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AbstrAct 
By 2030, we are expected to pass the mark of global data traffic surpassing 
5,000 exabytes of traffic each month, thanks to our continued dependency 
on remote digital services. With such unprecedented growth, we are faced 
with major challenges in wireless communication speed and reliability. This 
ultra Low Latency and ultra Reliability in Communications is being proved to 
be the key against these Speed Barriers, and Signal processing techniques are 
widely applied for them. Witnessing remarkable breakthroughs in the digital 
signal processing techniques in wireless communication. Today, we can se-
verely increase signal quality and network throughput through advanced sig-
nal processing algorithms even in high-interference environments. For exam-
ple, adaptive algorithms have made significant bit error rate improvements 
while still sustaining the optimal network performance in various conditions.
How to cite this article: Alić MA, Hasanović A, Begić H, Amir Adnan Muhić  AA  
(2024). Modern Signal Processing Techniques: Breaking Speed Barriers in 
Wireless Data. International Journal of communication and computer Tech-
nologies, Vol. 12, No. 2, 2024, 52-65.

IntroductIon
Here, we will take a look on how modern signal 
processing techniques are reshaping how wireless data 
transmission can be made. In that regard, we’ll look at 
the fundamental concepts, breakthrough technologies 
and real world applications which are driving wireless 
communication to higher speeds. We will, in addition, 
discuss the emergence of these innovations and the 
path they are creating towards future generation 
networks, such as 6G, represented by advanced 
signal processing methods that enable it to provide 
unprecedented data rates.[1-5]

Understanding Signal Processing Funda-
mentals
The cornerstone of modern wireless communication 
systems is signal processing that manipulate and 
analyze different kind of signals. Signal processing 
boils down to turning data into insight that an observer 
cannot see from the get go.[6-8]

The basis for modern signal processing systems is 
Digital Signal Processors (DSPs) as given in the above 

Fig. 1. The mathematical operation on the digitized 
signal is performed by these specialized components 
without waiting for completion of the peripheral 
process, and the elementary mathematical functions 
are add, subtract, multiply, and divide mainly. 
There are four essential components in a typical DSP  
system:

• Program Memory: Stores processing algo-
rithms

• Data Memory: Houses information for pro-
cessing

• Compute Engine: Executes mathematical op-
erations

• Input/Output Interface: Manages external 
connections

The first step takes place when real world signals 
are converted into digital format by analog to digital 
converters. Following this, DSPs digitize and process 
this information very quickly. Furthermore, we can 
perform advanced filtering using which we can narrow 
down between the orderly signals and noise, though 
perfect results are still a challenge.[9-14]
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Role in Wireless Communication
One of the important packet reception process in 
wireless networks is signal processing which consist of 
3 fundamental steps.

1. Triggers the starting position of PHY layer symbols 
and equalizes the frequency differences between 
the transmitter and the receiver.

2. Channel Estimation: Characterises the channel 
and the environment

3. Compensates for the channel effects so that 
coherent demodulation is possible.

Modern signal processing techniques are also found 
to be indispensable for dealing with the challenges 
of handling high capacity and high reliability system. 
To achieve the data rates up to 10 Gbps, and also 
enhance spectral efficiency, the International 
Telecommunication Union (ITU) has set ambitious 
goals. However, in the case of multi gigabit or terabit 
per second wireless communications, digital signal 
processing suffers from severe limitations. Analog 
signal processing (ASP) by this means has become 
important again in any domain, including:

• ADC-less and DAC-less transceivers
• Advanced beamforming systems
• Neural network accelerators
• Real-time phaser-based applications

This leads to clear manifestation of the interrelation 
between signal processing and wireless performance in 
data transfer speeds. As the signal strength increases 
the data transfer rates are higher until it reaches 
the supported maximum Modulation and Coding 

Scheme (MCS) rate. Furthermore, sophisticated signal 
processing algorithms enable dealing with typical 
interference, e.g., with multipath propagation as well 
as interference among users.[15-17]

Hybrid analog/digital signal processing approaches 
have recently been developed that are, in practice, 
able to overcome some, though not all, of these 
traditional limitations. These hybrid systems are 
designed to cascade an ASP network with a baseband 
digital signal processor to the maximal potential 
of both domains. In addition, the possibility of cell 
free networking based on the advanced processing 
of emitted signal has been shown to decrease energy 
consumption and ultimately lower EMF exposure 
levels. Also remarkable advances have been enabled in 
specific applications by continuous evolution of signal 
processing techniques. For example, it is now possible 
to deliver hundreds of Gigabits per second with low 
latency in today’s systems. Emerging technologies 
implemented, for example, by the use of virtual 
reality devices, necessitates minimal data rate of 10 
Gbps [18]-[23].

