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It gives me immense pleasure to present this edition of the Electronics and Communication
Engineering Department Technical Magazine, a reflection of the innovation, creativity, and
academic excellence that define our department. This magazine showcases the technical
achievements, research contributions, and innovative ideas of our students and faculty.

The field of Electronics and Communication Engineering continues to evolve rapidly, with
breakthroughs in Artificial Intelligence, Embedded Systems, IoT, VLSI, and next-
generation communication technologies transforming the way we live and work. As
educators, our mission is to equip students with the knowledge, skills, and ethical values
needed to excel in this dynamic technological landscape.

This publication stands as a testament to the dedication, curiosity, and collaborative spirit of
our academic community. I hope the articles featured in this edition inspire readers to
explore emerging technologies, foster innovation, and pursue excellence in engineering.

I sincerely appreciate the efforts of the editorial team, faculty members, and student
contributors in bringing this magazine to life. I also express my heartfelt gratitude to the
Management and Principal for their continued encouragement and support.

I congratulate everyone associated with this publication and wish our readers an insightful
and enjoyable reading experience.

Dr. Krishna Kumar S

Head ofthe Department

Department of Electronics and Communication Engineering
Federal Institute of Science and Technology (FISAT)



Editor’s Word

Dear Readers,

It is with great pleasure that we present this edition of the Department of Electronics and
Communication Engineering Technical Newsletter. This newsletter reflects the
enthusiasm, innovation, and academic excellence of our students and faculty members,
showcasing the vibrant learning environment within our department.

This newsletter serves as a platform to share technical knowledge, research highlights,
project achievements, industry insights, and innovative ideas. We hope this edition inspires
readers to embrace innovation, think creatively, and pursue excellence in engineering and
research.

I extend my sincere appreciation to all the students, faculty members, contributors, and the
editorial team whose dedication and hard work have made this publication possible. Your
commitment to excellence continues to strengthen the reputation of our department.

I encourage every reader to actively participate in technical activities, pursue innovative
ideas, and contribute to future editions of this newsletter. Let this publication inspire
curiosity, collaboration, and a passion for engineering excellence.

Wishing you an enriching and insightful reading experience.
Happy Reading!
Editor

Department of Electronics and Communication Engineering
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Our VISION

To emerge as a centre of excellence in Electronics and Communication Engineering churning out informed,
innovative, socially committed and quality conscious engineers for the society.

Our MISSION

Foster an environment for multifaceted education rooted in science and contemporary technology
Facilitate quality research and development leading to innovations in the field of Electronics and Communication
Engineering

Develop competent young engineers to complement the virtues of the society

PROGRAM SPECIFIC OUTCOMES

After the successful completion of the course, students of the Electronics and Communication Engineering Program
will have:

The ability to apply the fundamental knowledge of Electronics and Communication Engineering to analyze, design
and develop various types of electronic systems.

Competence in using modern hardware and software tools for developing solutions to engineering problems.

Excellent adaptability to the changing industrial and real world requirements.

PROGRAM EDUCATIONAL OBJECTIVES

Graduates of the program will have the technical expertise to analyze and design hardware and software components of
electronic systems, benefiting industry and society.

Graduates of the program will be able to exhibit excellence in the field of Electronics and Communication Engineering
and contribute significantly in research and development, enterprise and leadership.

Graduates of the program will be successful, ethically driven professionals with a passion for continuous learning.
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Unseen Power: How Smart Dust Is

redefining Our World

A world where invisible sensors just float around in the air,
clinging on to surfaces that could measure temperature ,sound
and much more without you even noticing .It may sound like
science fiction but it isn't .It is emerging reality of smart dust
—a revolutionary concept that could potentially redefine the
future of electronics, communications and ubiquitous
computing. So what is smart dust?

Smart dust is a minuscule device that is equipped with sensors
,communication capabilities and even computing capabilities
.They refer to a tiny microelectronic systems (MEMS) each
equipped with sensors, computing capabilities and wireless
communications. These "motes," as they are called, can detect
light, temperature, vibrations, magnetic fields, or chemical
compositions and transmit the data wirelessly. These clusters
of small sensors measure cubic millimeter or less.
Conceptualized and developed by the University of
California, Berkley , it's similar to sensors used in lot systems
these sensors remain in constant wireless communication
with each other are significantly smaller and far more
numerous

WORKING

The working of the smart dust is quite similar of other Iot
systems, they pick up data and transmit it to a central
command centre .It is mainly dependent on the
communication aspect. These motes are equipped with their
own sensors, microcontrollers, communication units, and
power sources, all packed into a tiny structure. Once deployed
in an environment, the motes work together wirelessly,
collecting and sharing data across short distances. In order to
minimize power consumption, motes often use energy-
harvesting methods like tiny solar cells or vibration-based
generators. To further save power, each mote stays in a low-

power sleep mode most of the time and only activates when

passive
transmitter

receiver .
active

$Eensors transmitter

analog I/0,
DSP, control

‘-\\ / power capacitor

necessary such as when taking a measurement or sending
data. The microcontroller, managed by internal timers,
controls which parts of the mote are powered on and when.
When active, the sensor collects data like temperature, light,
or motion and sends it to the microcontroller for processing or
storage. Motes communicate with each other and with a
central hub using active signals like tiny lasers or passive
methods like light reflectors. Timers also manage when the
mote listens for or sends messages, reducing unnecessary
energy use. Motes can even receive updates wirelessly,
allowing them to be reprogrammed after deployment. This
design allows smart dust to support large, distributed sensor
networks with minimal size and power demands.

Smart Dust is now a serious area of research and
development, with working prototypes already tested in
medical, industrial, and defense applications. This is mainly
due to the advancements in MEMS and NEMS
miniaturization, Ultra low power wireless communication,
Energy harvesting, Edge Al and data processing

Applications and Developments:

Infrastructure Monitoring: When applied to infrastructure,
these smart devices can collect data on bridges, roads and
buildings to monitor structural integrity like detect cracks,
corrosion or damages and ensure timely maintenance for the
sake of safety and reliability



Military, Defense and security: Military applications can use
Smart Dust for environmental sensing in hostile territories.
These systems can be deployed via drones or missiles and
remain undetected due to their size. They can also provide
with real time data that afford situational awareness to
military and security operations. Healthcare and Medical
Diagnostics: Smart Dust can monitor biological parameters
inside the human body, transmitting data externally for health
monitoring and personalized healthcare interventions

Smart Agriculture: Smart Dust can monitor soil moisture,
nutrient content, detect crop diseases. This enables data
collection, optimizing water usage and crop yields while
reducing resource wastage. Industrial Iot (IIoT): Smart
factories use Smart Dust for condition-based monitoring of
equipment. Wireless motes eliminate the need for extensive
wiring in complex machinery layouts., Environmental
Monitoring: Smart dust sensors are equipped to measure air
quality, pollution levels, temperature, humidity, radiation and
other data metrics in real time to better inform ecosystem
management. Disaster Management: By collecting data,
these micro sensors are capable of detecting early signs of
carthquakes, tsunamis, forest fires or hurricanes, making
them essential to early warning systems for disaster prone
areas as well as rapid response and recovery teams

Recent advancements:

Smart dust technology is focused on enhancing sensor
capabilities, improving communication, and exploring
diverse applications across various fields. These
advancements include increased integration with Al and
machine learning, development of more sensitive and
selective sensors, and exploring sustainable and cost-

effective manufacturing methods.

While the promise of Smart Dust is immense, several
challenges remain:

» Security: Motes can be easily intercepted or hijacked due
to their wireless nature.

» Energy Management: Energy harvesting is still
insufficient for continuous, high-bandwidth
communication.

» Data Overload: Managing and interpreting the massive
influx of data from thousands of nodes requires robust
cloud and edge analytics.

» Environmental Impact: As these devices become
disposable, concerns about microelectronics waste arise.

