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» Lecture 1: Basics of ARM Microcontroller

» Lecture 2: ARM’s Memories

» Lecture 3: ARM’s Data Representation

» Lecture 4: ARM’s Programming

» Lecture 5: ARM’s Data Input/Output

» Lecture 6: ARM’s Data Processing et
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Remember your mission as MAE
undergraduates ...

»You are here to grow your knowledge
and skills so as to be able to design
machines with controllable behaviors
and hopefully in some intelligent
ways.
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How to fulfill your mission?

» To apply learnt knowledge and skills into the implementation of the following
universal blueprint underlying all the intelligent machines or systems.

User’s
Instructions : :
Planning Digital || Perception
Modules Workspace Modules
Autonomy T
Control Sﬁsntcelénrs Actual
Modules Control Workspace
Automation
Sensory
Modules
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Why to study?

Applications in Control and Automation

Interfacing

Interfacing

Controllers Actuators

v

Interfacing

N

Sensors

Applications in Communication

Systems| |[Systems| |Systems| |Systems Systems| |Systems| |Systems

/0 1/0 1/0 /O | w wmwwww |I/O 1/0 1/0

I 1 0 J 0 I {

Serial Communication/Parallel Communication
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Input

Legend

——— o of data
——— o of control
— o of instraction

Block diagram of Computer with sub-units of CPU
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What to
learn?

* Programming
* Interfacing
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. « Data = {Values, Symbols, Addresses, Instructions}
Wh at ] S yo u r ro le? * Instructions = {Op Code + Addresses + Value/Symbol}

N
Applications/OS 0 — Algorithms (—— Problems

or Solutions to be solved

Languages C++, Java

EOR r3,r2,rl

= =
= A \
. : = 2 | You = Director of Program
Microarchitecture i = _ : 9
= < | Program = {Instructions}
* =
é

Gates :D_

Memory

Data

Transistors

Memory = {Address + Data/Instruction}
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How to use?

» To understand data flows inside a microcontroller.

» To translate your solutions into data flows.

» To pay attention to <memory address> and <memory data>. R -

» Memory Address: Address Label/Name and Address Value.

OX5FFFFFFF
» Memory Data: Data Label/Name and Data Value. Peripheral
Memory Content 0x40000000
Ox3FFFFFFF
Data Memory Address SRAM
» To pay attention to <memory address> and <memory code>. hepa 0000
» Memory Address: Address Label/Name and Address Value. Cde
» Memory Code: Code Label/Name and Code Value. A BR000a0N0
Memory Content /
Instruction Memory Address Series of Instructions

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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. TM4C123x Temperatures  85°C  105°C
orteX e [_Upio2s6Kerash |l preciion Osilator |
Modules o o a0 Mz
“
: : [ RM |

» Configure Control Registers ( System Modules |
|
» Clear/Monitor Status Registers | Real-time JTAG _ JBL 2« Watchdog Timer
. . 2x Quadrature Encoder

» Read/Write Data Registers Inputs (S

16x PWM Outputs LDO Voltage Regulator
2x CAN 3x Analog Comparators

USB Full Speed | Temperature Sensor
‘ (Host/Device/0TG)

MOV RO, #0x11
MOV R1, #2560

» Instructions:

» MOV <address of destination>, <source of value>

MVN R2, #4
» LDR <address of destination>, <source of value> MOVW R3, #0OxCODE
. . MOVT R3, #OxFEED

» STR <source of value>, <address of destination> MOV R4, R1

Word = 2 Bytes
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Today’s Lecture ... o

01001100
00010101
10101001
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» Lecture 2: ARM’s Memories

Input —

Legend

—Flow of data
——Flow of control

. Flow of instruction,

Block diagram of Computer with sub-units of TP
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ARM’s Memories

Xie Ming, PhD (France)
http://personal.ntu.edu.sg/mmxie ”~
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Outline

4

» Binary Logic Devices

Instructions/Data
accessed hy the CPU

IO Devices

» Memory Construction
. Address

~

» Memory Space in ARM

Two-dimensional Space

» Memory-Centric Operations

: > Bit
» Memory-Mapped |/0 Devices 1. Memory Content
2. Memory Address

3. Memory Label
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Outline

4

» Binary Logic Devices

Instructions/Data
accessed hy the CPU

IO Devices

» Memory Construction
. Address

~

» Memory Space in ARM

) ) Two-dimensional Space
» Memory-Centric Operations

. > Bit
» Memory-Mapped |/0 Devices 1. Memory Content
2. Memory Address

3. Memory Label
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Knowledge of Transistor (1)

) 0:25/6:52
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Knowledge of Transistor (2)

‘.
1uhe /LearnEngineering
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Digital computers are binary
number systems

Memory

Binary Values Implementation

I/O Devices
» 1 (Logic High) » +5V (Logic High)
» 0 (Logic Low) » 0V (Logic Low)

+\ee

Transistor
Switch
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Binary Logic Operations

[/O Devices
NOT A A A TA

AND AB A¥E AsB A AB  ANE
OR A+B AVEBE  AUB

MAMD (A8 AB

MNOR A+B)Y  A+E

®OR ABE  A@B

®NOR (ABBY A®B (A@B' A®@EB
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Binary Logic Devices
v A >
} ) [ , Memory

[;
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Example: NOT

: "
I/ Devices

Logic Gate: Not

+Vee

>
= o>

ouT
OUT=A

Transistor
Switch
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More Example

FET = Field Effect Transistor

pFET SWITCH

Logic Gate: Not

_ ) — High Voltage (Vdd)
Log@ 0"_GATE or Logic “1
Applied

INPUT

OUTPUT

SWITCH

If input = 1, switch onto ground
If input = 0, switch onto high voltage

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example: AND

AND Gate -
IO Devices
« Logic Symbol, Truth Table And Logic
Expression
::_)72=X°Y Logic Symbol LogiC Gate: AND

AND gate lm..

X Y 7=X.Y Logic Expression

0 0 0 Truth Table

0 1 0

1 0 0

1 1 1

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



More Example

Logic Gate: AND

High Voltage (Vdd)
or Logic “1'

NAND GATE NOT GATE

OUTPUT
Y

23



School of Mechanical & Aerospace Engineering

Example: OR

out Logic Gate: OR

A B Output B H
[ <%
0 0 0
0 1 1 z
1 0 1 R
1 1 1
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More Example

OR GATE

igh Voltage
(Vdd) or Logic “1’

NOR GATE NOT GATE

High Voltage (Vdd)
or Logic “1"

OUTPUT

25
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Memory

Example: XOR & v =
0 o =

o [

Exclusive-OR gate [2] 1] —
0 :

|ﬂletE Output [Tand ancTzee | —

B {>o—
Output

,_,_Elﬂ:p
k= =R~
-

| i |
v}
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More Example
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Example: XNOR

Boolean Expression Logic Diagram Symbol Truth Table
X A B X
X =A®B ’o— 0 0 1
0 1 0
1 0 0
1 1 1
E-:u " ﬂ"E D: A .
E@ ﬁg D B ji AB+AB= A@B
§ 7 DS
E ] .
[Fgna 7anczes |8 B B
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Register: Single Bit Device ey
D Flip-Flop E
¥ —
P -
(or Enable) E—
R—
S R CLK Q(t+1) Comments
" S Q- | 0 0 _ X _[ @u__Nochange
D 01 7 0 Reset |
R = (1 o 1 1 Set |
o | i O T S A 7 " Tnvalid
(or Enable) /
Rising Edge

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Alternative Circuit of Gated D Latch ...

