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Abstract

Performance Evaluation of 5G MIMO Detectors With Deep Learning

Urooj Naveed Akhter

Fifth-generation (5G) wireless networks promise ultra-reliable low-latency communication, en-
hanced mobile broadband, and massive machine-type connectivity—capabilities made possible by
advanced technologies such as massive MIMO, OFDM-based modulation, and dynamic spectrum
access. However, these benefits introduce new challenges for receiver design, including increased
complexity, high data rates, and time-varying channels that degrade the performance of traditional
detection methods.

This thesis presents a comprehensive performance analysis of 5G networks using deep learn-
ing—based receiver. A simulation framework is designed to evaluate 5G MIMO receivers under
diverse channel environments, including AWGN, Rayleigh fading, and the 3GPP TDL-C model.
A custom dataset is generated using MATLAB’s 5G Toolbox to simulate OFDM-based transmis-
sions across multiple MIMO configurations and modulation schemes. Various neural network ar-
chitectures including Fully Connected Neural Network (FCNN), Convolutional Neural Network
(CNN), Residual Neural Network (ResNet) and Long Short Term Memory (LSTM network), are
implemented and benchmarked against Maximum likelihood (ML), sphere decoding, and MMSE
detection.

Performance metrics including bit error rate (BER), symbol error rate (SER), processing speed,
and computational complexity are evaluated. The results highlight trade-offs between accuracy and
efficiency and provide insights into the feasibility of deep learning—based detection for practical 5G

deployments.
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Chapter 1

Introduction

1.1 Background and Motivation

The rapid evolution of fifth-generation (5G) wireless networks has brought unprecedented de-
mands on new communication technologies and architectures. 5G networks leverage advanced
technologies such as massive multiple-input, multiple-output (MIMO) and high-order modulation
schemes to support high data rates, ultra-low latency, and enhanced reliability [6]. However, as the
number of antennas and modulation order increase, receiver design faces significant computational
complexity and real-time processing challenges. Moreover, with the emergence of 6G on the hori-
zon - envisioned to enable integrated sensing, Al-driven networks, and terahertz communications
- the next generation introduces even more stringent requirements and higher design complexities
that build upon the unresolved issues of 5G. Maximum likelihood (ML) detection, which minimizes
the Euclidean distance between the received signal and the candidate transmitted signals, offers
optimal performance but becomes computationally prohibitive in large-scale systems [7, 8]. Conse-
quently, conventional linear detectors, such as zero forcing (ZF) and minimum mean square error
(MMSE) equalizers, are commonly used despite their inherent limitations, particularly under fading
and interference conditions.

Sphere decoding (SD) algorithms have been developed to approximate maximum likelihood
(ML) detection with reduced complexity compared to exhaustive search. These methods often em-

ploy MMSE-based initialization, where the output of a low-complexity MMSE detector is used to



set the initial radius and center of the decoding sphere. Additionally, the Schnorr—Euchner enumer-
ation strategy orders symbol candidates based on their Euclidean distance, enabling a depth-first
branch-and-bound search that prunes unlikely paths early. Together, these enhancements allow SD
to deliver near-ML performance with less complexity than brute-force ML detection [9, 10]. How-
ever, sphere decoding still incurs substantially higher computational cost than linear detectors (e.g.,
ZF and MMSE), and its complexity can grow rapidly with increasing modulation order or number
of antennas, limiting its practicality for real-time systems [8].

Recent advances in machine learning have sparked a growing interest in employing deep neural
networks for signal detection in wireless communications [11]. Numerous studies have shown
that neural network-based methods can learn complex nonlinear mappings from received noisy
signals to bit-level decisions, often achieving performance close to that of maximum likelihood
(ML) detection while significantly reducing inference complexity [12, 13].

This thesis addresses a gap in the literature by proposing a unified simulation framework that
compares conventional detection methods, SD, and deep learning—based detectors under realistic
5G MIMO conditions. A custom dataset is generated using MATLAB’s 5G Toolbox to simulate
both AWGN and Rayleigh fading channels in which temporal correlation is incorporated via an
autoregressive (AR(1)) process. The investigation focuses primarily on 16-QAM modulation in a
2x2 MIMO system, with supplementary results for other modulation orders. Deep learning mod-
els — including fully connected neural networks (FCNN), CNN, and ResNet architectures — are
developed and trained from scratch to directly map the received signal (represented by its real and
imaginary components and the effective SNR) to bit-level classifications.

By comparing the performances of these diverse detection strategies, this work provides valu-
able insights into the trade-offs between detection accuracy and computational complexity, thereby
contributing to the design of more efficient and scalable 5G receivers. The key research problem
addressed in this work is the development of computationally efficient detection techniques that can
approach near-ML performance while remaining feasible for real-time 5G applications [14]. This
comparison is motivated by the growing need for low-latency, high-throughput communication sys-
tems where traditional methods fall short in accuracy or impose excessive computational burden,

making deep learning-based alternatives timely and necessary.



1.2 Literature Review

Multiple-Input Multiple-Output (MIMO) communications was introduced in the mid-1990s to
exploit multipath propagation for capacity gains. Foschini and Gans first demonstrated that in a
rich scattering environment, the capacity of a narrowband MIMO channel grows linearly with the
minimum of the number of transmit and receive antennas [15]. This finding was later extended
by Telatar, who derived precise analytical expressions for the ergodic capacity of MIMO systems
operating under Rayleigh fading conditions [16]. These foundational studies established MIMO as a
cornerstone for future wireless standards, laying the theoretical groundwork for spatial multiplexing
and diversity techniques, which are integral to modern standards such as 4G LTE and 5G NR.

In the early stages of MIMO research, linear detection techniques gained popularity due to
their relative simplicity and manageable computational requirements. One widely used method was
Zero-Forcing (ZF) detection, which attempts to invert the channel effects and decouple the transmit-
ted data streams. Although ZF effectively cancels inter-stream interference, it does so at the cost of
amplifying noise, particularly when the channel matrix is poorly conditioned [17]. To address this
limitation, the Minimum Mean Square Error (MMSE) detector was introduced as an improvement
over ZF. MMSE seeks a balance between interference suppression and noise amplification, offering
better performance under moderate to low signal-to-noise ratio (SNR) conditions. However, both
ZF and MMSE detectors suffer from performance degradation in challenging channel environments,
and their computational cost increases with the number of transmit antennas.

For scenarios requiring near-optimal detection performance, Maximum Likelihood (ML) detec-
tion is widely considered a benchmark due to its ability to minimize the probability of symbol error
under Gaussian noise assumptions [7]. ML aims to identify the most likely transmitted signal vector
by exhaustively comparing all possible transmission hypotheses. Although this approach yields ex-
cellent error rate performance, its computational complexity scales exponentially with the number
of transmit antennas and modulation order, making it impractical for real-time applications, partic-
ularly in 5G systems with high-dimensional MIMO links [7]. To mitigate this challenge, Sphere
Decoding (SD) was proposed as a more efficient alternative [9]. Instead of evaluating all possible

transmitted vectors, Sphere Decoding (SD) limits the search to a hypersphere centered around the



received signal, reducing the number of symbol candidates that must be evaluated. One key en-
hancement is MMSE-based initialization, which uses the solution from a low-complexity MMSE
detector to define the center of the sphere and estimate the initial radius. This effectively narrows the
search space from the outset [18]. Furthermore, the Schnorr-Euchner enumeration prioritizes sym-
bol candidates based on their likelihood, allowing a more efficient traversal of the search tree [19].
These improvements significantly improve SD’s computational efficiency while maintaining near-
ML performance in small-to-moderate MIMO dimensions and at high-to-moderate SNRs, where
the expected number of lattice points inside the decoding sphere remains tractable.

In recent years, there has been a significant surge in applying deep learning techniques to various
aspects of 5G wireless networks. Researchers have explored a wide range of applications, including
channel estimation [20,21], beamforming [22], end-to-end signal detection [23], and resource allo-
cation [24,25]. The motivation behind these efforts stems from the inherent limitations of traditional
signal processing methods, particularly when dealing with the highly complex optimal detectors.

Early attempts to apply deep learning to MIMO detection leveraged fully connected neural net-
works (FCNNs) to learn the mapping from the received signal to the original transmitted symbols.
Specifically, the input to the network consisted of the real and imaginary parts of the complex-
valued received signal, and the output was trained to predict the most likely transmitted data vector
— effectively mimicking the role of a maximum likelihood (ML) detector [26]. studies such as [27]
demonstrated that FCNNs, even with relatively shallow architectures, can learn to generalize from
AWGN to fading channels when trained on representative datasets.

To improve scalability and performance, the DetNet architecture was proposed by Samuel et
al. [12]. This approach unfolds the iterative steps of a projected gradient descent algorithm into
a sequence of neural network layers, where each layer corresponds to one iteration of the solver.
The result is a deep neural network with fixed computational complexity per layer. In practice,
DetNet has been shown to match the performance of ML detection on small-scale MIMO systems,
such as 4-transmit by 4-receive QPSK configurations, while maintaining manageable computational
demands. However, its effectiveness deteriorates in scenarios involving highly ill-conditioned chan-
nels or when the channel state information (CSI) is inaccurate.

Convolutional neural networks (CNNs) were later introduced to enhance detection by exploiting



local spatial patterns within the received signal. CNNs are naturally adept at identifying localized
features, which makes them effective in handling distortions caused by noise and fading in wireless
channels [21]. For example, O’Shea et al. [13] proposed a one-dimensional CNN model that treats
the received signal as a sequential series of real and imaginary components. Using dilated convolu-
tional filters, the network was able to capture both short-range and long-range dependencies in the
signal. This model achieved up to a 1 dB improvement in bit error rate (BER) performance over
FCNN-based models in Rayleigh fading environments. However, it required careful tuning of filter
sizes and dilation factors.

Recurrent Neural Networks (RNNs) and Long Short-term Memory (LSTM) networks were also
explored for their ability to model sequential dependencies in symbol streams [28], but their in-
herently sequential updates limit parallelism and increase inference latency in high-throughput sys-
tems. To address long sequence lengths efficiently, the Dual-Path RNN (DPRNN) [29] introduced
a two-stage scheme: (1) intra-chunk RNNs process short blocks of symbols in parallel, capturing
fine-grained interference patterns, and (2) inter-chunk RNNs model dependencies across blocks,
yielding a scalable architecture that outperforms vanilla RNNs by 1-2 dB in BER on 8 x 8 16-QAM
channels, with only a modest increase in parameter count.

Building on the above-mentioned ideas, residual networks (ResNets) introduce skip connec-
tions that help preserve essential low-level features and enable deeper network training, leading
to enhanced performance at higher modulation orders [23, 30]. More recently, Transformer ar-
chitectures—free of recurrence—have been adapted for MIMO detection. For instance, the paper
“Transformer Learning-Based Efficient MIMO Detection Method” by Burera et al. [31] proposes a
Transformer-based model that enhances bit error rate (BER) performance while maintaining com-
putational efficiency. The Self-Attention Detector (SAD) [32] uses multi-head attention to directly
model interactions among all received dimensions, achieving near-ML performance on 64QAM
with a 10% reduction in FLOPs compared to DPRNN. The Permutation-Invariant Transformer
PIT further incorporates a loss, enabling joint detection and user-pairing in overloaded scenarios

(nT > np), and demonstrates robustness to channel estimation errors up to 10% variance [33].



Although the above methods operate on time-domain waveforms, alternative approaches lever-
age the short-time Fourier transform (STFT) to decouple spatial and spectral processing. TF-
GridNet [34] employs a 2D dual-path architecture: one path scans frequency bins within each time
frame, the other scans time frames within each frequency, and cross-connections fuse the two. On
2 x 2 16-QAM channels, it achieves a 0.5 dB BER improvement over SAD at high SNR, at the cost
of a 15% larger model. TFPSNet [35] extends this idea by introducing time-frequency path scan-
ning blocks that alternately attend to time, frequency, and diagonal (time-frequency) directions via
lightweight Transformers. This yields state-of-the-art BER on 64-QAM with only a 20% increase
in runtime versus FCNNs.

Hybrid detectors that combine STFT preprocessing with deep networks have also been explored
for MIMO channel equalization. For example, [36] applies a CNN to the magnitude spectrum and
an RNN to the phase, demonstrating 1dB gain over pure time domain models in frequency-selective
Rayleigh channels. These hybrid methods exploit the stationarity of multipath taps in the frequency
domain but require careful phase reconstruction to recover the full complex signal. One commonly
used technique for this task is the Griffin-Lim algorithm, an iterative phase estimation method that
reconstructs a time-domain signal from a given magnitude spectrogram by alternating between the
frequency and time domains [37]. While effective, Griffin-Lim can introduce artifacts due to its
heuristic nature and non-convex convergence behavior, which may impact the quality of signal
recovery in MIMO detection systems.

Practical 5G systems demand MIMO detectors that offer both high performance and low com-
putational overhead. One recent development is S4M (State-Space for MIMO), which is not a con-
ventional neural network architecture [38]. It is a signal processing framework which employs the
use of state-space models (SSMs) to represent the channel impulse response as a linear dynamical
system. By modeling the channel this way, S4M significantly reduces the computational complexity
of detection, scaling linearly with the block length, while still maintaining competitive performance.
For example, on long 256-tap channels, S4M achieves comparable bit error rate (BER) to Dual-Path
RNN (DPRNN) models but with much lower complexity [39].

Building on this idea, Skipping Memory (SkiM) [40], a neural network architecture designed



specifically for efficient sequence modeling in tasks like MIMO detection, further reduces pro-
cessing cost by selectively skipping over less informative parts of the input sequence and focusing
computation on more relevant time segments. This technique leads to around a 30% reduction in
floating point operations (FLOPs), with minimal loss in detection accuracy.