Current Speed Limitations in Wireless 
Data
While wireless technology has experienced rapid 
evolution, a number of key data transmission speed 
limiting factors still exist. They come from origins as 
basic as the physical laws of the universe to as complex 
as the technical challenges faced.[24-25]

A.  Physical Constraints
An unwavering barrier for wireless communications 
is the speed of light. Air is transparent to radio 

Fig. 1: Basic Components of Signal Processing
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signals beyond a few wavelengths, whereas optical 
fiber is extremely slow at 200 km per millisecond. 
Thus, devices still need to be within 100 km of their 
processing unit if they’re to be run in applications 
requiring their round trip communication time to be 
less than 1 millisecond.

An additional significant physical limitation is 
bandwidth capacity. Wireless networks are the latest 
wireless standard that supports maximum speeds of 
under 10 gigabytes per second, which is just a tiny 
fraction of what wired networks are capable of. In 
particular, this constraint is especially apparent in high 
throughput environments where wireline solutions are 
infeasible to be replaced by wireless options [26].

Additional challenges include: Path loss, and 
signal attenuation. The further the wireless signals 
travel, the longer they degrade. Signals seeking to 
penetrate indoor spaces can be severely weakened by 
building materials such as glass, steel, masonry and 
concrete or by natural barriers such as trees and dense 
landscaping.[27]

Technical Barriers
They find frame duration to be a main technical 
limitation. The delays when waiting for transmission 
opportunities may be of the order of 1 millisecond in 
4G networks. Even with 5G, which reduces the frame 
durations, the congestion delay remains unpredictable 
and inevitable.

Network integration presents complex challenges. 
Nearly all deployments of 5G so far are non-standalone 
mode that rely on existing infrastructure. This 
dependency creates several hurdles:

• Network handoff complexities
• Dependence upon GPRS Tunneling Protocol 

(GTP) is going to continue.
• Backward compatibility requirements

As user numbers rise, Quality of Service (QoS) 
maintenance becomes more difficult. However, when 
working with several applications, like high definition 
video streaming and essential IoT communications, 
the challenge becomes deeper. Although DNS 
latency levels are currently insufficient for many 
5G applications, especially those that are highly 
responsive (microseconds).[28-29]

A. Environmental Factors
Significant RF noise caused by wireless communications 
is generated by electromagnetic interference (EMI) 
from electrical devices. Common sources include:

• Microwaves
• Cordless phones
• Wireless headsets

As a matter of fact, signal propagation involves 
building construction. The rate of signal penetration 
directly depends on the material composition of walls 
and ceilings. The signal can be reduced substantially 
by metal and aluminum doors, concrete structures and 
metal studs.[30-34]

If we have any variables affecting wireless 
performance, weather conditions are definitely one of 
such factors as depicted in the above Fig. 2. According 
to studies, internet performance can be down as much 
as 30% due to adverse weather conditions. Similarly, 
temperature fluctuations can affect a piece of 
equipment’s functionality, as the research shows that 
a ten degree Fahrenheit increase could result in a 50% 
hardware lifespan reduction.[35-36]

The problem for wireless communication is 
particularly challenging in the urban environment due 
to the high density of buildings and infrastructures 
around. Since there are multiple devices in close 
range, it is inevitable that they are competing for 
bandwidth. The settings are such that RF noise and 
interference becomes more noticeable, because 
all the Wi-Fi devices use multiple frequency bands 
under the 2.4 GHz and 5 GHz spectrum. One more 
layer of complexity is current regulations. Although 
the goal is to protect human health from exposure to 
electromagnetic field (EMF), existing guidelines do not 
formulate such strict protection limits in situations 
of devices that emit EMF close by while transmitting 
simultaneously. However, there exists a regulatory 

Fig. 2: Network handoff complexities
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gap that affects the design and the implementation 
of wireless communication systems, which have to be 
considered when taking into account the EMF spectral 
density limits.[37]

