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Part 1

Review of Digital Systems



Review of Digital Systems (1)

Number systems — Binary, decimal, hexadecimal

Boolean algebra

> Basic operations of Boolean algebra — AND, OR, NOT, NAND, NOR, XOR

> Theorems and laws of Boolean algebra

Building an equation from verbal expressions
Truth table

Minterm, maxterm
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Review of Digital Systems (2)

Simplification of Boolean expression
Karnaugh map, Quine-McCluskey method

Commercialized ICs

> Multiplexer, Encoder, Decoder

Programmable logic devices (PLD)

VHDL for combinational logic circuits
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Review of Digital Systems (3)

Latches
Flip-Flops
> D F/F S-RF/F, J-K F/F, T F/F

Registers

Counters

> Straight, Non-straight binary counter
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Review of Digital Systems (4)

* Analysis of Clocked Sequential Circuits

> Moore machine, Mealy machine

> State graph, state table

* Design of Sequential Circuits

* VHDL for sequential logic circuits
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Microcontroller

Wrap-Up



Part 2

Introduction to Microcontroller



Objectives

Computer Architecture
CPU, Microprocessor and Microcontroller
AVR Microcontrollers

ATmega328PB Microcontroller Registers
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Computer Organization

SOFTWARE

APPLICATION

OPERATING
SYSTEM

FIRMWARE

HARDWARE
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Computer Hardware

CPU
Control
Unit

CPU: Central Processing Unit
ALU: Arithmetic and Logic Unit
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Computer Software (1)

* Program

> A set of instructions that the computer hardware can execute

* Machine Instruction / Machine Language

> All programs are stored in the computer’s memory in the form of binary number (machine instruction).

> Itis difficult to use and not productive.

* Ex: Machine language program
> 1001 01000001 0011b
stands for “increment the contents of R1 register by 1.”
> 000011000010 0001b

stands for “add the contents of R1 register to the contents of R2 register.”
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Computer Software (2)

* Assembly Language

> Invented to simplify the programming
> Consists of assembly instructions

> Mnemonic representation of a machine instruction

* Ex: Assembly language program
> INC R1

stands for “increment the contents of R1 register by 1.”

> ADDR2,R1

stands for “add the contents of R1 register to the contents of R2 register.”
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Central Processing Unit (CPU) (1)

Arithmetic Logic Unit (ALU)

>

Execute numerical and logical operation

Register file

>

>

>

>

Storage location inside the CPU
Used to hold data / memory address
Access to data in register is much faster than memory

Number of registers varies depending on CPU

Control unit

>

>

>

Hardware instruction logic
Decodes and monitors the execution of instructions

System clock synchronizes the activities of CPU

Biomedical Engineering, Inje University
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CPU

Control
Unit

ALU
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Memory

CPU: Central Processing Unit
ALU: Arithmetic and Logic Unit



Central Processing Unit (CPU) (2)

PROGRAM
ALU COUNTER
INSTRUCTION STACK
REGISTER POINTER
CONTROL REGISTER
UNIT FILE

TEMPORARY
REGISTERS
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Control Unit

PROGRAM MEMORY

0000 1100 0010 001b

CLOCK

CPU

T3

INSTRUCTION
REGISTER

J

INSTRUCTION
DECODER

¥

mEs) CONTROL

Co
To

ntrol Signals
Internal Registers
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ALU, Register File, and Control Unit

PROGRAM MEMORY

0000 1100 0010 00O1b

T
T
G-

CONTROL

CPU
ADD R2,R1
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Microprocessor (uP)

- A processor fabricated in a single IC

- The number of bits of uP refers to
the number of bits that P can manipulate in one operation
 Limitation of puP
> Requires external memory to execute programs.
» Cannot directly interface with 1/O devices.
Peripheral chips are needed.
> Address decoders and buffers are needed.

> Bigger system size
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Microprocessor-Based System (1)

SYSTEM BUS
(Address, Data, Control)

ROM

RWM

INPUT
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Microprocessor-Based System (2)
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Memory Interface

Memory Interface Example (62256 - 32k x 8 bit Low Power CMOS Static RAM)

 messsseony
( omamswoion
M—
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Microcontroller

- A computer implemented on a single VLSI chip

- Contains everything a uP contains plus
> Memory
> Timer
> Analog-to-digital converter (ADC)
> Digital-to-analog converter (DAC)

> Parallel I/0 interface

> Serial I/O interface

> Memory component interface circuitry

> Direct memory access (DMA)

Biomedical Engineering, Inje University



General Microcontroller

PERIPHERALS CPU
TIMER
SERIAL I/0O I
DMA CONTROL
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Summary

Computer organization

» hardware and software
Hardware

» CPU, input, output, and memory
Software

» Machine language, Assembly language
CPU

» ALU, register file, and control unit
Microprocessor

Microcontroller
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Part 3

Introduction to AVR Microcontroller



Overview of 8-bit AVR Microcontroller (1)

It is commonly accepted that AVR stands for Alf-Egil Bogen and Vegard Wollan's

RISC processor.
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Overview of 8-bit AVR Microcontroller (2)

4-Wire In/Out 3-Wire In/Out
RISC architecture with CISC instruction set

v" Powerful instruction set for C and Assembly

eria
ipheral
nterface

Scalable
v" Same powerful AVR core in all devices

Single cycle execution

v" One instruction per external clock
32 General

v Low power consumption | Purpose
Control | Registers

32 working Registers
v All directly connected to ALU!

