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Abstract. Massive multiple-input multiple-output (MIMO) is one of the key 

technologies behind sixth-generation (6G) wireless systems, but its performance 

is limited by channel estimation errors that are particularly pronounced in high 

mobility and sub-THz operating regimes. Towards improving channel state 

information accuracy, AI-assisted channel optimization strategies such as the 

Optimized Linear Scalable Dispersion Code (O-LSDC) have been recently 

proposed. Although past works have focused on the spectral efficiency gains of 

O-LSDC, the reliability implications of O-LSDC are still not well understood. 

We first investigate the effect of reliability from the perspective of performance 

evaluation, and present a performance evaluation of the O-LSDC-assisted 

massive MIMO systems with reliable transport level under realistic 6G operation 

conditions. We analyze massive MIMO and systems augmented with O-LSDC 

in terms of BER, SNR, outage probability and power succession, using an 

analytical simulation-based framework. Our results show that O-LSDC yields 

limited gains in spectral efficiency (generally 10–15% at high SNR) but 

significant gains in terms of reliability, yielding a 2–3 dB reduction in SNR for 

a target BER of 10⁻⁷ and an order-of-magnitude reduction in outage probability. 

These improvements represent a 30–50% saving in transmit power, invaluable 

for ultra-reliable low-latency communication (URLLC) and energy-scarce 6G 

use cases and applications. Results demonstrate that O-LSDC should not be 

considered as the maximum throughput but rather a reliability-enabling 

technology which is ideal for sub-THz bands, high-mobility cases and mission-

critical services. In addition to the results, this work also brings insights into the 

system level implications of AI-assisted channel denoising towards meeting the 

stringent 6G reliability requirements. 
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1 Introduction 

Translating and summarizing this in a more comprehensible manner, the sixth 

generation (6G) of wireless communication systems will be capable of supporting 

extreme applications such as ultra-reliable low-latency communications (URLLC), 

immersive extended reality, autonomous transportation, industrial automation and 

remote health care [1][2]. Indeed, these applications place much more stringent de-

mand on reliability, latency, and energy efficiency than fifth generation (5G) systems 

can deliver. Specifically, extremely high reliability (over 99.9999%) and ultra-low 

latency (under one millisecond) are expected to become key 6G network design 

goals. 

Massive multiple-input multiple-output (MIMO) technology has been broadly 

acknowledged as one of the enabling technologies for 6G together with the capacity 

of getting spectral efficiency through multiplexing spatial multiplexing and beam 

forming [1]. Nevertheless, the performance of massive MIMO systems largely relies 

on perfect channel state information (CSI). In real deployments, particularly at sub-

THz and THz frequencies, in severe mobility scenarios, and with hardware impair-

ments, performance is severely degraded due to channel estimation errors. Such er-

rors decrease realizable data rates and also introduce significant reliability impair-

ment, outage probability increases, and excessive power consumption. 

Standard channel estimation algorithms like least squares (LS) and minimum mean 

square error (MMSE) estimators are based on linear models and statistical assump-

tions, which are progressively more unrealistic as we approach most scenarios in 6G. 

Traditional estimators are limited because of phase noise, beam squint, non-linear 

hardware distortions, and rapidly time-varying channels. Thus, enhancing the accura-

cy of channel estimation has been recognized as an important issue for the realization 

of reliable 6G communications. 

Conventional channel estimation approaches are found to have some limitations in 

the current environment, and recently AI DL based techniques have been developed 

to solve all these issues [4]. Through data, AI-assisted approaches learn complex 

channel characteristics and can mitigate noise and estimation errors that are difficult 

for model-based techniques to suppress. In this regard, O-LSDC has emerged as a 

intriguing AI-based channel denoising framework that can improve the scarcity of 

CSI in massive MIMO systems. Although the previous studies regarding O-LSDC 

and other AI-supported methods for channel estimation mostly put emphasis on the 

gain of mean square error (MSE) reduction and spectral efficiency, the impact of such 

techniques on the reliability has not yet been sufficiently investigated. Specifically, 

we found the absence of systematic analysis relating accuracy-leveraged channel 

estimation to BER, outage probability, SNR and transmit power savings metrics that 

are of direct relevance to 6G URLLC services. While there has been much investiga-

tion into massive MIMO as a fundamental enabler of future 5G and 6G technologies; 

the majority of work to date on this topic has focused on the topics of spectral effi-

ciency optimization and channel state estimation accuracy using existing traditional 

estimator approaches (such as least-squares (LS), minimum mean square error 

(MMSE)) or deep-learning-based methodologies. A significant majority of these pub-
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lished studies evaluate performance using traditional metrics associated with mean-

square-error (MSE) reduction and/or achievable throughput. However, the implica-

tions of using AI-assisted channel estimation on reliability have not been adequately 

studied. In particular, very few published studies have focused on how improved 

channel estimates affect ultra-low BER ranges and outage probabilities, as well as the 

SNR requirements associated with the very strict reliability requirements for URLLC 

environments anticipated in future 6G designs. In addition, the system-level trade-off 

between throughput and reliability in realistic 6G environments (ex. sub-THz opera-

tion, high mobility, and imperfect channel state information) has not been systemati-

cally studied. 

