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KEYWORDS ABSTRACT

DMA  Controller, ~ Memory The increasing integration of embedded systems into safety-critical and real-time
Integrity, Lightweight ECC, Error applications has intensified the need for reliable data transfer and memory control. Direct
Detection, Embedded Systems, Memory Access (DMA) controllers, being central to high-performance embedded
Verilog HDL, FPGA, architectures, often face challenges in ensuring data integrity during transfer operations.

Traditional DMA designs prioritize speed and resource efficiency but lack in-built
Low-Latency  Transfer, —Burst . . . . ,

mechanisms for detecting or correcting data corruption caused by transient faults, address
Mode, Hardware Efficiency mismatches, or soft errors. To address these limitations, this work proposes a compact, Error
Correction Code (ECC)-enabled DMA controller with embedded error detection and
correction features tailored for reliability-driven embedded systems. The proposed design
employs a 4-bit ECC scheme for every 8-bit data word, providing single-error correction and
double-error detection capabilities. The DMA controller supports both programmable single
and burst transfer modes, enabling flexible operation for diverse embedded applications. The
Verilog HDL implementation is optimized for hardware efficiency, minimizing logic
utilization while preserving data reliability. Real-time error detection is achieved through
on-the-fly ECC generation and verification during data transfers, eliminating the need for
post-transfer validation and ensuring immediate fault response. Comprehensive functional
verification were conducted to validate the design. The controller demonstrated low-latency
data transfers, requiring only two clock cycles for single transfers and five cycles for burst
transfers. Additionally, it achieved 100% error detection accuracy for erroneous address
accesses during testing.

L. INTRODUCTION critical for optimizing system performance. The

In modern embedded systems and increasing demand for high-speed communication,
high-performance computing platforms, efficient data coupled with the constraints on CPU resources, has
movement between memory and peripheral devices is made Direct Memory Access (DMA) controllers a

e
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cornerstone of embedded architecture. By offloading
repetitive memory transfer tasks from the CPU, DMA
controllers enable the processor to focus on
computational tasks, thus enhancing overall system
throughput.

However, as embedded systems evolve toward
more complex and safety-critical applications, such as
automotive control systems, aerospace avionics, and
medical devices, data integrity and fault tolerance have
emerged as paramount design requirements. Traditional
DMA designs prioritize raw throughput and resource
efficiency, often overlooking mechanisms for error
detection and recovery. In scenarios where memory
corruption or data transmission faults can lead to
this  trade-off

unacceptable. Hence, the design of a fault-tolerant,

catastrophic  failures, becomes
high-performance DMA controller becomes essential
for ensuring both system efficiency and reliability.

This work focuses on developing an 8-bit DMA
controller

controller integrated with a memory

featuring built-in error detection capabilities, which

balances performance, reliability,  and hardware
simplicity. The proposed design targets
resource-constrained embedded environments,

providing an alternative to complex, multi-channel
DMA architectures that may be unsuitable for such
systems due to high area and power overheads.

DMA

transferring data between memory and peripherals

controllers operate by autonomously
without continuous CPU intervention. They typically
support single transfer modes, where one byte or word
is moved per request, and burst transfer modes, where a
block of data is transferred in a single operation to
maximize throughput. In high-performance systems,
burst transfers are essential for minimizing latency and
maximizing memory bandwidth utilization.

Despite their utility, traditional DMA designs often
lack mechanisms for fault detection and correction,
relying on system software or higher-level protocols to
identify and handle memory errors. In contrast,
safety-critical systems require built-in reliability
mechanisms, such as parity checks, Error Detection
Codes (EDC), or Error Correction Codes (ECC), to detect
and correct memory faults on the fly. Integrating such
mechanisms directly into the DMA and memory

controller pipeline ensures that data corruption is
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minimized, even under transient fault conditions like
single-event upsets (SEUs) or voltage fluctuations.
Moreover, modern embedded systems face strict
resource constraints, including limited silicon area,
power budget, and memory resources. Sophisticated
DMA units found in contemporary System-on-Chip
(50C) designs typically include multiple channels,
advanced interrupt handling, and dynamic priority
schemes. While these features improve performance and
they