CLK
(or Enable)

YouTube Video: hitps://youtu.be/y/Zi/Bv J74
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More Detail About Rising Edge Trigger ...

D / __ / ; \i_/_\: :
J
clock—>
|
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More Detail About Falling Edge Trigger ...

0 1 2
= S S S R
NI e VD A

Falling Edge Trigger

\—D Q—

clock —3>
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Register: 8-Bit Shift Register

Memory

/O Devices

8 bit shift register

. Parallel
+ Data Out
Serial .
Datalnnsu/ u5u=/ u5u=/ uf'ﬂ:/ u5ﬂ=/ u5u=/ u5ﬂ=/ o 5 o
ckgr O CckR O ckgr O Cckgr O ckr O ckR O ckr O cxkg O
/7 /7 /7 /7 /7 /7 /7
Clock / / / / /

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Register: 8-Bit Register (One Byte)

) 0,
D S QF 1
Y
D, i — o)
ZER 1 Memory
[ ]
D, S ] 0 ——
z!_R a L ]
—
- = e ——
%!—R i ———
[ 1
D4 0 S aF Q4 =
gR ar . 1
o — /O Devices ————
D5 D [ Q-‘ QS =
Z!_R Q
D, ] — Os
CLK{!_R Q
Dy 0,
D 3 af |
CLK &R 6
Clock
(Address)—
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Example of 8-Bit Register (One Byte)

Output q[> .
Control L' SN 20] Vee
.| : o
Q|2 +OE Q Lloe Q 19] 8a Memory
o B [Lsel |Leol 1 o —
20 |4 & D) _é—cl)‘ 17| 70 —
OE || tHoE 4 —
20 (51 ; T ¢ 7a —
6 |- ‘ 5 L1 —
3Q "-'Og Q 0—05_ Q 5 6Q ——
3 7 |88 S 14 ep —
: 1 /O Devi —
4D 8'—l _é_ 6 _G_[I) 1_13 SD evices
108 ol | TPE q —
4 [9h : 2| 12| s5q
GND [10 o<&—{11] Enable G
74LS373

(Top view)
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Outline

4

» Binary Logic Devices

Instructions/Data
accessed hy the CPU

IO Devices

» Memory Construction
. Address

~

» Memory Space in ARM

) ) Two-dimensional Space
» Memory-Centric Operations

. > Bit
» Memory-Mapped |/0 Devices 1. Memory Content
2. Memory Address

3. Memory Label
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SRAM: Single Bit Static RAM

D 1-Bit B
RAM

Write I I Read

» Write Operation

» “Write” line is in logic high.
» Transistor Tr1 is on.
» Q=D

Write Becd
. input
» Read Operation P -:;tput.
B

DC
» “Read” line is in logic high. Tri ™= |_)<_| —Tre
» Transistor Tr5 is on. / Tﬂ:I IZTT5
» B=1-Q
/ g:nv

FET Write Read

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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DRAM: Single Bit Dynamic RAM

» Write Operation _
e D 1-Bit B
» “Write” line is in logic high. RAM
» Transistor Tr1 is on. writa | Mmen
» Q=D
V+
Writ ¢
» Read Operation input o T Read
O s | outpu
» “Read” line is in logic high. D-r 1 Op
r

Tr3
v Ilh-qd

o-—k--

» Transistor Tr3 is on. 1- c
» B=Q Write

FET

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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RAM: 8-Bit RAM (One Byte)

& JAN VA 7AN A V/ N

1-Bit B D 1-Bit Bs Dy 1-Bit By
RAM RAM RAM

Write I I Read Write I I Read Write I I Read

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Flash Memory: 1-Bit Flash Cell

bit value =0 bit value =1

Word Selection
Line

Control gate

Negative
Charge

h
No Charge Floating gate

Bit Line

SLC (Single Level Cell)
* 2 charge states
* 1 bit per floating gate transistor

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example Bit7 11—~ |

I
ine e d ine 9 F
T T T :—i% !E

NMOS
NOR gate

k32
k32
i
i

g

Vec
B I t 2 Word word Word word ‘Word ‘Word i T‘:
ALlA a_%
T ) T b
NOR gate
Vee
B I t O \—fl;rd\ Wword Word word ‘Word Word i Tﬁ:
B Gpl s S0 B —F
pElgipilin a—%
I T T b
NME:S
NOR gate

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Flash Memory: Write Operation

bit value =0 bit value =1

Von Apply high voltage to
A Floating gate to decrease

negative charges.

Negative No Charge
Charge

Apply Von to the control gate SLC (Smg]e Level Ce”)

and high voltage at n node

to increase the negative charge. e ) Cha rge states

* 1 bit per floating gate transistor

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Writing “1”

NOR Erasing (Set all bits to 1)

Block erasure via tunneling

Bit k

VHIGH VHIGH VHIGH VHIGH VHIGH VHIGH
il =L i =L

11 1=1 11

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Writing “0”

NOR Writing (Setting 0Os)

Hot electron injection

VHIGH

Bit k

)
Fs°
3

=k

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Flash Memory: Read Operation

1 bit value =0 bit value = 1
Readlng SR S ___ Control gate

_ _— Floating gate
bit value =0 bit value = 1 Vi gg

(S Bit1 BitO

Ip (1)

V10> Vpy

¢

Value 0 = high voltage
Value 1 = low voltage Voltage applied to control gate

Vi1 > Ves > Vrpg
L1

Reading Results:
There is no current -> Output is Value 0
There is Current -> Output is Value 1

Ip ("0")

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Reading One Bit
NOR Reading

Bit Line
Vorr  Vorr
o =il
LT
1

% | Bt oo Vi > Vs > Vg
i v Reading Results:
OFF INT . .
There is no current -> QOutput is Value 0
There is Current -> Output is Value 1
%
V1 Vo VG>S

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Blueprint of Memory Unit

» A memory unit consists of a set of bytes. Each byte has eight bits.
Each bit has one memory cell for read and write operations.

