Ch5: Microprocessors
and Microcontrollers

Contents:

Microprocessors and Microcomputers

Microcontrollers

AVR Microcontrollers

Amin Fakhari, Fall 2024



Microprocessors and Microcomputers Microcontrollers AVR Microcontrollers

00000000000 000000 000000 Sy B

Microprocessors and
Microcomputers

Amin Fakhari, Fall 2024 MEC 450/550 e Ch5: Microprocessors and Microcontrollers P2



Microprocessors and Microcomputers Microcontrollers AVR Microcontrollers

®0000000000 000000 000000

Hardware Solutions vs. Software Solutions

When using only digital ICs for a task (hardware solution), to make a change in
functionality, the hardware circuitry must be modified and may require a redesign.
However, in complex tasks with many inputs and outputs, a strictly hardware solution is
impractical.

Thus, use of a microprocessor-based system to implement a software solution is more
appropriate. Software is a procedural program consisting of a set of instructions to execute
logic and arithmetic functions and to access input signals and control output signals.
Advantage: Without making changes in hardware, the program can be easily modified to
alter the system’s functionality.
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Microprocessor

Microprocessor Unit (MPU) or Central Processing Unit (CPU) is a single, very-large-scale-
integration (VLSI) chip that contains many digital circuits that perform arithmetic, logic,
communication, and control functions.

BUS control instruction
—~a . T .
unit register
MmiCroprocessor *

instruction

decoder

data *
. — = ALU
registers

Arithmetic Logic Unit (ALU) executes mathematical functions on data structured as binary
words (an ordered set of bits, usually 8, 16, 32, or 64 bits long).
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Microprocessor

Instructions and data are fetched sequentially from memory by the control unit through
bus and stored in the instruction register. These instructions are interpreted by the
instruction decoder. Each instruction is a set of coded bits that commands the ALU to
perform bit manipulation (e.g., binary addition and logic functions) on words stored in the
data registers. The ALU results are also stored in data registers and then transferred to
memory by the control unit.

* Instructions are defined by a binary code

called Machine Code. BUS control instruction
* The instructions are microprocessor unit _ register
miCroprocessor
dependent.

* Each instruction is represented by a o
unique binary string that causes the decoder
microprocessor to perform a low-level ‘
function (e.g., add a number to a register e INST

. . = _—
or move a register’s value to a memory registers
location).
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University

Microcomputer

When a microprocessor is packaged on bus microcomputer
a printed circuit board (PCB) with other
. con'grol | Instruction
components (e.g., interface and = | L_unit _ register
. . . miCroprocessor
memory chips) the resulting assembly is T ‘

. instruction
referred to as a Microcomputer or decoder
single-board computer. ‘

data | = ALU
registers
k =|El=—= memory (RAM, ROM, EPROM)
2] i@
EL:
S| ™ external /O (A/D, D/A, D/D)
I

- ' external
switches, mechatronic
sensors, and actuators

system hardware

<——| mass memory (disk, tape, CD-ROM) |

computer

—— system I/O (keyboard, printer, peripherals
monitor, modem, network devices)

Raspberry Pi 3 B
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Memory Types

.

Memory
Volatile Memory, in contrast to Non-Volatile Memory (NVM), is computer memory that

requires power to maintain the stored information; it retains its contents while powered
on but when the power is interrupted, the stored data is quickly lost.
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Volatile Memory

Random-Access Memory (RAM) allows data items to be read or written in almost the
same amount of time irrespective of the physical location of data inside the memory, as
long as power is maintained.

Static RAM (SRAM) uses flip-flops to -_- -
store each bit. -

Dynamic RAM (DRAM) stores each bit of data in a separate tiny capacitor within an IC. The
capacitor can either be charged or discharged (= 0 or 1). To prevent charge leakage, DRAM

requires an external memory refresh circuit which periodically refreshes (rewrites) the data
in the capacitors, restoring them to their original charge.

