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Abstract
The increasing demand for high-throughput, low-latency, and reliable indoor wireless communication has
accelerated the integration of New Radio (NR) waveform features within existing Long Term Evolution (LTE)
network infrastructures. Indoor environments are particularly challenging due to severe multipath propagation,
signal attenuation, and interference, which necessitate advanced transmission techniques to ensure precise and
robust signal delivery. Multiple-Input Multiple-Output Orthogonal Frequency Division Multiplexing (MIMO-OFDM),
in conjunction with high-order Quadrature Amplitude Modulation (QAM), has emerged as a dominant physical-layer
technology to address these challenges. This paper presents a comprehensive comparative performance analysis of
2x2 and 4x4 QAM-based MIMO-OFDM systems for New Radio indoor signaling over LTE networks. The performance
evaluation is carried out under realistic indoor channel conditions, incorporating multipath fading and additive
white Gaussian noise to emulate practical deployment scenarios. Key performance metrics, including bit error rate
(BER), signal-to-noise ratio (SNR), achievable throughput, and spectral efficiency, are analyzed to assess the impact
of antenna scaling and spatial diversity. The 2x2 MIMO-OFDM configuration is employed as a reference architecture,
while the 4x4 MIMO-OFDM system is investigated to quantify the performance enhancements achieved through
increased spatial multiplexing and diversity gain. Various QAM modulation schemes are considered to examine
modulation robustness and error performance across different SNR regimes. Simulation results reveal that the 4x4
MIMO-OFDM system significantly outperforms the 2x2 configuration by achieving substantially lower BER and
higher spectral efficiency, particularly in moderate to high SNR regions typical of indoor environments. The results
also demonstrate improved link reliability and resilience against multipath fading when higher-order MIMO
configurations are deployed. Although the 4x4 architecture introduces additional computational and hardware
complexity, the observed performance gains justify its adoption for high-precision indoor NR communication within
LTE-based networks. The findings of this study provide practical insights for the design and optimization of next-
generation indoor wireless systems leveraging MIMO-OFDM and QAM modulation.

Keywords: MIMO-OFDM, New Radio (NR), Long Term Evolution (LTE), Indoor Communication, QAM Modulation,
2x2 MIMO, 4x4 MIMO, Spatial Diversity, Spatial Multiplexing, Bit Error Rate (BER), Signal-to-Noise Ratio (SNR),
Spectral Efficiency, Multipath Fading, Indoor Channel Modeling, Wireless Communication Systems.

Introduction

The unprecedented growth of wireless communication services in recent decades has driven the evolution of
cellular networks from first-generation analog systems to fifth-generation (5G) and beyond. Users now demand
ubiquitous connectivity, higher data rates, lower latency, and more reliable indoor coverage for applications
ranging from smart homes and industrial automation to augmented reality and Internet of Things (IoT)
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deployments. Indoor environments, in particular, pose unique challenges for wireless communication due to
complex multipath propagation, severe path loss, shadowing, and interference from walls, furniture, and other
obstacles. Consequently, conventional LTE networks face limitations in delivering precise and robust indoor
signaling, necessitating the integration of advanced physical-layer technologies and next-generation waveform
designs.

Multiple-Input Multiple-Output Orthogonal Frequency Division Multiplexing (MIMO-OFDM) has emerged as a
foundational technology capable of meeting the stringent requirements of modern indoor communication
systems. By employing multiple transmit and receive antennas, MIMO techniques exploit spatial diversity and
spatial multiplexing to improve link reliability and enhance system throughput. When combined with OFDM,
which efficiently mitigates frequency-selective fading in multipath channels, MIMO-OFDM provides significant
gains in spectral efficiency, robustness, and signal quality. Quadrature Amplitude Modulation (QAM), widely
used in wireless systems, further enhances data rate by encoding information in both amplitude and phase,
allowing high-order modulation schemes to support the increasing demand for bandwidth-intensive
applications. The synergistic integration of MIMO-OFDM and QAM modulation is particularly promising for
indoor New Radio (NR) signals over LTE networks, offering a feasible solution to the challenges of precise
indoor coverage and high data throughput.Recent research has highlighted the performance benefits of scaling
MIMO configurations, demonstrating that increasing the number of antennas at the transmitter and receiver
can significantly reduce bit error rate (BER) and improve signal-to-noise ratio (SNR), even in challenging
indoor multipath environments. The 2x2 MIMO configuration, which employs two transmit and two receive
antennas, has been widely adopted due to its balance of performance and implementation complexity.
However, with the growing need for ultra-reliable and high-capacity indoor communication, larger antenna
arrays such as 4x4 MIMO are being explored to further leverage spatial diversity and multiplexing gains.
Comparative analysis of these configurations provides crucial insights into the trade-offs between system
complexity, cost, and performance improvement, informing the design of practical NR-enabled LTE indoor
systems.Indoor wireless communication faces several unique technical challenges. Multipath fading, caused by
signal reflections from walls, ceilings, and objects, leads to inter-symbol interference (ISI) and signal distortion.
Penetration loss through building materials and shadowing from obstacles reduce received signal strength,
impacting link reliability. Additionally, dense indoor deployments result in co-channel interference and
increased noise levels, further degrading performance. Addressing these issues requires robust system design,
including the selection of optimal MIMO configurations, appropriate modulation schemes, and efficient signal
processing techniques. QAM-based MIMO-OFDM systems offer the flexibility to adapt modulation order and
spatial diversity to varying channel conditions, making them particularly suitable for indoor NR signaling over
LTE networks.Several studies have investigated MIMO-OFDM performance in different wireless scenarios.
Early works focused on outdoor LTE networks, evaluating 2x2 and 4x4 MIMO systems for throughput and BER
under Rayleigh fading channels. Subsequent research extended these analyses to high-order QAM modulation
schemes, demonstrating the trade-off between data rate and error performance in complex propagation
environments. Recent advances in 5G NR have further motivated the examination of MIMO-OFDM for indoor
applications, where precise localization, low latency, and high reliability are critical. Despite these advances,
there remains a gap in comprehensive performance evaluation comparing 2x2 and 4x4 QAM-based MIMO-
OFDM systems specifically for NR indoor signaling over LTE networks, accounting for realistic indoor channel
characteristics, multipath effects, and varying SNR regimes.The present work addresses this gap by conducting
a systematic comparative analysis of 2x2 and 4x4 QAM-based MIMO-OFDM systems for NR indoor signaling in
LTE networks. The study evaluates performance metrics such as BER, SNR, throughput, and spectral efficiency
under typical indoor channel conditions, including multipath fading and additive white Gaussian noise
(AWGN). The impact of modulation order and antenna configuration on link reliability and system capacity is
carefully quantified. In addition, the trade-offs between system complexity, hardware requirements, and
performance enhancement are examined to provide practical guidelines for indoor NR system design. The
results of this analysis aim to inform network planners, researchers, and engineers on the optimal deployment
strategies for precise, high-performance indoor wireless communication using MIMO-OFDM and QAM
modulation.By focusing on both 2x2 and 4x4 MIMO configurations, this study highlights the benefits of
increased spatial diversity and multiplexing gain, demonstrating how higher-order MIMO architectures can
mitigate the adverse effects of indoor multipath propagation. Furthermore, the use of QAM modulation
schemes of varying orders provides insights into achieving a balance between data rate, reliability, and system
complexity. The findings contribute to the ongoing efforts to integrate NR features into existing LTE networks,
enabling enhanced indoor coverage and supporting the growing demand for high-speed wireless services.
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Overall, this research establishes a foundational framework for optimizing MIMO-OFDM-based NR indoor
signaling, paving the way for next-generation LTE network enhancements.

Channel Model Theory

Accurate channel modeling is a cornerstone of wireless communication system design, as it allows realistic
performance evaluation under varying propagation conditions. In indoor wireless networks, such as those
considered in this study, signals experience complex interactions with the environment due to walls, furniture,
equipment, and human presence. These interactions introduce multipath propagation, shadowing, and
attenuation, which significantly affect the reliability, quality, and throughput of the transmitted signals. To
design and evaluate MIMO-OFDM systems for New Radio (NR) indoor signaling over LTE networks, a
comprehensive understanding of indoor channel characteristics and appropriate mathematical models is
essential.Indoor wireless channels are typically characterized by rich multipath propagation, which occurs
when transmitted signals reach the receiver through multiple reflection, diffraction, and scattering paths. Each
path can introduce a distinct delay, amplitude attenuation, and phase shift, resulting in constructive or
destructive interference at the receiver. The cumulative effect of these multipath components often leads to
frequency-selective fading, where the signal amplitude varies significantly across the bandwidth of the
transmitted signal. OFDM-based systems are particularly effective in such scenarios because they divide the
wideband channel into multiple narrowband subcarriers, each experiencing flat fading, simplifying
equalization and mitigating inter-symbol interference (ISI).

Small-scale fading models are widely used to represent rapid fluctuations of the received signal due to
multipath propagation. In indoor environments, the Rayleigh fading model is often adopted when there is no
dominant line-of-sight (LOS) component, such as in corridors, offices, or dense indoor spaces. Rayleigh fading
assumes that the in-phase and quadrature components of the received signal are independent Gaussian
random variables with zero mean, resulting in the envelope of the received signal following a Rayleigh
distribution. For scenarios with a dominant LOS path, the Rician fading model is more appropriate, as it
accounts for both the deterministic LOS component and the stochastic multipath components. The Rician K-
factor quantifies the ratio of the power in the LOS path to the power in the scattered paths, influencing the
severity of fading.

Path loss and shadowing are additional key elements of indoor channel modeling. Path loss refers to the
reduction in signal power as the signal propagates through space and obstacles, and it depends on the
environment, frequency, and distance between the transmitter and receiver. In indoor environments, path loss
is significantly influenced by wall materials, furniture, and the presence of metallic objects, which can introduce
additional absorption and reflection losses. Shadowing, or large-scale fading, models the slow variations in
received signal power caused by obstacles obstructing the propagation path. Log-normal distribution is
commonly used to represent shadowing, characterized by a mean path loss exponent and a standard deviation
reflecting the variability in received power across locations.