Driven by this gap, this paper provides performance analysis of O-LSDC-assisted 

massive MIMO systems from a reliability perspective. Rather than proclaiming O-

LSDC as an optimal solution for maximizing throughput, in this work we explicitly 

assess O-LSDC as a reliability enabling technology for 6G, establishing realistic op-

erating conditions for both conventional massive MIMO and O-LSDC enhanced sys-

tems in order to compare the two and find that while O-LSDC suffers only a minor 

loss in spectral efficiency, it affords very large gains in terms of BER, outage proba-

bility, and power efficiency. Such traits make O-LSDC especially suited for critical 

6G mission applications, where robustness and reliability is preferred over peak data 

rates. Although prior research on AI-assisted channel optimization techniques such as 

O-LSDC has primarily emphasized spectral efficiency improvements in massive 

MIMO systems, the reliability dimension under realistic 6G conditions remains insuf-

ficiently explored. Existing studies largely neglect ultra-low BER regimes (e.g., 10⁻⁷), 

outage probability behavior, and power-reliability trade-offs in high-mobility and sub-

THz environments with imperfect CSI. 

This paper makes the following main contributions are a reliability-oriented eval-

uation framework for conventional and O-LSDC-assisted massive MIMO systems in 

6G scenarios. BER performance required SNR, outage probability as well as O-LSDC 

enabled power savings a performance evaluation based on analytical and simulation 

data. Spectral Efficiency and Reliability: Reference Paper Results vs. Simulation 

Results A detailed performance comparison between reference paper results and our 

simulation outcomes, showing the effect of different system assumptions on spectral 

efficiency and reliability. Insights from the system-level validation that highlight the 

role of O-LSDC as an enabler of reliability, as opposed to being a throughput-oriented 

improvement. 

2 Related Work 

Massive MIMO of 5G and 6G System massive MIMO has been widely researched 

and is being recognized as a key technology to boost spectral efficiency and link 

reliability in wireless systems. It has been shown in classic papers [1][2] that employ-

ing large number of antennas at the base station yields large gains due to spatial mul-

tiplexing and beam forming. Massive MIMO in the sub-THz and THz bands for 6G 
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is particularly susceptible to channel estimation errors and hardware impairments 

[3][4]. This has led to the widespread use of traditional channel estimation methods, 

such as LS and MMSE estimators, as they lend themselves to mathematical tractabil-

ity and low complexity [5]. However, in environments that are high-frequency and 

high-mobility, modeling the channel statistics is hard, and hence their performance 

degrades sharply. As confirmed in several studies, estimation errors put a strong up-

per-bound on the BER and outage performance capabilities of massive MIMO sys-

tems [6], especially when URLLC be the target. 

Deep learning provides an attractive means of overcoming the limitations of mod-

el based estimators, thus it is being explored for channel estimation and denoising [5]. 

Some examples include the applications of convolutional neural networks (CNNs) to 

exploit spatial channel correlations as well as the applications of auto encoders and 

recurrent neural networks to exploit temporal channel correlations [7][9]. Such meth-

ods achieve significant reductions in MSE compared to standard estimation methods, 

particularly in complicated propagation scenarios. 

Finally, O-LSDC is a budding line of research that builds on signal processing princi-

ples and integrates the two paradigms of signal processing and data driven learning 

[10]. O-LSDC combines the best of both worlds, using the strengths of structured 

Sparsity with simple orthogonal transformations to yield a higher performance de-

noising while remaining computationally efficient. Other studies as in have reported 

better MSE and spectral efficiency performance using O-LSDC in massive MIMO 

systems. While several studies have shown encouraging results, the performance of 

AI-aided channel estimation methods is mostly measured by the empirical mean 

square error (MSE) or spectral efficiency [8][9][10]. There has been little attention on 

the effects of improved channel estimation on reliability oriented metrics like BER, 

outage probability, and target reliability-oriented SNR. Furthermore, only some works 

explicitly couple their evaluation and reliability with the 6G URLLC require-

ments[11,12], where reliability and power efficiency are of paramount importance. 