overhead, making them impractical for small-scale or

flexibility, significantly increase hardware
low-power embedded devices. Conversely, simple DMA
controllers may conserve resources but often cannot
support burst transfers or error detection, creating a gap
in the design space that this work addresses. The

proposed DMA controller is designed for 8-bit data

width systems and features the following key
components: DMA Engine - The core module
responsible for initiating and controlling
memory-to-peripheral ~ and  peripheral-to-memory

transfers. It supports single and burst transfer modes,
allowing flexibility in addressing diverse data transfer
patterns. Memory Controller with ECC - Integrated
with the DMA engine, this module implements a
compact Error Correction Code (ECC) mechanism,
providing real-time detection and correction of single-bit
errors and identification of multi-bit errors. The ECC
logic ensures data integrity during memory reads and
writes, ~significantly improving system reliability.
Control and Status Registers — These registers allow
configuration of transfer parameters, such as source and
destination addresses, transfer size, and mode selection,
while also providing flags for error detection and
completion interrupts. Arbitration Logic — In systems
with multiple potential memory masters, a lightweight
arbitration mechanism ensures that the DMA controller
can access

memory efficiently without

The

prioritizes modularity, low hardware overhead, and

causing

contention or delays. design methodology

verification-friendly  structure. Each module is
implemented in Verilog HDL, enabling synthesis for
FPGA and ASIC platforms. To balance simplicity with
fault tolerance, the ECC implementation is carefully
optimized to minimize additional logic while still
providing robust error coverage. The DMA controller is

designed to operate seamlessly with both synchronous




and asynchronous peripherals, further extending its
applicability in heterogeneous embedded environments.

2.LITERATURE REVIEW

Numerous research papers have enlightened the
designs for efficient DMA controllers and memory
interfaces, especially in the realm of FPGA-based
embedded systems. These works address issues such as
high-speed data-transfer, reliability, and minimum
resource requirements- these very goals are something
pursued in the present project. Chen et al. [1] proposed a
high-speed FPGA-based verification platform for
IPs,
complementary to this project’s Boolean Board usability
and LED-based observation. Harshitha et al. [2]
a NAND flash memory

concentrating on verification, stressing correctness even

interface stressing  real-time  validation,

implemented controller

when the design emphasis is on hardware
implementation.

Kabilan et al. [3] proposed a UVM DRAM controller
testbench, which is great for rigorous verification
strategies; this work, however, emphasizes simple and
hardware-efficient implementations, excluding formal
test environments.Kasai and Osana [4] implemented a
driver-based DMA from FPGA to GPU, while Gibson et
al. [5] demonstrated high throughput remote DMA over
SpaceFibre. Although targeting different platforms, the
emphasis in both works is on optimizing data transfers,
paralleled by this work’s 256 MB/s throughput on a very
limited-resource FPGA.

System-level reliability and efficiency have gained

attention. Lacchi et al. [6] integrated ECC in FPGA
designs against soft errors. Instead of addressing ECC in
this project, compact functionality is achieved with no
more than 120 LUTs and 98 FFs. Runze et al. [7]
underscored error resilience for processor-memory
systems and the importance of robust memory
interfaces.
Xu et al. [8] worked on PCle-based DMA with a
hardware software codesign. Keeping away from such
complexity, this work provides a lightweight, pure
Verilog DMA for embeddeduse. Offmann and Frohlich
[9] referred to adaptive energy management in real-time
systems-an approach that also permeates this design on
account of it being low power and embedded-friendly.

Dependent on the recent advances in dependability
and adaptability of DMA, Han et al. [10] considered

co-designs with a focus on security. Security is not
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addressed here but canbe considered later. Finally,
Santosh Kumar [11] presented an adaptive DMA for
multimedia workloads, which emphasized the need for a
low-overhead ~DMA-low
CPU-light application-specific design such as this.
3.EXISTING SYSTEM

Direct Memory Access (DMA) controllers are
embedded
systems
data

overhead, alongside a

widely used in  modern and

high-performance computing to facilitate

efficient =~ memory-to-peripheral transfers.
Traditional DMA architectures are designed primarily to
offload data movement tasks from the CPU, allowing the
processor to focus on computation-intensive operations.
In these systems, the CPU initiates a DMA request and
then continues executing other instructions, while the
DMA controller autonomously handles the transfer
This

mechanism significantly improves system throughput

between memory and peripheral devices.
and reduces latency associated with memory-intensive
operations. Conventional DMA controllers typically
support either single transfer or burst transfer modes,
with single transfer mode moving one data word per
request and burst mode transferring a block of
consecutive words in a single transaction. These designs
are highly optimized for throughput and area efficiency,
making them suitable for general-purpose embedded
systems and high-speed computing applications.

