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Outline

 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
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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.

Systems

Under 

Control

Actual

Workspace

Control

Modules

Sensory

Modules

Planning

Modules
Digital

Workspace

User’s 

Instructions

+
-

Perception

Modules

Automation

Autonomy
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Why to study?

Actuators

Sensors

Controllers

Serial Communication/Parallel Communication

I/O I/O I/O I/O I/O I/O I/O……

Interfacing
Interfacing

Interfacing

Applications in Communication

Applications in Control and Automation

Systems Systems Systems Systems Systems Systems Systems
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What to 
learn?

Microprocessor

Systems

Input
1. Digital Device Interface

2. Analogue Device Interface

3. Asynchronous Communication

4. Synchronous Communication

5. Digital Motion Sensor Interface

Machine Brain

1. ARM’s Architecture

2. ARM’s Memories

3. ARM’s Data Representation

4. ARM’s Programming

5. ARM’s Data Input/Output

6. ARM’s Data Processing 

Output
1. Digital Device Interface

2. Asynchronous Communication

3. Synchronous Communication

4. Digital Actuator Interface

5. Digital Motor Interface

• Programming

• Interfacing
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What is your role?

Opcode

Problems

to be solved

Algorithms

or Solutions

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

• Instructions = {Op Code + Addresses + Value/Symbol}

You = Director of Program

Program = {Instructions} 

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>.

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

 Memory Data: Data Label/Name and Data Value.

 To pay attention to <memory address> and <memory code>.

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

 Memory Code: Code Label/Name and Code Value. 

Data Memory Address

Instruction Memory Address

Memory Content

Memory Content

Series of Instructions
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Example of Using I/O 

Modules

 Configure Control Registers

 Clear/Monitor Status Registers

 Read/Write Data Registers

 Instructions:

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

 LDR <address of destination>, <source of value>

 STR <source of value>，<address of destination>

Word = 2 Bytes
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Today’s Lecture …

 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
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Design, Machine, Control and Intelligence

ARM’s Memories

Xie Ming, PhD (France)

http://personal.ntu.edu.sg/mmxie

MA4832



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

School of Mechanical & Aerospace Engineering

Outline

 Binary Logic Devices

 Memory Construction

 Memory Space in ARM

 Memory-Centric Operations

 Memory-Mapped I/O Devices
Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Outline

 Binary Logic Devices

 Memory Construction

 Memory Space in ARM

 Memory-Centric Operations

 Memory-Mapped I/O Devices
Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Knowledge of Transistor (1)
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Knowledge of Transistor (2)
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Digital computers are binary 

number systems

Binary Values

 1 (Logic High)

 0 (Logic Low)

Implementation

 +5 V (Logic High)

 0 V (Logic Low)

AOUT =
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Binary Logic Operations
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Binary Logic Devices
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Example: NOT

AOUT =

Logic Gate: Not
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More Example
FET = Field Effect Transistor

Logic Gate: Not

If input = 1, switch onto ground

If input = 0, switch onto high voltage
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Example: AND

Logic Gate: AND
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More Example 

Logic Gate: AND
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Example: OR

Logic Gate: OR
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More Example
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Example: XOR
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More Example
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Example: XNOR
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Register: Single Bit Device

Clock C

D Flip-Flop

Rising Edge

(or Enable)

(or Enable)
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Alternative Circuit of Gated D Latch …

CLK

YouTube Video: https://youtu.be/y7Zf7Bv_J74 

(or Enable)

https://youtu.be/y7Zf7Bv_J74
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More Detail About Rising Edge Trigger … 
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More Detail About Falling Edge Trigger … 

Falling Edge Trigger
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Register: 8-Bit Shift Register
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Register: 8-Bit Register (One Byte)
0D 0Q

1D 1Q

2D 2Q

3D 3Q

4D 4Q

5D 5Q

6D 6Q

8D 7Q

Clock

(Address)
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Example of 8-Bit Register (One Byte)
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Outline

 Binary Logic Devices

 Memory Construction

 Memory Space in ARM

 Memory-Centric Operations

 Memory-Mapped I/O Devices
Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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SRAM: Single Bit Static RAM

 Write Operation

 “Write” line is in logic high.

 Transistor Tr1 is on.

 Q = D 

 Read Operation

 “Read” line is in logic high.

 Transistor Tr5 is on.

 B = 1 - Q

Q Q
D B

(Address)

Write Read

1-Bit

RAM

Write Read

D B

FET
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DRAM: Single Bit Dynamic RAM

 Write Operation

 “Write” line is in logic high.

 Transistor Tr1 is on.

