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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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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 learn?

» 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
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TM4C123x Temperaes 550

Example of Using I/0 p

Cortex M I ozecr {3

p to 256 KB Flash
Modules UptoBOMHz Mo o
» Configure Control Registers DVA (32 o) |

105°C

» Clear/Monitor Status Registers

Control Peripherals H

2x Quadrature Encoder 1
Inputs | axssisr |
16xPWMOutputs  JO  6xfC |
[ 2o |

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

» Read/Write Data Registers *

» Instructions:

MOV RO, #0x11

» MOV <address of destination>, <source of value> MOV R1, #2560

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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» Lecture 5: ARM’s Data Input/Output

>

Block diagram of Computer with sub-units of TP
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Outline

» Nature of Data Input and Output

» Memory-Mapped I/0 Devices ="

ok diagram of Computer with sub-units of CPU

ted by, WMUHAMMAD KAMRAN KHAN

Light Saraar s
Sensor Unit

» Basics of Address Indexing INPUT : PROCESS ~ :OUTPT

» ARM Instructions for Data I/0 —

» Maskable Data Registers in ARM t}
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Outline

» Nature of Data Input and Output

» Memory-Mapped |/0 Devices =

ok diagram of Computer with sub-units of CPU

ed by MUHAMMAD KAMRAN KHAN

INPUT - PROCESS - OUTPUT

Licaht Seresest

» Basics of Address Indexing

Sensor Unit

» ARM Instructions for Data I/0 —

» Maskable Data Registers in ARM t}
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Example of Data Input Port A= 1101

» CPU sequentially outputs 1110, 1101, 1011, 0111 to port A Port B = 1101

Which key?
Answer: §

» CPU inputs data from port B

» By default, all the keys are not pressed.

» When a key is pressed, the corresponding column line will be in logic low (i.e.

% RE % R7 % R Ra
10K 10K 10K 10K
S S S /K
ROW O — O—J —i 20— 1—7!:—0 '::-—1 R0 10K
o g . M —
g
< Row 1 —1 T —l R4 mp{_‘
‘g S S0 Sl Sy 2
al Row 2 [ O—J T Cj —° OT — C'—J R12 10K
=13 4 s =H1E
[ — ] [ — [ ] ] i o]
SV i I s I 1w
Col0 Col 1 Col 2 Col 3
Port B 87654321
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Example of Data Output

CPU outputs SBF to port A and $02 to port B.
»  Which LED will light up?

» Answer: the one at row 1 and column 6

hhkkkkﬁhﬁ
bbbﬁbh#hw
bhbhbhh#w
¥ ¥ ¥o ¥ Vo Vo Voo ¥ W
¥ ¥o ¥o Yo Yo Yo Yo Yo ¥
¥ Vo ¥ Vo ¥ W W Wi W
—— Ve Vo ¥ Vo ¥ ¥ W Wi W'
— ¥ Ve Ve Vo W Vo Ve W W

Epoxy lens/case
Wire bond

Reflactive cavity

76543210 76 543210

Aoltlulul1]1]1 olojofololol1]o

\\\

Serniconductor die

N “MI}L!dfmm!

Flat spot

Anode [ Cathode
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Examples of Digital Devices for Output
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Examples of Digital Devices of Input/Output
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Outline

» Nature of Data Input and Output

» Memory-Mapped I/0 Devices ="

ok diagram of Computer with sub-units of CPU

ed by MUHAMMAD KAMRAN KHAN
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» Basics of Address Indexing

Sensor Unit

» ARM Instructions for Data I/0 —

» Maskable Data Registers in ARM t}
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A microcontroller animates data flow ...

Data = {Values, Symbols, Addresses, Instructions}

Data flows ...
From Source Memory To Destination Memory
» A memory is a space which » A memory is a space which
has: has:
» Memory Location » Memory Location
» Memory Address* » Memory Address*
» Memory Label » Memory Label
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[} [ )
Basic Unit of
System Bus Interface NVIC
3
GPIO PortA € T>[€>[ GPrioPort B
AT | D — pB”
Input/QOutput Data A o | EE
Pi S8R warts [S[ [ _Pos by
PA3 SSI0Fss —] — PRITCOSDA
PA2SSI0CI: —] T — PRIT2COSCL
- . PALTOTx — 98I« < > [> 2. — PRI
» A port has eight pins. BAOTOR: 1| N ——a
PC7 — GPIO Port C Iz; <’ - E | GPIO Poit D — PD7
. . . . ped Twelve o
» Hence, the basic unit of input/output data is o B | e | |
) PCITDOSWO —| e — PD3
. ‘I:'E'l: I: —>  JTAG N Slx :PDZ
one-Byte. meame 1 (o] T el L] | o
. ) PR psess———
. . GPIOPotE [tz €>[ GPIOPort F

» However, inside ARM Cortex, the data bus s | T —]

wd | L] | e[ | £
_ 5 " —
transfer 4-Bytes per cycle. w | e ] - s
PEL :‘ 12 bits - » % Two PWM : PF1
PEO—_| Modules | PR
Advanced High Performance Bus ¥ y Advanced Peripheral Bug

Cortex-M Memory

\ Ad d reSS On-chip Memory Space

mem32[address]: consider the memory as a vector
Ox5FFFFFFF

~

Two-dimensional Space Peripheral

0x40000000 AR :
O3FFFFFFF = On-chip code, data, and 1/0 are located in the first

1. MemOI'y Data/ SRAM 1.5 GiB of memory space

» Each is allocated 0.5 GiB
2 ) Memory Add ress 8;%2822282 » May use physically separate buses for each space
3. Memory Label Gole

> B It 0x00000000
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Allocation of Memory is One Major Task of Programmers ...