In traditional embedded systems, DMA controllers
are often implemented with a finite state machine (FSM)
that governs the initiation, execution, and completion of
data transfers. The FSM handles tasks such as request
acknowledgment, memory address incrementing, and
transfer completion signaling. Memory access arbitration
is generally minimal, assuming that the DMA controller
is the only or primary master accessing the memory bus.
In simpler designs, DMA controllers operate with a
single channel, which limits parallel transfer capability
but reduces hardware complexity. Some advanced DMA
architectures in modern SoCs incorporate multiple
channels, allowing simultaneous transfers to different
peripherals or memory regions. Multi-channel DMA also
typically includes advanced features such as dynamic
priority schemes, circular buffering, scatter-gather
operations, and programmable interrupt generation to
optimize performance and responsiveness. However,
these enhancements come at the cost of increased

hardware area, higher power consumption, and more




complex control logic, which can make them unsuitable
for low-power or resource-constrained embedded
platforms.

A major limitation of existing DMA systems is the
lack of built-in fault tolerance or error detection
mechanisms. In conventional designs, data integrity is
usually managed at higher software layers or through
peripheral-specific checks, such as checksums or CRCs.
While this approach reduces hardware complexity, it
leaves the system vulnerable to transient memory faults,
single-event upsets, or bus contention errors, which can
result in corrupted data being delivered to peripherals or
memory without immediate detection. Safety-critical
applications, such as automotive controllers, aerospace
avionics, and medical devices, cannot rely solely on
software-level error detection because errors can
propagate quickly and compromise system safety. In
these domains, even a single-bit error in a memory
transfer could lead to catastrophic consequences,
highlighting the inadequacy of conventional DMA
designs in meeting stringent reliability and integrity
requirements.

Existing DMA architectures also often assume fixed
transfer widths and lack flexibility in handling diverse
data transfer patterns. While some designs allow
configurable transfer sizes, they generally do not
incorporate real-time monitoring of memory integrity
during the transfer process. Consequently, designers
must either accept the risk of undetected errors or
implement additional hardware, such as external ECC
modules, which increases system complexity and power
usage. Moreover, software-based error detection and
correction introduces additional latency and increases
CPU workload, partially defeating the purpose of
offloading data transfers via DMA. These limitations are
particularly pronounced in small-scale embedded
systems, where silicon area, power budget, and memory
resources are constrained. Developers are often forced to
make trade-offs between throughput, reliability, and
hardware cost, leading to designs that either sacrifice
fault tolerance for performance or reduce performance to
maintain data integrity.

Another challenge in conventional DMA systems is
their handling of burst transfers in memory-constrained
environments. Burst mode allows the transfer of
multiple consecutive words in a single transaction,
bus utilization and

which maximizes improves
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throughput. However, most existing DMA controllers
do not include error detection mechanisms within the
burst transfer path, meaning that any error occurring
mid-transfer could corrupt an entire block of data.
Additionally, complex bus arbitration in multi-master
environments can introduce timing uncertainty, further
increasing the risk of data corruption during high-speed
transfers. While sophisticated SoCs may implement
techniques such as pipeline buffering, read-modify-write
operations, or dedicated ECC-protected memory blocks,
these solutions are not universally available in
resource-limited embedded systems, leaving a gap in
reliable, high-performance data transfer capability.

these DMA

controllers remain widely used due to their simplicity,

Despite limitations, traditional
efficiency, and proven performance in general-purpose
systems. They provide predictable latency for single or
burst transfers, occupy minimal silicon area, and are
straightforward to integrate with existing memory and
peripheral interfaces. However, the growing demand for
fault-tolerant systems in safety-critical domains has
highlighted their Without  built-in

mechanisms for error detection, correction, and fault

inadequacies.

reporting, conventional DMA designs are ill-suited for
applications requiring high reliability and integrity,
particularly in scenarios where CPU intervention is
limited or undesirable.