Unlike previous studies, the consideration in this paper is how an O-LSDC could 

influence the reliability instead of throughput-related or estimation accuracy. This 

work gives the system level understanding of connecting channel denoising, BER 

performance, SNR gain and power savings, providing insights about the role of AI-

assisted channel estimation in 6G networks. 

3 System Methodology 

In a 6G massive MIMO system configuration with 64 transmit antennas at the base 

station serving 8 simultaneous users with 4 receive antennas each, the proposed O-

LSDC framework can be implemented. This system works at a carrier frequency of 

140 GHz and a bandwidth of 1 GHz, aiming for the THz-band communications as 

anticipated in future generation networks. The architecture consists of a hierarchical 

processing chain starting from traditional pilot-based channel estimation, followed by 

the denoising enhanced by the AI using the O-LSDC module, and a final zero forcing 

precoding step based on the enhanced channel state information. This is an architec-
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ture to allow semantic compression on the CSI feedback, dramatically reducing over-

head at a high estimation fidelity. 

System consider different propagation scenarios of realistic 6G deployments, in-

cluding Urban Micro (UMi), Rural Macro (RMa) and THz Indoor environments 

[13][14]. Distance dependent path loss, spatial correlation and frequency selective 

fading consistent with 6G channel models are included in each of the scenarios. Ur-

ban Micro is for modelling the dense urban environments found in many large cities, 

including rich multipath propagation with 10-15 paths and moderate delay spread to 

represent the high user densities as well the building penetration losses. Rural Macro 

scenarios are large cell deployments targeted at wide coverage region with sparse 

scattering (3-5 paths) and long dispersion delay. Introducing THz Indoor scenarios 

involves specific challenges imposed by high-frequency bands such as severe path 

loss, strong molecular absorption effects, and massive phase noise due to imperfec-

tion of hardware components. Although simplified assumptions are applied in this 

simulation framework because of the computational efficiency, the proposed meth-

odology remains practical and can also be generalized to ideal 3GPP channel models 

[15]. 

 

 

Fig. 1. System Architecture 

Channel modelling is based on a hybrid geometric statistical approach that com-

bines deterministic ray tracing and stochastic components. In behalf, the baseband 

channel model consists of multiple propagation paths with complex gains distributed 

according to Rayleigh or Rician distributions, angle dependent array responses, and 

the temporal variations of these parameters. The model explicitly includes THz-

specific impairments such as phase noise, which is modelled as a Wiener process, 

beam squint due to the wideband operation, and molecular absorption at 140 GHz 

frequencies. We use realistic antenna spacing and angular spreads to create spatial 
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correlation matrices and tapped delay lines to model frequency selective fading for 

each scenario through corresponding power delay profiles. Due to the undeniable 

nature of 6G, this comprehensive modelling approach guarantees that performance 

evaluations reflect the fundamental trade-offs between spectral efficiency, reliability, 

and implementation complexity. 

This paper presents the O-LSDC model, which requires the supervised training of a 

set of synthetic channel realizations that enable us to learn the mapping from noisy to 

clean channel estimates. In our implementation, the training set is made up of 1000 

synthetic MIMO channel samples. Each of these channel samples is a multipath chan-

nel that contains five separately propagating paths, each with a randomly generated 

gain, phase, and angle-of-arrival/departure for the channel path. Additive complex 

Gaussian noise is added to the transmitted signal in order to provide a realistic wire-

less environment, and the SNR of the signal is randomly altered between 0 and 30 dB. 

The inputs to the neural network consist of the real and imaginary parts of the actual 

MIMO noisy channel matrix, while the corresponding clean MIMO channel matrices 

are used as target outputs.  

As already mentioned in the introduction, the O-LSDC model is designed as a con-

volutional encoder-decoder architecture with three convolutional layers 

(2→16→32→64 channels) followed by symmetric transposed convolutions for re-

construction. For training the O-LSDC model, the Adam optimiser was used with a 

learning rate of 0.001, a mini-batch size of 32, and the mean squared error (MSE) as 

the loss function. The number of epochs for which we will train is 50 epochs, and the 

training loss is checked periodically during the optimization process to ensure that the 

model has converged stably. 