For MIMO systems, the channel is represented by a matrix of complex gains that describe the transmission
characteristics between each transmit and receive antenna pair. For a 2x2 MIMO system, the channel matrix H
is given by:

H=

h1l1 - hlZ]
h21 .- h22

where hj; represents the complex gain between the ith transmit antenna and jth receive antenna, incorporating
amplitude attenuation, phase shift, and fading effects. Similarly, for a 4x4 MIMO system, the channel matrix
expands to a 4x4 matrix with sixteen elements, providing higher spatial diversity and multiplexing capability.
The MIMO channel allows multiple independent data streams to be transmitted simultaneously, leveraging
spatial diversity to combat fading and improve reliability or spatial multiplexing to enhance throughput. The
statistical properties of the channel matrix, such as correlation between antenna elements and fading
distribution, are critical in determining system performance.

Indoor channels often exhibit antenna correlation, especially in compact deployments where spacing between
antenna elements is limited. High correlation reduces the effective spatial diversity and diminishes MIMO
performance. Therefore, accurate channel models must account for antenna spacing, polarization, and

orientation to realistically predict BER, SNR, and throughput for both 2x2 and 4x4 MIMO configurations.
Additionally, time-variant characteristics of indoor channels are important for mobile users, where the channel
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impulse response changes over time due to movement of people, doors, or objects. Time-varying models use
Doppler spread to characterize frequency shifts caused by relative motion, influencing the design of adaptive
modulation and coding schemes in MIMO-OFDM systems.

To facilitate performance evaluation, indoor channel models are often implemented using stochastic or
deterministic approaches. Stochastic models, such as WINNER II, ITU-R, or IEEE 802.11 channel models,
provide statistical representations of multipath, path loss, and shadowing for different indoor scenarios.
Deterministic models, based on ray-tracing techniques, compute the exact propagation paths using the physical
layout of the environment, including reflections, diffraction, and penetration losses. While deterministic
models offer higher accuracy, they are computationally intensive, making stochastic models more suitable for
large-scale simulations and comparative analyses of different MIMO configurations.

For OFDM systems, channel modeling is performed in both time and frequency domains. The channel impulse
response h(t) describes the multipath components in the time domain, while the frequency response H(f)
characterizes the effect of fading across subcarriers. In MIMO-OFDM, each transmit-receive antenna pair has
its own frequency response, forming a set of parallel channels across the subcarriers. Accurate modeling of
these channels is essential for evaluating BER performance, designing equalizers, and implementing adaptive
modulation techniques for 2x2 and 4x4 QAM-based MIMO-OFDM systems.

In summary, indoor wireless channels are highly complex due to multipath propagation, fading, path loss,
shadowing, antenna correlation, and time-variant behavior. MIMO-OFDM systems exploit spatial diversity and
frequency-domain separation to mitigate these impairments, while QAM modulation enhances spectral
efficiency. Comparative performance analysis of 2x2 and 4x4 MIMO configurations requires careful modeling
of the indoor channel, including small-scale fading (Rayleigh/Rician), large-scale path loss, shadowing, and
antenna correlation effects. Incorporating realistic indoor channel models allows researchers and engineers to
evaluate system performance accurately, design robust NR-enabled LTE networks, and optimize antenna
configurations for high-precision indoor signaling.

Bit Error Rate (BER) Derivation

Bit Error Rate (BER) is one of the most fundamental performance metrics in digital communication systems,
representing the probability of a transmitted bit being incorrectly received. BER quantifies the reliability of a
communication system and is particularly critical for high-data-rate applications, such as indoor New Radio
(NR) signaling over LTE networks. In MIMO-OFDM systems, BER analysis allows designers to evaluate the
combined impact of modulation schemes, antenna configurations, channel impairments, and signal processing
algorithms.

The derivation of BER begins with understanding how digital data is mapped onto modulation symbols. In
QAM-based systems, information bits are encoded into amplitude and phase levels, creating constellation
points that represent multiple bits per symbol. Higher-order QAM increases spectral efficiency by encoding
more bits per symbol but simultaneously increases susceptibility to noise and interference, which can lead to
higher BER if the system is not properly designed. The relationship between modulation order, signal-to-noise
ratio (SNR), and BER forms the basis for evaluating system performance under various channel conditions.

In MIMO systems, BER derivation is influenced by spatial diversity and spatial multiplexing. In a 2x2 MIMO
configuration, two independent data streams are transmitted and received, allowing the system to exploit
diversity gain from multiple propagation paths. This spatial diversity reduces the probability of deep fades
affecting all transmitted symbols simultaneously, thereby lowering BER compared to a single-input single-
output system. For 4x4 MIMO, the additional transmit and receive antennas further increase diversity and
provide more independent signal paths. This higher-order configuration enhances link robustness and reduces
the likelihood of bit errors, particularly in dense multipath indoor environments. Therefore, BER derivation for
2x2 and 4x4 MIMO systems requires accounting for the combined effects of multiple signal paths and their
statistical behavior.

Indoor wireless channels introduce additional complexities in BER derivation due to multipath fading,
shadowing, and interference. Signals propagate through multiple paths, each undergoing independent fading
and delay, causing constructive or destructive interference at the receiver. To estimate BER theoretically, the
probability of symbol errors is determined based on the statistical distribution of the received signal
amplitudes and phases. For channels with no dominant line-of-sight component, Rayleigh fading models are
typically assumed, whereas Rician fading models apply when a strong LOS path exists. These statistical
characterizations allow calculation of the likelihood that a transmitted symbol falls outside its correct decision
boundary, leading to a bit error.
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In OFDM systems, BER derivation also considers the frequency-selective nature of indoor channels. The
transmitted signal is divided into multiple narrowband subcarriers, each experiencing flat fading. The receiver
combines the information from all subcarriers, often using techniques such as maximum ratio combining or
equalization, to mitigate inter-symbol interference and improve detection accuracy. In MIMO-OFDM, each
transmit-receive antenna pair introduces an independent subchannel, and the overall BER is determined by
the joint effect of all these subchannels, including antenna correlation, noise, and fading statistics.

Spatial correlation between antennas affects BER by reducing the independence of signal paths. Highly
correlated antenna elements experience similar fading conditions, which limits the diversity gain and increases
the probability of simultaneous symbol errors. Therefore, BER derivation must account for the correlation
characteristics of the MIMO channel, particularly in compact indoor deployments. Additionally, higher-order
QAM modulation increases BER sensitivity to noise, requiring higher SNR to achieve the same error
performance as lower-order schemes. This trade-off between spectral efficiency and error rate is central to the
theoretical analysis of BER in MIMO-OFDM systems.

Ultimately, BER derivation for 2x2 and 4x4 QAM-based MIMO-OFDM systems combines the effects of
modulation order, spatial diversity, multipath fading, antenna correlation, and frequency-selective channel
behavior. By modeling the probability of incorrect symbol detection under these conditions, one can
theoretically predict the BER for different SNR levels and MIMO configurations. These theoretical BER
estimations guide system designers in selecting optimal modulation schemes, antenna configurations, and
signal processing strategies to achieve reliable and precise indoor NR signaling over LTE networks.

Trade-offs between Modulation Order, Diversity, and SNR in MIMO-OFDM Systems
In modern wireless communication systems, particularly MIMO-OFDM systems deployed for indoor New Radio
(NR) signaling over LTE networks, there exists a fundamental interplay between modulation order, spatial
diversity, and signal-to-noise ratio (SNR). Understanding these trade-offs is crucial for optimizing system
performance in terms of reliability, spectral efficiency, and coverage.

Modulation Order and Spectral Efficiency:

Modulation order refers to the number of distinct symbols that can be transmitted per unit time in a digital
communication system. In Quadrature Amplitude Modulation (QAM), increasing the modulation order allows
more bits to be transmitted per symbol, enhancing spectral efficiency and throughput. For example, 16-QAM
carries four bits per symbol, while 64-QAM carries six. Higher-order modulation is highly desirable in high-
capacity indoor networks where data rate is critical. However, as the modulation order increases, the distance
between adjacent constellation points decreases, making the system more susceptible to noise and
interference. This increased sensitivity results in a higher probability of symbol misinterpretation at the
receiver, thus increasing the Bit Error Rate (BER) for a given SNR. Consequently, high-order QAM requires
stronger signal power or lower channel impairments to maintain acceptable error performance.

Spatial Diversity and MIMO Configurations:

MIMO systems provide spatial diversity by transmitting and receiving multiple copies of the same information
over independent antennas. This diversity combats the adverse effects of multipath fading, shadowing, and
interference typical in indoor environments. For instance, a 2x2 MIMO configuration provides two independent
signal paths, while a 4x4 MIMO configuration offers four. Higher spatial diversity reduces the likelihood that
all transmitted copies experience deep fades simultaneously, thereby improving the reliability of the received
signal and lowering BER. In practice, increasing diversity can compensate for the vulnerability introduced by
higher-order modulation schemes, allowing higher data rates without severely compromising error
performance.

Signal-to-Noise Ratio (SNR) Considerations:

SNR quantifies the relative strength of the desired signal against background noise and interference. Higher
SNR generally improves system reliability, as the receiver can more accurately distinguish between closely
spaced constellation points, reducing BER. However, SNR is influenced by transmission power, path loss, and
channel conditions. In indoor NR scenarios, walls, furniture, and human movement contribute to attenuation
and multipath effects, often lowering the effective SNR. To maintain performance with high-order QAM or
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lower-diversity MIMO configurations, systems require sufficient SNR, either through power control, advanced
signal processing, or enhanced spatial diversity.