4. PROPOSED SYSTEM
embedded

computing systems, efficient and reliable data transfer

In  modern and high-performance
between memory and peripheral devices is crucial for

maintaining optimal system performance. Direct
Memory Access (DMA) controllers play a vital role in
this context by autonomously transferring data, thereby
minimizing CPU intervention and freeing the processor
to handle computational tasks. However, traditional
DMA designs often focus primarily on throughput and
resource efficiency, sacrificing fault tolerance in the
process. In safety-critical applications such as
automotive systems, aerospace avionics, and medical
devices, this trade-off is unacceptable, as even minor
memory corruption can lead to catastrophic outcomes.
To address this challenge, this work presents the design
and implementation of an 8-bit high-performance DMA
controller integrated with an Error Correction Code
(ECC) encoder and a syndrome-based error detection

and correction module. By embedding fault-tolerant




mechanisms directly into the data path, the proposed
system ensures data integrity while maintaining high
transfer efficiency, creating a compact and reliable
solution for resource-constrained embedded
environments.

The top-level module serves as the central integration
point, connecting the ECC encoder, DMA controller, and
syndrome checker. The ECC encoder generates parity
bits through XOR operations applied to the 8-bit input
data, producing a composite codeword capable of
single-error correction and double-error detection. These
codewords are transferred through the DMA controller
to memory, ensuring that any transient faults or
single-bit errors can be corrected in real time. The DMA
controller is implemented as a finite state machine (FSM)
that governs the transfer process. It begins in an IDLE
state, waiting for a DMA request signal. When a request
is detected, the

determines the appropriate transfer mode, either single

controller acknowledges it and
or burst. In single transfer mode, one 8-bit word is
written to memory at a time, whereas burst mode allows
multiple consecutive words to be written efficiently
under the control of an internal counter. By supporting
both transfer modes, the system can handle a wide range
of data sizes while minimizing CPU involvement and
maintaining low latency.

The entire design is implemented in Verilog Hardware
Description Language (HDL) with an emphasis on
modularity, resource efficiency, and synthesis readiness
for FPGA or ASIC platforms. The modular structure
allows the encoder, DMA controller, and syndrome
checker to be independently developed, tested, and
reused in other designs, simplifying verification and
future scalability. The FSM governing the DMA
controller efficiently handles request acknowledgment,
transfer mode selection, memory writing, and transfer
completion signaling, while the ECC logic is embedded
directly into the data path, providing on-the-fly error
correction.A comprehensive testbench validates the
system across multiple scenarios, including single and
burst transfers, fault injection of single- and double-bit
errors, and stress testing under consecutive DMA
requests. Simulation results demonstrate that the
controller reliably maintains data integrity, corrects
single-bit errors, detects multi-bit faults, and manages

high-throughput transfers without CPU involvement.
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Figure 1: Flow chart of the DMA controller operation
Real-time error detection and correction are facilitated
by the syndrome module and associated correction logic.
When a codeword is read from memory, the syndrome
generator recomputes parity based on the received data
and compares it with the stored parity bits. Any
discrepancies produce a syndrome vector that identifies
the location of erroneous bits. For single-bit errors, the
system automatically inverts the affected bit to restore

data integrity, while double-bit errors are flagged for




higher-level handling. This approach enables seamless
correction of common memory errors without requiring
additional CPU

intervention. After error correction, the DMA controller

post-transfer validation steps or
may trigger a memory read operation, which serves to
verify the stored data or prepare it for subsequent
pipeline stages. Once the memory operation is complete,
the controller transitions back to the IDLE state, ready to
process the next DMA request. This FSM-based
approach ensures deterministic behavior, efficient bus
utilization, and minimal system latency while
maintaining robust fault-tolerant capabilities.

The system is organized around a top-level module
that acts as the central integration point, connecting
three critical components:

ECC Encoder — Generates error-corrected codewords by
computing parity bits through XOR operations across
input data.

DMA Controller — Manages data transfer requests and
orchestrates memory operations, supporting both single
and burst transfer modes.