FUTURE OUTLOOK

As research advances in nano-fabrication, edge Al, and
ambient energy sources, Smart Dust is moving from
experimental prototypes to real-world deployment. So the
future of smart dust looks promising. As technology
continues to advance, we can expect to see even more
innovative applications of this powerful technology. By
integrating smart dust with other emerging technologies, such
as artificial intelligence and machine learning, we can create
something truly intelligent and sustainable.

Smart Dust represents a major leap forward in sensor
technology and ubiquitous computing. As it integrates with
Al and machine learning, it will enhance predictive analytics,
automation, and resource management. Although there are
still technical and regulatory challenges to overcome, the
future of Smart Dust is clear. It will play a key role in the
smart, connected world of tomorrow, driving innovation and
improving decision-making across various sectors.
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Holographic Telepresence
Communication: How Far We've
Come, And Where It's Headed

In the past, if we wanted to communicate with someone far
away, we had to rely on letters, phone calls, or eventually
video calls. But now, with advancements in technology, we're
on the edge of something even more exciting: holographic
telepresence - the ability to appear somewhere else in 3D
without physically being there. This technology is not just
sciene fiction anymore, it's real, and it's being tested today.
and it might be part of our everyday lives in the near future.
The concept of holography has been around since the mid
20th century, but real-time holographic communication only
began to take shape in the last 10-15 years. Early experiments
were slow and clunky. Researchers used specialized cameras
and computers to capture 3D images, but the results were far
from lifelike. The tech was impressive for the time, but it
wasn't something most people could use. The main limitation
then was processing power and internet speed. 3D imaging
creates a huge amount of data, and networks simply weren't
fast enough to send it in real-time. As a result, these
holographic systems stayed in labs or experimental stages for
years.

Where We Are Now: Holograms Are Already Here

In the past few years, a combination of 5G networks, artificial
intelligence, and better cameras has made holographic
communication much more practical. Several companies are
already developing and testing holographic systems for real
use.

Microsoft Holoportation

One of the leading projects in this space is Microsoft's
"Holoportation." This system captures a person in 3D using

multiple cameras and reconstructs their image in real time.
The result? A full sized, real-time 3D version of that person

appears somewhere else - like a holographic visitor. It's
already being tested for virtual meetings and remote
collaboration.

Google Project Starline

Another major development comes from Google with a
project called "Starline." This doesn't use traditional
holography, but creates a similar experience. It uses light-
fielding cameras and a special screen to show someone in 3D
as if they're sitting across from you. No headset is needed, and
the result is incredibly realistic. Google has already tested it
with employees and business partners.

Real World Demonstrations

Portl Inc., a major telecom company are doing holographic



communication where a professional athlete appeared as a 3D
hologram in another city during a live event powered by 5G.
Another company, Holoxica has shown that it's possible to
hold a 3D video call over mobile networks without needing
VR headsets or complex setup. These examples show that
holographic communication is no longer just an idea - it's
happening now.

How It Works: A Simple Breakdown

Even though the tech behind holographic telepresence is
complex, the basic process can be

explained in four steps:

1. 3D Capture - Special cameras record a person or object
from multiple angles to create a full 3D image.

2. Processing - Software powered by Al stitches up the image,
fills in any missing parts, and prepares it for sending.

3. Transmission - High-speed networks (like 5G) send the
data in real-time.

4. Display - A 3D screen, holographic projector, or headset
shows the image in a way that makes it look real.

This all happens very quickly (within fractions of time) per
second to make the image look smoothand lifelike.

What's Coming Next: The Future of Holograms

Looking ahead, the possibilities are huge. As internet speeds
increase (with future 6G networks) and devices become
smaller and more powerful, holographic communication will
get better, faster, and easier to use.

Smarter Holograms

Thanks to Al, holograms will not only look more realistic -
they'll also be more interactive. We might see real-time

translation, emotion recognition, and even automatic lighting
adjustments that make the image look more natural.

"Touching Holograms": Researchers are working on adding
"haptic feedback" to holographic systems. This means users
could one day feel a handshacke in a virtual object. This could
be a game-changer for remote medical exams, education, or
product demos. Wearable Holography instead of using a full
holographic booth, future systems might work with
something as small as smart glasses. Meta (formerly
Facebook) has already revealed a prototype of a thin,
lightweight display that could one day make wearable
holograms possible. Applications: Not Just for "Sci-
Fi"Shows Holographic telepresence can be useful in many
areas of life. Business - Meetings where coworkers from
different countries appear in the same room as holograms.

Education - Teachers can "visit" classrooms anywhere in the
world without traveling.

Healthcare - Doctors can consult or even assist with
procedures remotely.

Entertainment - Musicians or speakers can perform virtually
in front of live audiences across the globe.

Holographic telepresence may still sound futuristic, but it's
already becoming part of the present. With rapid
advancements in Al, network speeds, and visual technology,
the idea of being in two places at once is getting closer to
reality. What started as science fiction is now something we
could see in homes, schools, and offices within the next
decade. Whether it's for work, learning, or simply staying
connected with loved ones, holographic communication has
the potential to make distance feel almost irrelevant.
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Linking Thought and Technology

The Historical Foundations

The roots of Brain-Computer Interface(BCI) technology go back to the 1970s,
when neuroscientists first demonstrated that brain signals could be recorded as
electrical activity using a technique called electroencephalography, or EEG.
These early studies revealed patterns of brain waves associated with different
states of thought or movement. By the 1990s, research teams learned how to use
these signals to allow people who were unable to move to control simple devices
such as cursors on a screen. Though crude and slow, these experiments proved a
fundamental concept: the brain's electrical activity can be decoded and
translated into commands for machines.

Current Applications

In the last twenty years, the field has moved from proof-of-concept to practical
use. Intracortical BClIs, like those used by the BrainGate consortium, have
allowed people with paralysis to control robotic arms with remarkable accuracy.
Participants in these trials can now grasp and manipulate objects purely by
thinking about moving their limbs.

BClIs have also opened communication channels for people with "locked-in"
syndrome—individuals who are awake and aware but cannot move or speak.
Using a BCI, they can select letters on a screen and form words by modulating
their brain signals.

Beyond motor control and communication, BCIs are also being explored for
medical therapy. Closed-loop brain stimulation can help manage conditions
such as epilepsy, Parkinson's disease, and even depression by monitoring brain

activity and delivering targeted stimulation in response.
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NEURALINK

WHAT'S NEW
First-in-human and clinical BCI implants

Neuralink's clinical expansion

Minimally invasive, high-resolution implants

Neurorehabilitation and two-way control

Recent Industry Progress

Several companies are at the forefront of
BCI development. Neuralink, for example,
is building implantable devices that use
thousands of flexible electrodes capable of
recording high-resolution brain activity and
delivering stimulation. Synchron has
pioneered a less invasive "stentrode" system,
inserted through blood vessels, eliminating
the need for open brain surgery. Blackrock
Neurotech and other firms are advancing
electrode technology, miniaturization, and
wireless communication.

These advances are aimed at improving the
quality of signals, reducing risks, and
making the systems easier to use.




How BCIs Work

Modern brain-computer interfaces work by recording brain signals, decoding patterns in those signals using machine learning,
and turning them into commands. Signals can be collected invasively with implanted electrodes for high accuracy, or non-
invasively with headsets for safety but less precision. This process—acquisition, decoding, and output—enables people to control
devices like robotic arms or computers using only their thoughts.

The Future of BCIs

The next decade promises a transformation in what BCIs can achieve. Researchers are working toward fully wireless implants
that can remain in the body for years without discomfort or the risk of infection. Advances in artificial intelligence will make
decoders more accurate and adaptive, learning each user's unique brain patterns over time.

