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Introduction

1 Context and Motivation

The advancement of wireless communication technologies has seen an unprecedented
surge in recent years, driven by the exponential demand for higher data rates, greater
connection density, and ultra-low-latency applications [[I]. Fifth-generation (5G) networks
lie at the core of this transformation, promising to meet these stringent requirements
through architectural and physical layer innovations [2].

5G networks are fundamentally designed for flexibility and scalability, enabling sup-
port for a diverse set of service categories such as enhanced Mobile Broadband (eMBB),
ultra-Reliable Low-Latency Communication (URLLC), and massive Machine-Type Com-
munication (mMTC) [3-6]. These services impose varying constraints on throughput,
reliability, and latency, requiring transmission schemes that adapt accordingly. Conse-
quently, traditional fixed-numerology frameworks used in prior generations like LTE are
no longer sufficient.

To accommodate this diversity, 5G introduces the concept of multi-numerology, where
different waveform configurations, characterized by different subcarrier spacings, symbol
durations, and cyclic prefix lengths, can coexist within the same carrier bandwidth [5].
While this flexibility enables optimized performance across different services and use
cases, it disrupts the orthogonality between subcarriers, resulting in inter-numerology
interference (INT).

The rise of INI significantly impacts system performance, particularly in scenarios
involving dense deployments, unsynchronized transmissions, and mixed-service environ-
ments [4, 6-8|. Furthermore, as future generations like 6G envision even more aggressive
spectrum sharing, extreme network densification, and Al-native adaptation, interference
mitigation becomes increasingly critical [2, 5, 9].

Effectively managing INT is, therefore, essential to unlock the full potential of 5G and
lay the groundwork for the next generation of wireless technologies.

2 Problem Statement

The coexistence of multiple numerologies in 5G introduces a fundamental challenge: the
loss of orthogonality among subcarriers of different numerologies. This results in spectral
leakage and interference, collectively referred to as inter-numerology interference (INI) [4,
5, 10]. INT causes unwanted power leakage across adjacent numerology blocks, degrading
signal quality and reducing both spectral efficiency and throughput.

The severity of INI is affected by factors such as numerology spacing ratios, rel-
ative transmit powers, frequency alignment, and guard band configuration [6, 11-14].



Moreover, INT is particularly pronounced at the numerology boundaries where subcarrier
spacing mismatches result in overlapping sidelobes and spectral contamination.

These interference effects are exacerbated in dynamic and heterogeneous networks
where users with different quality-of-service requirements may be scheduled simultane-
ously [5, 10, 15-17]. As a result, the accurate modeling, analysis, and mitigation of INI
are essential for maintaining the reliability and efficiency of 5G NR deployments.

3 Research Objectives and Contributions

This thesis aims to address the INI challenge in 5G NR by implementing a dual-mitigation
strategy based on:

1. Time alignment, which synchronizes OFDM symbols across BWPs to minimize
temporal misalignment at symbol boundaries.

2. High-order FIR filtering, applied to the interfering waveform to suppress spec-
tral leakage and limit out-of-band emissions.

The proposed approach improves overall system robustness while maintaining com-
patibility with 3GPP numerology configurations.
The key research objectives are:

e To model INI in dual-numerology OFDM systems and characterize its impact on
key performance metrics.

» To investigate the effectiveness of time alignment in reducing interference without
modifying the waveform structure.

o To design and apply FIR filters tailored for spectral suppression in the interfering
BWP.

o To evaluate the combined performance of these methods using MATLAB simula-
tions over a wide range of modulation schemes and SNR values.

The main contributions of this thesis are:

A practical simulation framework for evaluating INI in dual-numerology OFDM
with realistic 5G NR parameters.

o A combined time-domain and frequency-domain mitigation approach that does not
rely on channel knowledge or adaptive feedback.

o Demonstrated improvements in BER, EVM, SINR, and Spectral Efficiency metrics
across multiple modulation orders.

 Insights into the trade-offs of filtering, including processing overhead and its impact
on spectral confinement.



4 Thesis Structure

This thesis is organized into five chapters, each addressing a key aspect of the study on
inter-numerology interference (INI) mitigation in 5G New Radio (NR) systems:

o Chapter 1 introduces the motivation behind this research, formulates the problem
of inter-numerology interference, defines the objectives, and outlines the contribu-
tions made.

o Chapter 2 reviews the foundational concepts of 5G NR, including the numerology
framework, the rationale for multi-numerology coexistence, and the challenges it
introduces at the physical layer.

o Chapter 3 provides a mathematical and simulation-based characterization of INI,
and presents a detailed survey of state-of-the-art mitigation techniques including
filtering, time alignment, guard banding, windowing, and interference cancellation
strategies.

o Chapter 4 presents the proposed INI mitigation approach based on time alignment
and frequency-domain FIR filtering. The chapter includes a full system model,
simulation setup, and performance evaluation across various modulation schemes
and SNR values, focusing on BER, EVM, SINR, and Spectral Efficiency metrics.

o Chapter 5 concludes the thesis by summarizing the key findings, analyzing the
trade-offs and limitations of the proposed method, and outlining potential direc-
tions for future work, including real-time implementation and hybrid approaches
combining filtering with interference prediction or machine learning.



Chapter 1

Technical Foundations of 5G NR

Introduction

The evolution from fourth-generation (4G) Long-Term Evolution networks to fifth-generation
(5G) systems represents a significant leap forward in wireless communication technology,
propelled by the escalating demand for mobile data and the increasingly diverse require-
ments of modern applications [18]. Fourth-generation networks offered a robust platform
for mobile broadband, fostering the growth of the app economy, but their foundational
architecture was primarily designed around a “one-size-fits-most” approach, which, while
sufficient for human-centric applications, falls short of meeting the dynamic and hetero-
geneous demands of contemporary digital ecosystems [19].

In contrast, Fifth-generation New Radio is engineered as a versatile, software-defined
communication framework capable of accommodating a wide spectrum of services across
various sectors, including autonomous vehicles, intelligent manufacturing, e-health, im-
mersive media, and large-scale Internet of Things deployments [20]. Departing from the
incremental upgrade model of previous generations, Fifth-generation introduces architec-
tural and physical-layer innovations that enable scalability across three key dimensions:
capacity, latency, and connection density [21].

The advent of modern mobile communication networks has been driven by the ever-
increasing demand for faster download speeds and low latency, enabling seamless con-
nectivity to work and social digital platforms [22]. These networks have become essential
for supporting a wide range of applications, including video streaming, online gaming,
and augmented reality, which require high data transfer rates and minimal delays [23].
The transition to fifth-generation networks facilitates enhanced mobile broadband, mas-
sive machine-type communications, and ultra-reliable low-latency communications [4].
The stringent performance objectives set by the International Telecommunication Union
encompass data rates reaching up to 20 Gbps, latency levels below 1 ms, connection den-
sities exceeding 1 million devices per square kilometer, and spectral efficiencies surpassing
those of fourth-generation networks by several orders of magnitude [24]. Achieving these
ambitious targets requires a comprehensive redesign of the radio access network, the core
network, and the underlying physical-layer technologies.

This chapter outlines the limitations of 4G LTE in meeting modern communication
demands and introduces the key performance goals and architectural requirements of 5G.
It highlights the three core service categories defined by the ITU (eMBB, URLLC, and
mMTC) that shape 5G NR’s design.

The discussion then shifts to the 5G architecture, covering service-based core net-



works, RAN configurations, and key enabling technologies such as flexible numerology,
massive MIMO, dynamic TDD, and NOMA, which together enable adaptable and effi-
cient wireless services.

By establishing the motivations and foundational technologies of 5G NR, this chapter
provides the necessary context for the thesis’s focus on advanced interference management
in multi-numerology OFDM systems and resource optimization.

1.1 Transition from 4G to 5G

1.1.1 Limtiations of 4G

The fourth generation (4G), while bringing a significant improvement over 3G, struggles
to meet the demands of emerging applications and services [4]. The technology’s main
limitations are listed below :

« Limited capacity: 4G networks are reaching their capacity limits in densely pop-
ulated areas, leading to congestion and reduced data rates, especially during peak
hours. [25]

o Inability to support massive connectivity: 4G networks are not designed
to handle the massive number of connected devices envisioned in the Internet of
Things, leading to scalability issues. [23, 26]

« High latency: 4G networks have relatively high latency, making them unsuitable
for applications that require real-time communication, such as augmented reality,
virtual reality, and autonomous vehicles. [27, 2§]

o Lack of flexibility: 4G networks are not flexible enough to support the diverse
requirements of different applications and services, leading to inefficient resource
utilization. [19, 29

o Limited spectrum: 4G networks rely on licensed spectrum, which is expensive
and limited, hindering the deployment of new services and applications. [3(]

These limitations have driven the development of 5G, which is designed to address
these challenges and enable a new era of wireless communication.

1.1.2 Challenges and New Requirements of 5G

Fifth generation networks are designed to overcome the limitations of 4G and meet the
ever-increasing demands of wireless communication, introducing a new set of challenges
and requirements [28, B1].

These challenges are multifaceted, spanning from technological hurdles to deployment
complexities, requiring innovative solutions and approaches.

as shown in Table [1.1, 5G must support significantly higher data rates compared to
4G, with target peak data rates of up to 20 Gbps and user-experienced data rates of up
to 100 Mbps. [25, 2§]

One of the most critical requirements of 5G is ultra-low latency, with target end-to-
end latency of 1 ms for mission-critical applications such as industrial automation and
remote surgery [28, B2].



Table 1.1: Performance Comparison Between 4G LTE and 5G NR

Metric 4G LTE 5G NR
Peak Data Rate Up to 1 Gbps (DL), | Up to 20 Gbps (DL),
100 Mbps (UL) 10 Gbps (UL)

User Experienced | 10-100 Mbps 100 Mbps—1 Gbps

Data Rate

Latency (Air Inter- | ~10 ms ~1 ms (URLLC)

face)

Mobility Support Up to 350 km/h Up to 500 km/h

Connection  Den- | ~10° devices/km? ~10° devices/km?

sity

Spectrum Effi- | Baseline (1x) ~3x improvement

ciency

Energy Efficiency Moderate Higher (up to 100x im-
provement)

Network Architec- | EPC (centralized) SBA  (cloud-native,

ture virtualized)

Numerology Fixed (15 kHz) Scalable (15-240 kHz)

Deployment Band | Sub-6 GHz Sub-6 GHz +
mmWave  (up  to
100 GHz)

In addition, 5G must be able to support a massive number of connected devices,
with a target of up to 1 million devices per square kilometer, enabling the widespread
deployment of ToT devices and services [3, [19, B3]

To ensure seamless connectivity and coverage, 5G must provide high network avail-
ability and reliability, with target availability of 99.999 for critical applications. [4, [19, B4]

5G networks must be flexible enough to support a wide range of applications and
services, each with its own specific requirements, enabling efficient resource utilization
and customized service delivery. [10, 28, B3, B5]

The networks must be designed to be energy-efficient, minimizing power consumption
and reducing the environmental impact of wireless communication.

meeting these goals introduces a series of new requirements :

e Spectrum Efficiency and mmWave Integration: Operating in mmWave bands
opens access to vast unused spectrum but introduces challenges such as higher at-
tenuation and limited range. 5G addresses this using beamforming, massive MIMO,
and advanced propagation models to maintain link reliability and spectral efficiency
B2, B3.

e Device Scalability and Grant-Free Access: Massive IoT deployments neces-
sitate scalable access mechanisms. Techniques such as grant-free transmission and
non-orthogonal multiple access (NOMA) help minimize control signaling and con-
serve energy in low-complexity devices [4, B6].

o Network Slicing and Edge Computing: The ability to create virtualized, in-
dependent network slices allows 5G to allocate resources dynamically based on



specific service requirements. This combined with Mobile Edge Computing, re-
duces latency by processing data closer to the source, crucial for applications like
autonomous vehicles and real-time video analytics [3, B7, B§].

o Energy-Aware Design: The densification of 5G networks through small cells
and mmWave access increases power demands. To remain sustainable, 5G systems
must incorporate energy-efficient protocols and hardware, particularly for battery-
operated IoT devices. [26, B9, 40]

e Security and Privacy: With an increased attack surface due to more connected
devices and virtualization, 5G networks must provide robust security mechanisms.
This includes enhanced authentication, encryption, and policies that protect user
data and prevent unauthorized access to network resources [3, 41].

o Backhaul Capacity: 5G’s enhanced capabilities and services add strain to back-
haul networks, necessitating ultra-low latency and high capacity. [23, 28, 42|

In summary, 5G is not merely a faster version of LTE; it is an entirely new architectural
and operational paradigm. While its potential is vast, delivering on its promises requires
innovations across the protocol stack, hardware design, and network intelligence.

1.2 Fundamentals of 5G Communication Systems

1.2.1 5G Use Cases

With its modular design and expansive feature set, 5G is engineered to support a wide
array of services that highly differ in their performance requirements. When considered
as a block, these services seem impossible to implement, so in order to organize this
diversity, the Iternational Tellecommunication Union identified three primary usage sce-
narios: enhanced Mobile Broadband (eMBB), Massive Machine Type Communications
(mMTC), and Ultra-Reliable Low Latency Communications as depicted in Figure

4, B2]

« Enhanced Mobile Broadband (eMBB) ¢MBB is the evolution of 4G LTE,
aiming at improving spectral efficiency and throughput performance to support
services with high data rates, such as virtual reality, augmented reality, and high-
definition video streaming [4, 25, 44] .

» Ultra-Reliable Low-Latency Communications (URLLC) URLLC is tailored
for applications that require extremely low latency and high reliability, such as
autonomous driving, remote surgery, and industrial automation [32, 45, 16].

« Massive Machine-Type Communications (mMTC) mMTC is designed to
support the interconnection of a massive number of low-cost, low-power devices
for IoT applications, such as smart cities, smart agriculture, and smart metering.
B, B2].

These three categories represent a wide range of applications and services that 5G
is designed to support [4]. The network can be customized and adapted to meet the
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Figure 1.1: ITU-defined 5G use cases[@].

specific requirements of each use case [@] 5G’s general applications are wide, including
healthcare, transportation, smart grids, and entertainment. [3, 48, 19|

To accomodate this diversity, 5G employs a combination of a software defined archet-
icture, network slicing, and edge computing, allowing to dynamically allocate and manage
resources based on the specific needs of each application. [3, B8, 50|

The introduction of 5G has opened up new avenues for industrial IoT, enabling ap-
plications such as remote monitoring, predictive maintenance, and real-time control []
It facilitates high-speed data transfer, ultra-low latency, and reliable connectivity, which
are essential for efficient and effective communication in smart grid environments [] 5G
networks offer enhanced capabilities for traffic management and reduced costs of spec-
trum utilization through network slicing, catering to the distinctive service differentiation
needs demonstrated by various vertical industries [@] The enhanced capabilities of 5G
networks have spurred interest across diverse sectors, with industrial IoT standing out as
a key area.

1.2.2 5G Network Architecture

The architecture of 5G networks represents a paradigm shift from previous generations,
embracing virtualization, softwarization, and cloudification to achieve unprecedented flex-
ibility, scalability, and efficiency. [, @, @]

The 5G architecture is designed to support the wide range of use cases and deployment
scenarios, from enhanced mobile broadband to massive machine-type communications
and ultra-reliable low-latency communications [@, , ] Figure @ provides an overview
of a modern 5G network, highlighting its key components and structural layers.



Figure 1.2: Overview of the 5G network architecture[@].



A. Core Network and Service-Based Architecture (SBA)

The 5GC is the heart of the 5G network, responsible for managing connectivity, mobility,
and security.

Unlike previous generations, which relied on monolithic architectures, the 5GC adopts
a service-based architecture, where network functions are implemented as modular soft-
ware components that can be deployed and scaled independently [32, 54]

The SBA enables network operators to rapidly develop and deploy new services, cus-
tomize network functions to meet specific requirements, and optimize resource utilization
[46, b5, 56|

Key functions of the 5GC include: [3, 50, b6, 57|

o Authentication and authorization: Verifying the identity of users and devices
and granting access to network resources.

e Mobility management: Tracking the location of users and devices and ensuring
seamless handover between base stations.

e Session management: Establishing and maintaining communication sessions be-
tween users and applications.

« Policy control: Enforcing network policies and ensuring quality of service.

B. Radio Access Network (RAN) and C-RAN

The RAN is the part of the network that provides wireless connectivity to user devices|3,
22, 23, B3, 42].

It comprises base stations (gNodeBs or eNodeBs in the case of non-standalone de-
ployments) that transmit and receive radio signals [3].

« Macrobase stations (gNodeBs): provide wide-area coverage and support high
transmission power levels. They serve as mobility anchors and backhaul aggregation
points in suburban and rural regions. [58, b9]

« Small cells (picocells, femtocells): provide coverage in dense urban areas and
indoor environments. [4, B2, 60, 61]

To further enhance efficiency, many operators are adopting a centralized archi—tecture,
where the baseband processing units are centralized, and the remote radio heads are dis-
tributed at the cell sites. It is known as centralized RAN. It enables cooperat—ive radio
resource management, interference coordination, and load balancing. [48, 60, 62-64]

C. Millimeter-Wave Backhaul and Fronthaul

Backhaul solutions for 5G must address both capacity and latency constraints to sup-
port the high data rates and low latency requirements of 5G applications. Millimeter-
wave (mmWave) technology offers a promising solution for 5G backhaul, providing high
bandwidth and low latency connectivity [65]. However, mmWave signals are susceptible
to atmospheric attenuation and blockage, which can limit the range and reliability of
mmWave backhaul links.