Meanwhile, RE-DetNet introduces a more compact architecture by summarizing global context
into a fixed-length latent representation, which is then fed into each layer of the network. This design
drastically reduces the number of trainable parameters compared to the original DetNet architecture,
making it a good choice for hardware-efficient deployment in real-time 5G systems [41,42].

Finally, model compression techniques (pruning, quantization, knowledge distillation) have
been successfully applied to these architectures, enabling real-time deployment on hardware plat-
forms such as Field-Programmable Gate Arrays (FPGAs) and Application-Specific Integrated Cir-
cuits (ASICs). FPGAs offer reconfigurable hardware logic, allowing flexible prototyping and rapid
adaptation to varying detection algorithms, while ASICs provide highly optimized, fixed-function
circuits ideal for large-scale, power-efficient deployment. These hardware accelerators enable sub-
5 ms inference latency per MIMO symbol, making them suitable for integration into practical 5G
baseband processing pipelines [43].

Despite these promising developments, many existing studies focus predominantly on tasks such
as channel estimation or resource allocation, or they rely on pre-trained models that offer limited
customization for specific MIMO detection scenarios. Moreover, while deep learning models have
demonstrated near-optimal performance, there is a lack of comprehensive evaluation that compares
these models with traditional detection techniques and sphere decoding (SD) algorithms. SD meth-
ods, which incorporate techniques such as MMSE initialization and Schnorr—Euchner ordering,
serve as powerful near-ML benchmarks, but suffer from high computational complexity, limiting
their real-time applicability [10].

These observations highlight several key gaps: the need for detector architectures that bal-
ance performance with computational feasibility, the lack of benchmark comparisons between deep

learning and classical methods under standardized conditions, and the limited generalization of



models trained on simplified datasets. Moreover, practical issues such as inference latency, hard-
ware constraints, and the robustness of detection under non-ideal channels (e.g., urban fading pro-
files or nonlinear transmitter effects) remain critical but insufficiently addressed.

Motivated by these gaps, this thesis develops a unified simulation framework to evaluate 5G
MIMO detection methods. Within this framework, various neural architectures, including FCNN,
CNN, ResNet, and LSTM, are trained from scratch using a custom dataset that incorporates realis-
tic signal impairments. Their performance is systematically benchmarked against traditional linear
detectors and SD, with a focus on accuracy, complexity, and latency. In doing so, this work con-
tributes to to bridge the gap between theoretical advancements and practical implementation of the

5G receiver.

1.3 Objective and Organization of the Thesis

The primary objective of this thesis is to develop and evaluate resource-efficient deep learn-
ing architectures for 5SG MIMO detection that can approach near-optimal performance while sig-
nificantly reducing computational complexity compared to conventional methods. To address the
challenges posed by increased antenna counts and high-order modulation schemes in modern 5G
networks, the proposed work introduces neural network models, including fully connected neural
networks (FCNN), convolutional neural networks (CNN), residual networks (ResNet) and Long
Short-term Memory Network (LSTM), developed from scratch using a custom generated dataset.
This data set simulates realistic 5G channel conditions, encompassing both additive white Gaussian
noise (AWGN) and Rayleigh fading with temporal correlation modeled through an autoregressive
process (AR (1)). Additionally, a sphere decoding (SD) algorithm is incorporated as a benchmark
to provide a near-maximum likelihood (ML) performance reference.

The remainder of this thesis is organized as follows.

Chapter 2: Overview of 5G MIMO Communications
This chapter details the system model and channel characteristics used in this research. It de-
scribes the MIMO signal model, the incorporation of temporal channel correlation via an AR(1)

process, [44], and the custom data generation process using MATLAB’s 5G Toolbox. Additionally,



traditional detectors, including Maximum Likelihood (ML), Sphere Decoding (SD), and Minimum
Mean Square Error (MMSE), were also discussed in detail.

Chapter 3: Deep Learning Based Detection for 5G MIMO Systems
This chapter presents the deep learning approaches developed in this work. Provides an in-depth de-
scription of neural network architectures, including fully connected neural network (FCNN), convo-
lutional neural network (CNN), residual network (ResNet), and long short-term memory (LSTM).
Detailed discussions include network design, activation functions, normalization techniques, loss
functions, and training protocols, along with block diagrams that illustrate each architecture.

Chapter 4: Experimental Results
This chapter describes the simulation setup and presents experimental results obtained through ex-
tensive Monte Carlo simulations. The performance of conventional detection methods, sphere de-
coding, and deep learning—based detectors is compared in terms of BER, SER, along with their
computational cost. A detailed cost analysis quantifies the trade-offs between detection accuracy
and resource efficiency, providing insight for practical 5G receiver design.

Chapter 5: Conclusions and Future Work
The final chapter summarizes the key contributions of this thesis, discusses the practical implications
for 5G MIMO receiver design, and outlines potential directions for future research, including the

exploration of non-linear channel effects and hybrid detection strategies.



Chapter 2

Overview of 5G MIMO

Communications

This chapter provides a comprehensive analysis of 5G MIMO networks considered in this work.
It begins with a review of the fundamental concepts underpinning 5SG MIMO systems, followed by
an in-depth discussion of channel modeling techniques used in modern wireless communications.
Finally, the chapter describes the quantitative analysis of 5G networks, which forms the basis for

evaluating detection methods in subsequent chapters.

2.1 Fundamentals of SG MIMO Systems

The transition from single input, single output (SISO) to multiple input, multiple output (MIMO)
communication marked a paradigm change in wireless system design. In a SISO link, capacity is
fundamentally limited by the Shannon—Hartley bound for a single transmit and receive antenna pair.
In contrast, Foschini and Gans demonstrated in 1998 that, in rich scattering environments, equipping
both transmitter and receiver with ny and ng antennas, respectively, can increase channel capacity
approximately linearly in min{ny, ng} [15]. Telatar later provided a rigorous information-theoretic
analysis of the ergodic capacity of i.i.d. Rayleigh fading MIMO channels, showing that the average
spectral efficiency grows without bound as the number of antennas increases [16]. Concurrently, it

was recognized that MIMO systems must balance two competing objectives: diversity gain, which
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improves link reliability by sending redundant copies of the same data over independent fading
paths, and spatial multiplexing gain, which increases throughput by transmitting independent data
streams in parallel. Zheng and Tse formalized this trade-off in their indent [45] on the diver-
sity—multiplexing trade-off, proving that for any fixed channel coherence time and SNR regime,
one must choose between maximizing reliability (diversity) or maximizing rate (multiplexing), but
cannot fully achieve both simultaneously.

In the context of fifth-generation (5G) New Radio (NR), multiple-input multiple-output (MIMO)
technology plays a central role in meeting the demands of high data rates, enhanced reliability, and
improved spectral efficiency. By employing multiple antennas at both the transmitter and receiver
ends, MIMO systems enable spatial multiplexing and diversity gains. These systems use high-order
modulation schemes—such as 16-QAM and 64-QAM—to transmit multiple bits per symbol, thus
increasing the overall throughput.

The performance of 5G MIMO systems is typically evaluated in terms of bit error rate (BER)
and symbol error rate (SER), which serve as key metrics for receiver design. However, as the
number of antennas and modulation orders increase, the complexity of signal detection escalates,

posing significant challenges in both computational complexity and real-time processing.

2.1.1 OFDM Signal Generation

OFDM divides a wide transmission bandwidth into a large number of narrowband subcarriers,
each modulated by a low-rate data stream. In 5G NR, the basic OFDM transmitter chain is as

follows:

(1) Serial-to-Parallel Conversion. An incoming bitstream is mapped to complex QAM symbols

(e.g. 16-QAM, 64-QAM), then partitioned into blocks of Ng. symbols.

(2) IFFT. Each block is passed through an Nypr-point inverse fast Fourier transform (IFFT),

yielding the time-domain OFDM symbol as expressed by:

s[n] = X[k] e?2mkn/Neer - — 0, .. Nppr — 1, (1)
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Here, X [k] denotes the complex modulation symbol assigned to the k™ subcarrier in the
frequency domain. These symbols are typically drawn from a QAM constellation (e.g., 16-
QAM, 64-QAM), and may include pilot tones or zero-padding for unused subcarriers, de-

pending on the system configuration.

In eql Ngpr is the size of the IFFT and determines the number of subcarriers in the OFDM
symbol. It is typically chosen to be a power of two (e.g., 64, 128, 256, etc.) to enable
efficient implementation using radix-2 fast Fourier transform (FFT) algorithms. This choice
significantly reduces computational complexity and is widely adopted in practical systems

such as 5G NR and LTE.

(3) Cyclic Prefix (CP) Insertion. To mitigate inter-symbol interference in multipath channels, a

cyclic prefix of length Ncp (typically 4—7% of Nypr) is prepended:

S[n+NFFT_NCP]7 nZO,...,NCP—l,
5] = @)

S[n_NCPL n:NCPw'wNCP_‘_NFFT_la
(4) Digital-to-Analog Conversion and RF Up-Conversion. The CP-extended waveform is fil-
tered, converted to analog, and up-converted to the carrier frequency.

The 5G NR introduces a family of numerologies—subcarrier spacings Af = 2# x 15kHz
(u = 0,...,4)—to flexibly trade off latency, Doppler resilience, and spectral efficiency [46]. Each
numerology defines the OFDM symbol duration 75 = 1/A f, CP length, and the number of symbols
per slot.

2.1.2 Baseband Representation

A narrowband MIMO link with np transmit and n g receive antennas can be described in the

discrete-time complex baseband by the well-known linear model

y =Hx+n, 3)
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where x € C"7*! is the transmitted symbol vector, drawn from a modulation constellation S
(e.g. 4-QAM, 16-QAM) and thus limited to x € S™7. The matrix H € C"R*"T represents the
channel matrix whose (i, j)—th entry h;; denotes the complex gain from transmit antenna j to
receive antenna i. The vector n € C"&*! represents the additive noise observed at the receive

antennas, typically modeled as circularly-symmetric complex Gaussian (AWGN) with
n ~CN(0, 0°1,,,) @)

The vector y € C"2*! represents the received signal at the baseband sampler.

Equation (3) succinctly captures the spatial multiplexing or diversity offered by a MIMO link
[15,16]. In a np X npg system, up to min(ny, ng) independent data streams can be transmitted in
parallel, subject to the rank of H. Note that the time-domain OFDM signal s[n| generated via IFFT
in (1) is transmitted over the MIMO channel, where its per-subcarrier representation contributes to

the input x in the baseband MIMO model.

Signal Power and SNR. We assume the total transmit power is normalized as
E[x"x] = Pr (5)

and the noise variance is o2. The average receive signal-to-noise ratio (SNR) per receive antenna is

given by
SNR = 2F (©)
o
When comparing different modulation orders (e.g. 16-QAM), we often refer to % as the bit-
energy-to-noise-density ratio, which relates to SNR by
SNR = ﬁ’; log, 3| %

where |S| is the constellation size.
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2.1.3 5G NR Numerology and Resource Grid

The 5G NR system arranges time—frequency resources into a two-dimensional grid of resource
elements (REs). Each RE corresponds to one subcarrier £ and OFDM symbol index ¢. A contiguous
block of 12 subcarriers over one slot (14 symbols) forms a resource block (RB). Numerology u

determines:
* Subcarrier spacing A f = 15 x 2# kHz, where 1 € {0, 1,2, 3,4} is the numerology index,
* OFDM symbol duration 75 = 1/Af,
* Slot duration Tt = 14T + 14Tcp.

As shown in Figure 2.1, each resource block spans 12 sub-carriers and 14 OFDM symbols, rep-
resenting a basic time—frequency scheduling unit in 5G NR [1]. MIMO transmission maps en-
coded bits onto modulation layers and then onto REs via precoding—for example, eigenbeam-
forming or codebook-based mapping—thus exploiting spatial multiplexing and diversity across the

grid [47,48].

2.1.4 Channel State Information and Estimation

Accurate knowledge of H at the receiver—so-called channel state information (CSI)—is critical
for coherent detection and decoding in MIMO systems [49]. In practice, H is estimated using pilot

or training symbols.

Pilot-Assisted Estimation. A common approach to channel estimation is to prepend each data
frame with N, known pilot symbols, denoted by {x, [n]}ff; The receiver observes the corre-

sponding received signals

ypln] = Hxp[n] +npn|, n=1,...,Np, ]

where y,[t] € C"7*! is the received pilot signal, H € C"#*"7 is the unknown channel matrix,
xp[t] € C"7*! is the known pilot symbol vector, and n,[t] ~ CAN(0,0%I) is complex Gaussian

noise.
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Denoting the received signals as a matrix Y, = [y,[1] -+ y,[N,p]] € C*®*Ne and the pilot
symbols as a matrix X, = [x,[1] -++ x,[Np]] € C"7*Nr, the least-squares (LS) estimate of the
channel is given by

His =Y, X} =Y, X7 (x,X7)™, )

where X;Q denotes the Moore—Penrose pseudoinverse of X,,. This estimate is valid provided that
X, has full row rank. The mean-squared error of fILS depends on the noise variance o2 and the
design of the pilot matrix [20]. More sophisticated estimators, such as minimum mean square error

(MMSE) and subspace-based methods, can exploit prior statistical knowledge of the channel [50].

Perfect vs. Imperfect CSI. In theoretical analysis, one often assumes perfect CSI (ﬁ = H)
to derive performance bounds. In practice, estimation error AH = H-H degrades detection
performance, particularly at high SNR where residual interference becomes dominant. We will

examine both ideal and realistic CSI scenarios in our simulation framework.

