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ABSTRACT :

Many effective computational architectures have been developed as a result of the growing need for high-performance digital signal processing (DSP) systems,
especially when it comes to low-power and area-efficient designs. In this paper, a low-power and area-efficient Vedic Multiplier and Accumulator (MAC)
architecture for DSP filters is realized on hardware. Compared to conventional approaches, Vedic multiplication, which is based on old Indian algorithms, provides
an effective way to do multiplication in fewer stages. Speed and resource usage are important considerations in DSP filter applications, where the Vedic MAC
structure is best suited for deployment. Vedic multiplication techniques are incorporated throughout the suggested architecture to lower area requirements, power
consumption, and computational complexity. The Vedic multiplier is especially well-suited for large-scale DSP applications because it takes advantage of the
parallelism that is inherent in its construction. To further improve speed while preserving low energy consumption, the architecture also makes use of pipelining
and optimization strategies. Using FPGA-based hardware synthesis, the implementation's performance is assessed and contrasted with that of traditional MAC units
constructed with standard multipliers. The outcomes show notable gains in total processing speed, area reduction, and power efficiency. This work highlights the
potential of Vedic multiplication techniques in achieving highly efficient hardware designs for DSP applications, enabling faster and more power-efficient filters
without compromising on accuracy. The proposed MAC architecture is suitable for a variety of real-time DSP filter systems, including communications, audio
processing, and image processing, where resource constraints are paramount.
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INTRODUCTION :

The effective use of mathematical operations like multiplication and accumulation is essential to modern digital signal processing (DSP) systems in order
to achieve great performance while consuming the least amount of power and space. With the growing integration of DSP applications into portable. The
Multiply-Accumulate (MAC) operation is a crucial component of DSP filters and is widely employed in convolution, digital filtering, and other signal
processing methods. Conventional multipliers, including those based on the standard array or booth algorithms, are typically used to implement the MAC
unit. Despite their widespread understanding, these traditional multipliers frequently have drawbacks in terms of speed, power consumption, and hardware
size, particularly when high-speed performance or a greater number of operations are needed. Alternative methods, such as Vedic multiplication, have
drawn interest as a way around these restrictions. Based on ancient Indian mathematics, Vedic multiplication provides a more effective method of
multiplying using a collection of sutras (algorithms) that take use of parallelism and minimize the number of steps needed. Compared to conventional
approaches, these strategies promise smaller spaces, lower power consumption, and less computing complexity. One interesting approach to creating
low-power and space-efficient DSP filters is to incorporate Vedic multiplication into the design of MAC units. The hardware overhead needed for
multiplication can be greatly decreased by using the Vedic Multiplier because of its parallelized and streamlined structure. VVedic MACs are a compelling
substitute for DSP applications that require great speed and energy economy when paired with efficient accumulation and pipelining techniques. This
paper focuses on the hardware realization of a low-power and area-efficient Vedic MAC for DSP filter applications. It explores the advantages of Vedic
multiplication in reducing the area and power consumption of MAC units, while maintaining the necessary performance for real-time DSP filtering. The
proposed architecture will be evaluated in terms of its energy efficiency, area requirements, and computational speed, offering a compelling solution for
modern DSP systems.

METHODOLOGY :

In this research, we present a low-power and area-efficient Vedic Multiplier and Accumulator (MAC) for DSP filters to be implemented on hardware.
The primary functions of multiplication and accumulation, which are essential to the majority of DSP algorithms, are intended to be optimized by the
design. The methodology involves several key steps: conceptualization of the Vedic MAC architecture, power and area optimization techniques,
integration with DSP filter applications, and hardware implementation. Below is a detailed breakdown of the methodology used to achieve low power
and area efficiency in the proposed Vedic MAC.
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1. Vedic Multiplier Design:

Vedic multiplication, derived from the ancient Indian Vedic mathematics, offers a highly efficient method for multiplication through its sutras
(algorithms). Specifically, the Vedic multiplier employed in this work is based on the "Urdhva Tiryak" Sutra, which deals with vertical and crosswise
multiplication. This method minimizes the number of operations and reduces the computational delay compared to traditional multipliers like the Booth’s
algorithm or array multipliers. The multiplication process in the Vedic multiplier operates in parallel, allowing for faster computation, which directly
contributes to both reduced power consumption and lower hardware area. The Vedic multiplier operates by breaking down the multiplication into smaller
partial products and summing them up using a series of simple addition operations. By leveraging this parallel structure, the Vedic multiplier minimizes
the critical path and increases the speed of the computation.