Very efficient core
v' 20 MIPS @ 20MHz

High System Level Integration
v' Lowest total system cost
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Overview of 8-bit AVR Microcontroller (3)

4-Wire In/Out 3-Wire In/Out

High Integration

Peripheral } Non-volatile Memory

nterface

— Analog

AVR Core <

Control
Lines

— Serial Interface

Counters

Dlgltal
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Overview of 8-bit AVR Microcontroller (4)

Single Chip Solution

" | ke

‘

T

EEPROM

Programming

Reference Multiplier e
' CPU CORE.
CPU CORE
Temperature m
Brown Out
Detector
I__
| |
Watchdog Many u C
In- Circuit onl ive vou this
Emulator y g y
|
Test LCD driver
Fixtures

Circuitry

|
LLd diSPLAY
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Overview of 8-bit AVR Microcontroller (5)

Single Chip Solution

Temperature
Sensor
® : Jemanda
5 nterface

AVR Integrates Much More!

LLd diSPLRY
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Introduction

to
ATmega3238PB
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ATmega328PB Features

Memories
> 32 kBytes of In-System Self-Programmable Flash program memory
> 1 kBytes EEPROM
> 2 kBytes Internal SRAM

Peripherals

>

YV V V VY

>

GPIO
Timer/Counters
10-bit ADC
USART

SPI

TWI

Operating Voltage: 1.8 - 5.5V

Speed Grade:
> 0-4MHz @ 1.8-5.5V
> 0-10MHz @ 2.7 -5.5V
> 0-20MHz @ 4.5-5.5V

PE[S0), PE[1.0|, FOT0] ——  K[150]
FES0, FE[10, PO, PE[3), RCS0] = V[2ED]

PE1.FE! 2— OCIAE
FOS —a=

EE] EE% 33 3
HE
E:g Edg B8 1.

g
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ATmega328PB Block Diagram

XTAL1Y
TOSsC1

[N

XTALZY
TOsC2

VCC o

RESET -=

GND =

PE[3:2], PC[5:0]

AREF

PB[5:0], PE[1:0], PD[7:0]
PBI[5:0], PE[1:0]. PD[7:0], PE[3:2], PC[5:0]

PE[3:0], PD{7:0], PC[E:0], PE[7:0]

PD3, PD2

PB1, PE2
PDS
PBO

PB3
PD3

PDD, PD2
PE3
PE2

PD1, PD2
PE1
PEO

debugWire

PARPROG
SPIPROG

Clock generation

— - ADC[70]
-  AREF

-—  X[150]
- Y[23:0]

— PCINT[27:0]
— = INT[1:0]
-4+— QC1AB
— T
— ICP1
-—  OC2A
-+— OC2B
-—— OC3AB
— T3
—- ICP3
--— OC4A/B
— T4
—»  IcP4

wCo@PEHPO

EEPROM

MOS0 —SCO—-=-—

A

AC

i

Y

RxD0
TxD0O
XCKO

RxD1
TxD1
XCK1

SDAD
SCLo

SDA1
SCL1

MISO1
MOSI
SCK1
S5

PDO
PD1
PD4

PB4
PB3
FPBS

PC4
PCS

PED
PE1

PCO
PE3
PCA
PE2

-
—
-
-
—
-
-
-
-
-
-
-
-
-

PB[7-0]
PCI7:0]
PD[7:0]
PE[3:0]

oCoA
oCcoB

MISO0
MOSI0
SCKo
550

AlND
AlIN1
ACO
ADCMUX, ~-a—

SRR

FD4
PD&
PDS

PB4
PB3
PBS
PB2

PD&
PD7
PED
PE[3:2], PC[5:0]



AVR CPU Core

-

R31 (ZH)

R29 (YH)

R27 (XH)
R25
R23
R21
R19
RIT

R15
R13
R11

Register file

R30 (L)

R28 (YL)

R26 (XL)
R24

Program
counter

Flash program
memory

Instruction

register

Instruction
decode

|

Stack
pointer

Y

Data memory

Status
register ALU

AVR uses Harvard architecture

> Separate memories and buses for program and data
* Single level pipelining for instruction

* Register File
> 32 x 8-bit general purpose working registers with a single clock cycle

access time
* ALU (Arithmetic Logic Unit)

* Status Register
» Contains information about the result of the most recently executed
arithmetic instruction.
» This information can be used for altering program flow in order to
perform conditional operations.