Data = {Values, Symbols, Addresses, Instructions}

To Store Variable Values To Store Fixed Values
» Assign a memory label to a » Assign a memory label to a
variable value, which indicates: fixed value, which indicates:
» A fixed memory address » Multiple memory addresses
» Useful to users » Not useful to users
» Multiple instances of value » Single instance of value
» Needed by users » Needed by users
» Example: » Example:
TravelledDistance DCD O GravityAcceleration EQU 9.8
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ARM Cortex-M’s Memory Space

» On-chip Memory Sub-space A Add ress
» Off-chip Memory Sub-space
» Private Memory Sub-space Two-dimensional Space

N 1. Memory Data
S:)nris)s(pal\: HEmTory 2. Memory Address

3. Memory Label

OxFFFFFFFF
Private Memory Sub-space Sve"‘!".r D
pecific | > B|t
External
Device » 32-bit addresses support 4 GiB memory space
E;:s:::‘:l » Code, data, and |/0 share same memory space
External - » Data types are bytes, halfwords, and words
: RAM » Memory addresses are byte addresses
External : G i -
RAM » Predefined regions have distinct characteristics
Peripheral d Exe§utable
» Device or Strongly-ordered
On-chip Memory Sub-space — > Shareable
Code Analogy:
— 0x00000000 1. Main Building with Guest Rooms.
2. Annex Buildings with Functional Rooms.
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On-chip Memory Sub-space in ARM

Data = {Values, Symbols, Addresses, Instructions} = Address

Two-dimensional Space
Cortex-M Memory

On-chip Memory Space 1. Memory Data

2. Memory Address
3. Memory Label

Memory Ox5FFFFFFF > Blt
Mapped | Peripheral
10 8§‘3‘g222222 » On-chip code, data, and 1/0 are located in the first
p 1.5 GiB of memory space
Data | SRAM » Each is allocated 0.5 GiB

8;%222222? » May use physically separate buses for each space

Programs| Code

0x00000000
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ARM'’s Interfaces for Input/Output

. . Cortex M4 Systick
EaCh port has elght pInS e System Bus Interface NVIC
A A
GPIO PartA [T Gpro Poit B
. 01 ( ) 01 -
PAG — . : — PB6
wy Eight Fow —
pagn | | el & | B
PA3/SSI0Fss —] — PBILLCOSDA
PA2/SSIOC: — Four + CAN 2.0 — PB2T2COSCL
PALTITs — e [T 2. — PRI
PAOUORY — | | B0
pe= —|  GPIO Port C _("'_' € ["GPIO Port D | oo
PCG — ’ — PG
Ny Timer: .
e B o g
PCLTD] — > Six — PD2
» Address PCLTMS SWDI0 —| [« TG et 64-bit wide — PD1
PCOTCE SWOLK — > — PD0
Two-dimensional Space GPOPutE [T 21X [ GPIOPort F
PES —
1. Memory Data i8] | | 2 chmoek | Comnion| | b
2. Memory Address PE2 — 12 inputs L — PE.
3 M PE1 ] 12 bits E Two PWM — PF1
: emory Label PEO —_| €| Modules | Lo
S Advangce: i!'.f. 1 el bm'lance s Advancel El".i Hieral o
> Bi Advanced High Perf Bus  y Advanced Peripheral B
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Example of Internal Data Input from Port F

» Hardware  Address of Port F's Data: | R4 = 0x4002.5FFF

At Pin/Bit 4 N
R

GPIO Pin ¥~ Pin Function USB Device cor - > STAGISWD 88 .
PFa & GPIO SW1 - »| UARTO 129 3 §
PFO GPIO sSw2 - § §
PF1 GPIO RGB LED (Red) GO e 1o ;:Egﬁ
PF2 GPIO RGB LED (Blue) Yoo &% 3
PF3 GPIO RGD LED (Green) USB Debug R — 29
ool .
00 2
ool | 2%
Two Types of Switches srole—slw| 233
yp Ty P 333
oo "I
+5Volts +5Volts _ . £ 22 3
Positive Logic egative Logi &
: v
SW R=10kQ Power Select
T Digital input | (:TJ : : CTJ : Eiichs
LOW/HIGH é% : - ézo- :
L5 Rk Digital input = e Lk
1°¢ 1°SF
=e = -1 - Lf
R=10kQ w i
Management 00000
Groung Ground |ooooo|
— roun — roun .
= = Breakout Pads Manual Setting of

Pin Values
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Continued ...
» Sample Code: Hexadecimal(0x10) = Binary(0001 0000)

loop BL SSR _On ; function switch on LED —

waitforpress1 LDR RO, [R4] <1 ; RO = [R4] (read status of PF4) If not pressed,
CMP RO, #0x10 ' RO == 0x 10 ~ Continue the loop.
BEQ waitforpress1 ; Negative Logic Switch J

waitforrelease1 LDR RO, [R4] ; RO = [R4] If not released,
CMP RQ, #0x10 ; RO 1= 0x107? ~ Continue the loop.
BNE waitforrelease1 ; Negative Logic Switch B
BL SSR_Off ; function switch off LED -

waitforpress2 LDR RO, [R4] ; RO = [R4] If not pressed,
CMP RO, #0x 01 - RO == 0x 01 ~ Continue the loop.
BEQ waitforpress2 ; Negative Logic Switch _

waitforrelease2 LDR RO, [R4] : RO = [R4] If not released
CMP RO, #0x 01 - RO 1= 0x" 01 Continue the Ioo’p.
BNE waitforrelease?2 ; Negative Logic Switch
B loop f rositive Logic g Negative Logic

T e 52 %Hm
Address of Port F’'s Data: | R4 = 0x4002.5FFF im _%
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ARM’S Each GPIO port is a separate
Mode hardware instantiation of the
Port Commit Control .
G P I O Control Control GPIOAFSEL same phyS|Ca| block.