2. Design of Multiply-Accumulate (MAC) Unit:

The core of the proposed architecture is the MAC unit, which combines the Vedic multiplier with an accumulator to perform efficient multiplication and
accumulation operations. In the MAC unit, the Vedic multiplier multiplies two input operands, and the result is added to an accumulator register. The
process of multiplying and accumulating is repeated for every new set of input values. To further optimize the MAC unit, techniques such as pipelining
are incorporated. Pipelining breaks the operation into smaller stages, allowing for higher throughput and better utilization of hardware resources. By
splitting the MAC operation into multiple pipeline stages, the overall delay per stage is reduced, resulting in a faster system.

3. Power and Area Optimization:

Power consumption and hardware area are two critical concerns in DSP filter designs, especially when targeting portable or embedded systems. Several
strategies are employed to minimize both. First, by adopting the Vedic multiplier, which inherently requires fewer gates and stages compared to traditional
multipliers, the area required for multiplication is reduced. Second, we optimize the overall design using clock gating, where inactive circuits are turned
off to reduce dynamic power consumption, and voltage scaling, which lowers the operating voltage to further reduce power dissipation. The MAC unit
is also designed to operate efficiently with minimal overhead. We minimize the number of registers, reduce the switching activity by optimizing the
control logic, and ensure that only the essential parts of the design are active during the computation. These techniques lead to a significant reduction in
both power and area compared to conventional DSP filter implementations.

4. Implementation in DSP Filters:

The Vedic MAC unit is integrated into a DSP filter system, such as a Finite Impulse Response (FIR) or Infinite Impulse Response (lIR) filter. In these
filters, the MAC unit performs the critical operation of multiplying filter coefficients by input samples and accumulating the results. Since the MAC unit
is the most computationally expensive part of a DSP filter, optimizing this unit leads to significant overall improvements in filter performance. We
simulate the proposed architecture using hardware description languages like VHDL or Verilog and implement it on an FPGA platform to verify its
performance. Hardware synthesis tools, such as Xilinx ISE or Vivado, are used to map the design onto an FPGA, and metrics such as power consumption,
area utilization, and operational speed are evaluated.

5. Performance Evaluation:
The performance of the proposed Vedic MAC-based DSP filter is evaluated against conventional MAC designs based on standard multipliers. We

compare power consumption, area utilization, and speed, measuring the effectiveness of the Vedic multiplier in reducing the overall hardware cost and
improving system performance. Additionally, the impact on real-time processing and filter accuracy is also considered.

RESULTS :
Findings and Conversation:

The implementation of a low-power and area-efficient Vedic Multiply-Accumulate (MAC) unit for Digital Signal Processing (DSP) filters has been
carried out, focusing on evaluating key metrics such as power consumption, area, and speed. The proposed Vedic MAC design is compared against
traditional MAC implementations using conventional multipliers (such as Booth’s or array multipliers). This section presents the results of the
implementation, including performance metrics and comparisons. The design is simulated and synthesized on an FPGA platform, with power and area
measurements taken using Xilinx Vivado and ISE tools.

Comparison of Power Consumption:

Performance preservation and power reduction were two of the main objectives of the suggested Vedic MAC design. The suggested Vedic MAC design's
power consumption is contrasted with that of a conventional multiplier-implemented standard MAC unit.
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Table 1: Comparison of Power Consumption (in m\W)

Design Type Power Consumption (mW)
Vedic MAC 38.5
Traditional MAC 56.7
Booth Multiplier 60.1
Array Multiplier 59.2

As shown in Table 1, the Vedic MAC unit consumes significantly less power than the conventional designs, with a reduction of approximately 32% in
power consumption compared to the traditional MAC design, and over 35% reduction when compared to Booth and Array multiplier-based MAC units.
Graph 1: Power Consumption Comparison

The graph illustrates the reduction in power consumption, with the Vedic MAC design achieving the lowest values, confirming the effectiveness of Vedic
multiplication in reducing dynamic power dissipation.

