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Abstract—The multiply—accumulate (MAC) unit is a
fundamental computational block widely used in digital
signal processing (DSP), artificial neural networks (ANNSs),
and modern high-performance computing systems. The
efficiency of these systems heavily depends on the speed,
area, and power consumption of the MAC unit.
Conventional MAC architectures typically implement
multiplication and accumulation as separate operations,
which introduces additional delay due to intermediate
additions and carry propagation, thereby affecting overall
system performance.This work presents a high-performance
MAC unit by integrating addition and accumulation operations
directly into the partial product reduction process. By embedding
accumulation within the multiplication stage, the proposed
architecture reduces redundant operations and shortens the
critical path delay. The design utilizes optimized techniques such
as modified Booth encoding, efficient partial product generation,
and advanced reduction strategies to enhance computational
efficiency.Furthermore, the proposed approach minimizes
hardware complexity and power consumption by reducing the
number of accumulation stages and eliminating unnecessary
correction terms during partial product reduction in delay, area,
and power metrics compared to conventional
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I. INTRODUCTION

The rapid advancement of digital systems, particularly in
areas such as digital signal processing (DSP), artificial
intelligence, and machine learning, has significantly increased
the demand for high-performance arithmetic units. Among
these, the multiply—accumulate (MAC) unit plays a crucial
role, as it forms the computational backbone of many
applications including filtering, image processing, and neural
network operations. In modern architectures such as
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convolutional neural networks (CNNs), a large portion of
computation time is dominated by repeated MAC operations,
making their optimization essential for improving overall
system performance.

Conventional MAC unit designs typically perform
multiplication and accumulation as two separate sequential
operations. The multiplication stage generates partial products,
which are then summed using adders before being
accumulated. This separation introduces additional delay due
to carry propagation and intermediate storage, resulting in
increased latency, higher power consumption, and larger
silicon area. As system complexity grows, these limitations
become more significant, particularly in real-time and low-
power applications.

To address these challenges, recent research has focused
on optimizing the internal structure of MAC units, especially
the partial product generation and reduction stages.
Techniques such as modified Booth encoding, carry-save
adders, and Vedic multiplication methods have been explored
to improve speed and efficiency. However, many existing
approaches still treat addition and accumulation as separate
processes, leaving room for further optimization.

In this work, a high-performance MAC unit is proposed by
integrating addition and accumulation directly into the partial
product reduction process. By fusing these operations, the
design reduces redundant computations and minimizes the
critical path delay. The proposed architecture also aims to
improve area and power efficiency while maintaining high
computational throughput. The design is implemented using
hardware description language (Verilog HDL) and evaluated
through simulation and synthesis to demonstrate its
effectiveness over conventional approaches.

II. REVIEW LITERATURE SURVEY

The design of high-performance multiply—
accumulate (MAC) units has been an active area of
research due to their critical role in digital signal
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processing (DSP) and neural network applications.
Various architectures and optimization techniques
have been proposed to enhance speed, reduce power
consumption, and minimize hardware complexity.

Several researchers have explored neural network
hardware acceleration using configurable
architectures. A CORDIC-based reconfigurable neuron
design was proposed to support both MAC operations
and activation functions within a single hardware
block, improving flexibility and resource utilization.
However, such designs often involve increased
structural complexity.

Multiplier design plays a significant role in MAC
unit  performance. Modified Booth encoding
techniques have been widely adopted to reduce the
number of partial products, thereby improving
multiplication speed. Advanced radix-4 and higher
radix Booth encoders further enhance performance by
minimizing computational steps. However, these
approaches introduce additional encoding logic, which
may increase area overhead.

Vedic multiplication techniques, particularly the
UrdhvaTiryagbhyam method, have gained attention
due to their parallelism and reduced delay
characteristics. Researchers have demonstrated that
Vedic multipliers outperform conventional array
multipliers in terms of speed, making them suitable for
high-speed MAC units. Nevertheless, their efficiency
depends on the effectiveness of the associated adder
circuits.

Adder architectures also significantly impact MAC
performance. The Square Root Carry Select Adder
(SQRT-CSLA) has been proposed as a faster
alternative to ripple carry adders, offering reduced
delay with moderate area increase. Binary-to-Excess-1
Converter (BEC)-based CSLAs further optimize area
while maintaining speed advantages.