GPIOADCCTL

GPIOLOCK
GPIOPCTL GPIOCR GPIODMACTL
MOd u le Periph 0 ) Alternate Input —CT
. Alternate Output m| Pad Input
Periph 1 = =
C| Alternate Output Enable C
x > 1
I - Digital Package I/0O Pin
| igita
N g Pad Qutput /o ‘ )
Pad
Data . GPIO Input » X
Control GPIO Output I Pad Output
GPIODATA | | | 5pio Output Enable > | Enable
GPIODIR » X
— FY Y L A A
i Interrupt Pad
One interrupt P Control
Control -
GPIODR2R e PortA
per port interrupt| [GPIOIS GPIODR4R
R gE:g:E\EJ o GPIODRSR * PortB
GPIOSLR
GPICIM GPIOPUR * Port C
GPIORIS GPIOPDR o
GPIOMIS GPIOODR Port D
GPIOICR GPIODEN * PortE
GPIOAMSEL R Port F
Identification Registers
GPICPeriphIDO | | GPIOPeriphlD4 GPIOPCellIDO
GPICPeriphlD1 | | GPIOPeriphlDS GPIOPCellID1
GPIOPeriphlD2 | | GPIOPeriphlD6 GPIOPCellID2
GPICPeriphID3 | | GPIOPeriphlD7 GPIOPCellID3
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ARM’s ADC Module

(Some pins could receive analogue values)

VDDA/GNDA
Trigger Events HPE H
Comparator ————p ™ Sample | Dlgltlzatlon
GPIO ——— > Sequencer 0
Timer 553 Control/Status > » <
i _ﬁ ADCSSMUX0 N R B =)
» ADCACTSS ADCSSEMUX0 Analog-to-Digital | g
Converter |
Comparator o ADCOSTAT ADCSSCTLO ' Analog Inputs
GPIO ADCUSTAT ADCSSFSTATO | (213x)
Dmer 582 ADCSSPRI l ‘
> :E ADCSPC Sample :
ADCPP Sequencer 1 v Next slide
L 1
Comparator "> apcssmuxt | [
GPIO ADCPC Hardware Averagel
Timer SS1 P ADCSSEMUX1 I
PWM > ADCSAC i
» ADCCC ADCSSCTL1 |
I ADCSSFSTAT1 1
Timer SS0 Sample : (@)
PWM » > Sequencer 2 . | (-
ADCEMUX ADCSSEMUX2 FIFO Block gV Comparator o
ADCSSCTL2 ADCSSOPn E
ADCPSSI ADCSSFSTAT2 L ["ADCSSFIFOO ADCSSDCn 4]
ADCSSFIFO1 ADCDCCTLn d))
Sample ADCSSFIFO2 ADCDCCMPn
Sequencer 3 P
S50 Interupt 4 Interrupt Control ADCSSMUX3 | [ ADCSSF'FOi ADCDCRIC
nterrupt < :
SS2 Interrupt < ADCIM ADCSSEMUX3 .
ADCISC ADCSSFSTAT3 RN
ADCOCISC | Lo A DC Interrupts
PWM Trigger ¢ Digital
Outputs
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ARM’s Module for PWM

(Two PWM Modules, Four PWM Generators per Module)

|
Interrupts /
- B

r
I

PWM Generator Block

School of Mechanical & Aerospace Engineering

Source 1

/

8 sensors’ signals

2 motors’ signals

|
| |
Triggers | Interrupt and Fault |
: Trigger Condition |
— Generator | L .
Digital Trigger(s
| Control E— < PWMRELTSROD i g igger(s)
| - PWMnINTEN PWMnFLTSRC1 [ Fault(s)
| PWMnCTL —-| PWMnRIS PWMnMINFLTPER }
| — PWMnISC PWMnFLTSEN |
| PWMnFLTSTATO |
: PWMnFLTSTAT1 [
|
| Timer zero [
| load |
dir wmfault
: PWMnLOAD [ P »
| PWMRCOUNT :
[ + |
: Dead-Band !
. ead-can |
[ < Signal : p|  Generator . pwmA >
| Comparators . Generator 1
[ cmpA P pwmB PWMnDBCTL ! pwmB >
[ PWMnCMPA P PWMnGENA PWMnDBRISE X
PWM Clock cmpB |
—_— PWMnCMPB - PWMnGENB PWMnRDBFALL |
' |
|  emememeeme e e e mm e m e e e, m e e e - - == >
L |

\

Source 0
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Outline

» Nature of Data Input and Output

» Memory-Mapped |/0 Devices =

ok diagram of Computer with sub-units of CPU

ed by MUHAMMAD KAMRAN KHAN

Light Saraar s
Sensor Unit

» Basics of Address Indexing INPUT : PROCESS ~ :OUTPT

» ARM Instructions for Data I/0 —

» Maskable Data Registers in ARM t}
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Notations of Data’s Organizations

. L . » Address
» Data is organized into 8 bits: one byte
(basic unit of data) Two-dimensional Space
Data is organized into 16 bits: half-word 1. Memory Data
Data is organized into 32 bits: one word 2. Memory Address
3. Memory Label _
etc ... Bit
. bit 31 bit O : First Byte First Address
rz 3 > > 1 > (? [ 32-bit integer
Byte23 _ Byte22  Byte21  Byte20 b, adgressbus:32bits | T
19 18 17 16 Ew= 1 word= 32 bits — > a|oD
wWO rd1 6 E: > a+1:_06
15 14 13 12 —>» q+2:|0B
half-word14 half-word1 22 > a+3:0A
11 10 d89 s Little-endian :
WO I' : L
= S 5 ”) ARM Cortex is 32-bit microcontroller
byte6 half-word4 —
3 > 1 0 ol Memory Unit in Hardware: 1-byte
bvte3 bvte2 bvte1 bvteO Memory Unit in Software: 4-byte by default
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Notation of Memory’s Address and Value

» Format:

» mem{data size} [data address] : get or set the value of “data size” from “data address”.