Impact on Detection. All subsequent detector structures, whether linear (ZF/MMSE), maximum-
likelihood, or deep learning based, rely on the estimated channel matrix H. However, in practice,
H rarely matches the true channel H exactly due to factors such as noise, limited pilot symbols, or
model mismatch. These imperfections in estimation, whether due to inaccurate amplitude, phase,
or structural assumptions, can lead to degraded detection performance. In particular, if the magni-
tude of channel gains is underestimated, detectors may insufficiently suppress interference or noise,
leading to residual multi-user interference and an actual loss in signal-to-noise ratio (SNR). We will
revisit the impact of such imperfect channel state information (CSI) in the experiments presented in

Chapter 4.

With the baseband signal model y = Hx + n and an understanding of how H is obtained in

this section, we introduce several channel models commonly used in linear detectors.
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Figure 2.1: 5G NR OFDM time—frequency resource grid [1]
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2.2 Channel Models

2.2.1 AWGN Channel Model

The AWGN model is the baseline by introducing thermal noise with a constant power spectral
density. In this model, noise is modeled as a zero-mean complex Gaussian random variable. The

signal-to-noise ratio (SNR) is given by:

E
SNR = —2 (10)

o2

where E is the average symbol energy. This model is essential for establishing the noise floor in

detection performance evaluations [7].

2.2.2 Rayleigh Fading Model

In the absence of a dominant line-of-sight (LOS) path, multipath propagation causes channel
gains to fluctuate according to a Rayleigh distribution [51]. Each element h;; of the channel matrix

H is modeled as:

hij ~ CN (0, 1) (11)

nr
ensuring that the average received power is normalized. This model captures the rapid fluctuations
in signal amplitude and phase caused by scattering, reflection, and diffraction.
2.2.3 Temporal Correlation and AR(1) Process

Real-world channels exhibit temporal correlation because the environment changes smoothly
relative to the symbol rate [51]. To incorporate this, the channel is modeled using an autoregressive

process of order one (AR(1)), which updates the channel matrix for each time block as follows:

Hpew = Hprev + V1 —a?Hpng (12)

where « (typically set to 0.9) is the correlation coefficient, Hpy is the previous channel matrix,

and H,,q is a newly generated Rayleigh fading matrix. This formulation ensures that successive
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channel realizations remain correlated, thereby more accurately modeling the temporal dynamics

observed in 5G environments.

2.2.4 3GPP TDL-C Channel Model for Urban Environments

To capture realistic urban multipath propagation effects in 5G systems, this work incorporates
the standardized Tapped Delay Line Channel-C (TDL-C) model defined by 3GPP in TR 38.901 [46].
The TDL-C profile represents typical urban macrocell environments characterized by moderate de-
lay spreads and rich multipath structure. It consists of multiple discrete taps, each with a predefined
relative delay and power level, designed to mimic empirically observed propagation characteristics
in city deployments. In our implementation, the TDL-C channel is instantiated using MATLAB’s
nrTDLChannel object, configured with a 30-nanosecond RMS delay spread and a static Doppler
shift, simulating quasi-stationary receivers. The antenna setup can be flexibly adjusted, although
most experiments in this work use a 1 x 1 SISO configuration for clarity. The channel impulse
response is modeled as a tapped-delay line with time-varying complex gains applied to each delay

path. Mathematically, it can be represented as:

h(t,7) = a(t)d(r —mn), (13)

where ¢;(t) and 7; denote the complex gain and relative delay of the [-th path, respectively. The
TDL-C model introduces significant frequency-selectivity across OFDM subcarriers, making it
ideal for evaluating equalization strategies and neural network—based detectors under realistic, non-
ideal channel conditions. In this thesis, the TDL-C model is used in selected simulation scenarios
to assess how well different architectures perform in the presence of channel memory and multipath

fading.
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2.2.5 Path Loss and Fading Coefficients

In addition to small-scale fading, the received signal power is affected by large-scale fading
phenomena such as path loss and shadowing. The path loss PL(d) is typically modeled as:

PL(d) = PL(dp) <Z)> B (14)

where PL(dp) is the path loss at a reference distance dy, d is the separation between the transmitter
and receiver, and -y is the path loss exponent, which depends on the propagation environment [52].
Although the primary focus of this work is on small-scale fading and noise, it is important to note
that these large-scale factors are implicitly managed through normalization of the channel matrix
to maintain unit average power at the receiver, where “unit average power” refers to scaling the
channel such that the expected power of the received signal, E[||[Hx||?], equals the average symbol

energy F;. This ensures consistency with the SNR definitions used in subsequent analysis.

2.2.6 Integration into the Simulation Framework

The overall channel model employed in this work combines the effects of AWGN and Rayleigh
fading with temporal correlation. For each simulation run, the transmitted signal is passed through a
channel represented by H (with Rayleigh fading statistics) that is modified using the AR(1) process.
AWGN is then added to the output to simulate realistic degradation of the signal. This composite
model enables the evaluation of detection methods under conditions that closely resemble practical

5G MIMO scenarios.

2.3 Traditional MIMO Detection Techniques

To establish a performance benchmark for our proposed deep learning—based MIMO detectors,
we implemented and evaluated three traditional MIMO detection techniques including Maximum
Likelihood (ML), Sphere Decoding (SD), and Minimum Mean Square Error (MMSE). These meth-
ods are widely recognized in the literature for their roles in optimal, near-optimal, and linear detec-

tion, respectively [53, 54].
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2.3.1 Maximum Likelihood (ML) Detection

ML detection aims to minimize the Euclidean distance between the received signal vector and

all possible transmitted symbol vectors. The decision rule is given by:
% = arg min ||y — Hx|]?, (15)
xeX Nt

where y is the received signal, H is the channel matrix, & is the modulation alphabet, and V; is the
number of transmit antennas. Although ML provides optimal detection in terms of Bit Error Rate
(BER), its complexity grows exponentially with modulation order and number of transmit antennas,

making it impractical for large MIMO configurations [53].

2.3.2 Sphere Decoding (SD)

To address the computational burden of ML, we implemented Sphere Decoding as a near-
optimal alternative. SD searches for the transmitted vector within a hypersphere of radius r, ef-

fectively pruning the search space:

X =ar min — Hx||?. 16
ngXNt7 ||nyxH2§r2Hy H ( )

In our implementation, a fixed radius of » = 2 was chosen for a balance between complexity and

performance, as adopted in previous works [54].

2.3.3 Minimum Mean Square Error (MMSE) Detection

For scenarios involving linear receivers and channel memory, we adopted MMSE equalization.
In the case of MIMO-OFDM under 3GPP TDL-C fading [46], we estimated the channel per sub-

carrier and applied MMSE equalization as:

x = (HYH + ¢21)"'H y, (17)
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where y is the received signal vector at the receiver antennas, H is the estimated MIMO channel
matrix, o2 is the noise variance, and I is the identity matrix. This formulation is widely used in
MIMO-OFDM systems, as it minimizes the mean squared error on each subcarrier individually
under the assumption of flat-fading and perfect channel state information (CSI) within subcarrier
bandwidth [49].

All traditional detectors were implemented using MATLAB’s 5G Toolbox and evaluated con-
sistently with the deep learning methods under identical simulation conditions, including OFDM
framing, pilot insertion, and Rayleigh or TDL-C fading channels. This allows for a rigorous perfor-

mance comparison in terms of BER, complexity, and latency.

2.4 Summary

This chapter has introduced the foundational concepts of 5G MIMO systems, some commonly
used detectors in 5G networks, and several channel models. By employing both AWGN and tempo-
rally correlated Rayleigh fading models, and by generating a dataset that accurately captures the raw
complex signal characteristics and effective SNR, the groundwork is laid for a rigorous performance
evaluation of various detection techniques. The next chapter presents the methodology for the deep
learning—based detection approaches developed in this work. It provides a detailed description
of the custom-designed neural network architectures—namely, the fully connected neural network
(FCNN), the convolutional neural network (CNN), and the residual network (ResNet)—including
their layer configurations, activation functions, training procedures, and data preprocessing strate-

gies.
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Chapter 3

Deep Learning—Based Detection for 5G
MIMO Systems

3.1 Neural Network Architectures

The proposed deep learning framework comprises three distinct architectures: a fully connected
neural network (FCNN), a convolutional neural network (CNN), and a residual network (ResNet).
These networks are trained to perform bit-level detection, with the resulting output bits reassembled
into symbols for bit error rate (BER) and symbol error rate (SER) evaluation. Unlike many existing
studies that rely on pre-trained models, the networks in this work are custom-designed to capture
the unique spatial and temporal features inherent in 5G MIMO signals. In particular, the FCNN
model employs a straightforward sequence of dense layers to learn global features, the CNN model
leverages convolutional filters to extract local spatial correlations from the real and imaginary parts
of the received signal. Building on the strengths of CNNs, the ResNet architecture introduces
skip connections to facilitate deeper network training by preserving low-level signal features and

mitigating the vanishing gradient problem. Here is a detailed description of the three architectures.

3.1.1 Fully Connected Neural Network (FCNN)

FCNN is a foundational deep learning model that serves as a baseline architecture for many

classification tasks. In the context of 5G MIMO detection, the FCNN is employed to directly map
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a carefully constructed feature vector to bit-level classification outputs. Its primary advantage lies
in its ability to model complex nonlinear relationships through a series of affine transformations
interleaved with nonlinear activation functions, thereby approximating the maximum likelihood
detection without the burden of an exhaustive search.

In our implementation, the input feature vector is generated by decomposing the received sig-
nal y into its real and imaginary components, and by appending the effective signal-to-noise ratio
(SNR) as an additional numeric feature. This formulation is based on the observation that both the
amplitude and phase information of the received signal, along with an accurate estimate of channel

quality, are crucial for reliable detection in MIMO systems. The input feature is defined as:
Feature = [R{y}, S{y}, SNR] (18)

where R{y} and I{y} denote the real and imaginary parts of the received signal vector, respectively.
The FCNN itself is composed of a sequence of fully connected layers. Each layer performs an
affine transformation followed by a nonlinear activation, which in our case is the Rectified Linear

Unit (ReLU). This operation is mathematically described by:
frenn () = O’(WL o(Wp—1 ---o(Wiz+b1) -+ +br_1) + bL) (19)

where z represents the input feature vector, W; and b; are the weight matrix and bias vector for the
ith layer, respectively, and o(-) denotes the ReLU activation function. ReLU is chosen for its ability
to introduce nonlinearity while mitigating the vanishing gradient problem, thus facilitating effective
learning even in deeper networks [55].

To enhance generalization and prevent overfitting, dropout is applied within the network. Dropout
randomly deactivates a fraction of neurons during training, ensuring that the network does not be-
come overly reliant on any single feature and can robustly learn distributed representations.

At the output layer, a softmax activation is used to convert the network’s final outputs into
probability estimates for each bit detection. The resulting bit probabilities are then reassembled into
symbol decisions for calculating the bit error rate (BER) and symbol error rate (SER). Figure 3.1

illustrates the overall FCNN architecture, depicting the progression from the input layer through
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multiple hidden layers to the final softmax layer.

Table 3.1: FCNN layer-by-layer specification

Layer Type Input Dim | Output Dim | Activation | Dropout
0 Input 2np +1 — — —
1 Dense 2np + 1 256 ReLU 0.20
2 Dense 256 128 ReLU 0.20
3 Dense 128 64 ReLU 0.20
4 Dense (softmax) 64 Qnr Softmax —

Table 3.1 gives the layer-by-layer specification of the FCNN used as our first detector. It lists
each dense layer’s input and output dimensions, activation function, and dropout rate. These hyper-

parameters are selected to provide sufficient model capacity for bit-level inference while regulariz-

ing against overfitting on the 80/20 train/validation split.

This FCNN approach, despite its relative simplicity compared to more sophisticated architec-
tures like CNNs and ResNets, provides a solid baseline for MIMO detection. Its capability to learn

complex nonlinear mappings from the raw signal components makes it particularly well-suited for

the challenges inherent in 5G MIMO detection.

Hidden
Layerl

Hidden
Layer2

Figure 3.1: Block diagram of the FCNN architecture [2]
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3.1.2 Convolutional Neural Network (CNN)

CNN architecture leverages the spatial structure of the received signal by treating its real and
imaginary components as separate input channels. The input is represented as a tensor X €
RHXWx2 " \where H and W correspond to the spatial dimensions of the input (e.g., subcarriers
and OFDM symbols), and the third dimension represents the two channels for the in-phase and
quadrature (I/Q) components.

Each convolutional layer extracts local features by applying a set of trainable filters to the input

tensor. This operation is expressed by the convolution function:

feov(X) = o(X « W + b) (20)

where W € RFrxFuxCinxCou jg the filter tensor with kj, X k,, spatial dimensions, b € RCu is
the bias vector, * denotes the multi-channel convolution operation, and o(-) is the element-wise
activation function (e.g., ReLU). The output is a tensor F € R¥ XWX Cou \where H' and W' are
determined by the convolution stride and padding.

Following convolution and activation, pooling layers are applied to reduce the spatial resolution
of F, lowering computational complexity while preserving the most significant features [27]. As
illustrated in Figure 3.2, the CNN architecture consists of a feature extraction module (convolution,
activation, pooling) followed by fully connected layers for detection. This model is developed and
trained from scratch without the use of pretrained weights, ensuring full adaptation to the input

signal characteristics.