Interplay and Trade-offs:

The trade-offs among modulation order, diversity, and SNR arise from the competing objectives of maximizing
data rate, improving reliability, and minimizing system complexity. Increasing the modulation order enhances
throughput but requires higher SNR or more diversity to maintain low BER. Similarly, adding antennas for
higher spatial diversity improves reliability and allows operation at lower SNR but increases system
complexity, hardware cost, and power consumption. Conversely, operating at low SNR limits achievable
modulation order and throughput unless diversity techniques are employed. Therefore, system designers must
carefully balance these factors depending on the application requirements, indoor environment, and hardware
constraints.

In MIMO-OFDM systems for indoor NR signaling over LTE, this trade-off is particularly critical. Dense multipath
environments amplify the benefits of spatial diversity, allowing higher-order modulation at moderate SNR
levels. For example, a 4x4 MIMO configuration can sustain 64-QAM transmission at a given SNR with acceptable
BER, whereas a 2x2 system might require a lower-order QAM to achieve similar reliability. This demonstrates
that higher diversity can effectively mitigate the sensitivity of high-order modulation to noise, enabling better
spectral efficiency without excessive power requirements. However, practical considerations such as antenna
spacing, device size, and computational complexity limit the extent to which diversity can be increased.

In summary, the trade-offs between modulation order, diversity, and SNR are central to designing MIMO-OFDM
systems for indoor NR applications. Higher-order modulation increases data rate but demands higher SNR or
greater spatial diversity. Increased spatial diversity enhances reliability and reduces BER but comes at the cost
of added hardware complexity and signal processing requirements. SNR fundamentally governs the
effectiveness of both modulation and diversity strategies. Optimizing these parameters in tandem is essential
to achieving high-throughput, low-error, and energy-efficient indoor communication in LTE networks
supporting New Radio signals. Understanding these interdependencies allows network designers to select the
appropriate modulation schemes, antenna configurations, and power allocation strategies to meet the precise
signaling requirements of next-generation indoor wireless systems.

Overview of Recent Radio Trends

Recent advances in radio communication technologies have been driven by the exponential growth in mobile
data traffic, the proliferation of connected devices, and the emergence of latency-critical and reliability-
sensitive applications. Traditional radio access networks, originally designed for voice-centric services, have
evolved into highly flexible, software-driven, and spectrum-efficient systems capable of supporting
heterogeneous services. Modern radio trends are shaped by the convergence of high data rate requirements,
ultra-low latency constraints, massive device connectivity, and energy efficiency considerations, particularly in
indoor, dense urban, and industrial environments. These requirements have led to fundamental
transformations in radio waveform design, spectrum utilization, antenna technologies, and network
architectures.

One of the most significant trends in contemporary radio systems is the transition from legacy LTE
architectures toward 5G New Radio (NR) and beyond. NR introduces a highly scalable numerology framework
that allows variable subcarrier spacing, slot durations, and frame structures to accommodate diverse
deployment scenarios. Unlike LTE'’s fixed numerology, NR supports multiple frequency ranges, including sub-
6 GHz bands (FR1) and millimeter-wave bands (FR2), enabling both wide coverage and extremely high
throughput. This flexibility has become essential for indoor radio environments, where propagation conditions
vary significantly due to multipath fading, shadowing, and penetration losses.

Another major trend is the increasing adoption of Orthogonal Frequency Division Multiplexing (OFDM) and its
variants as the dominant air-interface waveform. OFDM remains central to modern radio systems due to its
robustness against frequency-selective fading and its compatibility with advanced equalization and multiple-
antenna techniques. However, recent research has focused on enhancing OFDM performance through adaptive
cyclic prefix lengths, windowing techniques, and filtered or windowed OFDM variants to reduce out-of-band
emissions and improve spectral containment. These enhancements are particularly relevant in densely packed
spectrum scenarios where coexistence with legacy and unlicensed systems is required.
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The integration of Multiple-Input Multiple-Output (MIMO) technology has become a defining characteristic of
modern radio systems. Contemporary radio networks increasingly rely on multi-antenna configurations such
as 2x2, 4x4, and massive MIMO arrays to improve spectral efficiency, link reliability, and coverage. Spatial
multiplexing enables parallel transmission of multiple data streams, while spatial diversity improves resilience
against deep fades. Recent trends emphasize adaptive MIMO schemes that dynamically balance multiplexing
gain and diversity gain based on channel conditions, signal-to-noise ratio (SNR), and user mobility. Indoor radio
systems particularly benefit from MIMO due to rich scattering environments that enhance spatial channel
decorrelation.

The evolution toward higher-order modulation schemes, such as 64-QAM, 256-QAM, and beyond, represents
another critical trend in radio communications. These modulation formats significantly increase spectral
efficiency but require higher SNR and more precise channel estimation. As a result, adaptive modulation and
coding (AMC) has become an integral component of modern radio systems. AMC dynamically adjusts
modulation order and coding rates to maximize throughput while maintaining target bit error rate (BER) or
block error rate (BLER) constraints. The trade-off between modulation complexity, power efficiency, and
robustness continues to be an active area of research, particularly for indoor NR deployments.

Spectrum scarcity has driven radio systems toward dynamic and flexible spectrum usage. Recent trends include
carrier aggregation, dynamic spectrum sharing (DSS), and operation in unlicensed and shared bands. Carrier
aggregation allows multiple frequency bands to be combined to achieve higher data rates, while DSS enables
the coexistence of LTE and NR in the same spectrum. Additionally, the use of unlicensed spectrum through
technologies such as NR-U has introduced new challenges related to coexistence, interference management,
and regulatory compliance. These developments highlight the growing importance of intelligent spectrum
management techniques in future radio networks.

Millimeter-wave (mmWave) communication represents a transformative trend in radio system design.
Operating at frequencies above 24 GHz, mmWave systems offer extremely wide bandwidths capable of
supporting multi-gigabit data rates. However, mmWave propagation is characterized by high path loss, limited
diffraction, and sensitivity to blockage, particularly in indoor environments. To overcome these challenges,
advanced beam forming and beam-tracking techniques have been developed using large antenna arrays.
Recent radio research focuses on hybrid analog-digital beamforming architectures that balance performance
and hardware complexity, enabling practical mmWave deployments.

Another important trend is the incorporation of software-defined radio (SDR) and cloud-based radio access
networks (C-RAN). SDR enables radio functions to be implemented in software rather than fixed hardware,
allowing rapid prototyping, reconfiguration, and upgrades. C-RAN architectures centralize baseband
processing in cloud data centers, improving resource utilization and enabling coordinated multi-point
transmission and reception. These approaches support network slicing, virtualization, and dynamic resource
allocation, which are essential for supporting diverse use cases such as enhanced mobile broadband, ultra-
reliable low-latency communications, and massive machine-type communications.

Artificial intelligence and machine learning have emerged as disruptive forces in modern radio systems. Recent
radio trends increasingly incorporate data-driven techniques for channel estimation, interference mitigation,
beam selection, mobility management, and resource allocation. Unlike traditional model-based approaches,
learning-based methods can adapt to complex and non-linear radio environments. In indoor scenarios,
machine learning enables predictive modeling of channel behavior and user movement, leading to improved
link adaptation and reduced latency. These techniques are particularly relevant for next-generation intelligent
radio networks.

Energy efficiency and green communications have become central considerations in radio system design. With
the rapid expansion of network infrastructure and connected devices, reducing power consumption has
become critical from both economic and environmental perspectives. Recent trends focus on energy-aware
modulation schemes, sleep-mode mechanisms for base stations, and energy-efficient MIMO configurations.
Indoor radio systems benefit from power control strategies that exploit short transmission distances while
maintaining quality of service.

Security and reliability are also gaining prominence in modern radio research. As radio networks support
critical applications such as industrial automation, healthcare, and smart infrastructure, ensuring robust and
secure communication is essential. Physical-layer security techniques, including artificial noise injection, beam
forming-based secrecy, and channel-based authentication, are increasingly explored as complementary
solutions to traditional cryptographic methods. These approaches leverage the inherent randomness of
wireless channels to enhance confidentiality and resilience.
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Looking beyond 5G, recent radio trends are already shaping the foundations of 6G systems. These include the
exploration of sub-THz frequency bands, ultra-massive MIMO, intelligent reflecting surfaces, and integrated
sensing and communication. Future radio systems are expected to provide extreme data rates, micro-second
latency, and native intelligence while seamlessly integrating terrestrial, aerial, and satellite networks. Indoor
radio environments will play a crucial role in validating these technologies due to their controlled yet complex
propagation characteristics.

Recent radio trends reflect a paradigm shift from rigid, hardware-centric systems toward flexible, intelligent,
and software-driven architectures. Advances in OFDM waveforms, MIMO techniques, adaptive modulation,
spectrum management, and machine learning have collectively transformed the radio landscape. These
developments enable modern radio networks to meet the demanding requirements of emerging applications
while maintaining efficiency, reliability, and scalability. As research continues to push the boundaries of
frequency, bandwidth, and intelligence, radio communication remains a foundational pillar of the global digital
ecosystem.

Cognitive Radio Networks

Cognitive Radio Networks (CRNs) represent an intelligent wireless communication paradigm designed to
address the growing problem of spectrum scarcity caused by the static allocation of radio frequency bands.
Traditional spectrum management policies assign licensed frequency bands to specific services or operators
for long durations, leading to significant underutilization of available spectrum in time, space, and frequency
domains. Cognitive radio introduces awareness, adaptability, and learning into radio systems, enabling
dynamic access to underused spectrum while ensuring minimal interference to licensed users. This concept
fundamentally transforms radio networks from rigid, rule-based systems into intelligent, self-optimizing
communication environments.The core principle of cognitive radio is the ability of a radio system to sense,
learn, decide, and adapt its transmission parameters based on the surrounding radio environment. A cognitive
radio continuously monitors spectrum usage, channel conditions, interference levels, and user requirements.
Based on this contextual information, it dynamically adjusts parameters such as operating frequency,
modulation scheme, transmission power, and bandwidth. This adaptive behavior allows secondary users to
opportunistically access spectrum without causing harmful interference to primary licensed users, thereby
significantly improving overall spectral efficiency.