Memory with 8-Bit Data Bus Memory with 32-Bit Data Bus

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Input to Memory Unit

» Input of memory unit includes:

T> o

> a) address Of a byte, and accessed by the CPU

» b) data of one or more bytes.

' Address Na

Address Bus :

Two-dimensional Space

1. Memory Data
2. Memory Address Nd

3. Memory Label Data Bus : E

> Bit

mem32[address]: consider the memory as a vector k /

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Exercise

» A memory unit’s address bus has 64 bits. Hence, Na = 64. What is
the maximum number of bytes that the memory unit could have?

Na g A
» Answer: Address Bus : E

» The maximum number of bytes is:

264 _ 234 > 210 X 210 X 210

2% =18446744073709551616

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Datahus
Address bus

Output from Memory Unit

» The output from memory unit is data of one or more bytes.

CPU

InstructionsfData
accessed by the CPU

2P

Cortex M4 Systick /

System Bus Interface NVIC N a
I SN Address Bus
GPIO Port A ]:: > GPIO Port B
PAT | Tl — PB”
PAG | ; — PB6
” Eight Four
PAS/SST0Tx —| e 2 — PB:
PAL/SSIORY — UARTs s — PB4
PA3,‘SSIUFi:ls — — PBIT2COSDA
PA2SSI0CH: —] T — PBLCOSCL
PALTITs —] L [EPle| cano [ h) " EoEoEow
PAOTIORY —_| | — PBO
pe-— GPIOPatC €T X[€>[ GIOPtD |-
PCG — e — PDG
PO — mers — P04
PCITDO/SWO —| |« > — PD3
PCL'TDI — > JTAG Six — FD2
PCLTMS/SWDIO — |« > 64-bit wide — ID1
PCO-TCR SWOLE —] > — PD0 N d
o o H B E E B =
GPIOPortE €T 212 [ GRIO Pt F Data Bus
PES —
PE4 — ADC o Two Analog — PF4
PE3 — 2 channels Comparators — PF3
PE2 — D fms o — PFl
PEl — 12 lﬂ,s > &> | TV PWM — FFl
PEC —_| Modules |~ PF)
Advanced High Performance Bus vy Advanced Penpheral Bus

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Exercise

» A memory unit’s address bus has 64 lines. And, its data bus has 32
lines. Hence, Na = 64 and Nd = 32. At one time, how many bytes
could the memory unit read or write?

Na

» Answer: Address Bus :

» At one time, 32/8 = 4 bytes could be read or written.

Nd

Data Bus i: i

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Endianness of Memory

» Endianness is the ordering or sequencing of bytes of a word of digital data
in computer memory storage or during transmission. Words may be
represented in big-endian or little-endian manner. Big-endian systems
store the most-significant byte of a word at the smallest memory address
and the least significant byte at the largest. A little-endian system, in
contrast, stores the least-significant byte at the smallest address.

» Example: (ARM with Linux operating system follows Little endian)

32-bit integer 32-bitinteger
Memory OAOBOCOD OAOBOCOD Memory
Most-Significant Byte  q:| QA | <«— — > a:|0D| Least-Significant Byte
a+1:|0B| <€«—— —> a+1:/0C
a+2:|0C| €«—— —— > q+2:|0B
a+3:|0D| <-— > a+3:/0A
g Big-endian Little-endian :

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Memory
Outli
R
_ A
> Instructions/Data M
accessed hy the CPU
—

. Address

~

» Memory Space in ARM

Two-dimensional Space

» Memory-Centric Operations

: > Bit
» Memory-Mapped |/0 Devices 1. Memory Content
2. Memory Address

3. Memory Label

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Terminology of ARM

» ARM is a RISC architecture

» |ISA stands for Instruction Set Architecture which b ki
are innate

2P

» RISC stands for Reduced Instruction Set Computer
» Most instructions execute in a single cycle Cortex M3 Syenck
System Bus Interface NVIC
' i -bi T A
» ARM Instruction Set is 32-bit T T O (o
» Thumb Instruction Set is 16/32-bit Faq . — s
PASSSITs ] Bieht gty | [ — PBS
PALSSIORY — UARTs : — PB4
PA3SSI0Fss — — PBIL2COSDA
PA2SSIOCE: — Four — PBLTL2CHSCL
» ARM is a 32-bit load-store architecture HioTk: L g g Sl iy
per —| GPIO Port C IfL; f > [GPIOPoit D |
» 8 bits are called a Byte pos TB20 e Twehve — e
e | Timers — FD4
. PCITDOSWO — | — FD3
16 bits or two bytes are called a Half Word  — romi— — mg Six — I
PCLTMSSWDIO — [« D 64-bit wide — PD1
32 bits or four bytes are called a Word e =i
>
y GPIO PortE__ [€ T 21| GRIO Port F
» 64 bits or eight bytes are called Double Word Pt ] ADC € [Todmlog| | |- m
Eﬁg - 2 :h.“mels Comparators — gg‘j}.
» The only memory accesses are loads and stores i R ety PRI [ bl
PEG —_| Modules [ FFO
Advanced High Performance Bus vy Advanced Peripheral Bus

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

Operation Modes of ARM

o Toa o

Datahus
Address bus

CPU
» ARM Core has seven basic modes e
(7)) Mode Description
8 Supervisor Entered on reset and when a Supervisor call instruction (SVC) is
O (SVC) executed
= o -
— FlQ Entered when a high priority (fast) interrupt is raised
O —_—
'..c:l IRQ Entered when a normal priority interrupt is raised
8 Abort Used to handle memory access violations
X
LLJ Undef Used to handle undefined instructions
System Privileged mode using the same registers as User mode
User Mode under which most Applications / OS tasks run

Unprivileged Mode —

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Privileged Modes
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. PC: Program Counter
Reg] Ste rS Of ARM ( 1 ) LP: Link Register (saved value of PC )
SP: Stack Pointer
CPSR: Current Program Status Register

SPSR: Saved Program Status Register

» ARM Core has a large number of registers

User
System

r0

i x1
User
! r2 mode
r3 r0-r7,
| r4d rl5, User User User User
I =5 and mode mode mode mode Thumb state
cpsr r0-rl2, r0-r12, r0-r12, r0-ril2, Low registers
=k £15, £15, ris, 15,
=7 and and and and

= coer: [N coex: (I coar (W cper |
r9

rl0
rl3 (sp) rl3 (sp)
rld (lr) rld (1lr)

*11
spsx

FIQ IRQ SvC Undef Abort

Thumb state
High registers

rl2

rl3 (sp)
rld (lr)

rl5 (pc)

Note: System mode uses the User mode register set

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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» One program counter register (PC), 30 general purpose registers
and 6 status registers