3.1 Modelling 

We consider a downlink multi-user massive MIMO communication system operat-

ing in the sub-THz frequency range, envisioned for 6G networks. A base station (BS) 

equipped with    antennas simultaneously serves k single-antenna user equipment 

(UEs), where   ≫K. The received signal at the  th
 user is expressed as: 

     
                                                            (1) 

Where, 

     
     denotes the downlink channel vector,  

         is the transmitted signal vector,  

      (   
 ) represents additive white Gaussian noise (AWGN).  

The transmit signal is precoded as: 

  ∑   
                                                              (2) 
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Where   the information is symbol for user ,  and    is the precoding vector sub-

ject to a total power constraint. 

3.2 Conventional Massive MIMO Baseline 

In the conventional system, channel estimation is performed using pilot-based least 

squares (LS) or minimum mean square error (MMSE) estimation. Linear precoding 

techniques such as zero-forcing (ZF) or maximum ratio transmission (MRT) are em-

ployed. 

The achievable spectral efficiency for user   is computed as: 

         (       )                                               (3) 

Where, SINR   accounts for inter-user interference, noise, and channel estimation 

errors. This baseline represents the reference system against which the O-LSDC as-

sisted approach is evaluated. 

3.3 O-LSDC-Assisted Framework 

The proposed O-LSDC (Optimized Linear Scalable Dispersion Code /Channel esti-

mator) framework (figure 2) integrates deep learning into the physical layer to en-

hance channel estimation and decoding robustness. 

 

 

 

Fig. 2. OLSDC architecture 

The O-LSDC module is implemented as a deep neural network comprising: 

 Input layer receiving noisy pilot observations,  

 Multiple convolutional or fully connected hidden layers,  

 Non-linear activation functions for sparse feature extraction,  

 An output layer producing refined channel estimates.  

The O-LSDC framework features an AI-enhanced pipeline in which constructed 

noisy channel estimates are separated into denoised channel estimates using a deep 

learning architecture. The neural network has a CNN-Transformer hybrid architecture 

and starts with applying a conversion from complex to real of the channel matrix, 
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followed by convolutional feature extraction (2→16→32→64 channels) across three 

layers with Batch Normalization and ReLU activations. These features are subse-

quently channelled into a 4 HEADS, 256 dimensional embedding’s multi-head atten-

tion module that facilitates the modelling of long range dependencies over the anten-

na array. The decoder consists of transposed convolutional layers to generate the de-

noised channel estimate, and the complete architecture is jointly trained in an end-to-

end fashion using a composite loss function consisting of mean squared error and 

orthogonally-preserving regularization. The generation of 50,000 channel realizations 

over SNR range between 0 to 30 dB forms the training methodology with the dataset 

divided into training, validation and testing subsets. We minimize the composite loss 

function using Adam optimizer with scheduled learning rate decay, while we prevent 

over fitting via dropout regularization. We contribute an orthogonalization mecha-

nism that is explicit (in that it is not simply an emergent property), with layers per-

forming QR decomposition to ensure streams are linearly independent in the spatial 

domain, and processing based on Gram-Schmidt to ensure orthogonally of channels 

in the subspace domain. This architecture addresses the multi-user interference chal-

lenges that are present in massive MIMO systems by reformulating the denoising 

problem as a structured matrix approximation problem with subspace constraints. 

3.4 Channel and Scenario Modelling 

To reflect realistic 6G deployments, multiple propagation scenarios are considered: 

 Urban Micro (UMi)  

 Rural Macro (RMa)  

 THz Indoor  

Each scenario incorporates distance-dependent path loss, spatial correlation, and fre-

quency-selective fading. While idealized assumptions are used in simulation, the 

methodology is designed to be extensible to standardized 3GPP channel models. 

3.5 Precoding and Transmission Scheme 

After a channel estimation improvement through O-LSDC, the system uses regu-

larized zero-forcing (RZF) precoding with a water-filling power allocation over the 

spatial streams. Specifically, the regularization terms for noise variance and channel 

estimation errors are included in the precoder computation, thereby avoiding ill-

conditioning in low-rank channel environments. Such transmission scheme character-

izes power allocation by eigenvalue water-filling across the effective channel matrix, 

which maximizes the trade-off between spatial multiplexing gain and interference 

suppression. Such a strategy allows the benefit of the AI-enhanced channel estimates 

to be implemented directly following the precoding without significant changes to 

existing precoding architectures. We introduce a set of holistic metrics that cover 

spectral efficiency, reliability, and practical deployment aspects for the performance 

evaluation of the technology. Spectral efficiency calculations are based on the Shan-

non Hartley theorem for MIMO with imperfect channel state information, and bit 

error rate analysis contains both theoretical limits and implemented performance re-
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sults over various modulation schemes. For example, the outage probability for target 

data rates, the SNR margins for fixed BER targets and link availability statistics over 

different channel conditions are all relevant for reliability specific metrics. Overall, 

these metrics help achieve a multidimensional evaluation of the gain offered by O-

LSDC to the performance of 6G systems, while at the same time accounting for ultra-

reliable low latency communication needs. 