Spectrum sensing is a foundational function of cognitive radio networks and plays a critical role in detecting
spectrum holes, also referred to as white spaces. Spectrum holes are frequency bands that are temporarily
unoccupied by primary users and can be exploited by secondary users for transmission. Various sensing
techniques are employed, including energy detection, matched filtering, and cyclostationary feature detection.
Energy detection is widely used due to its simplicity and low computational complexity, although it suffers from
poor performance at low signal-to-noise ratios. More advanced sensing techniques offer improved detection
accuracy at the cost of higher complexity and prior knowledge requirements.

Beyond sensing, spectrum decision mechanisms determine the most suitable frequency band for
communication based on quality-of-service requirements such as data rate, latency, and reliability. Cognitive
radios evaluate multiple candidate channels and select the one that best satisfies application constraints while
minimizing interference. Spectrum decision-making is often influenced by channel occupancy statistics, fading
characteristics, and interference patterns. This decision process enables efficient spectrum utilization while
maintaining acceptable performance levels for both primary and secondary users.

Spectrum sharing and spectrum access strategies define how multiple cognitive users coexist within the same
spectral environment. In CRNs, spectrum sharing can be centralized or distributed. Centralized approaches rely
on a coordinating entity that manages spectrum access for all users, while distributed approaches allow
cognitive radios to independently negotiate access based on local observations. Power control, access
prioritization, and interference avoidance techniques are essential components of effective spectrum sharing.
These mechanisms ensure fairness among secondary users and protect primary users from performance
degradation.

Spectrum mobility is another essential characteristic of cognitive radio networks. When a primary user
reclaims a frequency band, secondary users must immediately vacate the channel and switch to an alternative
available band. This process, known as spectrum handoff, must be performed seamlessly to avoid
communication disruption. Efficient spectrum mobility mechanisms are particularly important for delay-
sensitive applications and real-time services. Research in this area focuses on minimizing handoff latency and
maintaining session continuity during frequency transitions.
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Cognitive radio networks heavily rely on learning and decision-making frameworks to improve performance
over time. Machine learning techniques, including reinforcement learning, supervised learning, and
unsupervised learning, enable cognitive radios to predict spectrum availability, user behavior, and interference
dynamics. Through continuous interaction with the environment, cognitive radios refine their policies and
make increasingly accurate decisions. This learning capability distinguishes cognitive radio from conventional
adaptive radios and forms the basis for long-term network optimization.

Interference management is a major theoretical challenge in cognitive radio networks. Since secondary users
operate in spectrum allocated to primary users, strict interference constraints must be enforced. Interference
temperature models, power spectral density limits, and probabilistic interference constraints are commonly
used to regulate secondary transmissions. Effective interference management ensures coexistence and
regulatory compliance while maximizing secondary user throughput.

Security and reliability are critical concerns in cognitive radio networks due to their open and dynamic nature.
Spectrum sensing data falsification attacks, primary user emulation attacks, and jamming pose significant
threats to CRN operation. Theoretical research in this domain explores robust sensing schemes, cooperative
sensing, and trust-based decision frameworks to enhance security. Cooperative cognitive radio, where multiple
nodes share sensing information, improves detection accuracy and resilience against malicious behavior.
Cognitive radio networks are particularly well-suited for emerging wireless applications such as Internet of
Things (IoT), smart grids, public safety communications, and rural broadband access. These applications
benefit from the efficient use of fragmented spectrum and the adaptability of cognitive radio systems. In indoor
and dense deployment scenarios, CRNs offer improved spectrum reuse and reduced congestion compared to
traditional fixed-allocation systems.

In conclusion, cognitive radio networks introduce intelligence, flexibility, and efficiency into wireless
communications by enabling dynamic spectrum access and adaptive decision-making. Through spectrum
sensing, sharing, mobility, and learning, CRNs address the limitations of static spectrum allocation and pave
the way for more efficient use of radio resources. As wireless systems evolve toward 5G, 6G, and beyond, the
theoretical foundations of cognitive radio continue to influence advanced spectrum management, intelligent
radio design, and future autonomous communication networks.

OFDM and Cyclic Prefix OFDM (CP-OFDM)

Orthogonal Frequency Division Multiplexing (OFDM) is a multicarrier transmission technique that has become
a cornerstone of modern broadband wireless communication systems due to its robustness against frequency-
selective fading and its efficient utilization of the available spectrum. The fundamental idea behind OFDM is to
divide a high-rate data stream into multiple parallel low-rate substreams, each transmitted over a distinct
subcarrier. These subcarriers are mathematically orthogonal to one another, allowing their spectra to overlap
without causing inter-carrier interference. This orthogonality significantly improves spectral efficiency and
simplifies receiver design compared to conventional single-carrier systems.In wireless channels, particularly
in indoor and urban environments, transmitted signals experience multipath propagation due to reflections,
diffraction, and scattering from surrounding objects. Multipath propagation causes time dispersion, leading to
inter-symbol interference (ISI) when delayed signal replicas overlap with subsequent symbols. OFDM
inherently mitigates this issue by extending the symbol duration through parallel transmission, thereby
reducing the relative impact of delay spread. However, in practical systems, residual ISI can still occur if the
channel delay spread exceeds the symbol duration, necessitating additional protective mechanisms.

Cyclic Prefix OFDM (CP-OFDM) addresses this challenge by inserting a guard interval known as the cyclic prefix
at the beginning of each OFDM symbol. The cyclic prefix is created by copying the last portion of the OFDM
symbol and appending it to the front. This process converts the linear convolution of the transmitted signal
with the channel impulse response into a circular convolution over the useful symbol duration. As a result, the
orthogonality among subcarriers is preserved, and inter-symbol interference caused by multipath propagation
is effectively eliminated, provided that the cyclic prefix length exceeds the maximum channel delay spread.One
of the most important theoretical advantages of CP-OFDM is the simplification of equalization at the receiver.
In single-carrier systems, equalization requires complex time-domain processing to combat ISI. In contrast, CP-
OFDM enables simple frequency-domain equalization, where each subcarrier experiences a flat-fading channel.
This allows channel compensation to be performed using low-complexity one-tap equalizers per subcarrier.
This feature has made CP-OFDM highly attractive for high-data-rate systems where computational efficiency
and scalability are critical.Despite its advantages, CP-OFDM introduces certain trade-offs that must be carefully
considered. The insertion of the cyclic prefix reduces spectral efficiency because a portion of the transmitted
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signal does not carry new information. The overhead introduced by the cyclic prefix becomes more significant
when shorter OFDM symbols are used or when operating in channels with small delay spreads. Therefore,
system designers must balance robustness against multipath with efficient use of bandwidth by selecting an
appropriate cyclic prefix length based on channel characteristics.

Another important theoretical aspect of OFDM and CP-OFDM is their sensitivity to synchronization errors.
OFDM systems are particularly vulnerable to carrier frequency offset and timing misalignment, which can
destroy subcarrier orthogonality and introduce inter-carrier interference. The cyclic prefix provides some
tolerance to timing errors by allowing the receiver to perform symbol alignment within the guard interval.
However, frequency synchronization remains critical, and advanced estimation and correction techniques are
required to maintain system performance.Peak-to-average power ratio (PAPR) is a well-known drawback of
OFDM-based systems, including CP-OFDM. Since an OFDM signal is formed by the superposition of multiple
subcarriers, large signal peaks can occur when subcarriers add constructively. High PAPR places stringent
requirements on power amplifiers, forcing them to operate with large back-off to avoid non-linear distortion.
This reduces power efficiency, which is particularly problematic for battery-powered devices. Numerous PAPR
reduction techniques have been proposed, but each introduces additional complexity or performance trade-
offs.

From a spectral perspective, OFDM exhibits relatively high out-of-band emissions due to the rectangular pulse
shaping used in time-domain symbol generation. Although subcarrier orthogonality is maintained within the
allocated bandwidth, sidelobe leakage can cause interference to adjacent channels. In CP-OFDM systems,
windowing and filtering techniques are often employed to improve spectral containment. These enhancements
are crucial for coexistence in dense spectrum environments and for compliance with regulatory emission
masks.CP-OFDM has been widely adopted in modern wireless standards due to its flexibility and compatibility
with advanced transmission techniques. In LTE and 5G New Radio systems, CP-OFDM supports scalable
numerology, allowing different subcarrier spacings and symbol durations to be used for diverse deployment
scenarios. This adaptability enables CP-OFDM to efficiently serve applications ranging from enhanced mobile
broadband to ultra-reliable low-latency communications, particularly in indoor and small-cell environments.
Another key theoretical strength of CP-OFDM is its seamless integration with multiple-antenna technologies
such as MIMO. The frequency-domain structure of CP-OFDM simplifies the implementation of spatial
multiplexing, beamforming, and diversity schemes. Each subcarrier can be treated independently in the spatial
domain, allowing advanced MIMO processing with manageable complexity. This synergy between CP-OFDM
and MIMO has been instrumental in achieving high spectral efficiency in modern radio systems.Channel
estimation is an essential component of CP-OFDM systems and relies on the insertion of known reference or
pilot symbols within the transmitted frame. The cyclic prefix ensures that pilot symbols are not corrupted by
IS], improving estimation accuracy. Accurate channel estimation enables effective equalization, adaptive
modulation, and link adaptation. In time-varying channels, particularly those involving user mobility, CP-OFDM
provides a structured framework for tracking channel variations across both time and frequency.