A. Modern Signal Processing Techniques
But recent advancements in signal processing have 
broken traditional speed barriers in wireless data 
transmission with very sophisticated techniques. Three 
general ways that these address complex challenge 
are through the three primary approaches of filtering, 
compression, and error correction.[38]

AdvAnced FIlterIng Methods
Surface acoustic wave (SAW) and bulk acoustic wave 
(BAW) filters have achieved the dawning of radio 
frequency filtering technology. In particular, acoustic 
filter technologies have been especially effective 
in both chip and integrated circuit realizations. 
Moreover, wireless communications by means of 
emerging filter technologies such as suspended thin-
film lithium niobate resonant devices display enhanced 
performance.[39]

Here, we consider Filterable Reconfigurable 
Intelligent Surfaces (F-RIS), one of the greatest newly 
discovered solutions for the selective wireless channel 
manipulation. 

Remarkably capabilities in:
• Doing wireless signal manipulations with anti 

interference functions
• The superior filtering performance compared 

to conventional frequency selective surfaces 
is achieved.

• Rejection characteristics outside the operat-
ing bands are maintained to high levels.

Compression Algorithms
Most of current compression methods are aimed 
at decreasing unnecessary energy consumption in 
wireless networks. The two stages involved in data 
compression consist of:

1. Modeling: Extracts and describes redundancy 
patterns

2. Converts the modelled data into compressed 
format (coded).

Compression algorithms are effective only with data 
whose shape changes. Static models have fixed 
parameters while adaptive models change parameters 

with respect to evolving data patterns. In particular, 
compression techniques have shown large boosts to 
network performance.

• Reduced transmission power requirements
• Decreased memory storage needs
• Enhanced bandwidth utilization

During recent decades, advances in compression 
technology have now brought forward hybrid 
approaches, which combine several techniques. 
Impressive results have been shown from these 
advanced methods of reducing Error Vector Magnitude 
by 15 dB and increasing high power amplifier efficiency 
by 11.4%.

Error Correction Strategies
One of the pillars in modern wireless communication 
systems is Forward Error Correction (FEC). This is a 
technique where receivers are able to correct errors 
without retransmission interaction with transmitters. 
Several industry standard advanced error correcting 
codes have appeared:

For noisy data channels, low density parity check 
(LDPC) codes have been found very effective lately. 
Now, the DOCSIS 3.1 specifications have these codes as 
an integral part and they show excellent performance 
in both wired and wireless communications.

In particular, turbo codes are especially designed 
for long distance optical transmission systems and use 
two encoders and an interleaver at the transmitter 
side. This configuration has been very successful 
at preventing the corruption of data over difficult 
transmission environments.[40-41]

RS codes have been very widely applied across 
many platforms and for many applications, including:

• Digital televisions
• High-speed modems
• Communication satellites
• Cell phones

Most recent error correction innovations have 
introduced Check Node Self Update (CNSU) algorithms 
for LDPC decoding to reduce memory and power 
requirements. Additionally, convolutional code LDPC 
(CC-LDPC) achieves much better performance through:

• Lower error floor rates
• Faster decoding convergence
• Reduced decoding complexity
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Among the LDPC algorithms, protograph based LDPC 
algorithms have demonstrated great promise in massive 
MIMO systems with 1-bit ADCs where the error floor issue 
traditionally present in conventional LDPC codes can 
be well resolved. Besides, in turbo joint decoding, the 
performance was as close as 1.4 dB from the Shannon 
limit, supporting 16 simultaneous users when using the 
IDMA schemes and turbo joint decoding .[42]

Real-time Processing Innovations
New innovations in real-time processing are 
fundamentally reworking how data processing occurs 
in the traditional architectures of wireless networks. 
These developments fulfill the growing requirement 
for faster data handling capability at wireless 
communications.

A.  Edge Computing Integration
Additionally, edge computing contends data closer to the 
source, greatly minimizing the amount of latency and 
accelerating response periods of wireless applications. 
Edge computing as part of this approach offers great 
value for time sensitive operations as it allows the data 
to be processed directly at the diverse nodes like hand 
held instruments, IoT devices, on mobile phones.

Several distinct benefits of wireless networks 
integration with edge computing are as follows:

• Distributed processing reduces channel occu-
pation.