Looking further ahead, BCIs are expected to move beyond therapy and into everyday applications. Imagine controlling devices
in a virtual environment, sending messages just by thinking, or enhancing your memory and focus. Some teams are even
developing "bidirectional" BCls that not only read signals from the brain but also send information back, giving prosthetic limbs
the ability to provide a sense of touch.
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INTEGRATION: INNOVATIONS AND TRENDS

Silicon Photonics Is The Field Of Photonic Systems That Use
Silicon As An Optical Medium. By Leveraging
Silicononinsulator (soi) Wafers, Optical Components
(waveguides, Modulators, Detectors, Even Lasers) Can Be
Patterned With Submicron Precision On Standard Cmos
Chips . In Practice, A Photonic Integrated Circuit Is Like An
Electronic Ic Except That It Contains Photonic Components
That Process Light (photons) Rather Than Electrons. Because
Silicon Substrates And Fabrication Are Mature, Silicon
Photonic Chips Can Be Made In High-volume Foundries.
This Enables On-chip Integration Of Multiple Photonic
Devices With Electronics — For Example, Modulators,
Wavelength Multiplexers, And Photodetectors Can All
Coexist On A Single Silicon Die . The Result Is A Platform
That Offers Miniaturization And High Bandwidth: Light-
based Interconnects Allow Much Higher Data Rates And
Lower Heat Than Copper, While Also Benefiting From Low-
cost, Largescale Manufacturing

Key Features Of Silicon Photonics Include :

Cmos-compatible Fabrication: Uses Standard
Semiconductor Processes So Chips Can Be Mass-produced.
Photon-based Links: Optical Interconnects Carry Data At
Higher Speed And Lower Power Than Electrons .

High Integration Density: Lasers, Modulators, Waveguides,
And Detectors Can Be Co-located On One Chip .

Proven Scalability: For Example, Intel Has Shipped Over 8
Million Siliconphotonic Pics (with More Than 32 Million
Embedded Lasers) In Data-center Transceivers .

Advances In Optical Integration And Packaging :

Modern Silicon Photonics Is Moving Toward Heterogeneous
Integration And 3D Packaging, Merging Multiple Material
Layers Into A Single Chip.

Hybrid Laser
Integration
(MOB)

Wirebond
Bondpad

Vertical
Electronic
Integration

Copper
Pillar
Bumps

Thermo
Electric
Cooler

Multi-Channel
QPC Fibre Array

Photonic Packaging: Transforming Silicon Photonic Integrated
Circuits Into Photonic Devices

High-speed Data Links And Co-packaging :

Silicon Photonics Is A Cornerstone For Modern Optical
Interconnects. It Is Already Used To Build High-speed Links
In Datacenters And Telecom. Reviews Note That Silicon Pics
Can Be Produced In Large Volumes At Low Cost For Data-
center Transceivers . Today's Hyperscale Networks And Ai
Workloads Are Driving Demand For Multi-terabit Links, Far
Beyond Current Generations. One 2024 Review Highlights
That, With The Growth Of Generative Ai Traffic, New
Integrated Optical Transceivers Beyond 1.6 Tbps Per Chip
Are Needed . Industry Case Studies Illustrate This Trend. For
Instance, Intel's Silicon Photonics Optical Compute
Interconnect Is A Co-packaged Chiplet That Integrates An
Advanced Cmos Asic With A Siliconphotonic Ic Containing
On-chip Dense-wavelength Lasers . The Firstgeneration
Design Demonstrated 4 Tbps (bidirectional) Bandwidth Per
Chip, With A Roadmap Toward "tens Of Terabits Per Second"



. Crucially, The On-chip Lasers Eliminate The Need For
External Optical Sources, Simplifying Packaging And
Improving Efficiency. According To Intel, Their Proven
Silicon-photonics Platform Has Shipped Over 8 Million Pics
With 32 Million On-chip Lasers In Pluggable Transceivers .
These Devices Enable Today's 400 Gbps And 800 Gbps Links
And Pave The Way For 1.6 Tbps And Higher-rate Products.
This 3d Integration Enables Powerful New Devices. In A
Recent Demonstration, A Silicon Chip With A Bonded lii—v
Laser Layer And A Thick Silicon-nitride Resonator Layer
Produced An Ultralownoise On-chip Laser. The Ultrahigh-q
Sin Cavity Provided Feedback That Stabilized The Laser
Emission Without Needing Any Bulk Isolator . In Effect,
Photons From The Laser Are "injected" Into The Sin
Resonator And Then Back Into The Laser, Reducing Phase
Noise. The Result Is An Integrated Silicon Photonic Circuit
That Behaves Like A High-quality Microwave Oscillator Or
Laser Source, But All On One Chip . Such Heterogeneously
Integrated Pics Promise Complete Optical Engines: Dense
Photonic Circuits Cofabricated With Electronics. Future
Work Envisions Even More Functionality In The 3d Stack
(e.g. Foundry Si Modulators, Germanium Photodetectors,
And Layered E/o Interconnects) . The Move To Integrated
Photonics Is Also Enabling Co-packaged Optics In
Computing Hardware. By Mounting Siph Chiplets Alongside
Cpus Or Asics, Systems Can Communicate Over Fiber Or
Even On-board Optical Links With Minimal Electrical
Bottlenecks . The Intel Oci Chiplet Explicitly "is Designed To
Be Co-packaged With Nextgeneration Cpu, Gpu, Ipu, And
Other Socs" .
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Future Directions And Applications :

Silicon Photonics Is Rapidly Expanding Into New
Applications Beyond Conventional Data Links. In Sensing
And Signal Processing, Integrated Pics Enable Compact
Lidar, Spectroscopy, And Bio-sensing. A Review Notes That
As Electronic Ics Hit Scaling Limits, Pics Become Preferred
For Lidar In Autonomous Vehicles, Aerospace Sensors, And

Other High-performance Systems . In Telecom And Datacom,
Evolving Standards (400g, 800g, 1.6t) Continue To Adopt
Silicon-photonic Transceivers For Longer Reach With Lower

Energy. Emerging Areas Include Photonic Neural Networks
And Accelerators, Where On-chip Light-based Matrix
Operations Could Boost Ai Processing, As Well As Quantum
Photonic Circuits Integrating Single-photon Sources And
Detectors On Silicon.

In Summary, Silicon Photonics Merges The Best Of
Photonics With Cmos Technology. Its Lowcost
Manufacturability And High-speed, Low-power Operation
Meet The Demands Of Modern Electronics And Beyond.
Continued Innovation In Integration — From Heterogeneous
Lasers To Co-packaged Modules — Is Rapidly Bringing
Silicon Photonics From Niche Applications Into Mainstream
Electronics And Communication Systems. These Trends
Suggest That Optical Integration Will Be A Dominant Theme
In Nextgeneration Electronics.
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The Engines of GComputing

A Comprehensive Guide to Processors in PCs, Laptops, and Mobile Devices

1. Introduction: The Silicon Heart

The Central Processing Unit (CPU) is often referred to as the
"brain" of any computing device. Whether it is a high-end
gaming desktop, a sleek ultrabook, or the smartphone in your
pocket, the processor is responsible for executing
instructions, performing calculations, and managing the flow
of data across the system.

Over the last decade, the distinction between different types
of processors has blurred as mobile chips become more
powerful and desktop chips become more efficient. However,
the architectural requirements for a mobile device (where
battery life is king) remain fundamentally different from a
desktop PC (where raw performance is the priority).

Key Concept: The Fetch-Decode-Execute Cycle

Every processor, regardless of its size, operates on a
fundamental loop: fetching an instruction from memory,
decoding what that instruction means, and executing it using
logical gates.

2. PC Processors: Raw Power and Thermal Headroom

Desktop PCs are characterized by their access to consistent
wall power and large cooling solutions. This allows
manufacturers like Intel and AMD to push "Thermal Design
Power" (TDP) to 125W or higher.

Architecture: X86 Dominance

Most PC processors use the x86-64 architecture. This CISC
(Complex Instruction Set Computer) design is optimized for
heavy multi-tasking and high-performance applications like
video editing, 3D rendering, and gaming.

Samsung

Exynos =2

3. Laptop Processors: The Balancing Act

Laptop processors (often designated with suffixes like 'U', 'P',
or 'H') must strike a delicate balance between performance
and portability.