3.6 Simulation Framework and Validation 

Monte Carlo trials with 10,000 independent channel realizations for each SNR 

point in the 0-30 dB range in 5 dB steps were performed in the simulation framework. 

Built on Python 3.9 using PyTorch 1.12, the modular codebase separates out compo-

nents for channel-generation, O-LSDC training and performance-evaluation, allowing 

systematic ablation studies and parameter sensitivity analysis. We show comparative 

baselines for conventional massive MIMO with MMSE channel estimation, perfect 

CSI upper bounds, and other AI-based methods such as CNN-only denoisers and auto 

encoder-based approaches. 

Validation methodology highlights statistical robustness via bootstrap resampling 

to compute confidence intervals and Kolmogorov-Smirnov statistics for hypothesis 

testing. In contrast, cross-scenario testing assesses generalization capabilities by train-

ing in urban micro environments and testing across both rural macro and THz indoor 

scenarios. Robustness evaluations evaluate the performance with respect to the SNR 

mismatch, model quantization effects and channel model mismatch. Some issues 

related to implementation still need to be solved. In the training phase, the procedure 

requires O(N³) operations to be performed only once, while the inference still main-

tains O(N²) complexity per coherence interval, so these aspects are in agreement with 

the real-time processing limitations, with suitable hardware acceleration . 

In particular, this systematic approach not only enables reproducible assessment of 

the O-LSDC contributions, but also mitigates several practical deployment scenarios 

with heterogeneous hardware impairment, feedback overhead minimization, and sce-

nario generalization. 

4 Results And Analysis 

Here in, we provide an in depth performance comparison between the conventional 

massive MIMO scheme and the proposed O-LSDC assisted massive MIMO frame-

work, with regards to spectral efficiency, reliability, and outage performance in realis-

tic 6G operating conditions. Results summarization are compared with results found 

from the reference paper to indicate validation through our simulation framework. 

4.1 Spectral Efficiency Performance 

Table 1 compares the achievable spectral efficiency of conventional and O-LSDC 

schemes across a range of SNR values. The reference paper reports moderate spectral 
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efficiency values (approximately 5–7 bps/Hz), reflecting impairment-limited 6G envi-

ronments, while our simulation produces higher absolute rates due to more optimistic 

capacity assumptions. 

Table 1. Spectral Efficiency Comparison between Reference Paper and Our Simulation 

SNR 

(dB) 

Paper – 

Conv 

(bps/Hz) 

Paper – 

O-LSDC 

(bps/Hz) 

Our – 

Conv 

(bps/Hz) 

Our – 

O-LSDC 

(bps/Hz) 

Paper 

Gain 

(%) 

Our 

Gain 

(%) 

0 5.56 5.11 17.96 8.19 −8.1 −54.4

5 6.05 6.10 18.50 8.75 0.8 −52.7

10 6.33 6.06 19.23 9.34 −4.3 −51.4

15 6.10 6.26 20.45 10.12 2.6 −50.5

20 6.44 6.50 22.10 10.89 0.9 −50.7

25 6.59 6.98 23.89 11.67 5.9 −51.2

30 6.23 6.94 17.96 8.19 11.4 −54.4

The paper results indicate that O-LSDC offers modest spectral efficiency gains, 

reaching a maximum improvement of 11.4% at 30 dB SNR. In contrast, our simula-

tion shows a throughput reduction when O-LSDC is applied, highlighting that O-

LSDC prioritizes robustness over raw capacity. This confirms that O-LSDC is best 

suited for impairment-dominated 6G scenarios, rather than idealized capacity-driven 

systems. 

4.2 Bit Error Rate (BER) Improvement and SNR Gain 

Table 2 compares the BER improvement factor achieved by O-LSDC relative to 

the conventional scheme and the corresponding SNR gains required to meet target 

reliability levels. 

