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Abstract

Approximate computing has emerged as an effective
technique for improving performance and reducing
energy consumption in error-tolerant applications.
This work presents a high-speed and power-efficient
multiplier  based on the Rounding-Based
Approximate (ROBA) methodology. The proposed
approach simplifies multiplication by rounding
input operands to their nearest powers of two,
thereby eliminating computationally expensive
multiplication steps. This reduction in arithmetic
complexity significantly enhances processing speed
and lowers energy usage, while introducing only
minimal  computational ~ error.The = ROBA
architecture supports both signed and unsigned
operations. Three hardware implementations are
presented, including one design for unsigned
multiplication and two optimized variants for signed
multiplication. The performance of the proposed
multiplier is evaluated against conventional
accurate multipliers and existing approximate
multipliers using parameters such as delay, area,
and power  consumption. Additionally, the
effectiveness of the ROBA multiplier is validated in
image processing applications, including image
sharpening  and  smoothing,  where  slight
computational inaccuracies do not degrade visual
quality. Experimental results demonstrate improved
performance efficiency compared to traditional
multiplication architectures.

Keywords:  Approximate  computing, ~ ROBA
multiplier, high-speed multiplier, power-efficient
arithmetic, rounding-based multiplication, error-
tolerant  applications, signed and unsigned
operations, image processing acceleration, low-
power VLSI design.

INTRODUCTION

Multipliers are fundamental components in digital
arithmetic units and play a crucial role in digital
signal processing systems. They are widely
employed in applications such as computer graphics,
scientific computing, communication systems, and
image processing. The performance of a processor
is significantly influenced by the speed of the
multiplier, making high-speed and low-power
multiplier design an important research area.A
typical multiplier architecture consists of three
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major stages: partial product generation, partial
product reduction, and final addition. Among these
stages, the partial product reduction phase
contributes significantly to overall delay, power
consumption, and hardware area. Compressors are
commonly used in this stage to reduce the number
of partial products efficiently. By shortening the
critical path, compressors help enhance circuit
performance while minimizing  resource
utilization.Addition and multiplication operations
are extensively used in computer arithmetic. In
approximate computing, various full-adder designs
have been studied to improve performance.
Researchers such as Liang et al. proposed evaluation
metrics for approximate adders using unified figures
of merit. For each input combination, the error
distance (ED) represents the arithmetic difference
between the approximate and exact outputs. Derived
metrics such as mean error distance (MED) and
normalized error distance (NED) provide insights
into average error behavior and accuracy across
multiple inputs.Compared to approximate adders,
the design of approximate multipliers has received
relatively less attention. Multiplication can be
viewed as repeated addition of partial products.
However, directly replacing accurate adders with
approximate ones often leads to unacceptable
accuracy degradation and increased hardware
complexity. Therefore, specialized approximate
multiplier architectures have been proposed. Many
of these designs rely on truncated multiplication,
where least significant partial product columns are
approximated using constants. Such approaches
reduce hardware complexity but introduce
controlled errors. Imprecise array multipliers have
also been developed for neural network applications
by eliminating some least significant bits of partial
products. Additionally, truncated multipliers with
correction constants have been proposed to balance
accuracy and efficiency.

Aim of the Project

The aim of this project is to design and implement a
Rounding-Based Approximate (ROBA) multiplier
in the VLSI domain. The proposed design focuses
on improving power efficiency, reducing hardware
area, and increasing processing speed while
maintaining acceptable computational accuracy.
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This approach is particularly suitable for error-
tolerant applications in digital signal processing.

Motivation

The motivation behind designing a ROBA
multiplier arises from the increasing demand for
energy-efficient and high-performance hardware
systems. Modern applications such as machine
learning, multimedia processing, and
communication systems require fast arithmetic units
with reduced power consumption. Approximate
computing techniques allow trading small accuracy
loss for significant improvements in performance.
Key motivations include:

Reduction in power consumption

Optimization of hardware area

High-speed computation capability

Scalability for integration into DSP systems

Objectives

The primary objectives of the proposed ROBA
multiplier design are:

To minimize power consumption using approximate
multiplication techniques

To reduce silicon area for compact hardware
implementation

To improve computational speed for real-time
processing

To balance accuracy and hardware efficiency

To reduce overall latency in multiplication
operations

Literature Survey

Several researchers have explored approximate
multiplier architectures for low-power applications.
A study titled "Design of Low-Power ROBA
Multiplier" proposed rounding-based approximation
techniques to reduce hardware complexity. The
approach focuses on reducing power consumption
and area utilization, making it suitable for embedded
systems. Performance comparisons with accurate
and approximate multipliers  demonstrated
improvements in energy efficiency. The design was
also evaluated in image processing applications such
as smoothing and sharpening, showing minimal
quality degradation.