» U-Series: Optimized for ultra-thin laptops, focusing on
efficiency and long battery life.

* H-Series: High-performance chips found in gaming laptops
and mobile workstations.

The Rise of Efficiency Cores

Modern laptop CPUs often employ a hybrid architecture. This
involves mixing high-performance cores (P-cores) for
demanding tasks and high-efficiency cores (E-cores) for
background tasks. This ensures the laptop doesn't drain its
battery while you are simply browsing the web.

CPU Architecture Comparison: P-Core vs. E-Core

| E-CORE
IEEfﬂ[:\Enr.\:‘]“

"P-CORE |

(Performance)

4. Mobile Processors: System on a Chip (SoC)

In a smartphone, the processor is not justa CPU; it is a System
on a Chip (SoC). Because space is at a premium, the CPU,
Graphics Processing Unit (GPU), Memory (RAM), and
Modem (5G/LTE) are all integrated into a single silicon die.

ARM Architecture

Unlike PCs, mobile devices almost exclusively use ARM
(Advanced RISC Machine) architecture. RISC (Reduced
Instruction Set Computer) focuses on simplicity and power
efficiency, making it perfect for battery-operated devices.
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5.The Convergence: Apple Silicon and Beyond

One of the most significant shifts in recent years is the
convergence of mobile and laptop performance. With the
introduction of the M-series chips, Apple demonstrated that A

RM-based processors could outperform traditional x86 chips
in laptops while maintaining exceptional battery life.

CPU Core GPU Core
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System RAM VRAM Unified Memory Pool

Traditional Memory Architecture Unified Memory Architecture

This has led to a new era where PCs are looking toward
mobile efficiency, and mobile devices (like the latest iPads
and high-end Android phones) are rivaling the power of mid-
range laptops.

8. Conclusion

Active (Fans/Liquid)

Constant AC Power

Discrete Components

Mobile (ARM)

Passive (Heat dissipation)
Lithium Battery
RISC (Reduced)

System on a Chip (SoC)

6. Key Technical Metrics to Understand
Clock Speed (GHz)

Measured in Gigahertz, this represents how many cycles a
CPU can perform per second. However, clock speed isn't
everything; IPC (Instructions Per Cycle) is equally important.

Cores and Threads

Cores are physical "brains" on the chip. Threads allow a
single core to work on two tasks simultaneously (Hyper-
threading or SMT).

Nanometer (nm) Process

This refers to the size of the transistors. Smaller processes
(e.g., 3nm, Snm) allow for more transistors to be packed into
the same space, increasing efficiency and power.

7.The Future: Al and NPU Integration

The next frontier for processors is the NPU (Neural
Processing Unit). Modern chips from Intel (Core Ultra),
AMD (Ryzen Al), and Qualcomm (Snapdragon X Elite) now
include dedicated hardware to accelerate Artificial
Intelligence tasks locally.

Choosing the right processor depends entirely on your use case. While a desktop provides the highest performance ceiling, the
efficiency of mobile SoCs is rapidly closing the gap. As we move into an Al-driven era, the focus is shifting from "how fast can it

20" to "how smart can it be while using the least amount of energy."

Summary Comparison

Desktops: Best for 4K Gaming, 8K Video, and Professional Rendering.

Laptops: Best for Students, Office Work, and Content Creation on the go.

Mobile: Best for Communication, Photography, and Social Media.
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VL3I and Nanotechnology:
Evolution and Impact Over the Years

Introduction

The technological landscape of the 21st century is fundamentally
defined by the synergy between Very Large Scale Integration
(VLSI) and Nanotechnology. VLSI represents the pinnacle of
architectural complexity, enabling the integration of billions of
discrete functional units into a single silicon substrate.
Complementing this, nanotechnology provides the physical
capability to manipulate matter at the atomic and molecular
scale. Together, these fields have driven the transition from
room-sized mainframes to the ubiquitous, high-performance
mobile computing of today.

Evolution of VLSI
The Early Foundation (1950s-1970s)

The journey of VLSI began with the invention of the transistor in
1947, a milestone that signaled the end of the vacuum tube era.
By the late 1950s, the introduction of integrated circuits (ICs)
allowed engineers to place multiple components on a single chip
for the first time. This era progressed through Small Scale
Integration (SSI) and Medium Scale Integration (MSI), where
the focus was on establishing the basic logic gates and flip-flops
that form the brain of modern computers.

The Growth and Maturity Phase (1980s—1990s)

As semiconductor fabrication techniques matured, the industry
entered the true VLSI phase. The integration of thousands to
millions of transistors on a single die enabled the birth of the
personal computer. This period was characterized by the
dominance of Complementary Metal-Oxide- Semiconductor
(CMOS) technology, which provided the necessary balance
between performance

The Modern Era of Extreme Scaling

In the current landscape, chips contain tens of billions of
transistors. The focus has shifted from simple scaling to
sophisticated System-on-Chip (SoC) designs. To maintain

performance as transistors reach atomic dimensions, the industry
transitioned from traditional planar structures to three-

dimensional architectures like FinFET and eventually Gate-All-
Around (GAA) transistors.

Evolution of Nano technology

Nanotechnology transitioned from a theoretical
challenge—famously posed by Richard Feynman in 1959—to a
practical manufacturing reality. The development of the
Scanning Tunneling Microscope (STM) provided the first visual
and physical access to the atomic world.

Today, nanotechnology is not a standalone field but a
foundational layer for nanoelectronics, materials science, and
biotechnology. Using Extreme Ultraviolet (EUV) lithography,
features are now patterned with a precision of 13.5 nanometers, a
scale where quantum mechanical effects must be carefully
managed to ensure reliability.

Challenges and Future Prospects

Despite unprecedented progress, both fields face significant
physical and economic hurdles. As scaling continues, issues such
as thermal throttling, quantum tunneling, and parasitic
capacitance become more pronounced. To overcome these, the
industry is exploring:

* New Materials: Moving beyond silicon to 2D materials like
graphene and molybdenum disulfide.

* 3D IC Stacking: Utilizing the vertical dimension to increase
density without further shrinking individual transistors.

* Neuromorphic Computing: Developing hardware architectures
that mimic the efficiency of the human brain.

Conclusion

VLSI and nanotechnology have evolved from simple transistor-
based systems into the most complex engineering achievements
in history. Their continuous development remains the primary
driver of digital innovation. As the boundaries between these
fields continue to blur, they open new frontiers for technological
growth that will redefine our relationship with information and
the physical world.
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INVISIBLE INTELLIGENGE

The Future of Micro Sensor Networks

Abstract:

Invisible Intelligence represents a paradigm shift in electronics
and communication engineering, where ultra-miniaturized
sensor nodes are deployed in largescale distributed networks to
perform autonomous sensing, computation, and communication.
These systems leverage advancements in Micro-Electro-
Mechanical Systems (MEMS), low-power VLSI design,
wireless sensor networks (WSNs), and edge computing to enable
real-time monitoring of environments with minimal human
intervention. This article provides a comprehensive analysis of
system architecture, working principles, communication
protocols, power management strategies, enabling technologies,
applications, challenges, and future research directions.

Introduction

The increasing demand for real-time monitoring, automation,
and intelligent decision-making has driven the evolution of
sensing technologies toward miniaturization and distribution.
Traditional centralized monitoring systems are often limited by
scalability, latency, and energy consumption. To overcome these
limitations, researchers have developed distributed micro sensor
networks that operate collaboratively to gather and process
environmental data. Invisible Intelligence refers to the
deployment of microscopic sensor nodes—often termed
motes— that are capable of performing sensing, computation,
and communication tasks while remaining physically
unobtrusive. These systems are a core component of ubiquitous
computing, where computational intelligence is seamlessly
embedded into the environment. The significance of invisible
intelligence lies in its ability to create a "smart environment"
where data is continuously collected and analyzed without
explicit human involvement. This technology forms the
backbone of emerging fields such as smart cities, Industrial
Internet of Things (IToT), precision agriculture, and biomedical
monitoring.

