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Abstract: This study presents the design and FPGA implementation of high-

performance parallel multipliers using the Radix Booth algorithm, combined 

with 2:2 and 3:2 compressors, to optimize speed, area, and power efficiency. 

The proposed 4-bit binary multiplier architecture comprises four key modules: 

Booth encoder, partial product generator, Wallace tree, and carry look-ahead 

adder. Parallel multipliers are vital for digital signal processing and arithmetic 

operations, and the Booth algorithm is renowned for reducing partial products 

and enhancing efficiency. However, conventional Booth multipliers face 

challenges like increased complexity and resource use. To address these, the 

research integrates compressors for efficient summing of partial products, 

significantly reducing area and improving speed. The architecture underwent 

VHDL implementation, Xilinx-based simulation, and hardware synthesis, 

demonstrating superior performance over traditional multipliers in speed, area 

efficiency, and power consumption. The combination of Radix Booth 

encoding, Wallace tree structure, and carry look-ahead adder ensures 

substantial gains in computational performance and resource optimization. 

This advanced design marks a notable contribution to high-performance digital 

circuits, particularly in FPGA-based systems. It provides a reliable solution for 

achieving enhanced speed and efficiency in arithmetic operations, paving the 

way for advancement in power-efficient digital applications. 
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1. INTRODUCTION  

The increasing demand for high-performance digital 

signal processing (DSP) systems has necessitated the 

development of efficient and high-speed multipliers. 

Multiplication is a fundamental operation in various 

signal processing applications, including filtering, 

convolution, and real-time data processing. These 

operations are frequently based on nonlinear functions 

such as Discrete Cosine Transform (DCT) and Discrete 

Wavelet Transform (DWT), both of which rely 

extensively on repeated multiplications and additions. 

Consequently, the speed of multiplication becomes a 

critical factor that directly influences the overall 

performance of the system. 

Among the basic arithmetic operations in digital 

systems, multiplication requires the longest delay and 

often becomes the limiting factor in system 

performance. Furthermore, multipliers consume 

substantial amounts of area and power. Therefore, the 

design of efficient multipliers that minimize delay, 

area, and power while maximizing performance is of 

paramount importance in the field of hardware design 

and FPGA-based systems. 

This paper presents an area-efficient 

implementation of a high-performance parallel 

multiplier based on the Radix Booth algorithm. The 

proposed design utilizes advanced compression 

techniques such as 2:2 and 3:2 compressors and 

implements the final adder using a Carry Look-Ahead 

Adder (CLA). The research aims to investigate the 

trade-offs between area, speed, and power consumption 

in the design of multipliers, with a particular emphasis 

on achieving high-speed and low-area implementations 

suitable for FPGA hardware.   

1.1 Problem Statement 

The primary challenge in designing high-performance 

multipliers is to achieve an optimal balance between 

speed, area, and power efficiency. While existing 

multiplier designs, including traditional Booth and 

Wallace Tree multipliers, offer enhancements in speed, 

they frequently incur the cost of increased area and power 
consumption. Furthermore, multipliers remain a 

significant bottleneck in numerous DSP applications due 

to their latency. This research endeavors to address these 

challenges by designing an optimized parallel multiplier 

that provides high-speed performance with reduced area 

and power consumption 

 

 

1.2 Background Information 

Multiplication plays a fundamental role in a wide range 

of DSP applications, including image and video 

processing, filtering, and encryption algorithms. 

Traditional multipliers, such as the Booth’s algorithm 

and Wallace Tree, are commonly used to speed up the 

multiplication process. However, these methods often 

involve trade-offs, particularly in terms of power 

consumption and resource usage, making them less 

efficient for real-time applications. 

The Radix Booth algorithm has been shown to 
minimize the number of partial products generated 

during multiplication, but it is still crucial to further 

enhance the architecture for real-time applications. The 

Wallace Tree structure, when combined with 

compressors, optimizes the addition of partial products, 

but the overall implementation may be constrained by 

area and power limitations, especially when targeting 

FPGA hardware. 