The backhaul network represents a critical segment that facilitates interconnection
and support for billions of devices originating from the core network [23]. It is expected
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that the conventional cellular system architecture will struggle to handle Gigabit-level
data traffic while maintaining cost-effectiveness and ecological sustainability, especially
considering the increasing demand for wireless data traffic [66].

The introduction of 5G has placed additional demands on the backhaul network, in-
cluding ultra-low latency requirements and support for ultra-dense networks [23]. 5G
backhaul networks need to support high traffic volumes from the core network while ad-
hering to strict latency constraints. Meeting the capacity and latency requirements of 5G
backhaul networks necessitates the utilization of high-capacity, low-latency technologies
such as fiber optics and millimeter-wave communication.

The fronthaul refers to the network connecting the remote radio unit to the baseband
unit in a centralized RAN architecture [67]. The key requirements for fronthaul networks
include high bandwidth, low latency, and synchronization [4].

5G NR introduces innovative approaches to radio resource sharing, enhancing spectral
efficiency and network capacity [4].

D. Device-to-Device (D2D) and Machine-to-Machine (M2M) Communica-
tions

Device-to-device (D2D) communication allows devices to communicate directly with each
other without traversing the base station [32]. This can improve the efficiency and latency
of communication in certain scenarios. D2D communication holds substantial importance
in 5G networks, primarily due to its ability to enhance network efficiency and reduce
latency [68-70].

The integration of D2D communication into 5G networks has the potential to en-
able a wide range of new applications and services. By enabling direct communication
between devices, D2D can improve the efficiency of communication, reduce latency, and
extend battery life. M2M communication is a key enabler of the IoT, allowing devices to
communicate and exchange data with minimal human intervention. [32, 71, 72]

The advent of 5G has spurred the development of applications like Mobile Edge Com-
puting, Artificial Intelligence, Internet of Things, and Internet of Vehicles [[73]. These
applications have driven the evolution and advancement of wireless communication tech-
nology [19, [74].

E. User Equipment (UE)

The UE is the device that connects to the 5G network, such as smartphones, tablets,
and [oT devices. 5G devices are equipped with advanced capabilities, including support
for multiple frequency bands, wide bandwidth channels, and advanced antenna technolo-
gies. The transition from cell-centric to user-centric networking is a paradigm shift in
5@G, bringing devices closer and emphasizing proximity discovery to trigger direct commu-
nication [B2]. The network intelligently manages resource allocation, enabling seamless
data exchange and control signaling, optimizing the use of resources for both D2D and
D2N communications [32, 68, 69]

Table outlines the primary roles and application contexts of key components in
the 5G network architecture.

In 5G NR, several key features revolutionize wireless communication, addressing the
diverse and demanding requirements of modern applications [4].
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Table 1.2: Roles of Key Components in 5G Network Architecture[53].

Component

Primary Function

Application Context

Core Network (SBA)

Virtualized control and user
plane functions

Slice orchestration, QoS en-
forcement, interconnectivity

Macro Base Station

Long-range coverage and

Rural, suburban, and macro-

cessing for RAN virtualiza-
tion

(gNodeB) high-power connectivity urban deployment

Small Cells | Short-range, high-capacity lo- | Dense urban zones, indoor
(Pico/Femto) cal access environments

C-RAN Centralized baseband pro- | Latency-sensitive and

resource-coordinated deploy-
ments

mmWave Backhaul

High-speed wireless link be-
tween RAN and core or edge
cloud

Fiber alternative in urban
densification

Device-to-Device

Peer-to-peer communication

V2X, emergency services,

(D2D) without routing via RAN proximity sharing
Machine-to-Machine | Efficient, scalable IoT com- | Smart grids, sensor networks,
(M2M) munication industrial telemetry

Relay Nodes

Intermediate nodes to ex-
tend coverage and fill cover-
age holes

Underground or remote areas

User

(UE)

Equipment

Access terminal for consum-
ing or generating traffic

Smartphones, AR/VR head-

sets, sensors, vehicles

F. Key Architectural Principles

The 5G NR architecture is built upon several key principles, including flexibility, scalabil-
ity, and efficiency. Flexibility is achieved through the use of software-defined networking
and network functions virtualization, which allows network operators to rapidly deploy
new services and customize network functions to meet specific requirements.

Scalability is achieved through the use of a distributed architecture, where network
functions are deployed across multiple nodes.

Efficiency is achieved through the use of advanced technologies such as massive MIMO,
beamforming, and network slicing, which enable network operators to optimize resource
utilization and improve network performance [32].

The transition towards 5G represents a move from cell-centric to user-centric net-
working, enhancing user experiences by removing cell boundaries and enabling seamless
mobility [32]. The architecture also employs SDN and NFV to enable network slicing,
offering customized virtual networks tailored to diverse application needs [32]. With the
deployment of 5G networks, improved mobile internet communication, broader function-
alities, and greater service accessibility have become reality [75].

G.Software-defined networking and network function virtualization

Software-defined networking and network function virtualization are key enablers of the
5G NR architecture, providing the flexibility and agility needed to support the diverse
requirements of 5G applications. SDN allows network operators to control the network
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programmatically, while NF'V allows network functions to be virtualized and deployed on
commodity hardware.

SDN centralizes network control, enabling dynamic configuration and optimization.
NFV virtualizes network functions, offering scalability and flexibility by running them
on commodity hardware [32]. These technologies enable the creation of network slices,
where virtualized network resources are partitioned to meet the specific needs of different
applications and services [32]. 5G leverages software to manage and control the network,
facilitating efficient resource allocation and management [32]. The softwarization of 5G
enables the efficient utilization of its vast prospects and usability, ensuring reliable con-
trol in diverse scenarios. Decoupling the control plane from the user plane through SDN
enables efficient and separate optimization of each plane [32]. SDN offers centralized net-
work control through a programmable interface, while NFV virtualizes network functions
on standard hardware, allowing flexible and scalable deployment of network services [46].
NFV and SDN stand out as essential components of the 5G architecture, enabling flexible
network management and resource optimization [32].

In 5G NR, several key features revolutionize wireless communication, addressing the
diverse and demanding requirements of modern applications.

1.3 5G NR Key Features

5G New Radio incorporates key technological advancements to meet its ambitious per-
formance targets. 5G NR employs several key features to achieve its goals, including:

1.3.1 Flexible Numerology

5G NR introduces flexible numerology to accommodate diverse deployment scenarios
and service requirements [4]. Unlike 4G LTE, which uses a fixed numerology, 5G NR
supports multiple numerologies with varying subcarrier spacings and symbol durations
[15]. Figure @)illustrates the concept of scalable numerology in 5G NR, where different
subcarrier spacings are used to support diverse service requirements.

This flexibility enables the network to adapt to different frequency bands, bandwidths,
and latency requirements. 5G NR leverages a flexible numerology based on OFDM,
allowing for the adjustment of subcarrier spacing to optimize performance in different
scenarios. The selection of numerology depends on several factors, including the operating
frequency band, channel conditions, and the desired trade-off between spectral efficiency
and latency.

Smaller subcarrier spacing increases the symbol duration, improving robustness to
delay spread in large coverage areas and mobility, but also increasing latency and reducing
spectral efficiency. Conversely, larger subcarrier spacing reduces the symbol duration,
decreasing latency and increasing spectral efficiency, but also making the system more
susceptible to delay spread and phase noise. 5G NR’s adoption of scalable subcarrier
spacings, including 15, 30, 60, and 120 kHz, provides adaptability for various services and
frequency bands [[7]. The flexibility in choosing the numerology is crucial for supporting
the diverse range of 5G use cases, including enhanced mobile broadband (eMBB), ultra-
reliable low-latency communications, and massive machine-type communications. The
adoption of OFDM in 5G NR ensures backward compatibility with 4G _LTE systems
[7]. The term numerology refers to the PHY waveform parametrization [77]. Subcarrier
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Figure 1.3: Scalable numerology in 5G NRI[[76].

spacing is the most important parameter when defining a numerology and impacts various
parameters such as CP length, windowing, and filter characteristics [[7].

The fundamental numerology of 5G NR is based on a subcarrier spacing of 15 kHz,
which is the same as that used in 4G LTE. This numerology is suitable for many common
use cases and provides a good balance between spectral efficiency and latency. 5G NR
can also use smaller or larger subcarrier spacings to optimize performance for specific
scenarios. For example, a smaller subcarrier spacing of 7.5 kHz can be used to improve
coverage in rural areas, while a larger subcarrier spacing of 30 kHz can be used to reduce
latency in ultra-reliable low-latency communications [[7]. By dynamically adjusting the
numerology based on the specific requirements of each service, 5G NR can achieve optimal
performance across a wide range of applications.

1.3.2 Massive MIMO and advanced beamforming

Massive MIMO is a key enabler of 5G NR, allowing for significant improvements in net-
work capacity, coverage, and energy efficiency. Massive MIMO is a technology that uses a
large number of antennas at the base station to transmit and receive data simultaneously
to multiple users.

By employing a large number of antennas, massive MIMO can focus the radio signal
towards the intended user, improving signal strength, reducing interference, and enhanc-
ing network capacity. Massive MIMO leverages spatial multiplexing to transmit multiple
data streams simultaneously over the same frequency band, increasing spectral efficiency
and data throughput.

The principle behind massive MIMO is to exploit spatial diversity and multiplexing
gains by using a large number of antennas at the base station. This enables the base
station to transmit and receive data simultaneously to multiple users on the same fre-
quency band, thereby increasing spectral efficiency and network capacity [78]. Massive
MIMO improves energy efficiency by focusing the radio signal towards the intended user,
reducing the amount of power wasted on unintended users or areas.
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Massive MIMO can enhance spectrum and energy efficiency through beamforming
and combining technology [4]. With the use of multiple antennas for transmission and
reception, massive MIMO is considered to be one of the key technologies of 5G [4]. Beam-
forming is a technique that focuses the radio signal towards the intended user, improving
signal strength and reducing interference [79]. Beamforming enables the targeted use
of spectrum, which could result in uniform data speeds across the network [32]. The
phased array also allows changing the phase of each element electronically, which can be
used to steer the radio beam in a different direction to avoid interference coming from
a specific direction [80]. Massive MIMO systems use advanced beamforming algorithms
to optimize the direction and shape of the radio beams, further improving performance
[4]. A comparison of different varieties of beamforming methodologies for determining
the most efficient massive MIMO network is carried out in [81].

Massive MIMO networks are more resistant to interference and intentional jamming
than current systems that only utilize a handful of antennas [32]. Therefore, it is more
difficult to intercept massive MIMO communication, which is important for military
applications. Figure illustrates how Massive MIMO and beamforming techniques
enable spatial multiplexing and improve signal quality in 5G systems, as described in
[82]. Massive MIMO also enables spatial multiplexing, where multiple data streams are
transmitted simultaneously over the same frequency band to different users.

Oee .
Dua hS

Null steering

Figure 1.4: Massive MIMO and beamforming in 5G NR[32].

1.3.3 Mini-slot scheduling and preemption

Traditional LTE systems relied on fixed Transmission Time Intervals for scheduling and
data transmission, which can introduce latency, especially for short packets. 5G NR
introduces mini-slot scheduling to address this limitation by allowing for shorter and
more flexible scheduling intervals. Mini-slot scheduling enables the transmission of data in
shorter time intervals, reducing latency and improving responsiveness for delay-sensitive
applications. Figure illustrates the 5G NR mini-slot scheduling mechanism, where
low-latency URLLC transmissions can preempt ongoing eMBB slots.

5G NR also supports preemption, which allows a high-priority transmission to in-
terrupt a lower-priority transmission if needed. Preemption ensures that critical data is
transmitted with minimal delay, even if other transmissions are already in progress.

These technologies have a lot of applications in future communication systems.

By combining mini-slot scheduling and preemption, 5G NR can provide ultra-reliable
low-latency communication for critical applications such as industrial automation, remote
surgery, and autonomous vehicles [3].
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Figure 1.5: Illustration of 5G NR mini-slot scheduling and preemption [83].

5G NR also includes a variety of other features that improve performance and flex-
ibility, such as carrier aggregation, dynamic spectrum sharing, and network slicing. By
using these technologies, 5G NR can support a wide range of services and applications
with different requirements.

The standardization of 5G wireless systems is still in its early stages, but it is already
clear that this technology will have a major impact on the way we live and work [84].

1.3.4 Dynamic Time Division Duplexing (TDD)

5G NR adopts dynamic TDD to efficiently utilize radio resources by dynamically adjust-
ing the allocation of uplink and downlink resources based on traffic demands [4]. Unlike
traditional FDD and TDD systems with fixed uplink and downlink allocations, dynamic
TDD enables flexible adaptation to changing traffic patterns and user demands [4]. Fig-
ure [1.9 illustrates the concept of 5G NR mini-slot scheduling and preemption, where short
URLLC bursts can interrupt ongoing eMBB transmissions to meet latency constraints.
This mechanism is standardized in 3GPP TS 38.300 [83]. Figure depicts the principle
of Dynamic TDD in 5G NR, which allows flexible switching between uplink and downlink
slots based on traffic demand.

In 5G NR, dynamic TDD allows the network to allocate more resources to downlink
when there is a higher demand for downlink traffic, such as video streaming or data
downloads. Conversely, when there is a higher demand for uplink traffic, such as video
conferencing or file uploads, the network can allocate more resources to uplink [4]. This
adaptability ensures that network resources are utilized efficiently, improving overall sys-
tem performance and user experience.

Compared to LTE, 5G NR shifts the UL and DL division based on OFDM symbols
which makes it more efficient [4].

The use of TDD has become more widespread as the cost of FDD spectrum has
increased.

In dynamic TDD, resource allocation between DL and UL can be dynamically adjusted
which can provide significant performance improvements. The same frame structure will
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Figure 1.6: Dynamic TDD in 5G NR [@]

be used for both TDD and FDD in 5G NR networks, unlike LTE which employs two
separate frames for TDD and FDD [@]

1.3.5 Carrier Aggregation

Carrier aggregation enables 5G NR to combine multiple component carriers to increase
bandwidth and data rates [@] By aggregating multiple carriers, 5G NR can provide
wider bandwidths and higher data rates than would be possible with a single carrier [87].

The aggregated carriers can be either contiguous or non-contiguous in frequency,
providing flexibility in spectrum allocation and utilization. Carrier aggregation also allows
for the combination of carriers from different frequency bands, enabling the use of both
low-band and high-band spectrum to improve coverage and capacity [4, , , @]

This technology has been used in previous generations of wireless technology to in-
crease the data rates and throughput of wireless networks.

By combining multiple component carriers, 5G NR can achieve higher data rates,
improved spectral efficiency, and enhanced user experience, supporting a wide range of
applications and services [é, @, , ] Figure @ illustrates the main types of carrier
aggregation supported in 5G NR.

1.3.6 Network slicing

Network slicing is another key feature of 5G NR that allows for the creation of virtualized
and isolated logical networks on a shared physical infrastructure. Network slicing enables
operators to provide customized services and meet the specific requirements of different
applications and use cases [32]. Figure @ illustrates how 5G network slicing allows
multiple logical networks to coexist over the same physical infrastructure, with each slice
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Figure 1.7: Types of carrier aggregation in 5G NR[@].

tailored to specific service requirements. The architecture and principles are standardized
in 3GPP TS 23.501

Each network slice can be configured with its own dedicated resources, security poli-
cies, and quality of service parameters, providing isolation and independence between
different services. For example, one network slice can be dedicated to enhanced mo-
bile broadband (eMBB) services, providing high data rates and low latency for video
streaming and online gaming. Another network slice can be dedicated to ultra-reliable
low-latency communications for industrial automation and autonomous vehicles [@]

Network slicing enables operators to offer differentiated services, optimize network
performance, and monetize their infrastructure by supporting a wide range of applications
and use cases with varying requirements [32].

Network slicing is defined as a bundle of services, a logical network, a type of vir-
tual networking architecture or a chain of network functions created on top of a cloud
infrastructure [93].

The radio access network should enable the dynamic creation of network slices as well
as the ability to combine network slices [@]

Technologies such as Software-Defined Networks and Network Function Virtualization
are key enablers to the implementation of network slicing [@]

These features collectively contribute to the enhanced capabilities of 5G NR, enabling
it to meet the diverse and demanding requirements of modern wireless communication
systems [94].

1.3.7 Grant-free access and Low-Power Wide-Area Networks

5G NR incorporates grant-free access mechanisms to reduce latency and signaling over-
head for IoT devices and other low-power devices. In traditional cellular networks, devices
need to request a grant from the base station before transmitting data, which can add
delay and consume significant energy.

18



5G Network Slicing

Communication,
entertainment,
internet

Mobile broadband

Retail, shipping,
manufacturing

Massive loT
Automotive,
medical,

infrastructure

5G Network Slicing enables
CSPs to build end-to-end

Critical loT virtual networks tailored to
application requirements

Figure 1.8: 5G network slicing[].