Sensor Node Architecture

The fundamental building block of invisible intelligence systems
is the sensor node. Each node integrates multiple subsystems into

acompact and energy-efficient design.

‘Senming Unit | AmiloggFE | b | | Comm Unit

PMU Unit

Figure 1: Internal Block Dispram of an Autonomaons Sensor Mote

2.1 Sensing Unit

The sensing unit consists of MEMS-based sensors that detect
physical parameters such as temperature,

humidity, pressure, acceleration, and chemical composition.
These sensors convert physical signals into

electrical signals using transduction mechanisms such as
capacitive, piezoelectric, or resistive effects.

2.2 Analog Front-End (AFE)

The analog front-end performs signal conditioning, including
amplification, filtering, and noise reduction. Since

sensor outputs are often weak and noisy, the AFE ensures
signal integrity before digitization.

2.3 Data Conversion

Analog-to-Digital Converters (ADCs) are used to convert
conditioned analog signals into digital form. The

resolution and sampling rate of the ADC significantly affect
system accuracy and power consumption.

2.4 Processing Unit

The processing unit typically consists of a low-power
microcontroller or Digital Signal Processor (DSP). It

performs tasks such as data aggregation, compression, feature
extraction, and local decision-making.

2.5 Communication Module

The communication module includes RF transceivers that
operate in unlicensed frequency bands such as 2.4

Ghz (ISM band). Technologies such as Zigbee, Bluetooth
Low Energy (BLE), and LoRa are commonly used.



.6 Power Management Unit (PMU) The PMU regulates
power consumption using techniques such as dynamic
voltage scaling, sleep modes, and energy harvesting. Efficient
power management is critical for extending the operational
lifetime of sensor nodes.

Network Architecture and Communication

Invisible intelligence systems rely on Wireless Sensor
Networks (WSNs) for communication between nodes.

1 Network Topologies

« Star Topology: Simple but less scalable. Each node connects
directly to a central hub.

* Mesh Topology: Highly reliable and fault-tolerant. Nodes
relay data for each other, providing multiple paths.

e Cluster-Based Topology: Efficient for large-scale
deployments. Nodes are organized into groups with a
designated cluster head.

2 Routing Protocols

Energy-efficient routing is essential due to limited power
resources. Common protocols include LEACH (Low-Energy
Adaptive Clustering Hierarchy) and PEGASIS (Power-
Efficient Gathering in Sensor Information Systems).

3.3 Medium Access Control (MAC) MAC

protocols such as TDMA and CSMA/CA are used to manage
channel access and reduce collisions, ensuring reliable data
throughput in dense environments.

Working Principle

The operation of invisible intelligence systems can be
described as a cyclic process involving sensing, processing,
and communication:

1. Data Acquisition: Sensors capture environmental signals.
2. Signal Conditioning: AFE filters and amplifies signals.

3. Digitization: ADC converts signals into digital data.

4. Local Processing: Edge computing reduces redundant data.

5. Transmission: Data is sent wirelessly to neighboring nodes
or base stations.

6. Data Aggregation: Information is combined and analyzed
centrally or in the cloud.

Power Consumption Model

Power efficiency expressed as: is a critical design parameter.
The total power consumption can be

P total=P_sensing+P processing+P communication

Among these, communication typically consumes the highest
power. Therefore, techniques such as data compression, duty
cycling, and adaptive transmission are used to minimize
energy usage.

Enabling Technologies

* MEMS Technology: Enables fabrication of micro-scale
Sensors.

e Low-Power VLSI: Reduces energy consumption of

integrated circuits.

¢ Wireless Communication: Facilitates seamless data
transmission.

* Energy Harvesting: Uses solar, thermal, or kinetic energy to
extend node lifetime.

* Edge Computing: Reduces latency and cloud bandwidth
usage.

* Nanotechnology: Enables further miniaturization to the
atomic scale.

Applications

7.1 Environmental Monitoring: Used for detecting air
pollution, water quality, and natural disasters such as
earthquakes and forest fires.

7.2 Precision Agriculture: Sensors monitor soil moisture,
temperature, and nutrient levels, enabling efficient resource
utilization.

7.3 Biomedical Applications: Implantable sensors can
monitor vital signs such as heart rate, glucose levels, and
neural activity.

7.4 Military and Surveillance: Used for covert monitoring and
tracking in sensitive areas.

7.5 Industrial IoT: Enables predictive maintenance and real-
time monitoring of industrial equipment.

Advantages & Challenges

Advantages: High scalability, low power consumption, fault
tolerance, real-time monitoring, and minimal physical
visibility.

Challenges: Limited battery life, security vulnerabilities (data
interception), network congestion, synchronization issues,
and high fabrication costs at micro-scales.

Future Research Directions
Future developments in invisible intelligence will focus on:

» Self-powered sensor nodes using advanced energy
harvesting.

Al integration for intelligent decision-making at the node
level.

¢ Nano-scale networks for extreme miniaturization.

e Integration with 6G networks for ultra-low latency
communication.

Conclusion

Invisible Intelligence represents a revolutionary advancement
in electronics and communication engineering. By combining
miniaturized sensors, wireless communication, and intelligent
data processing, it enables the creation of highly efficient and
scalable monitoring systems. As research continues, invisible
intelligence will play a critical role in the development of smart
cities, advanced healthcare systems, and autonomous
technologies, ultimately leading to a seamlessly connected
world.
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Powering the Wireless World — Low Energy, High Impact

Zigbee technology stands as one of the most transformative
developments in short-range wireless communication. Named
after the zig-zag dance of honeybees, it enables thousands of
devices to form intelligent, self-healing networks — all while
running on a single battery for years.

INTRODUCTION

In a world racing towards a fully connected future, the demand
for reliable, energy-efficient wireless communication has never
been greater. Zigbee Technology emerges as a compelling
answer — a protocol designed not for speed, but for longevity,
simplicity, and scale. Built on the IEEE 802.15.4 standard,
Zigbee operates in the 2.4 GHz frequency band and is engineered
specifically for low data rate, low power consumption
applications.

The name "Zigbee" is inspired by the zig-zag movement of
honey bees during their waggle dance — a form of
communication used to share information with the hive. Much
like the bees, Zigbee devices relay information through a
network of peers, creating a robust and self-sustaining
communication

fabric. This biological metaphor perfectly encapsulates what
Zigbee achieves: intelligent, cooperative communication at
minimal energy cost.

From controlling the lighting in a smart home to monitoring a
patient's vital signs in a hospital ward, Zigbee has quietly
embedded itself into the infrastructure of modern life. Its
growing role in the Internet of Things (IoT) ecosystem makes it
one of the most relevant wireless technologies of our era.

HISTORICALBACKGROUND & EVOLUTION

Before the arrival of Zigbee, the wireless communication
landscape was dominated by power-hungry technologies. Wi-Fi
excelled at high-speed data transfer but drained batteries rapidly.
Bluetooth offered shorter-range connectivity but was primarily
designed for device pairing, not large-scale sensor networks.
Neither was suitable for the emerging need of low-power,
always-on, large-scale device networks.

The foundational work on what would become Zigbee began in

the late 1990s, with formal standardization efforts following in
the early 2000s. The Zigbee Alliance — now rebranded as the
Connectivity Standards Alliance (CSA) — was formed to
promote interoperability and standardization among
manufacturers worldwide.

The Zigbee Development Timeline

Milestone Description

First version based on IEEE 802.15.4 standard released.

Zigbee 1.0

Zigbee PRO Enhanced networking features and improved reliability
introduced.

Security Upgrade Advanced encryption and robust security mechanisms
ded.

added.

loT Era ‘Widespread integration with smart homes, cities, and
industrial IoT.

Connected Future Al integration, wearables, and global smart infrastructure.