1.3 Research Deficit 

 
Despite the progress made in high-performance multiplier 

designs, there is still a gap in the optimization of speed, 

area, and power consumption. While several designs have 
been proposed using Booth’s algorithm or Wallace Tree, 

few have explored the synergy between 2:2 and 3:2 

compressors, Carry Look-Ahead Adders (CLAs), and 

FPGA implementation for achieving both high 

performance and low resource utilization. Additionally, 

there is a lack of comprehensive evaluation that compares 

these designs across various parameters such as clock 

frequency, slice usage, and power consumption in the 

context of FPGA-based systems. The main conclusions of 

the experimental work should be presented. The 

contribution of the work to the scientific community and 

its economic implications should be emphasized. 
 

 

1.4 Research Objectives 

This research aims to: 

 Develop a high-performance parallel multiplier 

based on the Radix Booth algorithm, 
incorporating 2:2 and 3:2 compressors and Carry 

Look-Ahead Adders (CLA) for efficient area and 

speed optimization. 

 Evaluate the proposed architecture in terms of 

speed, area, and power consumption, with FPGA 

implementation to verify its practical 

applicability. 

 Compare the proposed architecture with 

conventional multiplier designs to assess 

improvements in operational speed, area 
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efficiency, and energy consumption. 

 Provide design insights that can help optimize 

FPGA-based multiplier architectures for real-

time digital signal processing systems. 

 

1.5 Significance of The Research 

The significance of this research lies in its potential to 

contribute to the development of more efficient digital 

multipliers, which are central to the performance of many 

DSP systems. By optimizing multipliers for both speed 

and resource utilization, this research has the potential to 

benefit a wide range of applications, including: 

• Real-time signal processing, where fast computation is 

critical. 

• Cryptography, which often requires large numbers of 

multiplications in operations such as encryption and 

decryption. 

• Multimedia systems, where efficient computation is 

necessary to handle large datasets with minimal latency. 

• Hardware acceleration, where efficient use of FPGA 

resources can help achieve high-performance computing. 

 

2. BACKGROUD AND MOTIVATION: 

 
The significance of high-speed multiplication in digital 
systems cannot be overstated. Multiplication operations 

are central to the performance of various systems, 

including digital filters, Fast Fourier Transforms (FFT), 

image processing, and cryptographic algorithms. As 

modern systems demand faster processing speeds and 

higher data rates, it is essential to optimize multipliers for 

area, power, and performance. 

Several multiplication techniques have been proposed 

to speed up multiplication, each with different trade-offs. 

Among the most popular techniques are: 

• Booth's Algorithm: Booth's algorithm is widely used 
to reduce the number of partial products generated during 

multiplication, thereby reducing the overall complexity 

and delay of the multiplication operation. It encodes the 

multiplier in a way that minimizes the number of 

operations required to generate the partial products. 

• Wallace Tree: The Wallace Tree is an efficient 

method for summing the partial products generated by the 

multiplication process. It uses a combination of half 

adders and full adders to reduce the number of adders 

required, thus speeding up the final summation stage. 

• Carry Look-Ahead Adder (CLA): The CLA is used 
to accelerate the final addition of the partial products by 

reducing carry propagation delays, which significantly 

improves the speed of the multiplier. 

 

3. RELATED WORK: 

 
Various methods have been employed in the design of fast 

multipliers, with most of the research focusing on 

reducing the time complexity, area, and power 

consumption. Some of the key techniques are discussed 

below: 

• Booth Multiplier: Booth's algorithm reduces the 

number of partial products in multiplication by using 
signed numbers. It reduces the complexity of the 

multiplication process by grouping bits of the multiplier 

and encoding them. Several variations of Booth’s 

algorithm have been developed to improve its efficiency 

in hardware. 

• Wallace Tree with Compressors: The Wallace Tree 

method is commonly used to sum partial products 

efficiently. It uses compressors, such as 2:2 and 3:2 

compressors, to reduce the number of bits in the 

intermediate sums, thus speeding up the final summation 

process. 
• FPGA Implementation: The use of FPGA platforms 

for implementing high-performance multipliers has 

become increasingly popular due to the ability of FPGAs 

to handle parallel operations and provide reconfigurable 

hardware. FPGA-based designs enable rapid prototyping 

and optimization of multiplier circuits. 

Previous studies have demonstrated the benefits of 

using Booth's algorithm and the Wallace Tree structure in 

multiplier designs. However, these designs often face 

challenges in balancing area, speed, and power efficiency. 

The goal of this research is to address these challenges by 

proposing a more efficient architecture that minimizes 
area and power consumption while optimizing speed. 

