ /I [t][F [T [mafm3lm2imijmol
Overflow L Mode bits
Carry or borrow or extend - Siate bit
Zero F I disable
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Condition Flags

« Condition flags are updated by comparisons and the result
of ALU operations that specify the S instruction suffix.

« For example, ifa SUBS subtract

Instruction results in a register value of zero,
then the Z flag in the cpsr is set.

Flag Flag name Set when

Q Saturation the result causes an overflow and/or saturation

V oVerflow the result causes a signed overflow

€ Carry the result causes an unsigned carry

Z Zero the result is zero, frequently used to indicate equality
N Negative bit 31 of the result is a binary 1
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« Notation that presentsthe
cpsr data in a more human readable form.
« When a bitis a binary 1 we use a capital letter,;
« when a bitis a binary O, we use a lowercase letter.
« Forthe condition flags a capital letter shows that the
flag has been set.

 Forinterrupts a capital letter shows
thatan Interrupt isdisabled.
3730202827 24 654 il
0|10\ 10|0 0 o\\0) 10011
I_l_l L || |
nzCvq i IF t SVC

Example: ¢psr = nzCvqgjiFt_SVC.
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Conditional Execution

« Conditional execution controls the execution of an
instruction.

« Most instructions have a condition attribute that
determines If the Microcontroller core will execute 1t or not
based on the setting of the condition flags.

- Prior to execution, the processor compares the
condition attribute with the condition flags in the cpsr.

If they match, then the instruction is executed; otherwise the
Instruction is ignored.
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Condition mnemonics

Mnemonic Name Condition flags
EQ equal Z

NE not equal z

CS HS carry set/unsigned higher or same C

CC LO carry clear/unsigned lower C

MI minus/negative N

PL plus/positive or zero n

VS overflow v

Ve no overflow v

HI unsigned higher zC

LS unsigned lower or same Zorc

GE signed greater than or equal NVor nv

LT signed less than Nvor nV

GT signed greater than NzV or nzv
LE signed less than or equal Zor Nvor nV
AL always (unconditional) ignored
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Pipeline

U Fetch :}—hU]l}:nrlu:}—'OEmulu]

ARM? Three-stage pipeline.

< Fetch loads an instruction from memory.
»Decode identifies the instruction to be executed.

< Execute processes the instruction and writes the result back to
a regqgister
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Felch Decode Execute
i | cyce (TAIH- HAL )
Cycle2 (] sus H-{l ap -t )
| Cycle3 ( v} sue K

<t
C

Pipelined instruction sequence.
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ARM9 and ARM10 Pipeline
| Fetch :—-0 l)ecndc‘,’#ﬂl’:\ecutg —ﬂl\'lemwy\;—-{] Wriiej

ARMY five-stage pipeline.

“ Fetch \,-—*0 Issue j—-‘{} I)ecodc‘}-—‘{} Excculc.}—‘{]Memory}—'g Writcj‘

ARM 10 six-stage pipeline,
-ARM?9 has instruction throughput of around 13% more compared
with an ARM7.

-The ARM10 has instruction throughput of around 34% more than
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Pipeline Executing Characteristics

Fetch Decode Execute
Time | Cycle | @m?;wwc
Cycled  (aND ) (a0 ) MSR mcf:;r
Cycles [ suB ) ((ano ) (o0 )

ARM instruction sequence.

-The MSR instruction is used to enable IRQ interrupts, which only
occurs once the MSR instruction completes the execute stage of the pipeline.

- It clears the | bit in the cpsr to enable the IRQ interrupts.

-Once the ADD instruction enters the execute stage of the pipeline, IRQ
interrupts are enabled
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Time 0x8000 LDR pc, [pc,20]
Ox8004 NCP
0x8008 DCC jumpAddress \

| |

Fetch Decode Execute
DCD NoP M| LOR |
pc + 8

{0x8000 + B)

Example: pc = address + 8.
* In the execute stage, the pc always points to the address of

the instruction plus 8 bytes.
 In other words, the pc alwayspoints to the address of

the instruction being executed plus two
Instructions ahead.
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Exceptions, Interrupts, and the Vector

Table

When an exception or interrupt occurs, the processor sets
the pc to a specific memory address.

This special address range called the vector table.

The entries in the vector table are instructions that branch

to specific routines designed to handle a particular
exception or interrupt.

On some processors the vector table is located at a higher
address in memory (starting at the offset OxffffO000).
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. When an exception or interrupt occurs, the

processor suspends normal execution and
loads instructions from the vector table.

 Each vector  table entrycontains a form of
branch instruction pointing to the start of a specific

routine.
The vector table.

Exception/interrupt Shorthand Address High address
Reset RESET 0x00000000 OxFEEf0000
Undefined instruction UNDEF 0x00000004 Ox 0004
Software interrupt SWI 0x00000008 Ox 0008
Prefetch abort PABT 0x0000000c Oxfff000c
Data abort DABT 0x00000010 OxFEEF0010
Reserved — 0x00000014 Oxffff0o014
Interrupt request IRQ) 0x00000018 Oxffffo018
Fast interrupt request FIQ 0x0000001c Oxffffo0lc
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 Reset vector:
is the location of the first instruction executed by the
processor when power is applied.This Instruction

branches to the initialization code.
« Undefined instruction vector:

is called when the processor cannot decode an instruction.
« Software interrupt vector:

is called when you execute a SWI instruction. The SWI
Instruction is frequently used as the mechanism to invoke an
operating system routine.

 Prefetch abort vector:

occurs when the processor attempts to fetch an instruction
from an address without the correct access
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permissions.a prefetch abort but is raised when an

Instruction attempts to access data memory without
the correct access permissions.

* Interrupt request vector:

is used by external hardware to Interrupt the normal

execution flow of the processor. It can only be raised if
IRQs are not masked in the cpsr.

 Fast interrupt request vector:

is similar to the interrupt request but is reserved for

hardware requiring faster response times. It can only be
raised if FIQs are not masked in the cpsr.
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« The hardware extensions (Assistants) are Standard
components placed next to the ARM core.

They improve performance, manage resources,

and provide extra functionality and are designed
to provide flexibility in handling particular applications.

« There are three hardware extensions ARM wraps
around
the core:
- cache and Tightly Coupled Memory(TCM),
- memory management, and
- the coprocessor interface.
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Cache and Tightly Coupled Memory

[ ARM core ]

[L‘znmcd'cachéj

[ Logic and control j

-

—[AMBA bus ihlerl'acc umt)7 | [Main rrlle.mor}'J

-

-

On-chip AMBA busg

A simplified Von Neumann architecture with cache.
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On-chip AMBA bus

A simplified Harvard architecture with TCMs.
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( ARM core
[ Logic an]d conirol J
p ; — [ Data] [Imlruction]
Data | | Instruction | | cache cache
TCM}] { TCM J - n j

{ ! arfarn i
LAMBA bus interface umlJ—

D+1]

1

|

q

s
Main memory |

On-chip AMBA bus

A simplified Harvard architecture with caches and TCMs.
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Memory Management

Embedded systems often use multiple memory devices. _
It is usually necessary to have a method to help organize

these devices and protect the system from applications trying to
make inappropriate accesses to hardware.

This is achieved with the assistance of memory
management hardware.

ARM cores have three different types of memory
management hardware.

- Non-protected memory — no protection

- MPUs - limited protection

- MMUs - full protection
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Coprocessors

- Coprocessors can be attached to the ARM processor.

« A coprocessor extends the processing features of a core
and increases the throughput

 More than one coprocessor can be added to the
ARM core via the coprocessor interface.
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