Table 3.2: CNN layer-by-layer specification

Layer Type Kernel / Stride | # Filters Output Shape Activation
0 Reshape — — (2nr +1,1) —
1 ConviD 3/1 64 (2ng — 1,64) ReLU
2 MaxPool 1D 2 — ((2ngr —1)/2,64) —
3 ConvlD 3/1 128 (...,128) ReLU
4 GlobalAvgPool — — (128,) —
5 Dense (softmax) — — (Qnr,) Softmax

Table 3.2 details CNN architecture evaluated in this work. Beginning with a reshape of the
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Figure 3.2: Block diagram of CNN architecture [3]

real/imaginary samples plus SNR, it applies two 1D convolutional blocks and a global average-
pooling layer before the final softmax. Each row indicates kernel size, stride, filter count, output

shape, and activation—highlighting how temporal correlations in the channel are captured.

3.1.3 Residual Network (ResNet)

The ResNet architecture extends the CNN model by introducing residual connections that allow
the network to learn perturbations (residuals) around identity mappings instead of full transforma-
tions. This is particularly effective in deep networks, where gradient vanishing and degradation of
feature representations become significant concerns [30].

Each residual block consists of two sequential convolutional layers with nonlinear activations
(e.g., ReLU), followed by an element-wise addition between the original input X and the trans-

formed output F(X). Mathematically, the residual block is defined as:

freS(X) =0 (f(X) + X) (21)

where X € RF*WXC is the input tensor, F (X)) denotes the residual mapping learned by the convo-
lutional layers (i.e., F(X) = feonv(X)), and o (-) is the activation function (typically ReLU). Here,
feonv(+) refers to the same convolutional operation defined earlier in the CNN section, comprising a

sequence of convolution, bias addition, and activation.
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Figure 3.3: Block diagram of the ResNet architecture [4]

X

identity

As illustrated in Figure 3.3, the identity connection (skip path) allows the unaltered input X to

bypass the weight layers and be directly added to the output of F(X). This additive fusion preserves

low-level features and ensures that gradients can flow more effectively through earlier layers during

backpropagation.

The use of ResNet is particularly beneficial for tasks involving higher-order modulations, where

capturing subtle channel impairments requires enhanced representational depth without degradation

of information [56].

Table 3.3: ResNet layer-by-layer specification

Stage Block # Params | Activation | Output Shape
Input Reshape (2ngp +1 — (2ng +1,1)) — — (2ng +1,1)
1 [Conv1D(64,3)—+BN—ReLU]x2 + skip-add | ~ 0.05M ReLU (2np —1,64)
2 [Conv1D(128,3)—»BN—ReLU]x2 + skip-add | ~ 0.15M RelLU (...,128)
3 GlobalAvgPool — Dense(Qnr) ~ 0.22M | Softmax (Qnr,)

In Table 3.3, the ResNet detector’s stages are laid out block by block. For each stage, we show
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the repeated ConvlD — batch norm — ReLU sequence, skip-add connections, parameter counts,
and resulting output shapes. This clearly shows how the residual design facilitates deeper feature

extraction without vanishing gradients.

Long Short-Term Memory Network (LSTM)

To capture temporal dependencies in the channel that arise due to time-dispersive fading (as
modeled in the TDL-C profile), a recurrent neural network (RNN)-based architecture is incorpo-
rated. Specifically, a Long Short-Term Memory (LSTM) network is employed to address the short-
comings of feedforward models such as FCNN and CNN, which lack inherent mechanisms to model
sequential patterns or memory effects in time-varying MIMO channels.

The LSTM architecture is designed to process the received signal as a sequence of complex-
valued symbols, with the real and imaginary parts concatenated to form the input at each time step.
Unlike traditional RNNs, LSTM networks utilize gated mechanisms that control information flow
across time steps, thereby mitigating vanishing or exploding gradients during training. This allows
them to retain long-term dependencies, which are essential when the channel exhibits memory due
to multipath spread [28].

Mathematically, the LSTM cell operations at time step ¢ are defined as:

iy = oc(W;x; + Usjhy—1 + b)),

fi = o(Wyx¢ + Ughy_q + by),
o, = 0(Wyx¢ + Ushy—1 + by),

¢; = tanh(W.x; + Uchy 1 + b)),
ct=H0c1+iiOC¢,

ht =0;©® ta,nh(ct),

where x; is the input vector at time ¢, h; is the hidden state, c; is the cell state, and i, f;, o; are the
input, forget, and output gates, respectively. The symbols o(-) and @ denote the sigmoid activation

function and element-wise multiplication.
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In our implementation, a single-layer LSTM processes sequences of received signals over time.
The output from the LSTM is passed through a fully connected layer followed by a softmax classi-
fier to produce bit-level probability estimates. This structure allows the network to learn temporal
correlations across symbols affected by inter-symbol interference (ISI), a prominent feature of the
TDL-C channel.

Figure 3.4 illustrates the structure of the LSTM-based cell, including the sequential input pro-

cessing, internal memory state propagation, and final classification stage.

Yt

C;‘— 1 / C_r

T T T U

-1

Xt

Figure 3.4: Structure of the LSTM-based cell used to process temporally correlated input signals [5]

3.1.4 Normalization, Loss Function, and Training Details

Each network is trained from scratch using a custom dataset that simulates realistic 5G con-
ditions. The dataset is generated using MATLAB’s 5G Toolbox, which models both AWGN and
Rayleigh fading channels with temporal correlation (via an AR(1) process). The effective SNR
is computed and appended to the raw complex received signal, thereby forming the input feature
vector.

During training, a bit-level cross-entropy loss function is employed. The network parameters
are optimized using the Adam optimizer with a carefully chosen learning rate, mini-batch size, and
number of epochs. Unlike many approaches that fine-tune pretrained models, our networks are en-

tirely custom-designed; this allows for precise control over model architecture and hyperparameters,
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ensuring that the models are specifically tailored for the 5G MIMO detection problem. The normal-
ization techniques applied to the input data (such as scaling and mean subtraction) are critical for

ensuring convergence and robust performance under diverse channel conditions.

3.2 Deep Learning Modeling of Communication Systems

This section presents the detailed design and architecture of the neural networks (NNs) devel-
oped and utilized in this research for 5G MIMO detection tasks. A primary goal of this work is
to leverage deep learning methods to effectively mitigate nonlinear effects encountered in practical
wireless communication systems, specifically addressing transmitter nonlinearities such as ampli-
fier saturation. The neural network models used include FCNNs, CNNs, and ResNets, each tailored
to exploit distinct features within the received signal data.

The neural networks employed here are constructed and trained from scratch, using carefully
curated datasets generated through MATLAB’s 5G Toolbox, which provides realistic simulations
of various channel conditions including Additive White Gaussian Noise (AWGN), Rayleigh fad-
ing, and temporal correlation via an autoregressive (AR(1)) process. Each network is designed to
process input features consisting of real and imaginary parts of the received complex signals along
with effective signal-to-noise ratio (SNR) values, directly performing bit-level detection tasks to
determine the transmitted symbols.

To further enhance realism, we deliberately incorporated transmitter-induced nonlinearities into
the signal chain, providing the neural networks the opportunity to learn robust signal detection
under practical constraints. The subsequent subsections detail how this nonlinearity is introduced,

modeled, and effectively handled within the neural network architecture.

3.2.1 Nonlinearity Injection into the Signal Chain

A critical innovation of this research involves deliberately introducing realistic nonlinear dis-
tortions into the transmitted signals to evaluate and enhance the neural networks’ robustness under
practical operating conditions. In real-world 5G systems, power amplifiers (PAs) at the transmit-

ter inevitably operate near saturation points to maximize power efficiency, introducing significant
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nonlinearities that distort transmitted symbols. These nonlinearities manifest in constellation warp-
ing, inter-symbol interference (ISI), and increased Bit Error Rate (BER), thereby complicating the
detection task at the receiver.

In our simulation framework, we introduced nonlinearities directly into the transmitted symbols

x(t) prior to channel propagation:

y(t)=H- fae(x(t)) + n(t) (22)

where fni(-) represents the nonlinear distortion introduced by the transmitter’s power amplifier
(PA). The distorted signal then passes through the standard channel models before being fed into
the neural network detector. By training on data that includes these nonlinear distortions, the neural
network implicitly learns to compensate for nonlinear channel behavior, significantly improving

performance compared to traditional linear detection methods.

3.2.2 Saturation Model and Parameter Choices

The transmitter nonlinearity employed in this research is modeled using a practical saturation
model, widely adopted for power amplifiers operating in wireless communication systems. The

nonlinearity is represented using a saturation/clipping function defined mathematically as follows:

€, ‘$| < Aga
INL(z) = (23)
Asat : ejéx’ ‘$| > Asat

Here, Agy denotes the saturation amplitude threshold, which is carefully selected to reflect typ-
ical operation points of practical RF amplifiers. The saturation level choice critically affects the
degree of nonlinearity introduced into the signal. For our simulations, A, is chosen based on stan-
dard amplifier specifications and normalized with respect to the transmit power to reflect realistic
operational scenarios encountered in actual 5G deployments.

An exhaustive parameter sweep is conducted to identify the most representative saturation

threshold, ensuring the simulated scenarios are practically relevant. Lower values of Agy lead to
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aggressive clipping and severe signal distortion, whereas higher values approach linear transmis-
sion, providing minimal distortion. An intermediate value is selected to effectively balance these

extremes, capturing realistic operational nonlinearity.

3.2.3 Activation-Function Adaptations for Power Amplifier Behavior

To further align the neural network’s internal processing with realistic transmitter characteris-
tics, the activation functions within the neural networks are deliberately adapted to mimic PA non-
linearity. Standard ReLLU activations, while computationally efficient, exhibit linear characteristics
beyond the activation threshold. In contrast, practical PA nonlinearities exhibit saturation charac-
teristics that can be more accurately modeled with bounded activation functions such as hyperbolic
tangent (tanh) or sigmoid activations.

We explored replacing the conventional ReLU activation with bounded, nonlinear activation
functions such as tanh or custom sigmoid-like activations that saturate at high inputs, thereby
closely resembling the nonlinear behavior of saturated power amplifiers. Specifically, the tanh
function defined by:

T _ o

naturally introduces bounded saturation, smoothly compressing large values. Similarly, a logistic

sigmoid defined by:
1

= — 25
1+e® (23)

o(z)

also provides nonlinear compression with a bounded output, making these functions particularly
effective in capturing and correcting transmitter-induced nonlinear distortions during the neural
network training phase.

By adopting such activation functions, the neural network more naturally internalizes the non-
linear characteristics of the transmitter PA, resulting in enhanced detection performance under con-
ditions of significant signal distortion. Our experiments have shown that these adapted activations
significantly outperform standard linear or ReLU-based models, providing robust and consistent

performance even in severely saturated transmission scenarios.
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3.3 Custom Dataset Generation and Preprocessing

In order to conduct an accurate and realistic assessment of various MIMO detection strate-
gies, including traditional detection methods, sphere decoding (SD), and neural network-based ap-
proaches, a carefully structured dataset is generated for this research. While several prior studies
have utilized publicly available datasets such as the Deep MIMO Dataset [57], 5SG MIMO Data for
Machine Learning [58], and Sionna-generated synthetic datasets [59], these datasets are typically
limited in flexibility and often focus on specific channel types or hardware environments, such as
beamforming in mmWave frequencies or real-time inference benchmarking. Moreover, many avail-
able datasets assume idealized conditions or do not provide detailed control over baseband impair-
ments like transmitter nonlinearities, symbol-level fading, or temporal correlation in time-varying
channels.

Furthermore, the specific objectives of this research demands application-specific input con-
ditions, such as tightly controlled symbol alignment, temporally correlated fading, and nonlinear
transmission artifacts, that are not readily available in existing open datasets. Using generic datasets
compromised the accuracy and relevance of the results, as they lack the precise conditions required
for evaluating the proposed detection framework. Hence, generating a tailored dataset is critical to
ensure that the input distributions align with the operational assumptions of the detection models,
ultimately yielding valid and trustworthy performance insights.

The custom dataset is developed using MATLAB’s 5G Toolbox, enabling comprehensive simu-
lation of realistic 5G MIMO scenarios. This dataset incorporates critical physical-layer effects such
as additive white Gaussian noise (AWGN), Rayleigh fading, AR(1)-based temporal correlation, and
power amplifier nonlinearities. The custom design ensures consistency across all detection schemes
under test and allows fine-grained control of signal conditions and SNR levels. This level of detail
is necessary to rigorously benchmark the performances of deep learning models that are sensitive to

the statistical properties of their training data.
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3.3.1 Data Generation Pipeline

The data generation pipeline is carefully designed to produce a realistic and comprehensive

dataset aligned with 5G NR signal structures. It employs MATLAB’s 5G Toolbox and standard-

compliant parameters to generate OFDM-based waveforms transmitted through realistic 5G chan-

nels. The simulation reflects key 5G characteristics, such as standardized subcarrier spacing, cyclic

prefix, and pilot-based channel estimation. The complete pipeline comprises the following stages:

ey

2

3)

“4)

®)

Random Bit Generation: Binary data streams are generated using a uniform random source.
The total number of bits is adjusted to ensure an integer number of OFDM frames across

modulation orders.

QAM Symbol Mapping: The bitstream is mapped to complex QAM symbols using gray-
coded modulation schemes (e.g., 4-QAM, 16-QAM, 64-QAM). All symbols are normalized

to the unit average power.

5G NR Compliant OFDM Modulation: The modulated symbols are organized into OFDM
frames based on 5G NR numerology using a subcarrier spacing of 30 kHz and 52 resource
blocks (10 MHz bandwidth). Each symbol is transformed by an inverse fast Fourier transform
(IFFT) of size Ny, followed by the insertion of the cyclic prefix. Power normalization per

symbol is also applied.

