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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* A low-power, single-chip processor optimized for
real-time control.

e Typically includes built-in RAM and Flash memory,
no external storage required.

* Handles simple tasks, does not perform complex
computations.

* Average Frequency: 1 MHz - 500 MHz
* Average FLOPS: 10 MFLOPS - 100 MFLOPS
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MCU & MPU Architectures,

 Microcontroller Unit

MCU (Microcontroller Unit)

Vendors

Microchip Technology (PIC, AVR)
ST Microelectronic (STM8)
Texas Instruments (MSP430)
Renesas Electronics (RL78)
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* CPU Core

Address bus
Data bus

Memory Address

Register
T Memory Data

Register

Program Counter
System

mTk I

Control Unit «—— Instruction
Register

Current

«——>  Accumulator

Status Register
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* Memories (EEPROMSs)

AD[0) !
—

; Column E
i decoder |
AD[1] i i Colll]

Col[0] Column

Latch 0

BLIO] IIIIIII BLIT]
Row|0]

Row latch 0 Illlllll _

8 bits Word

Row latch 1

Row latch 2

Row[3]

Row latch 3
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* RAMs

Memory

m Y
el
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 Microcontroller Unit

* Interrupt Controllers (INTC)

ADC Channel 0

—_——

12C0 TX/RX

_—_—mmm

TIMER CAP CHO

SPIT TX/RX

SPIO TX/RX

Enable

| Priority

D

D
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

Interrupt Controllers (INTC)

Program Memory
(16 bits at each address)

== Interrupt Vector (INTO) ---
Interrupt Vector Table

Your program

Normal program execution

Interrupt Service Routine

Boot flash section

Total: 32 KB

Memory
address

0x0000

0x0032
0x0034

Ox3FFF
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

IRQN

* Interrupt Controllers (INTC)

 Interrput Vector

Reserved for Debug

SVCall

Reserved
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* General Purpose Input/Output

Enable Line

@ Inverter
Output Buffer

Input Buffer

Microcontroller
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1883

 Microcontroller Unit

* Analog Digital Converter or Digital Analog Conveter

(MSB)
J-bit H

Priority Q- 3-bit
Encoder Output
Qo
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1883

 Microcontroller Unit

 Timer/Counter

Clock Input

Mo

Divided clock

LUy

Counter

Pre-scalar or
clock divider

Interupts Input signals

/O
control Output signals

Eeneric timer/counter
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1883

 Microcontroller Unit

e Direct Memory Access (DMA)

Peripheral Unit

Handshake

Controller

|:| Master Interface
1 slave Interface
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 Microcontroller Unit

* Watchdog Timer (WDT)

e.g. Circuits peripheral to the MCU and WDT The WDT takes the role of
(in an automotive environment) “watchdog” and watches over
MCU operation at all times.

watches
e

Watchdog Timer
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* Watchdog Timer (WDT)

- 5 1
‘ > Reset Restart Timeout }

Watchdog
Timer

Controller

4@
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* |nterfaces

e Communication Standards
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 Microcontroller Unit

Interfaces

Communication Standards
Commonly Using

UART

CAN

12C

SPI
Ethernet
PCI Express
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 Microcontroller Unit

e UART Interface

* Communcates over two wires (RX and TX)

Dr. V. E. Levent Embedded Systems
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1883

 Microcontroller Unit

UART Interface

Packet Structure

St Start bit, always low.

(n) Data bits (0 to 8).

P Parity bit. Can be odd or even.
Sp Stop bit, always high.

IDLE No transfers on the communication line (RxDn or TxDn). An
IDLE line must be high.

(IDLE) g 2 3 4 5 B 7 8 Spl [Sp2 {5'[ / IDLE]
VoS ﬂ A AP A AP A AT AT et e '
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MCU & MPU Architectures, Interfaces -

 Microcontroller Unit

e UART Interface

*  Parity Bit Calculation

* The parity bit is calculated by doing an exclusive-or of all the data
bits. If odd parity is used, the result of the exclusive or is inverted.
The parity bit is located between the last data bit and first stop
bit of a serial frame.

* The relation between the parity bit and data bits is as follows:

1 IE:I P 'E;' ﬂra 'E;' i:fz 'E;' i:f1 I';_:_:I i:fﬂ I';_:_:I U

even ~

P, = 19..0d;®@d, ®d, ©dy; @1

Parity bit using even parity.
Parity bit using odd parity.

Data bit n of the character.
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

e UART Interface

* Example

Data Bus Data Bus
Bit0 Bit0

Bit1 Bit 1
Bit 2 Bit 2
Bit 3 Bit 3

Bit 4 Bit 4

BitS Bit5
Bit6 Bit 6

Bit7 Bit 7
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 Microcontroller Unit

e UART Interface

Example
Transmit

OxAE
10101110
MSB LSB
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MCU & MPU Architectures, Interfaces -

 Microcontroller Unit

e UART Interface

Transmitting Receiving

* Example UART
*  Transmit

----=----0

0
OXAE
10101110 ;
MSB  LSB i

Time
Newest

Dr. V. E. Levent Embedded Systems



<
@
MCU & MPU Architectures, Interfaces * 4

 Microcontroller Unit

e UART Interface

Example
Transmit

OxAE
10101110
MSB LSB

:illl"
L
-l
"-'-'
-
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 Microcontroller Unit

e UART Interface

* Baud Rates (Speeds)

baudrate=9600bps

*  Commonly Using

4800

9600

19200
38400
57600
115200
921600

1 bit duration = 1/9600 =104ps

* Effective data rate 8/10 (Due to Start & Stop Bits)
* Exfor 9600 Baud Rate, Effectively 7680 (9600 * 0,8) Bits/S can be transmitted!