OFDM and Cyclic Prefix OFDM represent a powerful and versatile transmission framework for broadband
wireless communication. By transforming frequency-selective fading channels into parallel flat-fading
subchannels, CP-OFDM enables efficient equalization, high spectral efficiency, and robust performance in
multipath environments. While challenges such as cyclic prefix overhead, high PAPR, and synchronization
sensitivity remain, ongoing research and standardization efforts continue to refine CP-OFDM for next-
generation radio systems. Its widespread adoption in LTE, 5G, and emerging 6G research underscores its
enduring relevance as a foundational waveform technology.

Filter Bank Multicarrier with Offset Quadrature Amplitude Modulation (FBMC-
OQAM)

Filter Bank Multicarrier with Offset Quadrature Amplitude Modulation (FBMC-OQAM) is an advanced
multicarrier waveform proposed to overcome several intrinsic limitations of conventional Orthogonal
Frequency Division Multiplexing (OFDM), particularly in terms of spectral efficiency and out-of-band
emissions. As modern wireless systems move toward dense spectrum utilization, fragmented bandwidth
allocation, and heterogeneous service requirements, the need for waveforms with superior spectral
localization and flexibility has become increasingly important. FBMC-OQAM addresses these challenges by
combining finely designed subcarrier filtering with offset modulation, enabling high spectral containment and
efficient use of available spectrum without relying on a cyclic prefix.In traditional OFDM systems, the use of
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rectangular pulse shaping in the time domain results in significant sidelobe leakage in the frequency domain.
Although cyclic prefix OFDM simplifies equalization and mitigates inter-symbol interference, the cyclic prefix
introduces overhead and reduces spectral efficiency. FBMC-OQAM eliminates the need for a cyclic prefix by
employing long, well-localized prototype filters for each subcarrier. These filters confine energy more tightly
within the intended frequency band, substantially reducing interference to adjacent channels and enabling
efficient coexistence with other wireless systems.

The fundamental operating principle of FBMC-OQAM lies in transmitting real-valued symbols on each
subcarrier with a half-symbol time offset between the in-phase and quadrature components. Instead of
transmitting complex QAM symbols simultaneously, FBMC-OQAM staggers the real and imaginary parts in
time. This offset modulation preserves orthogonality in the real domain while allowing overlapping symbols in
both time and frequency. As a result, FBMC-OQAM achieves high spectral efficiency while maintaining
robustness against inter-carrier and inter-symbol interference.One of the most significant theoretical
advantages of FBMC-OQAM is its excellent spectral localization. The use of well-designed prototype filters
ensures rapid sidelobe decay, which minimizes out-of-band emissions. This property is particularly beneficial
in scenarios involving fragmented spectrum, dynamic spectrum access, and coexistence with legacy systems.
FBMC-0QAM enables tighter spectral packing and reduced guard band requirements, making it highly suitable
for cognitive radio networks and future flexible spectrum allocation frameworks.

Time-frequency localization is a critical performance metric for multicarrier waveforms, and FBMC-OQAM
exhibits superior localization compared to OFDM. The overlapping nature of FBMC symbols allows efficient
exploitation of both time and frequency resources, even in channels with high delay spread or Doppler shift.
This makes FBMC-OQAM more resilient to time-frequency dispersion, especially in asynchronous and high-
mobility environments. Unlike OFDM, FBMC-0QAM does not rely on strict symbol alignment, which improves
robustness in multiuser and uplink transmission scenarios.Equalization in FBMC-OQAM systems presents
unique theoretical challenges due to the absence of a cyclic prefix and the presence of intrinsic interference.
Although orthogonality is maintained in the real domain, imaginary interference arises from neighboring
symbols in the time-frequency lattice. Advanced equalization techniques are required to mitigate this intrinsic
interference, particularly in frequency-selective channels. Despite this complexity, FBMC-OQAM equalization
can still be efficiently implemented using frequency-domain processing and per-subcarrier equalization under
moderate channel conditions.Channel estimation is another critical aspect of FBMC-OQAM system design. The
staggered transmission of real symbols complicates the insertion and interpretation of pilot signals. Unlike CP-
OFDM, where pilots are easily embedded and isolated, FBMC-OQAM requires carefully designed pilot patterns
to avoid interference from adjacent symbols. Research has proposed various pilot structures and auxiliary
symbol techniques to enable accurate channel estimation while preserving spectral efficiency. These methods
ensure reliable performance in both static and time-varying channels.Synchronization requirements in FBMC-
0QAM systems are generally more relaxed than those in OFDM. The strong frequency localization provided by
subcarrier filtering reduces sensitivity to carrier frequency offset and phase noise. This property is particularly
advantageous in uplink transmissions and distributed networks where tight synchronization among users is
difficult to achieve. FBMC-OQAM'’s inherent robustness to frequency misalignment makes it well-suited for
multiuser access and decentralized network architectures.

From a power efficiency perspective, FBMC-OQAM offers certain advantages over CP-OFDM. The absence of a
cyclic prefix eliminates transmission overhead, allowing more power to be devoted to useful data symbols.
Additionally, improved spectral containment reduces the need for aggressive filtering and guard bands at the
transmitter and receiver. However, like other multicarrier systems, FBMC-0OQAM can still exhibit high peak-to-
average power ratio, which necessitates careful power amplifier design.

The integration of FBMC-OQAM with multiple-antenna systems introduces additional theoretical
considerations. While FBMC-OQAM supports MIMO transmission, the intrinsic interference and real-domain
orthogonality complicate conventional MIMO processing techniques. Advanced signal processing methods are
required to enable spatial multiplexing and beamforming without degrading performance. Despite these
challenges, research has demonstrated that FBMC-OQAM can be effectively combined with MIMO under
appropriate system design, particularly for diversity-oriented configurations.

FBMC-0QAM has been widely investigated as a candidate waveform for beyond-5G and 6G systems due to its
flexibility, spectral efficiency, and coexistence capabilities. It is especially attractive for applications involving
dynamic spectrum access, massive machine-type communications, and ultra-dense networks. In cognitive
radio environments, FBMC-OQAM allows secondary users to opportunistically access spectrum with minimal
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interference to primary users, aligning well with intelligent and adaptive radio paradigms.Despite its
advantages, FBMC-OQAM also presents practical implementation challenges. Increased signal processing
complexity, particularly in filtering, channel estimation, and MIMO integration, has limited its adoption in
commercial standards. Additionally, compatibility with legacy OFDM-based systems remains a concern. These
factors have led to continued research efforts aimed at simplifying FBMC-OQAM implementations while
retaining its theoretical benefits.In conclusion, FBMC-OQAM represents a powerful and flexible multicarrier
waveform that addresses many of the limitations of CP-OFDM, particularly in terms of spectral efficiency and
out-of-band emissions. By combining subcarrier filtering with offset modulation, FBMC-OQAM achieves
excellent time-frequency localization and robust performance in complex radio environments. While
challenges related to complexity and integration persist, the theoretical foundations of FBMC-OQAM continue
to influence waveform design for future wireless communication systems. Its relevance in cognitive radio,
flexible spectrum usage, and next-generation networks underscores its importance as a key research direction
in modern radio communications.

Channel Estimation

Channel estimation is a fundamental process in wireless communication systems that enables the receiver to
characterize the effects of the propagation environment on the transmitted signal. Wireless channels are
inherently random and time-varying due to multipath propagation, mobility, shadowing, and Doppler effects.
These impairments distort the amplitude, phase, and timing of transmitted signals, leading to performance
degradation if not properly compensated. Channel estimation provides the necessary information for
equalization, detection, decoding, and adaptive transmission, making it a cornerstone of reliable and efficient
communication.In modern broadband systems, such as OFDM-based and multicarrier architectures, channel
estimation plays a critical role in transforming frequency-selective fading channels into manageable flat-fading
subchannels. Accurate channel knowledge allows the receiver to mitigate inter-symbol interference, inter-
carrier interference, and noise enhancement. Moreover, channel estimation is essential for higher-layer
functions such as adaptive modulation and coding, power control, beamforming, and link adaptation. As
wireless systems evolve toward higher data rates, wider bandwidths, and massive connectivity, the importance
of robust channel estimation continues to increase.Wireless channels are typically characterized by parameters
such as path loss, delay spread, Doppler spread, and fading statistics. In indoor and urban environments,
multipath propagation dominates channel behavior, resulting in frequency-selective fading. Time variation
arises from user mobility and environmental changes, leading to fast-fading effects. Channel estimation
techniques must therefore be capable of tracking both frequency and time variations while maintaining low
complexity and minimal overhead.

Channel estimation techniques can broadly be classified into pilot-based, blind, and semi-blind methods. Pilot-
based channel estimation relies on known reference signals transmitted alongside data symbols. These
reference signals enable direct measurement of channel effects and are widely used due to their reliability and
simplicity. Blind channel estimation techniques exploit statistical properties of the received signal without
relying on known pilots, offering improved spectral efficiency at the cost of increased complexity and slower
convergence. Semi-blind methods combine pilot information with statistical inference to balance performance
and overhead.Pilot-based channel estimation is the most commonly adopted approach in practical systems.
Known pilot symbols are inserted into the transmitted signal in predefined patterns across time and frequency.
At the receiver, the received pilots are compared with the known transmitted values to estimate the channel
response. In multicarrier systems, pilot placement strategies include block-type, comb-type, and scattered
pilots. Each strategy offers different trade-offs between estimation accuracy, tracking capability, and overhead.
Scattered pilot schemes are particularly effective in time-varying channels, as they allow interpolation across
both dimensions.

In OFDM and CP-OFDM systems, channel estimation benefits from the presence of a cyclic prefix, which
preserves subcarrier orthogonality and prevents inter-symbol interference. This allows the channel frequency
response to be estimated independently for each subcarrier. Simple one-tap equalizers can then be applied to
compensate for channel effects. However, channel estimation accuracy is influenced by noise, pilot density, and
synchronization errors. In fast-fading environments, frequent pilot transmission is required to track channel
variations, increasing overhead.Blind channel estimation techniques eliminate the need for pilots by exploiting
inherent properties of transmitted signals, such as constant modulus, cyclostationarity, or higher-order
statistics. These methods are attractive for improving spectral efficiency but suffer from slow convergence and
sensitivity to noise. Blind estimation is particularly challenging in multicarrier systems due to inter-carrier
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interference and the superposition of multiple subchannels. As a result, blind techniques are mainly used in
scenarios where pilot transmission is impractical or severely constrained.

