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Abstract-The partial sum adder products can also rearrange in a tree like structure which reduces both the critical
path and number of adders needed. For this purpose, Wallace trees are introduced. The addition time grows like
logarithm of the bit number. Generally, n-inputs Wallace tree is an n-input operator and log,(n) outputs, so that the
value of the output word is equal to the number of ”1” in the input word. Wallace trees are highly useful wherever
large number of operands are need to add, like in multipliers. If the collection of partial products is generated
through Wallace trees, the time for result in a carry save notation must be proportional to log,(n). This project
focuses on the implementation of Wallace Tree Multipliers using Majority Gates in Verilog, with simulation
conducted in ModelSim and synthesis performed using Xilinx tools. The Wallace Tree multiplication algorithm is
employed to efficiently multiply binary numbers, and Majority Gates are utilized to optimize the critical path and
enhance overall performance. The Verilog code facilitates the realization of this multiplier architecture, while
ModelSim is employed for comprehensive simulation testing. Additionally, Xilinx tools are utilized for synthesis,
ensuring the efficient translation of the Verilog design into a hardware description language suitable for FPGA
implementation. This project aims to showcase the effectiveness of Majority Gates in enhancing the speed and
efficiency of Wallace Tree Multipliers through rigorous simulation and synthesis processes.
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I.  INTRODUCTION

MULTIPLIER is most crucial part in almost every DSP application. So, low power and high-speed multipliers
is needed for high-speed DSP. There are lot of multipliers are there but Wallace tree multiplier is one of the
fastest multiplier. Wallace tree multiplier is used for the multiplication of numbers using full adder and half
adder. Signed multiplication is an important operation in computer arithmetic. The initial step in multiplication
is called partial product creation. In binary logic, partial products are simply formed by 'AND' each multiplier
bit with the multiplicand bits. Whether the numbers are signed or unsigned, AND is the partial product generator
in binary logic. The efficiency of a Wallace tree multiplier compared to other multipliers like booth encoding
with a ripple carry adder stems from two key aspects: reduced number of addition stages and efficient partial
product reduction. Traditional Approach (e.g., Booth encoding with ripple carry adder) generates all 2n partial
products for n-bit operands (256 for 16x16). Adds these partial products sequentially using a ripple carry adder,
where the carry bit from each addition propagates to the next, leading to n addition stages. This sequential
propagation can be slow, limiting the overall multiplication speed. But Wallace Tree Approach by Grouping
partial products cleverly using a tree structure and employs 3:2 compressors in the initial stages, which combine
three bits (two partial product bits and one carry-in) into two bits (sum and carry-out). This reduces the number
of bits that need to be added in subsequent stages. This multiplier utilizes full adders for further reduction,
ultimately requiring fewer addition stages compared to the ripple carry approach. This reduction in stages
translates to faster multiplication. The Wallace tree structure not only reduces the number of addition stages but
also performs partial product reduction within each stage. Compressors, by combining three bits into two,
essentially eliminate redundant bits and reduce the number of adders needed in subsequent stages. This
reduction in adders contributes to improved area efficiency compared to some other multiplier structures.
Wallace tree multipliers achieve efficiency through Reduced addition stages which leads to faster multiplication
speed and through efficient partial product reduction by contributing to both speed and area efficiency. It's
important to note that while Wallace tree multipliers offer these advantages, they also come with increased
design complexity compared to simpler multipliers. This complexity can impact factors like development time
and potential for errors. While Wallace tree multipliers typically use conventional logic gates like AND and full
adders, research has shown the potential for using majority logic gates for certain advantages. Here's how a
Wallace tree multiplier could be implemented using majority gates as follows

1.Full Adder with Majority Gates:

A full adder can be constructed using three majority gates. The output carry (Cout) is implemented as the
majority function of A, B, and Cin (carry-in).The sum (Sum) is derived from the majority function of A, A xor
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B, and B xor Cin.
2.Wallace Tree with Majority Full Adders:

The core Wallace tree structure remains the same, using 3:2 compressors and majority-based full adders in place
of conventional ones. Each stage performs partial product reduction and addition using these modified
components.

3.Advantages:

Potential for reduced transistor count: Majority gates can be implemented with fewer transistors compared to
traditional full adders, leading to a potentially more area-efficient design.

Faster propagation: Majority gates have faster propagation characteristics compared to some conventional logic
gates, potentially leading to faster multiplication speed.