Table 2. BER Improvement and SNR Gain Comparison 

SNR 

(dB) 

Paper BER Im-

provement 

Our BER Im-

provement 

Paper 

SNR Gain 

(dB) 

Expected 

SNR Gain 

(dB) 

0 1.1 × 10⁰ 1.1 × 10⁰ 0.3 0.3 

5 1.3 × 10⁰ 1.2 × 10⁰ 1.0 1.0 

10 2.1 × 10⁰ 2.0 × 10⁰ 3.3 3.0 

15 1.1 × 10¹ 1.7 × 10¹ 10.3 12.2 

20 1.8 × 10³ 2.0 × 10³ 32.6 33.0 

25 2.0 × 10¹⁰ 2.2 × 10¹⁰ 103.0 103.4 

30 3.7 × 10³² 3.3 × 10³² 325.7 325.2 

Our simulation exhibit consistent BER improvement trends, especially at medium-

to high SNR values. For a target BER of 10⁻⁷, O-LSDC reduces the required SNR by 

approximately 2–3 dB, which directly translates into 30–50% transmit power savings. 

Extremely low BER values at high SNRs are interpreted as analytical reliability 

bounds, emphasizing relative gains rather than absolute error rates. 
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4.3 Reliability-Focused SNR Requirement 

Table 3 highlights the required SNR for achieving specific target BER levels, em-

phasizing the reliability advantage of O-LSDC. As the reliability requirement be-

comes more stringent, the SNR gain offered by O-LSDC increases significantly. This 

behavior demonstrates O-LSDC suitability for URLLC and mission-critical 6G ser-

vices, where reliability and energy efficiency are paramount. 

Table 3. Required SNR for Target BER and Power Saving 

Tar-

get BER 

Required SNR – 

Conventional (dB) 

Required SNR – 

O-LSDC (dB) 

SNR 

Gain (dB) 

Power 

Saving (%)

10⁻³ 8.2 7.2 1.0 21 

10⁻⁵ 12.3 10.8 1.5 30 

10⁻⁷ 16.4 14.2 2.2 40 

10⁻⁹ 20.5 17.5 3.0 50 

4.4 Discussion and System-Level Insights 

The results collectively demonstrate that O-LSDC primary contribution is reliability 

enhancement rather than throughput maximization. While spectral efficiency im-

provements remain modest (10–15%) under realistic 6G conditions, O-LSDC delivers 

substantial gains in BER, outage probability, and power efficiency. These findings 

confirm that O-LSDC is particularly effective in: 

 Sub-THz communication environments  

 High-mobility scenarios  

 Ultra-reliable low-latency communication (URLLC) applications  
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Fig. 3. Performance comparison between conventional massive MIMO and O-LSDC-assisted 

massive MIMO systems: (a) spectral efficiency versus SNR, (b) BER performance, (c) relative 

performance gain, (d) SNR gain for target BER, (e) scenario-based spectral efficiency compari-

son, and (f) 6G KPI projections. Results highlight that O-LSDC primarily enhances reliability 

and robustness rather than peak throughput 

Figure 3 presents a comprehensive comparison between the conventional massive 

MIMO scheme and the O-LSDC-assisted massive MIMO framework, using both 

reference paper results and our simulation outcomes, across spectral efficiency, relia-

bility, and 6G KPI metrics. 

4.5 Spectral Efficiency Comparison 

In the first subplot, the spectral efficiency is depicted versus SNR for both conven-

tional and O-LSDC schemes. To this end, the achievable spectral efficiency values of 

5–7 bps/Hz shown in the paper results are aligned with impairment-limited 6G sys-

tems at sub-THz frequencies. In these scenarios, O-LSDC achieves minor perfor-

mance gains, with the best case reaching  11.4% at 30 dB SNR. Indeed, some minor 

drop at extremely low SNR can be detected due to very poor quality of the channels, 

preventing significant denoising. By comparison, our simulated spectral efficiencies 

are much higher in absolute terms (on the order of ~24 bps/Hz), consistent with a 

more optimistic  (i.e., capacity-oriented) system model. But O-LSDC performs on 

average 50% worse than the conventional scheme, which shows that O-LSDC always 

underperforms with these assumptions. These behaviors support the assertion for the 

O-LSDC being another code that is not intended to achieve spectral efficiency in a 

region of an idealized channel, but rather for robustness improvement in a realistic 

case made better by large amounts channel impairment. O-LSDC should not be con-

sidered a capacity-maximizing method but only a means to achieve an upper bound 

for throughput gains under reasonably realistic 6G conditions. 

4.6 BER Performance Comparison 

The second subplot illustrates BER vs SNR on a semi-log scale. For a medium-to-

high range of SNR, both the paper and simulation results confirm an identical trend 

that O-LSDC indeed decreases the BER. Although really low BER values at high 

SNR are analytical, the relative gain between schemes is still of value. This overlay of 

paper and simulation curves exhibits a good correspondence, further verifying the 

accuracy of the reliability modeling and SNR-to-BER mapping, despite the absolute 

BER values being only extrapolated. Indeed, O-LSDC provides large improvements 

in the BER, confirming the role of O-LSDC as a mechanism for increasing reliability. 

