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ABSTRACT—

In this paper, various algorithms to design a floating point multiplier along with their architecture and implementation details are studied, which are essential for
designing digital systems and an important block in digital signal processing. IEEE 754 Floating-point is a way of representing and performing arithmetic operations
on real numbers in computer architecture. It's a numerical data type that allows us to handle values with fractional parts and a wide range of magnitudes. This
number representation is essential in computing because they enable us to work with real-world values that are not whole numbers. Many scientific and engineering
calculations require precise representation of decimal numbers with varying levels of precision, such as half, single and double. Floating-point multiplication is the
arithmetic operation most frequently utilized and is a very important component of many engineering applications such as signal processing, video processing,
image processing, etc.
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1. INTRODUCTION

In digital computing, representing real numbers—those containing fractional components or requiring extremely large or small magnitudes—poses a
significant challenge. To address this, the IEEE (Institute of Electrical and Electronics Engineers) developed the IEEE 754 standard, a widely adopted
and rigorously defined system for representing floating-point numbers in binary form. Introduced in 1985 and refined through later revisions, this standard
forms the foundation for most modern computational platforms, allowing consistency, accuracy, and portability in numerical operations across a variety
of hardware and software systems. The primary motivation behind the IEEE 754 standard is to mimic the scientific notation used in mathematics, but in
a binary format suitable for electronic processing. A floating-point number, in this system, is represented using three major components: a sign bit, an
exponent, and a mantissa (or significand). The sign bit determines the polarity of the number, the exponent encodes the scale or magnitude using a bias
to handle both positive and negative exponents, and the mantissa stores the significant digits of the number in binary, excluding the implicit leading bit
in normalized forms. There are a total of 32 bits in case of Single precision and 64 bits for Double precision and the format to represent these numbers is
shown in Fig 1.

The significance of the IEEE 754 floating-point standard lies not only in its structured and efficient representation of real numbers but also in the
consistency it brings to mathematical computations across various computing systems. It ensures that numerical results remain predictable, repeatable,
and robust even when performed on different hardware or with different compilers. This universality has made IEEE 754 essential in high-performance
computing, real-time systems, embedded design, and virtually every field that relies on digital computation.
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Fig. 1 Floating point formats in the proposed model
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Floating-point multiplication is one of the most frequently employed arithmetic operations in an FPU (Floating Point Unit) and serves as a critical
component in numerous engineering domains, including image processing, video processing, and signal processing. Due to its ability to represent both
extremely large and very small numerical values, the floating-point format offers a significantly wider dynamic range compared to fixed-point
representation. This versatility makes it indispensable in various scientific and computational applications. Consequently, there is a growing demand for
the design of floating-point multiplier units that are optimized for reduced propagation delay, lower hardware resource utilization, and improved energy
efficiency.

Il. REVIEW OF EXISTING SYSTEMS

Fig. 2 showcases the floating point multiplication procedure in three main steps. Floating-point multiplication is the process of computing the product of
two floating-point numbers while maintaining compliance with the IEEE 754 standard. In single-precision (32-bit), each floating-point number is
represented using three fields: a 1-bit sign, an 8-bit biased exponent, and a 23-bit fraction, also known as the significand or mantissa, with an implicit
leading ‘1’ assumed for normalized numbers. Multiplying two numbers in floating point format is done by:

1-  adding the exponent of the two numbers and then subtracting the bias from their result,
2- multiplying the significand of the two numbers, and

3-  calculating the sign by XORing the sign of the two numbers.
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Fig. 2: Floating Point Multiplication Process
There are various other algorithms used to approach this significand multiplication process:
1. Booth multiplication algorithm
2. Array multiplication
3. Wallace tree multipliers
4.  Dadda multipliers
5. Vedic multiplication (Urdhva Tiryak Sutra)

A) Booth Multiplication Algorithm

The Booth multiplication algorithm is an efficient technique for performing signed binary multiplication and is widely used in hardware implementations
of floating-point multipliers. Its primary advantage lies in reducing the number of partial products, which in turn lowers the computational complexity
and latency of the multiplier circuit. The algorithm achieves this reduction by encoding the multiplier in such a way that sequences of consecutive 1s are
handled using fewer arithmetic operations.

In its basic form, known as Radix-2 Booth encoding, the algorithm examines two bits of the multiplier at a time—the current bit and the previous bit—
to determine whether an addition, subtraction, or no operation is required. The encoding rules are as follows:

Put multiplicand in BR and multiplier in QR and then the algorithm works as per the following conditions :
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1. If Qn and Qn+1 are same i.e. 00 or 11 perform arithmetic shift by 1 bit.
2. 1f Qn Qn+1 = 01 do A= A + BR and perform arithmetic shift by 1 bit.

3. 1f Qn Qn+1 =10 do A= A — BR and perform arithmetic shift by 1 bit.
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Fig. 3: Basic Booth Algorithm Block

Booth multiplication is smaller, faster multiplication algorithm through encoding the signed numbers to 2’s complement, which is also a standard
technique used in chip design, and provides significant improvements by reducing the number of partial product to half over “long multiplication”

techniques. Modified Booth's multiplication algorithm is a multiplication algorithm that multiplies two signed binary numbers in two's complement
notation.

B) Array Multiplier

Array multipliers are derived from the concept of parallelogram-style multiplication, so named due to the geometric resemblance of their structure to a
parallelogram. In this architecture, a grid of parallel adders is arranged such that each stage receives partial product inputs and propagates carry outputs
to the subsequent row. All partial products are generated concurrently, allowing for efficient computation. The structure of an array multiplier can be
conceptually divided into vertical and horizontal components, both of which introduce delays—primarily due to full adder operations and logic gate
propagation. Owing to their highly regular and compact layout, array multipliers are straightforward to implement in hardware, making them suitable for
VLSI design where simplicity and uniformity are advantageous.