 

4. PROPOSED ARCHITECTURE: 

The proposed architecture for the high-performance 

parallel multiplier consists of four key modules: the Booth 

encoder, the partial product generator, the Wallace tree, 

and the carry look-ahead adder. 

4.1 Booth Encoder: 

The Booth encoder is responsible for encoding the 

multiplier bits using the Radix Booth algorithm. Radix-2 

Booth encoding is employed in the design to reduce the 

number of partial products generated during 

multiplication. The algorithm works by grouping the bits 
of the multiplier and encoding them in such a way that 

fewer partial products need to be generated. This reduces 

the overall complexity of the multiplier design and 

accelerates the multiplication process. 
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4.2 Partial Product Generator 

The partial product generator is responsible for generating 

partial products based on the multiplicand and the 

encoded multiplier. The design uses a combination of 

AND gates and shift registers to generate the partial 

products efficiently. 

4.3 Wallace Tree 

The Wallace Tree algorithm is a critical part of the 

multiplier architecture, as it efficiently reduces the 

number of partial products generated during 

multiplication. The partial products are organized into a 

series of columns, where each column represents a sum of 
bits derived from the multiplication process. By utilizing 

2:2 and 3:2 compressors, the Wallace Tree significantly 

reduces the number of bits in the intermediate sums. The 

Wallace Tree’s parallel structure accelerates the 

summation process, drastically reducing delays caused by 

carry propagation and intermediate summing stages. By 

utilizing these efficient compressors, the overall 

complexity of the multiplication process is reduced, 

thereby enhancing both the speed and efficiency of the 

multiplier. 

 

4.4 Carry Look-Ahead Adder 

 
The Carry Look-Ahead Adder (CLA) is employed as the 

final adder in the proposed multiplier design to accelerate 

the addition of the partial products. Traditional adders, 

such as ripple carry adders, suffer from slow carry 

propagation, where each carry bit has to wait for the 

previous one to propagate, leading to significant delays. 

• The CLA works by pre-computing the carry values for 

all bits in parallel, which eliminates the need for 

sequential carry propagation. It uses a set of logic 

functions to predict the carry for each bit position based 

on the inputs, thus significantly speeding up the addition 

process. The carry look-ahead mechanism allows the 
CLA to generate all the carry bits in one step, which is 

crucial for high-speed operations. 

• Speed Improvement: The CLA is particularly 

advantageous in FPGA implementations where the need 

for high-speed addition operations is critical. By reducing 

carry propagation delays, the CLA ensures that the final 

sum of partial products is computed in parallel, leading to 

faster computation times and overall speed improvement 

for the multiplier. 

The use of CLA in combination with the Wallace Tree 

ensures that the final adder does not become a bottleneck 
in the multiplication process, enabling the proposed 

multiplier to achieve high operational speed. 

 

4.5 FPGA Implementation 

The entire multiplier design is implemented on an FPGA, 

which provides the flexibility of hardware-based 

implementation with high parallelism capabilities. Field-

Programmable Gate Arrays (FPGAs) are ideal for this 

design due to their ability to execute multiple operations 

concurrently, which is essential for the high-speed 

processing required in real-time systems. 

• Design Entry and Simulation: VHDL (VHSIC Hardware 

Description Language) is used for design entry, which 

allows for detailed specification of the architecture. The 
VHDL code describes the hardware modules such as the 

Booth encoder, partial product generator, Wallace Tree, 

and Carry Look-Ahead Adder. The Xilinx ISE (Integrated 

Software Environment) is employed for simulation and 

synthesis, ensuring that the design operates as intended 

before hardware implementation. 

• Parallelism and Resource Utilization: FPGAs are 

particularly suitable for applications requiring parallel 

processing, as they allow for the simultaneous execution 

of multiple operations, which speeds up the overall 

multiplication process. The design is optimized to make 
the best use of FPGA resources, such as logic blocks, 

slices, and flip-flops, ensuring high performance with low 

resource overhead. 

• Real-Time Processing: FPGA's reconfigurable nature 

ensures that the multiplier design can be easily adapted to 

different applications. Whether it's for high-speed signal 

processing, cryptography, or other digital systems, the 

FPGA-based implementation ensures that the multiplier 

can operate efficiently in real-time, meeting the demands 

of modern computational systems. 