 Q = D 

 Read Operation

 “Read” line is in logic high.

 Transistor Tr3 is on.

 B = Q

D

Q

B

1-Bit

RAM

Write Read

D B

FET
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RAM: 8-Bit RAM (One Byte)

1-Bit

RAM

Write Read

7D 7B 1-Bit

RAM

Write Read

6D 6B 1-Bit

RAM

Write Read

0D 0B

……
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Flash Memory: 1-Bit Flash Cell

Control gate

Floating gate

Word Selection

Line

Bit Line
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Example

Bit 0

Bit 7

Bit 2

……
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Flash Memory: Write Operation

Apply high voltage to

Floating gate to decrease

negative charges.

Apply Von to the control gate

and high voltage at n node

to increase the negative charge.

Von
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Example of Writing “1”

Bit k
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Example of Writing “0”

Bit k
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Flash Memory: Read Operation

Voltage applied to control gate

Control gate

Floating gate

Bit 0Bit 1

V

I

Value 0 = high voltage

Value 1 = low voltage

Reading Results:

There is no current -> Output is Value 0

There is Current -> Output is Value 1

𝑉𝑇1 > 𝑉𝐺𝑆 > 𝑉𝑇0
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Example of Reading One Bit

Bit Line

V

I Bit 0
Bit 1

Reading Results:

There is no current -> Output is Value 0

There is Current -> Output is Value 1

𝑉𝑇1 > 𝑉𝐺𝑆 > 𝑉𝑇0
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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
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Input to Memory Unit
 Input of memory unit includes: 

 a) address of a byte, and 

 b) data of one or more bytes. 

……

……

Na
Address Bus

Nd
Data Bus

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label

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

 Answer:

 The maximum number of bytes is: ……

……

Na
Address Bus

1010103464 22222 =

37095516161844674407264 =
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Output from Memory Unit
 The output from memory unit is data of one or more bytes.

……

……

Na
Address Bus

Nd
Data Bus
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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?

 Answer:

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

……

……

Na
Address Bus

Nd
Data Bus
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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)

Most-Significant Byte Least-Significant Byte
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Outline

 Binary Logic Devices

 Memory Construction

 Memory Space in ARM

 Memory-Centric Operations

 Memory-Mapped I/O Devices
Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Terminology of ARM

 ARM is a RISC architecture

 ISA stands for Instruction Set Architecture which 
are innate 

 RISC stands for Reduced Instruction Set Computer

 Most instructions execute in a single cycle

 ARM Instruction Set is 32-bit

 Thumb Instruction Set is 16/32-bit

 ARM is a 32-bit load-store architecture

 8 bits are called a Byte

 16 bits or two bytes are called a Half Word

 32 bits or four bytes are called a Word

 64 bits or eight bytes are called Double Word

 The only memory accesses are loads and stores
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Operation Modes of ARM

 ARM Core has seven basic modes

P
ri
v
ile

g
e
d
 M

o
d
e
s

Unprivileged Mode

E
x
c
e

p
ti
o

n
 M

o
d

e
s
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Registers of ARM (1)
 ARM Core has a large number of registers

PC: Program Counter

LP: Link Register (saved value of PC )

SP: Stack Pointer

CPSR: Current Program Status Register

SPSR: Saved Program Status Register
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Registers of ARM (2)
 One program counter register (PC), 30 general purpose registers 

and 6 status registers
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Program Status Register: R16

T

GE: Greater than or Equal Status Flags
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Cortex M4’s Status Register
GE: Greater than or Equal Status Flags

APSR: Application Program Status Register

EPSR: Execution Program Status Register

IPSR: Interrupt Program Status Register
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Memory Inside 

TM4C123G

32KB

256KB
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Memory

Inside 

TM4C123G

(continued)
2KB
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ARM Cortex-M’s Memory Space
 On-chip Memory Sub-space

 Off-chip Memory Sub-space

 Private Memory Sub-space

On-chip Memory Sub-space

Private Memory Sub-space
Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label

Analogy:

1. Main Building with Guest Rooms.

2. Annex Buildings with Functional Rooms.mem32[address]: consider the memory as a vector
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On-chip Memory Sub-space in ARM

Programs

Data

Memory

Mapped

IO

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label

mem32[address]: consider the memory as a vector
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Off-chip Memory Sub-space in ARM

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label

Analogy:

1. Main Building with Guest Rooms.

2. Annex Buildings with Functional Rooms.
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Private Memory Sub-space in ARM

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label
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Outline

 Binary Logic Devices

 Memory Construction

 Memory Space in ARM

 Memory-Centric Operations

 Memory-Mapped I/O Devices
Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label



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

School of Mechanical & Aerospace Engineering

Types of Values inside Memory

Values of Data/Codes

 int x, y, z ;

 x = 10.0 ;

 y = 5.0 ;

 z = x + y ;

Values of Addresses

 int  *x,  *y,  *z, a, b, c ;

 x = &a;   *x = a;

 y = &b;   *y =  b;

 z = &c ;   *z = c;

An ampersand is a logogram "&" representing the conjunction word "and“. 