Syndrome Checker and Correction Logic — Detects and
corrects errors in real time by analyzing parity
discrepancies.

This modular approach allows for scalable design: each
component can be independently modified or optimized
functionality. The

integration of error correction directly into the DMA

without affecting the overall
pipeline ensures that data integrity is maintained
during transfers, eliminating the need for post-transfer
validation.

The ECC encoder is designed to generate composite
codewords by appending parity bits to the original 8-bit
input data. The parity bits are calculated using XOR
operations across selected subsets of the data bits,
forming a structured code that supports SECDED. This
configuration enables the system to:

Correct single-bit errors in real time, ensuring reliable
data delivery.
Detect double-bit
mechanism for faults beyond the correction capability.

errors, providing a warning
During transfer, the DMA controller moves these
ECC-protected codewords to memory. When a read
operation occurs, the syndrome module recalculates
parity and compares it to the received parity bits. Any
discrepancy generates a syndrome vector, which

indicates the position of erroneous bits. The top module

562

e
International Journal for Modern Trends in Science and Technology

then inverts the specific bit if a single error is detected,

enabling  on-the-fly error correction without
interrupting system operation.

The DMA controller is implemented as a finite state
machine (FSM) to efficiently manage data transfers. Its
operation can be described through the following states:

e IDLE - The controller waits for a DMA request
signal from the CPU or peripheral.

e REQUEST ACKNOWLEDGMENT - Upon
detecting a request, the controller acknowledges
it and determines the appropriate transfer mode
(single or burst).

e TRANSFER MODE CHECK - The controller
verifies whether the current transfer should
occur as a single-word write or a multi-word
burst.

e MEMORY WRITE - The DMA writes data to
memory: Single transfer mode moves one 8-bit
codeword per request. Burst transfer mode uses
a counter to perform multiple consecutive writes
efficiently, reducing bus contention and

minimizing CPU involvement.

e ECC CHECK/MEMORY READ - After writing
data, the controller may trigger a memory read
to verify correct storage or prepare data for the
next pipeline stage, simultaneously checking for
errors.

e TRANSFER COMPLETION / RETURN TO
IDLE - Once the memory operation is complete,
the controller signals transfer completion and
returns to the IDLE state, ready for the next
request.

This FSM-based

operation while providing robust support for diverse

approach ensures low-latency

transfer sizes and patterns. By embedding error
correction directly into the data path, the controller
data additional
post-transfer checks, reducing overall system latency.

maintains integrity = without
The syndrome generator plays a central role in
real-time error detection. During a memory read, the
module computes a syndrome vector by comparing
recalculated parity with received parity bits. The

resulting syndrome indicates:
e No error — If the syndrome vector is all zeros, no

correction is required.




e Single-bit error - The syndrome points to the
exact bit position, which is then inverted to
correct the data.

e Double-bit error — The syndrome signals an
uncorrectable error, triggering an error flag for
system-level handling.

By integrating the correction logic within the top
module, the system provides fault-tolerant transfers
transparently to the CPU, eliminating the need for
software-based error handling. This architecture is
particularly valuable in embedded systems where CPU
cycles are limited, and reliable data transfer is critical.
The entire system is implemented in Verilog Hardware
Description Language (HDL) with an emphasis on
modularity and resource efficiency. Key implementation
highlights include:

e Modular Design — Encoder, DMA FSM, and
syndrome checker are separate modules with

defined
verification and potential reuse.
e FSM-based DMA Control - The finite state

machine

clearly interfaces, = simplifying

efficiently manages all transfer
operations, ensuring deterministic timing and
low latency.

e Embedded Error Correction — ECC logic is
directly integrated into the DMA data path,
enabling seamless fault detection and correction
during memory operations.

e Scalability — Though designed for 8-bit data
paths, the architecture can be extended to wider
data buses or multi-channel DMA systems with
minimal modifications.

The Verilog implementation supports simulation for
functional correctness, synthesis for FPGA or ASIC
deployment, and integration into larger embedded
systems.