ROBA MULTIPLIER IN DSP SYSTEMS
Energy efficiency has become a critical design
objective in modern electronic systems, particularly
in portable devices such as smartphones, tablets, and
wearable gadgets. These systems require reduced
power consumption without sacrificing
computational ~ performance. Digital  Signal
Processing (DSP) modules are integral components
of such devices, enabling applications including
image enhancement, audio processing, and video
compression.

Within DSP architectures, arithmetic logic units
perform numerous operations, among which
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multiplication dominates computational workload.
Consequently, improving multiplier efficiency
directly enhances system performance and reduces
energy usage. Many DSP-based applications
generate outputs intended for human perception,
such as images and videos. Due to limitations in
human visual sensitivity, small computational
inaccuracies are often imperceptible. This
characteristic enables the adoption of approximate
computing techniques that trade slight accuracy loss
for improvements in speed and power efficiency.
VLSI Design

Very Large-Scale Integration refers to the
integration of thousands to millions of transistors
onto a single chip. This technology has enabled the
development of complex digital systems with high
processing capability. The evolution of VLSI began
in the 1970s with the introduction of
microprocessors, and it continues to drive
advancements in semiconductor technology.
Modern information services demand high
processing power and bandwidth. Furthermore,
personalization of electronic services increases
computational requirements. VLSI technology
supports these needs by allowing dense packing of
logic circuits into smaller chip areas. This high-
density integration reduces system size, improves
speed, and lowers overall power consumption.
Existing System

Multipliers are essential components in DSP and
VLSI applications. Key design objectives for
multipliers include high speed, low power
consumption, regular layout structure, and minimal
silicon area. Traditional multiplication techniques
rely on generating partial products followed by
accumulation.

The simplest implementation is the serial multiplier,
which uses an iterative add-and-shift approach.
Although this method requires minimal hardware, it
introduces significant delay because the final result
is obtained after multiple clock cycles. Serial
multipliers are therefore suitable for low-area
designs where speed is not critical.

To improve performance, parallel multipliers were
introduced. These architectures generate partial
products simultaneously and accumulate them using
combinational logic. Parallel multipliers offer
higher speed at the cost of increased hardware
complexity.

Multiplication generally consists of two main
stages:

Each partial product is created by ANDing the
multiplicand with individual bits of the multiplier,
followed by appropriate shifting. The accumulated
sum of these partial products produces the final
result. Multipliers are broadly classified into array-
based and tree-based structures.

Proposed System
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Approximate computing allows designers to trade
computational accuracy for improvements in power
consumption, speed, and hardware efficiency. This
approach is particularly suitable for error-resilient
DSP applications where exact precision is not
mandatory. Approximation techniques can be
applied at various abstraction levels, including
circuit, logic, architecture, and algorithm levels.

In this work, a Rounding-Based Approximate
(ROBA) multiplier is proposed. The method
modifies conventional multiplication by rounding
operands to the nearest powers of two. Since
multiplication by powers of two can be implemented
using shift operations, the computational complexity
is significantly reduced.

The proposed ROBA multiplier supports both
signed and unsigned operations. Three optimized
architectures are developed and evaluated using
parameters such as delay, power consumption,
energy-delay product, and area utilization.
Performance  comparisons  demonstrate  the
effectiveness of the proposed approach.
Implementing ROBA Multiplier in DSP Systems
In DSP applications, signals are commonly
processed in either time or spatial domains. Digital
filters are widely used for signal conditioning. These
filters are categorized as Finite Impulse Response
(FIR) and Infinite Impulse Response (IIR) filters.
FIR filters are preferred due to their stability and
linear phase characteristics.

FIR filtering is implemented using convolution,
where input samples are multiplied by filter
coefficients and accumulated. Since multipliers
dominate area and delay, replacing conventional
multipliers with ROBA multipliers improves
performance. The use of ROBA multipliers reduces
area consumption and enhances processing speed.

SOFTWARE REQUIREMENTS

The development of the proposed ROBA multiplier
requires appropriate software tools for modeling,
simulation, synthesis, and hardware
implementation. Selecting suitable design tools
ensures efficient verification, reduced development
time, and accurate performance evaluation. In this
project, industry-standard FPGA development tools
and hardware description languages are used to
design and validate the multiplier architecture.The
software environment is chosen to provide
compatibility across multiple platforms, enable
efficient navigation during design, and minimize
complexity during testing and debugging. These
tools support behavioral modeling, RTL simulation,
synthesis, and implementation on FPGA
hardware.The design and implementation of the
ROBA multiplier rely on FPGA development tools
provided by Xilinx. These tools enable modeling,
simulation, and deployment of digital circuits on
FPGA devices.
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Vivado Design SuiteThe Vivado Design Suite is
used for designing and implementing FPGA-based
systems. It supports synthesis, simulation, and
hardware deployment for modern FPGA devices.
Purpose:

FPGA and System-on-Chip design

RTL synthesis and implementation

Timing analysis and optimization

Features:

High-Level Synthesis (HLS) support

IP core integration

Timing and power analysis tools

Hardware debugging support

Usage:

Vivado supports modern FPGA families such as 7-
series devices, Zynq SoCs, and UltraScale
architectures. It is used in this project for synthesis
and implementation of the ROBA multiplier.
Advantages

The Rounding-Based Approximate (ROBA)
multiplier offers several benefits in digital signal
processing and VLSI implementations. One of the
primary advantages is high-speed operation. By
reducing the number of intermediate arithmetic
operations and simplifying multiplication using
rounding and shift operations, the ROBA multiplier
decreases computational latency. This improvement
enables faster execution compared to conventional
multiplier architectures.Another important benefit is
low power consumption. The simplified arithmetic
structure requires fewer switching activities and
logic resources, which leads to reduced dynamic
power usage. This makes the ROBA multiplier
particularly suitable for portable and battery-
powered electronic devices where energy efficiency
is essential.Area efficiency is also a significant
advantage of the ROBA architecture. Since the
design reduces the number of adders and logic gates,
the resulting hardware implementation occupies less
silicon area. This compact design allows integration
of multiple DSP modules on a single chip without
significantly increasing hardware cost.

The ROBA multiplier is highly scalable and can be
extended to different operand bit widths depending
on application requirements. This scalability allows
designers to adapt the multiplier for various DSP
systems, ranging from low-resolution embedded
devices to high-performance computing platforms.
In DSP applications, the ROBA multiplier provides
enhanced performance because it is optimized for
operations such as filtering, signal processing, and
data conversion. These applications often tolerate
small computational errors, making approximate
multipliers  highly suitable. The simplified
architecture also improves reliability by reducing
circuit complexity and minimizing the possibility of
faults.Flexibility in implementation is another
advantage of the ROBA multiplier. Designers can
adjust parameters such as bit width and
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approximation level to optimize for speed, area, or
power consumption. Additionally, the architecture
can be integrated into existing digital systems
without major structural modifications, making it
compatible with various processor designs.From an
academic and research perspective, the ROBA
multiplier serves as an effective educational tool. It
helps students and researchers understand
approximate computing concepts, multiplier design
techniques, and VLSI implementation
methodologies.

Disadvantages

Despite its benefits, the ROBA multiplier also has
certain limitations. One drawback is the increased
design complexity compared to traditional
multipliers. The rounding mechanism and
approximation logic require careful design and
verification to ensure acceptable accuracy levels.
This may demand deeper knowledge of digital
design techniques.Another limitation is design
overhead during development. Although the final
implementation is area-efficient, the design phase
may require additional simulation and verification
steps to evaluate approximation error and optimize
performance. This increases development time and
effort. Furthermore, the use of advanced design tools
such as Vivado Design Suite or similar electronic
design automation tools may increase development
costs. This can be a concern for small-scale projects
or organizations with limited resources.

Applications

The ROBA multiplier is widely applicable in
various domains where efficient arithmetic
computation is required. In Digital Signal
Processing (DSP) systems, it can be used for audio
and speech processing applications such as
encoding, decoding, noise reduction, and speech
recognition. These applications benefit from faster
computation and reduced power consumption.

In image and video processing, the ROBA multiplier
plays a crucial role in operations such as
convolution, filtering, edge detection, and scaling. It
can also be employed in video compression
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algorithms for motion estimation and encoding,
improving overall processing
efficiency.Communication systems also benefit
from the ROBA multiplier. It can be used in
modulation and demodulation techniques such as
QAM and OFDM, where multiplication of signals is
fundamental. Additionally, it supports efficient
arithmetic operations required for error detection
and correction algorithms.The ROBA multiplier is
suitable for embedded control systems, including
robotics, automation, and motor control
applications. In these systems, real-time processing
requirements demand fast and energy-efficient
arithmetic units.In machine learning and artificial
intelligence, the multiplier enhances performance in
neural network computations. Matrix multiplication
operations involved in training and inference benefit
from reduced latency. It is also useful in signal
classification tasks where rapid arithmetic
processing is required.Biomedical applications such
as medical imaging, including MRI and ultrasound
systems, use multipliers for image reconstruction
and filtering. The ROBA multiplier improves
processing speed while maintaining acceptable
accuracy. It can also be applied in bioinformatics for
large dataset computations.Financial systems that
rely on high-speed numerical computations, such as
trading algorithms and risk analysis models, can
utilize the ROBA multiplier to improve
computational efficiency. Additionally,
cryptographic systems can employ the multiplier in
encryption and decryption algorithms that require
fast arithmetic operations.