Instructions/Data

accessed by the CPU

User/System | Supervisor Abort Undefined Interrupt |Fast interrupt
RO RO RO RO RO RO
R1 R1 R1 R1 R1 R1
R2 R2 R2 R2 R2 R2
R3 R3 R3 R3 R3 R3
R4 R4 R4 R4 R4 R4
R5 R5 R5 R5 R5 R5
R6 R6 R6 R6 R6 R6
R7 R7 R7 R7 R7 R7
R8 R8 RS R8 R8 R8_FIQ
R9 R9 R9 R9 R9 R9_FIQ
R10 R10 R10 R10 R10 R10_FIQ
R11 R11 R11 R11 R11 R11_FIQ
R12 R12 R12 R12 R12 R12_FIQ
R13 R13_SVC |R13_ABORT |R13_UNDEF| R13_IRQ R13_FIQ
R14 R14_SVC |R14_ABORT |R14_UNDEF| RI14_IRQ R14_FIQ
PC PC pPC PC pPC PC
|  cCpsr CPSR CPSR CPSR CPSR CPSR
SPSR_SVC |SPSR_ABORT|SPSR_UNDEF| SPSR_IRQ | SPSR_FIQ

[ = banked register

Dat@bus
Address bus

TP o

VO Devices
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Memory




School of Mechanical & Aerospace Engineering

Program Status Register: R16

31 30 29 28 27 26 25 24 23 20 19 16 15 109 8 7 6 5 4 0

N{Z|C|V|Q| Res [J| RESERVED | GE[3:0] RESERVED E|A[T|F|T M[4:0]

[ e | Corrl b
Negative result from ALU I 1: disables IRQ
Zero result from ALU F 1: disables FIQ
ALU operation caused Carry T 1: Thumb, 0: ARM

ALU operation oVerflowed
perat w Mode bits M[4:0}

0b10000 User

0b11111 | System
0b10001 FIQ

0b10010 IRQ

0b10011 SVC(Supervisor)
0b10111 Abort

0b11011 Undefined

ALU operation saturated

-“|lO<|O|N|Z

Java Byte Code Execution

GE: Greater than or Equal Status Flags

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Cortex M4’s Status Register

GE: Greater than or Equal Status Flags

,~=< 31 30 29 28 27 26 25 24 23:2019:16 15:10 9:8 7 6 5 4 3 2 1 0
JAPSR IN|Z[C|VI[Q GE
EPSR |! ICUIT|T ICI/IT

- - — e

[ I 1 I 1 1 I

', IPSR, ISRNUM

N /
NS

Memory

APSR: Application Program Status Register
EPSR: Execution Program Status Register
IPSR: Interrupt Program Status Register

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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| ROM Control

Memory Inside [

> > ROM Arra
ROMSWMAP y

TM4C123G S

FMA
| lcode Bus
Cortex-M4F FMD
Dcode Bus FMc
« FCRIS < Flash Array
Cortex M4 Systick FCIM
System Bus Interface NVIC
—r e o ramE FCMISC 256KB
PAT ] — PB7 5o SSIZE
PAG — ; y — PBs 2
PAS ST ] FEl e [ Eou — PB: a@
PALSSIRY — —IB4 Flash Write Buffer
P OFi.']s — — g.x;%gus%wi—x ——
PA2SSHCIE — F — PBIT2COSC
PALTOTs — sgs [Tl canzo — pBI
PAGTUORx —{ | |_— FBO FWBVAL
pom—] GPOPotC €T XX [ GroPatD |-
PO — e — PD6 2 FWBn
Pee —] USB20 |g Twelve — DS 32 words
PC4 — | Timers — P4 Brid
PCITDOSWO — [+ «> D ridge ¢
. ‘I-'(":‘?:TDI — > mc | > S —m | | e -
POLTLS SVTI0 —| [« « 64-bit wide i ; : Flash Protection :
— . | FMPREN |
GPIO PortE el —3. | GPIO Port F | |
_— hia D W | FMPPEn !
PE4 — ADC <« | Two Analog — PFd -
FE3 — 3 channels | Conpaston [ v : User Registers :
PE2 — - — IR
PEI — 1 pits lge—ty|  [wopwnt — PFI SRAM A L, | BOOTCFG |
) = - — I} rra
] H e 1 M“‘:"“s Hw FE0 Y | | USER_REGO |
Advanced High Performarnce Bus Advanced Peripheral Bus
¢ & ‘ L R ! | [ UsER REGT | |
32 KB | | USER_REG2 :
| | USER_REG3 |
e e e e e — a
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Me m O ry EEPROM Control fg—p> < »| EEPROM Array
EESIZE < Securty ey «—> Block 0
° Program
Inside
EEOFFSET
“ERDWR Block 2
TM4C 1 2 3 G EERDWRINC Block 3
° EEDONE 2 K B
(continued)
EEUNLOCK
EEPROT Cortex M4 Systick
System Bus Interface NVIC
EEPASSO A
EEPASS1 GPIO Port A &> Ql GPIO Poit B
PAT | R — PB°
EEPASS2 PAG —] Eiht  |g Ly Four — PE6
PASSSI0Ts — “«> | — PBS
EEINT P41 SSTORs ] UARTs I"Cs [ R
PA3 $SI0Fss — — FRILC0SDA
Memory | [ _EEHIDE St | TR e[ o | | ERES
EEDBGME PAGTIOR: —| | | _—PBO
S po- | GPRIOPatC € TX €[ GPOPatD | 1p-
— v PCS — USB20 |gp Twelve L s
——— POy — Timers — PD4
—— PCHIDO/SWO — | © — PD3
— ] PC2/TDI — JTAG Six — PD2
—— PCLTMS SWDIO —{  [«—> € 64-bit wide — FD1
—— PCYTCESWOLK | | PR
—— |
E— GPIOPortE  [€ T2 [€2[ GPIO Port F
— By | ADC Two Anal
] PE4 — “ 0g — PFJ
—— PE3 — 2 channels Comparators — FF
VO Devices ——] fy%i _ 12 iuputs e > Two PWM — gﬁ
[ FEO | 12 bi E Modules | [ PF}
— Advanced High Performance Bus vy Advanced Peripheral Bus
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ARM Cortex-M’s Memory Space

»  On-chip Memory Sub-space + Address

» Off-chip Memory Sub-space

» Private Memory Sub-space Two-dimensional Space
Cortex-M Memory e
. 2. Memory Address
emory Space

3. Memory Label

OXFFFFFFFF

. Vendor
Private MemorySub-space{ Specific | S Blt

Memory External

Device » 32-bit addresses support 4 GiB memory space
EI’)‘S:E:‘ » Code, data, and |/O share same memory space
External [ » Data types are bytes, halfwords, and words

v

e a— Memory addresses are byte addresses
ZEl

Peripheral » Executable

RAM » Predefined regions have distinct characteristics
» Device or Strongly-ordered