Grant-free access allows devices to transmit data without explicitly requesting a grant,
reducing latency and improving energy efficiency .

5G NR also supports Low-Power Wide-Area network technologies such as Narrowband
IoT and enhanced Machine-Type Communication (eMTC) to enable connectivity for a
massive number of IoT devices with low power consumption and wide-area coverage.
These technologies are designed to support a wide range of IoT applications, such as
smart metering, environmental monitoring, and asset tracking [] Figure [1.9 compares
grant-based and grant-free uplink transmissions in 5G NR. Grant-based transmissions
require scheduling requests and uplink grants, while grant-free transmissions allow pre-
configured, low-latency access.

Table summarizes how the major 5G NR features are mapped to the three I'TU-
defined use cases: enhanced Mobile Broadband (eMBB), Ultra-Reliable Low-Latency
Communications (URLLC), and massive Machine-Type Communications (mMTC).

These features collectively provide the technical bedrock for 5G NR'’s ability to deliver
targeted performance across vastly different service categories. Rather than serving a
single traffic profile, 5G NR empowers the network to dynamically mold itself around
real-time requirements, enabling seamless service convergence across verticals. To support
this flexibility at the physical layer, 5G NR employs a range of multiple access techniques
tailored to the specific demands of each use case. In the following section, we delve into
these multiple access methods and explore how they contribute to the efficient utilization
of radio resources in 5G networks.

1.4 Multiple Access Techniques in Cellular Networks

Multiple access techniques enable simultaneous communication by multiple users over
a shared communication medium. Each mobile network generation introduced different
multiple access strategies to meet growing demands for spectral efficiency, user capacity,
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Table 1.3: Mapping of Key 5G NR Features to Major Use Cases[@]
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and service quality. The International Telecommunication Union establishes standards
like FDMA, TDMA, CDMA and OFDMA for wireless communication [95]. The evolution
from Frequency Division Multiple Access to Non-Orthogonal Multiple Access represents
a significant paradigm shift in cellular network design, driven by the relentless pursuit of
higher spectral efficiency and massive connectivity [96].

1.4.1 Legacy Techniques: From FDMA to CDMA

Early generations of cellular networks relied on orthogonal resource separation strategies
to support multi-user access. These approaches are illustrated in Figure , and each
evolved to address the shortcomings of its predecessor.

« FDMA (Frequency Division Multiple Access): FDMA divides the available
spectrum into distinct frequency bands, allocating each band to a different user,
preventing interference by ensuring that users transmit on non-overlapping fre-
quencies [95]. In FDMA, a carrier frequency is assigned to a single user, where the
channel is occupied by the single user for the entire duration of the call [95]. Lower
frequencies are used in mobile devices because propagation decay is logarithmic as
a function of frequency [95]. It was deployed in first-generation (1G) cellular sys-
tems like AMPS, but its spectral efficiency is limited because of the rigid frequency
allocation and the need for guard bands between channels [95]. .

« TDMA (Time Division Multiple Access): TDMA allows multiple users to
share the same frequency channel by allocating different time slots to each user,
where each user transmits in its assigned time slot, and the receiver extracts the
data by listening only during the corresponding time slot. It was adopted in 2G
systems like GSM, offered improved spectral efficiency compared to FDMA by
allowing multiple users to share the same frequency channel, but it still suffers from
limitations in terms of the number of users that can be supported simultaneously.
[95, 7] . Moreover, as user demand grows and services like messaging and data
begin to dominate, TDMA’s rigid structure becomes a bottleneck. These limitations

necessitated a solution where all users could access the spectrum simultaneously and
more flexibly, a challenge addressed by CDMA.

« CDMA (Code Division Multiple Access): The key technology behind 3G
networks such as WCDMA. enables multiple users to transmit simultaneously over
the same frequency band by assigning a unique orthogonal code to each user [95].
The signals from different users are separated at the receiver using these orthogonal
codes [95]. CDMA, employed in 3G systems like IS-95, further enhanced spectral
efficiency and offered better resilience to interference, becoming a cornerstone of
3G technology by allowing multiple users to transmit simultaneously over the same
frequency band.

While these orthogonal multiple access schemes provided a solid foundation for early
cellular networks, their spectral efficiency is fundamentally limited by the orthogonal
nature of the resource allocation, which prevents full utilization of the available spectrum
when user activity is bursty or channel conditions vary significantly.
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1.4.2 OFDMA and SC-FDMA in 4G
To address the limitations of CDMA, particularly its poor scalability and sensitivity

OFDMA for the downlink and SC-FDMA for the uplink. Figure

to power imbalance, 4G LTE introduced more advanced multiple access techniques:
fl—ll compares OFDMA

and SC-FDMA as employed in the LTE downlink and uplink, respectively. SC-FDMA
was specifically chosen for the uplink to reduce the Peak-to-Average Power Ratio (PAPR),
making it more power-efficient for mobile devices.
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Figure 1.11: Comparison of OFDMA and SC-FDMA used in 4G LTE [@]

« OFDMA (Orthogonal Frequency Division Multiple Access): OFDMA is
a multi-carrier transmission scheme where the available bandwidth is divided into
multiple orthogonal subcarriers, and each subcarrier is allocated to a different user.
OFDMA is an extension of FDMA, where each frequency band is placed at the null
of the adjacent frequency band [@]

OFDMA was adopted in 4G LTE systems, offering significant improvements in
spectral efficiency and flexibility compared to its predecessors [100]. It allows for
dynamic allocation of subcarriers to users based on their channel conditions and
traffic demands, enabling efficient use of the available spectrum and support for a
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large number of users [101]. WiMAX and LTE protocols use the OFDMA multiple
access technique [95].

« SC-FDMA (Single Carrier Frequency Division Multiple Access): To over-
come the PAPR drawback in the uplink, LTE uses SC-FDMA for transmissions from
user equipment (UE). As shown on the right side of the figure, SC-FDMA applies a
DFT precoding stage that spreads each symbol over the assigned subcarriers. This
results in a time-domain signal with a single-carrier structure, reducing PAPR. Al-
though SC-FDMA slightly limits scheduling granularity compared to OFDMA, it is
better suited for power-constrained devices and provides efficient uplink operation
with good spectral efficiency[[L01].

While OFDMA provides orthogonal access through subcarrier partitioning, SC-FDMA
uses DFT-spreading to reduce PAPR for uplink transmission. To boost spectral efficiency,
advanced approaches like multiple-input multiple-output and beamforming have been
integrated with orthogonal multiple access schemes. Single-carrier FDMA is a variation
of OFDMA used in the uplink of LTE systems, where it offers advantages in terms of
power efficiency compared to OFDMA. Despite their widespread adoption, OFDMA and
SC-FDMA still have limitations in terms of spectral efficiency, particularly in scenarios
with high user density and diverse channel conditions.

1.4.3 Modern Techniques in 5G Networks

Building upon the success of OFDMA in 4G, 5G New Radio (NR) extends and adapts
orthogonal access methods while introducing non-orthogonal schemes to address the
demands of emerging use cases. These techniques aim to support enhanced mobile
broadband (eMBB), ultra-reliable low-latency communications (URLLC), and massive
machine-type communications (mMTC)[4].

« OFDMA with Flexible Numerology: In 5G NR, OFDMA remains the primary
access scheme for both downlink and uplink, but with enhanced flexibility. The sub-
carrier spacing A f is scalable according to A f = 15x2* kHz, with k € {0, 1,2, 3,4},
allowing the frame structure to adapt to different latency and bandwidth require-
ments. For instance, low-latency applications can use wider spacing (e.g., 60 kHz),
while narrowband IoT traffic may use 15 kHz. Additionally, the concept of Band-
width Parts (BWPs) enables users to operate on tailored frequency segments within
a wider carrier bandwidth, reducing UE complexity and energy consumption. De-
spite its flexibility, orthogonal resource allocation remains inherently limited in
spectral efficiency, particularly under massive connectivity[4].

« NOMA (Non-Orthogonal Multiple Access): To overcome the spectral limita-
tions of orthogonal schemes like OFDMA, 5G introduces Non-Orthogonal Multiple
Access (NOMA) as an optional multi-user access strategy. Unlike traditional meth-
ods that strictly allocate orthogonal resources to each user, NOMA allows multiple
users to share the same time-frequency resources by differentiating them either
in power or code domains. This enables increased spectral efficiency, better user
fairness, and support for massive connectivity[48, 102].

— Power-Domain NOMA: In power-domain NOMA the base station super-
imposes signals for different users on the same subcarrier by assigning them
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different power levels. Typically, users with poor channel conditions (e.g.,
cell-edge users) are allocated more power, while those with better channels
receive less. At the receiver side, users equipped with Successive Interference
Cancellation (SIC) can decode the stronger signal first, subtract it, and then
decode the weaker one

Figure illustrates the concept of power-domain NOMA, where users are
multiplexed in the power domain and distinguished at the receiver using suc-
cessive interference cancellation (SIC). This access technique has been pro-
posed as a key enabler of massive connectivity in 5G and beyond. UE-2 re-
ceives a strong signal and decodes its own data directly. UE-1, however, first
performs SIC to remove UE-2’s signal before decoding its own. This layered
decoding approach allows users to coexist non-orthogonally within the same
resource block.

‘] Small power allocation for UE-1

l Large power allocation for UE-2

Frequency

o

UE-2 without SIC receiver

‘ UE-2 signal decoding

i UE-1 with SIC receiver

SIC of UE-2 signal UE-1 signal decoding

-

Figure 1.12: Power-domain NOMA[].

— Code-Domain NOMA (e.g., Sparse Code Multiple Access (SCMA)):
In contrast to power-domain NOMA, code-domain NOMA distinguishes users
by assigning them unique sparse codebooks. A prominent example is Sparse
Code Multiple Access (SCMA), where each user’s bitstream is first encoded
and then mapped onto a sparse multi-dimensional codeword from a predefined
codebook .
Figure J shows the principle of code-domain NOMA using Sparse Code Mul-
tiple Access (SCMA), where users are separated via distinct sparse codebooks
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over shared resource elements. SCMA enables efficient multi-user detection
with low-complexity receivers using the message passing algorithm. Multiple
users’ symbols are transmitted over the same subcarriers and OFDM symbols
but are differentiated by sparse spreading patterns. The receiver performs
multi-user detection using the Message Passing Algorithm (MPA), which effi-
ciently decodes overlapping signals by leveraging codeword sparsity.
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Figure 1.13: Code Domain NOMA: SCMA []

Advantages of NOMA:

x Increased spectral efficiency and system throughput.
* Improved performance for cell-edge users.

* Enhanced support for massive access in mMTC scenarios.
Challenges of NOMA:

* Receiver complexity increases due to SIC and joint detection.

x Performance is sensitive to power allocation and channel estimation er-
rors.

* Optimal pairing of users with disparate channel conditions is essential
but non-trivial.

While NOMA presents theoretical benefits, its practical deployment is cur-
rently more suitable for specific contexts, such as IoT, ultra-dense networks,
or environments where user devices have significantly different link qualities.

1.5 OFDMA and Modulation Schemes in 5G NR

Orthogonal Frequency Division Multiple Access (OFDMA) forms the backbone of
both downlink and uplink transmissions in 5G New Radio (NR). Combined with
advanced modulation techniques, OFDMA enables high spectral efficiency, robust
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multi-user access, and adaptability to diverse service requirements such as en-
hanced Mobile Broadband (eMBB), Ultra-Reliable Low-Latency Communications
(URLLC), and massive Machine-Type Communications (mMTC)[3, [77, [L02].

Figure illustrates the complete end-to-end transmission and reception chain
for Orthogonal Frequency Division Multiple Access (OFDMA) in 5G New Radio
(NR). On the left, the transmitter processing stages map raw data bits onto OFDM
waveforms using a sequence of coding, modulation, and transformation blocks. On
the right, the receiver reverses this process to recover the original bitstream. In
between, the signal undergoes channel effects such as fading and noise.

In the following subsections, we provide a step-by-step breakdown of each block in
this diagram, from bitstream generation and modulation to IFFT processing and
cyclic prefix insertion at the transmitter, and from cyclic prefix removal to decoding
at the receiver. This detailed exposition highlights how 5G NR leverages OFDMA’s
structure and flexibility to meet diverse service requirements across a wide range
of channel conditions.

1.5.1 Input Bitstream

The transmission process begins with the generation of the input bitstream,
which represents the raw data to be transmitted over the air. This bitstream can
originate from various sources such as user data (e.g., application-layer packets),
control signaling (e.g., scheduling requests), or reference signals required for channel
estimation and synchronization[d, [106, [L07].

In 5G NR, the bitstream is structured into transport blocks (TBs), each of which
is processed independently through the physical layer. The size of a transport block
depends on several factors, including modulation and coding scheme (MCS), the
allocated bandwidth part (BWP), and the number of assigned resource blocks][,

108, 109)].

At this stage, no physical-layer transformation has yet occurred, the bits are a
sequential stream of information, agnostic to modulation or transmission format.
These bits will soon undergo channel coding and modulation tailored to link con-
ditions and quality-of-service (QoS) requirements[33, 110, 111].

The bitstream is also the point at which logical channels (e.g., for data or signaling)
are multiplexed and passed to the physical layer, where prioritization, segmentation,
and scheduling begin to take effect[110, 112, 113].

1.5.2 Channel Coding (LDPC / Polar)

Once the input bitstream is prepared, the next stage is channel coding, which
introduces controlled redundancy to protect the information against errors caused
by noise, fading, and interference during transmission|[19, [114].

In 5G NR, two types of forward error correction (FEC) codes are employed:

— Low-Density Parity-Check (LDPC) Codes: Used for data channels (i.e.,
PDSCH for downlink and PUSCH for uplink). LDPC codes are block-based
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Figure 1.14: OFDMA Trasceiver Chain in 5G NR.
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linear error correcting codes characterized by sparse parity-check matrices.
They provide excellent performance near the Shannon limit and support
parallelizable decoding algorithms, making them highly suitable for high-
throughput data transmission|[19, %8, [115].

— Polar Codes: Applied to control channels (e.g., PDCCH and PUCCH).
Polar codes are capacity-achieving block codes that exploit the phenomenon
of channel polarization. They are particularly well-suited for short block
lengths and low latency applications. Successive cancellation list decoding
enhances their error correction performance[116, 117].

The channel coding process typically includes:

1. Segmentation: Large transport blocks may be split into smaller code blocks
to facilitate parallel processing and decoding.

2. CRC Insertion: A cyclic redundancy check is appended to detect errors
during decoding.

3. Encoding: Each block is passed through either an LDPC or Polar encoder.

4. Rate Matching: The output is adjusted to fit the number of available re-
source elements (e.g., through puncturing or repetition).

This stage ensures robust protection of data, balancing redundancy and spectral
efficiency depending on channel conditions and service requirements.

1.5.3 Modulation Schemes in 5G NR

Modulation plays a critical role in determining how digital bitstreams are mapped
onto complex symbols for transmission. In 5G NR, the modulation scheme is dy-
namically selected based on channel quality indicators (CQI) reported by the re-
ceiver, enabling adaptive modulation and coding (AMC) to maximize throughput
while ensuring link reliability[118, 119].

Figure illustrates the typical spatial deployment of modulation schemes in
a 5G NR cell. As users move farther from the base station and signal quality
degrades, the modulation scheme becomes progressively more robust to maintain
link reliability.

A.Supported Modulation Formats

5G NR supports the following modulation schemes[4§]:

— QPSK (Quadrature Phase Shift Keying): Encodes 2 bits per symbol by
modulating the carrier phase across four discrete values. Due to its robust-
ness against noise and low SNR tolerance, QPSK is widely used for control
channels and in ultra-reliable low-latency communication (URLLC).
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Figure 1.15: Modulation schemes in 5G NR.

— 16-QAM (Quadrature Amplitude Modulation): Maps 4 bits per sym-
bol using a grid of 16 points in the I/Q plane. It offers a good trade-off
between spectral efficiency and robustness, making it suitable for moderate
channel conditions.

— 64-QAM: Encodes 6 bits per symbol over 64 constellation points. It is
effective for enhanced Mobile Broadband (eMBB) scenarios under favorable
SNR conditions.

— 256-QAM: Maps 8 bits per symbol onto a dense 16x16 constellation. This
scheme achieves high spectral efficiency but requires excellent link quality and
is mostly used in the downlink.

B.Mathematical Representations
— QPSK:

) 3
— A . el% T -
Sk € ) (bke{oazaﬂ-a 2}

where each phase corresponds to a unique 2-bit pair.

— M-QAM:
Sp = ap + jbe,  ap, by € {11,13, (VM - 1)}

Each M-QAM symbol is selected from a square constellation of M points and
normalized to ensure uniform average symbol energy.
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C.Impact on Performance

The choice of modulation affects key performance indicators such as[11§]:

— Spectral Efficiency: Higher-order QAM formats (e.g., 256-QAM) allow
more bits per symbol, thus increasing throughput.

— SNR Requirements: As modulation order increases, minimum required
SNR for reliable decoding also increases.

— Error Resilience: Lower-order schemes (e.g., QPSK) are more resilient to
noise and multipath fading, making them preferable in poor channel condi-
tions.