Dr. V. E. Levent Embedded Systems



MCU & MPU Architectures, Interfaces

 Microcontroller Unit

e UART Interface

CURSOR
* Baud Rates (Speeds) i

ype

e Commonly Using Soutce

800 = 26008

9600 ] 24 38.46kH:

1 =y sy

19200 1 Cursor

1 a2

38400 : i e

57600 g ] .
115200 E _

921600 o T CHY 72y

25-May—03 0555 Z10Hz

* Diagram of 4800 Baud rate of UART Transmission
*  Pulse time 208 micro seconds.
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

Baud Rate

e UART Interface

3333us(3.3ms) 300

833us 1200
* Baud Rates (Speeds) 416us 2400
208us 4800
*  Commonly Using 104ps 9600
4800 69s 14400
9600 524 19200
19200
38400 34ys 28800
57600 26ps 38400
115200 57600
921600

115200

230400

Table. Pulse Times
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 Microcontroller Unit

* CAN (Control Area Network) Interface
* Invented by Bosh, 1986
e Last update on 2012
* Differential Signalling
* Mostly using in

* Automotive

*  Medical
* Robotics

receive transmit

CAN transceiver
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 Microcontroller Unit

* CAN (Control Area Network) Interface
* Differential Signalling

noise

difference
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 Microcontroller Unit

* CAN (Control Area Network) Interface
*  Multiple Nodes

CAN Low

Dr. V. E. Levent Embedded Systems
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1883

 Microcontroller Unit

* CAN (Control Area Network) Interface

High-speed CAN signaling per 1SO 11898-2

Dominant voltage

Recessive
voltage

| ’ | | ‘ | | | ‘ | Driver logic

Dr. V. E. Levent Embedded Systems



MCU & MPU Architectures, Interfaces

 Microcontroller Unit

CAN (Control Area Network) Interface

Speed up to 1Mbit/s

1000 kbit/s
800 kbit/s
500 kbit/s

250 kbit/s
125 kbit/s
50 kbit/s
20 kbit/s

Dr. V. E. Levent
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* CAN (Control Area Network) Interface

* CAN Messages

* Broadcast to All Nodes!

* (Can listed all nodes

*  Maximum Payload 94 Bits
*  Packet Types

Data Frame

Remote Frame (0 Byte Data Frame)

Dr. V. E. Levent
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 Microcontroller Unit

* CAN (Control Area Network) Interface
*  Packet Structure

Data Frame

Remote Frame (With no data)

Start of Frame

5| Message |® | Control
&l Identifier gl Field

EQF IFS| Bus Idle

Dr. V. E. Levent Embedded Systems
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 Microcontroller Unit

* CAN (Control Area Network) Interface

e Arbitration

*  When two nodes attempt to transmit at the same time an arbitration
process determines which one takes preference. While transmitting,
each node reads the bus state as well. If a node detects that one of its
recessive bits has been driven dominant by another node, then it stops
transmitting.

Arbitration lost
Stop transmission.

Release bus to recessive state

Not transmitted

Dr. V. E. Levent Embedded Systems

- n

1883



MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* CAN (Control Area Network) Interface
* Control Bits

Control Field

Data Field (Data Frame)

el or CRC Field (Remote Frame)

&
>

>
Data Length
Code

Reserved

IDE = Identifier Extension Bit

DLC (Data Length Code) usually using for indicating data length
Greater then 8 using for application specific purposes

Dr. V. E. Levent Embedded Systems




MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* CAN (Control Area Network) Interface
* CRC Calculation

* Algorithm:
uintl6_t crc16(char* pData, int length)
Name: CRC-16-CCITT-FALSE {
Initial value: OXFFFF uint8_t i
Poly: 0x1021
Reverse: no uintl6_t wCrc = Oxffff;

Output XOR: O while (length--) {

for (i=0; i < 8; i++)

wCrc = wCrc & 0x8000 ? (wCrc << 1) A 0x1021 : wCrc << 1;

}
return wCrc & Oxffff;

|
|
|
|
|
|
|
|
|
|
: wCrc A= *(unsigned char *)pData++ << 8;
|
|
|
|
|
|
|
|
|

Sample C Code
Dr. V. E. Levent Embedded Systems




MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* CAN (Control Area Network) Interface
* Acknowledge

Acknowledgement
Field
>

End of Frame Field

ACK Delimiter Bit (recessive)

Acknowledgement Slot

*  Succesfully received and verified CRC from receiving nodes in the
network

Dr. V. E. Levent Embedded Systems
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* CAN (Control Area Network) Interface
* Acknowledge

Acknowledgement Slot
Transmitting Node in

Listening Mode

CRC Delimiter ACK Delimiter

(recessive) (recessive)

ransmitting
Rode CRC Segment

Receiving Receiving Mode %RLFEMF“T
Node Successfu

CRC Check

Receivin ivi
eceiving Receiving Mode - Failed

Node

*  Succesfully received and verified CRC from receiving nodes in the
network
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MCU & MPU Architectures, Interfaces -

 Microcontroller Unit

* CAN (Control Area Network) Interface

* Acknowledge

* Ifall nodes in the network determine a checksum error, meaning the
sending node monitors a recessive level in the ACK slot, it is clear that
the sending node calculated a wrong checksum. The error is therefore
local at the sending node.

* The CAN standard allows the so-called “self-retirement” (or self-
removal) of nodes from the network due to an excessive number of
transmit or receive errors
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MCU & MPU Architectures, Interfaces -

 Microcontroller Unit

* CAN (Control Area Network) Interface

* Example

Complete CAN Frame

Arbitration Field Control Data
4 8

CRC Field - *End of Frame

£
('R
ko]
3|,
N
Y
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MCU & MPU Architectures, Interfaces -

 Microcontroller Unit

* [2C—-Two Wire

* Defined by Philips, 1982
* Last Update 2007

* Usual Speeds:

100KHz
400KHz
* SCK: Clock
* SDA: Data

Dr. V. E. Levent Embedded Systems
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 Microcontroller Unit

e |2C—-Two Wire

SLAVE (0x76) SLAVE (0x27) SLAVE (0x68)
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MCU & MPU Architectures, Interfaces -

 Microcontroller Unit

* 12C—Two Wire
* Read1, WriteO

* ACKO,NACK1

e StartO

Message

Read/
Start 7 or 10 Bits Write
Bit

Address Frame Data Frame 1 Data Frame 2

Start Condition

ACK/
NACK
Bit

Stop Condition

Dr. V. E. Levent Embedded Systems
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 Microcontroller Unit

e |2C—-Two Wire

Simple Write Example

ACK/MNACK Bit ) ~
Data Stays Stable During HIGH SCL Pulse

ACK/NACK Bit

55 READWRITE
Start Condition 7-Git Address Bit DATA BYTE Stop Condition

SDA | (1 1 0 o1 l 0o o o A [p7\pe\Ds\D4)/D3\D2)D1DO} A

ainnunhnhinnnnnnniey

Data > > > > >
Transmitter MASTER SLAVE MASTER SLAVEMASTER

Dr. V. E. Levent Embedded Systems
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

e |2C—-Two Wire

* Simple Read Example

ACKINACK Bit

READAWRITE
Start Condition 7-Bit Address Bit DATABYTE

= LU uuul ‘I' H |
ata
ransmitter MASTER

>

DATA BYTE

||.|[f:\uf;

- bt
MASTER S

Dr. V. E. Levent Embedded Systems



MCU & MPU Architectures, Interfaces -

 Microcontroller Unit

* 12C—Two Wire
* Repeated Start

* Sometimes the master needs to perform multiple message
exchanges in one communication such as transferring
messages with different slaves, or switching read and write
operations, and does not want to be interfered with by other
master during this period, then you can use the ‘repeat start
condition’

Start
=1

Dr. V. E. Levent Embedded Systems
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 Microcontroller Unit

e |2C—-Two Wire

* Clock Streching

* In the master-Slave communication process of 12C, the SCL
clock on the bus is always generated and controlled by the
master, but if the slave cannot keep up with the speed of the
master, the 12C protocol stipulates that the slave can pull down
the SCL clock line.