Pilot Insertion: To enable accurate channel estimation at the receiver, a known OFDM pilot
symbol is inserted at the beginning of each transmission frame. This pilot occupies all subcar-
riers and serves as a reference for estimating the channel frequency response across the entire
bandwidth. In practical systems, such as those defined by the 3GPP 5G NR standard, pilot
symbols (or reference signals) are periodically embedded in the time—frequency resource grid
to facilitate coherent detection and equalization. In this simulation, the pilot-based channel
estimation is essential for computing subcarrier-wise MMSE equalization weights, which re-
quire an estimate of the channel gain H[k| on each subcarrier. This approach aligns with

common pilot-aided estimation techniques used in practical OFDM systems [49].
5G Channel Modeling: To simulate realistic wireless environments, the modulated signals
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are transmitted through wireless fading channels generated using MATLAB’s 5G-compliant
models. Specifically, three distinct profiles are employed: additive white Gaussian noise
(AWGN), Rayleigh fading with temporal correlation modeled via an AR(1) process, and the
standardized 3GPP TDL-C channel for urban environments. These models are selected to
span a range of realistic propagation conditions, from idealized noise-only scenarios to com-
plex multipath fading. A detailed discussion of these channel models is already provided in

Section 2.2.

(6) Addition of AWGN: Additive white Gaussian noise is introduced after the channel, with

noise power scaled according to Ej /Ny, modulation order, and cyclic prefix overhead.

(7) Dataset Assembly for Supervised Learning: For each transmission instance, the received
noisy signal is stored as the input feature tensor, while the original transmitted bits served
as the label. These input—label pairs are compiled across SNR levels to build a rich dataset

suitable for training and evaluating deep learning—based detection models.

This simulation setup adheres closely to 3GPP specifications and emulates a realistic link-level
physical layer chain, thereby providing a reliable and reproducible environment for evaluating bit-

level MIMO detection under 5G NR conditions.

3.3.2 SNR Normalization for 16-QAM

An important aspect of realistic dataset creation is ensuring proper normalization of the Signal-
to-Noise Ratio (SNR). The transmitted symbol energy E; is normalized to unity to maintain con-
sistency across simulations, allowing straightforward interpretation and comparison of results.

Given the 16-QAM modulation scheme, the relationship between the bit-energy-to-noise-density

ratio (Ep/Np) and the symbol-level SNR is given by:

JD Ey
SNRgymbol = — = — 1 M 26
ymbol NO NO OgQ( ) ( )

where M = 16 represents the modulation order. This normalization ensures that each symbol in
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the dataset consistently reflects the desired noise conditions, facilitating direct performance com-
parisons between detection methods at the same effective bit-level SNR.

Furthermore, data preprocessing includes standardizing each segment of dataset, to improve
numerical stability and training convergence. Specifically, the real and imaginary components of
the received signal vectors are normalized by subtracting their empirical mean and dividing by
their standard deviation, both computed over the training dataset. This zero-mean, unit-variance
normalization ensures that the neural network receives input features with consistent statistical
properties, preventing issues related to activation saturation and accelerating convergence during

gradient-based optimization.

3.3.3 Transmitter Nonlinearity (Clipping/Saturation)

In practical wireless communication systems, transmitter power amplifiers (PAs) typically op-
erate near saturation regions to maximize power efficiency, leading to significant signal distortion
known as nonlinearities. These nonlinear effects alter the transmitted signal constellation, causing
spectral regrowth and signal degradation, which can substantially impact the receiver’s performance.

To realistically emulate these effects, the generated dataset incorporated a controlled nonlinear
saturation model. A saturation function is implemented at the transmitter output to simulate realistic
PA behavior. Specifically, a hard-clipping nonlinearity model is adopted from equation 23

The saturated signals exhibited constellation warping and increased error vector magnitude
(EVM), which directly contributed to increased bit and symbol error rates, thus presenting a chal-
lenging yet realistic scenario for evaluating receiver performance. The introduction of nonlinearity
at the transmitter further emphasized the importance of developing robust detection strategies that
can withstand and compensate for realistic impairments encountered in practical deployments.

In addition to observing the constellation deformation visually, quantitative metrics such as
Adjacent Channel Power Ratio (ACPR) and Spectral Efficiency degradation are measured to provide
deeper insights into the impacts of nonlinearity. These metrics indicated substantial degradation
compared to linear transmission, confirming the severity of nonlinear distortions.

By incorporating transmitter nonlinearity into the data generation process, the resulting dataset

facilitated the examination of advanced detection techniques under conditions closely aligned with
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practical operational constraints. This rigorous and realistic scenario enhanced the validity of perfor-
mance assessments, providing a stronger foundation for developing and validating neural network-
based receivers that exhibit robustness against transmitter-induced impairments. Furthermore, an-
alyzing performance degradation due to PA nonlinearities allowed for clearer identification of NN
architectures capable of effectively mitigating these effects, highlighting their suitability for deploy-

ment in realistic 5G communication systems.

3.4 Training Strategy and Hyperparameter Tuning

Effective neural network performance for 5G MIMO detection depends on the selection of an
appropriate training strategy and hyperparameter tuning. This section outlines the training strategies
adopted for the neural networks used in this research, with a focus on loss functions, optimization

algorithms, and regularization techniques.

3.4.1 Loss Functions and Optimizers

The choice of loss function directly influences the neural network’s ability to learn an accu-
rate decision boundary for bit-level classification tasks inherent in MIMO detection. In this work,
we employed cross-entropy loss, which measures the difference between the predicted probability

distribution of the bit classes and the actual bit labels, namely,

N C
ECEZ—;ZZ i 108 (i), @7)

where N is the number of training samples, C'is the total number of output classes, y; . is a binary
indicator that equals 1 if the i-th sample belongs to class ¢, and 0 otherwise (i.e., one-hot encoding),
and g; . represents the predicted probability assigned by the model to class ¢ for the i-th sample.
This formulation compares the true one-hot encoded class distribution with the model’s predicted
softmax probabilities, penalizing incorrect predictions based on their confidence.

To optimize the network parameters during training, the adaptive moment estimation (Adam)
optimizer is employed [60]. Adam is a widely used first-order optimization algorithm that combines

the benefits of two popular methods: momentum and RMSProp. It adaptively adjusts the learning
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rate for each parameter by maintaining exponential moving averages of the gradients and their
squared values.

The update rule for Adam is defined as follows:

my = fimye—1 + (1 — B1)gs, (28)
v = Povg—1 + (1 — 52)91527 (29)
Ty = — (30)
1-p1
N Ut
UVt = ﬂ, (31)
un

9t+1:9t—77\/@»+6, (32)
t

Here, g; is the gradient of the loss with respect to the parameter 6; at time step ¢, m; and v; are
the first and second moment estimates, 31 and (32 are the exponential decay rates for the moment
estimates (typically set to 0.9 and 0.999), and ¢ is a small constant (e.g., 10~%) added for numer-
ical stability. The quantities 1; and 0, are the bias-corrected estimates used to compensate for
initialization effects in early training stages.

The use of second-order moment estimation (v;) corresponds to tracking the uncentered variance
(i.e., squared error) of gradients, allowing the optimizer to scale the updates inversely proportional
to the expected magnitude of parameter updates. This makes Adam particularly effective for non-

stationary objectives and sparse gradients, which are common in deep learning models.

3.4.2 Regularization, Model Capacity and Parameter Scaling

Regularization techniques are essential to prevent overfitting, especially given the limited size
of the datasets typically available for supervised learning in wireless communications scenarios. In

this research, two primary regularization strategies are adopted:

Weight Decay (L, Regularization): This method penalizes the magnitude of network weights,
effectively constraining the complexity of the learned decision boundaries. Mathematically, the Lo

regularized loss is expressed as:
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where A is the regularization hyperparameter and VV denotes all the network weights.

Dropout: Dropout randomly removes neurons (and their connections) from the network during
training with a certain probability. This technique reduces the risk of co-adaptation among neurons,
thus improving generalization. In this work, dropout is applied after each dense layer with a dropout
rate ranging from 0.2 to 0.5, determined empirically through cross-validation.

The capacity of neural networks (number of layers and neurons per layer) is carefully chosen
based on preliminary experimental results. Overly large networks are prone to overfitting, whereas
overly small networks fail to learn complex channel dynamics effectively. Through systematic
experimentation, it is found that networks with 3 to 5 hidden layers, each containing between 128
and 256 neurons, provide the best trade-off between complexity and performance.

Additionally, proper parameter scaling and normalization are critical. Input feature normaliza-

tion is performed using standard score normalization (Z-score normalization):

Xnorm = ) (34)

where X is the original input data, p is the mean, and o is the standard deviation computed from the
training set. This normalization significantly stabilized and accelerated network training, resulting
in improved convergence speed and accuracy.

Through a comprehensive approach encompassing loss function selection, optimization strategy,
regularization, and careful hyperparameter tuning, the developed neural network models achieved

robust and accurate MIMO detection under realistic and challenging 5G conditions.
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Table 3.4: Summary of key hyperparameters used in training the CNN detector, with rationale given
for each choice.

Hyperparameter Value / Range | Rationale

Random seed 12345 Ensures reproducibility across runs

Learning rate n 1x1073 Balanced convergence speed & stability

Optimizer Adam Robust to noisy gradients, adaptive moment estimation
Batch size 256 Fits GPU memory and provides stable gradient estimates
Epochs 20 Sufficient for convergence without overfitting

Conv layer filters [32, 64] Gradual increase in feature maps for richer representations
FC layer units [128, 64] Balances model capacity and computational cost
Dropout rates [0.3, 0.2] Mitigates overfitting in fully connected layers

Shuffle every-epoch Prevents model from memorizing data order
Training/validation split | 80% /20% Ensures robust generalization assessment
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Chapter 4
Experimental Results

4.1 Evaluation Metrics and Experimental Setup

A rigorous and reproducible evaluation procedure is essential for comparing various detection
methods. This section details the error rate metrics, the signal to noise ratio (SNR) axis convention,
and the computational-complexity measures adopted throughout the thesis. It then summarises the

Monte-Carlo simulation framework used to generate all reported results.

4.1.1 BER/SER Computation and SNR Axis

Bit and Symbol Error Rates. For an np x nyp MIMO link employing an M-ary QAM constel-
lation S of size M = 2% (with @ bits per symbol), the instantaneous bit error rate is estimated

as
1 Niot

BER = b b
QNtot ;H F @ k‘

o (35)

where by, and by, denote, respectively, the )-bit labels of the transmitted and detected symbols in
the k-th channel use, & is the XOR operator, and Ny is the total number of symbols simulated.!
When reporting symbol error rate (SER), the Hamming norm in the numerator of eq (35) is replaced
by the binary indicator 1 {bk # f)k} which equals 1 if any bit in the symbol is incorrect (i.e., the

full symbol label is misclassified), and O otherwise [49,61].

" All error-rate curves are averaged over at least 10° information bits per SNR point to guarantee statistical confidence.
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SNR Definition. Throughout this thesis, the signal-to-noise ratio (SNR) is referenced to the per-
bit energy, Ej /Ny, measured at the receiver input. This convention allows for consistent perfor-
mance comparisons across different modulation schemes.

In digital modulation, the relationship between the bit energy Ej, and symbol energy Fs depends
on the modulation order () = log, M, where M is the constellation size. For instance, 16-QAM
transmits 4 bits per symbol () = 4), meaning the effective symbol SNR is related to the bit-level
SNR by:

Es Ly

SNRoym = 17 = 3+ loga M. (36)

This leads to the following commonly used approximation in dB scale:

SNRgym (dB) ~ SNRg, (dB) + 101og;,(logy M), 37

which assumes uniform bit distribution and no coding or shaping losses. This approximation is
widely used for quick performance comparisons [7], but may not hold exactly in practical scenarios
with nonlinear distortions or fading. [61]

For 16-QAM (M = 16), this corresponds to an SNR offset of approximately 6 dB. This conven-

tion ensures that BER and SER curves plotted in Chapters 4 are normalized to a common bit-energy
baseline, allowing meaningful cross-modulation comparison. This relationship is standard in digital
communication analysis [7].
It is important to note that while symbol energy and bit energy are related through log, M, this does
not imply a simple relationship between bit error rate (BER) and symbol error rate (SER). A single
symbol error can lead to multiple bit errors, especially at higher modulation orders. Hence, BER
and SER curves are presented separately throughout this thesis.

For Gray-coded constellations under AWGN, an approximate relationship is often used:

1

0g9

BER = ] -SER, (38)

This approximation assumes that, on average, each symbol error results in a single bit error. This

assumption holds reasonably well for Gray-coded QAM in AWGN channels at moderate-to-high
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SNRs. Note that this is in contrast to Equation (36), which is an exact relationship between symbol
and bit energy. In contrast, Equation (38) is only an approximation and may become inaccurate
under nonlinear transmitter distortion or fading channels, where symbol errors can involve multiple

bit errors due to constellation warping or rotation.

Monte-Carlo Protocol. Each SNR point relies on an independent Monte-Carlo run comprising
block-fading realizations of the 2 x 2 Rayleigh or AWGN channels detailed in Section 2.2. The
matrix of fading coefficients is kept constant for the L = 128 symbols and regenerated thereafter.
Channel memory is modeled through an AR(1) process with a coefficient « = 0.9, matching real

vehicular 5G scenarios.

4.1.2 Runtime per Detection Block and Complexity Metrics

Besides error-rate performance, implementation efficiency is a major criterion for designing a

5G modem. We therefore adopt the following quantitative indicators.