On-chip Memory Sub-space — SRAM » Shareable
Code Analogy:
- 0x00000000 1. Main Building with Guest Rooms.
mem32[address]: consider the memory as a vector 2. Annex Buildings with Functional Rooms.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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On-chip Memory Sub-space in ARM
» Address

Two-dimensional Space
Cortex-M Memory

On-chip Memory Space 1. Memory Data

2. Memory Address
3. Memory Label

Memory OX5FFFFFFF . Bit
Mapped | Peripheral
10 8§‘3‘22222gg » On-chip code, data, and I/O are located in the first
s 1.5 GiB of memory space
Data | SRAM » Each is allocated 0.5 GiB

8;%2222228 » May use physically separate buses for each space

Programs| Code

0x00000000

mem32[address]: consider the memory as a vector

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Off-chip Memory Sub-space in ARM

» Address

Cortex-M Memory Two-dimensional Space

Off-chip Memory Space
. e 1. Memory Data

OxDFFFFFFF 2. Memory Address
External 3. Memory Label
Device . Bit
External » 1 GiB reserved for each of off-chip data and
s off-chip devices
Device 0xA0000000 Off-chi . .
Ox9FFFFFFE -chip memory bus requires many pins
External » Off-chip memory access time usually slower and
DAL \\ uses more power
Ext Analogy:
EXternal 1. Main Building with Guest Rooms.
RAM o BB 2. Annex Buildings with Functional Rooms.
X 1

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

Private Memory Sub-space in ARM
. Address

Two-dimensional Space

~

Cortex-M Memory
Private Memory Space 1. Memory Data
2. Memory Address

OXEFFERFEE 3. Memory Label
. . : . > Bit
Private Peripheral Bus occupies 1 MiB space
Registers that control peripherals that are a mandatory
part of the Cortex-M architecture are mapped here.
Vendor
Specifi C » Nested Vectored Interrupt Controller (NVIC)
» System Tick Timer (SysTick) paiy
» Fault status and control
» Processor debugging
0xE0100000
Private OxEQOFFFFF VO Devi
Peripherals 0xE0000000 e =

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline

4

» Binary Logic Devices

Instructions/Data
accessed hy the CPU

IO Devices

» Memory Construction
. Address

~

» Memory Space in ARM

Two-dimensional Space

» Memory-Centric Operations

. > Bit
» Memory-Mapped |/0 Devices 1. Memory Content
2. Memory Address

3. Memory Label

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Types of Values inside Memory

Values of Data/Codes Values of Addresses
» intx,y, z; » int *x, *y, *z,a, b, C;
» x=10.0; » x=&a; *x=a;
» y=5.0; » y=&b; *y= b;
> Z=X+Y; » z=&c; *z=c¢;

An ampersand is a logogram "&" representing the conjunction word "and®.
In C, it means the address of a variable.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example

File Edit View Project Flash Debug Peripherals Tools SVCS Window Help
NS Ed@| » B9 | B BNB|EEEE® Fae@ > o elF) R
Bl o | OREERA-O)2-2-2-E-| %
Registers 0 [ Disassembly
Register [ Value || fox00000000  E3n00011 MOV RO, $0x00000011 / A
S — 0x00000004 E1R01080 MOV R1,RO,LSL #1
RO 0000011 0x00000008 E1A02081 MOV R2,R1,LSL #1
i B¥0x0000000C EAFFFFFE B 0x0000000C i i
| 2; 00000044 0x00000010 00000000 ANDEQ RO, RO, RO Two-dimensional Space
Bipies 00000000 0x00000014 00000000 ANDEQ RO, RO, RO
0000000 0x00000018 00000000 ANDEQ RO, RO, RO
2; 00000000 0x0000001C 00000000 ANDEQ RO, RO, RO 1 Memory Value
v 0000000 0x00000020 00000000 ANDEQ RO, RO, RO
2‘7; (00000000 0x00000024 00000000 ANDEQ RO, RO, RO 2 Memory Address
vt (00000000 0x00000028 00000000 ANDEQ RO, RO, RO
e B 0x0000002C 00000000 ANDEQ RO, RO, RO 3 Memory Label E
{0 00000000 0x00000030 00000000 ANDEQ RO, RO, RO . %
RI1 (x00000000 ™ AN
R12 (00000000 S
1s
R13(SP) 000000000 ) progls > DR
R14(LR) (00000000 T AREA  progl, CODE, READONLY
R15 (PC) 0x0000000C 2 ENTRY
@ CPSR (00000003 3
- SPSR (<00000000 4 MOV r0, #0x11 ; load initial value
5 LSL r1, r0, #1 ; shift 1 bit
e g 6 LSL r2, rl, #1 ; shift 1 bit
- Supervisor U
#- Abort 8 stop B stop ; stop program
Undefined 9
* Intemal 10 END
[l Project | £ Registers | < m | »
Command R [B CallStack + Locals 2

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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ARM’s Instruction Format

Opcodes & Operands

Instructions comprises; 4-byte instruction; of Opcode and Operands

31302928 27 26 2524 2322212019 181716151413 121110 9 8 7 6 5 4 3 2 1 0
Cond 0|01 Opcode S Rn Rd Operand?2
Cond O(o|O|O|O|O|A|S Rd Rn Rs 1(0(0]1 Rm
Cond O(0O|JO|JO|T1T|U[A]|S RdHi RnLo Rn 1100 (1 Rm
Cond o(o|jo|f1|o0|B|OfO Rn Rd o|j0|0 1(0(0]1 Rm
Cond ofojoj1|jof0Of1]|0 111 11|11 1(1]1 0|00 Rn
Cond oO(0|O|PJU|O|W|L Rn Rd 000 1T|S[H|1 Rm
Cond O|jO0(O|P|UI1T[W|L Rn Rd Offset 1[S|H[1 Offset
Cond O(1]|1|P|JU|[B|W]|L Rn Rd Offset
Cond of(1]1 1
Cond 110|0|P|JU[S|W]|L Rn Register List
Cond 110]1(L Offset
Cond 1T|1T|0(P|[U[N|W|L Rn CRd CP# Offset
Cond 1T11(1]0 CP Opc CRn CRd CP# CP# 0 CRm
Cond 1/1|1[{0[CPOpc |L CRn Rd CP# CP# 1 CRm
Cond 11111 lgnored by processor

31 30 29 28 27 26 2524 23 222120191817 16 151413121110 9 8 7 6 5 4 3 2 1 0

Data processing/
PSR Transfer

Multiply
Multiply Long
Single data swap

Branch and exchange

glr'% Hgb? transfer:

Halfword data transfer:
immediate offset

Single data transfer
Undefined
Block data transfer

Branch
Cogr?cessor data

8opnocessor data
peratio

Coprocessor register

Transfer

Software Interrupt

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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ARM'’s Instruction Format (continued)

» Format 1: Opcode DestReg, Operand2

» Format 2: Opcode DestReg, SrcReg, Operand2

» Example: The Move Instruction

4
0x00000011 |R&E=—
R1 MOV RO (#0x11)
R2
R3
R4
' Ox5FFFFFFF Ez A Add ress
Peripheral R7
0x40000000 -di [
0x40000000 Eg Two-dimensional Space
SRAM R10 1. Memory Data
0x20000000 R11
0320000000 a5 2. Memory Address
Code R13 3. Memory Label
R14 .
0x00000000 R15 > Bit

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Move Data inside ARM  [reinera]

0x40000000
Ox3FFFFFFF

The Move Instruction SRAM
gae
Code
0x00000011 (RO - 0x00000000
0x00000A00 |R1 MOV RO, #0x11
OxXFFFFFFFB | R2 MOV R1, #2560
OXFEEDCODE |R3  Lower 16 Bits\ MVN R2, #4
0x00000A00 2‘5‘ Top 16 Bits MOVW R3, #@xCODE
= S MOVT R3, #@xFEED
R7 MOV R4, R1
R8 » Address
R9
R10 Two-dimensional Space
E}; 1.  Memory Data
R13 2. Memory Address
R14 3. Memory Label
R15 > Bit

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Load Operation in ARM

. . 1. Use the memory value as an address
Basic Load/Store Instructions 2. Get the value from the address

0x00000011 |RO
gxoooooaoo il LDR R5, [R1] 0xAAAAAAAA |0x000009FC
xFFFFFFFB |R2
0xFEEDCODE |R3 L 0x0000BEAD |0x00000A00
0x00000A00 | R4 0x55555555 [0x00000A04
R5
m\
R7
R8 RS = 0xO000BEAD
3 » Address
R10
21; Two-dimensional Space
21431 1. Memory Data
R15 2. Memory Address
3. Memory Label

> Bit

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Store Operation in ARM

Basic Load/Store Instructions 1. Use the memory value as an address
2. Get the value from the address

0x00000A00 |R1 \LDR R5, [R1] OxXAAAAAAAA (0x000009FC
OxFFFFFFEB |R2 STR R3, [R1] 0xFEEDCODE |0x00000A00
0x0000BEAD |R5

OxFEEDCODE |R3
0x55555555 |[0x00000A04
R6

0x00000011 |RO
0x00000A00 R4
R *0x00000A00 = OXFEEDCODE

R8

E?o » Address

R11

R12 Two-dimensional Space

2:3 1. Memory Data

R15 2. Memory Address
3. Memory Label

> Bit

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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More Example

Explain the meaning of the last instruction.

0x00000011 |RO
0x00000A00 R1 LDR R5, [R1] OxAAAAAAAA |0x000009FC
g:ggggggg STR R3, [R1] OXFEEDCODE |0x00000A00
0x00000200 | R LDR R6, [R1, 43 0x55555555 |0x00000A04
0x0000BEAD |R / |
0x55555555

R8

R9 Load the four bytes at the

R10 starting address which is the

2}; sum of register 1’s content and

R13 the numeric value of 4, into

R14 register 6.

R15

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Addition in ARM

Arithmetic Operators

Addition
In assembly we write: 0x00000002 |RO 9
0x00000004 |R1
:gg Eé’ gg’ ig 0x00000004 |R2 + 2
okl 0x40000000 |R3 4
0x60000000 R4
RS
R6
R7 OXSFFFFFFF
1 Address gg Peripheral
Two-dimensional Space ::(1) epptian
1. Memory Data R12 20000000
2.  Memory Address 213 B OxIFFFFFFF
3. Memory Label R15 Code
0x00000000

> Bit

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Multiplication in ARM

Arithmetic Operators

Multiplication
. /With )
In assembly we write: 0x00000002 |RO overflow 48813
MUL R2 RO R1 0x00000004 |R1
ST 0x00000008 |R2 x 87989
’ ’ OxFFFFFF10 |R3 39761
MUL R8, R6, R7 0x00000077 |R4 - J
0xFFFF9070 |R5 / ~N
0x0000BEAD | R6 ;"UG ) 48813
0x000157B5 |R7 esu
_ P 0x00009B51 |R8 X 87989
(there is an overflow) g?o q 4295007057 )
R11
OxBEAD = 48813 R12
0x157B5 = 87989 i
0x9B51 = 39761 D

0x100009B51 = 4295007057 <

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Division in ARM

Arithmetic Operators

Division
In assembly we write: 0x00000002 |RO —
UDIV R3. R2. RO 0x00000003 |R1 3 / 4 O
" e 0x00000004 [R2
UDIV R4, R2, R1
0x00000002 |R3 |t
UDIV R5, R1, R2 0x00000001 | R4 (Zero resu )
0x00000000 |R5
OxFFFFFFO0O0 |R6
0x00000005 |R7 e DASFRFEGFE
R8
T Add S R9 0x40000000
R10 . Ox3FFFFFFF
Two-dimensional Space R11 SRAM
R12 0x20000000
1. Memory Data R13 — OX1FFFFFFF
2.  Memory Address R14 Code
3. Memory Label R15 0x00000000

> Bit

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Forcing Bits to 1 in ARM

RO = 0000 0001 0001 0000
R2 = 0000 0001 0001 0001

S EEENg R1 = 0000 0000 0001 0001 R4 = 1010 1011 1101 1101
Forcing bitsto 1
R3 =1010 1011 1100 1101

A:D—F In C we would write: 0x00000110 |RO
- 0x00000011 |R1
B # define MASK 0x0110 0x00000111 |R?
DestA = SrcA | MASK; 0x0000ARCD | R3
A B|F DestB = SrcB | MASK;  [0x0000ABDD]R4
0 0|0 RS
0 111 In assembly we write: Eg
1 0|1 MOVW RO, #0x0110 R8
e ORR R2, R1, RO R9
LA AL ORR R4, R3, RO sl
R12
Binary Numbers: a series of bits R13
) . R14
Hexadecimal Numbers: a series of half-bytes R15

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Forcing Bits to O in ARM

RO = 0000 0001 0001 0000 |

, : ~R0 = 1111 1110 1110 1111 R2 = 0000 0000 0000 0001
Bit Banging -
R1 = 0000 0000 0001 0001

R3=1010 1011 1100 1101

Forcing bits to O R4 =1010 1010 1100 1101

—

A— J P In C we would write: O0xXFFFFFEEF | RO
: 0x00000011 R1
— #

B define MASK 0x0110 0%00000001 | R2
A BIF DestB = SrcB & ~MASK; [0x0000AACD |R4
0.0[0. %5
0 110 In assembly we write: R7
i'j:“'o"'o“'i MOVW RO, #0x0110 R8
111 MVN RO, RO R9

AND R2, R1, RO .
AND R4, R3, RO R12

Binary Numbers: a series of bits E:i

Hexadecimal Numbers: a series of half-bytes R15
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Example of Flipping Bits in ARM

RO = 0000 0001 0001 0000
_ ) R2 = 0000 0001 0000 0001
Bit Bangmg R1 = 0000 0000 0001 0001 |
Flipping bits - R4 =1010 1010 1101 1101
R3 =1010 1011 1100 1101
A In C we would write: 0x00000110 |RO
B ¥ # define MASK 0x0110 0x000000L1 IRt
DestA = SrcA N MASK; 0x0000ARCD | R3

A B|F DestB = SrcB A MASK; 0x0000AADD | R4

0 0|0 RS
01T In assembly we write: Ef/’.