» Examples: mem32[address] = data
/ Source
LDR r0, [r1] ; equiv: LDR r0, [r1, #0] l
; 10 = mem32[r1] 4= | Get or return a value
STR r0, [r1] : equiv: STR r0, [r1, #0]
Source l/ Mem32[r1]=10  4m | Setavalus
Register r1 (in example) is called the base address register

(In terms of technical language, a memory is a vector. Hence, an address is an index to a vector)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Definition of Address Indexing

» Base Address: It is a common reference for a series of related addresses.

» Address Offset: It is an individual offset from a common reference address.

» Address Indexing: It refers to the operation of adding offset to base address.

Example: A configuration register is a register with programmable switches.

‘ b 4

. ]
General-Purpose Input/Output Run Mode Clock Gating Control (RCGCGPIO) Turn on or T_um off
* Enable or Disable
Base 0x400F.ECOD ;
Offset 0x608 Address Indexing = Base Address + Offset = [Base Address, Offset] o Input or Output
Type RW, reset 0x0000.0000
31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
I ] ] ] ] 1 I I ] ] 1 1 1 I I
reserved
1 1 1
Type RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
| 1 1 | || 1 | 1 1
reserved R5 R4 R3 R2 R1 RO
1 1
Type RO RO RO RO RO RO RO RO RO RO RW RW RW RW RW RW
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PortF < Port A

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Add Fess Address Indexing = Base Address + Offset = [Base Address, Offset]

I n d eX'I n g In both types of instruction, the addressing mode is formed from two parts:

. the base register
Methods

the offset.

The base register can be any one of the general-purpose registers (including the PC, which allows
PC-relative addressing for position-independent code).

The offset takes one of three formats:

Immediate The offset is an unsigned number that can be added to or subtracted from the base
register. Immediate offset addressing is useful for accessing data elements that are
. Preindexing without writeback a fixed distance from the start of the data object, such as structure fields, stack

« Preindexin g with writeback offsets and input/output registers.
o Postindexing For the word and unsigned byte instructions, the immediate offset is a 12-bit

number. For the halfword and signed byte instructions, it is an 8-bit number.

Register The offset is a general-purpose register (not the PC), that can be added to or
subtracted from the base register. Register offsets are useful for accessing arrays or
blocks of data.

Scaled register The offset is a general-purpose register (not the PC) shifted by an immediate value,

‘ then added to or subtracted from the base register. The same shift operations used

for data-processing instructions can be used (Logical Shift Left, Logical Shift Right,

« Shift Left: Scale up Arithmetic Shift Right and Rotate Right), but Logical Shift Left is the most useful
e Shift Right; Scale down as it allows an array indexed to be scaled by the size of each array element.

Scaled register offsets are only available for the word and unsigned byte
instructions.
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Examples of Doing Address Indexing ...

®  Preindex:without writeback Use [Base+Offset] and Do not do post-update of base address
= data: mem/[base+offset]
= Base address register: not updated mem32[address] = data
LDR r0,[r1, #4] ; 10 = mem32[r1+4] < |

m Postindex: mm) | Use [base] and Do post-update of base address
m data: mem|[base]

= Base address register: base + offset
LDR r0,[r1], #4 ;10 = mem32[r1],then r1 =r1 + 4

m Preindex with writeback (also called auto-indexing)
= Data: mem[base+offset]
= Base address register: base + offset
LDR rO, [r1,#4]! ; 10 = mem32[r1+4], then r1 =r1+4
‘ Use [Base+Offset] and Do post-update of base address
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More Examples of Determining Addresses ...

Offset

Pre-indexed

Post-indexed

» Example 1:

» Example 2:

The base register and offset are added or subtracted to form the memory address.

The base register and offset are added or subtracted to form the memory address.
The base register is then updated with this new address, to allow automatic indexing
through an array or memory block.

The value of the base register alone is used as the memory address. The base register
and offset are added or subtracted and this value is stored back in the base register,
to allow automatic indexing through an array or memory block.

Pre-indexed Address without writeback

LDR R11, [R1, R2] ; Load R11 from the address in R1 + R2
STRB R10, [R7, -R4] ; Store byte from R10 to addr in R7 - R4

Pre-indexed or Pre-indexed with writeback

LDR R11, [R3, R5, LSL #2]
LDR R1, [RO, #4]!
STRB R7, [R6, #-1]!

Load R11 from R3 + (R5 x 4)

Load R1 from RO + 4, then RO = RO + 4
Store byte from R7 to R6 - 1,

then R6 = R6 - 1

s e e am
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Examples of LDR Using Different Addressing Modeg

(Summary)
Instruction RO = R1 +=

LDRrO, [r1, #0x4]! mem32[r1+0x4] Ox4

Preindex with
|

writeback LDR 0, [r1,r2]! mema32[r1+r2] r2

LDR r0,[r1, r2, LSR#0x4]! | mem32[r1+(r2 LSR 0x4)] | (r2 LSR 0x4)

LDR r0Q, [r1, #0x4] mem32[r1+0x4] not updated
Preindex LDR 10, [r1, 2] mem32[r1+2] not updated
Without writeback

LDRr0O, [r1, -r2, LSR #0x4]| Mem32[r1-(r2 LSR 0x4)] | not updated

LDR r0Q, [r1], #0x4 mem32[r1] Ox4
Postindex LDR 10, [r1], 12 Mem32[r1] r2

LDRr0Q, [r1], r2 LSR #0x4 | mem32[r1] (r2 LSR 0x4)
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Single-Register Load-Store - Addressing Mcde

(Summary) ore
Addressing mode and index method Addressing syn{ax
Preindex with immediate offset [Rn, #+/-offset 10 ]
Preindex with register offset [Rn, +/-Rm]
Preindex with scaled register offset [Rn, +/-Rm, shift #shift_imm]
Preindex writeback with immediate offset [Rn, #+/-offset 10 |!
Preindex writeback with register offset [Rn, +/-Rm]!