Slave siretches the ing Master wails for SCL Bne 1o

J become high

SCL from
Master

SCL from

Slave

SCL Line

Clock line 15
streched

* Defined device specific

Dr. V. E. Levent Embedded Systems
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 Microcontroller Unit

e SPI (Serial Peripheral Interface)
* Inveted by Motorola, 1980

* Last update on 2000

* Generally Max Freq 25 MHz

SCK
MOS!
MISO

551

SPI Slave
SPI Master

v
S

SPI Slave

SPI Slave

Dr. V. E. Levent Embedded Systems
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 Microcontroller Unit

e SPI (Serial Peripheral Interface)

*  Transmission
Slave Select

Dr. V. E. Levent Embedded Systems
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 Microcontroller Unit

e SPI (Serial Peripheral Interface)
*  Modes
* Simple Write

a 1 2 3 4 § 4 T & B 1 M 97 13 W 15 W 1M W0 9% ¥ N 23 D

|~ Instruction (01h) —sje- Data Byte 2 |- Data Byta 1

High Impedanco

Dr. V. E. Levent Embedded Systems



MCU & MPU Architectures, Interfaces

 Microcontroller Unit

e SPI (Serial Peripheral Interface)

*  Modes
* Simple Read

SS# |\ /

a 1 2 3 4 5 & T & 9% 0 ¥ 17 11 14 8 % 17T H UM A2 M 2N

SCK
fa—  Instriction (05h) —=

Data Byte 2 |- Data Byte 1

MISO — 00900600@0@0@000

Dr. V. E. Levent Embedded Systems
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MCU & MPU Architectures, Interfaces -

 Microcontroller Unit

e SPI (Serial Peripheral Interface)

*  Modes
* CPOL (Clock Polarity), CPHA (Clock Phase)

554
SCHK (CPOL=0, CPHA=0)

SCH (CPOL=0, CPHA=1)

SCK (CPOL=1, CPHA=0) i / E f E / ! / '! [\ [/ / N
SCK (CPOL=1, CPHA=1) | i' \ i' \ i' i II A Il' \ i'

2 CREREREDEFTLEIET LD
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 Microcontroller Unit

e SPI (Serial Peripheral Interface)
* Transmission
pico |——|pico

poc! b—elPoci
cs cs

Controller to Peripheral Peripheral to Controller

S5CK
Clock frem
Controller

PICO il
Peripheral-ln | | L__J: =
Controller-Out4 41 0 01010

0x53 = ASCII 'S’

Dr. V. E. Levent Embedded Systems



MCU & MPU Architectures, Interfaces

o = Atmel ATmega640/V-1280/V-1281/V-2560/V-2561/V
* Microcontroller Unit Atmel /T

B-bit Atmel Microcontroller with 16/32/64KB In-System Programmable Flash

DATASHEET

Features

Aimal® AVR® 5Bt Microeesmralier

b Sievgha Chack Cyels Exseiitian
egisters

* Use Cases
 Atmega2560, Microchip Technology
e Datasheet:

Atmega 2560 Datasheet, 465 Pages!

Dr. V. E. Levent Embedded Systems
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* Atmega2560 Architecture

* Top Level View
e 8 Bit Microcontroller
e Single Cycle Instructions
e 32x32bit General
Purpose Registers
* Memories

Table. Configuration Summary

General 16 bits resolution Serial ADC
Purpose /O pms PWM channels UsnFlTs Channels
g0 | oaw | o | wa |

—-nl-
imegezseo | moe | wa | s | |
e e T 4o e T T+ T+

[owom | [romsw
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* Atmega2560 Architecture

* Top Level View
* CBGA Package Chip

Dr. V. E. Levent

Bottom view
10 9 8 7 6 5 4 3

Top view
3 4 56 7 8 9 10

O000O00OO0O0O0
OO00O0O0O0OOO0O0
OO00000OO0O0O
0100010101010 010;
0100010101010 0)0);

A e IT o m m o O @ PE

Table 1-1. CBGA-pinout ATmega640/1280/2560

]

2

L O L N R N R

-mm--
2 ; 7 2
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MCU & MPU Architectures,

 Microcontroller Unit

* Atmega2560 Architecture

* Top Level View
* TQFP Package Chip

» !!!!‘l!ll!'!ll E
e
ot
M}:gmegal‘:')ﬁ()
} -.----E
R
y %%’%%%Wm“%“
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MCU & MPU Architectures, Interfaces -

Program Satus
Ha&ij - ;
Program Counter and Control
Memory

* Atmega2560 Architecture, MPU Core - Interrupt

Unit
Instruction General
Register Purpose
Fegisters ' Unit

 Microcontroller Unit

e Harvard Architecture — Separate program

and data memory, single-level pipelining Istruction Wetchdog
* Register File — 32 x 8-bit registers, single- % : —
cycle ALU operations Gontrol Lines 5|3 Comparator
* ALU Operations — Arithmetic, logic, single- gl £
= = ' /O Module
register ops, Status Register updates VO Moduel
* Program Memory — Flash, Boot/Application | e
sections
e Stack & Interrupts — Stack in SRAM, Interrupt > UOModulen

Vector priority-based handling

* 1/O Memory — Direct & extended addressing,
control registers in 1/O space

* 135 Instructions

Dr. V. E. Levent Embedded Systems



MCU & MPU Architectures, Interfaces

 Microcontroller Unit

* Atmega2560 Architecture, MPU Core

ARITHMETIC AN ONS
T
 Arithmetic Instructions

coMm
NEG
SBR
CER
INC
DEC
TST
CLR
El
MUL
MULS
MULSU
FMUL
FMULS
FMULSU

Rd « 0x00 - Rd ZC.N.V.H

)

Rd « OXFF — Rd Z.C.N.V

Clear Bit(s) in Register
Rd  Rd - 1

Subtract with Carry two Registers Rd« Rd-Rr-C Z C,NVH
Test for Zero or Minus Rd « Rd » Rd Z NV

w
i)

Multiply Signed
Multiply Signed with Unsigned
oY I -

o
Dr. V. E. Levent Embedded Systems
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