• It enhanced privacy because it kept sensitive 
data local.

• Improved diagnosis and control capabilities
• Scalability of network in response to require-

ments of monitoring.

The other major element in this integration process is 
edge caching – a means of storing data on the servers 
that are closest to the end users. D-REC is a very recent 
breakthrough for edge caching optimization that 
employs digital twin’s ability to foretell user requests 
for the data in a very accurate fashion. Data storage 
systems learn to balance storage across networks 
with this method and discover a server is potentially 
overloaded prior to the overload. As a specialized 
approach to this problem, multiaccess edge computing 
proposes deploying computing capabilities at the base 
stations or access points. This strategy strengthens the 
capacity to deliver TBs of data per month in a cost 
effective manner with AI/ML based content popularity 
estimation for the most efficient updates to cached 
content.[43]

Distributed Processing Systems
Distributed processing is a signifying improvement in 
dealing with complex wireless data tasks. In the first 
case the idea is to divide processing among many 
computers, all located in the network. Amongst 
others, the system architecture has the following key 
features:

1. Easily scalable: It can accommodate new nodes 
for more processing power.

2. Tasks are processed in parallel, thus shortening 
the time for completing the tasks.

3. System continues functioning even if individual 
nodes fail is known as reliability.

Distributed processing systems perform remarkably 
well in handling different workloads in the wireless 
applications. Typically that architecture has a 
coordinator that either statically or dynamically assigns 
each node to perform tasks. Distributed systems have 
recently been implemented to handle huge datasets 
with unprecedented speed and reliability.[44-45]

Fig. 3. Application servers as the second tier

From the above Fig. 3, distributed systems are 
organized in a way that most of the time, in client server 
organization, the functions are separated according to 
their functionality . Additional implementations are 
using three tier models which consists of :

• Client machines as the first tier
• Database servers as the third tier

Recently DeepSig has made tremendous advances in 
wireless communication via their recent innovations 
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in distributed processing. Theirs OmniPHY-5G neural 
receiver software, when used on top of Distributed 
Units, has shown an ability to increase uplink 
throughput by a factor of typically 2-3X without any 
added hardware. Apache Storm is a distributed stream 
processing framework that runs very fast on very large 
amounts of streaming data. With this, Apache Kafka 
has become a great distributed stream processing 
platform with scalable pub/sub message queues used 
for real time features like notification platforms and 
stream management.

Edge computing combined with distributed 
processing provides a robust scheme for handling the 
wireless data. Using this integration, the system can 
transmit data selectively, taking only information and 
processed data to the cloud, reducing the cost of 
storage and increasing overall efficiency of the system. 
These systems’ edge devices communicate with each 
other peer to peer, so edge devices can coordinate 
tasks directly without the delays associated with cloud 
communication as in Table 1.

Table 1: Modern Signal Processing Techniques for 
Wireless Data

Technique Functionality

Fourier Trans-
form

Fourier transform decomposes signals 
into their frequency components, im-
proving the analysis and processing of 
wireless data signals.

Wavelet Trans-
form

Wavelet transform analyzes signals at 
different frequencies and scales, mak-
ing it effective for time-frequency anal-
ysis in wireless communications.

Adaptive Fil-
tering

Adaptive filtering allows the system to 
automatically adjust the filter parame-
ters based on incoming data, enhancing 
signal quality and noise rejection.

MIMO Processing MIMO processing leverages multiple an-
tennas to improve data throughput and 
link reliability in wireless communica-
tion systems.

OFDM Modula-
tion

OFDM modulation enables efficient 
transmission of data over wireless chan-
nels by dividing the signal into smaller 
sub-channels to avoid interference.

Machine Learn-
ing Algorithms

Machine learning algorithms enable in-
telligent signal processing by learning 
patterns in data and improving the ac-
curacy of data decoding and noise re-
duction.

breAkthrough technologIes drIvIng 
speed
Unprecedented speeds in wireless data transmission 
have been unlocked by pioneering research in signal 
processing that has opened up boundaries that 
previously seemed impossible. Each represents an 
innovation in multiple domains, such as quantum 
computing to networks of neural networks, to enhance 
wireless performance in their own way.[46]

Quantum Signal Processing
Wireless communication technology has found 
quantum signal processing (QSP) as a game changing 
solution. QSP is based on quantum superposition and 
entanglement, and such principles allow better signal 
encoding and decoding. Recently, researchers showed 
they can transmit data at 938 Gb/s over a frequency 
range of 5 to 150 GHz, more than five times faster 
than any previous wireless transmission record.