Preindex writeback with scaled register offset| [Rn, +/-Rm, shift #shift_imm]

Immediate postindexed [Rn], #+/-offset 10|
Register postindexed [Rn], +/-Rm!
Scaled register postindexed [Rn], +/-Rm, shift #shift_imm
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Outline

» Nature of Data Input and Output

» Memory-Mapped |/0 Devices =

ok diagram of Computer with sub-units of CPU

ed by MUHAMMAD KAMRAN KHAN

INPUT - PROCESS - OUTPUT

Licaht Seresest

» Basics of Address Indexing

Sensor Unit

» ARM Instructions for Data I/0 —

» Maskable Data Registers in ARM t}
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Questions to focus on ...

1. What is the address of port for getting input data?
2. What is the address of port for sending output data?
3. What are the instructions for doing input and output?

GPIO Data (GPIODATA)

GPIO Port A (APB) base: 0x4000.4000
GPIO Port A (AHB) base: 0x4005.8000
GPIO Port B (APB) base: 0x4000.5000 .
GPIO Port B (AHB) base: 0x4005.9000 Pay Attention:
GPIO Port C (APB) base: 0x4000.6000
GPIO Port C (AHB) base: 0x4005.A000
GPIO Port D (APB) base: 0x4000.7000

GPIO Port D (AHB) base: 0x4005.B000 The first 12 bits are all zeros. Hence, no pin
GPIO Port E (APB) base: 0x4002.4000 H H H
P10 Port £ (AHD) hace: Ox4006 000 is being selected for input and/or output.
GPIO Port F (APB) base: 0x4002 5000
GPIO Port F (AHB) base: 0x4005.D000
Offset 0x000 —_
Type RW, reset 0x0000.0000
31 a0 29 28 27 26 25 24 23 22 21 20 19 18 17 16
L] ] ] ] 1 L] 1 L] ] 1 ] 1 L] L] L]
reserved
1 1 1
Type RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
Reset 0 0 0 0 0 a 0 0 0 0 0 0 0 0 0 0
15 14 13 12 M 10 9 8 7 G ) 4 3 2 1 1]
1 1 1 | | 1 1 1 1 | 1 1 1 1
reserved DATA
1 1
Type RO RO RO RO RO RO RO RO RW RW RW RW RW RW RwW RW
Reset 0 0 0 0 0 1] 0 0 0 0 0 0 0 0 0 0
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Encoding of
Instructions
in ARM

Encoding # Formatting

+ S=1: signed
+ S=0: unsigned

+ S=1:update CPSR
* S=0: not update CPSR

313029282726 25242322212019 181716151413 121110 9 8 7 6 5 4 3 2 1 0
Data processing immediate shift cond[1] |0 O 0| opcode |S Rn Rd shift amount | shift | 0 Rm
Miscellaneous instructions:
See Figure A3-4 | cond[1] 10 0 0|1 0 x x 0}x X X X X X X X X X X X X X x|0]x X X X
Data processing register shift [2] cond[1] |0 O 0| opcode |S Rn Rd Rs 0| shift | 1 Rm
Miscellaneous instructions: a1 lo o o 0 0 11x x x x
See Figure A3-4 cond [1] 1 0 x x X X X X X X X X X X X X X X
Extra |Ogﬂc'|",g{%|£:i gggggﬂ:gﬁg:g cond[1] [0 0 Ofx x x x X X X X X X X X X X X X x[1|x x|1|Xx X X X
Data processing immediate [2] cond[1] |0 O 1| opcode |S Rn Rd rotate immediate
Undefined instruction cond[1] |0 0 1|1 O|x|0 O] x X X X X X X X X X X X X X X X X X X X
Move immediate to status register cond[1] |0 0 1|1 O|R|1 O Mask SBO rotate immediate
Load/store immediate offset cond[1] |0 1 O|P|U|B|W]|L Rn Rd immediate
Load/store register offset cond[1] |0 1 1|P|U|B|W|L Rn Rd shift amount | shift | 0 Rm
Mediasig:h":lJigﬂ?gsA[é]z: cond[1] |0 1 1|X X X X X X X X X X X X X X X X X X X x[1|x X X X
Architecturally undefined cond[1] |0 1 1|1 1 1 1 1|x x Xx x X x xx x x X x1T111/x x x x
[ Load/store multiple cond[1] [1 0 O|/P|U|S|W|L Rn register list
Branch and branch with link cond[1] |1 0 1]|L 24-bit offset
Coprocessor load/store and double
register transfers | cond[3] |1 1 0|P|U|IN|W|L Rn CRd cp_num 8-bit offset
Coprocessor data processing cond[3] |1 1 1 0| opcodel CRn CRd cp_num |opcode2| 0 CRm
Coprocessor register transfers cond[3] {1 1 1 0 |opcodel|L CRn Rd cp_num |opcode2| 1 CRm
Software interrupt cond[1] [1 1 1 1 swi number

Unconditional instructions: |1 1 1 1
See Figure A3-6

X X X X X X X X X X X X X X X X X X X X X X X X X
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LDR and STR Instructions for Data I/0

Load instructions load a single value from memory and write it to a general-purpose register.