Atmega2560 Architecture, MPU Core

Branch Instructions

O
=

<
m

RIMP on
"

EuMP

JMP

RCALL

ICALL

EICALL e )

A

zlz|z
g5
ERENE

z |z
98
CIES

Relative Subroutine Call PC+PC+k+1

Z|Z
]
@

( Z
k
k

o
o

=z

@
3 ala|= S A N SRS
G| [

(]
=

e

Direct Subrautine Call
PC « STACK

m

RETI
CPSE None

Z N V,CH
ZNV.CH
ZNV,CH
Mone

Mone

o]
o

C

Extended Indirect Call to (Z) PC «(EIND:Z)
C
C

+ 3
.
a &

)

None

None
one
None
None
None
i(C =0) then PC « PC + k + 1 one
None

)

Mone

Mone

=4 =4 =z z
]
D o )

it =

i ( hen PC ¢ PG+ + 1 None
Branch if Less Than Zero, Signed if(NEV=1)thenPC « PC +k+ 1 Mone

None 1

il (H=0)then PC « PC+ic+ 1 12
Branch if Overflow Flagis Set

bedded Systems

on
Non

e

) then PC «— PC + k + 1

@

E N P
(e [
EN D
D P
ETT P
[car [ 000000
EET
TR P
[per [ ]
EST B
EE T
E T
N
[cp [Rak ]
E-E T
EXNE CT
[sec  [Ppe ]
[sss  [po |
[eres ok ]

BREC (o |
EE I P
[erve [«
[Bres [« |
EXT PR
[ersn [«
[ero [«
ECV I PR
ET PR
T P
EEI PR
D P
E P
[ers [« ]
[erre [ ]
[ervs [ |

t B

,_
@
<
®
)
3
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MCU & MPU Architectures, Interfaces

 Microcontroller Unit

Atmega2560 Architecture, MPU Core

BIT Instructions

BIT AND BIT-TEST INSTRUCTIONS

[ s |eo | setsitntORegser 0000 Jwesetr 00 [Nee ] 2 |
cel Clear Bitin O Register
Rd(n+1) « Rd(n), Rd(0) « 0 ZCoNV
Rd(n) « Rd(n+1), RA(7) < 0
ROL Rd(0)« C.Rd(n+1)« Rd(n).C< Rd(7)

Rd(7)« C,Rd(njc Rd(n+1) C< Rd(0) .C.N,

R
( [None | 1 |
fBser |s 0 |Fegse 0000000000000 |sReG®et 00 [sAeGe | 1 |
jscR |s 000 |FagCear 0000000000000 |sREG®eo 00000 [shEGe | 1 |
Bit Store from Register to T
[ B0 JRib | GitladiomTwoRegster 000000000000 Jmimer 0000000 f[Nene | 1 |
jsec | 0000 secay 0009@Jeer 00O09le 0| 1 @
joc ] 00 Joewcay 00909@Jeeo 00O09le 00| 1 @
[sen [ [ SetNegative Flag
[on 0] 0 | ClearNegaveFlag 0000000000000 [N«o
[sez | 00 setzeoPag 000000 |zt
joz ] 00 CeszeoFag 000009oJzeo 009z 00| 1 @
fse 0] 00| GovalintewuptEnabe 000000000 Jeer 000000000fv 000} 1]
jou 0] 00 |GovalimemuptDsabe 00000000000 Jweo 00Oofv 000} 1 0
[ses [ [ cetSgnedTestFag 0000000000 [ser 0000Is 000 1 ]
fos 0] 0 | ClerSgnedTestFag 0000000000000 Jseo 0000090fs 00| 1 @]
fsev. 0] 000 | cetTwosComplementOverow. 0000000 Jver 0000000000fv 000 1 @
fov ] 000 ] ClkarTwosComplementOveiow 0 [veo
(ser 0] 00 |semiseee 0000000000000 Tt
[or [ oewTimsiee 000000000 [Teco
[sei 0] 000 | setdaiCamyFaginsmec 0000000000000 JwWer 0000000000000 W 000 ] 10|
fo | [ CeerHaiCamyFlaginsfea _________________Jn.o [+ | 1 |
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 Microcontroller Unit

DATA TRANSFER INSTRUCTIONS

MoV R, Ar Move Between Registers [RachR ]
MovwW Rd, Rr Rd+1:Rd « Rr1:Rr
Rd, K

[l [
[=) =]

Rd, X+ Load Indirect and Post-Inc. (.

* Atmega2560 Architecture, MPU Core e T

=
o

R, Load Indirect
Rd, Y+ Load Indirect and Post-Inc. Rd « (Y), Y« ¥ +1
Load Indirect and P Y« Y -1, Rd « (Y)
]

=
oo
=<

=
[w]

Rd,Y+q Load Indi Rd « (¥ + q)
Rd.Z Load Indirect

Rd, Z+ Load Indirect and Post-Inc. Rd « , £ Z+1

Load Indi and P «— Z-1, Rd « (Z)
€

[l il ol
o|o(o(g

rd -
Rd, Z+q Load Indi p Rd « (Z +q)
Load Direct from SRAM Rd (k)
X, Ar (X) < Rr
- X N
( r

[l
(=g =)

X, Rr

Y, Rr

Y+, Rr Store Indirect and Post-Inc. (Y)« Rr, Y « Y +1

-Y, i :

Y+qRr
e

Z+, Br Store Indirect and Post-Inc. (Z) «Rr, Z+Z+1

Store Indirect and Pre-Dec.

Store Ir it (Z +

Z+Z-1,(Z) « Rr
RO « (2)
d « (Z)

X+, Rr Store Indirect and Post-Inc (X) « Rr, X=X +1

* Data Transfer Instructions

s

=

2 Rd« (2). 2« 241

.z
RAMPZZ « RAMPZZ+1

[ s | 00000 [soePogamMemoy 000 [@eRtR0 00000

a
]

et el o) Ny Il ] el
=% o |: o2 o al|z a
A AP . .