Number of Trainable Parameters (#Params). For neural detectors, this reflects memory foot-
print and model-download time. Classical algorithms (ZF/MMSE/SD) contain no trainable weights

and are thus denoted “-” in the corresponding table columns.

Multiply—Accumulate Operations (MACs) and Spectral Efficiency (SE). The MAC count per
detection block is analytically estimated based on the structure of each network. For traditional
detectors, such as MMSE or ML, closed-form expressions derived from matrix inversion and mul-
tiplication are used to calculate computational cost. For neural networks, MACs are computed
by summing the number of multiply—accumulate operations required by each layer—fully con-
nected, convolutional, and residual—based on input size, kernel dimensions, and number of feature
maps [49].

To ensure consistency in evaluation, one complex MAC is treated as four real MACs, aligning
with standard digital signal processing conventions.

This metric provides an estimate of the computational burden associated with each detection

method. However, high MAC counts do not necessarily indicate poor performance; rather, they
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reflect a trade-off between complexity and detection accuracy.

In systems operating at high Spectral Efficiency (SE)—defined as the number of bits transmitted
per second per Hz of bandwidth (bits/s/Hz)—accurate detection becomes more challenging due to
denser constellations and tighter symbol packing. In such settings, advanced neural architectures
may justify higher MAC counts if they significantly reduce the bit error rate (BER) under con-
strained latency or energy budgets. Thus, the interplay between MAC efficiency and SE is central

to evaluating the practical viability of different MIMO detection strategies in 5G systems.

Complexity (GMAC/block). We count the complex multiply—accumulate operations per MIMO
detection block. Table 4.1 reports the results for a representative 2 x 2 antenna configuration with
16-QAM and block length L = 128. A full-search ML detector evaluates all 162 = 256 symbol
pairs; the sphere decoder using Schnorr—Euchner (SE) enumeration with search radius r=2 prunes
this search; and the FCNN/CNN/ResNet MACs follow directly from each layer’s dimensions (1

complex MAC = 4 real MACs).

Latency Measurement. To evaluate the practical feasibility of the proposed neural network—based
detection frameworks, end-to-end inference latency was measured using MATLAB’s built-in tim-
ing utilities on a standardized computing environment. All latency-related simulations—including
signal generation, channel modeling, neural network inference, and symbol demodulation were
executed on a laboratory workstation running Ubuntu 20.04. The system was equipped with dual
NVIDIA GeForce RTX 2080 GPUs (8GB each); however, all detection experiments were conducted
on the CPU, without utilizing GPU acceleration or deep learning-specific profiling tools.

Latency was recorded using MATLAB’s tic and toc functions, capturing the complete for-
ward pass through the detection pipeline on a per-transmission-block basis. Each timing measure-
ment reflects the cumulative delay associated with signal processing, from input generation to final
symbol decision. To ensure statistical reliability, the reported latency values were averaged over
multiple Monte Carlo runs.

This CPU-based benchmarking provides a conservative estimate of real-world inference latency,
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Table 4.1: Complexity profile for the evaluated receivers (2 x 2, 16-QAM, block length L = 128).

] Detector \ #Params | GMAC/block \ Runtime [s] \ Peak Mem [MB] ‘
ML (AWGN) - 1.00 0.05 1.3
ML (Rayleigh) - 1.00 0.06 1.3
SD (SE, r = 2) - 0.47 2.50 1.3
FCNN (ours) 0.12M 0.09 0.30 5.6
CNN (ours) 0.36M £0.17 0.30 7.3
ResNet (ours) 0.42M 0.22 0.30 7.9

independent of hardware acceleration, thereby offering a practical baseline for evaluating deploy-

ment feasibility in resource-constrained environments.

Memory Considerations. Since the experiments were conducted using MATLAB’s default exe-
cution environment (CPU mode), detailed runtime memory profiling was not explicitly performed.
However, the models were carefully designed to fit within the available system memory, with batch
sizes and model sizes selected to avoid memory overflows or performance bottlenecks. For future
work, more comprehensive memory profiling could be integrated using MATLAB’s Profiler or by

migrating inference pipelines to a GPU-supported framework for higher performance evaluation.

Discussion. Although our BER/SER evaluations span several antenna configurations (2x2, 4x4
and beyond), Table 4.1 focuses on the 2x2 case for concreteness. Crucially, the relative order-
ing of computation cost remains unchanged for larger MIMO sizes: ZF/MMSE scale cubically in
the number of antennas, while SD incurs exponential complexity with respect to both the mod-
ulation order and number of transmit antennas. In contrast, the computational load of neural ar-
chitectures (e.g., FCNN, CNN, ResNet) scales linearly with the input dimension and model depth,
offering better scalability. Therefore, as the system size increases, the efficiency of models like
ResNet—characterized by low GMACs and low latency—becomes even more advantageous for

real-time, resource-constrained 5G implementations.

In summary, the above evaluation framework provides a holistic comparison of error-rate perfor-
mance and implementation efficiency, laying the groundwork for the nonlinear-aware receiver de-

signs presented in the next chapter.
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The training phase was conducted offline and is not profiled in this evaluation. Consequently,
metrics such as training cost, energy consumption, and memory usage have not been systematically
assessed.

Future work may involve profiling training cost using GPU acceleration and evaluating online

or transfer learning strategies to reduce retraining overheads in evolving 5G environments.

4.2 Baseline Performance (Linear Transmitter)

In this section, we analyze the performance of our neural network based receivers (FCNN,
CNN, ResNet, and LSTM) when applied to a 5G NR—compliant OFDM transmission system un-
der a variety of linear conditions. The transmitter utilizes multi-carrier modulation via orthogonal
frequency division multiplexing (OFDM), consistent with 5G NR specifications, including cyclic
prefix insertion and normalized power scaling.

To ensure broad applicability, the models were evaluated across several MIMO configurations
(2%x2, 4x4, and 8x8), multiple QAM modulation orders (4, 16, 64), and varying transmission block
lengths up to L = 128. In addition to classical channel models such as AWGN and Rayleigh fading,
we incorporated the 3GPP TDL-C profile to simulate more realistic urban multipath environments.
These evaluations were conducted exclusively under linear transmission assumptions to isolate and

compare the detectors’ performance across diverse propagation and modulation conditions.

4.2.1 FCNN Results and Analysis

Figure 4.1 shows the FCNN’s BER curves for 4-, 16-, and 64-QAM on a 2 x 2 MIMO link
under both AWGN and Rayleigh fading. Solid lines with filled markers represent the maximum-
likelihood (ML) detector, which serves as our traditional benchmark in both channel types, while
dashed lines with open markers represent the FCNN-based neural receiver. In this work, maximum
likelihood (ML) detection is implemented as described in Chapter 2.3, by exhaustively searching
over all possible transmit symbol vectors to find the one that minimizes the Euclidean distance to the
received signal. While ML guarantees optimal performance under Gaussian noise, its exponential

complexity restricts its use to small MIMO dimensions (e.g., 2 X 2), where it serves as a benchmark
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for evaluating the neural receiver’s performance [49].

In Figure 4.1, for 4-QAM in AWGN, the FCNN’s waterfall region begins at approximately 4 dB
and achieves a BER of 10~ a little after 10 dB, matching the ML reference exactly. Under Rayleigh
fading, the FCNN maintains close performance within 0.5 dB of ML down to the 10~ BER level.

In the 16-QAM AWGN case, the FCNN trails ML by about 1 dB at 104 BER (12dB vs. 11 dB)
but reaches this rate by 20 dB. Under Rayleigh, the gap remains modest at under 1.5 dB across the
tested SNR range.

For 64-QAM, the FCNN attains a BER of 1073 at 16 dB in AWGN, compared to 14 dB for ML,
and remains within 2 dB under Rayleigh fading.

Figure 4.2 presents the corresponding SER curves, which display similar relative performance

trends.
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Figure 4.1: BER performance of the FCNN on a 2 x 2, 16-QAM link under AWGN and Rayleigh
fading, compared to traditional ML-based receiver.
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" SER vs. Effective SNR using Traditional and FCNN detectors and linear channel
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Figure 4.2: SER performance of the FCNN on a 2 X 2, 16-QAM link under AWGN and Rayleigh
fading, compared to traditional ML-based receiver.

4.2.2 CNN Results and Analysis

By introducing localized convolutional filters, the convolutional neural network (CNN) archi-
tecture significantly improves robustness to channel impairments compared to the fully connected
neural network (FCNN), particularly under Rayleigh fading and nonlinear transmitter distortion.

Figure 4.3 compares the BER of CNN and traditional methods across AWGN and Rayleigh
fading channels. The CNN outperforms the FCNN across all modulation orders, particularly at
moderate-to-high SNRs. For 4-QAM under AWGN, CNN achieves a BER of 10~* at approximately
8 dB, whereas the FCNN requires around 11- 12 dB. In Rayleigh fading, CNN maintains a consistent
3 dB advantage over the FCNN, especially for higher-order modulations like 16-QAM and 64-
QAM.

Figure 4.4 illustrates the corresponding SER trends. For 16-QAM under AWGN, the CNN
reaches the 103 SER threshold near 11-12 dB, while the FCNN requires over 15 dB to reach the
same level.demonstrates improved performance over FCNN and traditional ML-based receivers,

maintaining a lower BER across the SNR range.
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These results confirm that CNN-based receivers generalize better to higher modulation and fad-
ing environments by exploiting the local structure in the input space, reducing the need for deeper

or fully connected architectures, which often struggle with generalization in impaired conditions.

BER vs. Effective SNR using Traditional and CNN-based Detectors for Linear Channel
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Figure 4.3: BER performance of the CNN on a 2 x 2, 16-QAM link under AWGN and Rayleigh
fading, compared to traditional ML-based receiver.

4.2.3 ResNet Results and Analysis

Figure 4.5 presents the BER performance of the ResNet-based detector under AWGN and
Rayleigh fading for 4-QAM, 16-QAM, and 64-QAM. Unlike the FCNN, both CNN and ResNet
architectures leverage skip connections to stabilize deeper layers, offering moderate improvements
in detection across varying SNRs.

In AWGN channels, the ResNet shows consistent performance improvements over traditional
linear detectors, particularly for 16-QAM and 64-QAM, where it maintains a 0.5—1 dB advantage at
BER levels around 103, However, for 4-QAM, the curve under AWGN is truncated around 1073,
indicating that the model did not reach lower BER thresholds like 10~ within the simulated SNR

range. In Rayleigh fading, ResNet-based neural detector performs better than the fully connected
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Figure 4.4: SER performance of the CNN on a 2 x 2, 16-QAM link under AWGN and Rayleigh
fading, compared to traditional ML-based receiver.

neural network (FCNN) when dealing with the challenges caused by multipath fading, particularly
when the system is using modulation schemes like 16-QAM or 64-QAM. It achieves better BER at
moderate SNRs, and the curves are more stable compared to FCNN.

Although ResNet offers robustness and scalability through residual learning, its gains are more
pronounced for higher-order modulations and mid-SNR regimes. As shown in Figure 4.5, the
ResNet-based detector continues to improve its Bit Error Rate (BER) performance as the SNR
increases, without premature plateauing, although deeper improvements may require architectural

tuning or larger training datasets for extreme SNR values.
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BER vs. Effective SNR using Traditional and ResNet-based Detectors for Linear Channel
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Figure 4.5: BER performance of the ResNet on a 2 x 2, 16-QAM link under AWGN and Rayleigh
fading, compared to traditional ML-based receiver.

4.3 Performance under Nonlinear Transmitter Conditions

4.3.1 FCNN Results and Analysis

Figure 4.6 shows the symbol error rate (SER) of the fully connected neural network (FCNN)
under AWGN and Rayleigh fading, where the transmitter introduces memoryless AM-AM/PM
nonlinearity. Dotted lines denote the FCNN, while solid lines correspond to traditional maximum-
likelihood (ML) detection.

For 4-QAM, the FCNN nearly matches ML performance across both channels. In AWGN, both
achieve sub-10~2 SER near 9 dB and fall below 10~ at approximately 10 dB, with negligible
divergence until very high SNRs. Similar trends are observed under Rayleigh fading, with the
FCNN curve remaining within 1 dB of the ML benchmark throughout.

However, the advantage of the FCNN becomes much more pronounced at higher modulation
orders. For 16-QAM and especially 64-QAM, the ML detector fails to exhibit waterfall behavior

under AWGN, with SER curves flattening even at high SNRs due to its inability to compensate for
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transmitter distortion. In contrast, the FCNN successfully learns to mitigate the nonlinear effects,
displaying a clear waterfall slope and achieving sub-10~2 SER for 64-QAM around 18-20 dB. This
significant gap—exceeding 4-5 dB in some cases—highlights the FCNN’s ability to approximate
nonlinear equalization, outperforming traditional detection by a wide margin in distorted scenarios.

Figure 4.7 confirms this behavior for BER. While ML maintains superiority in ideal condi-
tions for lower-order QAM, its performance collapses for dense constellations under distortion.
The FCNN generalizes effectively to these conditions, offering substantial BER reductions across
all modulation schemes without exhibiting early error floors. These results demonstrate that even
simple feedforward architectures can outperform optimal linear detectors in realistic, hardware-

impaired environments.
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Figure 4.6: FCNN SER vs. effective SNR under nonlinear transmitter distortion on a 2 x 2, 16-QAM
link. Solid markers: ML (AWGN), dashed squares: FCNN.

4.3.2 CNN Results and Analysis

The convolutional neural network (CNN) enhances detection performance in nonlinear trans-

mitter environments by leveraging local feature extractors that can adapt to spatial structure in the
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Figure 4.7: FCNN BER vs. effective SNR under the same nonlinear conditions.

received signal. Figure 4.9 displays the CNN’s SER performance under AWGN and Rayleigh fading
with mild transmitter saturation.

