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DUCTION

dded system is a specialized computing system designed to perform a specific task within a larger system. It integrates h:
jare to operate efficiently under real-time constraints.

Embedded system
neral-purpose computers, embedded systems are optimized for performance, cost, | L .
T. Hardware Software
everywhere in daily life, from household devices to advanced industrial systems. N /
2
ng machine controller . )\ )
aking (ABS) system Fig 1(a). Embedded System Model
watch / fitness band
wave oven

Composition of an Embedded Syst

Sensors: Detects physical inputs.
Microcontroller: Brain of the system.
Actuators: Convert signals into physica

Sensors Microcontroller Actuator

Fig 1(b). Embedded System Components
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)DED vS GENERAL PURPOSE SYSTEMS

The ke difference s 1

; Embedded System General-Purpose System Y P

- y - P Y Embedded systems are designed f

Specific task Multiple tasks dedicated task, while general-p

y Limited High systems like laptops can handle m

Ontimized f et G L perf applications. This specialization

nce ptimized for one function eneral performance embedded systems more efficier
rface | Minimal / none Full interface and cost-effective.

S Washing machine, car ECU | Laptop, desktop

Fig 2(a). Embedded and General-Purpose system comparison

>d systems prioritize ' & . -; _
y and reliability, | B ==
general-purpose Indusfrial Robots  GPS Receivers  Digital Cameras YD Flcysrs

prioritize flexibility. <«|»> EFmbedded Systems

MP3 Players

f/—.

Wireless Routers |
—

= 5 (F

Set top Boxes  Gaming Consoles  Photocopiers Microwave Ovens

Fig 2(b). Examples of Embedded System Fig 2(c). Examples of General-Purpose System
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lock Diagram
| Every embedded system follows this simpl
: == = - —— - =
Exfernid : p ' | Sensors collect data from the environment
Memory ower | . _
i I DMA ROM/RAM/ Supply 1 | Microcontroller  processes it  bas
| —l—b L S 1 | programmed logic,
4 ! 1 | Actuators perform the required action.
: 1 v 'l Memory supports this process by
Analog-to- 1] ;
Dicital | 1o Embedded 1 | instructions and data.
a Cognverter : Port Processing [ | Clock :
R e Core 1 | Modern embedded systems optimize per
: : using DMA and cache memory to redt
Digital-to- I 1 1 | load and latency.
Analog I 1 .
? Converter : . Sys;;ﬂml : [Mlcmpmceswr
eripherals e —
1 | Input | z Output
L 1 1 D"E'Eh:ﬁ [ contrel unit | _.| D‘L'V?":&
1 [ :
gg\?ﬂgum . 1 Embedded Processor ; EIEmELen
1

Fig 3(a). Block Diagram of Embedded System
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Fig 3(b). Simplified Block Diagram of Embedded Sy:
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omponents of Embedded Systems Interfacing & Data Movement

)system (Sensors + ADC):
analog/physical signals and converts them into digital form for

y

> DMA (Direct Memory Access): Enables high-speed d:
g Core (MCU/MPU): transfer without CPU intervention.

1/O Interfaces: GPIO, UART, SPI, I2C, CAN.

firmware, handles control logic, interrupt servicing, and real- )
Interrupt Mechanism: Ensures low-latency response

1on making. :
external/internal events.
?ubsvstem: - o Communication
‘lash/ROM: Program storage
RAM: Runtime data S
U r\ Ty i
~ . ser 5 esting
“ache (if present): Reduces memory latency Interface < 7~ kiscctorie '“t@w"“w‘“"‘s marnag
ADC DAC Systern

ubsystem (DAC + Actuators): r 1T %32355%35 Suppont

" , : : : (ASICS/FPGAS) e
processed digital signals into physical actions. o Actuators & =

Conditioning ik

ytem: Defines execution timing and synchronization.

ounters: Used for scheduling, PWM generation, and event Fig 4(a). Components and its interfacing,
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ot of Microprocessor & Microcontroller Microcontroller (MCU)
oprocessor (MPU) * Aself-contained system-on-chip (SoC) integrating:
\ general-purpose CPU that requires external * CPU + Memory + I/O + Peripherals.
nemory and peripherals.
xecutes instructions fetched from external memory. * Designed for dedicated embedded applications.
[ypically used in high-performance systems.
Key Points:
Points: * On-chip Flash, RAM, GPIO, timers
separate RAM, ROM, 1/O * Low power, low cost
{igher computational capability * Deterministic behavior (real-time capable)

uns full operating systems (Linux, Windows)

Fig 5(a). Microprocessor Architecture.

Fig 5(b). Microcontroller Architecture.
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f Processing Architecture (Based on Memory Organization)
n Neumann Architecture Harvard Architecture

Single memory for instructions and data = Separate memory for instructions and data

Shared bus — Von Neumann bottleneck = Parallel access — higher throughput

Simpler design, lower cost =  Widely used in embedded systems

é; /‘\l: Keyboard DATA INSTRUCTION
MEMCRY MEMORY
Contvol Tt Main AN \I/‘: Mouse } ;ir;LHHOL {
I\/Icnlory \I—I/ DIDPLII. DATA E f T iLINSTHUCT'ON
EVICES |
IN
T - ALU | CONTROL
Sister Secondary B4 il
Registers P ® ¢ 0UT<:: CONTROL

C—1 1 _I/ Printer

I I— Storage Output { ‘
ral lz(’éo}f{:;‘)smg Unit Bus Peices STATUS CLOCK

Fig 6(a). Von Neumann Architecture. Fig 6(b). Harvard Architecture.
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f Processing Architecture (Instruction Set Architecture)
ISC (Complex Instruction Set Computer) RISC (Reduced Instruction Set Computer)
Complex instructions, fewer cycles per task = Simple, fixed-length instructions
Higher hardware complexity = Pipeline-friendly, faster execution
Example: x86 = Example: ARM, RISC-V
CISC Processor RISC Processor
< , ~ T > < — I > RISC cisc
emory Machine instruminns’J Machine instructiunsé
> :::;:;I:;it;:." Microcode comversion
/ Microinstructions
/ Microinstruction
execution
Fig 7(b). RISC Architecture. Fig 7(c). Instruction Execution.