ES = N <

[mov ]
[ voww |
[0 ]
o ]
[0 |
[0 ]
o ]
[0 |
o ]
[0 ]
[0 |
[Pv |
[Pw |
[Pv |
E
E
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or
MNong
1
MNone
MNone
None
MNone
None
None
None
None
None
None
None
None
None
None
None
None

=z zlz =
ERE]
© o ©

one
None

ne
None
None

one
None
None

None

=z =z =z
] ]
G

None
None
None

None

None
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 Microcontroller Unit

* Atmega2560 Architecture, MPU Core

MCU CONTROL INSTRUCTIONS

. : o T e T [
MCU Control Instructions  prs m— EYET————
[ BREAK | [ Brea | ForOn-chip Debug Onl

Dr. V. E. Levent Embedded Systems
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 Microcontroller Unit

* Atmega2560 Architecture

* Clock Distribution — Multiple clocks, selective

activation for power saving

* CPU Clock (cIkCPU) — Drives AVR core, registers,

Stack Pointer

* |/O Clock (clkl/O) — Used by I/O modules (Timers,

SPI, USART, External Interrupts)

* Flash Clock (clkFLASH) — Controls Flash interface,

active with CPU clock

e Asynchronous Timer Clock (clkASY) — Runs
Timer/Counter independently, supports real-time

functions in sleep mode

 ADC Clock (clkADC) — Separate clock for ADC to

reduce digital noise

* Clock Sources — Selectable via Flash Fuse bits,

multiple options available

Dr. V. E. Levent

Azynchronous General 1’0
Timer/Counter Modules

AVA Clock
Control Unit

1883

Flash and
EEFROM

Rezet Logic Watchdog Timer

Syetem Clock
Prescaler

! . M,
' Clock %

J Mutiplexer N,

Timer/Counter

External Clock
Oacillator * o

Clock Distribution
Embedded Systems

‘Wiatchdog clock

Watchdog
Oacillator

Low-frequency

Crystal Oscillator

Calibrated RC
Oecillator




MCU & MPU Architectures, Interfaces

1883

 Microcontroller Unit

* Atmega2560 Architecture, Interrupt

User Program
Interrupt Service Routine

* Vector-Based Priority — Each interrupt has a
unique vector; lower address = higher
priority

* Global Enable Bit (GIE) — Controlled via
Status Register (SREG) to enable/disable all
interrupts

* Automatic Context Saving — Program
Counter (PC) stored in Stack on interrupt
trigger

* Nested Interrupts — Possible if interrupts are
re-enabled inside an ISR

Interrupt n

Dr. V. E. Levent Embedded Systems
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MCU & MPU Architectures, Interfaces

IR T A e e
* Microcontroller Unit fosel and JTAG AR Reee
. Atmega2560 Architecture, Interrupt
* Vector 1

o

G Gonversion Camplete

TIMER1 COMPB Timer/Counter1 Compare Match B

Dr. V. E. Levent Embedded Systems
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 Microcontroller Unit

Atmega2560 Architecture, Interrupt

Vector 2

Dr. V. E. Levent

n UN;

=
<
=
Ve
2

[VeclorNo_ | Program Address® | Sowce | nteruplDefinion
Timer/Counter3 Compare Match A

Timer/Counter3 Compare Match B

USART! Data Register Emply

e
L R T N e T S
_ Timer/Counterd Compare Match B

Timer/Counterd Overflow

% [so | erscowre | TmerComers Compuroiaenc |

$006E"* USART3 UDRE USART3 Data Register Empty
$0070% USART3 TX USART3 T:

Embedded Systems
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* |nterfaces

* Atmega2560 Architecture, UART

* General Overview

Dr. V. E. Levent Embedded Systems
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* |nterfaces

* Atmega2560 Architecture, UART

e Baud Rate Set Donn Cotrser

Syne .

Edge
— DB[BG{UF I—

DDR_XCK

Dr. V. E. Levent Embedded Systems
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* |nterfaces

* Atmega2560 Architecture, SPI

DIVIDER
12/4/8/16/32/64/128

* SPI Overview
LEC

5P CONTROL
Y —

SPI STATUS REGISTER

SPIINTERRUPT INTERNAL
REQUEST DATA BUS

Dr. V. E. Levent Embedded Systems

== W

w

PIN CONTROL LOGIC
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* |nterfaces

Slew-rate

* Atmega2560 Architecture, 12C — Two Wire Contro

* Two Wire Interface Overview

Address/Data Shift
Register (TWDR)

Dr. V. E. Levent Embedded Systems

Bit Rate Generator

Prescaler

1883




MCU & MPU Architectures, Interfaces

STM32F401xD STM32F401xE

 Microcontroller Unit

ARM Cortex-M4 32b MCU+FPU, 105 DMIPS,
512KB Flash/96KB RAM, 11 TIMs, 1 ADC, 11 comm. interfaces

Datashest - preliminary data

Features

* Use Cases
e STM32F401RE, ST Microelectronic
e Datasheet:

2F401C
M32F401RE, STM32F401VE

138 Pages
Dr. V. E. Levent Embedded Systems


https://www.st.com/resource/en/datasheet/stm32f401re.pdf
https://www.st.com/resource/en/datasheet/stm32f401re.pdf

MCU & MPU Architectures, Interfaces

Microcontroller Unit
e STM32F401RE Architecture

 Core: Arm® 32-bit Cortex®-M4 CPU with FPU,

» adaptive real-time accelerator (ART Accelerator) allowing
O-wait state execution from flash memory, frequency up
to 84 MHz, memory protection unit,

* 105 DMIPS/1.25 DMIPS/MHz (Dhrystone 2.1),

e and DSP instructions

* Memories

 Upto 512 Kbytes of flash memory
e up to 96 Kbytes of SRAM
e 512 bytes of OTP memory
* Clock, reset, and supply management
1.7V to 3.6V application supply and I/Os
e 4-to-26 MHz crystal oscillator

Dr. V. E. Levent Embedded Systems



 Microcontroller Unit

e STM32F401RE Architecture

e Arm® 32-bit Cortex®-M4 CPU

Optional

8-Region Memory Protection Unit

Wake-Up Interrupt Controller:

— Low gate count
- Configurable # of Intarrupts
— Separate power domain

Debug Acc
JIAG Or Senal Wire

tional)
tchpoints,
Data & Profiling Trace

2% AHB Litc Buscs
|_CODE (Instruction Code B
D_CODE (Data / Coefficie

Dr. V. E. Levent

MCU & MPU Architectures, Interfaces

Configurakle Interrupt Controller:
1:240 Interrupts
8:256 Priority Levels, NMI and SysTick

Armv7/-M

Memory Protection
Unit

Data Breakpoint
Watchpoint Unit

Bus Matrix

1x AHB Lite Bus
1x APE Bus

Embedded Systems

Centra Core with DSP/SINMD:

1883

3.40 Cor=Mark/MHz

ycle Multiply, Single Cycle MAC

Optional Single Precision
Floating Point Unit

Optional Embeddad Trace
Macrocell for Instruction Trace

Optional Flash Patch Break
point Unit

&x Hardware Breakpoints
znd program patching

Optional Instrumentation Trace
Macrocell for Low-cost trace
via TPIU and serial wire output