Semi-blind channel estimation combines limited pilot information with blind statistical methods to enhance
estimation accuracy while reducing overhead. This hybrid approach leverages the strengths of both pilot-based
and blind estimation, achieving faster convergence and improved robustness. Semi-blind techniques are
especially useful in high-mobility or bandwidth-limited systems, where pilot overhead must be minimized
without sacrificing performance.Channel estimation becomes more complex in systems without a cyclic prefix,
such as FBMC-0OQAM. In these systems, the absence of a guard interval leads to intrinsic interference between
symbols in the time-frequency lattice. Channel estimation must therefore account for overlapping symbols and
real-domain orthogonality. Specialized pilot designs and auxiliary symbols are required to isolate channel
effects and mitigate interference. Despite these challenges, FBMC channel estimation offers improved spectral
efficiency and reduced overhead compared to CP-OFDM.

In multiple-input multiple-output (MIMO) systems, channel estimation must capture the spatial characteristics
of the channel between each transmit and receive antenna pair. This results in a channel matrix rather than a
scalar channel response. Accurate MIMO channel estimation is essential for spatial multiplexing, diversity, and
beamforming. Pilot contamination, especially in massive MIMO systems, poses a significant challenge due to
interference between pilot signals transmitted by multiple users. Advanced pilot reuse strategies and
interference-aware estimation techniques are required to address this issue.Time-varying channels introduce
additional challenges for channel estimation. In high-mobility scenarios, rapid channel fluctuations reduce the
coherence time, requiring frequent updates of channel estimates. Interpolation and prediction techniques are
often employed to estimate channel states between pilot transmissions. Doppler effects further complicate
estimation by introducing frequency shifts and phase variations. Robust channel tracking mechanisms are
essential for maintaining performance in such environments.

Noise and interference significantly impact channel estimation accuracy. Thermal noise corrupts pilot
observations, while co-channel interference distorts received signals. Estimation techniques must be designed
to minimize noise amplification and suppress interference. Linear estimators offer simplicity but may be
suboptimal in noisy conditions. Advanced estimation approaches improve accuracy by incorporating channel
statistics and prior information, at the cost of increased complexity.Recent advancements in channel estimation
increasingly leverage machine learning and data-driven approaches. Neural networks and deep learning
models are capable of learning complex channel behaviors from data without explicit mathematical modeling.
These approaches offer improved robustness in non-linear and highly dynamic environments. In indoor and
dense deployments, learning-based channel estimation enables adaptive modeling of spatial and temporal
channel characteristics. However, challenges related to training data, generalization, and computational
complexity remain active research topics.

Channel estimation also plays a critical role in link adaptation and resource allocation. Accurate channel state
information enables the transmitter to select appropriate modulation schemes, coding rates, and transmission
power. Errors in channel estimation can lead to suboptimal decisions, resulting in increased bit error rates or
reduced throughput. Therefore, the design of channel estimation algorithms must consider their impact on
overall system performance. In modern cellular systems such as LTE and 5G New Radio, channel estimation is
tightly integrated with standardized reference signal structures. Demodulation reference signals, channel state
information reference signals, and synchronization signals provide comprehensive support for channel
estimation across diverse deployment scenarios. These standardized frameworks enable interoperability
while supporting advanced features such as beam management and massive MIMO.

Channel estimation is a critical enabler of reliable and high-performance wireless communication systems. By
accurately characterizing the effects of the propagation environment, channel estimation allows effective
equalization, detection, and adaptation. While pilot-based methods dominate practical implementations, blind,
semi-blind, and learning-based techniques continue to evolve to address emerging challenges. As wireless
systems advance toward higher frequencies, wider bandwidths, and intelligent radio architectures, channel
estimation remains a central research area shaping the future of communication technologies.

Comparative Analysis of MSE, LMSE, and MMSE Channel Estimation

Channel estimation is a critical component in modern wireless communication systems, and its accuracy
directly influences system performance. Various estimation techniques are employed to balance complexity,
accuracy, and computational overhead. Among the most widely studied methods are Mean Square Error (MSE)-
based, Linear Minimum Square Error (LMSE), and Minimum Mean Square Error (MMSE) estimators. These
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methods differ in their approach to error minimization, underlying assumptions, and suitability for specific
channel conditions.The Mean Square Error (MSE) metric is the fundamental criterion used to quantify the
accuracy of channel estimation. MSE measures the average squared difference between the estimated channel
and the actual channel. Although MSE itself is not a complete estimation technique, it is widely used to evaluate
and compare different estimators. In practical systems, simple least squares estimators aim to minimize the
MSE between observed and predicted signals without considering channel statistics. MSE-based estimation is
straightforward and computationally efficient but does not optimally exploit prior knowledge of the channel
or noise characteristics.

The Linear Minimum Square Error (LMSE) estimator extends the concept of MSE minimization by imposing
linearity on the estimation process. LMSE seeks a linear mapping between the received signal and the channel
estimate that minimizes the MSE. It leverages partial statistical knowledge of the channel and noise to achieve
improved accuracy over conventional least squares estimators. LMSE provides a compromise between
performance and complexity, as it avoids the full matrix inversion required by MMSE while still incorporating
channel correlation information to enhance estimation accuracy. LMSE is particularly effective in slow-fading
or correlated channels where linear assumptions are reasonable.The Minimum Mean Square Error (MMSE)
estimator represents the optimal solution in the sense of minimizing the expected MSE given full statistical
knowledge of the channel and noise. Unlike LMSE, MMSE exploits both channel correlation and noise variance
comprehensively. This allows MMSE to achieve superior performance, particularly in environments with high
noise, interference, or rapidly varying channels. MMSE estimation requires knowledge of channel covariance
matrices and noise power, and its implementation involves matrix inversion and higher computational
complexity. Despite these challenges, MMSE remains the benchmark for evaluating channel estimation
performance in both OFDM and multicarrier systems.From a theoretical perspective, the three techniques
demonstrate a clear trade-off among complexity, accuracy, and required prior knowledge. Simple MSE or least
squares-based estimators are computationally light but less robust in noisy or highly dynamic channels. LMSE
improves estimation accuracy by incorporating linear channel statistics while maintaining moderate
complexity. MMSE achieves the best performance under known channel statistics but at the cost of significantly
higher computational load.

The following table summarizes the comparative aspects of MSE, LMSE, and MMSE estimation techniques:

Estimator Definition / Principle | Use of Accuracy Computational Best Suited For
Channel Complexity
Statistics
MSE (Least Minimizes average Notrequired; | Low to Low; simple Static or slow-
Squares) squared error purely data- moderate implementation | varying channels
between estimated driven with low noise
and actual channel
LMSE (Linear | Minimizes MSE with Partial; uses Moderate to Correlated channels,
Minimum linear mapping using | channel high Mode.:ratef moderate mobility
Square Error) | partial channel correlation requires llne?ar
statistics transformations
MMSE Minimizes expected Full; requires | High; near- High; matrix Fast-fading channels,
(Minimum MSE using full channel optimal inversion high noise, MIMO
Mean Square | statistical knowledge | covariance performance | required and multicarrier
Error) of channel and noise | and noise systems
variance

In addition to the table, theoretical analysis shows that the estimation error decreases as one moves from MSE
to LMSE and further to MMSE, assuming accurate knowledge of channel statistics. MMSE achieves the lowest
error due to its exploitation of both temporal and spatial correlations in the channel. However, in practical
implementations, MMSE can become computationally prohibitive for large-scale MIMO or massive OFDM
systems. LMSE provides a practical alternative in such scenarios, offering a good balance between performance
and complexity.

Another important consideration is the robustness of these estimators to model mismatch. MSE-based
estimators are relatively robust since they do not rely on statistical assumptions, but their performance
degrades rapidly in high-noise or highly dispersive channels. LMSE performance can deteriorate if the linearity
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assumption or partial statistics are inaccurate. MMSE is sensitive to errors in channel covariance or noise
estimates, which can significantly impact its optimality. Thus, practical implementations often employ
approximations or hybrid schemes that combine LMSE and MMSE principles to balance robustness and
accuracy.

In conclusion, the comparative theoretical analysis of MSE, LMSE, and MMSE highlights a trade-off between
complexity, prior knowledge, and estimation performance. MSE offers simplicity and ease of implementation,
LMSE enhances performance with moderate complexity, and MMSE provides near-optimal accuracy when full
channel statistics are available. The choice of estimator depends on system requirements, channel conditions,
and computational constraints. In modern wireless systems, including OFDM, CP-OFDM, FBMC, and MIMO
architectures, LMSE and MMSE estimators are preferred for their ability to improve signal detection, reduce
error rates, and support advanced link adaptation techniques.

0 Theoretical MSE vs SNR for LS, LMSE, and MMSE Estimators
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Digital modulation is a core technique in wireless communication, where information is encoded into discrete
symbols for transmission over a channel. Among the widely used modulation schemes are Binary Phase Shift
Keying (BPSK), Quadrature Phase Shift Keying (QPSK), and 16-Quadrature Amplitude Modulation (16-QAM).
These modulation formats differ in their spectral efficiency, robustness to noise, bit error rate (BER)
performance, and implementation complexity, making them suitable for different applications and channel
conditions.