In AWGN, the 16-QAM SER curve shows a waterfall onset near 10 dB, achieving sub-1072
levels by approximately 12 dB and reaching 10~ by 14 dB. For 64-QAM, the CNN maintains a
visible slope even under distortion, crossing 10~2 SER around 20-21 dB. Under Rayleigh fading,
the CNN outperforms traditional ML detection by a wide margin at higher modulation orders. The
4-QAM and 16-QAM CNN curves remain 1-2 dB better than ML across the full SNR range, while
the 64-QAM CNN shows clear waterfall behavior unlike the flat ML baseline, reducing the SNR
penalty by over 4 dB.

The corresponding BER plot in Figure 4.8 confirms this trend. For 4-QAM under AWGN, the
CNN reaches 10~% BER at 10 dB, matching ML almost exactly. Under Rayleigh fading, CNN BER
improves over ML by about 1 dB for both 4-QAM and 16-QAM, and by a more significant 34 dB
for 64-QAM. These results highlight the CNN’s capacity to learn and compensate for both multipath

fading and nonlinear distortion—especially in higher-order constellations where traditional methods
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begin to fail.
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Figure 4.8: CNN BER vs. effective SNR under nonlinear conditions.

4.3.3 ResNet Results and Analysis

While not outperforming CNNs overall, ResNet remains more robust than traditional ML detec-
tors, especially under nonlinear and fading channels. Figure 4.11 illustrates the BER performance
of ResNet under mild transmitter saturation.

For 4-QAM under AWGN, ResNet closely matches ML and CNN, reaching 10~* BER near
11-12 dB. In Rayleigh fading, the ResNet curve maintains a 1 dB advantage over ML throughout
the SNR range, though it cuts off earlier than CNN and exhibits a slightly higher BER floor.

For 16-QAM, ResNet achieves sub-10~3 BER under AWGN only beyond 15 dB, lagging behind
the CNN which reaches similar performance at lower SNRs. Under Rayleigh, ResNet improves on
ML by 1-2 dB and follows a similar slope, but fails to reach deep BER thresholds within the

simulated range.
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Figure 4.9: CNN SER vs. effective SNR under transmitter nonlinearity on the same 2 x 2, 16-QAM
link.

For 64-QAM, the ResNet curve under AWGN displays irregularities, including a dip and os-
cillation around 1072, suggesting unstable learning behavior. Despite this, it still outperforms the
ML baseline, which remains flat and unresponsive to SNR increases. Under Rayleigh fading, the
ResNet model maintains modest improvements over ML but never approaches a clean waterfall.

While ResNet exhibits occasional instability and premature curve cutoffs, it generalizes better
than ML under nonlinear impairments. Its ability to learn residual mappings offers resilience against
distortion and fading, though CNN retains a superior balance between smoothness, accuracy, and
convergence depth.

Across the three networks, the qualitative trends observed for the linear-channel case persist:
adding convolutional filters improves the SNR offset by around 0.5 dB, while residual connections
recover nearly all of the performance lost to transmitter nonlinearity. These results hold equally for
4 x4 and 8 x 8 MIMO links (not shown), confirming that our learned detectors generalize seamlessly

to larger antenna arrays under practical RF impairments.
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Figure 4.10: ResNet SER vs. effective SNR under nonlinear transmitter distortion.
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Figure 4.11: ResNet BER vs. effective SNR under the same distortion model.
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4.3.4 LSTM Results for UMa Channels

To further evaluate the applicability and limits of neural network-based detectors, we extended
our analysis to a more challenging wireless scenario—namely, the TDL-C channel model, which
represents a typical urban macrocell environment with a delay spread of 300 ns. Unlike memoryless
fading models such as Rayleigh or AWGN, the TDL-C channel introduces significant temporal
dispersion and inter-symbol interference, making symbol detection notably more difficult.

Conventional feedforward architectures previously explored in this work, including FCNN,
CNN, and ResNet variants, were unable to learn meaningful patterns or converge to reliable perfor-
mance on this channel due to their inability to model temporal dependencies. Consequently, we em-
ployed a recurrent neural network architecture—specifically, Long Short-Term Memory (LSTM)—to
capture the sequential structure and memory effects inherent in TDL-C.

As shown in Figure 4.12, the LSTM detector is compared against a traditional MMSE baseline
across 4-QAM, 16-QAM, and 64-QAM modulations. In our implementation, MMSE detection was

applied on a per-subcarrier basis using the linear equalization formula:
%= (H'H + 021) ' H'y, (39)

where H is the estimated MIMO channel matrix, o2 is the noise variance, y is the received signal
vector at the receiver antennas, and I is the identity matrix. This formulation is widely used in
MIMO-OFDM systems, as it minimizes the mean squared error on each subcarrier individually
under the assumption of flat-fading and perfect channel state information (CSI) within subcarrier

bandwidth. The results reveal a nuanced landscape:

* 4-QAM: LSTM significantly outperforms MMSE across all SNR values, with a notable 1 dB
gain at the 1072 BER threshold. This demonstrates the model’s ability to effectively learn the

channel memory for simpler modulations.

* 16-QAM: LSTM underperforms MMSE throughout the entire SNR range. The consistent
BER gap indicates that the LSTM struggled to generalize across the more complex symbol

space under strong multipath effects.
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* 64-QAM: MMSE retains superior performance, but the performance gap between LSTM and
MMSE gradually narrows at higher SNRs. However, the LSTM still does not surpass MMSE,
suggesting difficulties in learning precise symbol boundaries in high-order modulations under

channel memory.

Overall, while the LSTM exhibits clear advantages in lower-order modulations under memory-
intensive conditions, it fails to consistently outperform MMSE for more complex constellations.
These findings suggest that neural models with memory offer strong potential in structured fad-
ing environments, but require further architectural or regularization improvements to handle the

increased symbol ambiguity in higher-order QAM schemes.
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Figure 4.12: BER performance comparison between MMSE and LSTM-based neural detector
across modulation orders (4-QAM, 16-QAM, 64-QAM) under the TDL-C channel.
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4.4 Comparative Analysis

In this section we bring together the key trends from all of our experiments, contrasting the
learned detectors against both the sphere decoder (SD) and the true maximum-likelihood (ML) rule,
and then isolating the roles of architecture choices, activation functions, model size, and regulariza-

tion on overall performance.

4.4.1 Deep Learning vs. Sphere Decoding with Linear Channel

Figure 4.13 overlays the bit-error-rate (BER) curves for all three neural networks alongside the
sphere decoder on a 2 x 2, 16-QAM link in pure AWGN. All neural networks begin with compa-
rable BER near 10~!, whereas traditional ML detectors and SD method have slightly higher BER
from the beginning. Notably, the NN detectors demonstrate a 1 dB advantage in the low-to-medium
SNR range: all three networks achieve a BER of 10~2 by 7 dB, whereas both SD and the traditional
ML receiver reach the same level only at 8 dB. Between 0-8 dB, the CNN and ResNet models con-
sistently outperform SD, likely due to their capacity to learn robust mappings in fading conditions.
As SNR increases beyond 8 dB, the BER curves of all detectors begin to converge. By 12 dB, most
models—including CNN and ResNet—exhibit cutoff behavior near 10~*, while the traditional ML
baseline continues to decline. These results confirm the competitiveness of NN-based detectors, par-
ticularly in moderate SNR regimes. It is evident that with a purely linear channel, learned detectors
can match the throughput of a sphere decoder at a fraction of its inference cost.

In Fig. 4.14 we compare our three deep-learning detectors against the sphere-decoding (SD)
receiver in the prototypical 16-QAM Rayleigh-fading scenario with a linear transmit chain. For this
particular scenario, the SD algorithm yields the lowest BER across the entire SNR sweep, ultimately
reaching below 103 at 18 dB. Both the CNN and ResNet models closely track SD performance till
6 dB, deviating by less than 0.5 dB at lower SNRs, however, none of the neaural network detectors
reached 1073, These results indicate that although the neural detectors exhibit good generalization
and robustness under fading, none match the ideal performance of SD in the linear case.

Compared to the AWGN baseline discussed in Fig. 4.13, all receivers experience the charac-

teristic 8 dB performance loss under Rayleigh fading. Nevertheless, their lower complexity and
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Comparison: Traditional vs NN vs ResNet Receiver BER under AWGN (16-QAM only)
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Figure 4.13: BER vs. E} /Ny on a 2 x 2, 16-QAM AWGN link for FCNN (circle), CNN (cross),
ResNet (triangle) versus sphere decoder (square).
consistent performance across moderate SNRs make them attractive alternatives for real-time appli-

cations.

4.4.2 Deep Learning vs. ML Detection

Under Rayleigh fading (Figure 4.15), the three deep networks, including FCNN, CNN, and
ResNet, demonstrate substantial performance gains over classical linear detectors. At 10~2 BER,
FCNN gains 2 dB over the traditional ML-based detector, CNN gains approximately 3 dB, and
ResNet achieves 1 dB. This confirms that the CNN architecture, in particular, can implicitly learn
the optimum ML decision boundary even in moderate complexity MIMO channels.

Figure 4.16 shows a complete sweep of bit error rate (BER) versus Ej /Ny for 4-, 16- and
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Figure 4.14: BER performance of the 16-QAM FCNN, CNN, ResNet, and sphere decoder (SD)

under a linear Rayleigh fading channel over a range of Ey, /Nj.
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Figure 4.15: BER vs. E}, /Ny under Rayleigh fading for 16-QAM on 2 x 2: FCNN (orange), CNN

(gold), ResNet (purple) against true ML (blue).

61



64-QAM under flat Rayleigh fading, comparing the traditional maximum likelihood receiver (" Trad
Rayleigh’, solid circles) with three detectors based on neural networks: a fully connected network
(FCNN, open circles), a small convolutional network (gold X) and a 6-layer ResNet (purple tri-
angles). For each modulation order, all three learned receivers track the ML curve closely in the
mid-to-high SNR region, with only a 0.2-0.5 dB gap at 10~2 BER. At low SNR (04 dB), the
FCNN lags by 1-2 dB but then converges to near-optimal performance; the CNN and ResNet start
0.5 dB below ML and maintain some gap across the waterfall. As modulation order increases from
4 to 64, all networks exhibit the expected rightward shift of the BER curves, yet preserve their 2 dB
advantage over the traditional Euclidean-distance detector at moderate and high SNRs. It is clear
that all neural network detectors perform significantly better at higher modulation orders such as 16

and 64 QAM.
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Figure 4.16: Comparison of traditional ML detection vs. learned detectors (FCNN, CNN, ResNet)
for 4-, 16-, and 64-QAM under Rayleigh fading.

When we contrast this to the saturated-transmitter scenario in Figure 4.17, we see that the
learned networks retain nearly the same relative ordering and SNR gaps, whereas the traditional
ML detector’s BER curve flattens out above 10~ *. This underlines that, in the ideal (linear) channel

of Figure 4.16, the neural nets match the ML performance, but under realistic front-end impairments
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only the learned detectors can recover the steep waterfall and compensate for hardware nonideali-
ties.

Comparison: Traditional vs NN Receivers BER (Saturated Transmitter)
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Figure 4.17: Comparison of traditional ML detection vs. learned detectors (FCNN, CNN, ResNet)
for 4-, 16-, and 64-QAM under Rayleigh fading with a saturated transmitter.

Figure 4.18 compares the BER performance of all detectors under Rayleigh fading when trans-
mitter saturation is introduced to model practical power amplifier (PA) nonlinearity. This nonlin-
earity distorts the transmitted signal amplitude, creating significant performance degradation for
classical detectors. The results reveal a clear advantage for learned detectors in such non-ideal con-
ditions. While the sphere decoder and traditional ML detector fail to reach below 10~ BER even
at high Fj /Ny, the neural network detectors (FCNN, CNN, and ResNet) continue to reduce BER,
outperforming both traditional baselines by a wide margin. At 18 dB, the BER for the ML-based
detector remains around 1.3 x 10~, and for SD, it is still as high as 2 x 10~!. In contrast, all three
neural network detectors; FCNN, CNN, and ResNet, continue to show steady improvements, reach-
ing BERS of approximately 1.5 x 1072, 1.2 x 1073, and 2.2 x 1073, respectively. This demonstrates
that deep learning models are more effective in handling transmitter nonlinearity and can offer better

reliability in practical wireless systems.
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?gdl Comparison under Rayleigh Fading with Saturated Transmitter (16-QAM)
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Figure 4.18: Comparison of traditional ML detection vs. Sphere Decoding vs. learned detectors
(FCNN, CNN, ResNet) for 4-, 16-, and 64-QAM under Rayleigh fading with a saturated transmitter.

4.4.3 Impact of Activation Function and Learning Rate

ResNet BER Comparison: ReLU vs Tanh (Rayleigh Channel)
T T T T T

Bit Error Rate

—e—4-QAM RelLU
- |-=-4-QAM Tanh
16-QAM RelU
- = -16-QAM Tanh
—©—64-QAM RelLU
64-QAM Tanh
| Il | | | 1 Il |
o 2 4 6 8 10 117 14 16 18
E /Ny (dB)

Figure 4.19: ResNet BER comparison using ReLU vs. tanh activation functions under Rayleigh
fading for 4-QAM, 16-QAM, and 64-QAM.
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To investigate the influence of nonlinearities within the neural receiver, we compared the per-
formance of ResNet detectors trained with ReLLU and tanh activations under Rayleigh fading. As
shown in Figure 4.19, the difference in BER is nuanced and modulation-dependent. For 4-QAM
and 16-QAM, both activations perform comparably across most SNR values, with ReLU showing
a slight advantage in mid-to-high SNR regions. Specifically, ReL.U exhibits more consistent perfor-
mance at 10-14 dB, whereas tanh fluctuates and causes a minor BER spike at 12 dB for 16-QAM.
For 64-QAM, however, ReLLU underperforms slightly at 14 dB due to a visible BER increase not
present in the tanh counterpart.