ARM Peripheral Bus (Internal & Slow Peripherals}
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 Microcontroller Unit

e STM32F401RE Architecture

e Arm® 32-bit Cortex®-M4 CPU 2nd Stage - Decode

AGU

Instruction Decade
and Register Read

Eranch
Eranch ferwarding
and specuation

Execute dtage branch (A LU branch and Load Stare dranch)

Dr. V. E. Levent Embedded Systems

3rd Stage - Execute

Address Data Phase
Phase and Load/ St
Wirite Back and Branch

‘ 8 Multiply and Divide

ALU and
Branch

1883
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1883
 Microcontroller Unit
e STM32F401RE Architecture

e Arm® 32-bit Cortex®-M4 CPU

§
g
¢

§
2 Il

g
2
3
B B EE E R

3
g
a
g
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1883

 Microcontroller Unit

* Atmega2560 vs STM32F401RE

Feature
Architecture

Clock Speed
Flash Memory
RAM

Operating Voltage

DAC
PWM
UART/I2C/SPI

USB Support
External Interrupts

Power Consumption

Development Tools

STM32F401RE
ARM Cortex-M4

84 MHz
512 KB
96 KB

3.3V
50

10 (including
advanced timers)

12-bit, 16 channels
12-bit, 2 channels

Yes, advanced

3x UART, 3x 12C, 3x
SPI
Yes, Full-Speed

Yes, advanced
Lower

Keil, STM32CubelDE,
IAR

ATmega2560
AVR 8-bit

16 MHz
256 KB
8 KB

5V
86

6

10-bit, 16 channels
No DAC

Yes, basic

4x UART, 2x 12C, 1x
SPI
Yes, Full-Speed

Yes, basic
Higher

Arduino, AVR Studio,
Atmel Studio

Dr. V. E. Levent

Feature

Processing Power

Memory

Power Efficiency

ADC & DAC
GPIO Count

Development Support

Interrupt Handling

STM32F401RE

2 Much faster (84 MHz,
ARM Cortex-M4 with FPU)

ATmega2560

¥ Slower (16 MHz, 8-bit
AVR)

[Z] More RAM (96 KB) & Flash ¢ Limited RAM (8 KB) &

(512 KB)

[] Lower power (3.3V)

[ 12-bit ADC + DAC
> Fewer GPIOs

¢ More complex (requires
STM32Cube, Keil, etc.)

.2 More advanced

Embedded Systems

Flash (256 KB)

¥ Higher power (5V)

¢ 10-bit ADC, no DAC
[/ More GPIOs

|| Easier with Arduino IDE

¢ Basic interrupts
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* Microprocessor Unit

20pin ﬂ“d“ 100pin SOM Expansion Connector
(Optional)

* MPU (Microprocessor Unit)

* Works with external RAM and storage, often used in e

. o) - WiFi-8T

embedded Linux systems. S o, o211

 More powerful than an MCU but not as strong as a Gt .
CPU — ' - Gigabit
* Octa SPI — ‘". . = Ethernet
e Handles higher-performance tasks requiring an OS. i) e
 Average Frequency: 500 MHz - 2.5 GHz bt r—‘ — use 30
o AR HU
* Average FLOPS: 1 GFLOPS - 10 GFLOPS - oI WAL | s Con 2o, tnton) | (4POS)

Dr. V. E. Levent Embedded Systems



MCU & MPU Architectures, Interfaces

* Microprocessor Unit

* MPU (Microprocessor Unit)

* Vendors

NXP Semiconductors (i.MX)
Texas Instruments (Sitara)
ST Microelectronics (STM32)
Microchip Technology (SAM)

Dr. V. E. Levent

]
L ——————————————
i
i.MX 8M Plus

Embedded Systems
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* Microprocessor Unit

Use Case

i.MX 6 MPU
Datasheet:

Dr. V. E. Levent

NXP Semiconductors
Data Sheet: Technical Data

i.MX 6ULL Applications
Processors for Consumer
Products

th a high degr

Document Number: IMX8ULLCEC

MCIMXEY0DVMOSAA
MCIMXEY 1DVMOSAA
MCIMXEY1DVKDSAA
MCIMXEY 2DVMOSAA
MCIMXEY 2DVMOIAA
MCIMXEYTDVMOIAA
MCIMXEYTDVKOSAA
MCIMXEYZDVKOSAB

. 1.3, 08/2018

MCIMXEY0DVMOSAB
MCIMXEY 1DVMOSAB
MCIMXEY1DVKOSAB
MCIMXBY ZDVMOSAB
MCIMXEY ZDVMO3AB
MCIMXEYTDVMO3AB
MCIMXEYTDVKOSAE

Package Information

139 Pages

Embedded Systems

1883


https://www.nxp.com/docs/en/data-sheet/IMX6ULLCEC.pdf
https://www.nxp.com/docs/en/data-sheet/IMX6ULLCEC.pdf

MCU & MPU Architectures, Interfaces

* Microprocessor Unit

i.MX 6 Overview

External Memary

GPMI & BCH

[ -
MEOMN

SCU & Timer

L2 Cache 128 KB

Internal Memaory

MMDC

= l.l
urity
(SRT

Display Interface

Shared Peripherals

ASRC

12C (4)

aCSPI (4)

SPDIF Tx/Rx

GPIO

Camera Interface

Dr. V. E. Levent Embedded Systems

SAl (3)

Ethemat (2)

USB OTG (2)
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1883

* Microprocessor Unit CO rtex ™ -A7 M PCO re

e i.MX6 Overview ARM CoreSight™ Multicore Debug and Trace

Generic Interrupt Contrel and Distribution

NEQN/FPU NEOM/FPU NECMN/FPU NEQN/FPU

Data Engine Daata Engine Data Engine Data Engine

* ARM Cortex A7 CPU Architecture inceger CPL Integer CPU Integer CPU

Wirtualization, 406 PA Viruabzdon, 40b PA

Integer CPU

Wirtualization, 906 PA, Wirtualizadon, 406 P&

L1 Caches L1 Caches L1 Caches L1 Caches

snoop Control Unit (SCU) and L2 Cache

Direct Cache Snoop

Private
Transzfers

Filtering Peripherals

128-bit AMBA4- Advanced Coherent Bus Interface

Dr. V. E. Levent Embedded Systems
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* Microprocessor Unit

* |.MX 6 Overview

* NEON Engine

* Single Instruction
Multiple Data (SIMD)
processing in the NEON
MPE

n processing lanes

input reg A

input reg B

operation
(same for all)

output reg

Dr. V. E. Levent Embedded Systems
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* Microprocessor Unit
DataM+