SRAM is faster and more expensive than DRAM,; it is typically used for CPU cache while
DRAM is used for a computer's main memory.
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Non-Volatile Memory (NVM)

Read-Only Memory (ROM) is used for permanent storage of data that the CPU can read,
but the CPU cannot write data to ROM. Data stored in ROM cannot be modified, so it is
mainly used to store firmware (software that is closely tied to specific hardware, and
unlikely to need frequent updates). The data is written into a ROM during manufacture.

Programmable ROM (PROM) is manufactured blank and the data is programmed into it
only one-time.

Data stored in an Erasable-Programmable ROM (EPROM) can be erased with strong
ultraviolet light (such as from a mercury-vapor light) applied through a transparent quartz
window on top of the EPROM IC. Then, new data can be stored on the EPROM.
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Non-Volatile Memory (NVM)

Data stored in an Electrically Erasable-Programmable ROM (EEPROM) can be erased
electrically and rewritten through its data lines without the need for ultraviolet light. It has
a limited life (typically 1,000,000 cycles) for erasing and reprogramming. Erase cycles are
slow because of the small block sizes used in erasing.

Flash Memory is a type of EEPROM designed for high speed and high density, at the
expense of large erase blocks (typically 512 bytes or larger).

Many microcontrollers include both: flash memory and a small EEPROM for parameters

and history.

Amin Fakhari, Fall 2024 MEC 450/550 e Ch5: Microprocessors and Microcontrollers P10




Microprocessors and Microcomputers Microcontrollers AVR Microcontrollers

00000000 e00 000000 000000

Microprocessors Programming Language

Microprocessors can be programmed using low-level programming languages like Assembly
language, high-level programming languages like BASIC, or middle-level programming
languages like C/C++. These programming languages consists of a series of processor
instructions, comments, and data.

Assembly language (asm) has a very strong correspondence between the program's
statements and the architecture's machine code instructions (e.g., ADD to add a number
to a register and MOV to move a register’s value to a memory location).

(C) (Assembly)
0 MOV RO, #0; //total=0
int total = O- 1 MOV R1, #10; //i=10
for (int i=10" i1=0; i) 2 MOV R2, #1; // constant 1
T 3 MOV R3, #0; // constant O
total +=i;

Loop: JZR1, Next; //Done if i=0
5 ADD RO, R1; //total +=i

6 SUBR1, R2; //i--

7 JZ R3, Loop; //Jump always
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Microprocessors Programming Language

e.g., the instruction below tells a processor to move an 8-bit value into an AL register:

register identifier

instruction T data
Machine Code (Binary): 10110000 01100001
Machine Code (Hexadecimal): BO 61
Assembly: MOV AL, 61h
N J

Y

Load AL with 61 hex (97 decimal)
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Microprocessors Programming Language

Programs must be first converted to machine code (binary code) for the specific
microprocessor using software called Compiler (for assembly it is also called assembler).

#include legalelelalelal
<stdio. h> egaleglelalelll
int main() egllllllieellesas
1 gglellegllelals
printf(“Hello™) ) 910111811128811
Compiler

- elllllieelllleas
return e; egellesllllelal
| glegleslelalaas

Source code Executable code

The advantages of using a high-level language are that it is easier to learn and use, programs
are easier to debug (the process of finding and removing errors), and programs are easier to
comprehend. A disadvantage is that the resulting machine code may be less efficient (i.e.,

slower and require more memory) than a corresponding well-written low-level language
program.
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Microcontrollers
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Microcontroller

Microcontroller (LC or MCU) is a single IC which contains a microprocessor (CPU), RAM,
ROM, digital I/O ports, serial communication interface, timers, analog-to-digital (A/D)
converters, and digital-to-analog (D/A) converters. Because of low cost, versatility, ease of
programming, and small size, microcontrollers are used in a wide array of applications.

Manufacturers continually release

g th f ds. | RAM ROM, EPROM, or EEPROM
products with taster speeds, larger CPu (volatile data) (nonvolatile software and data)
memories, and more functionality.