It’s been very rewarding to integrate quantum 
techniques with basic signal processing techniques. 
Standard optical fiber allows us to transmit at rates of 
301,000,000 megabits per second, which is 4.5 million 
times faster than the typical broadband connection. 
The advancement is due to new wavelength bands 
being used: E band and S band as well as traditional C 
and L band in the fiber optic systems.

Neural Network Applications
The great function approximation capabilities of 
neural networks have contributed to the revolution of 
wireless communication through robust mechanisms. 
Because of its parallel processing architecture and 
highly connected structure, these networks are 
excellent for rapid computation. The results show 
that there exist superior convergence rates for the 
implementation of neural networks in the wireless 
scenarios compared to that of the existing traditional 
distributed clustering and power control algorithms. 
However, Deep Reinforcement Learning (DRL) on top 
of Deep Neural Networks (DNNs) does well in wireless 
applications. Key achievements include:

• A Spectrum resource sharing among primary 
and secondary users that enhances spectrum 
resource sharing.

• Improved power control strategies with faster 
convergence rates

• More success in transmission optimization.
The wide application of neural networks can be seen 
in different wireless network types: wireless sensor 
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networks, cognitive radio networks, etc. Among other 
things, these systems have proven effective with:

1. Signal classification
2. Parameter optimization
3. Network management

Advanced EEG Signal Processing Methods
Recent EEG signal processing innovations have 
exhibited sophisticated approaches of how to process 
biological signals. Real time extraction of clinically 
useful information from these methods has proven 
especially effective. Advanced processing approaches 
incorporate. Linear combination of independent signal 
sources is the principle of Independent Component 
Analysis (ICA) that has emerged as a very powerful 
tool. By means of the inverse matrix, the original signal 
sources can be computed and the signal separation is 
very precise.

EMD has grown to be a popular technique in 
biomedical signal processing because of its adaptability 
and dependency on the signal. Our method extracts 
Intrinsic Mode Functions individually by conducting 
iterative processes, such that it can deal with complex 
signal patterns.

The performance of signal analysis is superior when 
hybrid methods using several processing techniques 
are combined. Combining these methodologies, these 
approaches represent:

• Improved classical non-adaptive filters
• Advanced adaptive filters
• Signal decomposition methods

The time frequency analysis sets important intimate 
connection that exist between the temporal and 
frequency domain and the high order spectral analysis 
successfully solves the classical limitations, which 
nature the signal processing. New avenues for the 
study of human brain activity characteristics based on 
nonlinear dynamic methods have progressively been 
created, allowing for deeper insights into the signal 
patterns.

Significant power efficiency has been achieved 
by implementing the distributed signal processing 
algorithms in the wireless EEG sensor networks 
(WESNs). EEG recordings of high density are permitted 
with these networks using electrode arrays and 
dedicated processing units, which separate out data 
processing from centralized processing. This has been 
demonstrated with success over different applications, 
such as eye blink artifact removal and auditory steady 
state response detection.[47]

Measuring and Optimizing Performance
Wireless network performance measurement and 
optimization is a sophisticated subject which 
needs sophisticated testing methodologies and 
comprehensive metrics. Mobile broadband service 
performance is evaluated under Measuring Broadband 
America (MBA) Program established special standard 
through the specialized testing applications.

A. Speed Testing Methodologies
Nowadays speed testing applications are using the 
multithreaded approach to calculate speed of the 
network in the most accurate way. Upon initiation of 
each test sequence, the test sequence determines the 
connection type, either cellular or Wi-Fi, as well as 
the technology generation used. The testing process 
encompasses several key steps:

1. Fixed 3 seconds Warmup Phase: Useful to bring the 
system to steady state

2. Active Testing Window: Transfers up to 1,000 MB of 
payload within 5 seconds

3. Total speed performance is measured by three 
concurrent connections when running three 
parallel threads.

Among all the measurement tools, FCC Speed Test 
application is the best and without ads or cost. This 
application tests through manual and automated 
process based on the device platform. You can 
configure automated testing on Android devices at 
number of levels:

• Once per 24 hours (default setting)
• Every 12 hours
• Every 6 hours
• Hourly intervals
• 15-minute intervals

Performance Metrics
There are some crucial metrics on which network 
performance evaluation relies for understanding 
the quality of connection. The values, given in 
milliseconds, represent the round-trip time for data 
packets across endpoints. Most UDP based tests send 
up to 200 packets, with specific sequence numbers and 
timestamps, sending them to find the precise timing 
characteristics.