1 0|1 MOVW RO, #0x0110 R8
110" EOR R2, R1, RO R9
hohoohp EOR R4, R3, RO s

R12

Binary Numbers: a series of bits EB

Hexadecimal Numbers: a series of half-bytes R15
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Memory
Outline
R
>
» Address
>
Two-dimensional Space
>

: > Bit
» Memory-Mapped |/0 Devices 1. Memory Content
2. Memory Address

3. Memory Label
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Each I/0 Module Has a Port ...

Cortex M4 Systick
System Bus Interface NVIC
(—A-)»‘*(-)v
GPIO Port A GPIO Poit B
P >

PAT | — PB”

PAG —] - : — PB6

PAS/SSIVTs —] el e > S — PB:

PA4/SSI0Rx — s — PB4
PA3/$8I0Fss —] — PBILIC0SDA
PA2/SSIOC1: — D — PBLL0SCL

PALTOTY — g [€T>[E>| CAN2O — PEL

PAGTIORY —|_| | —FBO

pe- —| GPIO Port C [:; ;"‘ “';| GPIO Port D | b

PC6 — — PD6

PCY — Timers — D4

POITDOSWO — |« > — PD3

PCLTDI — > JTAG Six — P2

PCLTMS SWDIO — [ -+ —> 64-bit wide — ID1

PCOTCR SWOLK — » — PD

GPIOPotE €T [*€>[ GPIO Port F
PES —

PE4 — ADC P Two Analog L PF4

PE3 — 2 channels Comparators — PF3

PEZ — 12 inputs — P2

PEL — 12 b}:ts | TP — PFI

PEG —_| Modules [ FEO

Advanced High Performance Bus y Advanced Peripheral Bus
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All Ports Are Connected by Data Buses ...

Cortex M4 Systick
System Bus Interface NVIC
(—A-)»‘*(-)v
GPIO Port A GPIO Poit B
P >

PAT | — PB”

PAG —] - : — PB6

PAS/SSIVTs —] el e > S — PB:

PA4/SSI0Rx — s — PB4
PA3/$8I0Fss —] — PBILIC0SDA
PA2/SSIOC1: — D — PBLL0SCL

PALTOTY — g [€T>[E>| CAN2O — PEL

PAGTIORY —|_| | —FBO

pe- —| GPIO Port C [:; ;"‘ “';| GPIO Port D | b

PC6 — — PD6

PCY — Timers — D4

POITDOSWO — |« > — PD3

PCLTDI — > JTAG Six — P2

PCLTMS SWDIO — [ -+ —> 64-bit wide — ID1

PCOTCR SWOLK — » — PD

GPIOPotE €T [*€>[ GPIO Port F
PES —

PE4 — ADC P Two Analog L PF4

PE3 — 2 channels Comparators — PF3

PEZ — 12 inputs — P2

PEL — 12 b}:ts | TP — PFI

PEG —_| Modules [ FEO

Advanced High Performance Bus y Advanced Peripheral Bus
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ARM Cortex has two internal buses

» The ARM Advanced Microcontroller Bus Architecture (AMBA) is an open-standard,
on-chip interconnect specification for the connection and management of functional
blocks in system-on-a-chip (SoC) designs. It facilitates development of multi-
processor designs with large numbers of controllers and peripherals.

— Cortex M4 Systick
Clock d System Bus Interface NVIC
OCKS an
PEN )
Reset Controlier GRIOPatA  [€T>[€>[ GPIOPort B
PAT —| R — pB7
PAG —| : 3 — FB6
SESI0Tx — = - > 2 — PR
ARM PaSsRs ] UART e -
) PA3/SSI0Fss —| — PB3LC0SDIA
Processor core “ 5 A2 SSICIE — Fr e Lol cana — PRILZCOSCL
PALTOTx — 98I - Fal B W - — FB1
g PAOUORx —| | |_—PBO
—laley—m——
5 reT —  GPIO Part C [esle -5 | GPIOPort D — D7
PCG — R — PDd
PCS —] USB20 |ep Twelve [ 1oe
PC4 — o | Timers — PT4
P PCITDOSWO —  [«— i — FD3
PCLTDI— > JTAG ] Sk — PD2
PCLTMS SWDIO —] [« > 64-bit wide — Dl
PCOTCRSWOLE — — PO
APB — —
” P -
o Bridge GRIOPotE  |€o T 21> [ GPIO Pt F
< PE4 — ADC o | Two Analog L PRy
o PE3 — 2 channels 77| Comparators — PF3
b PE2 — 2inputs | | o — IE2
< PEl — 12bits [ > . . | Two PWM — PFl
PEO —_| 77 Modules L PR
ARM based SoC Advanced High Performance Bus & ¥ Advanced Peripheral Buz

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



School of Mechanical & Aerospace Engineering

ARM Cortex Supports Fast Interrupt Request

» An FIQ is just a higher priority interrupt request, that is prioritized by disabling IRQ
and other FIQ handlers during request servicing. Therefore, no other interrupts can
occur during the processing of the active FIQ interrupt.