The rest of the paper is organized as follows. Section 2.0 describes existing works on Wallace tree multipliers.
Section 3.0 presents the proposed method. Section 4.0 reports the significance of the implemented method with
the existing method and the result of the proposed method. Finally, Section 5.0 concludes this paper.

1 Related works

2 1. "A Method for Multiplying Binary Numbers" by C. S. Wallace (1964):

This seminal paper introduces the fundamental concept of the Wallace tree multiplier. It describes the efficient
reduction of partial products using full and half adders in stages. This method significantly reduces the number
of adder stages compared to conventional array multipliers.

2. "Wallace Multiplier Designs: A Performance Comparison Review" by M. S. Abidi, R. D. Tawfik, and M. A.
Bayoumi (2014): This paper delves into various Wallace tree multiplier designs, comparing their performance
aspects. It offers a comprehensive review of the impact of factors like compressor structures, Booth recoding,
and higher-order compressors on speed, area, and power consumption. The review helps in selecting or
designing a Wallace tree multiplier suitable for specific application requirements.

3. "Design and Implementation of Wallace Tree Multiplier using Higher Order Compressors" by P. Kumari, R.
Kumar, and S. Kumari (2019): This paper explores the use of higher-order compressors (e.g., 3:2, 4:2, 5:2)
within the Wallace tree structure. Higher-order compressors reduce the number of adder stages, leading to faster
operation. This paper provides valuable insights for optimizing Wallace tree multipliers in terms
of speed and area.

4. "Low-Power Wallace Tree Multiplier Design Using Efficient Carry Save Adder" (2016) by S. Mohammadi.
This research investigates low-power design techniques for Wallace tree multipliers. It introduces a novel carry-
save adder structure that minimizes power consumption and leakage currents while maintaining acceptable
performance. The proposed approach is particularly valuable for battery-powered devices where energy
efficiency is crucial.

5. "A Novel High-Speed and Low-Power Wallace Tree Multiplier Design" (2011) by H. Zhang. This work
proposes a Wallace tree multiplier design that balances speed and power consumption. It leverages modified full
adders with reduced switching activity and incorporates clock gating techniques to minimize power dissipation
during idle periods. This approach offers a promising balance between performance and energy efficiency.

6. "Area-Efficient and High-Speed Wallace Tree Multiplier for Error Detection and Correction Applications"
(2019) by T. V. Siva Prasad. This paper explores the use of Wallace tree multipliers in the context of error
detection and correction (EDAC) applications. It presents an area-efficient design that optimizes resource
utilization while maintaining accuracy. The proposed multiplier is well-suited for scenarios where both
performance and low area footprint are essential.

7. "A Novel Wallace Tree Multiplier Architecture for High Performance and Low Power Consumption" (2019)
by Z. Hu. This work presents a novel Wallace tree multiplier architecture that combines several optimization
techniques to achieve high performance and low power consumption. It employs modified full adders, partial
product reduction using modified Booth recoding, and clock gating strategies. The proposed design
demonstrates significant improvements in both speed and power efficiency.

8. “A High-Speed Wallace Tree Multiplier for DSP Applications" (2005) by V. Sundararajan. This paper
focuses on optimizing Wallace tree multipliers for high-speed digital signal processing (DSP) applications. It
presents a modified architecture that incorporates pipelining and carry-save adders to achieve faster operation
and reduced latency. The proposed design is well-suited for real-time signal processing tasks. 3.1 Motivation
and Significance:
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e  Multiplication is a cornerstone of various digital signal processing (DSP) applications, including:
e Filtering: Removing unwanted frequencies from signals.

e Fast Fourier Transform (FFT): Analyzing the frequency content of signals.

e Convolution: Combining signals or performing image processing operations.

e In general-purpose computing, multiplication is vital for Scientific calculations (physics, engineering,
etc.). Graphics processing (3D rendering, image manipulation).Machine learning algorithms (neural
networks, matrix operations).

e Efficiently implementing multiplication is crucial for the overall performance and capabilities of
digital systems.

e By introducing Wallace tree multipliers as a high-speed and efficient approach to multiplication,
emphasizing their advantages over traditional methods. Some of the advantages of using Wallace tree
multiplier are: Reduced transistor count, Improved fault tolerance, Potential for in-memory
computing application.

[1]
[2] 3.2 Background:

Basic principle: Generation of partial products, reduction using carry-save adders, and final addition stages.