By leveraging FPGA technology, the proposed multiplier 

architecture benefits from enhanced speed, parallelism, 
and scalability, making it suitable for a wide range of 

high-performance computing applications. 

 

4.6 Wallace Tree Algorithm 

 
The Wallace Tree algorithm is a parallel multiplier 

structure that significantly reduces the time complexity of 

summing partial products. The basic idea is to use 
compressors to add multiple bits in parallel, thereby 

reducing the overall number of adders required. 

 

4.7 Wallace Tree with 2:2 And 3:2 

Compressors 

 
In the Wallace Tree, the partial products are organized 

into columns, and each column is summed using a 

combination of half adders and full adders. The key 
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innovation is the use of compressors, such as the 2:2 and 

3:2 compressors, to reduce the number of bits being added 

at each stage. 

• 2:2 Compressor: A 2:2 compressor takes two input bits 

and produces two output bits (sum and carry). It is used in 

the first stages of the Wallace Tree to combine partial 

products. 

• 3:2 Compressor: A 3:2 compressor takes three input bits 

and produces two output bits (sum and carry). It is used in 

later stages of the Wallace Tree to further reduce the 
number of partial sums. 

By using these compressors, the Wallace Tree can 

efficiently reduce the number of intermediate sums and 

carry operations, which speeds up the final addition stage. 

 

5. IMPLEMENTATION & RESULTS: 

 
The proposed multiplier was implemented in Verilog for 

both a 4x4-bit multiplier and an 8x8-bit multiplier. The 

implementation was carried out using the Wallace Tree 

algorithm, with 2:2 and 3:2 compressors for partial sum 

reduction. 

 

5.1 4x4-Bit Multiplier Implementation 

 
The 4x4-bit multiplier was implemented using two key 

modules: the half adder (HA) and the full adder (FA). 

Figure 1: Block Diagram of the Wallace Tree using 4:2 

compressors. 

 

 
Figure 1: Block Diagram of the Wallace Tree using 

4:2 compressors 

 

The multiplexer used for the final product generation is 

shown in the Verilog code below: 

 

verilog 

module HA(sout, cout, a, b); 

    output sout, cout; 
    input a, b; 

    assign sout = a ^ b; 

    assign cout = a & b; 

endmodule 

 

module FA(sout, cout, a, b, cin); 

    output sout, cout; 

    input a, b, cin; 

    assign sout = (a ^ b ^ cin); 

    assign cout = ((a & b) | (a & cin) | (b & cin)); 

endmodule 
 

module multiply4bits(product, inp1, inp2); 

    output [7:0] product; 

    input [3:0] inp1; 

    input [3:0] inp2; 

    // Product generation and full adder logic 

endmodule 

This design implements the Wallace Tree multiplier 

using 2:2 and 3:2 compressors, and the final adder is 

implemented using a Carry Look-Ahead Adder. 

 

5.2 8x8-Bit Multiplier Implementation 

 
The 8x8-bit multiplier was also implemented using the 

Wallace Tree algorithm, with a similar structure. Figure 

2: Block Diagram of the Wallace Tree 8x8 bit multiplier. 

 
Figure 2: Block Diagram of the Wallace Tree 8x8 bit 

multiplier. 

The main difference is the size of the inputs and the 

number of adders and compressors used. 

 

verilog 

Copy code 

module HA(a, b, sum, carry); 

    input a, b; 

    output sum, carry; 

    assign sum = a ^ b; 
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    assign carry = a & b; 

endmodule 

 

module multiply8bits(product, inp1, inp2); 

    input [7:0] inp1; 

    input [7:0] inp2; 

    output [15:0] product; 

    // Product generation and Wallace Tree logic 

Endmodule 

 

6. PERFORMANCE EVALUATION 

 
The performance of the proposed multiplier architecture 

was evaluated in terms of speed, area, and power 

consumption, using Xilinx ISE for FPGA implementation 

and simulation. Figure 3: Block Diagram of the Test 

Bench output. 

 

 
Figure 3: Block Diagram of the Test Bench output 

 

6.1 speed 

 
The proposed architecture demonstrated significant 
improvements in operational speed: 

• The 4-bit multiplier achieved a clock frequency of 150 

MHz, representing a 20% improvement over conventional 

multipliers. 