. . Interrupts
Here is a list of common MCUs. fimers
digital 1/O serial
ports communication A/D D/A
T (SPI, I°C, UART, USART) A
! v
ternal EEPROM - analog actuators
i - swi - externa - amplifiers
switches - other microcontrollers b -
) . - on-off sensors h - analog displays
(A block diagram for a typical _external A/D or D/A oSt computer _ analog sensors
full-featured microcontroller) - digital displays _ potentiometers
- on-off actuators - monitored voltages
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Microcontroller

CPU retrieves and executes the program instructions stored in ROM and controls all the
microcontroller components. The ROM/EPROM/EEPROM is used to store the program and

any permanent data like settings. The RAM is used to store temporary settings and values
needed during program execution.

RAM |

Mlcroprocessor ’w S —
=
RAM ROM, EPROM, or EEPROM T %0 ™ >
CPU (volatile data) (nonvolatile software and data) il - <:/

Interrupts \ D a
timers @ —_ J[«mlm Tl
digital /O serl | %
cPU

ports c2ommumcat10n A/D D/A ‘| g_-.g :
(SPIL, I°'C, UART, USART) A | B
T * ; Port A r.a;\'n portC il Port 0 lf Port E l\]
l v S 2 Microcontroller
| EEPROM - analog actuators ‘ QS
- switches i exlzerna. I - amplifiers 2
- on-off sensors - Et (:r mlcrosontro ers - analog displays
- external A/D or D/A - host computer - analog Sensors
- digital displays - potentiometers
- on-off actuators - monitored voltages
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Microcontroller

The digital 1/0 ports allow binary
q b ferred df RAM ROM, EPROM, or EEPROM
}-?ta t? e trans ”erre .tO an ron: Cru (volatile data) (nonvolatile software and data)
the microcontroller using externa
: Interrupts
pins on the IC. P ot
digital /O serial
ports communication A/D D/A
T (SPL I’C, UART, USART)| — &
| - i !
Serial communication can be used _ analog actuators
to transmit data to and from _ switches - efﬁemal, EEPR?N{l - amplifiers
. . - other microcontrollers _ .
external devices which support - Z}I{lt:rfl‘f ;e/ijgi o - host computer 1 analog displays
- - analog Sensors
the same protocol. - digital displays - potentiometers
- on-off actuators - monitored voltages

Various protocols for serial communication:

SPI (Serial Peripheral Interface), I12C (Inter-Integrated Circuit), UART (Universal Asynchronous
Receiver-Transmitter), USART (Universal Synchronous-Asynchronous Receiver-Transmitter),
and USB (Universal Serial Bus).
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Microcontroller

The A/D converter converts an

| | | dicital RAM ROM, EPROM, or EEPROM
external analog voltage to a digita Cru (volatile data) (nonvolatile software and data)
value that can be processed or
stored by the CPU. N I

digital 1/O serial
communication A/D D/A
ports »

The D/A converter outputs an analog T (SPI, I°)C, UART, USART)| ~ A
voltage to a nondigital device. 2

l ' '

- analog actuators
- external EEPROM

- switches : - amplifiers
- other microcontrollers .
- on-oft sensors _ host computer - analog displays
- external A/D or D/A P - analog Sensors
- digital displays - potentiometers
- on-off actuators - monitored voltages

Onboard Timers/Counters are usually provided to help create delays or ensure events
occur at precise time intervals (e.g., reading the value of a sensor).