Packet loss is a major indicator of the state 
of a network, which is reflected by the ratio of 
unacknowledged packets to total transmitted packets. 
To go with this, jitter calculations also utilize the 
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Packet Delay Variation specified in RFC 5481 to draw 
some information about connection stability.[47]

Multiple data points are incorporate into signal 
strength measurements.

• Reference Signal Received Power (RSRP)
• Reference Signal Received Quality (RSRQ)

Table 2: Performance Improvements Through Modern 
Signal Processing Techniques

Network bearer 
information Cell tower proximity data

Increased Data 
Throughput

Increased data throughput is achieved 
through advanced modulation and pro-
cessing techniques that optimize band-
width usage, resulting in faster trans-
mission speeds.

Enhanced Signal 
Quality

Enhanced signal quality ensures clear-
er data transmission by minimizing 
interference and noise, improving the 
reliability of wireless communications.

Reduced Latency Reduced latency is achieved by opti-
mizing signal processing methods to 
shorten the processing time for encod-
ing and decoding data.

Improved Error 
Resilience

Improved error resilience allows for 
better data recovery and fewer re-
transmissions, even in challenging 
wireless environments with high noise.

Robust Commu-
nication

Robust communication ensures unin-
terrupted service and fewer data drop-
outs, even in adverse environmental 
conditions like multipath fading or in-
terference.

Optimized Spec-
trum Utilization

Optimized spectrum utilization allows 
for more efficient use of available 
bandwidth, ensuring that more data 
can be transmitted within the same 
frequency range.

From the above Table 2, the most effective 
method for testing network throughput capacity 
has been consumer initiated testing. As foreground 
dedicated services, these tests fully utilize the 
network connections to measure:

• Download speeds
• Upload speeds
• Connection stability
• Quality of Service (QoS) metrics

Ookla’s testing infrastructure includes over 15,000 
servers located across the world thereby providing 

accurate performance measurements across a variety 
of location. Such extensive network enables the 
accurate assessment of as mentioned in the Fig. 4.[47]

Fig. 4: Radio network coverage

• Signal conditions
• Spectrum usage
• Network equipment performance

However, the assessment of video streaming quality 
makes use of differentiated testing methodologies. 
These tests give us a really detailed analysis of 
streaming performance through adaptive bitrate 
playback analysis on both mobile and fixed networks. 
With billions of consumer initiated tests, real time 
gaming metrics provide much needed data regarding 
the performance of networks used during interactive 
gaming sessions. Automated testing uses the monthly 
data consumption especially less than 100 Megabyte. 
By carefully balancing comprehensive testing and data 
efficiency, continuous monitoring can be achieved 
with little resource utilization [48].

prActIcAl ApplIcAtIons In dIFFerent 
sectors
Reshaping data transmission across a variety of vital 
sectors is modern signal processing techniques that 
are shaping the way services can be delivered and 
operations conducted with great advancements.

Healthcare Data Transmission
Remote health monitoring has become increasingly 
important especially with regards to contagious 
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diseases and critical care situations, for which non-
invasive ways hold a great importance. Medical 
professionals can now monitor patients through 
advanced signal processing without direct contact, 
a capability that was a real boon during recent 
epidemics.

In healthcare application, IR-UWB is distinguished 
by its:

• Higher penetration capabilities
• Extremely precise ranging
• Low power requirements
• Simple hardware configuration
• Robust multipath interference handling

IR-UWB radar (infrasound ultrawideband) sensors 
are very good at tracking both macro and micro 
displacement across the body. Vital signs are measured 
by these sensors because they track displacement 
caused by:

• Lung movement during respiration
• Heart motion during cardiac cycles

Great progresses have been made in the processing of 
digital signal in the field of healthcare data extraction 
and analysis. Noise and artifacts masked by apparent 
data quality are removed using advanced filtering, so 
that data integrity is not compromised. High fidelity 
diagnostic signal data and continuous availability of 
real time support improved physician workflows, 
better procedural outcomes.