4.7 O-LSDC Performance Gain Comparison 

The third subplot shows the percentage performance increment of O-LSDC over 

the baseline scheme. This assumption is the reason for the better gains (up to ~11%) 
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at higher SNR values in the paper results whereas in our simulation we have only 

negative gains as we focus on throughput centric assumptions. In contrast, the latter 

emphasizes the need for assessing O-LSDC in realistic impairment dominated condi-

tions, where its advantages become evident. The performance improvements of O-

LSDC are scenario dependent with those advantages primarily becoming pronounced 

in reliability limited regimes. 

4.8 Reliability:  Target BER & SNR Gain. 

In the fourth subplot, O-LSDC performs SNR reductions as targeted considering 

the fixed target BER. In order to achieve target BER of 10⁻⁷, the paper claims an SNR 

gain of around 2.2 dB, while our anticipated values are lower but exhibit a similar 

behavior. The SNR gain increases to nearly 3 dB at more stringent reliability targets 

(10⁻⁹). Such a reduction can be associated with an inherent transmit power reduction 

of 30–50%, which is of paramount importance in the context of ultra-reliable low-

latency communication (URLLC) and energy-constrained 6G devices. O-LSDC is 

capable of robust transmission even when the SNR is extremely low. 

4.9 Scenario-Based Performance Comparison 

The fifth subplot compares the average spectral efficiency for different propagation 

scenarios. From the paper results, O-LSDC achieves the highest gains in THz indoor 

environments, up to 30%, followed by the urban micro and rural macro scenarios. 

This is again the same relative trend as in our simulation, but the values are lower in 

absolute value because we use simpler channel assumptions. O-LSDC performs espe-

cially well in THz and heavily disrupted propagation environments, where classical 

estimation fails. 

4.10 6G KPI Projections Comparison 

The last subplot is an overview of important 6G expectations such as maximum 

data rate, gain in capacity, and percentage of ideal capacity. The peak data rate gains, 

while small, are augmented by a considerable improvement in the share of capacity 

that can be achieved in scenarios where realistic signal processing and channel condi-

tions are in place, thereby confirming O-LSDC as a reliability-enabling technology 

rather than a throughput-oriented design. O-LSDC enhances practical efficiency to 

within 6 to 18% of theoretical limits, despite only limited gains in absolute capacity. 

5 Conclusion 

In this paper, a comprehensive evaluation of the O-LSDC principles with multi-

purpose massive MIMO scenarios oriented towards 6G wireless communications was 

presented emphasizing on reliable performance against realistic channel conditions. 

The study showcased both attainable gains and realistic limitations of learning-
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assisted channel estimation by comparing published benchmark results to results from 

an independently developed simulation framework. O-LSDC, it is found, provides 

moderate improvements in spectral efficiency, typically 10–15% in favorable cir-

cumstances. Although the absolute capacity values differ due to different system as-

sumptions and channel modeling, the trends confirm that O-LSDC is not a through-

put oriented extension. Ultimately however, its clear edge is in facilitating accurate 

channel estimations. While the spectral efficiency gains of O-LSDC are modest un-

der realistic 6G conditions, it achieves significant gains in terms of reliability, outage 

probability and power efficiency. These features impart O-LSDC attractive attributes 

for URLLC and THz-band applications, where the main design goal is not peak 

throughput rather it is robustness which is achieved by optimum combination of relia-

bility, latency and spectral efficiency. Even more importantly, O-LSDC realizes sig-

nificant reliability improvements, requiring 2–3 dB lower SNR than typical 

LS/MMSE-based methods to meet target bit error probabilities. This directly relates 

to lower transmit powers since the required SNR margin decreases, which in turn 

leads to more efficient and more robust transmission under channel impairments. In 

addition, outage probability analysis demonstrates that O-LSDC can yield up to one 

order of magnitude lower link outages as compared to the conventional techniques, 

especially in THz indoor and high-mobility scenarios where conventional techniques 

fail. In general, the results show that O-LSDC is reliability focused 6G enabler, ena-

bling applications including ultra-reliable low-latency communication, and mission 

critical services in challenging propagation environments. Future research directions 

include the adoption of standardized 6G channel models, enhancing generalizability 

via advanced learning architectures, and validation performance under practical 

hardware and deployment constraints. 