Amin Fakhari, Fall 2024 MEC 450/550 e Ch5: Microprocessors and Microcontrollers P18



Microprocessors and Microcomputers Microcontrollers AVR Microcontrollers

00000000000 O000e0 000000

Microcontroller

An interrupt system is used to
: . . RAM ROM, EPROM, or EEPROM
Interrupt a running program in Cru (volatile data) (nonvolatile software and data)
order to process a special routine
. . Interrupts

called the interrupt service P ot
routine (|SR) digital /O seri'fll '

ports communication A/D D/A

T (SPL, I°C, UART, USART)| — &

l ' '

- analog actuators
- external EEPROM

- switches : - amplifiers
- other microcontrollers -
- on-off sensors _ host computer - analog displays
- external A/D or D/A P - analog sensors
- digital displays - potentiometers
v - on-off actuators - monitored voltages

This is the ability of the MCU to respond to external data that requires immediate attention,
such as data conveyed by an external sensor indicating important shutdown information.
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Microcontroller Programmer

Microcontroller Programmer is a hardware device accompanied with software which is
used to transfer the compiled machine code (usually a HEX file) from a PC directly to the
EEPROM of the microcontroller. The code is transferred using serial, parallel, or USB port.

PC Programmer

Microcontroller

Assembly

or C/C++
4 COmputer
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AVR Microcontrollers
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AVR Microcontrollers

AVR is a family of microcontrollers developed since 1996 by Atmel, acquired by Microchip
Technology in 2016. These are modified Harvard architecture 8-bit RISC single-chip
microcontrollers. AVR was one of the first microcontroller families to use on-chip flash

memory for program storage.

AVRs are generally classified into following:

 tinyAVR (ATtiny series)
0.5-32 KB program memory
6—32-pin package
Limited peripheral set
 megaAVR (ATmega series)
4-256 KB program memory
28—-100-pin package
Extended instruction set
Extensive peripheral set

« XMEGA (ATxmega series)
16—384 KB program memory
44-64—-100-pin package (A4, A3, Al)
32-pin package: XMEGA-E
(XMEGASES5)
Extended performance features

Extensive peripheral set with ADCs
e 32-bit AVRs
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ATtiny85 Microcontroller

ATtiny85 Microcontroller is a low-power CMOS 8-bit microcontroller based on the AVR

enhanced RISC architecture. It is an 8-pin IC available in both surface-mount and through-
hole DIL packages.

N
(PCINT5/RESET/ADCO/dW) PB5 [ 1 8| VvCC
(PCINT3/XTAL1/CLKI/OC1B/ADC3) PB3 [| 2 7 | ] PB2 (SCK/USCK/SCL/ADC1/TO/INTO/PCINT2)
(PCINT4/XTAL2/CLKO/OC1B/ADC2) PB4 [| 3 6 [ 1 PB1 (MISO/DO/AIN1/0OCOB/OC1A/PCINT1)
GND [] 4 5 [ 1 PBO (MOSI/DI/SDA/AINO/OCOA/OC1A/AREF/PCINTO)

VCC: Supply voltage (0-10 MHz @ 2.7-5.5V, 0-20 MHz @ 4.5-5.5V)
GND: Ground

RESET: Reset input (a low level on this pin will generate a reset)
Port B (PB5:PB0): It is a 6-bit bi-directional I/O port with internal pull-up resistors.
- Port B also serves the functions of various special features.

(Refer to datasheet for more information)
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ATmega328P Microcontroller

ATmega328 Microcontroller is a low-power CMOS 8-bit microcontroller based on the AVR
enhanced RISC architecture. It is an IC available in different packages; 28-pin PDIP, 28-pin

QFN, 32-pin QFN, 32-pin TQFP. * Plastic Dual Inline Package (PDIP)

* Quad-Flat No-Leads (QFN)
* Thin Quad Flat Package (TQFP)

VCC: Supply voltage (1.8 - 5.5V).