HOW ZIGBEE WORKS —TECHNICALARCHITECTURE

At its core, Zigbee is built on the IEEE 802.15.4 standard, which
defines the physical layer (PHY) and medium access control
(MAC) sub-layer. Above this sits the Zigbee networking and
application layers that manage device discovery, network
formation, security, and application messaging.

A standard Zigbee network consists of three types of devices. The
Zigbee Coordinator acts as the root and backbone of the network
— itis the most capable device and is responsible for forming the
network and managing connections. Zigbee Routers are
intermediate devices that can pass on data and extend network
range. Zigbee End Devices are simple, typically battery-powered
nodes that communicate only with their parent router or
coordinator, preserving energy by sleeping when idle.

Key Technical Spec: Zigbee operates on 2.4 GHz globally (and
868/915 MHz regionally), supporting data rates up to 250 kbps
over a range of 10—-100 metres. A single network can support up
t0 65,000 connected devices.

What makes Zigbee especially powerful is its mesh networking
capability. Unlike a star topology where all devices connect to a
central hub, Zigbee's mesh allows each router device to relay
messages on behalf of others. If one node fails, the network
automatically reroutes data through alternative paths — a
property known as self-healing. This makes Zigbee networks
highly resilient and reliable in real-world deployments.
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CORE FEATURES OF ZIGBEE TECHNOLOGY

Zigbee's architecture is purpose-built for a specific class of
applications. The following features define its technical
identity and differentiate it from competing wireless
protocols:

v’ Ultra-low power consumption

v Self-healing network paths

v/ Supports mesh network topology

v/ Supports up to 65,000 nodes

v/ Short-range wireless communication
v’ Long battery life (years)

v’ AES-128bitencryption

v/ Low implementation cost

v’ Low data transfer rate (250 kbps)

v/ Open standard—IEEE 802.15.4

These features, taken together, make Zigbee uniquely suited
for large-scale deployments of battery-operated sensors and
actuators — precisely the building blocks of the Internet of
Things.

ADVANTAGES & LIMITATIONS

No technology is without its trade-offs. Understanding where
Zigbee excels — and where it falls short — is essential for
informed deployment decisions. The comparative analysis
below captures this balance:

+ ADVANTAGES X LIMITATIONS

Ultra-low power consumption Low data transfer raie
Self-healing mesh network Limited communication range (~100m)
Low implementation cost Interference from Wi-Fi / Bluetooth
Supports 65,000+ devices per network Limited bandwidth availability
Wireless — no cabling required Not surtable for multimedia streaming

AES-128 encryption security Interoperability challenges across vendors

Despite its limitations, Zigbee's advantages are compelling
enough to make it the protocol of choice for the majority of
smart home, industrial monitoring, and environmental
sensing applications. Its inability to support video streaming
is not a weakness in context — it is a deliberate trade-off for

the energy efficiency that defines its purpose.

REAL-WORLD APPLICATIONS

Zigbee technology has found its way into a remarkable
breadth of real-world applications. Its versatility, combined
with its energy efficiency, makes it the invisible backbone of
many intelligent systems we interact with daily:

Application Area Description

Smart lighting, switches, thermostats, and connected appliances.

© Home Automation

Industrial Machine monitoring, process control, and predictive
- Automation maintenance.

[ Healthcare Systems Patient monitoring, wearable sensors, and medical alert devices.

B smarcities Intelligent street ighting, traffic control, and waste management.

- Security Systems Smart alarms, motion detectors, and surveillance networks.

Smart Agricufture Soil moisture monitoring, irrigation control, and crop tracking.

4 Smart Energy Meters ~ Real-time electricity usage itoring and demand

Wireless Sensor Environmental monitoring, weather stations, and data collection.

2 Networks

<

®
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THE FUTURE OF ZIGBEE TECHNOLOGY

The trajectory of Zigbee technology is strongly upward. As
smart infrastructure becomes the defining characteristic of
modern cities and homes, the demand for reliable low-power
mesh networks will only increase. Several key trends are
expected to shape Zigbee's future:

Integration with Artificial Intelligence is perhaps the most
exciting prospect. By combining Zigbee's pervasive sensing
capabilities with Al-driven analytics, systems can move from
reactive automation to predictive intelligence — anticipating
needs before they arise.

The Matter protocol, a new unified smart home standard
backed by Apple, Google, Amazon, and the Connectivity
Standards Alliance (formerly the Zigbee Alliance), is
designed to work alongside Zigbee. This development signals
a future where Zigbee's reliability is harnessed within a
broader, interoperable ecosystem.

In healthcare, Zigbee-enabled wearables and implantable
sensors are poised to transform patient monitoring, enabling
continuous, real-time data collection that extends far beyond
hospital walls. Similarly, in smart agriculture, Zigbee sensor
networks are enabling precision farming at a scale previously
impossible.




"By 2028, the global Zigbee-enabled device market is
projected to surpass 3.5 billion units — driven by smart home
growth, industrial IoT, and the global push for energy-
efficient infrastructure."

The evolution of Zigbee also includes tighter integration with
IPv6 networks through the 6LoWPAN adaptation layer,
allowing Zigbee devices to become true citizens of the
internet. As 5G networks expand, Zigbee is expected to
complement — rather than compete — by handling local,
low-latency device communication within smart
infrastructure.

CONCLUSION

Zigbee technology represents a masterclass in purposeful
engineering. In an age where more often means more power
hungry, more expensive, and more complex, Zigbee charts a
different course — doing less to enable more. Its low-power

mesh networks have quietly become the nervous system of
the smart world, enabling billions of devices to communicate
reliably on a fraction of the energy consumed by conventional
wireless technologies.

From its origins in the early IEEE 802.15.4 standard to its
current role at the heart of smart homes, smart cities,
industrial IoT, and healthcare systems, Zigbee's journey
mirrors the evolution of our relationship with technology
itself — from tools we consciously use to infrastructure that
invisibly and intelligently serves our needs.

As the Internet of Things continues to expand and Al-driven
automation becomes mainstream, Zigbee stands not as a relic
of an carlier era, but as a foundational protocol for the
intelligent, connected world ahead. Its best chapters are yet to
be written.




DASARADH M
S8 ECEA

Beyond Silicon: The Gallium Nitride
(GaN) Revolution in Power Electronics

For decades, Silicon (Si) has been the undisputed bedrock of the
semiconductor industry. From the first transistors to the complex
microprocessors powering modern Al, Silicon's scalability and
reliability were unmatched. However, as we push toward the
physical limits of power density and switching efficiency driven
by the voracious energy demands of AI datacenters and the
electrification of transportation—Silicon is hitting the "power
wall." Enter Gallium Nitride (GaN). As an engineering student or
early-career professional, understanding GaN is no longer
optional; it is fundamental to the next decade of power systems
design. GaN is not merely a replacement for Silicon; it is a
disruptive technology enabling architectures that were
theoretically impossible just a few years ago.

The Physics of Performance: Why GaN?

To understand why GaN is displacing Silicon in power
applications, we must look at the semiconductor physics. The
critical metric here is the Wide Bandgap (WBG).

Silicon: Bandgap of ~1.1¢eV.

Gallium Nitride: Bandgap of ~3.4 eV.

This three-fold difference in bandgap energy allows GaN devices

to operate at significantly higher voltages and temperatures
before reaching intrinsic conduction (where the material stops

behaving as a semiconductor).

Key Technical Advantages

Critical Electric Field Strength: GaN can withstand an electric
field strength nearly 10 times higher than Silicon. This allows for
smaller device dimensions while maintaining the same voltage-
blocking capability.

Electron Mobility: GaN exhibits a high Two-Dimensional
Electron Gas (2DEG) mobility at the AIGaN/GaN heterojunction
interface. Electrons in this layer move with higher velocity than
in Silicon, enabling faster switching frequencies.

Switching Efficiency: Because GaN has a lower gate charge
(Q_g) and output capacitance (C_{oss}), switching losses are
drastically reduced. This permits engineers to push switching
frequencies into the megahertz (MHz) range, which in turn
reduces the physical size requirements for passive components
like inductors and transformer.

