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Abstract: As modern computing systems grow increasingly complex and operate under harsh
conditions, the reliability and resilience of memory components become critical factors affecting
overall system performance and longevity. Traditional memory architectures often lack the
capability to autonomously detect and correct faults in real time, leading to data corruption, system
failures, and reduced operational efficiency. This paper presents a novel design framework for real-
time self-repairing memory systems that are inherently adaptive and fault-tolerant, capable of
dynamically identifying, isolating, and repairing faults during runtime without interrupting system
operation. The proposed architecture integrates built-in self-test (BIST) modules, adaptive error
correction codes (ECC), and reconfigurable memory blocks, forming a synergistic system that
continuously monitors memory integrity and adjusts repair strategies based on fault patterns and
severity. The memory controller leverages machine learning algorithms to predict fault
occurrences and proactively reconfigure memory cells, improving fault coverage while
minimizing performance overhead. This approach ensures sustained data integrity and system
availability even under high fault rates caused by aging, radiation, or manufacturing defects.
Comprehensive simulations and hardware-in-the-loop experiments on FPGA prototypes
demonstrate that the self-repairing memory design achieves fault detection latencies below 10
microseconds and repair times under 50 microseconds, outperforming conventional ECC-only
solutions. The adaptive mechanism reduces uncorrectable error rates by over 60% in high-noise
environments, while maintaining throughput degradation below 5%. Furthermore, the system
scales effectively with increased memory sizes and diverse fault models, showcasing versatility
for applications ranging from embedded systems to large-scale data centers.

Keywords:
Self-repairing memory, fault tolerance, adaptive memory systems, real-time fault detection, error
correction codes, resilient architectures

1. Introduction

The continuous evolution of computing systems towards higher performance, miniaturization, and
deployment in adverse operational environments has amplified the critical importance of memory
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reliability and fault tolerance. Memory units, as fundamental components of any computational
architecture, are increasingly susceptible to faults induced by process variation, aging effects,
electromagnetic interference, and transient phenomena such as cosmic radiation. These faults not
only degrade data integrity but can precipitate system-wide failures, severely compromising the
dependability of applications ranging from embedded systems and mobile devices to large-scale
data centers and aerospace systems. Consequently, designing memory architectures capable of
autonomously detecting, diagnosing, and repairing faults in real time has emerged as a pivotal
research challenge.

Traditional error correction codes (ECC) and built-in self-test (BIST) mechanisms, though widely
deployed, primarily focus on fault detection and correction within constrained error models and
static environments. These approaches often lack the agility to adapt dynamically to evolving fault
patterns or complex fault scenarios such as multiple-bit upsets, wear-out-induced defects, and
permanent hard faults. Furthermore, their reliance on fixed repair strategies limits their
effectiveness in maintaining data integrity over prolonged operational periods, especially under
increasing fault rates driven by device scaling and harsh operational conditions.

In this context, real-time self-repairing memory systems that integrate adaptive fault tolerance
mechanisms represent a paradigm shift. By combining continuous fault monitoring, machine
learning-based predictive maintenance, and dynamic memory reconfiguration, such systems
promise sustained reliability and operational continuity without incurring significant performance
penalties. This paper proposes a novel architecture that leverages these principles to realize fault-
resilient memory capable of real-time self-repair. Through comprehensive design and
experimental validation, we demonstrate that our approach not only mitigates the impact of
transient and permanent faults but also enhances the system’s capacity to proactively manage
faults, thereby setting new standards in memory reliability and resilience.

2. Literature Review

The quest for resilient memory architectures has motivated extensive research spanning several
decades. Early works, such as those by Wilcox and Seifert (1992), established foundational error
correction techniques including Hamming codes and Bose—Chaudhuri—-Hocquenghem (BCH)
codes, which remain integral to modern memory protection schemes. These methods efficiently
detect and correct single or multiple-bit errors but often fall short in scenarios involving burst
errors or complex fault patterns prevalent in advanced memory technologies (Johnson et al., 2010).
Moreover, static ECC implementations cannot adapt to dynamically changing fault environments,
limiting their long-term effectiveness.

Built-in self-test (BIST) frameworks have complemented ECC by providing on-demand fault
detection capabilities (Cheng et al., 2007). However, traditional BIST techniques require halting
normal operation during testing, posing challenges for real-time applications demanding
uninterrupted service. Recent advancements in online testing methodologies, as discussed by
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Chakraborty et al. (2015), seek to integrate continuous fault monitoring without disrupting system
functionality, but these approaches often increase design complexity and area overhead.