Fig 7(a). CISC Architecture.
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my of Computer Architecture

ies computer architectures based on the number of instruction streams and data streams processed simultaneously.

Single Instruction, Single Data)
> instruction operates on one data stream.
uential execution.

(Single Instruction, Multiple Data)
> instruction operates on multiple data elements in parallel.
d in vector processing, GPUs, etc.

(Multiple Instruction, Single Data) Data
[tiple instructions operate on the same data stream. Stream
e 1n practice.

) (Multiple Instruction, Multiple Data)
[tiple processors execute different instructions on different dat
e parallel systems.
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Instruction Stream

Single Multiple
3150 Instructions | MISD | Instructions
Single i
- ~ :
3 Jf pE E|—-PE|4PE|—-PE|
3IMD Instructions ] | MIMD | Instructions
o PE
(- PE P
Multiple JPe
g | 2
a 1 a
o
PE

Fig 8(a). Flynn’s Computer Architectures.
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are Software Co-Design

Fig 9(a). Hardware Software Co-Design.
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PLDs
= CPLD: Fixed logic, predictable timing
= FPGA: Reconfigurable, parallel processing

Programming

= HDL: Verilog / VHDL

= Synthesized — Bitstream — Hardware
= Defines hardware behavior

HW-SW Interaction

=  Memory-mapped I/O
= Bus (AXI/AHB)

= Interrupts, DMA

Role in Co-Design
= Hardware: Acceleration
= Software: Control logic

CPLD: Complex Programmable Logic Device.
FPGA: Field Programmable Gate Array.
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unication Protocols

Y

,

le data exchange between microcontrollers, sensors, memory, and peripherals.
re reliable and synchronized communication.

Universal Asynchronous Receiver/Transmitter)
ichronous communication (no clock line)
e, widely used for serial communication

rial Peripheral Interface)
hronous (uses clock)

speed, master-slave architecture
| for sensors, flash memory

er-Integrated Circuit)

-wire protocol (SDA, SCL)

orts multiple devices (address-based)

erate speed, widely used in embedded systems

25/2026

(Inter-Integrated Circuit)
Low speed

on-board _ SDA

10 addr : 0x81
ac

half duplex

Usage : -
Chip=to=-chip SCL

Sensors ...

Master / Slave communication

(Serial Peripheral Interface)

High speed
on-board

full duplex
Usage : Mlssé?‘
Memaries S52

Sensors

LCD ...

Master / Slave communication

(Universal Asynchronous
Receiver Transmitter)
Low speed

off-board

full duplex ol 1 1] ) O LSS

Usage :

Terminal =2 | [ =3 T (A——

Gps
Modem ...

SCLK- -~~~

addr : 0x40 ad

-9 RX

-1 [T UL

Fig 10(a). Communication Protocols.
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Constraints

nsumption
| for battery-operated systems
es low-power design techniques (sleep modes, clock

)

Reliability & Robustness
=  Must operate under harsh conditions
= Fault tolerance and error handling required

nce (Timing Constraints)
neet real-time deadlines
ninistic execution 1s essential

Constraints
d RAM and Flash
nt memory management required

ninimize hardware and production cost
s component selection and design complexity

m Factor)
1ct design for portable/embedded applications

nd component optimization required
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tions

ytive Systems

ine Control Unit (ECU)

-lock Braking System (ABS)

anced Driver Assistance Systems (ADAS)

1 Devices

1 / patient monitoring systems
makers

ying systems

ner Electronics

rt TVs, washing machines
rowave ovens

rables (smartwatch, fitness band)

Inication Systems
ters, modems

ile base stations
devices
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Aerospace & Defense

Flight control systems
Navigation systems
Radar and surveillance

Industrial Automation

PLCs (Programmable Logic Controllers)
Robotics and automation systems
Process control systems

Fig 11(a). Applications of Embedded System.
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ng Trends
)f Things (IoT)

rked embedded devices with real-time data exchange

homes, smart cities, industrial IoT

nputing & Al at Edge

sing data locally instead of cloud

s low latency and real-time intelligence
n vision systems, autonomous devices

tegration
Ided AI accelerators (NPU, TPU)

ations: speech recognition, image processing

er & Energy-Efficient Design
ow power MCUs
ques: dynamic voltage scaling, sleep modes

ised Acceleration
figurable hardware for high-performance tasks
n signal processing, Al inference
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Autonomous & Smart Systems
= Drones, self-driving systems
= Robotics with real-time decision making

Ruggedization % = .- g Open-Source Hardware

Environmental Protection -4 r- Faster Development
] 1
\

~- Innovation

,- High-Performance Processors

- Nonstop Operation

Operational Lifespan -

Edge Al Integration ®¢ ~.

Reduced Delays --E

——-

~

00
Improved Accuracy - ~ ‘m - ~- Sustainability Goals
Embedded

Hardware

A 7 Design
=) y

Advanced Sensor Integration e

Real-Time Monitoring --E - Faster Integration
1

P ke

Early Alerts - - ~- Future-Proofing

Cybersecurity-First Design = s @ Modular Hardware Architectures

Data Breach Reduction - E—- Cost Reduction
\

1
1

Compliance -~ ~- System Lifespan Extension

Fig 12(a). Emerging Trends in Embedded System.
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