* |.MX 6 Overview
e MPU Blocks

Diatald-

Cratal+

* (Sl Camera Receiver

-
1
E
£
[Fa]
|
L]
i
|
T

oy
-t
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* Microprocessor Unit

i.MX 6 Overview
MPU Blocks

eCSPI (Enhanced Configurable SPI)

Feature
Basic Functionality
FIFO (First-In-First-Out Buffer)

Slave Select (SS) Control
Chip Select Lines

Data Transfer Size

Baud Rate Control
Loopback Mode
Multi-Channel Support

DMA Support

Interrupt Handling

SPI
Standard SPI protocol
Typically lacks deep FIFO

Master manually controls SS
Typically 1-2 SS lines

Fixed (usually 8 or 16 bits)
Limited

Not common

Single SPI bus per instance

Limited or requires CPU
intervention
Basic interrupt system

Dr. V. E. Levent Embedded Systems
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eCSPI

Extended SPI with enhanced
features

Has up to 64-byte FIFO buffers
Automatic SS control for multiple
slaves

Supports up to 4 chip select (CS)
lines

Programmable word lengths (8-32
bits)

More flexible and independent
clock settings per channel

Supports internal loopback testing

Multiple simultaneous SPI
transfers via channels

Better DMA support for high-
speed transfers

More granular interrupt control
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* Microprocessor Unit

i.MX 6 Overview
MPU Blocks

SAI (Synchronous Audio Interface)
Supports

* |2S (Inter IC Sound)

 AC97

+ TDM
WORD n-1 WORD n WORD n+1
RIGHT CHANNEL | LEFT CHANNEL | RIGHT CHANNEL

Dr. V. E. Levent Embedded Systems
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* Microprocessor Unit

Transmit
1 | Data+ or
BiDirectional

* |.MX 6 Overview ] . | S
 MPU Blocks A\ Data-or

BiDirectional

3 | Data+ or

] Receive
* Ethernet B \ " | eibirectional

Mot
4 | connected or
BiDirectional

wnne::ted or
BiDirectional

Data- or
BiDirectional

connected or
BiDirectional

Dr. V. E. Levent Embedded Systems
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* Microprocessor Unit

* |.MX 6 Overview
e MPU Blocks

e Ethernet

DESTINATION SOURCE LENGTH

PREAMBLE ADDRESS | ADDRESS

Dr. V. E. Levent Embedded Systems
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* Microprocessor Unit

* |.MX 6 Overview
e MPU Blocks

KPP (Keypad Port)

|

R1 R2 R3 R4 C1 C2 C3 C4

Keypad 3x4 Keypad 4x4

Dr. V. E. Levent Embedded Systems
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* Microprocessor Unit

* |.MX 6 Overview
e MPU Blocks

* IOMUX

Dr. V. E. Levent Embedded Systems

AR A
Y

n UN;
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* Microprocessor Unit

i.MX 6 Overview
MPU Blocks

PWM

Pulse Width Modulation

0% Duty Cycle - analogWrite(()

I I

25% Duty Cycle - analogWrite(b4)

L nni.

50% Duty Cycle - analogWrite(127)

JEpEpEpERE

75% Duty Cycle - analogWrite(191)

U UL

100% Duty Cycle - analogWrite{255)

Dr. V. E. Levent Embedded Systems
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* Microprocessor Unit

* |.MX 6 Overview
e MPU Blocks

* PXP (Pixel Processing Pipeline)
* 2D Image Processing

e Color Space Conversion

e Scaling

* Alpha Blending

* Rotation

Dr. V. E. Levent

>

Color Space m L*a*b* profile con-
Input Device nection space

Input Profile

Embedded Systems

>

-

Output Profile

Color Space
Output Device
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* Microprocessor Unit

i.MX 6 Overview
MPU Blocks

LCDIF

LVDS1
LVDS1

LVDS1
LVDS1

LVDS1
LVDS1

LVDS1
LVDS1

LVDS1

LVDS1

LVDS1

LVDS1

LVDS1
LVDS1

LVDS1
LVDS1

LVDS1
LVDS1

LVDS1
LVDS1

BL CRTL
BL ON

SEL1

3.3VLVDS
5V LVDS

12V LVDS
12V LVDS

Dr. V. E. Levent
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Embedded Systems
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005006860

1883



MCU & MPU Architectures, Interfaces

* Microprocessor Unit

* |.MX 6 Overview
e MPU Blocks

e (CSU (Central Security Unit)

* The Central Security Unit (CSU) manages the system security policy for peripheral access on the

SoC.

 The CSU allows trusted code to set individual security access privileges on each of the peripherals,

using one of the eight security access privilege levels

Dr. V. E. Levent

Embedded Systems
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* Microprocessor Unit

* i.MX6ULL vs STM32F401RE

USB Support
Ethernet
UART/I12C/SPI
External Memory
Interface

Power Consumption

Development Tools

i.MX 6ULL (NXP)

Microprocessor (MPU)
ARM Cortex-A7
Up to 900 MHz

Up to 512MB DDR3L/LPDDR2 (External)

Uses external NAND/eMMC

3.3V
150+

Multiple (including watchdog, PWM, RTC)

No built-in ADC

No built-in DAC

Yes, advanced

USB 2.0 OTG, USB PHY
Yes (10/100 Mbps)

8x UART, 4x 12C, 4x SPI

Yes (DDR3, LPDDR2, NAND, NOR, eMMC)

Higher (Linux-capable MPU)
Yocto, Linux, FreeRTOS

STM32F401RE
(STMicroelectronics)
Microcontroller (MCU)
ARM Cortex-M4

84 MHz

96 KB (Internal)

512 KB (Internal)
3.3V
50

10 (including advanced timers)

12-bit, 16 channels
12-bit, 2 channels

Yes, advanced

USB 2.0 Full-Speed

No

3x UART, 3x I12C, 3x SPI

No (only Flash/RAM)

Lower (Low-power MCU)
STM32CubelDE, Keil, IAR

Dr. V. E. Levent

Feature

Processing Power

Operating System

Memory & Storage

Real-Time Processing

Power Efficiency

Connectivity

GPIO Count

Embedded Peripherals

Embedded Systems

i.MX 6ULL

4 Much faster (900
MHz)

[ Runs Linux

[4 Supports external
RAM & storage

2 Not optimized for
real-time tasks

> Higher power
consumption

] Ethernet, USB OTG,
WiFi support

[/ More GPIOs (150+)

¢ No ADC/DAC

1883

STM32F401RE
> Slower (84 MHz)

>{ No OS (bare-metal or
RTOS)