A comprehensive testbench is used to validate the
design under multiple scenarios:

e Single and burst transfers with varying data
patterns.

e Injection of single-bit and double-bit errors to
verify ECC correction and detection.

e Stress testing under consecutive DMA requests
to ensure stability under high throughput.

e Verification of FSM transitions, including proper
acknowledgment, transfer completion, and error

signaling.
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Simulation results confirm that the system maintains
data integrity during all transfer operations, efficiently
corrects single-bit errors, and reliably flags multi-bit
faults.
5. RESULTS& DISCUSSION

The results section presents the outcomes obtained
from the simulation and synthesis of the proposed VLSI
design. Various analyses such as simulation verification,
RTL schematic generation, and performance estimation
were carried out using the design tools. These results
help in evaluating the correctness and efficiency of the
proposed system. The parameters analyzed include
functional simulation, internal architecture through RTL
schematic, power consumption, delay performance, and
area utilization. These metrics are important for
understanding the overall performance and feasibility of

the designed circuit.

5.1 Simulation Result

Figure 2: Simulation Result

The simulation result (Figure 1) verifies the functional
correctness of the proposed system. From the simulation
waveform, it can be observed that the circuit operates
according to the designed logic. The system is able to
detect errors and perform the required correction
process successfully. The simulation confirms that the
design behaves correctly under different input
conditions and validates the functionality of the
proposed architecture.

5.2 RTL Schematic

o & A ®

U —
Figure 3: RTL Schematic
The RTL (Register Transfer Level) schematic (Figure

3)represents the internal architecture of the designed




system. It shows how the different modules and logic
blocks are interconnected to perform the required
operations. The RTL view helps in understanding the
data flow between registers and combinational logic
elements in the circuit. This schematic confirms that the
design structure is properly synthesized from the HDL
code and correctly represents the proposed system
architecture.

5.3 Estimation of Power

Figure 4: Estimation of power

The power estimation report provides information
about the total power consumed by the designed circuit.
According to the results, the power consumption of the
system is 10.948 mW. This value indicates that the
proposed design consumes relatively low power, which
is an important requirement for efficient VLSI systems.
Lower power consumption helps in improving energy
efficiency and reducing heat generation in integrated
circuits.

5.4 Estimation of Delay

s N E®E

Figure 5: Estimation of Delay

The delay estimation report shows the time taken by
the circuit to process the input and produce the output.
The delay observed in the system is 12.156 ns. This delay

represents the propagation time through the logic gates
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and modules of the design. A lower delay indicates
faster circuit operation and better performance. The

obtained delay value demonstrates that the proposed

design achieves efficient timing performance.

Ht mm e» @& ew A @

Figure 6: Estimation of Area

The area estimation report represents the hardware
resources utilized by the circuit during synthesis. The
reported area of the circuit is 85 units. Area optimization
is important in VLSI design because it determines the
number of logic elements required to implement the
circuit. The obtained area indicates that the design uses a
reasonable amount of hardware resources, making it
suitable for practical implementation
5. CONCLUSIONS

This work successfully demonstrates the design and
implementation of a compact, ECC-enabled DMA
controller tailored for embedded systems requiring
reliable and efficient data transfer. By integrating error
detection and correction mechanisms directly into the
DMA data path, the design effectively ensures data
integrity without sacrificing transfer speed or hardware
efficiency. The modular architecture, comprising an
encoder, syndrome checker, and an FSM-driven DMA
controller, supports both single and burst transfer
modes, making it flexible for various application needs.
The Verilog HDL implementation and comprehensive
verification confirm the controller's ability to manage
data transfers autonomously while detecting and
correcting transient errors in real-time. This eliminates
the need for costly post-transfer error checks, which is
critical for and resource-constrained
embedded Overall, this

provides a balanced solution that enhances reliability

safety-critical
environments. approach
and performance, making it well-suited for integration
into modern embedded platforms in automotive,

aerospace, and medical domains.




Enhancement is the integration of configurable burst
lengths and dynamic transfer modes, which would
allow the DMA to adapt to varying system performance
requirements. Implementation of low-power techniques
also make the suitable for

could design more

battery-powered embedded devices. Furthermore,
adding interrupt-driven and priority-based transfer
scheduling can make the DMA controller more
intelligent and responsive in complex System-on-Chip
(SoC) architectures. Finally, integration with real-time
logging
predictive fault detection and further increase reliability

monitoring and systems could enable

in critical applications.
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