IndustrIAl AutoMAtIon
We outline how wireless factory automation has 
enabled reliable, control over dynamic machinery 
in the context of adaptive manufacturing. A highly 
robust communication with 5 millisecond latency, 
deterministic data transport and compatible with 
wired factory protocols is provided by IO-Link Wireless 
protocol.

There are several key components of wireless 
innovations which make industrial automation 
possible.

• Enhanced plant asset management
• The freed cable resources can be used for high 

priority measurements.
• Replacement of traditional pressure gages
• Improved measurement capabilities in previ-

ously inaccessible locations

Many recent developments on industrial wireless networks 
have shown outstanding growth of operational metrics. 

For example, the wireless sensor was used in the trial 
of San Francisco’s smart bin, which reduced overflowing 
trash cans by 80%. Barcelona’s smart lighting system was 
also able to reduce the town’s urban energy consumption 
by 30 percent when in use over a decade.

Smart City Infrastructure
Wireless infrastructure enables seamless data flow and 
communication among a city’s urban systems, making 
them smart cities. This is why the Greater Manchester 
area has an Intelligent Transportation System (ITS) 
using 5G Smart Junctions with AI to optimise traffic 
lights, as a case study. It showed that advanced signal 
processing could be applied quite pratically to urban 
management, as San Diego implemented a wireless 
network to send data from the street lights.

Among the emerging smart city development 
components, private wireless networks have become 
crucial:

1. Remote monitoring of traffic conditions
2. Real-time tracking of municipal vehicles
3. Access control systems for buildings
4. Video surveillance capabilities
5. Machine-to-machine communication for automat-

ed processes

Wireless technology in smart cities has been 
incorporated with great benefits in resource 
management. Today, smart grids help with more 
effective electricity distribution and create lesser 
wastage and encourage the adoption of renewable 
energy. Real time monitoring and identification of 
inefficiencies of the water flow is carried out using 5G 
connectivity in the water management systems.

Using 5G networks to send over inspection 
data and using drone systems to take a look at 
communication towers, China Mobile has come up 
with an innovative way to check on communication 
towers. This application demonstrates that advanced 
signal processing techniques support infrastructure 
maintenance at the minimum cost.

For implementation of these technologies, a 
careful consideration is to be given to a number of 
factors, especially network reliability and coverage. 
Therefore, security protocols for such systems need 
to be robust. Wireless infrastructure, which is the 
backbone of smart city initiatives shaping the future 
of cities, is becoming the green and efficient link in 
the chain reducing the dependence on its consumer, 
the city  as in Fig. 5 [49].
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The foundation of next generation wireless 
networks is transformed by signal processing innovations 
that alter how data is moved across communication 
systems. These advancements make the way for novel 
capabilities in future network architecture.

6G Development Implications
Machine learning approaches to wireless 
communications are poised to provide fundamental 
new insights about the nature, capabilities and, 
ultimately, redefinition of 6G networks. In fact, from 
the Table 3, iterative signal processing algorithms 
need to be completely redesigned due to the physical 
layer requirements of 6G networks.

The 6G artificial intelligence radio problem is 
addressed both computationally and in terms of 
memory using deep unfolding techniques as a potential 
enabling technology. Thus, it effectively addresses 
traditional bottlenecks in:

• Latency optimization
• Network throughput
• System reliability
• Memory constraints

Starting in early 2025, Releases 20/21 will be the first 
definition of 6G standards and will be the first major 
AI enhancements to Layer 1. These developments will 
introduce:

Fig. 5: Impact on Next-Generation Networks
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• New AI-driven channel models
• Advanced reference signal designs
• Also learned air interface features such as 

constellation shaping.

Importance of the integration of domain knowledge 
with machine learning frameworks is emerging as 
a key towards the future embedded intelligent 
communication systems. As dense deployments of 
embedded Internet of Things are anticipated in 
6G networks, this integration gets more and more 
important.[48-55]

Future network ArchItectures
For the 6G evolutionary networks, the architecture 
should be simplified yet more efficient than the 
previous generations. By 2025, 55.7 billion connected 
devices will have been reached as per International 
Data Corporation forecasts, saying, 73.1 zettabytes of 
data will be produced.