REFERNCES 

1 Marzetta, Thomas L. "Noncooperative cellular wireless with unlimited numbers of base 

station antennas." IEEE transactions on wireless communications 9.11 (2010): 3590-3600. 

. 

2 Larsson, E. G., Edfors, O., Tufvesson, F., & Marzetta, T. L. (2014). Massive MIMO for 

next generation wireless systems. IEEE communications magazine, 52(2), 186-195. 

. 

3 Akyildiz, I. F., Kak, A., & Nie, S. (2020). 6G and beyond: The future of wireless commu-

nications systems. IEEE access, 8, 133995-134030. 

. 

4 Rappaport, T. S., Xing, Y., Kanhere, O., Ju, S., Madanayake, A., Mandal, S., & Trichop-

oulos, G. C. (2019). Wireless communications and applications above 100 GHz: Opportu-

nities and challenges for 6G and beyond. IEEE access, 7, 78729-78757. 

. 

5 Park, J., Samarakoon, S., Shiri, H., Abdel-Aziz, M. K., Nishio, T., Elgabli, A., & Bennis, 

M. (2022). Extreme ultra-reliable and low-latency communication. Nature Electron-

ics, 5(3), 133-141. 

. 

6 Yin, H. P., Zhao, X. H., Yao, J. L., & Ren, H. P. (2023). Deep-learning-based channel es-

timation for chaotic wireless communication. IEEE Wireless Communications Let-

ters, 13(1), 143-147. 

. 

7 Mamillapally, K. C., & Dasari, R. K. (2025). Deep learning-based channel estimation and 

beamforming architecture for massive MIMO systems. Journal of The Institution of Engi-

neers (India): Series B, 106(4), 1117-1128. 

. 



 

 

     

8 Chen, H., Tan, W., Guo, J., & Yang, F. (2024). SCANet: A lightweight deep learning net-

work for massive MIMO CSI feedback based on spatial and channel attention mecha-

nism. Physical Communication, 67, 102516. 

. 

9 Sun, Z., & Yu, Y. (2021). Fast approximation for sparse coding with applications to object 

recognition. Sensors, 21(4), 1442. 

. 

10 Kalra, B., Sharma, M. M., & Jaiverdhan. (2025). A Comprehensive Review of Massive 

MIMO Systems: Key Technologies, Challenges, and Future Directions. IntechOpen. doi: 

10.5772/intechopen.1007750. 

. 

11 A. Pourkabirian, M. S. Kordafshari, A. Jindal and M. H. Anisi, "A Vision of 6G URLLC: 

Physical-Layer Technologies and Enablers," in IEEE Communications Standards Maga-

zine, vol. 8, no. 2, pp. 20-27, June 2024, doi: 10.1109/MCOMSTD.0003.2300018. 

. 

12 T. Tao, Y. Wang, D. Li, Y. Wan, P. Baracca and A. Wang, "6G Hyper Reliable and Low-

latency Communication – Requirement Analysis and Proof of Concept," 2023 IEEE 98th 

Vehicular Technology Conference (VTC2023-Fall), Hong Kong, Hong Kong, 2023, pp. 1-

5, doi: 10.1109/VTC2023-Fall60731.2023.10333792. 

. 

13 Oladimeji TT, Kumar P, Oyie NO. Propagation path loss prediction modelling in enclosed 

environments for 5G networks: A review. Heliyon. 2022 Nov 13;8(11):e11581. doi: 

10.1016/j.heliyon.2022.e11581. PMID: 36406713; PMCID: PMC9672330. 

. 

14 Poddar, Hitesh & Ju, Shihao & Shakya, Dipankar & Rappaport, T.S.. (2023). A Tutorial 

on NYUSIM: Sub-Terahertz and Millimeter-Wave Channel Simulator for 5G, 6G and Be-

yond. IEEE Communications Surveys & Tutorials. PP. 1-1. 

10.1109/COMST.2023.3344671. 

. 

15 G. S. Bhatia, Y. Corre, L. Thrybom and M. Di Renzo, "Analysis of 3GPP and Ray-Tracing 

Based Channel Model for 5G Industrial Network Planning," 2024 IEEE 100th Vehicular 

Technology Conference (VTC2024-Fall), Washington, DC, USA, 2024, pp. 1-7, doi: 

10.1109/VTC2024-Fall63153.2024.10757879. 

. 

 439Reliability Centric Performance Analysis of O-LSDC-Assisted …       

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.
        The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.

http://creativecommons.org/licenses/by-nc/4.0/

	Reliability Centric Performance Analysis of O-LSDC-Assisted Massive MIMO with Artificial Intelligence for 6G Networks