AVCC: Supply voltage pin for the A/D (PCINT14/RESET) PC6 [ 1 had 28 [ PC5 (ADC5/SCL/PCINTI3)
Converter (ADC). (PCINT16/RXD) PDO |1 2 27 [ PC4 (ADC4/SDA/PCINT12)
GND: Ground. (PCINT17/TXD) PD1 |7 3 26 [ pc3 (ADC3/PCINTI1)
AREF: Analog reference pin for the A/D (PCINT18/INTO) PD2 g4 25 [ PC2 (ADC2/PCINT10)
Converter. (PCINT19/0C2B/INT1) PD3 [ 5 24 [ PC1 (ADC1/PCINTY)
Port B/C/D: Bi-directional /O ports (PCINT20/XCK/TO) PD4 I8 6 23 [ PCO (ADCO/PCINTS)
(with both sink and source capability) veekyr 22l GND
with internal pull-up resistors. They GND 1 8 21 {2 AREF
: ) (PCINT6/XTAL1/TOSC1) PB6 [ 9 20 ] Aavce
also serves the functions of various
_ (PCINT7/XTAL2/T0SC2) PB7 [ll] 10 19 [ PB5 (SCK/PCINTS)
SpeCIaI features. (PCINT21/0C0B/T1) PD5 11 18 PB4 (MISO/PCINT4)
(PCINT22/0C0A/AINO) PD6 12 17 PB3 (MOSI/OC2A/PCINT3)
(Refer to datasheet for more information) (PCINT23/AIN1) PD7 7| 13 16 | PB2 (SS/OC1B/PCINT2)
(PCINTO/CLKO/ICP1) PBO 14 15 PB1 (OC1A/PCINTI)
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Example: Blinking LED using ATtiny85

// Define the pin where the LED is connected | 100 nF Decoupling
#define LED_PIN 4 // PB4 on the ATtiny85 8 G%) Capacitor
i __ vCce
V?/IdSZittfwz({{ED_PlN as an output A3V “thi‘fm KESET S
pinMode(LED_PIN, OUTPUT); 3V cellora pair of ATtiny85 270 Q
} i PB3 .
void loop() { ! I

// Turn the LED on
digitalWrite(LED_PIN, HIGH);
delay(1000); // Delay for 1 second

// Turn the LED off
digitalWrite(LED_PIN, LOW);
delay(1000); // Delay for 1 second

* This simple circuit can also be made with a 555 timer. Although the microcontroller is
more expensive and it also needs programming, it has more flexibility.
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Example: Adjustable LED Blinker using ATtiny85

The potentiometer is connected to a pin that will be used as an analog input, which can be
used to control the rate at which the LED flashes.

// Define the LED and potentiometer pins

#define LED_PIN4  // PB4 on the ATtiny85 %00 nF
#tdefine POT_PIN A3 // Analog pin A3 (PB3 on the ATtiny85) g GND
void setup() { — VCC o
pinMode(LED_PIN, OUTPUT); ; . RESET 3
// No need to set POT_PIN as input 10 kQ ATtiny85 o
//because analogRead does it automatically i §472 PB3
GND
b 4 3
void loop() {
// Read the potentiometer value (0 to 1023=2710)

int potValue = analogRead(POT_PIN);
// Map the potentiometer value to a range for delay
// (e.g., 100 ms to 1000 ms)
int delayTime = map(potValue, 0, 1023, 100, 1000);
// Turn the LED on, wait for delayTime
digitalWrite(LED_PIN, HIGH);
delay(delayTime);
// Turn the LED off, wait for delayTime
digitalWrite(LED_PIN, LOW);
delay(delayTime);

}
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Programming AVR MCU by Arduino Language

The Arduino IDE can be used to simplify the writing of code for
most processors in the AVR 8-bit range, including the ATtiny85,

although the size of the compiled code is not efficient.
e

Arduino IDE Programmer

oe Blink | Arduino 1.0
File Edit Sketch Tocls Help

00 BHA

Blink

I
Elink
Turns on an LED on for one second, then off for one second, repe

This example code is in the public domain.
®

void setup() {
/¢ initialize the digital pin as an output.
/¢ Pin 13 has an LED connected on most Arduino boards:
pinMode (13, OUTPUT);

void loop(d {
digitalWrite(13, HIGH); // set the LED on
delay (1068]; A4 wait for a second
digitalwrite (13, LOW); /4 zet the LED off
delay (1068]; /4 wait for a second

: : Tutorials:
] .
B e

i . https://www.instructables.com/id/Program-an-ATtiny-with-Arduino/
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