In addition, redundant binary (RB) and carry-save
techniques have been used to improve partial product
reduction. Recent studies introduced modified partial
product generators that eliminate extra correction
terms and reduce accumulation stages, leading to
improvements in delay, area, and power consumption .
These approaches highlight the importance of
optimizing the reduction stage for overall MAC
efficiency.

Furthermore,  fused  add-multiply  (FAM)
architectures have been proposed to combine addition
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and multiplication into a single data path. By
eliminating intermediate addition stages, these designs
reduce critical path delay and improve computational
efficiency. However, their implementation complexity
and hardware overhead remain challenges.

Despite these advancements, most existing MAC
architectures still treat multiplication and accumulation
as separate operations. This separation leads to
increased latency and redundant computations.
Therefore, there is a need for a more integrated
approach that combines addition and accumulation
within the partial product reduction process.

The proposed work addresses these limitations by
introducing a high-performance MAC unit that
integrates additions and accumulations directly into
the partial product reduction stage. This approach aims
to reduce delay, minimize hardware complexity, and
improve overall system efficiency.

III. RESEARCH METHODOLOGY

This research follows a structured and analytical
methodology to design a high-performance multiply—
accumulate (MAC) unit by integrating addition and
accumulation operations into the partial product
reduction process. The study begins with an in-depth
investigation of conventional MAC architectures used
in digital signal processing (DSP) and neural network
accelerators. Existing designs typically rely on
separate stages for multiplication and accumulation,
where partial products are generated, summed using
multi-stage adders, and then accumulated. Although
widely used, these architectures suffer from increased
latency due to carry propagation, higher power
consumption, and larger silicon area requirements .
This initial analysis helps identify the critical
bottlenecks in the multiplication and accumulation
pipeline.

Based on the limitations identified, the proposed
methodology introduces a novel architectural approach
that combines addition and accumulation directly
within the partial product reduction stage. Instead of
performing accumulation after the multiplication
process, the accumulation operation is embedded into
the reduction tree, enabling simultaneous execution of
multiplication and accumulation. This fusion reduces
redundant intermediate additions and eliminates the
need for separate  accumulation  hardware.
Additionally, optimized encoding techniques such as
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Modified Booth encoding are considered to reduce the
number of partial products, thereby decreasing
computational complexity and improving speed.

To further enhance performance, efficient partial
product reduction techniques are employed. Carry-
save and redundant binary representations are explored
to minimize carry propagation delays during
intermediate stages. By reducing the number of
accumulation levels and eliminating unnecessary
correction terms, the proposed method achieves a
shorter critical path and improved throughput. The
architecture is also designed to support pipelining,
allowing multiple operations to be processed
concurrently, which significantly increases the
processing speed in real-time applications.

The implementation phase involves modeling the
proposed MAC unit using Verilog HDL. The design is
divided into modular components, including partial
product generation, reduction logic, and integrated
accumulation blocks. Each module is individually
tested and verified to ensure correctness before
system-level integration. Functional simulation 1is
carried out using tools such as ModelSim, while
synthesis and performance analysis are performed
using platforms like Xilinx or Synopsys Design
Compiler. Timing analysis, area utilization, and power
estimation are obtained to evaluate the effectiveness of
the design.

To wvalidate the proposed methodology, a
comparative analysis is conducted against existing
MAC architectures. Key performance metrics such as
propagation delay, power consumption, area
utilization, and power-delay product (PDP) are
measured. The results demonstrate that the integration
of addition and accumulation into the partial product
reduction process significantly reduces delay and
improves efficiency. Furthermore, the reduction in
hardware complexity contributes to lower power
consumption and optimized area usage.

Overall, this  methodology  provides a
comprehensive framework for designing high-speed
and energy-efficient MAC units. By focusing on
architectural  optimization, efficient arithmetic
techniques, and hardware-level implementation, the
proposed approach addresses the limitations of
traditional designs and offers a scalable solution
suitable for advanced DSP systems, neural network
accelerators, and VLSI applications.
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IV. EXISTING SYSTEM

The existing multiply-accumulate (MAC) unit
architectures are primarily designed using a combination of
conventional multipliers and adders, where multiplication and
accumulation are performed as two distinct operations. In a
typical design, the multiplication process is carried out first
using techniques such as array multipliers or Modified Booth
multipliers, followed by the addition of the product to an
accumulator using carry-propagate adders. This sequential
execution increases the overall computation time, as each
stage depends on the completion of the previous one.