» The Status Register is updated after all ALU operations.
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AVR Status Register

Bit No. 5 4 3
Name
Reset (%) () 0

Bit 7 — I: Global Interrupt Enable

Bit 6 — T: Copy Storage

Bit 5 — H: Half Carry Flag
Bit4—S:SignFlag. S=N @V

Bit 3 — V: Two’s Complement Overflow Flag
Bit 2 — N: Negative Flag

Bit 1 — Z: Zero Flag

Bit 0 — C: Carry Flag
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AVR General Purpose Register File

Address

RO 0x00 Registers are special storages with 8 bits capacity.

R1 0x01 They are connected directly to the CPU - fast access time.
R2 0x02

- Bit 7 |Bit 6 |Bit 5|Bit 4 |Bit 3 |Bit 2 |Bit 1|Bit ©
R13 OxeD
R14 OXOE
R15 OXOF
R16 0x10
R17 O0x11
R26 Ox1A X-register Low Byte N Additional Function:
R27 Ox1B X-register High Byte These registers are 16-bit address pointers
R28 Ox1C  Y-register Low Byte | | ¢ indirect addressing of the memory space.
R29 Ox1D Y-register High Byte X, Y, Z: for Data Memory
R30 Ox1E Z-register Low Byte Z: Program Memory
R31 Ox1F Z-register High Byte |
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Stack Pointer for AVR

- Stack Pointer, SPL and SPH (0x3D and 0Ox3E)

> A stack is a last-in first-out data structure
> AVR stack is implemented as growing from higher to lower memory locations

> 16-bit stack pointer points to the top of stack
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Stack and Stack Pointer for AVR

LDI R16,0x08 ATmega328PB RAM ADDRESS: ©x0100~0x08FF
OUT SPH,R16
LDI R16,0xFF

OUT SPL,R16 —»<-< ST 0x46 ox46
SPH:SPL
(0x@8FE) ox47
LDI R16,0x46 SPH:SPL
LDI R17,0x47 (0x )
PUSH R16 After Line #4 After Line #7 After Line #8
PUSH R17
POP R17
PO R13 P SPH:SPL P
X (0x08FF) PRSPl
ox47 ‘
ox47 (0x@8FE)
After Line #10 After Line #9
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AVR Instruction Execution Timing (Pipeline)

T1 T2 T3

1 1 1 1

1 | | |

1 | | |

k4 —1 1

CPU 1 1 1 1

1st Instruction Fetch AK : } : :

: 1 I ! I

1st Instruction Execute 1 v . 1

2nd Instruction Fetch : :“- : / :
2nd Instruction Execute ! | 1, -
3rd Instruction Fetch . : P —
3rd Instruction Execute ! ' ! '/
4th Instruction Fetch ' ' '

1 | | |
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ATmega328PB Memories (1)

* Two memory spaces of ATmega328PB

» Data memory

» Program memory

Data Memory

32 Registers

64 |/0O Registers

160 Extended I/O Registers

Internal RAM

(2048 x 8 bits)

0X0000-0x001F
0Xx0020-0x005F

0X0060-0x00FF
0x0100

OXO8FF

Biomedical Engineering, Inje University

Program Memory

Application Flash Section

Boot Flash Section

0x0000

Ox3FFF



ATmega328PB Memories (2)

In-System Reprogrammable Flash Program Memory

» Boot Loader Section

» Application Program Section
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Application Flash Section

Boot Loader Section

0x0000

OX3FFF



ATmega328PB Memories (3)

* SRAM Data Memory Space 32 Registers 0x0000-0x001F
64 1/0 Registers 0Xx0020-0x005F

» Register File: 32
160 Extended I/O Registers | 0x0060-0x00FF

»> 1/0 Registers: 64 Internal RAM 0x0100

» Extended I/O Registers: 160

> Internal data SRAM: 2048 (2048 x 8 bits) OXO8FF
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ATmega328PB Memories (4)

* EEPROM Data Memory

» Electrically Erasable Programmable Read Only Memory
» 1,024 Bytes of data EEPROM
» Can be accessible by byte unit.

» Endurance of at least 100,000 write/erase cycles.
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Units for Memory Size

Specific units of 60027-2 A.2 and ISO/IEC 80000

(International Electrotechnical Commission)

Name Symbol Base 2 Base 1024 Value Base 10 Name Symbol
kibi Ki 210 10241 1024 =1.02x10M3 kilo k, K
mebi Mi 220 10242 1,048,576 =1.05x 106 mega M
gibi Gi 230 10243 1,073,741,824 =1.07x10"° giga G
tebi Ti 240 10244 1,099,511,627,776 =1.10x 10712 tera T
pebi Pi 2°0 1024° 1,125,899,906,842,624 =1.13x 101 peta P
exbi Ei e 1024° 1,152,921,504,606,846,976 =1.15x10"18 exa E
zebi Zi 270 10247 1,180,591,620,717,411,303,424 =1.18 x 107! zetta VA
yobi Yi 280 10248 1,208,925,819,614,629,174,706,176 =1.21x107%4 yotta Y
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Summary

Number system

» Decimal, binary, and hexadecimal numbers

Computer organization

> hardware and software

Hardware
» CPU, input, output, and memory

Software

» Machine language, Assembly language
CPU

» ALU, register file, and control unit
Microprocessor
Microcontroller

AVR microcontroller
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