— Power Amplifier Efficiency: Higher-order QAM leads to a higher Peak-
to-Average Power Ratio (PAPR), complicating RF chain design, especially
for uplink transmissions.

D. Constellation Diagrams
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Figure 1.16: Constellation diagrams.
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These constellations illustrate the increasing symbol density associated with higher-
order modulation schemes. As the number of bits per symbol increases, from 2 in
QPSK to 8 in 256-QAM, spectral efficiency improves, enabling higher data rates.
However, this also reduces the Euclidean distance between constellation points,
making the signal more sensitive to noise, distortion, and fading effects, particularly
at the cell edge.

1.5.4 Resource Mapping in 5G NR

In 5G New Radio (NR), the time-frequency structure is organized as a resource
grid, where each unit of transmission occupies one Resource Element (RE), the
smallest physical resource, defined by the intersection of a single subcarrier (fre-
quency domain) and one OFDM symbol (time domain). A group of 12 consecutive
subcarriers over one slot (typically 14 OFDM symbols) forms a Resource Block
(RB), the basic scheduling unit in both downlink and uplink. A higher-level struc-
ture called the Bandwidth Part (BWP) is composed of multiple contiguous RBs
and allows the network to operate multiple numerologies within the same carrier
bandwidth, enabling flexible and power-efficient allocation[46].

Figure illustrates the 5G NR resource grid, showing the mapping of key physical
channels and signals across two slots in a 10 ms frame. This resource allocation
structure is defined in 3GPP TS 38.211 .

Each 1 ms subframe consists of one or more slots (typically 14 OFDM symbols
per slot), depending on the subcarrier spacing defined by the selected numerology.
The figure provides a slot-level view of how various physical channels and reference
signals are mapped in both time and frequency|109, [120]:

— PSS/SSS (Primary and Secondary Synchronization Signals): Indi-
cated in purple and green, these are transmitted once per frame and assist
the UE in achieving synchronization with the base station.

— PBCH (Physical Broadcast Channel): Shown in dark blue, PBCH car-
ries the Master Information Block (MIB) and is transmitted along with the
PSS/SSS during the synchronization signal block (SSB).

— PBCH DMRS (Demodulation Reference signals): These Demodula-
tion Reference Signals are associated with PBCH and assist in channel esti-
mation for decoding the MIB.

— PDCCH (Physical Downlink Control Channel): This channel occupies
the beginning OFDM symbols in each slot and carries scheduling assignments
and control information.

— PDCCH DMRS : Embedded within PDCCH regions, they support coher-
ent demodulation of the control channel.

— PDSCH (Physical Downlink Shared Channel): PDSCH carries user
data. It is dynamically scheduled across the available frequency-time re-
sources.
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— PDSCH DMRS (Dark Red): Used for channel estimation when decoding
the PDSCH data.

— CSI-RS (Channel State Information Reference Signals): Shown in
gray, these provide the UE with information to estimate channel quality for
link adaptation and beam management.

This mapping strategy provides high flexibility in resource scheduling, allowing the
network to dynamically allocate control, data, and reference signals based on traffic
demand, QoS requirements, and channel conditions. Additionally, such mapping
ensures backward compatibility, numerology coexistence, and efficient use of spec-
trum within a unified OFDMA-based frame structure.

A.Mapping Procedure and Scheduling

The 5G NR scheduler dynamically assigns Resource Blocks (RBs) to users based
on multiple criteria [121], 122] :

— Quality-of-Service (QoS) requirements such as eMBB, URLLC, or mMTC,
— Channel conditions via Channel Quality Indicator (CQI) feedback,

— Transmission Time Interval (TTI) granularity, e.g., full slot or mini-slot-based
scheduling,

— Interference constraints, especially in multi-numerology environments.

Control channels like the Physical Downlink Control Channel (PDCCH) are always
prioritized and mapped at the beginning of the slot, as they carry scheduling grants
and HARQ feedback. Once control regions are allocated, the remaining RBs are
used for data channels (PDSCH) and uplink transmissions (PUSCH). Demodulation
reference signals (DMRS), phase tracking reference signals (PTRS), and channel
state information reference signals (CSI-RS) are inserted according to standard-

defined patterns and help maintain robust channel estimation and tracking [114,
123].

Each Bandwidth Part (BWP) defines a contiguous block of RBs within a carrier
and enables numerology-specific scheduling. The number of RBs in a BWP depends
on:

— The total bandwidth (e.g., 20 MHz, 100 MHz),

— The subcarrier spacing (e.g., 15 kHz, 30 kHz, 60 kHz).
For example:

— A 20 MHz bandwidth with 15 kHz subcarrier spacing supports up to 106
RBs,

— A 100 MHz bandwidth with 30 kHz spacing allows up to 273 RBs,
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— Wider bandwidths with higher subcarrier spacing (e.g., 120 kHz) are used in
FR2 (mmWave) and allow BWPs of over 300 RBs.

Resource mapping bridges modulation and waveform generation by assigning com-
plex QAM symbols to resource elements (REs) in a two-dimensional grid, while
ensuring orthogonality, spectral efficiency, and timing alignment. This flexible
design enables 5G NR to serve highly diverse traffic profiles, from massive IoT
to ultra-reliable low-latency and gigabit broadband, all within the same unified
OFDMA-based air interface[77, [124]. Table [L.4 presents the maximum number of
resource blocks (RBs) supported per bandwidth part (BWP) under various subcar-
rier spacing configurations in 5G NR.

Table 1.4: Maximum Number of Resource Blocks (RBs) per Bandwidth Part in 5G
NR[125]

Bandwidth (MHz) | Subcarrier Spacing (kHz) | FFT Size | Max RBs
5 15 012 25
10 15 1024 52
15 15 1024 79
20 15 2048 106
40 30 2048 133
20 30 4096 162
100 30 4096 273
100 60 4096 136
200 60 8192 273
400 120 8192 264

1.5.5 IFFT and Time-Domain Conversion

After mapping complex modulation symbols onto subcarriers in the frequency do-
main, 5G NR uses an Inverse Fast Fourier Transform (IFFT) to convert them
into a composite time-domain signal. This step is essential for creating the OFDM
waveform, where each subcarrier contributes a sinusoidal component and maintains
orthogonality with the others [4, §].

Let X[k] denote the complex symbol on subcarrier k, and N the FFT size. The
time-domain output x[n] is given by:

=

X[k]e?2 /N o =0,1,...,N -1
0

1
N

o[n] =

i

Each resulting OFDM symbol consists of N time-domain samples. However, to
mitigate inter-symbol interference (ISI) caused by multipath propagation, a Cyclic
Prefix (CP) is appended to each symbol. This CP is a repetition of the last Ncp
samples from the IFFT output and is inserted at the beginning of the symbol.

Figure illustrates the process of cyclic prefix (CP) insertion in 5G NR, where
a portion of the end of each OFDM symbol is copied and prepended to the sym-
bol. This results in a total symbol duration of N + N¢p samples. The CP serves
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Figure 1.18: Cyclic Prefix insertion in 5G NR. [@]

as a guard interval that mitigates inter-symbol interference and allows the linear
convolution of the channel to be treated as circular. This property preserves the
orthogonality of subcarriers, even in frequency-selective fading environments.

This time-domain waveform, composed of a sequence of CP-extended OFDM sym-
bols, is then transmitted over the radio interface. The process ensures efficient
channel utilization, robustness to multipath fading, and low-complexity receiver
design.

1.5.6 Receiver Side Summary

At the receiver, the incoming OFDM waveform first undergoes CP removal to isolate
each OFDM symbol. The remaining signal is converted back into the frequency
domain via FFT. After this, the receiver performs resource demapping to extract
the allocated REs.

Demodulation is then applied to recover the symbol sequence, followed by channel
decoding (LDPC or Polar) to reconstruct the original bitstream. Synchronization,
channel estimation, and equalization are integrated throughout the process, aided
by embedded reference signals such as DMRS and CSI-RS.

Together, this processing chain enables reliable, high-throughput communication in
a dynamic and interference-prone wireless environment.

Conclusion

This chapter has provided a comprehensive overview of the motivations, architec-
ture, and enabling technologies of 5G New Radio (NR), highlighting its evolution
from 4G LTE and its readiness to support a vast spectrum of next-generation ser-
vices. Unlike its predecessor, which primarily focused on mobile broadband, 5G
is designed as a flexible and extensible framework that integrates high-throughput
applications, ultra-reliable services, and massive-scale IoT within a single platform.

We began by articulating the performance bottlenecks and structural constraints
inherent in 4G networks, which catalyzed the development of 5G. The chapter
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then detailed the stringent requirements introduced by emerging use cases, ranging
from sub-millisecond latency and gigabit throughput to energy-efficient massive
connectivity, and how 5G addresses these through a modular architecture.

Fundamental enhancements in 5G NR include scalable subcarrier spacing via flex-
ible numerology, the use of advanced physical-layer technologies such as massive
MIMO and mini-slot scheduling, and the adoption of network softwarization prin-
ciples via SDN and NFV. Together, these features provide the agility and efficiency
required to dynamically adapt to traffic demands, user profiles, and service-level
agreements across highly variable network conditions.

In addition, the chapter examined the evolution of multiple access techniques,from
orthogonal schemes such as OFDMA and SC-FDMA to modern non-orthogonal
solutions like power-domain NOMA and code-domain SCMA. These approaches are
instrumental in supporting the massive concurrency and spectrum reuse required
for 5G’s envisioned scale.

However, with increased flexibility and multiplexing capabilities comes new com-
plexity. One of the critical challenges in 5G NR is managing the interference in-
troduced by multi-numerology operation, where different services may use varying
symbol durations, subcarrier spacings, and guard configurations. Such configura-
tions, while beneficial in isolation, often introduce inter-numerology interference
(INT) when coexisting in the same spectrum.

The next chapter transitions from this architectural foundation toward a focused
study of INT and its mitigation. We will formally define the problem, review existing
approaches, and identify the gaps that motivate our proposed solutions, thereby
linking the theoretical underpinnings of 5G with our specific research contributions.
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Chapter 2

Problem Statement and State of
the Art

Introduction

The advent of 5G New Radio (NR) introduces a transformative physical layer de-
sign through the adoption of multi-numerology, a feature enabling the coexistence
of different subcarrier spacings, symbol durations, and cyclic prefix lengths within
the same carrier bandwidth [0, [L0, [77]. This innovation is essential for fulfilling the
diverse requirements of enhanced Mobile Broadband (eMBB), ultra-Reliable Low-
Latency Communications(uRLLC) , and massive Machine-Type Communications
(mMTC). However, this flexibility breaks the orthogonality inherent in traditional
OFDM systems, giving rise to inter-numerology interference (INI), a major imped-
iment to system performance and standard compliance. [6, [12, 126]

Unlike LTE, which operates under a single numerology, 5G NR supports scalable
numerologies defined by Delta f = 15 cdot 2mu kHz, where mu in 0,1,2,3,4. When
these numerologies are multiplexed, spectral misalignment causes significant side
lobe leakage, especially at numerology boundaries, leading to power leakage and
degradation in signal fidelity. INI becomes particularly detrimental in scenarios
with dense user deployments, unsynchronized transmissions, or tight spectral pack-
ing common in modern 5G use cases. [4, 9, 127]

Numerous studies have addressed the manifestation of INI in both time and fre-
quency domains, revealing that its severity increases with higher numerology ratios
and denser subcarrier packing. [0, [, 13]Moreover, sidelobe interference and sym-
bol misalignment are exacerbated by multipath fading, power imbalance, and dy-
namic scheduling, rendering INT a multidimensional problem that cannot be treated
through simple static guard band insertion. [, 128§]

This chapter presents a comprehensive study of inter-numerology interference in
5G NR systems, beginning with the definition and structural implications of multi-
numerology. We then develop analytical models in both continuous and discrete
time to characterize INI through subcarrier correlation and spectral overlap. These
derivations are supported by visual illustrations and simulation-backed insights that
reveal the underlying interference structure. We further provide a detailed state-of-
the-art review of mitigation strategies, including filtering, windowing, scheduling,
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interference cancellation, and Al-driven methods, with a special emphasis on trade-
offs between performance, complexity, and spectral efficiency.

Finally, we identify key gaps in the current literature, such as limited mathemati-
cal models of INI in discrete time, insufficient experimental validation under dual
numerology, and underutilization of sidelobe structure for interference suppression.
This motivates the approach in the next chapter, where we present a novel adaptive
interference suppression strategy, building upon our previously published work on
filtering-based mitigation of INT.

2.1 Multi-Numerology in 5G NR

In the context of 5G NR, numerology refers to the set of parameters that define the
physical layer transmission characteristics, primarily the subcarrier spacing (Af),
symbol duration (75), and cyclic prefix duration (T¢p). Unlike LTE, which employs
a fixed subcarrier spacing of 15 kHz, 5G NR supports multiple numerologies, each
suited for specific deployment scenarios and service requirements. The subcarrier
spacing (Af) in 5G NR is defined as

Af =15 x 2“kHz

Where (4 is an integer ranging from 0 to 4 [12].

2.1.1 Supported Numerologies

5G NR defines numerologies with subcarrier spacings that are integer multiples of
15 kHz, as shown in Table R.1]. [8, [12] This scaling allows for the flexible allocation
of resources and the coexistence of multiple services within the same network [§].

Table 2.1: 5G NR Numerologies

1 Af T, Tcp Slot Duration
0| 15 kHz | 66.67 us | 4.69 us 1 ms

1] 30kHz | 33.33 us | 2.34 us 0.5 ms

2| 60 kHz | 16.67 ps | 1.17 ps 0.25 ms

3 | 120 kHz | 8.33 us | 0.57 us 0.125 ms
41240 kHz | 4.17 ps | 0.29 us 0.0625 ms

The choice of numerology depends on several factors, including the target service,
channel conditions, and deployment scenario. Smaller subcarrier spacings (e.g.,
15 kHz) are suitable for wide-area coverage and delay-tolerant applications, while
larger subcarrier spacings (e.g., 60 kHz or 120 kHz) are preferred for low-latency
and high-throughput applications [, [127].

The incorporation of multiple numerologies into the 5G NR framework represents
a strategic response to the multifaceted demands of contemporary wireless com-
munication ecosystems, facilitating the tailored optimization of physical layer pa-
rameters to meet the distinct performance benchmarks of diverse applications and
deployment contexts [b]. This architectural flexibility not only enhances resource
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utilization and spectral efficiency but also empowers network operators to dynami-
cally adapt to evolving user demands and service requirements, thereby augmenting
the overall robustness and versatility of 5G networks [22, 129].

2.1.2 Comparison with LTE Frame Structure

LTE employs a fixed numerology with a subcarrier spacing of 15 kHz, leading
to a uniform frame structure across the network. In contrast, 5G NR’s flexible
numerology allows for variable subcarrier spacings, enabling the network to adapt
to different service requirements and deployment scenarios [[77, 130].

As illustrated in Figure@, the frame duration in LTE is fixed at 10 ms, divided into
10 subframes of 1 ms each. Each subframe consists of two slots, each with a duration
of 0.5 ms. In 5G NR, the frame duration is also 10 ms, but the number of slots per
subframe varies depending on the numerology [4]. For example, with a subcarrier
spacing of 15 kHz, there are 10 slots per subframe, while with a subcarrier spacing
of 30 kHz, there are 20 slots per subframe. This variability enables the dynamic
allocation of resources and the efficient support of diverse services [15].

2 ms LTE Frame (15 kHz)

LTE[ | | |
Slot Slot Slot Slot
1 ms

5G NR | | | | |
15 kHz (1x slots)

30 kHz (2x slots)

60 kHz (4% slots)

120 kHz (8x slots)

Figure 2.1: Comparison of LTE and 5G NR frame structures.

2.1.3 Implications of Multi-Numerology

The introduction of multiple numerologies in 5G NR enhances the network’s flexi-
bility but also introduces challenges:

— Inter-Numerology Interference (INI):The coexistence of different nu-
merologies can lead to interference between subcarriers, especially at the
boundaries of numerology domains, or BandWidth Parts(BWP), leading to
performance degradation for both types of users [35].

— Complex Resource Allocation: Managing resources across multiple nu-
merologies requires sophisticated scheduling algorithms to ensure efficient uti-
lization, QoS provisioning and fairness [[131].
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— Increased Receiver Complexity: Receivers must be capable of handling
signals with varying numerologies, necessitating more complex signal process-
ing techniques, such as symbol allignement and clock synchronization [14].

In the subsequent sections of this chapter, we undertake a comprehensive investiga-
tion of inter-numerology interference (INI), a critical challenge in multi-numerology
systems such as 5G NR. We begin by analyzing the fundamental mechanisms un-
derlying INI, followed by the development of rigorous mathematical models that
capture its behavior across multiple domains. Specifically, we formulate these mod-
els in both continuous and discrete time, providing insights into temporal interfer-
ence characteristics. Furthermore, we extend our analysis to the frequency domain
to better understand spectral interactions between coexisting numerologies. This
multi-domain modeling approach lays the foundation for the interference mitigation
strategies proposed in later sections.