Adaptive fault tolerance strategies have emerged to overcome these limitations by enabling
memory systems to respond dynamically to fault conditions. Sahoo et al. (2018) introduced
reconfigurable memory blocks that isolate faulty cells and remap data to healthy regions,
demonstrating improved fault coverage and extended memory lifespan. Additionally, predictive
fault management using machine learning algorithms, as explored by Kwon et al. (2020), allows
anticipatory adjustments based on fault trend analysis, significantly reducing failure rates in
SRAM and DRAM modules.

More recently, hybrid architectures combining adaptive ECC, BIST, and predictive maintenance
have been proposed to achieve holistic fault resilience. For example, the work by Lee et al. (2022)
integrates neural network-based prediction with dynamic ECC adjustment, achieving real-time
fault mitigation in radiation-prone environments. Nonetheless, challenges remain in balancing
fault coverage, latency, and resource utilization, particularly as memory densities increase and
fault modalities diversify. This paper contributes to this evolving field by presenting a real-time
self-repairing memory design that synergizes adaptive error correction, continuous fault detection,
and machine learning-driven fault prediction within a unified framework. Our approach addresses
gaps identified in previous literature by providing a scalable, low-latency solution capable of
sustaining high reliability under diverse fault conditions, thereby advancing the frontier of fault-
tolerant memory systems.

3. Methodology

This section details the design and evaluation framework developed to realize real-time self-
repairing memory systems exhibiting adaptive fault tolerance. Our methodology integrates
architectural design, fault modeling, adaptive algorithms, and experimental validation to ensure
comprehensive assessment of performance and reliability.

3.1 Architectural Design

The proposed memory architecture comprises three principal components: (1) an embedded Built-
In Self-Test (BIST) engine for continuous fault detection, (2) an adaptive Error Correction Code
(ECC) module capable of dynamic configuration, and (3) a reconfigurable memory array
supporting fine-grained cell remapping. The BIST unit executes online tests interleaved with
normal memory operations, exploiting idle cycles to detect transient and permanent faults without
service disruption.

The ECC module employs a suite of codes including single-error correction double-error detection
(SECDED) and Bose—Chaudhuri—-Hocquenghem (BCH) codes, dynamically selected based on
fault severity and spatial distribution. The controller dynamically adjusts ECC strength leveraging
real-time fault statistics to optimize the trade-off between correction capability and latency
overhead.
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The reconfigurable memory array incorporates redundant rows and columns and supports
remapping faulty cells via address translation logic. Fault isolation is performed by the controller
using data from the BIST and ECC modules, enabling selective deactivation and reassignment
without halting the memory system.

3.2 Fault Modeling and Injection

To emulate realistic fault scenarios, we modeled multiple fault types including single-bit upsets
(SBUs), multi-bit upsets (MBUSs), and permanent stuck-at faults. Fault injection was conducted at
runtime using a fault emulator integrated within the memory controller. The fault injection patterns
simulated varying fault densities from 1077 to 10~ faults per bit per hour, covering scenarios
relevant to both terrestrial and spaceborne applications.

3.3 Adaptive Algorithm

A lightweight machine learning model based on online reinforcement learning was embedded
within the memory controller. The model utilizes input features such as fault frequency, fault
location, and error correction metrics to predict imminent fault occurrences. Based on these
predictions, the system proactively adjusts ECC parameters and triggers reconfiguration routines
to mitigate fault impact preemptively.

3.4 Experimental Setup and Metrics

The architecture was implemented on a Xilinx UltraScale+ FPGA platform interfaced with DDR4
memory modules. Performance metrics including fault detection latency, repair latency, error
correction success rate, throughput, and power consumption were measured. Comparative
analyses against a baseline memory system with fixed ECC and no reconfiguration were conducted
under identical workload and fault conditions.

4. Results and Analysis
4.1 Fault Detection and Repair Latency

Figure 1 illustrates the cumulative distribution of fault detection latency for the proposed system
compared to the baseline. The real-time self-repairing design achieves a median detection latency
below 10 microseconds, significantly outperforming the baseline’s 50-microsecond median.

Table 1 quantifies the repair latency, defined as the time from fault detection to successful
reconfiguration or correction. The system consistently repairs faults within 50 microseconds,
ensuring minimal impact on memory availability.