Because of its small and regular structure, the array multiplier is easier and faster to design compared to more complex designs like the Wallace tree
multiplier. Its simplicity also makes it suitable for pipelined architectures. However, this design also has drawbacks, such as higher worst-case delay and
slower overall speed, which may limit its use in high-performance systems.

Fig 4: Array multiplier
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C) Wallace Tree Multiplier

The Wallace tree multiplier is a high-speed hardware architecture used for multiplying binary numbers by efficiently reducing the number of partial
products. It operates in three main stages: partial product generation, reduction, and final addition. In the first stage, partial products are generated using
basic AND gates. The key innovation lies in the second stage, where a tree-like structure composed of carry-save adders (CSAs) is used to compress
these partial products into two final rows—one for the sum and one for the carry. These rows are then added using a fast adder, such as a carry-lookahead
or ripple-carry adder, to produce the final result.

The Wallace tree method significantly reduces the critical path delay by minimizing the number of sequential addition stages, allowing multiple additions
to occur in parallel. This makes it much faster than traditional array multipliers, especially for operands with a large number of bits. However, this
improvement in speed comes at the cost of increased design complexity and irregular layout, which can complicate routing and increase power
consumption in VLSI implementations._Despite these challenges, the Wallace tree multiplier is widely used in performance-critical applications such as
digital signal processing and high-speed arithmetic units, where low latency is more important than layout simplicity.
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Fig. 5: Simple 8*8 implementation of Wallace Algorithm

D) Dadda multiplier

The Dadda multiplier is an optimized hardware multiplication technique that focuses on reducing the number of required components during the partial
product reduction stage, while maintaining high computational speed. It is conceptually similar to the Wallace tree multiplier but differs in the strategy it
employs for compressing partial products. The algorithm was introduced by Luigi Dadda in 1965, and it aims to minimize the number of adders used,
thus reducing the hardware complexity compared to Wallace tree multipliers. Like other parallel multipliers, the Dadda algorithm proceeds in three
primary steps:

1. Partial product generation:All partial products are generated simultaneously using a set of AND gates, one for each bit-pair between the multiplicand
and multiplier.

2. Reduction of partial products: Instead of immediately reducing the partial products at every level—as in the Wallace tree—the Dadda approach delays
reduction as long as possible. It uses a threshold-based reduction scheme, where the maximum allowed number of bits in each column is determined in
advance for each stage. This ensures that each stage uses the fewest possible full adders and half adders, which helps optimize area without significantly
compromising speed. The reduction continues stage-by-stage until only two rows of partial products remain.

3. Final addition: The last two rows are added using a fast adder, such as a carry-lookahead or carry-select adder, to produce the final product.

The primary advantage of the Dadda algorithm lies in its balanced trade-off between speed and hardware efficiency. While its performance in terms of
delay is comparable to the Wallace tree approach, it generally consumes less area because of its more conservative use of adders during the reduction
phase. This makes the Dadda multiplier especially attractive for VLSI implementations where area efficiency is a concern. However, due to the structured
but less regular interconnect compared to simpler architectures like array multipliers, Dadda multipliers can be more difficult to route and verify,
especially as operand widths increase. Despite this, they remain a popular choice for medium- to high-performance multiplication in processors and
digital signal processing units
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Fig. 6: Simple 8*8 Dadda algorithm implementation

E) Vedic Multiplier

The speed of a multiplier during the accumulation of partial products is often limited by the carry propagation in adders. This limitation can be addressed
using techniques from Vedic mathematics, which enable single-step summation and help reduce delay. The core concept of a Vedic multiplier is rooted
in Vedic mathematics, an ancient computational system. This methodology is based on sixteen mathematical sutras that cover various branches of
mathematics, including calculus, trigonometry, conic sections, and geometry. Today, Vedic multipliers are widely applied in communication systems and
digital signal processing.

Among the sixteen sutras, the most commonly employed in multiplier design are the Urdhva Tiryakbhyam and Nikhilam sutras. The Urdhva Tiryakbhyam
approach, in particular, is based on the principles of vertical and crosswise multiplication. This allows for faster multiplication and makes it well-suited
for applications requiring high-speed arithmetic operations.

A basic illustration of a 4x4 Vedic multiplier is typically used to demonstrate this method. In the context of arithmetic circuit design, having a fast and
efficient multiplier is essential. Vedic multipliers offer several advantages:

1. They enhance the speed of multiplication.
2. They improve the overall efficiency of the multiplier.
3. They reduce time and path delays.

4. They occupy less hardware area.
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Fig.7: 24 bit Vedic Multiplier
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111. CONCLUSION

Floating-point multiplication is a fundamental operation in modern computing systems, particularly in domains such as signal processing, scientific
computing, and embedded applications. This review has presented a comparative analysis of various multiplier architectures, including array, Wallace
tree, Dadda, Booth, Vedic, and other algorithmic approaches. Each design offers distinct trade-offs in terms of speed, area, power consumption, and
implementation complexity. While traditional methods like array multipliers provide simplicity and regularity, advanced techniques such as Wallace and
Dadda multipliers significantly enhance performance by reducing partial product accumulation delay. Algorithmic innovations like Booth encoding and
Vedic multiplication offer further optimization tailored to specific applications.

The choice of multiplier architecture depends heavily on design requirements such as latency constraints, area limitations, and energy efficiency. As the
demand for high-performance and low-power computing continues to grow, future research will likely focus on hybrid and adaptive multiplier designs
that combine the strengths of multiple approaches. This ongoing development will ensure that floating-point multiplication remains efficient and scalable
across a wide range of computing platforms.
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