In these systems, partial products are generated based on
the multiplier bits and then summed using multi-stage adder
structures such as ripple carry adders, carry look-ahead adders,
or carry save adders. Although carry save techniques help
reduce intermediate carry propagation delay, the final addition
stage still introduces significant latency. Furthermore,
Modified Booth encoding is often used to reduce the number
of partial products, but it requires additional encoding and
correction logic, which increases design complexity.

Another limitation of the existing MAC units is the
presence of multiple accumulation stages. After partial
product reduction, the result must pass through a final adder
before being accumulated, leading to increased critical path
delay. In many designs, error correction terms are also
introduced during partial product generation and reduction,
which further increases the number of computation stages and
hardware resources . As a result, the system consumes more
power and occupies larger silicon area.

Additionally, conventional architectures do not
efficiently utilize parallelism between multiplication and
accumulation operations. Since accumulation is performed
only after multiplication is completed, the opportunity for
overlapping computations is lost. This limitation becomes
more critical in high-speed applications such as digital signal
processing and neural network implementations, where a large
number of MAC operations are required continuously.

Overall, while existing MAC architectures provide
acceptable performance for basic applications, they suffer
from key drawbacks including high delay, increased power
consumption, larger area, and inefficient utilization of
computational resources. These limitations highlight the need
for an improved architecture that integrates addition and
accumulation within the multiplication process to achieve
better performance and efficiency.

V. PROPOSED METHODOLOGY
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The proposed system presents a high-performance
multiply—accumulate (MAC) unit that integrates addition
and accumulation operations directly into the partial
product reduction process. Unlike conventional
architectures where multiplication and accumulation are
performed sequentially, the proposed design fuses these
operations into a unified computation flow. This
integration significantly reduces redundant intermediate
steps and minimizes the overall computation delay.

In the proposed architecture, partial products are
generated using an optimized encoding technique such
as Modified Booth encoding or efficient multiplier
structures. Instead of summing these partial products
separately and then passing the result to an accumulator,
the accumulation process is embedded within the
reduction tree itself. This means that the intermediate
sums generated during partial product reduction are
directly combined with the accumulated value,
eliminating the need for a separate accumulation stage.

A key feature of the proposed system is the use of
an optimized partial product reduction technique that
reduces the number of accumulation levels. By
eliminating extra correction terms and merging them
within the reduction process, the design decreases both
the hardware complexity and critical path delay
Additionally, carry-save or redundant arithmetic
techniques are employed to reduce carry propagation
delays during intermediate stages, further improving
speed.

To enhance performance, the architecture supports
pipelining, allowing multiple MAC operations to be
processed simultaneously at different stages. This
increases throughput and makes the system suitable for
high-speed applications such as DSP and neural network
accelerators. The design also focuses on power and area
efficiency by reducing the number of logic gates and
avoiding unnecessary intermediate storage elements.

The proposed MAC unit is implemented using
Verilog HDL and verified through simulation and
synthesis. The modular design approach ensures
flexibility and scalability for different word lengths and
applications. Performance evaluation shows that the
proposed system achieves reduced delay, lower power
consumption, and improved area utilization compared to
conventional MAC architectures.
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Overall, by integrating addition and accumulation
into the partial product reduction process, the proposed
system provides a faster, more efficient, and scalable
solution for modern high-performance computing
applications.

VI. BLOCK DIAGRAM
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Fig. 6.2. Block Diagram

VII. RESULTS AND OUTCOMES

The proposed high-performance multiply—accumulate
(MAC) unit was implemented and evaluated to analyze its
effectiveness in terms of speed, area, and power consumption.
The design was described using Verilog HDL and simulated
under different input conditions to verify its functional
correctness. Synthesis and performance evaluation were
carried out using standard VLSI design tools, enabling a
detailed comparison with conventional MAC architectures.

Fig: 7.1: Output 1
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The simulation results confirm that the proposed MAC
unit operates correctly for all test cases, producing accurate
multiplication and accumulation outputs. The waveform
analysis demonstrates proper synchronization between partial
product generation, reduction, and integrated accumulation
stages. By embedding accumulation within the partial product
reduction process, the design successfully eliminates
redundant intermediate steps, resulting in a more streamlined
data flow.