2.2 Inter-Numerology Interference in Continuous
Time

In 5G New Radio (NR), multiple numerologies may coexist within the same fre-
quency band to support diverse service requirements. This flexibility, however,
comes at the cost of losing the strict orthogonality guaranteed in conventional
OFDM systems, leading to inter-numerology interference (INI).

Figure @ illustrates a conceptual transceiver architecture for a two-numerology
OFDM system. Each numerology operates with its own subcarrier spacing, denoted
AfM and Af® | and corresponding symbol durations 7t = 1/AfM and T?) =
1/Af®. To comply with 3GPP’s scalable numerology structure, we define:

71
Af(Q) — - Af(l), T2 — —\ wveEN. (2.1)
v

Each symbol 37(7? from numerology i € {1, 2} is modulated using a subcarrier-specific
basis function ¢, (1):

7 ]' j27Tm, i)
S (1) = ——=emm AT T (1), (2.2)

T

where II7(t) denotes a rectangular window of duration 7.

The aggregate transmitted signal is:
(t) =Y sWol) (1) + Y sPoD (1), (2.3)
and the received signal under AWGN becomes:

r(t) = z(t) + w(t), (2.4)

where w(t) is additive white Gaussian noise.
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At the receiver, matched filters based on the transmit basis functions are used for
demodulation. The estimated symbol is recovered as:

80 = / r(t) oD% (t) dt. (2.5)

1
. #(t) r(t)
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Figure 2.2: Transceiver architecture for a multi-numerology OFDM system with two
numerologies.

A.Inter-Numerology Interference (INI)

In the presence of multiple numerologies, orthogonality is not preserved due to
mismatches in subcarrier spacing and symbol duration. This results in cross-
interference between subcarriers of different numerologies. The demodulated sym-
bols become:

s =50+ 5P (1), 00 (1)), (2.6)
$9 =50+ sl (1), 02 (1), (2.7)

where the inner product (@q(t), ds(t)) = [ da(t)di(t) dt quantifies the interference
leakage.

When AfD £ Af®? these cross terms no longer vanish, in contrast to single-
numerology OFDM systems where orthogonality ensures no inter-subcarrier inter-
ference.
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2.2.1 Symbol Duration Overlap and Temporal Aliasing

The INI becomes particularly pronounced when symbol durations overlap in time.
For example, if v = 2, each symbol from Numerology 2 spans the duration of two
symbols from Numerology 1, as shown in Figure R.3. This temporal misalignment
introduces spectral leakage and disrupts orthogonality across numerologies.

F 3

= Symbol 2k | Symbol 2k+1 AfTL
el
(4]
=

- »

T
Symbol k I AfE
+ le: »>
Time

Figure 2.3: Overlap of symbol durations for v = 2

2.2.2 Full Transmission Model

Extending the model to multiple OFDM symbols over time, the continuous-time
baseband signal for numerology ¢ becomes:

+oo NH_1

w0 = D Y s ot — kT, (2.8)

k=—0c0 m=0
where sl(fzn is the k-th OFDM symbol on the m-th subcarrier. The total signal is:
z(t) = 2W(t) + 23 (1), (2.9)

capturing both numerologies in a shared spectrum, leading to time-domain and
frequency-domain interference.

2.3 Swubcarrier Correlation and Inter-Numerology
Interference

In OFDM systems, subcarrier waveforms are orthogonal within a given numerology
due to uniform subcarrier spacing and symbol durations. However, this orthogonal-
ity breaks down when multiple numerologies coexist, resulting in inter-numerology
interference (INI). The degree of interference can be quantified through the inner
product between subcarrier waveforms from different numerologies.
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2.3.1 Subcarrier Inner Product

Let ng,(qi) (t) denote the baseband waveform of the m-th subcarrier in numerology 7,

defined as: .
o) = e T 1) (2.10)

where A f@ = 1/T; is the subcarrier spacing and Il (¢) is a rectangular window of
duration T;.

The inner product between subcarriers from numerologies 1 and 2 is:

T
st = [ o o] a (211)
0
where T is a common integration window (e.g., least common multiple of 7} and
Ts).

Substituting the waveforms:

12 __ 1

T
pmm = \/ﬁ/ €j2ﬁ(mAf1_nAf2)tdt. (212)
0

For Afy = v - Afy, the expression becomes:

e 1 €j27r(mfm))Af1T -1

P = T jom(m — no)Afy

(2.13)

This shows that orthogonality is preserved only when m = nv. Otherwise, the inner
product is nonzero, leading to INI.

Figure @ shows the simulated magnitude of p,lﬂ,;f for numerology ratios v = 2,4, 8.

As v increases, more subcarriers from numerology 2 interfere with each subcarrier in
numerology 1. The horizontal axis represents the subcarrier index offset d = m—nuv,
which measures how far an interfering numerology-2 subcarrier is from the desired
numerology-1 subcarrier. Interference is strongest at d = 0 and decays as the offset
increases.

2.4 Discrete-Time Modeling of Inter-Numerology

Interference

In practical OFDM systems, signals are processed in discrete time via IFFT/FFT.
Here, we analyze how interference manifests in the discrete domain.

2.4.1 System Setup

Consider two numerologies:

— Numerology 1: Af; = 15 kHz, FFT size NV,
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Figure 2.4: subcarrier correlation.

— Numerology 2: Afy =v-Af;, FFT size N, = %

Each OFDM symbol is:

Ni—1
1 i) jomkn
mz[n]:—g X,i N n=0,1,...,N; — 1.
VN

(2

Assuming both are transmitted simultaneously:
r[n] = x1[n] + xa[n].

Numerology 1 demodulates via an Ni-point FFT:

1 Ni—1

2l
Nl n=0

Y =

This yields:

Y\ = desired signal 4 INT,

1 No—1 (2) Ni1—1 o < X - >
INI,, — X g2 =)
N, kz:% k ; ©

Let 0pm = ]“j\?lm. Then:

Ni-1 .
2 _ sin(m N1k m) TN 1)5
ano sin(mog )

)
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So the interference term becomes:

Na—1

1 (2) sin(7rN1(5k m) (N7 —1
INI, = ——— 3 x®. 2230 N%m) g (Ni=1)8km 2.18
VNI N, ; k Sin (78 m) ‘ (2.18)

This quantifies the leakage from numerology 2 into each subcarrier of numerology 1.

2.5 Spectral Interpretation and Orthogonality Break-
down

In the frequency domain, each OFDM subcarrier exhibits a sinc-shaped spectrum as
a result of the rectangular windowing applied in the time domain. The sinc function
has its maximum at the carrier’s central frequency and decays symmetrically with
zero crossings at integer multiples of the inverse symbol duration. This spectral
property is critical for maintaining orthogonality between subcarriers.

In a single numerology system, where all subcarriers share the same subcarrier spac-
ing (Af), each subcarrier transmits when its corresponding sinc function reaches
its maximum. Crucially, at that frequency, all other subcarriers have zeros due
to their spectral alignment. This ensures that the demodulator observes no inter-
ference from adjacent subcarriers, as shown in Figure R.5. The sidelobes of each
subcarrier intersect exactly at the nulls of all others, preserving mutual orthogo-
nality.

Sinc Functions for Multiple OFDM Subcarriers within the same numerology

Magnitude

Frequency (Hz) w108

Figure 2.5: Spectrum of multiple OFDM subcarriers under the same numerology.

However, in a multi-numerology system, such as those adopted in 5G NR to simul-
taneously support diverse service requirements, different subcarrier spacings lead
to sinc functions with mismatched zero-crossing intervals. As a result, when a sub-
carrier from one numerology transmits at its spectral peak, the sinc sidelobes of
subcarriers from another numerology generally do not intersect at that frequency’s
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null. This misalignment breaks orthogonality and introduces inter-numerology in-
terference (INT), even in ideal transmission conditions.

Figure @ illustrates this phenomenon. Two numerologies, separated by a guard
band, are shown. Despite the spacing, the sidelobes of one numerology intrude into
the main lobe of the other, violating the zero-crossing property and resulting in
cross-numerology leakage.

Sinc Functions for Two Numerologies with Guard Band

Numerology 1
0.9 Numerology 2

Magnitude
o
(4]

I
~

0.3

0.2

0.1

Frequency (Hz) «10°

Figure 2.6: Spectral overlap between two numerologies.

This loss of orthogonality is a fundamental challenge in multi-numerology sys-
tems and motivates the development of various INI mitigation strategies, includ-
ing frequency-domain filtering, time-domain windowing, and interference-aware re-
source allocation.

2.6 State of the Art in INI Mitigation Techniques

The flexibility introduced by multi-numerology in 5G NR is key to enabling diverse
service categories such as eMBB, URLLC, and mMTC. However, it also introduces a
major challenge: inter-numerology interference (INT). INT occurs when different nu-
merologies, characterized by varying subcarrier spacings, cyclic prefix lengths, and
symbol durations, coexist within the same bandwidth, thereby disrupting OFDM
subcarrier orthogonality and degrading performance.

To address this issue, the literature has proposed a wide array of INI mitigation
techniques, which can be categorized into six main classes: filtering and spectrum
shaping, guard band and windowing, numerology-aware resource scheduling, inter-
ference cancellation, Al-based solutions, and hybrid techniques.

2.6.1 Filtering and Spectrum Shaping Techniques

Filtering and pulse-shaping approaches aim to confine the spectral footprint of each
numerology:
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— Filtered-OFDM (f-OFDM) : Applies bandpass filters to subbands, im-
proving out-of-band emission control at the cost of potential inter-symbol
interference.

— Universal Filtered OFDM (UF-OFDM): Offers steeper spectral decay
than f-OFDM, albeit with increased filter length and latency.

— Windowed Overlap-and-Add (WOLA): Smooths transitions between
OFDM symbols to reduce side lobes with minimal change to system structure.

— Pulse-Shaped OFDM: Uses non-rectangular pulses (e.g., raised cosine) to
suppress leakage, potentially breaking orthogonality but improving spectral
confinement.

These methods improve spectral localization but increase computational complexity
and may affect latency.

2.6.2 Guard Band Allocation and Windowing

Simple yet effective, this class focuses on mitigating interference at the spectrum
edges:

— Guard Bands: Reserve frequency gaps between numerologies to minimize
spectral overlap. Effective in reducing adjacent-channel INT but decreases
spectral efficiency.

— Windowing: Applies smoothing functions (e.g., Hanning, Kaiser) to reduce
spectral leakage. Asymmetric windowing can be used to tailor signal edges
for specific adjacent numerologies.

Though easy to implement, these techniques require a trade-off between spectral
efficiency and interference suppression.

2.6.3 Numerology-Aware Resource Scheduling
This approach focuses on user allocation and scheduling to mitigate INT:

— Static Grouping: Assigns similar QoS-class users to the same numerology
group.

— Dynamic Scheduling: Adapts numerology assignment in real-time based
on traffic and channel conditions, often leveraging machine learning.

— Edge-Aware Mapping: Places users at the center of numerology blocks to
avoid high interference at the numerology boundaries.

— Non-Contiguous Mapping: Allocates disjoint resource blocks to reduce
direct overlap.

These techniques are scalable but rely on accurate interference modeling and re-
sponsive scheduling frameworks.
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2.6.4 Interference Cancellation and Equalization

These signal processing methods cancel or suppress INT at the receiver:

— Successive Interference Cancellation (SIC) : Iteratively decodes and
removes strong interference, requiring accurate CSI.

— ICI Suppression Filters: Design equalizers that nullify inter-carrier inter-
ference caused by numerology mismatch.

— Generalized Sidelobe Canceller (GSC): Projects signals onto interference-
free subspaces via adaptive filtering.

— Time-Frequency Interference Cancellation: Uses iterative algorithms
to jointly suppress interference across domains.

While powerful, these methods often entail high complexity and may not suit
latency-sensitive applications.

2.6.5 Machine Learning and AI-Based Techniques

AT brings adaptability to INT mitigation in dynamic networks:

— Deep Learning: Learns interference patterns and suggests real-time filtering
or scheduling policies.

— Reinforcement Learning (RL) : Enables agents to optimize numerology
selection and user scheduling via trial-and-error interaction.

— Graph Neural Networks (GNNs): Models user interference graphs for
distributed coordination.

— Autoencoder Receivers: Learns encoding/decoding strategies that inher-
ently suppress INI.

Though promising, Al techniques require extensive data and careful real-time de-
ployment strategies.

2.6.6 Hybrid Techniques and Cross-Layer Approaches

To achieve optimal trade-offs, multiple techniques are often combined:

— Filter + Scheduler Co-Design: Jointly optimize waveform shaping and
user allocation.

— AlI-Driven Interference Cancellation: Combines ML-based prediction
with adaptive interference mitigation.
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— Real-Time Adaptive Control: Modulates subcarrier spacing, guard band
width, and transmit power on-the-fly.

These methods offer high performance but involve complex cross-layer integration
and signaling overhead. in TableR.2, we draw a consolidated taxonomy of INI
MItigation approaches

Table 2.2: Consolidated Taxonomy of INI Mitigation Approaches (2020-2023)

Category Technique and Representative Works

Analytical Modeling Closed-form INT models, reduced-form expressions.

Key papers: [6], [7] ,[2],[10].

Waveform Processing Filtering (f-OFDM, W-OFDM), windowing, common

CP insertion.
Key papers: [127] , [11, 132, [133].

Adaptive Guarding Joint time-frequency guard optimization, multi-

window approaches.
Key papers: [133, 134]

Resource Scheduling INI-aware scheduling (heuristic, ML-based), power al-

location.
Key papers: [9, 77, 135, [136]

MIMO-Aware Solutions Spatial-domain interference analysis, precoding in

massive MIMO.
Key papers: [2].

Cross-Layer Integration MAC + PHY scheduling, QoS-based adaptive alloca-

tion.
Key papers: [9, 134].

Learning-Based Deep RL (e.g., DQN, branching dueling Q-networks)

for INI-aware allocation.
Key papers: [136]

Transmitter Pre-Processing Matrix-based INI pre-equalization eliminating INT be-

fore transmission.
Key paper: [12].

2.6.7 Performance Comparison

Table @ provides a comparative overview of major techniques proposed for mit-
igating inter-numerology interference (INI), evaluating each method in terms of
interference reduction capability, computational complexity, and impact on spec-
tral efficiency.

2.6.8 Summary

A wide range of solutions exist to suppress or avoid INI in multi-numerology sys-
tems. Each class of methods has strengths and limitations depending on imple-
mentation complexity, latency constraints, and spectrum availability. In practice,
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Table 2.3: Comparison of Major INIT Mitigation Techniques

Technique Interference Re- | Complexity Spectral Effi-
duction ciency

Filtering  (f-OFDM, | High Moderate to High | Moderate

UF-OFDM)

Guard Bands and | Moderate Low Low

Windowing

Numerology Grouping | Moderate to High | Moderate High

Interference Cancella- | High High High

tion

Al-Based Methods Adaptive  (Poten- | High High
tially High)

Hybrid Approaches Very High Very High High

a hybrid approach combining waveform design, intelligent scheduling, and receiver-
side mitigation often yields the best performance. Nonetheless, challenges remain
in scaling these techniques to dense, heterogeneous networks.

In the following subsection, we outline the research gaps and identify promising
future directions to further enhance INI mitigation in realistic 5G and beyond
deployments.

2.7 Research Gap and Motivation

While 5G New Radio (NR) introduces flexible support for diverse service classes
through its multi-numerology framework, this very flexibility creates a significant
challenge in the form of inter-numerology interference (INI). INT arises due to the
loss of orthogonality between coexisting numerologies with different subcarrier spac-
ings and symbol durations, and it represents a major bottleneck for achieving reli-
able and efficient communication, particularly in dense, heterogeneous deployments.

Numerous mitigation strategies have been proposed in the literature, such as guard
band insertion, time-domain windowing, frequency-domain filtering (e.g., UF-OFDM,
f-OFDM), and interference-aware scheduling. While these approaches provide par-
tial relief, they often incur non-trivial trade-offs in terms of spectral efficiency,
hardware complexity, latency, or adaptability. Moreover, they frequently rely on
idealized assumptions that rarely hold in real-world deployments, such as perfect
channel state information (CSI), fixed numerology allocations, or homogeneous traf-
fic distributions. These limitations are particularly acute in mixed-service environ-
ments, where low-latency URLLC transmissions may coexist with high-throughput
eMBB users, or in Internet-of-Things (IoT) scenarios with tight power and com-
plexity constraints.

A. Identified Research Gaps

A review of current approaches reveals several key limitations that motivate this
work:
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— Lack of Unified INI Models: Existing analytical models often oversimplify
the nature of INI, neglecting important practical factors such as asynchronous
transmissions, power disparities, or time-frequency misalignment. Many mod-
els only consider idealized, narrowband scenarios or assume fully synchronized
operation. A more comprehensive mathematical model is needed, particularly
in the discrete-time domain, to accurately capture the structure and behavior
of INT in realistic systems.

— Limited Analysis in Dual-Numerology Configurations: Dual-numerology
operation represents a practical baseline for many 5G use cases, yet it re-
mains underexplored in both theoretical analysis and empirical evaluation.
Specifically, the phenomenon of subcarrier correlation across numerologies,
an inherent source of interference, has not been sufficiently examined in the
context of discrete-time OFDM processing.