Store instructions read a value from a general-purpose register and store it to memory.

» Load (input to ALU) and store (output from ALU) words and
unsigned bytes

This is the value at the address from register PC

LDR|STR{<cond>}{B}{T} Rd, <addressing_mode>

524 23 22 21 20 19 16 15 12 11

cond O 1|I|P|U|B|W|L Rn Rd addressing_mode_specific

LPUW Are bits that distinguish between different types of <addressing_mode>.

L bit Distinguishes between a Load (L==1) and a Store instruction (L==0).

B bit Distinguishes between an unsigned byte (B==1) and a word (B==0) access.
Rn Specifies the base register used by <addressing_mode>.

Rd Specifies the register whose contents are to be loaded or stored.
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Examples of Using LDR Instructions ...

m r0=0x00000000, r1 = 0x00009000, €= | |nitial values inside r0 and r1

m Content of:
= mem32[0x00009000] = 0x01010101 ﬁ Set 0x01010101 to Ox00009000

= mem32[0x00009004] = 0x02020202 4m | Set 0x02020202 to 0x00009004

Case 1

® Preindexing: without writeback LDR r0, [r1, #4] —3
= r0 = 0x02020202, r1=0x000092000 Get value from 0x00009004

Case 2

m Postindexing: LDR r0, [r1], #4 ], Post-update r1
= r0 =0x01010101, r1=0x00009004 Get value from 0x00009000

Case 3

» Preindexing with writeback: LDR r0, [r1, #4]! ], Post-update r1
= r0 = 0x02020202, r1=0x000092004 Get value from 0x00009004
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Examples of Using STR Instructions ...

LDR

LDR

LDR

STR

: : LDRB
Pre-indexing

Without — LDRB
Writeback

STRB

LDR

STRB

Pre-indexing — LR

) LDR

With STRB
Writeback

LDR

Post-indexing STR

R1, [RO]

R8, [R3, #4]

R12, [R13, #-4]
R2, [R1, #0x100]
R5, [R9]

R3, [R8, #3]

R4, [R10, #0x200]

R11, [R1, R2]
R10, [R7, -R4]

R11, [R3, R5, LSL #2]

R1, [Ro, #4]!
R7, [R6, #-1]!

R3, [R9], #4
R2, [R5], #8

.- mE wom aow

Load R1 from the address in RO

Load R8 from the address in R3 + 4
Load R12 from R13 - 4

Store R2 to the address in R1 + 0x100

Load byte into R5 from R9
(zero top 3 bytes)
Load byte to R3 from R8 + 3
(zero top 3 bytes)
Store byte from R4 to R10 + 0x200

Load R11 from the address in R1 + R2
Store byte from R10 to addr in R7 - R4

Load R11 from R3 + (RS x 4)

Load R1 from RO + 4, then RO = RO + 4
Store byte from R7 to R6 - 1,

then R6 = R6 - 1

Load R3 from R9, then R9 = R9 + 4
Store R2 to R5, then R5 = R5 + 8
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LDR and STR Instructions for Data I/0

Load instructions load a single value from memory and write it to a general-purpose register.

Store instructions read a value from a general-purpose register and store it to memory.

» Load (input to ALU) and store (output from ALU) halfwords or
doublewords, and unsigned bytes
LDR|STR{<cond>}D|H|SH|SB Rd, <addressing_mode>

31 28 27 26 25 24 23 22 21 20 19 16 15 12 11 8 7 6 5 4 3 0

cond 0O 0 O|P|U|I|W|L Rn Rd addr_mode | 1 | S|H| I | addr_mode

addr_mode  Are addressing-mode-specific bits.

 S=1: signed
LPUW Are bits that specify the type of addressing mode « S=0: unsigned
L,S,H These bits combine to specify signed or unsigned loads or stores, and doubleword, halfword,

or byte accesses.

Rn Specities the base register used by the addressing mode.

Rd Specities the register whose contents are to be loaded or stored.
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LDR RO, [PC, #0x40] ; Load RO from PC + 0x40 (= address of *
Exal I lple Of ; the LDR instruction + _ . 0x40)
LDR RO, [R1], R2 : Load RO from R1, then R1 = R1 + R2

US] ng LDR LDRH  R1, [RO] : Load halfword to R1 from RO
(zero top 2 bytes)
d STR LDRH R8, [R3, #2]
an PP LDRH R12, [R13, #-6]

Load halfword into R8 from R3 + 2
Load halfword into R12 from R13 - 6
STRH R2, [R1, #0x80] Store halfword from R2 to R1 + 0x80

. . LDRSH RS, [R9] ; Load signed halfword to R5 from R9
Pre-indexing | sz 13 [rs, #3] - Load signed byte to R3 from R8 + 3
\/\/itf]()l]t \/\/fitEBt)Ei()P( LDRSB R4, [R10, #0xC1] ; Load signed byte to R4 from R10 + 0xCl
LDRH R11, [R1, R2] ; Load halfword into R11 from address
: in R1 + R2
STRH R10, [R7, -R4] : Store halfword from R10 to R7 - R4
] to R1
; ] LDRSH R1, [RO, #2]! ; Load signed halfword R1 from RO + 2,
Pre-indexing . then RO = RO + 2
With Writeback

LDRSB  R7, [R6, #-1]! ; Load signed byte to R7 from R6 - 1,
; then R6 = R6 -1
: Load halfword to R3 from R9,

then R9 = R9 + 2

LDRH R3, [R9], #2

Post-indexing { :
STRH R2, [R5], #8 : Store halfword from R2 to RS,
: then R5 =R5 + 8
LDRD R4, [R9] : Load word into R4 from
:  the address in R9
; Load word into R5 from
; the address in R9 + 4
; Store R8 at the address in
; R2 + 0x2C
; Store R9 at the address in

R2 + Ox2C+4

STRD R8, [R2, #0x2C]
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MOV Instruction + S=1: update CPSR

* S=0: not update CPSR

» Purpose:

MOV (Move) writes a value to the destination register. The value can be either an immediate value or a value
from a register, and can be shifted before the write.