Gallium nitride

Feature Silicon (Si)

(GaN)
Bandgap 11 3.4
Breakdown Field (MV/cm) 0.3 3.3

Electron mobility 1400 2000
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Shattering the von Neumann Bottleneck:
The Memristor Revolution in Al Hardware

Introduction: The Currentissue

The von Neumann architecture, the foundational design used in
almost all modern everyday computers, has finally reached its
physical wall . In this design, the RAM, CPU, and IO interfaces
are separated, meaning data has to travel back and forth all the
time through a pathway called a bus. While this approach made
computers much more flexible and easier to build, it comes with
major drawbacks .

Over these past years processor speeds have been increasing, but
the bus can only transfer a limited amount of data at one time. As
a result, the ultra-fast processor almost always sits idle.
Moreover, in recent years, Al devices require a massive amount
of energy, which generates intense heat. Here is where the
memristor comes to use.

The Core Technology: Whatis a Memristor?

The existence of the memristor was first proposed in 1971 by
Leon Chua, who observed a theoretical asymmetry in the
relationships between the four fundamental circuit variables
voltage (v), current (i), charge (q), and magnetic flux linkage
.While the resistor links voltage and current, the capacitor links
charge and voltage, and the inductor links flux and current, no
device had been formally defined to relate flux and charge.
Through this derivation, Chua inferred the characteristics of a
fourth fundamental non-linear circuit element, which he termed
the memristor.

A memristor (Memory + Resistor) is a fundamental two-terminal
electrical component. Unlike a standard resistor with a fixed
resistance, a memristor's resistance changes depending on the
voltage applied to it. Crucially, when the power is turned off, it
"remembers" its last resistance state. This unique property allows
it to perform logic operations and store data in the exact same
physical location, completely bypassing the von Neumann
bottleneck.

In many ways memristors mimic the biological synapses in the
human brain. Just as human synapses strengthen or weaken based

on the electrical signals passing through them, memristors adapt
their conductive pathways based on prior electrical history. This
forms the basis of Analog In-Memory Computing (AIMC).The
core property of the memristor is its ability to adjust its internal
resistance based on the history of the charge that has passed
through it. Mathematically, a charge-controlled memristor is
defined by the functional relationship between the magnetic flux
linkage and electric charge.

Architectural Comparison

Feature Traditional Computing
(von Neumann)

Neuromorphic Computing
(Memristor)

Data Storage & Processing Separated (RAM and CPU) Unified (In-Memory

Computing)

Energy Consumption Extremely High (Continuous  Ultra-Low (Localized
Data Transit) Processing)

Feature Traditional Computing Neuromorphic Computing
(von Neumann) (Memrristor)

Latency High (Bus Transfer Delays) Near-Zero (Instantaneous

State Change)

Recent Breakthroughs and Advancements - 40 yr Gap

While Leon Chua mathematically proved the memristor should
exist still there was a massive problem, no one actually knew how
to build one .For nearly 40 years or 4 decades memristor was just
atheory . Engineers knew what exactly it was supposed to be but
the traditional silicon just didn't behave that way . The challenge
was that creating a component that could physically remember its
electrical state required manipulating atoms at a microscopic
level which was impossible in the 1970s and 80s . It wasn't until
recently that the engineers cracked the code . The making of a
memristor required a special material .



The Breakthrough Hiding in Plain Sight

This special material was not something invented recently by
scientists or engineers . It was sitting right under their nose,
inside the semiconductor factories. It was a material
manufacturers were already using every single day to insulate
standard silicon transistors.That material is Hafnium.By
sandwiching an incredibly thin layer of hafnium oxide
between two metal electrodes, researchers discovered they
could create the exact "smart water pipe" effect Leon Chua
had predicted back in 1971.Hafnium oxide is a binary oxide
system with excellent insulating properties, a wide bandgap
(>5.1 eV), and a high dielectric constant (approx 25). These
properties were initially leveraged to reduce gate leakage
currents in scaled transistors, but they also provide a robust
platform for memristive switching. Because HfO2 is already
standard in advanced logic processes, it can be integrated into
the back-end-of-the-line (BEOL) of a chip without requiring a
complete retooling of semiconductor fabs.

The transition from SiO2 to HfO2 as a dielectric was
necessitated by the "quantum tunneling effect". As gate
oxides were thinned to below 1 nm to maintain transistor
scaling (Moore's Law), electrons could tunnel through the
barrier, causing unacceptable power leakage and reliability
failures. High-k dielectrics like HfO2 allowed for a physically
thicker layer that maintained the same equivalent oxide
thickness (EOT) and capacitance performance, effectively
extending the lifespan of silicon technology. HfO2 based
Resistive RAM (RRAM), the memory effect is primarily
attributed to the migration of oxygen vacancies within the
oxide layer under an applied electric field. The device
typically consists of a Metal-Insulator-Metal (MIM)
structure. An initial "electroforming" step involves applying a
relatively high voltage to create a conductive filament of
oxygen vacancies through the insulating HfO2 film.
Subsequent switching occurs by partially rupturing (RESET)
orreforming (SET) this filament.

The choice of top and bottom electrodes (TE/BE)
significantly influences the stability of these filaments. For
example, using a titanium nitride (TiN) bottom electrode can
serve as an oxygen reservoir, facilitating the reversible
exchange of oxygen ions and vacancies, which improves the
uniformity of the SET and RESET voltages. Conversely,
electrodes like silver (Ag) can introduce metallic atoms into
the filament, leading to hybrid ion-metallic conduction that
may offer lower switching voltages but potentially higher
variability.

Breakthrough in Energy Efficiency:

Despite the promise of filamentary RRAM, the random
nature of filament growth and rupture has remained a barrier
to large-scale adoption in analog neuromorphic systems. In
2026, researchers led by the University of Cambridge
reported a significant breakthrough by developing an
interfacial switching mechanism that bypasses filaments
entirely.

Classical Mechanics

R71T Y1
The P-N Heterointerface Design:

The Cambridge team engineered a multicomponent hafnium-
based thin film by adding strontium (Sr) and titanium (Ti)
through a two-step deposition process. This created a p-type
Hf(Sr,Ti)O2 layer that self-assembles a p-n heterointerface
with an underlying n-type titanium oxynitride layer. Instead
of creating a conductive bridge, this device modulates its
resistance by shifting the height of an energy barrier at the
interface through the migration of electro-ionic charges.

The implications of this interface-driven approach are
dramatic:

» Ultralow Power Consumption
» Analog Weight Control
» Operational Uniformity

Performance metrics

Conventional filamentary

Cambridge ‘s memristor

Switching current 1074 to 107-5 <=10"-8
Energy per update ~Nanojoules 45fJ to 2.5pJ
Conductance state Binary levels Hundreds of levels

Stochastic filament

Deterministic interface

Switching origin

Brain-Inspired Computing :

The real power of hafnium oxide memristors is their ability to
mimic biological synapses. In your brain, synapses aren't just
storage ,they are active processors that get stronger or weaker
based on how often they are used, a concept called synaptic
plasticity. Memristors recreate this by adjusting their
electrical resistance. They can demonstrate Long-Term
Potentiation (getting stronger) or Depression (getting
weaker) based on the electrical pulses they receive. This
allows hardware to actually "learn" and adapt over time, just
like a human brain.

Presynaptic axon terminal

Synaptic cleft

Postsynaptic dendrite




Beyond just mimicking the brain, these devices solve the
energy crisis of the von Neumann bottleneck through In-
Memory Computing. In a traditional computer, doing a
simple math problem for Al requires moving data constantly
between the memory and the processor. With a memristor
crossbar array, the calculation happens right where the data is
stored. By performing these operations locally, we can reduce
energy consumption by an estimated 70% or more.