Cortex M4 Systick
Clocks and System Bus Interface NVIC
Reset Controller AA
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ARM Cortex Supports Direct Memory Access

» Direct memory access (DMA) is a feature of microprocessor systems that allows
certain hardware subsystems to access main system memory such as RAM (Random
Access Memory) independently of the central processing unit (CPU).
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ARM Cortex Includes Debug Port

» JTAG (Joint Test Action Group) specifies the use of a dedicated debug port
implementing a serial communications interface for low-overhead access without
requiring direct external access to the system address and data buses.
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Memory

Cortex M4’s Pin Diagram
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Table of Pins’ Usages

.| Analog Digital Function (GPIOPCTL PMCx Bit Field Encoding)®
10 Pin X
Function| 4 2 3 4 5 6 7 8 9 14 15

=7 Xi] 17 - U0Rx - - - - - - CAN1Rx - - -
PRl 18 - UoTx - - - - - - CAN1Tx - - -
DA2 19 - - SSI0Clk - - - - - - - - _
PR3 20 - - SSI0Fss - - - - - - - - -
PR4 21 - - SSIORx - - - - - - - - _
DLS 22 - - SSIO0Tx - - - - - - - - _
PLE 23 - - - I2C1SCL - M1PWMZ2 - - - - - _
DL7 24 - - - I2C1SDA - M1DWM3 - - - - - _
PEO 45 USBOID UlRx - - - - - T2CCPO - - - -
DBl 46 USBOVBUS UlTx - - - - - T2CCPL - - - _
pB2 47 - - - I2C0SCL - - - T3CCPO - - - -
PB3 48 - - - I2C0SDA - - - T3CCPL - - - _
B4 58 ATIN10 - 581201k - MODWMZ - - T1CCPO CAMORx - - -
PBS 57 AIN11 - 55I2Fss - MOPWM3 - - T1CCPL CANOTx - - -
j=i=1 1 - - SSIZRx - MODWMO - - TOCCEOD - - - -
PB7 4 - - SSIZ2Tx - MOPWM1 - - TOCCPL - - - _
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PCO 52 - TCK SWCLK - - - - - T4CCPO - - - -
pCl 51 - TMS SWDIO - - - - - T4CCPL - - - -
PC2 50 - TDI - - - - - T5CCPO - - - -
PC3 49 - TDO SWO - - - - - T5CCP1 - - - -
pC4 16 C1- U4Rx ULlRx - MODWME - IDX1 WTOCCEO U1RTS - - -
BpCs 15 Cl+ U4Tx UlTx - MOBWMT - Phal WTOCCPL U1CTS - - -
DCE 14 Co+ U3Rx - - - - ThE1 WT1CCEO | USEOEDEN - - -
=leir} 13 co- U3Tx - - - - - WT1CCP1l | USBODFLT - - -
FDO 61 AINT 55I3C1k | 38I1Clk | I2C3SCL MOPWME M1PWMO - WT2CCPO - - - -
D1 62 LING S5I3Fss | SSI1Fss | I2C35DR MODWMT M1DWM1 - WT2CCP1 - - - -
D2 63 AINS SSI3Rx SSI1Rx - MOFAULTO - - WT3CCEO | USBOEPEN - - -
FD3 64 ATIN4 S5I3Tx SSI1Tx - - - IDX0 WT3CCP1l | USBOPFLT - - -
D4 43 USBODM U6Rx - - - - - WTACCEO - - - -
FDS 44 USBODP U6Tx - - - - - WT4CCP1 - - - -
D& 53 - U2Rx - - MOFAULTO - ThAo WTSCCEO - - - -
PD7 10 - U2Tx - - - - PhBO WISCCPL NMI - - -
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PEOD 9 ATN3 UTREx - - - - - - - - - -
PE1 8 ATNZ2 U7T= - - - - - - - - - -
PE2 7 ATN1 - - - - - - - - - - -
PE3 6 ATNO - - - - - - - - - - -
DE4 59 ATNS USEx - I2C25CL MOPWM4 M1PwWM2 - - CANORx - - -
PES 60 ATNS UsSTx - I2C25DA MOPWMS M1PWM3 - - CANOTX - - -
BFO 28 - UI1RTS SSI1Rx CANORx - M1PWM4 FhRO TOCCPD NMI Cho - -
EF1 29 - T1CTS SSI1Tx - - M1PWMS PhBO TOCCP1 - Clo TRD1 -
PF2 30 - - 55I1Clk - MOFAULTO M1PWMe - T1CCROD - - TRDO -
BF3 Y| - - 88I1Fss CANOTx - M1PWM7 - T1CCP1 - - TRCLK -
PF4 5 - - - - - M1FAULTO IDX0 T2CCPD USBOEPEN - - -
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Memory

Blueprint
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[ . . [ Memory
Blueprint of Analogue to Digital Conversion Block
Mode
Commit Control
Port
Control Control GPIOAFSEL
GPIOLOCK GPIOADCCTL
GPIOPCTL GPIOCR GPIODMACTL —J'
Periph 0 > « Alternate Input E ad Input /O Devices
coron 1 1 = Alternate Output S
erp > E Alternate Qutput Enable "|“j=‘
Periph n ¢ > i
| Analog/Digital Package /0 Pin
»| ={ Pad Output I/0 Pad 1
o <
Data | GPIO Input
Control b I
GPIO Output
GPIODATA N E Pad Qutput Enable
GPIODIR GPIO Qutput Enable "<
o L F h L
Interrupt Pad
. Control Control
One Intel’rupt GPIOIS GPIODR2R
GPIOIBE GPIODR4R
per port == GPIoEV ] |« GPIODRER
GPIOIM GPIOSLR
GPIORIS GPIOPUR
GPIOMIS GPIOPDR
GPIOICR GPIOODR P === == - mm o wm s wm s s oo -
GPI0SI GPIODEN .
GPIOAMSEL — !
Analag Circuithy '
Identification Registers - |
ADC ! .
GPIOPeriphlDO | [ GPIOPeriphiD4 | [ GPIOPCelliDO for GPIOpins that || ISolation " |
GPIOPeriphlD1 | | GPIOPeriphlD5 GPIOPCelllID1 connect to the ADC .Circuit .
GPIOPeriphID2 | | GPIOPeriphiD6 | | GPIOPCelllD2 input MUX) | '
GPIOPeriphlD3 | | GPIOPeriphlD7 GPIOPCellID3 . |




School of Mechanical & Aerospace Engineering

Memory

Blueprint of ARM Cortex
M4’s ADC
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Trigger Events
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Blueprint of Cortex M4’s

PWM Module
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Memory

Blueprint of Each PWM
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Blueprint of QEI Module
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Blueprint of QEIl Block Diagram
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Blueprint of Cortex M4’s UART
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(SCI = Serial Communication Interface)
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SSI = Serial Synchronous Interface
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Summary

4

» Binary Logic Devices

Instructions/Data
accessed hy the CPU

IO Devices

» Memory Construction
. Address

~

» Memory Space in ARM

Two-dimensional Space

» Memory-Centric Operations

: > Bit
» Memory-Mapped |/0 Devices 1. Memory Content
2. Memory Address

3. Memory Label
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“Ask not what your country can do for you — ask what you can do for
your country,” - John F. Kennedy

“Do not think that you are needy — think that you are needed in the
world”, - Manis Friedman

“Study will make you knowledgeable, resourceful, and hence more
needed”, - Xie Ming

Thank You for Listening!
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