Metric Proposed System Baseline System
Median Detection Latency 9.8 us 52.3 us
Median Repair Latency 47.6 us N/A

Table 1. Fault detection and repair latency comparison.
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4.2 Error Correction and Fault Coverage

The adaptive ECC dynamically adjusted its correction capability based on fault patterns, leading
to a 62% reduction in uncorrectable error rates compared to the baseline fixed ECC (Figure 2).
This improvement was especially pronounced in high fault-density scenarios (>10~° faults per bit
per hour).

4.3 Throughput and Performance Overhead

Despite increased fault tolerance mechanisms, throughput degradation was maintained below 5%
across all tested workloads (Table 2), demonstrating the system’s efficiency in balancing reliability
and performance.

Workload Type | Baseline Proposed System | Throughput
Throughput (MB/s) | Throughput (MB/s) Degradation (%)

Synthetic 3200 3060 4.4

Read/Write

Real-time Video | 2800 2700 3.6

Random Access | 2500 2380 4.8

Table 2. Throughput under different workloads.
4.4 Power Consumption

Power analysis showed a marginal increase (approx. 7%) in dynamic power due to continuous
fault monitoring and adaptive ECC operations. However, this was offset by the extended system
lifespan and reduced error-induced failures.

Summary:

The proposed real-time self-repairing memory system exhibits superior fault detection speed,
adaptive error correction, and efficient fault repair, all while maintaining high throughput and
manageable power overhead. These results validate the architecture’s effectiveness for deployment
in fault-sensitive environments.

5. Discussion

The results obtained from the experimental evaluation clearly demonstrate the efficacy of the
proposed real-time self-repairing memory architecture in enhancing fault tolerance while
minimizing performance degradation. The dramatic reduction in fault detection latency, with
median times under 10 microseconds, represents a substantial improvement over traditional fault
detection mechanisms, which typically operate at longer intervals or require system halts. This
near-instantaneous fault detection capability is critical for systems operating in environments
characterized by high fault rates, such as aerospace or nuclear applications, where prompt reaction
to errors can prevent catastrophic failures.
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The integration of adaptive ECC schemes that dynamically tune error correction strength based on
real-time fault statistics is a significant advancement. The 62% reduction in uncorrectable error
rates across varying fault densities underscores the system’s ability to maintain data integrity under
both transient and permanent fault conditions. Such adaptivity ensures that the memory system is
neither overburdened by unnecessary correction overhead in low fault scenarios nor vulnerable
during periods of increased fault activity. This flexibility surpasses static ECC implementations,
which often represent a fixed trade-off between correction power and performance penalty.

Throughput measurements indicate that these reliability enhancements come at minimal
performance cost, with throughput degradation consistently below 5%. This finding is particularly
noteworthy because it demonstrates that robust fault management need not significantly impair
memory bandwidth, a common concern in fault-tolerant designs. The results confirm that the
architectural optimizations, including interleaved BIST operations and efficient fault isolation,
effectively mitigate potential bottlenecks. The observed power overhead of approximately 7% is a
reasonable trade-off given the substantial gains in system reliability and lifespan. Continuous fault
monitoring and adaptive correction inherently consume more power, but this increase is mitigated
by the reduction in error-induced reboots and data retransmissions, which themselves contribute
to system energy waste.

6. Conclusion

This work presents a novel real-time self-repairing memory architecture that integrates adaptive
fault tolerance with dynamic fault detection and repair mechanisms. By combining continuous
built-in self-test capabilities, flexible error correction codes, and reconfigurable memory arrays,
the system demonstrates significant improvements in fault detection latency, error correction
effectiveness, and repair speed compared to traditional memory architectures. Experimental
evaluation reveals that the proposed design achieves median fault detection times below 10
microseconds and repair times under 50 microseconds, enabling rapid response to faults without
disrupting normal memory operations. Adaptive ECC tuning reduces uncorrectable error rates by
over 60%, while throughput degradation remains below 5%, showcasing the architecture’s ability
to maintain high performance alongside enhanced reliability. Although there is a modest increase
in power consumption, the trade-off is justified by extended system longevity and reduced failure
rates. The approach is scalable across different memory sizes and fault densities, making it
applicable for a wide range of domains, from embedded systems to high-performance computing
and aerospace applications. Future research directions include integration with predictive
maintenance algorithms employing more sophisticated machine learning models, exploration of
hardware-software co-design for improved fault management, and validation on emerging non-
volatile memory technologies.
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