Several innovative elements are introduced in 
future network architectures.

1. Functional Architecture: Provides functionality 
and relationships between the abstract entities 
and how they operate.

2. Guides in development through selection of tools 
and management of the software lifecycle

3. Deployment Architecture: Determines the physical 
implementation strategy

By equipping the same 6G systems with extensiv 
autonomy, i.e. with intelligence to discover and 
complete required actions and with humans prescribed 
operational requirements, it is hoped that the 6G 
will be capable to form their own decisions and act 
accordingly. This autonomous capability extends to:

• Detailed configurations
• Resource allocation
• Network optimization
• Service delivery

The next generation standardization, i.e. 6G, will 
take the form of new RAT and the definition of a new 
standalone RAT. It should therefore efficiently share 
the spectral resources with existing 5G networks. 
Today’s 5G core networks provide you with the most 
optimal path forward, as they’ve evolved from:

• Introduction of modified components
• Support for new 6G capabilities
• Enhanced spectrum utilization

On the service side, multiple access variations (WiFi, 
satellite, cellular networks) will be combined across 
different network platforms. This creates the effect 
of smooth service delivery with good performance in 
other channels of communications.

What distinguishes the AI integration in this aspect 
is that it’s a fundamental shift in architecture design. 
This comprehensive AI implementation enables:

• Dynamic network optimization
• Intelligent resource allocation
• Enhanced energy efficiency
• Adaptive system management

It also supports sub millisecond latency and 
enhanced data throughput capabilities through these 
architectural innovations. The ability of the network 
to process huge amounts of data with very low latency 
also brings new opportunities to develop autonomous 
systems and infrastructure.

conclusIon
Wireless communication advancement is being 
advanced mostly by signal processing, which is breaking 

Table 3: Modern Signal Processing in Wireless Data

Improvement Effect

Increased Data 
Throughput

Increased data throughput is achieved 
through advanced modulation and pro-
cessing techniques that optimize band-
width usage, resulting in faster transmis-
sion speeds.

Enhanced 
Signal Quality

Enhanced signal quality ensures clearer 
data transmission by minimizing inter-
ference and noise, improving the reli-
ability of wireless communications.

Reduced 
Latency

Reduced latency is achieved by optimiz-
ing signal processing methods to shorten 
the processing time for encoding and de-
coding data.

Improved Error 
Resilience

Improved error resilience allows for bet-
ter data recovery and fewer retransmis-
sions, even in challenging wireless envi-
ronments with high noise.

Robust 
Communication

Robust communication ensures uninter-
rupted service and fewer data dropouts, 
even in adverse environmental condi-
tions like multipath fading or interfer-
ence.

Optimized 
Spectrum 
Utilization

Optimized spectrum utilization allows 
for more efficient use of available band-
width, ensuring that more data can be 
transmitted within the same frequency 
range.
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the traditional speed barrier through sophisticated 
techniques and innovative applications. It has been 
shown that matters of complex wireless can be 
resolved by advanced filtering methods, compression 
algorithms, and error correction strategies. These 
breakthroughs occur in several sectors. Remote care 
has never been this precise before with healthcare 
providers. Wireless automation improves the 
efficiency of industrial facilities. These advancements 
are incorporated onto smart cities, for managing 
resources and infrastructure elegantly. However, the 
demonstration of 938 Gigabits per second transmission 
rates in quantum signal processing achievements 
demonstrates the transformative potential of these 
technologies. Increasingly, we see performance 
boundaries being pushed by neural networks and 
distributed processing systems, and edge computing 
integration decreases latency exponentially. In the 
process of looking forward to the development of 
6G, signal processing evolves that will enable agile 
autonomous networks with sub millisecond latency 
and enhanced data throughput. Deep unfolding 
techniques and machine learning approaches 
have the promise to conceptually rebuild wireless 
communication capabilities and support its projected 
surge up to beyond 5000 exabytes of monthly data 
traffic in 2030. These technologies are refined by 
scientists and engineers by addressing the issues of 
spectrum efficiency, power consumption, and network 
reliability. Their work makes sure that wireless 
communication systems can sustain high demands 
without compromising on what is a high performance 
under different conditions.
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