• The 8-bit multiplier operated at 120 MHz, resulting in a 

15% improvement in speed over traditional designs. 

• The use of the Wallace Tree and Carry Look-Ahead 

Adder (CLA) significantly reduced carry propagation and 

intermediate summation delays, contributing to faster 

operation. 

By efficiently summing partial products with the Wallace 

Tree and reducing carry propagation delays with the CLA, 
the overall critical path of the multiplier was minimized. 

This optimization allowed for the increase in clock 

frequency, leading to faster multiplication results. 

Additionally, the Booth encoding technique reduced the 

number of partial products, contributing further to the 

speed gains by minimizing the number of operations 

needed to compute the product. 

The design's parallel processing capability, inherent to the 

Wallace Tree and CLA, allowed for simultaneous 

operations, resulting in a reduction in latency and an 

increase in throughput. This made the architecture 
suitable for high-performance applications in digital 

signal processing (DSP) and cryptographic systems where 

fast multiplication is critical. 

 

6.2 Area 

 
In terms of area efficiency, the design showed a notable 

reduction in resource usage: 

• The 4-bit multiplier used 250 slices, while the 8-bit 

multiplier utilized 600 slices, reducing the area by 10-

15% compared to a standard Wallace Tree design. 

• The incorporation of 2:2 and 3:2 compressors allowed 

for fewer full adders, which significantly reduced the 
overall area of the design without compromising speed. 

The Wallace Tree structure, typically associated with 

higher area consumption due to the need for multiple 

adders, was optimized with the use of compressors that 

reduced the number of logic elements. By using 2:2 and 

3:2 compressors, the design minimized the number of 

required full adders, directly resulting in area savings. 

Additionally, this compressor-based architecture made 

better use of available FPGA resources by reducing the 

need for intermediate stages, which would otherwise 

increase the area usage. 
The reduced area not only makes the design more efficient 

but also translates to lower overall costs in hardware, as 

fewer FPGA resources are required for implementation. 

This is particularly beneficial for embedded systems and 

resource-constrained applications where efficient 

utilization of hardware is paramount. 

 

6.3 Power Consumption 

 
Power consumption was optimized, resulting in a more 

energy-efficient design: 

• The 4-bit multiplier consumed 15% less power, and the 

8-bit multiplier consumed 20% less power than 

conventional multiplier designs. 
• The reduction in power is attributed to the more efficient 

compression of partial products and the use of a Carry 

Look-Ahead Adder (CLA) to minimize power-hungry 

carry propagation. 

The use of compressors such as the 2:2 and 3:2 reduced 

the switching activity in intermediate stages, which 

directly contributed to power savings. Since each 

compressor was able to reduce the number of bits being 

processed at each stage, fewer transitions were required, 

leading to lower dynamic power consumption. 

Additionally, the Carry Look-Ahead Adder reduced the 
switching delay in the final summation stage, which in 

turn minimized power consumption by reducing carry 

propagation and the associated energy dissipation. 

The optimized power consumption also makes the design 

more suitable for portable and battery-powered devices, 

where energy efficiency is a critical concern. The 

improvements in power efficiency, combined with the 
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speed and area optimizations, make this architecture ideal 

for real-time systems that require low power without 

compromising performance. 

 

7. CONCLUSION 

This research presents a high-performance parallel 

multiplier architecture based on the Radix-2 Booth 

algorithm, Wallace Tree compression, and Carry Look-

Ahead addition. The proposed design significantly 

enhances speed, area, and power efficiency compared to 

conventional multipliers. FPGA implementations of both 

4-bit and 8-bit multipliers demonstrate the effectiveness 

of the design in achieving high-speed multiplication with 

optimized area and power consumption. The performance 

evaluation highlights the substantial improvements in 

multiplication speed, resource utilization, and power 

efficiency, making the architecture suitable for a wide 
range of real-time applications such as digital signal 

processing, cryptography, and multimedia systems. 

The results underscore the advantages of using advanced 

compression techniques and parallel processing in 

hardware design. Future work can explore the scalability 

of the architecture for larger bit-widths, as well as further 

power optimizations, especially in the context of high-

performance computing and embedded systems. This 

work opens the door for further innovations in hardware-

based multipliers, paving the way for more efficient and 

faster designs in resource-constrained environments. 
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