— Trade-offs Between Complexity and Performance: Many advanced
interference suppression techniques achieve strong performance but are un-
suitable for latency, or power, constrained systems due to their high com-
putational or implementation complexity. This includes methods that rely
on large FF'T sizes, iterative cancellation, or fine-grained scheduling. There
is a clear need for lightweight, effective solutions that balance interference
suppression with implementation simplicity.

— Lack of Adaptability to Dynamic Conditions: Interference patterns in
5G systems can vary rapidly due to user mobility, bursty traffic, or changes in
numerology configuration. Many current solutions assume static traffic and
fixed user allocations, making them ill-suited for dynamic or uncoordinated
deployments. Emerging Al-based methods promise adaptability but are still
in early stages and lack robustness and interpretability.

— Underutilization of Sidelobe Structure: One of the most persistent
sources of INT is sidelobe leakage between non-orthogonal subcarriers. How-
ever, most mitigation strategies treat sidelobes as noise to be suppressed
rather than structured signals to be exploited. There exists an opportunity
to develop smarter techniques that leverage predictable sidelobe patterns for
more efficient cancellation or suppression.

B. Motivation for This Work

This work is motivated by the need to address the challenges posed by inter-
numerology interference (INI) through a methodology that is both analytically
robust and practically deployable. While many existing approaches treat INI as
an unstructured spectral artifact, we demonstrate that it possesses a tractable
mathematical and structural profile, one that can be exploited for effective sup-
pression. Our proposed technique combines precise time-domain alignment and
frequency-domain FIR filtering, informed by a detailed understanding of OFDM
signal structure under multi-numerology configurations.

Specifically, this work contributes:
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— A refined discrete-time system model that characterizes the temporal
and spectral interplay between coexisting numerologies, capturing key non-
idealities such as symbol misalignment and power disparity across bandwidth
parts;

— A formal framework for analyzing cross-numerology subcarrier in-
terference, leveraging discrete-time correlation structures to expose the pre-
cise mechanisms by which orthogonality breaks down;

— Spectral visualizations and leakage profiling that localize interference in
the frequency domain and expose the subcarrier-specific impact of numerology
mismatch, enabling informed filter design;

— A targeted, computationally efficient FIR filtering solution, which
suppresses INI by shaping the spectral edges of the interfering numerology
after carefully realigning the time-domain symbols for maximum effectiveness;

— A performance evaluation framework grounded in 3GPP numerol-
ogy standards, simulating dual-numerology operation under realistic as-
sumptions of synchronization offsets, power imbalances, and minimal guard

bands.

Unlike traditional suppression strategies that rely on brute-force cancellation, wide
guard bands, or full CSI availability, our approach operates under realistic con-
straints and is guided by a structural understanding of the INI problem. Through
a principled combination of time alignment and filter shaping, we show that it is
possible to achieve meaningful INI suppression while keeping good computational
efficiency, bridging the gap between theoretical insight and practical applicability.

Conclusion

Conclusion

This chapter has presented a comprehensive and technically rigorous exploration
of inter-numerology interference (INI) in 5G New Radio systems, highlighting its
origin, structural behavior, and consequences on system performance. Beginning
with the motivation behind multi-numerology design in 5G, namely, the need to
accommodate heterogeneous service requirements, we demonstrated that this archi-
tectural flexibility introduces non-trivial spectral and temporal interference chal-
lenges, especially in dual-numerology deployments.

To lay a solid analytical foundation, we developed continuous-time and discrete-
time models that capture the essence of INI. In particular, we showed how symbol
duration mismatch and subcarrier spacing disparities lead to the loss of orthogo-
nality, both in time and frequency. Our subcarrier correlation analysis revealed
that interference is not a random artifact, but a predictable and structured phe-
nomenon arising from sinc misalignment and sidelobe leakage. These findings were
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Table 2.4: Mapping of Key Research Gaps to Contributions Proposed in This Work

Identified Research Gap

Targeted Contribution in This Work

Absence of discrete-time INI
models that capture time-
frequency dynamics under dual
numerology

Formulation of a rigorous discrete-time model
that accounts for inter-symbol and inter-
carrier interference caused by numerology co-
existence, symbol offset, and spectral mis-
alignment.

Lack of analytical tools to char-
acterize cross-numerology sub-
carrier interaction

Derivation and analysis of subcarrier corre-
lation expressions across numerologies, high-
lighting the structured breakdown of orthog-
onality in the presence of spacing and timing
mismatch.

Overreliance on static or un-
structured filtering techniques

Design of a filter-aware mitigation scheme
that leverages sidelobe localization and
numerology-specific leakage patterns, rather
than assuming uniform interference behavior.

Neglect of temporal misalign-
ment in INI suppression strate-
gies

Integration of time-domain alignment prior to
frequency-domain filtering, enabling coherent
interference mitigation and improved subcar-
rier orthogonality.

Limited validation under realis-
tic 5G numerology conditions

Implementation of a simulation platform that
adheres to 3GPP-defined numerologies, as-
sessing performance under dual-numerology
operation with realistic synchronization and
power conditions.

Unaddressed trade-offs between
suppression effectiveness and
real-time complexity

Proposal of a computationally efficient FIR
filtering solution that achieves measurable INI
reduction while remaining suitable for deploy-
ment in constrained processing environments.
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substantiated with simulation-backed visualizations, offering intuitive insights into
the interference regions and leakage patterns.

Through this analysis, we established that existing mitigation strategies, while
abundant, often fail to address the fundamental structure of INI. Many are overly
reliant on static guard bands, wide-spectrum filtering, or idealized assumptions,
making them either inefficient or impractical for real-world systems. This discon-
nect underscores a critical research gap: the need for mitigation techniques that
are both structure-aware and implementation-feasible.

To bridge this gap, we identified a set of guiding principles that motivate the
methodology presented in the next chapter. Rather than suppressing INI blindly
or treating it as unstructured noise, we exploit its spectral and temporal regulari-
ties. Specifically, our approach combines time-domain alignment with a computa-
tionally efficient FIR filtering strategy, targeting the interference where it is most
pronounced, at the spectral boundaries and sidelobe-dominant regions.

By grounding our method in realistic 3GPP numerology configurations and account-
ing for synchronization offsets and power imbalances, we ensure that the proposed
solution is not only theoretically sound but also ready for deployment in practical
5G systems. The next chapter builds directly on the insights and tools developed
here, presenting a novel INI mitigation framework that achieves high suppression
performance without compromising computational efficiency or spectral flexibility.
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Chapter 3

INI Mitigation via Time
Alignment and Filtering in
Multi-Numerology OFDM

Introduction

The increasing flexibility of 5G New Radio (NR) systems has been largely en-
abled by the introduction of multi-numerology structures, where different subcar-
rier spacings (SCS) coexist in the same frequency band to support diverse service
requirements. While this flexibility enhances spectrum utilization and accommo-
dates heterogeneous traffic,such as enhanced mobile broadband (eMBB) and ultra-
reliable low-latency communications (URLLC),it also introduces a significant tech-
nical challenge: inter-numerology interference (INI).

Unlike legacy OFDM systems that rely on strict subcarrier orthogonality, multi-
numerology OFDM breaks this orthogonality at the edges of numerology boundaries
due to mismatches in symbol durations and cyclic prefixes. The resulting spectral
leakage can cause substantial degradation in link quality, particularly for low-SCS
users who are more vulnerable to the wider spectral footprint of higher-SCS nu-
merologies.

This chapter presents a rigorous MATLAB-based simulation study to investigate
the effects of INT in a downlink 5G OFDM system with two coexisting numerolo-
gies: a low-SCS Numerologyl (15,kHz) treated as the desired user and a high-SCS
Numerology2 (30,kHz) acting as the interferer. The analysis begins by character-
izing the system performance in the absence of mitigation, revealing the full extent
of interference through various metrics including bit error rate (BER), error vec-
tor magnitude (EVM), signal-to-interference-plus-noise ratio (SINR), and spectral
efficiency (SE).

Subsequently, the chapter introduces two complementary mitigation techniques: (1)
time-domain symbol alignment via sample rate matching, and (2) frequency-domain
filtering using a high-order FIR filter. By analyzing performance across different
modulation schemes and signal-to-noise ratio (SNR) levels, we aim to answer a
critical design question: When is time alignment alone sufficient, and when must
additional filtering be applied to preserve communication quality?
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Through detailed visualizations and quantitative metrics, this chapter builds a
comprehensive understanding of the trade-offs between complexity, interference
mitigation, and spectral efficiency in multi-numerology OFDM systems, laying the
groundwork for more advanced scheduling and waveform engineering strategies in
future chapters.

3.1 Performance Without Time Alignment and
Filtering

To evaluate the severity of inter-numerology interference (INI), we first simulate
the system without applying time alignment or filtering. In this scenario, the
interfering and desired numerologies are generated independently and superposed
in the time domain without any synchronization or mitigation, exposing the system
to maximum INI.

3.1.1 System Model

This study considers a downlink multi-numerology OFDM system composed of
two Bandwidth Parts (BWPs) configured with distinct Subcarrier Spacings (SCS).
Numerology 1, operating at 15kHz SCS, is treated as the desired signal, while
Numerology 2, operating at 30 kHz SCS, acts as an interferer. Both numerologies
are generated independently and multiplexed into the same spectrum without guard
bands or time alignment, which results in inter-numerology interference (INT).

Each numerology employs 16-QAM modulation with a modulation order M =
16. The number of OFDM symbols per slot is fixed at 14 for both numerologies.
Numerology 1 occupies 100 resource blocks (RBs), equivalent to 1200 subcarriers,
while Numerology 2 uses 50 RBs (600 subcarriers), shifted in frequency via its
NStartGrid parameter. (Figure B.7)

— Bit Generation and Modulation: Random binary bits are mapped to
16-QAM symbols.

— Resource Grid Mapping: Modulated symbols are reshaped and mapped
onto the respective OFDM grid for each numerology.

— OFDM Modulation: IFFT-based OFDM modulation with cyclic prefix
insertion is applied using a fixed FFT size of 2048, and a common sample
rate of fs; = 30.76 M Hz for NUM1 and fsy, =2 - fs; for NUM1

— Signal Superposition: The two modulated waveforms are summed to sim-
ulate concurrent transmission.

— AWGN Channel: The composite waveform is passed through an additive
white Gaussian noise channel.

— Receiver Processing: Only Numerology 1 is demodulated and evaluated
at the receiver using OFDM demodulation.
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Performance is assessed over a wide SNR range using the following metrics:

— Bit Error Rate (BER): The BER quantifies the ratio of incorrectly received

bits to the total number of transmitted bits for Numerology 1. Let by, and
b, be the vectors of transmitted and received bits, respectively. Then the
BER is given by:

1 &
BER = ﬁb ;“‘{btx,z;ébrx,i}’

where [V, is the total number of transmitted bits and ¥y, is the indicator
function that equals 1 if its argument is true and 0 otherwise. A lower BER
indicates better demodulation performance under interference and noise.

Error Vector Magnitude (EVM): EVM is a measure of the deviation
of the received complex symbols from their ideal (reference) positions in the
constellation diagram. It reflects the quality of the modulation and is sensitive
to interference, distortion, and noise. It is calculated as:

Sty Ik — sl
EVM (%) = 100 x e
> ki ISkl

where s, and 7 are the k-th transmitted and received symbols, respectively,
and N is the total number of transmitted symbols. Lower EVM percentages
indicate cleaner constellations and less distortion.

Signal-to-Interference-plus-Noise Ratio (SINR): SINR measures the
power of the desired signal relative to the combined power of interference and
noise. It is computed per OFDM symbol for Numerology 1 as:

E[|sg|?
SINR (dB) = 10log,, (ﬁ) :

where s and r; denote the transmitted and received symbols, respectively.

Higher SINR values indicate stronger signal dominance over distortion and
INT.

Spectral Efficiency (SE): SE evaluates how efficiently the system transmits
data over the available bandwidth. It is expressed in bits per second per Hertz
(bps/Hz), and for Numerology 1 is computed as:

R,  N.-log, M - (1 - BER)

SE = =
B Tyym B-Tym ’

where R, is the net bit rate, N, is the number of correctly decoded symbols, M
is the modulation order (e.g., 16 for 16-QAM), B is the occupied bandwidth,
and Ty, is the OFDM symbol duration. SE reflects the trade-off between
reliability (through BER) and capacity.
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Figure 3.1: system model for downlink multi-numerology OFDM simulation.
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3.1.2 Constellation at 20 dB SNR

Figure @ shows the transmitted and received 16-QAM constellation diagrams for
Numerologyl at an SNR of 20,dB without time alignment. The transmitted sym-
bols form a clean grid with well-separated constellation points, while the received
symbols appear heavily dispersed and clustered irregularly due to severe inter-
numerology interference (INI) from Numerology2. This distortion is a result of
spectral leakage caused by the lack of synchronization between the numerologies,
which leads to significant degradation in demodulation quality, elevated error rates,
and increased EVM, highlighting the necessity of mitigation strategies such as time-
domain alignment or filtering.

Tr itted 16-QAM C ion at 20 dB with no time ali Received 16-QAM C ion at 20 dB SNR with no time alignment
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Figure 3.2: 16-QAM constellations with no time alignment or filtering

3.1.3 Error Vector Magnitude (EVM)

Figure @ illustrates the Error Vector Magnitude (EVM) performance of the de-
sired numerology in the absence of time alignment. The EVM remains extremely
high across all SNR values, exceeding 100% at low SNRs and plateauing at ele-
vated levels even beyond 20,dB. These values indicate a significant deviation of the
received symbols from their ideal constellation points, confirming the severe distor-
tion observed in the received constellation diagram (Figure B.2). This persistent
impairment is primarily caused by inter-numerology interference (INI) from the
adjacent numerology operating without temporal synchronization, and underscores
the inability of the system to preserve symbol integrity under such conditions.

3.1.4 Bit Error Rate (BER)

Figure @ presents the BER curve for the desired numerology under the current
configuration without time alignment. The curve exhibits a pronounced BER floor,
with error rates remaining significantly high even at elevated SNR values. This
plateau suggests that the receiver is unable to distinguish the transmitted bits from
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EVM vs SNR
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Figure 3.3: EVM with no time alignment or filtering

the received signal with sufficient reliability due to overwhelming inter-numerology
interference. In such conditions, the demodulator performance approaches that
of a random guess, indicating that the signal is effectively unrecoverable and the
system’s capacity is severely compromised.

BER vs SNR
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Figure 3.4: BER vs SNR with no time alignment or filtering (16-QAM)

3.1.5 Signal to Interference Noise Ratio (SINR)

Figure @ depicts the Signal-to-Interference-plus-Noise Ratio (SINR) as a function
of the SNR for the desired numerology when no time alignment is applied. While
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SINR increases with SNR in the low range, it quickly saturates around 6,dB, form-
ing a performance ceiling. This saturation indicates that beyond a certain point,
increasing transmit power no longer improves signal quality due to persistent inter-
ference from the adjacent numerology. The plateau confirms that inter-numerology
interference (INI), rather than thermal noise, becomes the dominant factor limiting
system performance, aligning with the severe distortions observed in the constella-
tion and the high BER and EVM levels previously discussed.

30

SINR vs SNR
6 ‘ : A A A
51 |
4 |
m 3 |
e~
&
©w 2 !
- |
ol |
A | | | | |
0 5 10 15 20 25
SNR (dB)

Figure 3.5: SINR vs SNR with no time alignment or filtering

3.1.6 Spectral efficiency

Figure @ shows the spectral efficiency of the desired numerology as a function of
SNR in the absence of time alignment. The curve increases with SNR and saturates
near the theoretical maximum, despite the presence of strong inter-numerology
interference (INI) observed in other metrics.

The theoretical maximum spectral efficiency for a 16-QAM system is computed
as follows. Each subcarrier carries log,(16) = 4 bits per OFDM symbol. For the
desired BWP:

Number of subcarriers: 100 x 12 = 1200

Subcarrier spacing: 15 kHz
Total bandwidth: B = 1200 x 15 x 10* = 18 MHz

— OFDM symbol duration (with CP):

2048 + 144

Toym = oor 10
v 30.72 x 106

~ 7.13 us
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— Symbols per second per subcarrier:

R:

~ 140270 symbols/s

sym
Thus, the theoretical spectral efficiency over the BWP is:

SE - 1200 x 4 bits/symbol
A 18 x 106 Hz

x 140270 symbols/s ~ 11.68 bps/Hz

This matches the saturation level observed in the figure. However, unlike SINR,
BER, or EVM, which clearly reflect the distortion caused by INI, spectral efficiency
remains largely unaffected. This is because the SE metric considers only the ratio
of correctly received bits to bandwidth and time, and does not penalize signal
degradation unless the bit error rate is extremely high. In this case, although
distortion is severe, the demodulator still recovers

90%

of the bits, resulting in an SE value close to the ideal.

Nevertheless, most practical INI mitigation techniques, such as introducing guard
bands, inherently reduce the usable bandwidth and may therefore degrade spec-
tral efficiency. Our objective, therefore, is to develop mitigation strategies that
reduce INI without sacrificing SE, by avoiding excessive spectral overhead or loss
of transmission capacity.