MOV can optionally update the condition code flags, based on the result.

» Coding:

31 28 27 26 25 24 23 22 21 20 19 16 15 12 11

cond O ofr{1r 1 0 1]S SBZ Rd

shifter_operand

» Syntax:  MOV{<cond>}{S} <Rd>, <shifter_operand>

Sets the S bit (bit[20]) in the instruction to 1 and specifies that the instruction updates the
CPSR. If S is omitted, the S bit is set to 0 and the CPSR is not changed by the instruction.
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Example

» MOV:
» MOVW:
» MOVT:

move a 32-bit word (i.e., four bytes).
move a 16-bit halfword into the lower bits [15, 0] of register.

move a 16-bit halfword into the upper bits [31, 16] of register.

» What is the value of r1 at the end of the following code?

Answer:

The value of r1 is the value at the

3242ba66 6454118 movw rl, @x5c18 | following address:

3242baba 466f mov r7, sp

3242babc f6c0415a movt rl, ©xcba

3242ba7@ 12460002 movw re, 0x6002

3242ba74 t6c0405a movt re, oxcba N

3242ba78 4479 add rl, pc ————> r1=0x0c5a.5c18+0x3242.ba78
3242ba7a 4478 add re, pc

3242ba7c 6809 ldr rl, [rl, #0]
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Outline

» Nature of Data Input and Output

» Memory-Mapped |/0 Devices =

ok diagram of Computer with sub-units of CPU

ed by MUHAMMAD KAMRAN KHAN

INPUT - PROCESS - OUTPUT

Licaht Seresest

» Basics of Address Indexing

Sensor Unit

» ARM Instructions for Data I/0 —

» Maskable Data Registers in ARM
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Question to focus on ...

» All the data registers in FERETY Sy
System Bus Interface NVIC
ARM Cortex-M4 are PN S
GPIO Port A GPIO Port B
maskable. we | — | .
 PAG ] - F — FB6
oo~ || g [CT[O de | | E2
PAJ{SSIUF:;S — — PBILXCOSDA
s ] Four | Lo lqm| CAN20 B
. Sake LV LY == SSIs : -
» Question: PAOTORx —|_| | Fomo
Q por— GPOPotC e TP GROPotD |-
. PG — .
» What is maskable data i || U8B0l e | oo
. e ] <> — ID
register? PO 5] e Six 3
tiodi o e T R T
» Where to add and — R —
i GPIO PortE _ [€ T 2T [ GPIO Port F
retrieve masks PES —
. PE4 — ADC P Two Analog — PR
imposed to data flow? i s
PE1 — 12bits [ €T || TWOPWM — PFI
PEC —_ Modules | [ PFO

Advanced High Performance Bus y  y Advanced Peripheral Bus
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What is Maskable Data Register?

» A data register, which has a pin selection mask, is called Maskable data
register.

» Example: Inside the first 12 bits, Bit 9 to Bit 2 are for pin selection.

s GPIO PORTF DIR R EQU 0x40025 400 GPIO Direction

m GPIO_PORTF_AFSEL_R EQU 0x40025420 GPIO Alt function select

m GPIO_PORTF_PUR_R EQU 0x40025 510 GPIO Pull up select

m GPIO PORTF DEN R EQU 0x40025 51C GPIO Digital enable

s GPIO_PORTF_AMSEL R EQU 0x40025 528 GPIO Analog Mode Select
m GPIO_PORTF_PCTL_R  EQU 0x40025 52C GPIO Port Control

: v
= PF1 PO”S’_*t‘;’]dreSS EQU 0x40025 008 GPIO “port” address
=PF2 | Selévclztion Vask | EQU 0x40025010  GPIO “port’ address
m PF3 EQU 0x40025 020 GPIO “port” address
m PF4 EQU 0x40025 040 GPIO “port” address
m PFA EQU 0x40025 038 - address for 3 ports PF[1-3]

m SYSCTL RCGCGPIO R EQU 0x400FE608 Run Mode Clock Gating Ctrl
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Why to have maskable data registers?

Security in Control Security in Communication
» We do not want to allow any » We do not want others to interpret
incident such as: the intercepted data in

communication network. This is
possible because:
» Intention is to turn on one
motor.

» Intercepted data is not filtered by

any specific mask.
» Actual effort is that several

other motors have been

turned on. » Received data is filtered by any
specific mask.
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ARM Cortex M4 has Six
Maskable Data Registers ...

» Data Registers for Input and Output

GPIO Data (GPIODATA)

GPIO Port A (APB) base:
GPIO Port A (AHB) base:
GPIO Port B (APB) base:
GPIO Port B (AHB) base:
GPIO Port C (APB) base:
GPIO Port C (AHB) base:
GPIO Port D (APB) base:
GPIO Port D (AHB) base:
GPIO Port E (APB) base:
GPIO Port E (AHB) base:
GPIO Port F (APB) base:
GPIO Port F (AHB) base:

0x4000.4000
0x4005.8000
0x4000.5000
0x4005.9000
0x4000.6000
0x4005.A000
0x4000.7000
0x4005.8000
0x4002.4000
0x4005.C000
0x4002.5000
0x4005.D000

@

Pin Selection

Note: Last 12 bits are
not used for address.