¢ Limited internal RAM &
Flash

[ Excellent for real-time
applications

] Lower power
consumption

2{ No Ethernet, USB Full-
Speed only

> Fewer GPIOs (50)

[ 12-bit ADC/DAC



	Intro
	Slayt 1: Embedded Systems
	Slayt 2: Instructors

	MCU General Overview
	Slayt 3: MCU & MPU Architectures, Interfaces
	Slayt 4: MCU & MPU Architectures, Interfaces
	Slayt 5: MCU & MPU Architectures, Interfaces
	Slayt 6: MCU & MPU Architectures, Interfaces
	Slayt 7: MCU & MPU Architectures, Interfaces
	Slayt 8: MCU & MPU Architectures, Interfaces
	Slayt 9: MCU & MPU Architectures, Interfaces
	Slayt 10: MCU & MPU Architectures, Interfaces
	Slayt 11: MCU & MPU Architectures, Interfaces
	Slayt 12: MCU & MPU Architectures, Interfaces
	Slayt 13: MCU & MPU Architectures, Interfaces
	Slayt 14: MCU & MPU Architectures, Interfaces
	Slayt 15: MCU & MPU Architectures, Interfaces
	Slayt 16: MCU & MPU Architectures, Interfaces
	Slayt 17: MCU & MPU Architectures, Interfaces
	Slayt 18: MCU & MPU Architectures, Interfaces
	Slayt 19: MCU & MPU Architectures, Interfaces
	Slayt 20: MCU & MPU Architectures, Interfaces
	Slayt 21: MCU & MPU Architectures, Interfaces
	Slayt 22: MCU & MPU Architectures, Interfaces
	Slayt 23: MCU & MPU Architectures, Interfaces
	Slayt 24: MCU & MPU Architectures, Interfaces
	Slayt 25: MCU & MPU Architectures, Interfaces
	Slayt 26: MCU & MPU Architectures, Interfaces
	Slayt 27: MCU & MPU Architectures, Interfaces
	Slayt 28: MCU & MPU Architectures, Interfaces
	Slayt 29: MCU & MPU Architectures, Interfaces
	Slayt 30: MCU & MPU Architectures, Interfaces
	Slayt 31: MCU & MPU Architectures, Interfaces
	Slayt 32: MCU & MPU Architectures, Interfaces
	Slayt 33: MCU & MPU Architectures, Interfaces
	Slayt 34: MCU & MPU Architectures, Interfaces
	Slayt 35: MCU & MPU Architectures, Interfaces
	Slayt 36: MCU & MPU Architectures, Interfaces
	Slayt 37: MCU & MPU Architectures, Interfaces
	Slayt 38: MCU & MPU Architectures, Interfaces
	Slayt 39: MCU & MPU Architectures, Interfaces
	Slayt 40: MCU & MPU Architectures, Interfaces
	Slayt 41: MCU & MPU Architectures, Interfaces
	Slayt 42: MCU & MPU Architectures, Interfaces
	Slayt 43: MCU & MPU Architectures, Interfaces
	Slayt 44: MCU & MPU Architectures, Interfaces
	Slayt 45: MCU & MPU Architectures, Interfaces
	Slayt 46: MCU & MPU Architectures, Interfaces
	Slayt 47: MCU & MPU Architectures, Interfaces
	Slayt 48: MCU & MPU Architectures, Interfaces
	Slayt 49: MCU & MPU Architectures, Interfaces
	Slayt 50: MCU & MPU Architectures, Interfaces
	Slayt 51: MCU & MPU Architectures, Interfaces
	Slayt 52: MCU & MPU Architectures, Interfaces
	Slayt 53: MCU & MPU Architectures, Interfaces
	Slayt 54: MCU & MPU Architectures, Interfaces
	Slayt 55: MCU & MPU Architectures, Interfaces
	Slayt 56: MCU & MPU Architectures, Interfaces

	Atmega2560
	Slayt 57: MCU & MPU Architectures, Interfaces
	Slayt 58: MCU & MPU Architectures, Interfaces
	Slayt 59: MCU & MPU Architectures, Interfaces
	Slayt 60: MCU & MPU Architectures, Interfaces
	Slayt 61: MCU & MPU Architectures, Interfaces
	Slayt 62: MCU & MPU Architectures, Interfaces
	Slayt 63: MCU & MPU Architectures, Interfaces
	Slayt 64: MCU & MPU Architectures, Interfaces
	Slayt 65: MCU & MPU Architectures, Interfaces
	Slayt 66: MCU & MPU Architectures, Interfaces
	Slayt 67: MCU & MPU Architectures, Interfaces
	Slayt 68: MCU & MPU Architectures, Interfaces
	Slayt 69: MCU & MPU Architectures, Interfaces
	Slayt 70: MCU & MPU Architectures, Interfaces
	Slayt 71: MCU & MPU Architectures, Interfaces
	Slayt 72: MCU & MPU Architectures, Interfaces
	Slayt 73: MCU & MPU Architectures, Interfaces
	Slayt 74: MCU & MPU Architectures, Interfaces

	STM32F401
	Slayt 75: MCU & MPU Architectures, Interfaces
	Slayt 76: MCU & MPU Architectures, Interfaces
	Slayt 77: MCU & MPU Architectures, Interfaces
	Slayt 78: MCU & MPU Architectures, Interfaces
	Slayt 79: MCU & MPU Architectures, Interfaces

	Comparison
	Slayt 80: MCU & MPU Architectures, Interfaces

	MPU
	Slayt 81: MCU & MPU Architectures, Interfaces
	Slayt 82: MCU & MPU Architectures, Interfaces
	Slayt 83: MCU & MPU Architectures, Interfaces
	Slayt 84: MCU & MPU Architectures, Interfaces
	Slayt 85: MCU & MPU Architectures, Interfaces
	Slayt 86: MCU & MPU Architectures, Interfaces
	Slayt 87: MCU & MPU Architectures, Interfaces
	Slayt 88: MCU & MPU Architectures, Interfaces
	Slayt 89: MCU & MPU Architectures, Interfaces
	Slayt 90: MCU & MPU Architectures, Interfaces
	Slayt 91: MCU & MPU Architectures, Interfaces
	Slayt 92: MCU & MPU Architectures, Interfaces
	Slayt 93: MCU & MPU Architectures, Interfaces
	Slayt 94: MCU & MPU Architectures, Interfaces
	Slayt 95: MCU & MPU Architectures, Interfaces
	Slayt 96: MCU & MPU Architectures, Interfaces
	Slayt 97: MCU & MPU Architectures, Interfaces

	Comparison
	Slayt 98: MCU & MPU Architectures, Interfaces