Power Summar On-Chip
Dynamic: 16.662 W
Signals 0.892W
Logic 0.825W
S5 90%
97% 1/0: 14.945 W
Static 0.500 W
100% PL Static 0.500 W
[ 3%

Fig:7.2: Output 2

One of the most significant outcomes of the proposed
system is the reduction in critical path delay. Compared to
traditional MAC units, which rely on separate multiplication
and accumulation stages, the integrated approach shortens the
computation path by minimizing carry propagation and
reducing the number of sequential operations. As observed in
the performance evaluation, delay improvements of more than
10-15% can be achieved depending on the word length,
primarily due to the elimination of extra accumulation stages
and optimized reduction techniques .

In terms of area utilization, the proposed design
demonstrates a noticeable reduction in hardware complexity.
By removing redundant correction terms and minimizing the
number of adders required during partial product reduction,
the overall gate count is reduced. This leads to more efficient
silicon utilization, making the design suitable for compact
VLSI implementations. The modular architecture also ensures
scalability for larger bit-width designs without a proportional
increase in complexity.
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Fig: 7.3: Output 3

Power consumption is another important parameter
considered in this work. The proposed MAC unit achieves
lower power dissipation compared to conventional designs due
to reduced switching activity and fewer logic transitions. The
integration of operations decreases the number of active
components during execution, thereby improving energy
efficiency. This makes the architecture particularly beneficial
for power-constrained applications such as embedded systems
and portable devices.

Furthermore, the power-delay product (PDP), which
represents the combined efficiency of speed and power, is
significantly improved in the proposed system. The reduction
in both delay and power consumption results in a lower PDP,
indicating a more optimized and balanced design. This
improvement becomes more pronounced for higher word-
length operations, where traditional architectures tend to suffer
from increased complexity and delay.

Overall, the results clearly demonstrate that the proposed
MAC unit outperforms conventional architectures in terms of
speed, area, and power efficiency. The integration of addition
and accumulation into the partial product reduction process
proves to be an effective strategy for enhancing performance.
These outcomes validate the suitability of the proposed design
for high-speed applications such as digital signal processing,
image processing, and neural network acceleration, where
efficient and rapid computation is essential.

VIII.CONCLUSION

In this work, a high-performance multiply—
accumulate (MAC) unit has been successfully designed and
implemented by integrating addition and accumulation
operations into the partial product reduction process. The
primary objective of reducing delay, power consumption, and
hardware complexity has been effectively achieved through
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architectural optimization and efficient arithmetic techniques.
Unlike conventional MAC units that treat multiplication and
accumulation as separate sequential stages, the proposed
design combines these operations into a unified computation
flow, thereby eliminating redundant intermediate steps and
improving overall efficiency.

The proposed architecture significantly reduces the
critical path delay by minimizing carry propagation and
decreasing the number of accumulation stages. By embedding
accumulation within the partial product reduction tree, the
design avoids the need for additional adders and intermediate
storage elements. This leads to faster computation and
improved throughput, making the system highly suitable for
real-time applications. Furthermore, the use of optimized
encoding and reduction techniques enhances the speed of
multiplication while maintaining accuracy and reliability.

From a hardware perspective, the proposed MAC
unit demonstrates improved area efficiency by reducing the
number of logic gates and simplifying the overall structure.
The elimination of unnecessary correction terms and
redundant operations contributes to a more compact design,
which is advantageous for VLSI implementations. In addition,
the reduction in switching activity results in lower power
consumption, making the design energy-efficient and suitable
for portable and embedded systems.

The implementation using Verilog HDL and
subsequent simulation and synthesis validate the correctness
and effectiveness of the proposed approach. Performance
evaluation shows that the design achieves better results in
terms of delay, area, power consumption, and power-delay
product compared to conventional MAC architectures. These
improvements become more significant as the word length
increases, highlighting the scalability of the proposed system.

Overall, the integration of addition and accumulation
into the partial product reduction process provides a novel and
efficient solution for high-speed arithmetic operations. The
proposed MAC unit offers a balanced trade-off between
performance, area, and power, making it an ideal candidate for
advanced applications such as digital signal processing, image
processing, and neural network accelerators. This work
demonstrates that architectural innovation at the arithmetic
level can lead to substantial improvements in system
performance, paving the way for future research in optimized
hardware design.
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