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Abstract. This paper delves into the latest advancements and hurdles in Multi-Input Multi-Output
(MIMO) technology, particularly in the realm of 5G and future networks. Initially, it examines the
fusion of Non-Orthogonal Multiple Access (NOMA) with MIMO, emphasizing its crucial role in user
grouping, beam steering, and power distribution strategies. Subsequently, the research explores
progress in massive MIMO systems, concentrating on signal processing methods that improve
spectral efficiency and system performance in sparse scattering contexts. The paper also reviews
sophisticated signal processing approaches for millimeter-wave (mmwWave) MIMO systems, with a
particular focus on techniques like compressed sensing, which tackle the challenges associated with
high-frequency bands and extensive antenna arrays. Furthermore, it investigates MIMO signal
processing within Mode-Division Multiplexing (MDM) systems, suggesting an adaptive frequency-
domain equalization combined with chromatic dispersion compensation to enhance performance.
The discussion extends to Extremely Large-Scale MIMO (XL-MIMO) technology for 6G networks,
highlighting the significance of deep learning in signal processing tasks. In conclusion, the paper
summarizes the benefits of MIMO-Orthogonal Frequency Division Multiplexing (OFDM) systems,
emphasizing their pivotal role in shaping the future landscape of wireless communications.
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1. Introduction

With the swift progression of wireless communication technologies, especially the deployment of
5G networks, Multi-Input Multi-Output (MIMO) technology has become increasingly pivotal. MIMO
serves as a crucial facilitator in boosting communication efficiency. By utilizing multiple antennas at
both the sending and receiving ends, MIMO exploits spatial diversity and multiplexing, which greatly
enhance data transmission speeds and system resilience. The integration of MIMO with cutting-edge
technologies in 5G and future networks introduces both novel challenges and opportunities in the
realm of signal processing. These technologies encompass Non-Orthogonal Multiple Access
(NOMA), massive MIMO, and millimeter-wave (mmWave) systems. Effective signal processing
techniques, such as channel estimation, interference mitigation, and beam steering, are essential to
optimizing the performance of MIMO systems. As spectrum resources become scarcer and user
access diversifies, innovative signal processing approaches are essential for optimizing spectrum
utilization and enhancing transmission reliability. In this context, exploring advanced algorithms-
such as compressed sensing and deep learning—becomes crucial for addressing the complexities of
wireless environments. This paper will delve into recent advances in MIMO technology, focusing on
its applications in 5G and beyond. It will analyze challenges faced in signal processing, such as user
clustering in NOMA-MIMO systems and sparse channel estimation in massive MIMO, while
outlining potential future developments like the application of deep learning in XL-MIMO.

2. Advances and Challenges in MIMO Technology

2.1. Integration of NOMA and MIMO Technologies

The integration of Non-Orthogonal Multiple Access (NOMA) with Multi-Input Multi-Output
(MIMO) technologies plays a vital role in the evolution of 5G networks and future advancements. To
fully comprehend this integration, it is essential to understand each concept individually. NOMA
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enhances spectral efficiency by enabling users to concurrently utilize the same frequency resources,
differentiating them via power allocation. Conversely, MIMO boosts communication performance by
using multiple antennas at both transmitting and receiving ends, employing strategies such as spatial
diversity and multiplexing to achieve this enhancement. By combining NOMA and MIMO, the paper
explores solutions to challenges in user clustering, beamforming, and power allocation. A notable
issue discussed is "SIC-stability,” which affects the performance of successive interference
cancellation (SIC) when measuring achievable rates. The paper also explores how merging NOMA
with massive MIMO and millimeter-wave MIMO presents additional challenges, such as those in
channel estimation and feedback mechanisms. To address these challenges, the paper emphasizes the
importance of developing effective hybrid beamforming strategies. Solving these challenges is key
to getting the most out of MIMO-NOMA. It helps improve spectral efficiency and ensures users have
a fair experience. Ultimately, this pushes the limits of what advanced wireless networks can do, as
shown in Fig. 1 [1].
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Fig. 1 A MIMO-NOMA system with N=1, C=2, K=2 [1]

2.2. Advancements in Massive MIMO Systems

Massive MIMO systems have made significant advancements with the application of array signal
processing techniques, particularly in environments characterized by sparse scattering, such as
millimeter-wave (mmWave) bands. Array signal processing techniques involve utilizing physical
channel parameters like angle of arrival (AoA), angle of departure (AoD), and multipath delay to
enhance the design of transceivers and improve overall system performance. These parameters are
crucial for achieving precise synchronization, efficient beamforming, and accurate channel estimation,
especially in Frequency Division Duplexing (FDD) systems, where frequency insensitivity can
complicate channel estimation and feedback. Array signal processing techniques address these
challenges, thereby improving the spectral efficiency and robustness of Massive MIMO systems. This
improvement is particularly significant in dense multi-user environments. This advancement is
pivotal in enhancing communication capabilities and ensuring that future wireless systems can handle
the increasing demand for high-speed and reliable connectivity. The paper highlights how these
techniques are instrumental in overcoming challenges posed by sparse scattering and realizing the
full potential of Massive MIMO technology [2].