The 2026 Breakthrough: Reconfigurable Hardware:

Recent research from Sungkyunkwan University (SKKU)
has pushed this even further. By using "lattice engineering"
essentially applying microscopic stress to the hafnium oxide
the team stabilized a specific atomic phase that makes the
material ferroelectric. This breakthrough allows a single chip
to be "reconfigurable." Depending on how it's programmed,
the same hafnium stack can act as high-speed memory, a
permanent storage site, or a logic processor. This versatility is
key to creating Al devices that are stable over trillions of
cycles.

The Future: Bringing Al to the Edge

Edge Computing

CLOUD DATA CENTER
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INTERNET OF THINGS

The most immediate impact of memristor technology will be
seen in "Edge AL." By eliminating the energy tax of the von
Neumann bottleneck, devices can run complex machine
learning models locally on a fraction of a watt. Instead of
transmitting data to centralized cloud servers which poses
latency and privacy risks, smartwatches, autonomous
vehicles, and medical implants will be capable of
instantaneous, isolated decisionmaking.If this technology is
so revolutionary, why are we still using traditional RAM? The
transition faces significant engineering hurdles:

On a microscopic level, moving oxygen atoms is slightly
"messy." Ensuring that every single memristor on a chip
behaves exactly the same way is a massive manufacturing
challenge.While the SKKU research showed stability over
107{12} cycles, consumer electronics often require even
higher endurance to last for years of constant use.Our current

programming languages are designed for von Neumann
architectures. We have to "re-teach" software how to talk to a
chip that thinks more like a brain than a calculator.

Hafnium-based RRAM (Resistive RAM) isn't the only "next-
gen" memory. It's competing in a crowded field

1. MRAM (Magnetic RAM):Uses electron spin. It's
incredibly fast and durable but much harder to scale down to
the tiny sizes hafnium can reach.

2. PCM (Phase-Change Memory): Uses heat to turn glass
from messy to ordered. It's a proven tech but requires more
power than memristors.

3. The Hafnium Advantage: Because HfO2 is already used in
standard chip making, it is much cheaper and easier to
integrate into existing factories than its competitors.

Conclusion:

The transition from the rigid von Neumann architecture to the
fluid, brain-like world of memristors is more than just a
hardware upgrade , it's a fundamental shift in how we define
computing. We are moving away from machines that simply
follow instructions and toward systems that learn, adapt, and
remember in real-time.

By embracing materials like hafnium oxide and mimicking
the elegant efficiency of the human brain, we are finally
addressing the energy crisis of modern Al. The "memory
wall" that has slowed us down for decades is finally
crumbling. We are no longer just building faster calculators;
we are building electronic synapses.

As these chips move from the lab at SKKU to our
smartwatches and medical devices, the impact will be felt
globally. We are entering an era of truly sustainable, "edge-
first" intelligence. The bottleneck has been shattered, and the
future of computing looks remarkably human.
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Mind Over Machine

The Rise of Neural Interface Wearables

WhatAre Neural Interface Wearables?

Neural interface wearables are devices that read signals from the
brain, or from peripheral nerves, and translate them into digital
commands. Unlike fully implanted brain chips, these wearables
can be worn on the head, face, or even the wrist, offering non-
invasive and often portable solutions that connect humans and
machines.

They are currently being used for:

* Assisting people with paralysis or neurological disorders

« Controlling devices through gestures or thought

* Enhancing communication through "silent speech"

* Exploring brain-controlled gaming and AR/VR

The Coolest Innovations So Far

1. Neuralink — Writing With the Mind

Elon Musk's Neuralink recently made history when a paralyzed
woman named Audrey Crews signed her name digitally for the
first time in twenty years, simply by thinking. A tiny chip called
"The Link" was implanted in her brain, letting her control a
computer cursor without moving a muscle.

2. Synchron — Wireless Brain Control via Blood Vessels

Unlike Neuralink's surgical implant, Synchron's Stentrode is
inserted through the jugular vein, making it less risky and more
accessible. ALS patients using this technology can now control
smart home devices and communicate hands-free.

3. Georgia Tech— Microneedle EEG Wearables

Imagine brainwave sensors that slide gently between the hair and
scalp, with no wires and no pain. Georgia Tech's microneedle
wearable allows precise brain-signal monitoring, making it ideal
for both healthcare and fitness-tracking applications.

4. Wearable Devices Ltd. — Gesture Control for XR

This startup created a wrist-worn neural device that detects tiny
finger movements, enabling users to scroll, click, or zoom in
AR/VR without touching anything — ideal for future gaming,

design work, or virtual meetings.

MALAVIKA SURESH
S2 ECEB

Positive Aspects
1. Assistive Technology for People with Disabilities

Neural wearables allow individuals with paralysis, ALS, or
stroke to control devices, communicate, and regain a measure of
independence — for example, typing with thoughts, controlling
wheelchairs, or operating smart-home access systems.

2. Hands-Free Control of Devices

These wearables enable touchless interaction with phones,
computers, and AR/VR systems. This is especially useful in
situations where hands are busy, dirty, or injured, such as for
surgeons, mechanics, or astronauts.

3.Real-Time Brain Monitoring

By tracking brain activity related to mental health, stress levels,
drowsiness, or focus, these devices can help students, workers,
and drivers stay alert and avoid fatigue-related mistakes.

4. Silent Communication

Devices such as MIT's AlterEgo allow users to "speak" without
talking, simply by thinking words. This is particularly useful in
military, underwater, or noisy environments where conventional
speech is impractical.

5. Gaming & Entertainment

Neural interfaces offer immersive control in gaming, VR, and
extended-reality environments using brain signals or gestures —
a meaningful step toward fully immersive metaverse
experiences.

How Do These Devices Actually Read the Brain?

Neural wearables rely on a handful of core sensing techniques,
each suited to different signals and use cases:

EEG (Electroencephalography) — picks up electrical activity
from the scalp using flat metal or dry microneedle electrodes; the
most common method in consumer neural wearables.

EMG (Electromyography) — reads electrical signals from
muscles, often used in wrist-worn gesture-control devices that
detect intended finger or hand movement.



FNIRS (functional Near-Infrared Spectroscopy) — measures
blood-oxygen changes in the brain using light, offering a motion-
tolerant alternative to EEG for focus and workload tracking.

Stentrode / vascular electrodes — implanted through blood
vessels rather than open surgery, as used by Synchron, striking a
balance between signal quality and invasiveness.

Once captured, raw signals are amplified, filtered to remove
noise, and processed by machine-learning models that translate
patterns of brain or muscle activity into commands a computer
can act on — a pipeline that draws directly on core electronics
and communication engineering skills such as analog front-end
design, embedded signal processing, and low-power wireless
transmission.

Human-Machine Interaction in Practice

As neural wearables move from laboratories into everyday
products, engineers and researchers increasingly work at the
intersection of electronics, communication, and neuroscience.
Understanding signal acquisition, noise filtering, and low-power
wireless transmission is central to building devices that are
comfortable, reliable, and safe for continuous use.

Students and young professionals in electronics and
communication engineering are well placed to contribute to this
field — from designing compact EEG front-ends and biosignal
amplifiers to building the embedded systems and wireless
protocols that carry brain data to the outside world.

Challenges Ahead

Despite rapid progress, neural interface wearables still face
hurdles: signal noise from muscle movement or hair, limited
battery life for continuous monitoring, data-privacy concerns
around brain signals, and the high cost of precision sensors.
Addressing these challenges will determine how quickly the
technology moves from research prototypes to everyday
consumer products.

Conclusion

Neural interface wearables are no longer just science fiction —
they are fast becoming part of everyday reality. From helping
people with disabilities to enabling mind-controlled devices and
silent communication, this technology is opening up powerful
new possibilities.

As students of electronics and communication, we stand at the
edge of this exciting frontier. The innovations we study today
could shape how humans and machines interact tomorrow. With
the right blend of curiosity, ethics, and innovation, we can not
only witness this transformation — but help lead it.

"The future is no longer just in our hands. It's in our minds."
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