Spectral Efficiency vs SNR.
12 —O—0—&

1.5

10.5

Spectral Efficiency (bps/Hz)

9 | | | | |
0 5 10 15 20 25

SNR (dB)

Figure 3.6: Spectral Efficiency vs SNR with no time alignment or filtering

3.2 Mitigation Strategies: Time Alignment and
FIR-Based Filtering

To address the issue of inter-numerology interference (INI) in a dual-numerology
OFDM downlink system, two complementary signal processing strategies are em-
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ployed: (1) time-domain alignment, and (2) frequency-domain suppression via high-
pass filtering. These are designed to align OFDM symbol boundaries across nu-
merologies and reduce spectral leakage without introducing guard bands or reducing
usable bandwidth. (Figure@)

Bits (NUM]1) Bits (NUMZ2)

256-QAM Modulation | 256-QAM Modulation

Grid Mapping Grid Mapping

OFDM Modulation | | OFDM Modulation

Upsample FIR Filtering

o,

| AWGN Channel |

Downsample

OFDM Demod. (NUM1)

256-QAM Demodulation

BER, SINR, EVM, SE

Figure 3.7: system model for downlink multi-numerology OFDM simulation with time
alignment FIR filtering.

3.2.1 Time-Domain Symbol Alignment via Resampling

In multi-numerology systems, numerologies with different subcarrier spacings (SCS)
have inherently different OFDM symbol durations. Specifically, a numerology with
subcarrier spacing A f has an OFDM symbol duration (excluding CP) of:




where N is the number of subcarriers used in the IFFT. In our configuration,
Numerology 1 has Af; = 15kHz, and Numerology 2 has Af; = 30kHz, resulting
in: T

Ty = 71
To ensure symbol boundary alignment across both numerologies, we construct both
waveforms such that their sampling grids match in time. Let f; be the sampling

rate of Numerology 1. We set:
st = 2f517

so that each OFDM symbol of Numerology 1 spans exactly two symbols of Nu-
merology 2 in time. The transmitted waveform of Numerology 1 is then resampled
(interpolated) by a factor of 2:

o0

A = 37 k] Bl — 2],

k=—o00

where h[n] is an ideal interpolation filter. This operation increases the sample rate
and aligns the waveform with the higher numerology’s timing grid.

At the receiver, after combining both signals and adding noise, the received wave-
form is downsampled by a factor of 2 before demodulating Numerology 1. This
downsampling is defined as:

W [n] = z[2n],

recovering the original sampling rate and ensuring proper demodulation timing.

3.2.2 Spectral Suppression via High-Pass FIR Filtering

Even with time-domain alignment, inter-numerology interference (INI) can per-
sist due to the inherent spectral leakage of OFDM waveforms. In particular, the
higher-subcarrier-spacing Numerology 2 (30 kHz SCS) produces significant out-of-
band emissions that can leak into the spectral region of Numerology 1 (15 kHz
SCS). To mitigate this spectral overlap, we employ a dedicated high-order FIR fil-
ter that attenuates the low-frequency components of the Numerology 2 signal prior
to multiplexing.

Let xo[n] denote the discrete-time baseband signal for Numerology 2. The filtered
signal is obtained via linear convolution:

w7 n] =Y " hlk] - waln — K],

where h[k] are the FIR filter coefficients and the filter order is set to N = 32, which
we found sufficient to achieve the required selectivity in our setup. The filter is
designed as a high-pass FIR filter using the window method:

— Stopband edge frequency: [y, = 9.15 MHz,

— Passband start frequency: f...ox = 30 MHz,
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— Sampling frequency: f, = 61.44 MHz.

In normalized digital frequency, the transition band is defined as:

2fstop 2fcutoff
Q= |—— ——]|.
e

To achieve sharp frequency separation and preserve temporal fidelity, the filter is:

— Linear-phase, ensured by designing a symmetric impulse response:

hin] = h[N —n], Vn € [0, N],

— Zero-phase, implemented via forward-backward filtering using £iltfilt (),
thereby eliminating group delay,

— Windowed using a Chebyshev window, providing strong sidelobe atten-
uation and sharp spectral transition.

This filtering step significantly suppresses spectral leakage from Numerology 2 into
the frequency band of Numerology 1, reducing INI without requiring additional
guard bands or affecting the integrity of the transmitted data symbols.

Figure @ illustrates the characteristics of the filter. The impulse response confirms
symmetry, while the magnitude response shows over 100 dB attenuation below the
stopband and a rapid transition to full transmission above 30 MHz.

3.2.3 Power Spectral Density Analysis

Figure @ compares the power spectral density (PSD) of the composite signal
before and after applying the mitigation techniques. The left plot shows the PSD
without time alignment or filtering, where strong spectral leakage from BWP2
(30 kHz numerology) spills into the band allocated to BWP1 (15 kHz numerology).
The right plot demonstrates the effect of applying both time-domain alignment and
high-pass FIR filtering to BWP2.

The filtering operation significantly attenuates the out-of-band (OOB) emissions
of BWP2, particularly in the lower frequency range where BWP1 resides. The
result is a cleaner spectral separation between the two numerologies, confirming
the effectiveness of the combined mitigation strategy in reducing inter-numerology
interference (INT).

3.3 Performance Analysis

To assess the effectiveness of the proposed inter-numerology interference (INI) mit-
igation techniques, we evaluate the system under two configurations:

1. Time alignment only, in which the OFDM symbol boundaries of Numerol-
ogy 1 and Numerology 2 are synchronized in the time domain through sample
rate matching, but no additional filtering is applied.
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Figure 3.8: Impulse and frequency response of the high-pass FIR filter used to suppress
out-of-band emissions from Numerology 2.

2. Time alignment with FIR filtering, in which a high-order high-pass filter
is applied to the waveform of Numerology 2 to suppress its low-frequency
sidelobes before signal superposition.

In both scenarios, Numerology 1 (15 kHz subcarrier spacing) is treated as the desired
signal, while Numerology 2 (30 kHz subcarrier spacing) acts as the interferer. The
objective is to determine under which conditions time alignment alone suffices to
mitigate INI, and when additional spectral filtering becomes necessary to preserve
the demodulation performance of Numerology 1.

The following subsections present constellation diagrams and bit error rate (BER)
performance for various modulation orders, including QPSK, 16-QAM, 64-QAM,
128-QAM, and 256-QAM. Since the modulation order does not significantly affect
metrics such as error vector magnitude (EVM), signal-to-interference-plus-noise
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Figure 3.9: Power Spectral Density comparison.

ratio (SINR), and spectral efficiency (SE), these metrics are reported only for the 16-
QAM case. All performance indicators are evaluated over a range of signal-to-noise
ratio (SNR) values to analyze system behavior under varying channel conditions.

3.3.1 Constellation Diagrams

This subsection presents the transmitted and received constellations at 20 dB for
various modulation orders under two configurations: (a) with time alignment only,
and (b) with both time alignment and FIR filtering. The visual comparison high-
lights the distortion introduced by inter-numerology interference (INI) and the im-
provement achieved through filtering.
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Figure 3.11: 16-QAM constellation.
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Received 64-QAM Constellation
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Figure 3.12: 64-QAM.
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Received 128-QAM Constellation
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Figure 3.13: 128-QAM.
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Figure 3.14: 256-QAM.

72



Discussion

The results clearly indicate that INI causes significant symbol scattering in the
received constellations, with severity increasing alongside modulation order due to
tighter decision boundaries.As shown in Figures B.10-8.14, when only time align-
ment is applied, high-order modulations such as 128-QAM and 256-QAM suffer
from considerable distortion, leading to symbol overlap and degraded demodula-
tion performance.

By contrast, applying FIR filtering to suppress low-frequency sidelobes of Numerol-
ogy 2 results in noticeably cleaner constellations for all modulation orders. The
received symbol clusters become tighter and better aligned with their transmit-
ted reference points, validating the effectiveness of frequency-domain suppression.
Filtering is therefore essential when using higher-order modulation schemes in the
presence of inter-numerology interference.

3.3.2 BER Performance

This subsection presents the bit error rate (BER) performance of the system under
two configurations, time alignment only and time alignment with FIR filtering,
across a range of modulation schemes: QPSK, 16-QAM, 64-QAM, 128-QAM, and
256-QAM. The results illustrate the impact of inter-numerology interference (INI)
on BER, and the improvement achieved by spectral filtering.

BER vs SNR(QPSK)
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Figure 3.15: BER vs. SNR for QPSK with and without FIR filtering.
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BER vs SNR(16-QAM)
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Figure 3.16: BER vs. SNR for 16-QAM with and without FIR filtering.
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Figure 3.17: BER vs. SNR for 64-QAM with and without FIR filtering.
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BER vs SNR(128-QAM)
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Figure 3.18: BER vs. SNR for 128-QAM with and without FIR filtering.
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Figure 3.19: BER vs. SNR for 256-QAM with and without FIR filtering.
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Discussion

The results across Figures @ reveal a consistent pattern: when only time
alignment is applied, a BER floor emerges at moderate to high SNR levels due to
residual inter-numerology interference. This floor becomes more prominent with
higher modulation orders, where symbols are more sensitive to interference.

The application of FIR filtering to the interfering numerology dramatically improves
BER performance across all schemes. For lower-order modulations (e.g., QPSK
and 16-QAM), near-error-free decoding is achieved at relatively low SNRs. For
higher-order schemes (e.g., 128-QAM and 256-QAM), filtering enables the system
to surpass the BER floor and follow a steeper slope consistent with ideal AWGN
conditions.

These findings confirm that while time-domain alignment alleviates some INI, frequency-
domain suppression is essential to achieve reliable performance, especially when
higher spectral efficiency is desired.

3.3.3 EVM, SINR and Spectral Efficiency Analysis

In this subsection, we evaluate the impact of the proposed mitigation techniques
on three key performance metrics: Error Vector Magnitude (EVM), Signal-to-
Interference-plus-Noise Ratio (SINR), and Spectral Efficiency (SE). These metrics
are computed only for the 16-QAM case, since they are modulation-agnostic in
their relative trends.

EVM vs SNR
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Figure 3.20: EVM performance before and after filtering.

Figure shows the evolution of the EVM as a function of SNR. We observe
that applying time alignment and high-pass filtering consistently reduces the EVM
across the entire SNR range. This reduction confirms that the received symbols
are more accurately clustered around their ideal constellation points, corroborating
the qualitative improvement observed in the constellation diagrams.
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SINR vs SNR

35 T T
—A— before windowing
—A— after windowing

0 ! ! ! ! !
0 5 10 15 20 25 30

SNR (dB)

Figure 3.21: SINR performance before and after filtering.

Figure illustrates the SINR improvement obtained after mitigation. The fil-
tering effectively suppresses the interfering sidelobes from Numerology 2, thereby
enhancing the signal clarity of Numerology 1. The SINR gain becomes more notice-
able at higher SNR levels, where noise is less dominant and interference constitutes
the primary limiting factor.

Spectral Efficiency vs SNR.
13.5 T

before windowing
after windowing

Spectral Efficiency (bps/Hz)

9 | | | | |
0 5 10 15 20 25 30

SNR (dB)
Figure 3.22: Spectral efficiency before and after filtering.

Finally, Figure presents the spectral efficiency obtained before and after mitiga-
tion. Notably, since we avoided introducing guard bands in our design, the effective
occupied bandwidth was not reduced. As a result, the system benefits from a slight
increase in spectral efficiency, especially at high SNRs where bit recovery is highly
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accurate. This demonstrates that careful filtering can improve signal quality with-
out sacrificing bandwidth utilization, thereby preserving or even enhancing overall
system capacity.

Conclusion

This chapter has presented a thorough evaluation of inter-numerology interference
(INI) in a dual-numerology OFDM system and proposed a two-pronged mitigation
approach combining time-domain symbol alignment and frequency-domain filtering.

In the absence of any mitigation, we observed severe degradation in all key perfor-
mance metrics. High error floors, elevated EVM, and low SINR levels revealed the
vulnerability of low-SCS users to spectral leakage from adjacent numerologies. Even
at high SNRs, the demodulation performance remained capped due to persistent
interference, confirming that INI is the dominant limiting factor.

To address this challenge, time alignment via resampling was introduced to syn-
chronize the OFDM symbols of different numerologies. While this significantly
improved signal quality, particularly in low-order modulation scenarios, it proved
insufficient in isolation. High-order modulations such as 128-QAM and 256-QAM
continued to suffer from residual interference.

The addition of a high-pass FIR filter applied to the interfering numerology demon-
strated a clear benefit: constellation points became more tightly clustered, BER
dropped by several orders of magnitude, and SINR values increased substantially.
Importantly, by avoiding the use of guard bands and applying zero-phase filtering,
we preserved spectral efficiency,achieving both robustness and bandwidth efficiency.

In summary, this chapter establishes that time alignment is a necessary but not
always sufficient condition for INT mitigation. For high-throughput, interference-
sensitive applications, spectral filtering becomes indispensable. The combined
strategy ensures that 5G networks can support flexible multi-numerology deploy-
ments without compromising on reliability or spectral efficiency. Future work may
explore adaptive filtering, interference-aware scheduling, or machine learning-based
waveform design as next steps in this optimization landscape.
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Conclusion and Future Work

1 Summary of Contributions

This thesis has addressed the challenge of inter-numerology interference (INI)
in 5G New Radio (NR) systems through a detailed simulation-based evaluation and
mitigation framework. INT arises when multiple numerologies, each with different
subcarrier spacings (SCS), are deployed within a shared spectrum. While this
flexibility enables heterogeneous service support (e.g., eMBB, URLLC, mMTC), it
disrupts the orthogonality of OFDM subcarriers, leading to spectral leakage and
performance degradation.

The main contributions of this work are as follows:

— Development of a comprehensive MATLAB-based simulation plat-
form for dual-numerology downlink OFDM systems that realistically mod-
els time-domain signal generation, numerology misalignment, and INI under
3GPP-compliant parameters.

— Design and integration of two lightweight mitigation techniques:
(i) a time-domain alignment strategy via rational resampling to synchronize
OFDM symbol boundaries across numerologies, and (ii) a high-order FIR-
based spectral filter applied to suppress out-of-band (OOB) emissions from
higher-SCS numerologies.

— Performance evaluation across a wide set of modulation orders
(QPSK to 256-QAM), highlighting the conditions under which time align-
ment alone is sufficient, and when filtering becomes essential, particularly in
high-order modulation scenarios.

— Quantitative comparison of system performance metrics including
BER, EVM, SINR, and spectral efficiency, both with and without filtering.
Results demonstrate clear improvements when filtering is added, especially
in mitigating the BER floor and constellation distortion caused by INI.

— Spectral analysis and system modeling insights, including a visual
interpretation of filtering impact on power spectral density and time-domain
waveform characteristics.

This study provides practical insight into the trade-offs involved in low-complexity

INT mitigation strategies and shows that high performance can be achieved without
guard bands or iterative cancellation methods.
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2 Limitations of the Current Work

Despite promising results, the present study has a number of limitations:

— The simulation focuses on a two-numerology scenario and does not ac-
count for more complex interference dynamics in systems with three or more
overlapping numerologies.

rust Copier Modifier

— The high-order FIR filter used to suppress BWP2’s OOB emissions introduces
slight in-band distortion to the BWP2 signal, potentially impacting the
quality of service for users operating under the higher-SCS configuration.

— The current filtering approach is static and non-adaptive; it does not dy-
namically adjust to varying channel conditions, traffic loads, or user mobility.

— Only downlink performance was studied, under perfect synchronization
assumptions. Uplink scenarios and asynchronous interference patterns remain
unaddressed.

— Practical considerations such as implementation cost, computational
complexity, and hardware feasibility of real-time FIR filtering and up/downsampling
operations were not examined.

These limitations identify key areas where the proposed system can be further
extended and optimized.

3 Future Research Directions
Building upon the current findings, several future research paths can be pursued:

— Distortion-aware filter design: Investigate window or FIR designs that
minimize interference leakage while explicitly preserving the in-band integrity
of the filtered numerology (e.g., constrained optimization of filter ripple in
passband).

— Dynamic filtering and scheduling: Combine the filtering strategy with
adaptive resource allocation or numerology-aware scheduling to jointly mini-
mize INI and maximize throughput.

— Multi-user and uplink extensions: Extend the current system model to
include uplink transmissions and multiple users with different numerologies
transmitting simultaneously toward a shared base station.

— Real-time feasibility analysis: Analyze implementation cost and delay of
the proposed methods on DSP/FPGA platforms to evaluate their viability in
hardware.
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— INI-aware learning algorithms: Integrate reinforcement learning or data-
driven approaches for adaptive mitigation in dynamic 5G/6G environments
with mobility, CSI variability, or evolving traffic patterns.

— Scalability to 6G use cases: Explore the applicability of these techniques
in future networks with flexible waveform candidates (e.g., FBMC, GFDM),
reconfigurable intelligent surfaces (RIS), and ultra-dense deployments.

4 Final Remarks

This work has demonstrated that simple yet effective INI mitigation in 5G multi-
numerology systems is possible through time-domain alignment and carefully de-
signed FIR filtering. Using MATLAB simulations, we have shown that the proposed
approach significantly improves signal fidelity and demodulation performance for
the lower-SCS user without relying on complex interference cancellation or intro-
ducing spectral overhead through guard bands.