3. Advances and Applications in Signal Processing Technology

3.1. Signal Processing Techniques for mmWave MIMO Systems

Millimeter-wave (mmWave) MIMO systems present unique signals processing challenges due to
their high frequency and the need for large antenna arrays. The paper reviews essential signal
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processing techniques required to address these challenges and enhance mmWave MIMO system
performance. Novel MIMO communication techniques, especially for beamforming and channel
estimation, are necessitated by the constraints at the radio frequency (RF) level. One of the prominent
techniques discussed is compressed sensing, which leverages the sparsity of mmWave channels,
characterized by limited scattering and dominant line-of-sight paths. This approach allows for
effective channel estimation and management of wide bandwidths typical of mmWave systems. The
paper also examines the trade-offs involved in designing low-complexity transceiver algorithms to
handle the large bandwidths of mmWave communication efficiently. Quantitative analyses and
simulation results are presented, demonstrating the potential for these advanced signal processing
techniques to improve capacity and spectral efficiency. These techniques are crucial for achieving
high-performance wireless communication in the mmWave band, paving the way for the next
generation of wireless networks. The ongoing research in this area continues to push the boundaries
of what's possible in wireless communication technology, as shown in Fig. 2 [3].
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Fig. 2 MIMO architecture at mmWave based on hybrid analog-digital precoding and combining [3]

3.2. MIMO Signal Processing for Mode-Division Multiplexing

This section thoroughly explores MIMO signal processing in the context of Mode-Division
Multiplexing (MDM) systems, with a particular focus on multimode fiber (MMF) applications. The
authors delve into the core distinctions between optical and wireless MIMO channels, concentrating
on the impact of mode coupling on complexity and system performance. They examine a range of
channel models and their statistical characteristics, highlighting the critical role of controlling
parameters such as group delay (GD) spread and mode-dependent loss (MDL) for optimal
performance. The research indicates that strong mode coupling can markedly decrease these spreads,
thereby simplifying the MIMO equalization process. To tackle the identified challenges, the authors
suggest a novel approach combining adaptive frequency-domain equalization (FDE) with
programmable chromatic dispersion compensation for MDM systems. This innovative method not
only alleviates the effects of mode coupling but also improves the reliability of signal transmission.
In summary, the paper illustrates that through meticulous design and suitable signal processing
architectures, the challenges of MIMO signal processing in MDM systems can be effectively
addressed, facilitating progress in optical communication technologies, as shown in Fig. 3 [4].
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Fig. 3 A long-haul optical transmission system using mode-division multiplexing [4]
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3.3. Learning-Based Signal Detection in MIMO Systems

The paper introduces an innovative framework for signal detection in MIMO systems, leveraging
a maximum likelihood estimation (MLE) approach tailored for environments with unknown noise
statistics, particularly non-Gaussian and impulsive noise. This framework utilizes a fully probabilistic
model that estimates the unknown noise distribution through a normalizing flow, guided by an
unsupervised learning methodology. The model's adaptability is key, as it functions effectively
without prior noise statistic knowledge, ensuring robustness across diverse noise conditions. For
enhanced practicality, the authors have developed a low-complexity variant. This variant employs a
generalized approximate message passing (G-GAMP) algorithm, which minimizes computational
requirements while maintaining detection efficacy. Simulation results presented in the paper indicate
that the proposed framework surpasses existing algorithms in bit error rate (BER), especially in non-
analytical noise scenarios, and achieves the MLE performance limit in analytical noise situations.
This novel approach markedly enhances signal detection under challenging noise conditions, offering
improved performance and efficiency, marking a significant advancement in the field [5].