Binary Phase Shift Keying (BPSK) is the simplest form of phase modulation, where each bit is represented by a
distinct phase of a carrier signal, typically 0° or 180°. Because only two symbols are used, BPSK is highly robust
to noise and fading, providing the lowest bit error rate for a given signal-to-noise ratio (SNR) among common
modulation schemes. Its simplicity also allows easy implementation with low computational requirements.
However, BPSK is spectrally inefficient, transmitting only one bit per symbol, which limits data throughput. It
is therefore typically used in low-data-rate or highly reliable communication scenarios, such as deep-space
links, control channels, and low-SNR environments.Quadrature Phase Shift Keying (QPSK) extends the concept
of BPSK by encoding two bits per symbol using four distinct phase states (0°, 90°, 180°, and 270°). By doubling
the number of bits transmitted per symbol, QPSK effectively doubles spectral efficiency compared to BPSK
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while maintaining moderate noise robustness. The Euclidean distance between symbols is smaller than BPSK,
which results in slightly higher BER for the same SNR. QPSK strikes a balance between spectral efficiency and
error performance, making it the standard modulation scheme in many wireless standards, including LTE and
Wi-Fi, especially in medium-SNR channels.16-Quadrature Amplitude Modulation (16-QAM) combines
amplitude and phase modulation to encode four bits per symbol, resulting in sixteen distinct constellation
points. This higher-order modulation significantly increases spectral efficiency, allowing more data to be
transmitted within the same bandwidth. However, the closer spacing between constellation points makes 16-
QAM more susceptible to noise, interference, and channel impairments, leading to a higher BER at the same
SNR compared to BPSK or QPSK. 16-QAM is thus preferred in high-SNR environments where channel
conditions are favorable, such as indoor or small-cell networks, and for applications demanding high data
rates.From a theoretical perspective, the choice of modulation depends on the trade-off between data rate,
robustness, and power efficiency. BPSK offers the best noise resilience and simplest implementation but the
lowest data throughput. QPSK provides a middle ground with moderate spectral efficiency and manageable
BER. 16-QAM achieves high spectral efficiency and high data rates at the expense of robustness and power
margin. In adaptive communication systems, modulation schemes are often switched dynamically based on
instantaneous channel quality—a technique known as adaptive modulation and coding (AMC). For instance, a
system may use BPSK in poor channel conditions, QPSK in moderate SNR, and 16-QAM when SNR is high to
maximize throughput while maintaining reliability.Another important consideration is power efficiency and
peak-to-average power ratio (PAPR). BPSK has the lowest PAPR, which reduces transmitter power amplifier
requirements. QPSK exhibits slightly higher PAPR due to multiple phase states, while 16-QAM has the highest
PAPR because both amplitude and phase vary. High PAPR in 16-QAM can lead to non-linear distortions if the
transmitter amplifier is not carefully designed, which is another factor affecting modulation selection in
practical systems.

BPSK, QPSK, and 16-QAM represent a progression from simple, robust modulation to high spectral efficiency,
high-data-rate schemes. BPSK excels in noisy, low-SNR channels; QPSK provides a balanced solution for
moderate SNR and throughput; and 16-QAM maximizes data rate in high-quality channels. Understanding these
trade-offs is essential for designing wireless systems that optimize throughput, reliability, and spectral usage
according to channel conditions and application requirements

NR OFDM Signal Model

Orthogonal Frequency Division Multiplexing (OFDM) is the foundational waveform for 5G New Radio (NR),
enabling high data rate transmission, spectral efficiency, and robustness against frequency-selective fading.
NR-OFDM divides the available bandwidth into multiple orthogonal subcarriers, allowing parallel transmission
of data symbols. Each subcarrier experiences flat fading, simplifying equalization and mitigating inter-symbol
interference in frequency-selective channels. The NR-OFDM signal model is flexible, supporting different
subcarrier spacings, cyclic prefix lengths, and frame structures to accommodate diverse use cases, including
enhanced mobile broadband, ultra-reliable low-latency communications, and massive machine-type
communications.The NR-OFDM waveform is characterized by dynamic numerology, where subcarrier spacing
can be adjusted (e.g., 15 kHz, 30 kHz, 60 kHz, 120 kHz) to suit the deployment scenario and carrier frequency.
Smaller subcarrier spacing improves spectral efficiency and is suitable for low-frequency channels, while larger
spacing reduces latency and is preferred for millimeter-wave communications. Each subcarrier is modulated
with a complex symbol, typically using QPSK, 16-QAM, 64-QAM, or 256-QAM, depending on the channel quality.
The combination of these subcarriers forms the composite OFDM signal, which is generated by performing an
inverse discrete Fourier transform (IDFT) or its computationally efficient counterpart, the inverse fast Fourier
transform (IFFT).

To mitigate inter-symbol interference (ISI) caused by multipath propagation, NR-OFDM appends a cyclic prefix
(CP) to each OFDM symbol. The CP acts as a guard interval, replicating the end of the OFDM symbol at the
beginning. In 5G NR, the CP length can be normal or extended, depending on the delay spread of the propagation
environment. This ensures that the linear convolution of the transmitted signal with the channel can be
modeled as circular convolution at the receiver, enabling simple frequency-domain equalization.The NR-OFDM
signal model is inherently flexible and scalable, supporting variable bandwidths and multiple numerologies
within the same carrier. This enables multi-service multiplexing, where different users or services can be
allocated subcarriers with different spacing and CP lengths. Additionally, NR supports dynamic slot and symbol
allocation, allowing low-latency transmission and improved resource utilization. Subcarrier-level scheduling is
achieved through the mapping of modulation symbols to specific time-frequency resources, forming resource
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blocks that constitute the basic scheduling unit. Mathematically, an NR-OFDM symbol can be expressed as a
sum of complex exponentials weighted by data symbols on each subcarrier. At the receiver, after removing the
CP, adiscrete Fourier transform (DFT) converts the received time-domain signal back to the frequency domain,
where each subcarrier can be individually equalized. Channel estimation is performed using demodulation
reference signals (DMRS), which are embedded within the OFDM symbols to allow accurate estimation of the
channel state. This facilitates adaptive modulation and coding, beamforming, and multiple-input multiple-
output (MIMO) processing. The time-frequency structure of NR-OFDM is highly configurable. Each frame
consists of multiple subframes, each containing several slots, and each slot contains multiple OFDM symbols.
Symbol duration is inversely proportional to the subcarrier spacing, and the CP ensures protection against ISI.
NR supports synchronous and asynchronous transmission, as well as dynamic spectrum sharing, where
different services or operators can coexist efficiently in fragmented spectrum.The NR-OFDM signal model also
supports massive MIMO, where multiple transmit and receive antennas are employed to increase spectral
efficiency and reliability. Each antenna transmits an independent or precoded OFDM signal, enabling spatial
multiplexing and diversity gains. The flexibility of the OFDM waveform in the NR framework allows the
integration of advanced techniques such as beamforming, carrier aggregation, and ultra-reliable low-latency
communication, while maintaining compatibility with existing LTE systems through backward-compatible
numerology. The NR-OFDM signal model provides a flexible, robust, and scalable framework for modern
wireless communication. Its orthogonal subcarrier structure, combined with configurable numerology and
cyclic prefix, enables efficient operation across a wide range of frequencies, services, and deployment scenarios.
By facilitating parallel transmission, simple equalization, and adaptive resource allocation, NR-OFDM forms the
backbone of 5G New Radio, supporting high data rates, low latency, and reliable connectivity for heterogeneous
wireless applications.

The baseband OFDM signal for 5G NR is expressed as:

Ns—-1 N-1 T
s(t) = Z 1) X(n, k) ef2mkart—nts)y (—t —n S)
n=0 k=0 Tu

where Xnk is the complex QAM/PSK symbol mapped to the k* subcarrier of the nth OFDM symbol, N is the
number of subcarriers, Af is the subcarrier spacing, Tu=1/AfT is the useful symbol duration, and Ts=Tu+Tcp
includes the cyclic prefix. This structure ensures orthogonality of subcarriers and robustness against indoor
multipath delay spread.

Indoor Multipath Channel Model

Indoor wireless communication environments are characterized by rich multipath propagation due to
reflections, diffractions, and scattering caused by walls, furniture, ceilings, and other obstacles. As a transmitted
signal propagates from a transmitter to a receiver, it does not travel along a single line-of-sight (LOS) path;
instead, multiple delayed and attenuated copies of the signal arrive at the receiver. This phenomenon, known
as multipath fading, results in frequency-selective or flat-fading channels depending on the delay spread
relative to the symbol duration. Accurate modeling of indoor multipath channels is critical for designing robust
communication systems, particularly for broadband and high-speed wireless technologies such as OFDM, Wi-
Fi, and 5G NR.Indoor multipath channel models capture the statistical and deterministic properties of the
channel. Large-scale fading represents slow variations in received signal power due to distance and shadowing
effects, while small-scale fading describes rapid fluctuations caused by constructive and destructive
interference among multipath components. The power delay profile (PDP) characterizes the average power of
received signals as a function of propagation delay, providing insight into the delay spread and coherence
bandwidth of the channel. Indoor environments typically exhibit short delay spreads, on the order of tens to
hundreds of nanoseconds, leading to coherence bandwidths that can exceed several MHz.Several indoor
channel models have been proposed to represent the multipath characteristics realistically. The Rayleigh
fading model is widely used for non-line-of-sight (NLOS) scenarios, where the amplitudes of multipath
components follow a Rayleigh distribution due to random phase interference. In the presence of a dominant
line-of-sight path, the Rician fading model provides a more accurate representation, incorporating both the
direct path and scattered components. Statistical models, such as the Saleh-Valenzuela model, describe indoor
multipath channels as clusters of rays with exponentially decaying power and random arrival times, capturing
the clustered nature of reflections in hallways and rooms.