In C, it means the address of a variable. 
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Example

Bit

Address

Two-dimensional Space

1. Memory Value

2. Memory Address

3. Memory Label
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ARM’s Instruction Format
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ARM’s Instruction Format (continued)
 Format 1: Opcode DestReg, Operand2

 Format 2: Opcode DestReg, SrcReg, Operand2

 Example:

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label
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Example of Move Data inside ARM

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label

Lower 16 Bits

Top 16 Bits
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Example of Load Operation in ARM

R5 = 0x0000BEAD

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label

1. Use the memory value as an address

2. Get the value from the address
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Example of Store Operation in ARM

*0x00000A00 = 0xFEEDC0DE

1. Use the memory value as an address

2. Get the value from the address

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label
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More Example

Load the four bytes at the 

starting address which is the 

sum of register 1’s content and 

the numeric value of 4, into 

register 6.

Explain the meaning of the last instruction.
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Example of Addition in ARM

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label
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Example of Multiplication in ARM

(there is an overflow)

0xBEAD = 48813

0x157B5 = 87989

0x9B51 = 39761

0x100009B51 = 4295007057

With 

overflow

True 

Result
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Example of Division in ARM

(zero result)

Bit

Address

Two-dimensional Space

1. Memory Data

2. Memory Address

3. Memory Label
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Example of Forcing Bits to 1 in ARM 
R0 = 0000 0001 0001 0000

R1 = 0000 0000 0001 0001

R3 = 1010 1011 1100 1101

R2 = 0000 0001 0001 0001

R4 = 1010 1011 1101 1101

Binary Numbers: a series of bits

Hexadecimal Numbers: a series of half-bytes
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Example of Forcing Bits to 0 in ARM
R0 = 0000 0001 0001 0000

~R0 = 1111  1110 1110  1111

R1 = 0000 0000 0001 0001

R3 = 1010 1011 1100 1101

R2 = 0000 0000 0000 0001

R4 = 1010 1010 1100 1101

Binary Numbers: a series of bits

Hexadecimal Numbers: a series of half-bytes
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Example of Flipping Bits in ARM
R0 = 0000 0001 0001 0000

R1 = 0000 0000 0001 0001

R3 = 1010 1011 1100 1101

R2 = 0000 0001 0000 0001

R4 = 1010 1010 1101 1101

Binary Numbers: a series of bits

Hexadecimal Numbers: a series of half-bytes
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Outline

 Binary Logic Devices

 Memory Construction

 Memory Space in ARM

 Memory-Centric Operations

 Memory-Mapped I/O Devices
Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Each I/O Module Has a Port …
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All Ports Are Connected by Data Buses …
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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.
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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.
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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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Cortex M4’s Pin Diagram
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Table of Pins’ Usages 



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

School of Mechanical & Aerospace Engineering



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

School of Mechanical & Aerospace Engineering



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

School of Mechanical & Aerospace Engineering

Blueprint 

of GPIO 

Pad

Each GPIO port is a separate 

hardware instantiation 

of the same physical block.

One interrupt

per port
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Blueprint of Analogue to Digital Conversion Block

One interrupt

per port
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Blueprint of ARM Cortex 

M4’s ADC

12 shared

Input Channels

InputOutput

Internal Process
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Next slide

Digital

Outputs
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Blueprint of Cortex M4’s 

PWM Module
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Blueprint of Each PWM 

Generator

8

2
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Blueprint of QEI Module
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Blueprint of QEI Block Diagram



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

School of Mechanical & Aerospace Engineering

Blueprint of Cortex M4’s UART

SCI

(SCI = Serial Communication Interface)
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Data

Register

Blueprint 

of Cortex 

M4’s SSI

SSI = Serial Synchronous Interface

SPI

(SPI = Serial Peripheral Interface)
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Summary

 Binary Logic Devices

 Memory Construction

 Memory Space in ARM

 Memory-Centric Operations

 Memory-Mapped I/O Devices
Bit

Address

Two-dimensional Space

1. Memory Content

2. Memory Address

3. Memory Label
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Design, Machine, Control and Intelligence

Thank You for Listening!

“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
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