3.4. Signal Processing for TDM MIMO FMCW Radar Sensors

The tutorial on Time-Division Multiplexing (TDM) Multiple-Input Multiple-Output (MIMO)
Frequency-Modulated Continuous-Wave (FMCW) millimeter-wave (mmWave) radar sensors
provides a detailed examination of signal processing techniques crucial for automotive safety features.
The paper introduces a phase compensation method specifically designed for TDM MIMO radars to
correct velocity-induced phase shifts. This method is validated through extensive simulations and
experiments using the Texas Instruments AWR2243BOOST module. The results demonstrate
significant improvements in angular resolution and velocity estimation capabilities. These
improvements affirm the effectiveness of the TDM MIMO radar configuration. The paper highlights
the importance of these techniques in enhancing automotive radar systems, contributing to more
accurate and reliable vehicle detection and safety features. By addressing key signal processing
challenges, the paper provides valuable insights into optimizing TDM MIMO FMCW radar sensors
for automotive applications. These insights underscore the critical role of such sensors in advancing
automotive safety technologies [6].

3.5. Extremely Large-Scale MIMO for 6G

The exploration of Extremely Large-Scale MIMO (XL-MIMO) technology is critical for the
development of 6G wireless networks. The paper introduces and analyzes four distinct hardware
architectures suitable for XL-MIMO. It highlights the shift from traditional MIMO to large-scale
arrays, along with the associated challenges and opportunities in signal processing. XL-MIMO
systems face unique challenges due to their scale, including managing increased complexity and
ensuring effective signal processing. The paper discusses the integration of deep learning methods
into the XL-MIMO signal processing pipeline, showcasing how these techniques can enhance
performance in complex environments. XL-MIMO is shown to offer substantial gains in capacity and
spectral efficiency, making it a key enabler for meeting the ambitious requirements of 6G, such as
extreme data rates, ultra-reliable low-latency communication (URLLC), and massive connectivity.
The findings underscore the importance of sophisticated signal processing techniques in managing
the complexity of XL-MIMO systems and achieving the performance needed for future wireless
networks [7].

3.6. Overview of MIMO-OFDM Systems

The paper delivers an in-depth examination of MIMO-OFDM (Multiple Input Multiple Output -
Orthogonal Frequency Division Multiplexing) systems, pivotal to contemporary wireless
communication, especially in 4G LTE and upcoming 5G networks. MIMO technology enhances
communication efficiency using diversity and multiplexing strategies, deploying multiple antennas
at both the transmitter and receiver ends. This approach can elevate data throughput and extend link
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range without necessitating extra bandwidth or transmit power. Meanwhile, OFDM caters to high-
speed data transmission needs by dividing data into numerous lower-speed streams that are
transmitted across subchannels. The integration of MIMO and OFDM technologies boosts spectral
efficiency and data rates, effectively meeting the escalating demands for swift and reliable
communication. This synergy has been instrumental in the widespread adoption of various wireless
standards. The paper further explores MIMO-OFDM's implementation in standards like IEEE 802.16
(WIMAX) and highlights the potential of Massive MIMO systems in future 5G networks. By
underscoring the significance of MIMO-OFDM in advancing wireless communication capabilities,
the paper accentuates its critical role in shaping the future of wireless networks and fulfilling the
growing demand for sophisticated communication technologies. These technologies hold promise for
enabling novel applications in sectors such as autonomous vehicles, smart cities, and immersive
virtual reality experiences [8].

4. Conclusion

This paper explores recent advancements in Multi-Input Multi-Output (MIMO) technology. It
particularly focuses on MIMO's integration with Non-Orthogonal Multiple Access (NOMA) and the
development of massive MIMO systems. The paper also examines the application of innovative
signal processing techniques in these contexts. The paper highlights the significance of innovative
signal processing techniques in MIMO systems. It specifically examines how techniques such as
compressed sensing and deep learning enhance channel estimation, beamforming, and overall system
performance. The challenges posed by high-frequency millimeter-wave (mmWave) environments
and the needs for efficient power allocation are also addressed. By examining these developments,
the paper underscores MIMO's pivotal role in advancing wireless communication and meeting the
growing demands for high-speed, reliable connectivity in future networks.

Building on these current advancements, the paper then looks ahead to discuss how the evolution
of MIMO technology will be instrumental in the development of 6G networks and beyond. Future
research will likely focus on further integrating advanced signal processing techniques to manage the
increasing complexity of Extremely Large-Scale MIMO (XL-MIMO) systems. Additionally, the
incorporation of artificial intelligence and machine learning algorithms could enhance adaptive
beamforming and real-time channel estimation, making systems more resilient to varying
environmental conditions. As user demands for ultra-reliable, low-latency communication grow,
MIMO technology will continue to be a cornerstone in shaping the future of wireless communication
infrastructure. The paper concludes by highlighting how MIMO's capabilities in spatial multiplexing
and diversity can meet these demands, while its integration with Al can enable more adaptive and
efficient network management.
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