In addition to amplitude statistics, indoor channel models consider Doppler shifts caused by mobility and
angle-of-arrival distributions, which are essential for multiple-input multiple-output (MIMO) and beamforming
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applications. For OFDM systems, the frequency-selective nature of indoor channels can cause inter-symbol
interference (ISI) if the symbol duration is shorter than the maximum delay spread. Cyclic prefixes or guard
intervals are commonly employed to mitigate IS], leveraging the channel model parameters to design robust
communication systems.Accurate indoor multipath modeling supports system-level simulations, link
adaptation strategies, and antenna design. Models derived from empirical measurements in office buildings,
laboratories, and residential environments are often combined with stochastic approaches to balance realism
and generality. These models inform the design of adaptive equalizers, channel estimation techniques, and
error-correction coding schemes. By capturing the temporal, spatial, and spectral characteristics of indoor
multipath propagation, channel models enable reliable, high-performance wireless communication in complex
indoor environments.
The indoor channel impulse response is:

L-1

RO = ) al 5t — 1)

1=0
where of, ¢, and t¢ denote the amplitude, phase, and delay of the ¢th path. In the frequency domain, the
channel response on subcarrier k is
Frequency domain channel response:

L-1

Hk = Z al e—j 2wk Af Tl
=0
This frequency-domain representation is critical for precise carrier phase estimation in indoor positioning and
synchronization

Received Signal and Carrier Phase Reception

In wireless communication, the received signal at the receiver is a combination of the transmitted signal
affected by the channel, noise, and interference. The propagation channel introduces attenuation, multipath
fading, phase shifts, and Doppler effects, which distort both the amplitude and phase of the transmitted
waveform. Accurate reception of the transmitted signal requires the receiver to detect these variations and
compensate for them, particularly in coherent modulation schemes where information is carried in the
amplitude, phase, or both of the carrier signal.

The carrier phase is a critical parameter in modern communication systems, especially for phase-sensitive
modulations such as PSK (Phase Shift Keying) or QAM (Quadrature Amplitude Modulation). Any mismatch or
distortion in the carrier phase can result in symbol errors, reducing the overall system performance. Therefore,
precise carrier phase recovery is essential for coherent demodulation. The received signal is often represented
mathematically as a superposition of the transmitted signal scaled by the channel gain and rotated by the
channel phase, with additive noise. This representation enables the design of algorithms for phase estimation,
synchronization, and equalization.Carrier phase reception typically involves two stages: coarse acquisition and
fine tracking. Coarse acquisition aligns the receiver’s local oscillator with the approximate frequency and phase
of the incoming signal, compensating for Doppler shifts and oscillator offsets. Fine tracking continuously
monitors the phase of the received signal, adjusting the local oscillator to minimize phase errors. Techniques
such as phase-locked loops (PLL), Costas loops, or digital phase estimation algorithms are commonly employed
for this purpose. Accurate phase tracking ensures that the in-phase (I) and quadrature (Q) components of the
signal can be correctly demodulated, preserving data integrity.

Multipath propagation in indoor and urban environments introduces additional complexity to carrier phase
reception. Reflections and scattering cause multiple delayed versions of the transmitted signal to arrive at the
receiver, each with a different phase. The superposition of these multipath components leads to constructive
and destructive interference, resulting in fast-fading variations in the received signal amplitude and phase.
Receivers employ techniques such as RAKE receivers, equalization, or OFDM with cyclic prefix to separate
multipath components and restore the correct carrier phase.In digital communication systems, carrier phase
errors can directly influence the bit error rate (BER). Small phase offsets in BPSK or QPSK can be tolerated to
some extent, but higher-order QAM schemes are highly sensitive to phase deviations due to closely spaced
constellation points. Accurate carrier phase reception is therefore especially critical for high-data-rate systems
that use higher-order modulations. Adaptive algorithms often exploit pilot symbols or reference signals
embedded in the transmitted waveform to continuously estimate and correct phase errors, enabling coherent
demodulation even under varying channel conditions.Modern 5G NR and LTE systems integrate carrier phase
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recovery with channel estimation, beamforming, and synchronization procedures. This integration allows the
receiver to simultaneously track channel amplitude, phase, and timing variations, providing robust
performance in mobile and multipath environments. Carrier phase reception also plays a critical role in
coherent MIMO systems, where precise phase alignment across multiple antennas is required to achieve spatial
multiplexing and diversity gains.In conclusion, the received signal and carrier phase reception are fundamental
concepts in wireless communication, underpinning reliable data transmission. The received signal is a complex
combination of transmitted symbols affected by channel impairments and noise, while carrier phase reception
ensures accurate demodulation in phase-sensitive modulation schemes. Techniques for carrier phase tracking,
phase-locked loops, and pilot-assisted estimation are essential for mitigating phase errors, maintaining low
BER, and supporting advanced high-data-rate wireless technologies in multipath and mobile environments.
After CP removal and FFT, the received symbol on subcarrier k is

Yk = Hk Xk e/® + Wk
where 6 represents the residual carrier phase error due to oscillator mismatch and Doppler, and Wk is complex
AWGN. Accurate carrier phase reception relies on reference signals such as DMRS and PTRS to estimate and
compensate 0, enabling phase-coherent detection and centimeter-level indoor localization.

4. Channel and Phase Estimation
Least Squares Estimation:
. Yk(p)
B Xk(p)
where Xk(P) is the known pilot symbol. For improved indoor performance, MMSE estimation is applied:
MMSE Estimation:
| ow? o
Hkymse = Run ( Ryn + (E) 1) Hk,s
This reduces noise sensitivity and improves carrier phase stability in dense multipath environments.
5. BER Performance
BER for M-QAM:

Pb ~ (zog;(m) * (1 - ﬁ) * Q<\/(3 * l(()zz_(ﬁ)) * (f,—ﬁ))R vs SNR Analysis

In indoor fading channels, the effective SNR per subcarrier is yk=|Hk|2Es/NO, and the average BER is obtained
by averaging over all subcarriers and channel realizations. Higher-order modulation such as 16-QAM and 64-
QAM achieves higher throughput but requires higher SNR to maintain low BER, while QPSK provides superior
robustness for precise phase-based indoor signaling.

The BER vs SNR curve demonstrates that as SNR increases, BER decreases exponentially due to improved
symbol separability and reduced phase error. In indoor NR systems, accurate phase tracking using PTRS shifts
the BER curve leftward, indicating performance gain at lower SNR. Simulation results typically show QPSK
outperforming 16-QAM at low SNR, while 16-QAM becomes preferable at moderate-to-high SNR when
combined with MMSE detection and precise carrier phase correction.

Experimental Results
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Figure 7: Positioning RMSE Array Matrix at SCS = 60 kHz
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BER vs SNR
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Figure validates the robustness of the OFDM system design, ensuring that it performs well under varying noise

levels, as simulated in the associated Simulink model

As shown in figure 3 The steep drop-off indicates that the system's error-correcting mechanisms (like the 512-
point FFT) work effectively as SNR improves. The behavior of this curve can be compared with theoretical
results or other modulation schemes to assess the system's efficiency.

Comgarative BER vs SNR Performance of QPSK and 16-QAM Modulation Schemes in an OFDM-Based 5G System
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The figure illustrates the Bit Error Rate (BER) performance as a function of Signal-to-Noise Ratio (SNR) for an
OFDM-based 5G wireless communication system employing QPSK and 16-QAM modulation schemes.

The x-axis represents the SNR in decibels (dB).

The y-axis represents the BER on a logarithmic scale.

As SNRincreases, the BER decreases for both modulation schemes, indicating improved link reliability.
QPSK demonstrates superior BER performance at lower SNR values due to its lower constellation
density.

e 16-QAM, while offering higher spectral efficiency, requires higher SNR

Parameter QPSK 16 QAM
Bits per Symbol 2 4
Spectral Efficiency Lower Higher
BER Performance Better at low SNR Poorer at low SNR
SNR Requirement Lower Higher
Noise Robustness High Moderate
Suitability Cell-edge users, reliable links High-data-rate users
SNR (dB) BER (QPSK) BER (16-QAM)
0 0.18 0.25
2 0.13 0.23
4 0.08 0.2
6 0.04 0.16
8 0.015 0.12
10 0.001 0.08
12 0.00005 0.04
14 0.000002 0.012
Conclusion

This study presented a comparative analysis of 2x2 and 4x4 QAM-based MIMO-OFDM systems for New Radio
(NR) indoor signaling in LTE network environments, focusing on system performance under varying SNR
conditions. The evaluation demonstrated that the 4x4 MIMO configuration consistently outperforms the 2x2
system in terms of spectral efficiency, throughput, and robustness to multipath fading, owing to the increased
spatial diversity and multiplexing gain provided by additional antennas. While both configurations benefit from
OFDM'’s ability to mitigate frequency-selective fading, the 4x4 system shows a significant reduction in bit error
rate (BER) across moderate to high SNR regimes, highlighting its suitability for high-data-rate indoor NR
deployments. The results also indicate a clear trade-off between system complexity and performance.
Increasing the MIMO order from 2x2 to 4x4 improves performance metrics but introduces higher
computational and hardware requirements, including more sophisticated channel estimation, precoding, and
signal processing. Similarly, the choice of QAM modulation order affects error performance; higher-order QAM
schemes enhance spectral efficiency but are more sensitive to noise and interference, necessitating careful SNR
management in indoor environments. The study confirms that MIMO-OFDM with higher antenna
configurations is highly effective for indoor NR signaling, particularly in scenarios demanding high throughput
and reliable connectivity in dense multipath environments typical of LTE indoor deployments. However,
optimal system design must balance antenna complexity, modulation order, and channel conditions to achieve
maximum performance with practical implementation constraints. The comparative analysis underscores the
advantages of 4x4 MIMO-OFDM systems for NR indoor signaling over LTE networks, demonstrating improved
BER performance, higher spectral efficiency, and enhanced reliability. These insights provide valuable guidance
for designing next-generation indoor wireless networks that leverage the full potential of MIMO and advanced
OFDM techniques to meet increasing data rate and quality-of-service requirements.
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