RESULTS

This chapter presents the performance evaluation of
the proposed ROBA multiplier implemented for
digital signal processing applications. The design
accepts two input operands and produces a single
multiplication output. The results obtained from
synthesis and simulation are analyzed in terms of
area utilization, delay, and power consumption. The
RTL schematic, internal block diagram, and
simulation waveforms are also discussed to
demonstrate the functional correctness of the design.
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Figure 1: RTL Schematic

The Register Transfer Level (RTL) schematic
represents the structural organization of the ROBA
multiplier. The architecture is based on rounding the
input operands to the nearest powers of two, which
simplifies multiplication. This approach reduces the

number of arithmetic operations required, thereby
improving speed and lowering hardware
complexity. The schematic illustrates the
interconnection between operand preprocessing,
shifting logic, addition stages, and rounding blocks.

Figure 2: Internal Block Diagram

Data Flow Description:

The input operands are applied to the rounding unit.
Rounded values are forwarded to the shifting
modules to generate partial products.

The generated partial products are aligned and
combined using adder circuits.

A rounding or truncation block adjusts the least
significant bits to obtain the approximate
multiplication result.

This architecture reduces computational complexity
compared to conventional multipliers. Such
approximate multipliers are particularly useful in
applications where small computational errors are

acceptable, including image processing, machine
learning, and low-power embedded systems.

Table: Area Utilization

The hardware resource utilization of the ROBA
multiplier indicates efficient FPGA implementation.
The design occupies only a small portion of the
available logic resources. Approximately 1% of
LUTs and slices are used, while around 13% of the
input/output blocks are utilized for external
interfacing. No redundant logic elements are present
in the occupied slices. This confirms that the
proposed architecture is area-efficient and suitable
for implementation on Spartan-3E FPGA devices.
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Total 21.412n3 (13.455ns8 logic, 7.957ns route)
(62.8% logic, 37.2% route)

Total REAL time to Xst completion: 18,00 secs
Total CPU time to Xst completion: 19,02 secs

Figure 3: Delay Analysis
The timing report shows that the total propagation ¢ RoutingDelay:7.957ns(37.2%)
delay of the design is 21.412 ns. This corresponds to signal propagation between
LogicDelay:13.455ns(62.8%) internal blocks such as shifters and adders.
This represents the time required for combinational The synthesis process required approximately 19
logic operations within the multiplier. seconds of CPU time. The timing analysis confirms
that the ROBA multiplier achieves improved speed
due to simplified multiplication logic.
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Figure 4: Power Consumption

The power report indicates that leakage power is the
major contributor, measured at approximately 0.081
W, while dynamic power is minimal. Most of the
power is drawn from the internal voltage supply
lines. The junction temperature is around 27.1°C,

which is within safe operating limits. The low
dynamic power consumption demonstrates that the
design is energy efficient and suitable for low-power
DSP applications.
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Figure 5: Simulation Results

The simulation waveform confirms the correct
operation of the ROBA multiplier. The outputs
correspond to the expected approximate
multiplication results for the applied input
combinations. The waveform also verifies proper
timing relationships between inputs and outputs.

Conclusion

This work presented the design and implementation
of a high-speed and energy-efficient ROBA
multiplier for digital signal processing applications.
The multiplier operates by rounding input operands
to the nearest powers of two, which eliminates
complex multiplication operations and replaces
them with simpler shift and add operations. This
approach improves computational speed and
reduces hardware requirements, while introducing
only a small approximation error.

The proposed architecture supports both signed and
unsigned  multiplication.  Multiple  hardware
implementations were analyzed and compared with
conventional accurate and approximate multipliers.
The obtained results demonstrate that the ROBA
multiplier achieves better performance in terms of
delay, area, and power consumption. The reduced
computational complexity makes the design highly
suitable for low-power and high-speed DSP
systems.

Furthermore, the ROBA multiplier was extended for
use in FIR filter implementation, where it
contributed to delay reduction and improved overall
performance. The results confirm that the proposed
architecture is efficient and practical for real-time
signal processing applications.

Future Scope

The ROBA multiplier can be further enhanced in
several directions:

Integration with advanced DSP algorithms for real-
time signal processing applications.

Application in machine learning and artificial
intelligence systems for faster computation.
Implementation in image processing and video
processing systems requiring low latency.

Optimization for emerging technologies such as 3D
integrated circuits and advanced FPGA platforms.
Development of industry-specific solutions for
telecommunications, healthcare, and automotive
electronics.

Exploration of adaptive approximation techniques
to balance accuracy and power efficiency
dynamically.

Extension to high-order FIR and IIR filter
implementations.

Investigation of pipelined and parallel architectures
to further reduce delay.

Use in educational and research environments for
studying approximate computing techniques.
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