Area Utilization Comparison
Area efficiency is another critical factor, particularly when working with embedded systems or FPGA designs where hardware resources are limited. The

area is measured in terms of Look-Up Tables (LUTSs) and Flip-Flops (FFs) used for implementing the MAC unit.
Table 2: Area Utilization Comparison (in LUTs and FFs)

Design Type LUTs Used FFs Used
Vedic MAC 210 180
Traditional MAC 290 245
Booth Multiplier 320 270
Array Multiplier 310 260

As shown in Table 2, the Vedic MAC design requires fewer LUTs and Flip-Flops compared to traditional multipliers, which translates to smaller area
requirements. Specifically, the Vedic MAC uses approximately 25% fewer LUTs and 27% fewer FFs compared to the traditional MAC design, and even
greater reductions compared to Booth and Array multiplier-based designs.

Graph 2: Area Utilization Comparison

In Graph 2, the comparison between the designs clearly highlights the smaller area footprint of the Vedic MAC, making it more suitable for resource-
constrained environments.

Speed (Throughput) Comparison:

The speed of the MAC unit is a key performance indicator, particularly in real-time DSP applications. The throughput of the Vedic MAC design is
compared with that of traditional multiplier-based MAC units. The throughput is measured in terms of the maximum operating frequency (in MHz) and
the latency of the multiply-accumulate operation.

Table 3: Throughput Comparison (in MHz)

Design Type Max Frequency (MHz) Latency (Cycles)
Vedic MAC 325 6
Traditional MAC 275 8
Booth Multiplier 270 9
Array Multiplier 265 9

As presented in Table 3, the Vedic MAC design achieves a higher maximum operating frequency (325 MHz) compared to traditional designs, which
operate at lower frequencies. The Vedic MAC also achieves lower latency (6 cycles), which is crucial for high-speed DSP filter processing.
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Graph 3: Throughput Comparison
Graph 3 demonstrates that the Vedic MAC design offers faster performance, with the highest clock frequency and the lowest latency. This makes it highly
suitable for real-time DSP applications, where low latency and high throughput are essential.

Filter Performance and Accuracy:
To further validate the performance of the Vedic MAC in DSP filters, the accuracy of a FIR filter using the Vedic MAC is compared to a conventional

FIR filter using traditional multipliers. The error is evaluated by comparing the output of both filters for a given input signal.
Table 4: Accuracy Comparison for FIR Filter (Mean Squared Error - MSE)

Design Type MSE (Mean Squared Error)
Vedic MAC (FIR) 0.00001
Traditional MAC (FIR) 0.00002

The accuracy of the FIR filter utilizing the Vedic MAC is comparable to that of the filter employing conventional MACs, as indicated in Table 4. The
difference in MSE is negligible, indicating that the reduction in power and area does not compromise the accuracy of the DSP filter.

Graph 4: Response of the FIR Filter

Graph 4 shows the response of the FIR filter with both the Vedic MAC and traditional MAC implementations. The filter's frequency response and output
signal are nearly identical, confirming that the Vedic MAC can achieve high accuracy without sacrificing performance.

Overall Evaluation:

The results indicate that the Vedic MAC offers substantial improvements in power consumption, area, and speed when compared to traditional MAC
designs. These advantages make the Vedic MAC particularly suitable for DSP filter applications where resource constraints (such as power and area) are
critical, yet high-speed operation is required.

Power Efficiency: The Vedic MAC consumes 32% less power than the conventional MAC.

Area Efficiency: The Vedic MAC requires 25% fewer LUTs and 27% fewer FFs.

Speed: The Vedic MAC achieves a higher maximum frequency and lower latency than traditional designs.

Accuracy: The accuracy of DSP filters using Vedic MAC is comparable to that using conventional MACs.

The hardware realization of a low-power and area-efficient Vedic MAC for DSP filters demonstrates significant improvements in terms of power
consumption, area utilization, and speed. These benefits make it an attractive solution for resource-constrained environments, particularly in real-time
DSP applications like audio, image processing, and communications systems. The Vedic MAC's optimized design not only maintains high performance
but also ensures that energy efficiency and hardware resource usage are minimized, which is crucial for modern embedded systems.

CONCLUSION :

In conclusion, the hardware realization of a low-power and area-efficient Vedic Multiply-Accumulate (MAC) unit for DSP filters successfully addresses
the critical challenges of power consumption, area utilization, and computational speed. By leveraging the efficient Vedic multiplication technique, the
design achieves significant reductions in power (32%) and hardware area (25% fewer LUTs and 27% fewer FFs) compared to traditional MAC
implementations. Additionally, it offers higher speed and lower latency without compromising accuracy, making it ideal for real-time, resource-
constrained DSP applications. This work demonstrates the potential of Vedic MACs in optimizing embedded DSP systems for energy efficiency and
performance.
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