They are used to mask
Input/output data!!!

PAT —

PAG —
PASSSIOTY —
PALSSIORY —
PA3/S8I0Fss —
PA2ZSSIOCIE —
PALTOTx —

PAOUORY —_|

PC7 —

PG —

PCS —

PC4 —
PCITDOSWO —
PCLTDI —
PCLTMS SWDIO —
PCOTCE SWOLE —

PES —
PE4 —
PE} —
PE! —
PEI —

PEG —

Cortex M4 Systick
System Bus Interface NVIC
PN )
GPIO PartA [T GplO Port B
: = — PB6
Eight P Ny I P;om — e
UAR:: [C ||| o
— PR3TC0SDA
Four  |o lo|oo — PBLI2C0SCL
| PBO
GPOPort ¢ €T X[ €[ GroPotD |
USB20 |egp Twelve [ ¢
s | Timers — FDA
— ke — D3
— ma | ], Six — PD2
<> <> 64-bit wide — PDL
— — PDO
P -
GPIO PortE [ST T GRIO Pout F
ADC <« | TVo Analog — PRI
2 channels 77| Comparators — FF3
Dwputs | | o — PF}
12bits [« > . . | Two PWM — PF1
L2t 7 Modules L~ PFO
Advanced High Performance Bus  Advanced Peripheral Bus

Offset 0x000
Type RW, reset 0x0000.0000 By default, choose offset = OxFFF
31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
I I I 1 I 1 I I I 1 1 1 1 I
reserved
1 1 1
Type RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0
1 1 1 | | 1 1 1 || 1 1 ] 1
reserved DATA
1 1
Type RO RO RO RO RO RO RO RO RW RW RW RW RW RW RW RW
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Bit/Field Name Type Reset Description

318 reserved RO 0x0000.00 Software should not rely on the value of a reserved bit. To provide
compatibility with future products, the value of a reserved bit should be
preserved across a read-modify-write operation.

7:0 DATA RW 0x00 GPIO Data

This register is virtually mapped to 256 locations in the address space.
To facilitate the reading and writing of data to these registers by
independent drivers, the data read from and written to the registers are
masked by the eight address lines [9:2]. Reads from this register return
its current state. Writes to this register only affect bits that are not masked
by ADDR[9:2] and are configured as outputs. See “Data Register
Operation” on page 654 for examples of reads and writes.

Bits 2 to 9 are used for mask

Figure 10-3. GPIODATA Write Example Figure 10-4. GPIODATA Read Example
ADDR[9:2] 9 8 7 6 5 4 3 2 1 0 ADDR[9:2] ¢ 8 7 6 5 4 3 2 1 0
0x098 |o|o|1]0|0|1]|1]0i0 0 0x0C4 [0 |0 |1 |1]|0[0]|0]H1 ogo
O TTIT1IT] [TITITIT
utpu 111|101 |0]1]1 GPIODATA |1 |o|n|Hw|1]1]1]4
Value - .
i i i k | i i i ; Received
\ A AR 4 Malue
GPIODATA |uju |1 uju|0]1|u Returned Value |0 |o|[+|[1|o]o0o]d
S 10 7 6 5 4 3 2 1 0

Transmitted Value
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Example with Port F

Name: GPIO Data (Port F)  Address: 0x4002.5000

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
L] L L 1 1 L] | L L ] 1 Ll ] L] L]
reserved
[ [ 1
Type RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
Resst O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0
| 1 1 | 1 ] T
melrved PF7 | PF6 | PF5 | PF4 | PF3 | PF2 | PF1 | PFO
Type RO RO RO RO RO RO RO RO RW RW RW RW RW RW RW RW
Resst O 0 0 0 0 0 0 0 i 0 0 0 0 0 0 0

This register is virtually mapped to 256 locations in the address space. To facilitate the
reading and writing of data to these registers by independent drivers, the data read from
and written to the registers are masked by the eight address lines [9:2]. Reads from this
register return its current state. Writes to this register only affect bits that are not masked
by ADDR[9:2] and are configured as outputs.

o 'De'ltal'\/las'k' .
PF0 EQU 0x40025004  ADRI9:0}=00000 0100 0 0 0{0{0{0{0{1{1i{1i0i0 0
PF1 EQU 0x40025008  ADR{9:0] = 00000 1000 AR
PF2 EQU 0x40025010  ADR(9:0] = 0 0001 0000 Port F [ X X X1 X! XXX X]
PF3 EQU 0x40025020_ AdRia}=00010 0000 AR AR

PFA[1:3] EQU 0x40025038 < 038h = 0000 0011 1000

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



School of Mechanical & Aerospace Engineering

Example with Port F (continued)

Name: GPIO Data (Port F) Address: 0x40025 000 (0x4002.5000)

The data read from and written to the registers are masked by the eight address lines [9:2]. Reads
from this register return its current state. Writes to this register only affect bits that are not masked
by ADDR[9:2] and are configured as outputs.

Address: 0x40025 000 ¥ Pin Selection

PFO EQU 0x40025 004 PF1 EQU 0x40025 008
PF2 EQU 0x40025010 PF3 EQU 0x40025 020
PFA[1:3] EQU 0x40025 038

Port F register at 0x40025 000 |PF7 |PF6 | PF5S | PF4 | PF3 | PF2 | PF1 | PFO

211 | 210 | 29 | 28 | 27 | 26 | 25 | 24 | 23 | 22 | 21 | 20
0x004 | O 0 0 010 0 0 0 0 1 X X

| 0x008 | © 0 0 010 0 0 0 1 0 X X

0x38 4 | Ox010 | O 0 0 010 0 0 1 0 0 X X
0x020 | O 0 0 010 0 1 0 0 0 X X
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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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