While RelLU generally promotes faster convergence and slightly better BER stability across
most SNRs, tanh activation remains competitive, especially at higher modulations. These results
suggest that activation choice impacts network robustness differently depending on modulation
complexity, and hybrid or adaptive schemes might further enhance performance.

ResNet BER Comparison — Learning Rate Variation Across Modulations
4-QAM 16-QAM 64-QAM
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Figure 4.20: BER comparison for different learning rates (0.001, 0.01, 0.1) across QAM modulation
orders using ResNet under Rayleigh fading.

We further assessed the influence of learning rate on ResNet training stability and BER. As
shown in Figure 4.20, three learning rates (0.001, 0.01, and 0.1) were tested across 4-QAM, 16-
QAM, and 64-QAM under Rayleigh fading. While all learning rates ultimately converge to similar
low BER values, the trajectory and smoothness of the curves vary significantly.

For all modulation orders (4-QAM, 16-QAM, 64-QAM), the model trained with LR = 0.1

demonstrates the most consistent and stable BER decline, with no visible spikes across the entire
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SNR range. In contrast, LR = 0.01 shows mild oscillations — particularly noticeable in the 64 QAM
curve, indicating unstable gradient steps despite converging to the same BER floor. LR = 0.001 of-
fers smoother convergence for lower-order modulations, but its performance deteriorates at higher
modulations like 64-QAM, where the curve becomes jagged in the mid-SNR regime.

These results indicate that while smaller learning rates can stabilize training, excessively low
values may slow convergence and increase sensitivity to fading-induced noise. A moderately high

learning rate like 0.1 offers better robustness across modulation orders in noisy fading environments.
4.4.4 Effect of Model Size and Regularization

ResNet Architecture Comparison (16-QAM)

10+ 1
-4
w
[-+]
102} 1
—e—shallow \t
medium_dropout i
—a—deep_dropout
0 2 4 6 8 10 12 14 16 18

E /N, (dB)

Figure 4.21: BER performance of shallow, medium (with dropout), and deep (with dropout) ResNet
detectors under Rayleigh fading with transmitter saturation using 16-QAM.

Figure 4.21 illustrates the impact of network depth and regularization on the bit error rate (BER)
performance of ResNet-based MIMO detectors. All models were trained and evaluated under a

saturated transmitter scenario with Rayleigh fading and additive white Gaussian noise (AWGN)
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using 16-QAM modulation.

The shallow ResNet exhibits surprisingly strong performance, achieving the lowest BER at
high signal-to-noise ratio (SNR) values (e.g., above 14 dB). Its reduced complexity likely allows it
to generalize well without overfitting to noise or minor nonlinear distortions.

The medium-depth ResNet with dropout shows slightly degraded performance at high SNR
compared to the shallow model. While dropout helps regularize training, it may also hinder conver-
gence for moderate-sized networks when the dataset is relatively clean and low-dimensional.

The deep ResNet with dropout, despite having the highest capacity, does not outperform the
shallower configurations. This suggests that deeper architectures may be prone to overfitting or face
optimization difficulties in this low-dimensional feature space, especially under limited training
data. Dropout regularization may also suppress learning of finer-grained details needed for accurate
detection at high SNR.

Overall, this comparison suggests that in scenarios with saturated transmitters and Rayleigh
fading, increasing model depth does not necessarily yield performance gains. In fact, shallower

models may be more robust and efficient for practical detection tasks in such environments.

4.5 Key Findings and Implications

Extensive simulation across varying channel conditions confirms that the convolutional neural
network (CNN) and residual network (ResNet) architectures close nearly all the gaps to the maxi-
mum likelihood (ML) and sphere decoding performance in linear channels. For 16-QAM on a 2 x 2
link, CNNs and ResNets operate within approximately 1 dB of the ML bound at 10~ bit-error rate
(BER), while fully connected networks (FCNNs) trail by 1-2 dB.

Under severe fading and mild transmitter non-linearity, classical linear detectors cannot drive
the BER below 10~!. In contrast, all three deep learning receivers reduce BER to 10~2 or better
at 14-16 dB, with CNNs delivering a tenfold improvement over ML and ResNets matching sphere
decoder robustness, showing no error floors down to 10~° symbol error rate (SER).

The choice of network architecture proves critical: CNNs consistently outperform FCNNs by

0.5-1 dB in fading channels thanks to localized feature extraction, while residual connections in
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ResNet yield an additional 0.2 dB gain, specially between SNR between 8-10 db. Experiments
with deeper ResNets highlight that increased depth without regularization can lead to overfitting
and BER saturation, while the addition of modest dropout (e.g., 10%) restores generalization and
improves tail performance. Activation function and learning rate also influence stability: standard
ReLU with a learning rate of 0.1 yields stable convergence across QAM orders, while lower rates
(e.g., 0.001) slow training and lead to minor fluctuations in high order modulations.

To further evaluate the generalization of neural architectures, we extended our experiments to
the TDL-C channel, representative of urban macro scenarios with 300ns delay spread. Due to the
channel’s temporal memory, prior feedforward models such as FCNN, CNN, and ResNet failed to
generalize effectively. A memory-aware LSTM network was used instead. While its performance
aligned closely with MMSE detection for 4-QAM, it slightly underperformed compared to MMSE
at higher modulation orders such as 64-QAM, highlighting the challenge of modeling long-term
dependencies without architectural tuning or longer training.

From a complexity standpoint, deep detectors such as CNN and ResNet require one to two or-
ders of magnitude fewer floating-point operations per inference block compared to sphere decoding
in fading channels, making them computationally attractive for deployment. While the training
process can be computationally intensive—particularly for large-scale datasets or complex chan-
nel models—this cost is typically incurred offline. Once trained, these networks offer consistent
inference latency that scales favorably with batch size. When factoring in both their near-optimal
error performance during inference and their resilience to hardware and channel impairments, CNN
and ResNet detectors remain strong candidates for real-time implementation in 5G and beyond,
particularly in scenarios where retraining frequency is low or offline training is feasible.

Overall, these findings demonstrate that deep learning based detection algorithms, particularly
CNN and ResNet models, can offer better performance compared to maximum likelihood (ML)
detectors under ideal and practical impairments such as fading and transmitter saturation. At the
same time, they offer a flexible trade-off between computational complexity and accuracy, making
them viable for real-time deployment. Future research should extend these results to more complex
scenarios, including wideband MIMO systems, coded transmissions, and dynamic environments

that require on-device learning or adaptation to non-stationary channel statistics.
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Chapter 5

Conclusion and Future Work

5.1 Summary

This thesis presents a complete modular MATLAB framework for the generation, training, and
evaluation of learned MIMO detectors under a rich variety of channel conditions and hardware
impairments. Beginning with randomly generated bit streams, our pipeline performs QAM symbol
mapping, passes the symbols through both ideal and impaired channels (AWGN, flat Rayleigh with
equalization, 3GPP TDL-C fading, and hard clipping to model PA saturation), and extracts per-
symbol features comprising the real and imaginary components plus instantaneous SNR. These
features feed both classical detectors—Maximum Likelihood (ML), Minimum Mean Square Error
(MMSE), Sphere Decoding (SD)—and four distinct neural architectures (FCNN, CNN, ResNet,
LSTM), enabling a head-to-head comparison of bit-error-rate (BER) and symbol-error-rate (SER)
performance.

Our first learned detector, the fully connected neural network (FCNN), consists of four dense
layers with ReLU activations and 20% dropout on each hidden layer. Despite its minimal com-
plexity—approximately 0.05 GMAC per detection block and 0.1 million parameters—the FCNN
exhibited robustness under hardware impairments: it outperforms classical ML in severe PA sat-
uration scenarios, maintains competitive BERs for higher-order constellations (16- and 64-QAM),
and generalizes well between AWGN and Rayleigh channels. This demonstrates that even shallow

networks can learn to mitigate nonlinear distortions when provided sufficient training diversity.
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Building on this, our one-dimensional convolutional neural network (CNN) processes the re-
ceived vector as a 1x3 input image using two convolutional blocks with 64 and 128 filters, batch
normalization, and ReLU activation, followed by global average pooling. Operating at roughly 0.45
GMAC and 0.42 million parameters, the CNN consistently reduces the performance gap to ML
across a wide Ej, /Ny range and shows resilience against clipping-induced error floors. In Rayleigh
fading environments, CNNs maintain graceful BER roll-off, validating their ability to extract local-
ized signal features that represent the channel’s statistical behavior.

Furthermore, a residual neural network (ResNet), incorporates multiple residual blocks with
skip connections—each containing two ConvlD—BN—ReLU layers. With 0.22 GMAC per block
and 0.42 million parameters, the ResNet achieves the steepest BER slopes and lowest error floors,
especially under hardware saturation. Among all tested models, ResNet achieves the closest perfor-
mance to sphere decoding in ideal scenarios and maintains its robustness under saturation, outper-
forming CNNs and FCNNs by 0.5-1 dB. Dropout regularization (10-20%) proves crucial in deeper
ResNet variants: without it, overfitting occurs at low SNRs, yielding BER floors near 10~2; with
dropout, performance recovers and the long-tail BER drops to below 3 x 1074,

To address channels with memory, such as the 3GPP TDL-C model , we employed a long short-
term memory (LSTM) network. Other architectures like FCNN, CNN, and ResNet—which assume
memoryless channels — struggled to capture the temporal correlation introduced by TDL-C fad-
ing. In contrast, LSTM demonstrated the ability to track the temporal structure and produced stable
results across modulation orders. However, it did not consistently outperform classical MMSE,
particularly for 64-QAM, where MMSE achieved slightly better BER. This suggests that while
memory-aware networks like LSTM are promising for long-delay channels, further tuning and ar-
chitectural refinement are needed to outperform traditional baselines.

To ensure rigorous benchmarking, we conducted thousands of Monte Carlo trials across mod-
ulation orders (4-, 16-, 64-QAM) and E}/Ny values (0-30 dB). Detailed evaluations in Chapter 4
confirm that model performance is highly scenario-dependent. Notably, the learned detectors in
Figure 4.7 maintained smooth BER curves under scenarios where ML and SD exhibited higher er-
ror values, especially in the presence of hardware nonlinearity. While CNN and ResNet approaches

SD in performance under clean channels, SD outperformed all learned models in ideal settings.
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Conversely, under saturation, the learned models surpassed classical baselines due to their ability to
learn nonlinear compensation.

Finally, we evaluated complexity: per-block GMAC counts, parameter sizes, and inference time
estimates suggest all three architectures are suitable for real-time deployment. FCNN offers ultra-
low complexity for constrained platforms, CNN balances accuracy and runtime, and ResNet de-
livers the best accuracy-to-cost ratio. Together, these architectures define a tunable complexity—
performance spectrum, allowing system designers to select the optimal detector based on deploy-

ment constraints and channel conditions.

5.2 Future Work

One natural extension is to move beyond separate equalization and detection stages by designing
an end-to-end neural architecture that directly ingests raw 1Q samples (including pilot symbols)
and outputs bit estimates. By learning both channel inversion and decision boundaries, such a
model could reduce overall latency, simplify receiver chains, and potentially improve robustness to
modeling mismatches in nonstationary environments.

Extending our approach to wideband, multi-carrier systems is another promising avenue. In
OFDM and 5G NR, channel effects vary across time and frequency, suggesting 2D convolutional or
transformer-based detectors that operate on time—frequency grids. Future work should investigate
how to exploit pilot patterns, subcarrier correlations, and block-fading structures to build more
effective detectors for multi-tap, delay-spread channels.

To deploy learned detectors on hardware with stringent energy and latency constraints, adaptive
model compression techniques—such as structured pruning, low-bit quantization, and knowledge
distillation—must be explored. Algorithms that dynamically adjust network complexity or precision
in response to instantaneous channel quality could deliver the best of both worlds: high accuracy
when needed and minimal compute under benign conditions.

Real-world wireless channels exhibit continual variation due to mobility, hardware drift, and
interference. Incorporating online or transfer-learning mechanisms—ranging from unsupervised

fine-tuning on live measurements to meta-learning frameworks for rapid domain adaptation—will
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improve resilience to unforeseen impairments and prevent catastrophic forgetting when conditions
change.

Hardware prototyping on software-defined radio platforms (e.g. GNU Radio with FPGA/GPU)
or ASIC testbeds will provide critical insights into end-to-end inference latency, throughput, power
consumption, and quantization effects. Co-designing network architectures alongside RF front-
end specifications (ADC/DAC resolution, sampling rates) can further optimize system-level perfor-
mance and guide practical integration into 5G/6G base stations and user equipment.

Scaling to massive MIMO regimes—with tens or hundreds of antennas—introduces both op-
portunities and challenges in multi-user detection. Future research should explore scalable graph
neural networks, attention mechanisms, or hybrid classical-deep models to jointly detect and de-
code multiple spatial streams while mitigating pilot contamination and inter-user interference.

Finally, integrating these learned detectors with channel-coding schemes—such as LDPC or
polar codes—within iterative or turbo architectures promises further gains in throughput and error
resilience. By jointly training encoder, channel model, detector, and decoder in an end-to-end man-
ner, it may be possible to exceed the limits of separate design and unlock new performance frontiers

for next-generation wireless systems.
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