While filtering introduces slight in-band distortion to the interferer (BWP2), the
overall system capacity is preserved, and the user of interest benefits from dra-
matically reduced interference. These results pave the way for more balanced and
adaptive interference-aware designs in future radio access networks.
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Appendix A

Signal Processing Through
Filtering Techniques

Introduction

Filtering, a cornerstone of signal processing, involves the selective modification of
frequency components within a signal to extract pertinent information, suppress
unwanted noise, or reshape the signal for subsequent analysis or processing. This
process is fundamental across various domains, including audio and image process-
ing, communication systems, biomedical engineering, and control systems, where
signals often contain noise, interference, or irrelevant information that obscures the
underlying phenomena of interest [137]. Filters are designed to selectively pass
or attenuate specific frequency ranges, enabling the isolation and enhancement of
desired signal components [138]. The design and implementation of effective filters
require a deep understanding of signal characteristics, filter types, and the trade-
offs between different design parameters, such as filter order, cutoff frequency, and
passband ripple [139]. The versatility of filtering techniques stems from their ability
to manipulate signals in both the time and frequency domains, offering a flexible
toolkit for signal conditioning and analysis. Full-spectrum signal processing algo-
rithm design is facilitated by filtering [[140].

The essence of filtering lies in its capacity to discriminate between different fre-
quency components within a signal, which is achieved by attenuating or amplifying
specific frequency ranges [[141]. This selective modification of the frequency spec-
trum enables the extraction of desired information, the suppression of noise, and
the enhancement of signal quality [142]. Different filtering techniques are suited for
different signal characteristics and application requirements. [139]. The selection
of an appropriate filtering technique requires careful consideration of the signal’s
spectral content, the nature of the noise, and the desired characteristics of the fil-
tered signal. Moreover, the implementation of filters involves trade-offs between
performance, complexity, and computational cost, which must be carefully bal-
anced to achieve optimal results. The prevention of distortions is vitally important
considering the nature of the signals [143].
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1 Fundamentals of Filter Design

The design of filters involves a systematic process that begins with defining the
desired filter characteristics and culminates in the implementation of a physical or
computational filter that meets those specifications [144]. The first step in filter
design is to specify the filter’s desired frequency response, which defines how the
filter should attenuate or amplify different frequency components. These specifi-
cations typically include parameters such as the passband edge, stopband edge,
passband ripple, and stopband attenuation, which quantify the filter’s performance
in different frequency ranges. Based on the desired frequency response, a filter
approximation is chosen, which is a mathematical function that approximates the
desired frequency response.

1.1 Filter Types and Characteristics

Filters can be broadly categorized into analog and digital filters, each with its
own set of advantages and limitations. Analog filters operate on continuous-time
signals using electronic components such as resistors, capacitors, and inductors,
while digital filters operate on discrete-time signals using digital signal processing
techniques. The selection of the appropriate filter type depends on factors such as
the signal characteristics, the application requirements, and the available hardware
or software resources. Digital filters offer greater flexibility, programmability, and
immunity to component variations, making them well-suited for a wide range of
applications. Furthermore, filters are categorized based on their impulse response
characteristics.

A. Analog Filters

Constructed using continuous-time electronic components, analog filters are crucial
in signal conditioning and processing due to their real-time operation and simplicity
[145]. Passive filters composed of resistors, capacitors, and inductors, do not require
external power sources and are generally used for basic frequency selection. Active
filters, which incorporate active components like operational amplifiers, provide gain
and can realize more complex filter responses. Butterworth, Chebyshev, and Bessel
filters are commonly used for their unique characteristics, such as flat passband
response, sharp cutoff, or linear phase response. Analog filters are still important in
high-frequency applications and situations where quick processing is needed despite
the growing popularity of digital filters.

B. Digital Filters

Digital filters process discrete-time signals using digital signal processing techniques
on sampled data and are implemented in software or specialized hardware. Finite
Impulse Response filters and Infinite Impulse Response filters are two main types
of digital filters, each with unique characteristics and applications [[146].
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C. Finite Impulse Response Filters

FIR filters are characterized by their finite-duration impulse response, meaning
that their output settles to zero after a finite number of samples in response to an
impulse input. This property ensures that FIR filters are always stable, as there
is no feedback mechanism that can cause oscillations or instability. Furthermore,
FIR filters can be designed to have linear phase response, which preserves the time-
domain characteristics of the signal by ensuring that all frequency components are
delayed by the same amount of time. FIR filters are widely used in applications
where linear phase response is critical, such as audio processing, image processing,
and data communication.

D. Infinite Impulse Response Filters

TR filters, in contrast, are characterized by their infinite-duration impulse response,
meaning that their output can theoretically continue indefinitely in response to an
impulse input. This is due to the presence of feedback in the filter structure, which
allows the output to depend on previous output values as well as current and past
input values. IIR filters can achieve sharper cutoff responses and require fewer
coefficients compared to FIR filters for the same filter order [139]. However, IIR
filters can be more challenging to design and implement due to the risk of instability,
which can occur if the feedback coefficients are not chosen carefully.

1.2 Filter Design Techniques

Numerous techniques are available for designing filters, each offering unique trade-
offs between performance, complexity, and computational cost.

A. Windowing Method

The windowing method is a simple and intuitive technique for designing FIR filters.
It involves truncating an ideal impulse response with a window function to obtain
a finite-length filter coefficient sequence [147]. The window function shapes the
frequency response of the filter and reduces the undesirable effects of truncation,
such as ripples in the passband and stopband [[148]. Common window functions in-
clude the rectangular window, Hamming window, Hanning window, and Blackman
window, each with its own characteristics in terms of main lobe width and side lobe
attenuation.

B. Frequency Sampling Method

The frequency sampling method designs FIR filters by specifying the desired fre-
quency response at a set of discrete frequencies. The filter coefficients are then
obtained by taking the inverse discrete Fourier transform of the sampled frequency
response. This method allows for precise control over the frequency response of the
filter, but it can be computationally intensive for high-order filters.
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C.Optimal Filter Design

Optimal filter design techniques aim to minimize a cost function that quantifies the
deviation between the actual filter response and the desired filter response.

1.3 Filter Implementation

The implementation of filters involves translating the filter design into a physical
realization, whether in hardware or software.

A. Direct Form

The direct form implementation is a straightforward and intuitive realization of a
digital filter.

B. Cascade Form

The cascade form implementation decomposes a high-order filter into a series of
lower-order filter sections, typically second-order sections.

C. Frequency-Domain Implementation

Frequency-domain implementation techniques leverage the properties of the discrete
Fourier transform to perform filtering operations efficiently.

1.4 Filter Applications

The application of digital filters extends across a wide spectrum of disciplines, each
leveraging the unique capabilities of these filters to address specific signal processing
challenges.

A. Image Processing

Digital filters play a crucial role in image processing applications, where they are
used for tasks such as noise reduction, edge detection, and image enhancement
[149].

B.Audio Processing

Digital filters are indispensable in audio processing applications, where they are
employed for tasks such as equalization, noise reduction, and audio effects.
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D. Control Systems

Digital filters are widely used in control systems to smooth sensor data, stabilize
feedback loops, and implement advanced control algorithms. The design of an effi-
cient, reliable, simple, and economical filter is important [150]. Digital filters offer
flexibility, programmability, and precise control over filter characteristics, making
them well-suited for implementation in digital signal processors, microcontrollers,
and general-purpose computers [151]. The utilization of digital signal processing
offers possibilities, such as crossover filtering in multi-way loudspeakers, that are
not achievable with analog filters [152]. Many digital speaker processors and digital
crossovers offer multiple choices in high-pass, low-pass, and crossover filter selec-
tions, allowing users to tailor the audio signal to their specific needs [153]. Digital
filters are employed to enhance the signal-to-noise ratio of digital sensors, although
it’s important to note that this enhancement can sometimes adversely affect the
modulation transfer function [154].

1.5 Adaptive Filtering

Adaptive filtering represents a sophisticated signal processing technique that allows
filters to dynamically adjust their parameters in response to changes in the input
signal or the surrounding environment. This adaptability makes adaptive filters
particularly well-suited for applications where the signal characteristics are non-
stationary or unknown [[155].

A.LMS Algorithm

The least mean squares algorithm is a widely used adaptive filtering algorithm due
to its simplicity and computational efficiency.

B.RLS Algorithm

The recursive least squares algorithm is another popular adaptive filtering algorithm
that offers faster convergence and better performance than the LMS algorithm, but
at the cost of increased computational complexity.

Adaptive filtering has found widespread application in diverse fields, including
noise cancellation, echo cancellation, channel equalization, and beamforming [156].
Adaptive filters are employed to mitigate baseline wander noise, which typically
falls within the range of 0.15Hz to 0.3Hz and arises from factors like perspiration,
respiration, and body movements [[157]. Independent component analysis has been
explored as a noise reduction technique for biomedical signals, with applications
such as reducing artifacts in electrocardiogram signals caused by pacemaker activ-
ity.

Active noise control systems, which leverage adaptive filters, have achieved com-
mercial success in various applications, including aircraft cabins, automobile cabins,
and headsets, demonstrating the public health and economic benefits of this tech-
nology [158]. Moreover, adaptive filters are essential for online health monitoring,
as they can adjust to the changing quality of incoming data [[159].
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The design and implementation of filters constitute a cornerstone of signal process-
ing, empowering engineers and scientists to manipulate signals in a myriad of ways
to extract valuable information, enhance signal quality, and mitigate unwanted in-
terference. From the fundamental concepts of filter types and specifications to the
intricacies of filter design techniques and adaptive filtering algorithms, a thorough
understanding of filters is essential for anyone working with signals.
situate the wide range of filter types used across analog and digital domains, Ta-
ble provides a comparative overview of major filter categories, highlighting their
operating domains, design characteristics, trade-offs, and use cases.

Table A.1: Taxonomy of Common Filters in Signal Processing

To better

Filter Type Domain Advantages Disadvantages | Common Appli-
cations
Analog Filters | Continuous- Low latency; no | Limited flexibil- | RF front ends, au-
time sampling noise ity; sensitive to | dio pre-processing
component drift
Digital Filters Discrete-time Flexible, pro- | Requires Audio processing,
grammable; ADC/DSP; biomedical signals,
stable design latency can be an | communication
issue systems
FIR (Finite | Digital Always  stable; | Higher order | Audio EQ, data
Impulse Re- linear phase | needed for sharp | comms, phase-
sponse) possible; simple | cutoff sensitive systems
implementation
IIR (Infinite | Digital Efficient  (fewer | Potential insta- | Control  systems,
Impulse Re- taps); sharp cut- | bility; nonlinear | low-pass filters,
sponse) off phase real-time DSP
Window-based | Digital Easy design; | Wider mainlobe; | OFDM sidelobe
FIR smooth sidelobe | trade-off needed suppression, pulse
control shaping
Adaptive Fil- | Digital Self-adjusting; Computational Noise cancellation,
ters (e.g. LMS, tracks time- | complexity (esp. | echo suppression,
RLS) varying environ- | RLS); slower con- | beamforming
ments vergence (LMS)
Conclusion

The field of filtering encompasses a wide range of techniques and applications, each
tailored to specific signal processing challenges. The journey through filter design
and implementation begins with a firm grasp of fundamental concepts, progresses
through the intricacies of design methodologies, and culminates in the practical
realization of filters for diverse applications.
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As technology continues to evolve, the role of filtering in signal processing will
only become more prominent, driving innovation and enabling new possibilities in
various fields. Spatial filtering using adaptive or smart antennas has emerged as a
promising technique to improve the performance of cellular mobile systems [[160].
In tomographic images, the effective application of filters is crucial for suppressing
statistical noise while preserving spatial resolution and contrast, directly impacting
image quality and diagnostic accuracy [161].

Median filters are particularly effective at removing "salt and pepper” type noise
while preserving edges, and mean filters are simple sliding window spatial filters
that replace the center value in the window with the average of all the pixel values
in the window [[162]. Adaptive filters are used to changing the signal characteristics,
it increases speed and complexity, and reducing power consumption. Linear filters
and nonlinear filters are used for enhancing and restoring images with noise [163].

The ongoing research and development efforts in filter design and implementation
promise to yield even more sophisticated and efficient filtering techniques, paving
the way for advancements in signal processing and its myriad applications. The
application of filters plays a critical role in areas such as enhancing sensitivity to
particular brain sources to improve source localization and suppressing muscular
or ocular artifacts [164]. Filters are not only fast and lightweight, but also flexible
and extendable.
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Appendix B

Simulation Algorithm Overview

This appendix outlines the main steps used in the MATLAB-based simulation of
inter-numerology interference (INI) mitigation via time-domain alignment and high-
pass FIR filtering in a downlink dual-numerology OFDM system.

Algorithm: Dwual-Numerology OFDM with FIR-
Based INI Mitigation

Algorithm 1 Simulation Algorithm for INI Mitigation

1:

Input: BWP configurations (bwpl, bwp2), subcarrier spacing, FFT size, symbol
count, modulation order

Generate random bits for both numerologies and modulate using QAM

Map QAM symbols to frequency-domain grids for each BWP

Perform OFDM modulation for each BWP using IFFT

Align time duration of NUM1 and NUM2 symbols

Design FIR Filter:

Specify:

— Sampling frequency f;
— Stopband and passband edges fsop, feutoft

— Filter order N
Use Chebyshev window to design a high-pass FIR filter

9: Apply zero-phase filtering to NUM2 waveform (via filtfilt)

10:
11:
12:
13:
14:
15:
16:
17:
18:

Upsample NUM1 waveform to match the filtered NUM2 sampling rate
Combine both waveforms in the time domain

For each SNR level:

Add AWGN to the combined signal

Downsample back to NUM1 sampling rate

Perform OFDM demodulation on NUM1

Compute BER, EVM, SINR, and Spectral Efficiency

Plot PSD, constellation diagrams, and performance curves
Output: Performance metrics and visualizations
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This algorithm accurately reflects the signal flow and INI mitigation strategy em-
ployed in the simulation. It emphasizes spectral domain isolation through FIR
filtering and symbol alignment without introducing guard bands.
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Abstract

The fifth generation (5G) of wireless networks supports multi-numerology operation, enabling different subcarrier spacings (SCS) to coexist
for diverse services like eMBB, URLLC, and mMTC. However, this flexibility breaks OFDM orthogonality, causing inter-numerology
interference (INI) that degrades performance—especially without guard bands or under high-order modulations.

This thesis examines INI in downlink dual-numerology OFDM systems and proposes a two-stage mitigation method: (1) time-domain
resampling to align OFDM symbols, and (2) a high-order FIR high-pass filter to suppress out-of-band (OOB) emissions from the higher-SCS
numerology.

The approach is implemented in MATLAB using a 3GPP-compliant framework. Performance is evaluated from QPSK to 256-QAM using
BER, EVM, SINR, and SE. Results show time alignment suffices for lower-order modulations, while FIR filtering is crucial at higher orders.
Operating without guard bands improves spectral efficiency, with minor distortion to the filtered signal.

Opverall, the proposed method achieves effective INI mitigation without complex cancellation or channel knowledge, offering a practical
solution for real-time 5G applications.

Keywords:5G NR, Multi-Numerology, INI, OFDM, FIR Filtering, Time Alignment, Spectral Leakage, BER, EVM, SINR, Spectral Efficiency,
MATLAB:.: Facial kinship verification, NDM, MSRCP+GRF, CNN, Hist-2DDWT, Hist-DTCWT, TXQDA+WCCN, LR fusion.

Résumé

La cinquiéme génération (5G) des réseaux sans fil prend en charge le fonctionnement multi-numérologie, permettant la coexistence de
différents espacements de sous-porteuses (SCS) pour répondre a divers services comme ’eMBB, 'URLLC et le mMTC. Cependant, cette
flexibilité compromet 1’orthogonalité de I’OFDM, entrainant des interférences inter-numérologies (INI) qui dégradent les performances,
notamment sans bandes de garde ou avec des modulations d’ordre élevé.

Cette these étudie I’INI dans les systtmes OFDM a double numérologie en liaison descendante et propose une méthode de réduction en deux
étapes : (1) un rééchantillonnage temporel pour aligner les symboles OFDM, et (2) un filtre passe-haut FIR d’ordre élevé pour atténuer les
émissions hors bande (OOB) de la numérologie a SCS plus élevé.

La méthodologie est implémentée sous MATLAB selon une simulation conforme au 3GPP. Les performances sont évaluées de la QPSK a la
256-QAM a I’aide des indicateurs BER, EVM, SINR et efficacité spectrale. Les résultats montrent que 1’alignement temporel suffit pour les
modulations faibles, tandis que le filtrage FIR est crucial pour préserver ’exactitude a haut ordre. L’absence de bandes de garde améliore
I’efficacité spectrale, au prix d’une légere distorsion sur la numérologie filtrée.

Dans I’ensemble, la méthode proposée permet une atténuation efficace de I’INI sans annulation itérative ni connaissance du canal, offrant une
solution pratique pour les applications 5G en temps réel.

Mots clés : 5G NR, Multi-numérologie, INI, OFDM, Filtrage FIR, Alignement temporel, Fuite spectrale, TEB, EVM, SINR, Efficacité

spectrale, Simulation MATLAB.
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