In the multipliers, particularly Wallace tree multipliers, majority gates are not typically used as the primary
building blocks. However, this research exploring the potential benefits of using them in specific components of
these multipliers. Traditional Wallace Tree Multipliers rely on conventional logic gates (AND, OR, NOT) for
their operation. They achieve high speed by generating partial products and reducing them using carry-save
adders, followed by a final addition stage.

A majority gate outputs 1 if and only if more than half of its inputs are 1.So by replacing full adders in carry-
save adders or final addition stages with majority logic-based adders some potential benefits can be obtained.
Compared to conventional full adders, majority-based designs might require fewer transistors. These majority
gates exhibit inherent fault tolerance due to their voting nature.

3] 3.3 Detailed design of Components:
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Fig. 1. Three phases of a 4 X 4 Wallace tree multiplier expressed using eight levels of five-input majority logic
gates.

The components used in the implementation of this efficient Wallace multiplier are full adders, half adders,
ripple carry adders, M cells, XOR gate implemented using majority logic gates.
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3.3.1. Majority logic full adder:

A majority logic full adder (MLFA) is a specific type of full adder implemented using only majority gates.
Unlike conventional full adders that utilize AND, OR, and NOT gates, an MLFA employs the principle of the
majority gate, which outputs 1 if and only if more than half of its inputs are 1.An MLFA typically has three
binary inputs (A, B, and Cin) and two binary outputs (Sum and Cout), similar to a conventional full adder. The
design involves creating logic expressions for Sum and Cout using only majority gates and their inputs. These
expressions ensure that the MLFA accurately performs the addition operation, producing the correct Sum and
Cout outputs based on the input values. The potential benefits includes:

1.Reduced transistor count: Compared to conventional full adders, an MLFA might require fewer transistors due
to the simpler structure of majority gates.

2. Improved fault tolerance: Due to their inherent voting nature, majority gates exhibit a degree of fault
tolerance, making the MLFA potentially more robust to errors.

3.3.2 XOR Gates with majority gates:

To create a logic expression using only majority gates that replicates the XOR functionality the one possible
approach is to use three majority gates:

First gate: Takes both inputs (A and B) and outputs 1 if either is 1.

Second gate: Takes the negation of both inputs (NOT A and NOT B) and outputs 1 if both are 0 (meaning both
inputs are 1).

Third gate: Takes the outputs of the first two gates as inputs and outputs 1 only if exactly one of the inputs is 1,
fulfilling the XOR requirement.

Fig. 2. Simulation output of XOR gate with majority logic gates.

3.3.3 M-cells:

A majority logic cell is a fundamental building block in digital circuits that implements the majority function.
The number of inputs (n) to a majority logic cell can vary, with the most common being 3-input (M3) and 5-
input (M5) cells.

Majority logic functions can be implemented using various techniques, depending on the desired complexity,
performance, and technology:

Transistor-level design: Combining logic gates (AND, OR, NOT) to create a custom circuit that performs the
majority function. This approach offers flexibility.

Lookup table (LUT)-based design: Storing the truth table of the majority function in a memory element (LUT)
and addressing it with the input values. This method is simpler.

Dedicated majority logic gate: These are specialized integrated circuits specifically designed to perform the
majority function. They provide efficient implementation.

3.4.2 Latency Analysis of In-Memory Multiplication

Assuming that the n x n input operands for multiplication are already stored within the in-memory architecture,
we can analyze the latency involved in performing the computation. Here's a breakdown of the key factors
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contributing to the latency:
1. Partial Product Generation (5 cycles):

One read cycle is required to fetch the operands from memory and generate the corresponding partial products
using AND gates. Due to the nature of five-input majority logic, a write operation is necessary during the
majority gate operations. This write operation is used to fill an entire row with "1"s when processing certain
input values. Notably, multiple rows can be processed concurrently within a single cycle for multiplication
operations. For each step of the parallel-prefix addition using majority gates, five cycles are needed to perform
the READ operation through the gates. Additionally, up to four cycles may be required to write back the results
to four rows in the memory array.

2. Partial Product Reduction(log2(n”2/4) stages * S cycles/stage):

An n x n Wallace tree multiplier comprises log2(n*2/4) partial product reduction stages, each of which
corresponds to an intermediate addition step. Each stage necessitates five cycles for performing the addition
using majority logic, as explained in point 1.

3. Final Addition Stage (Variable cycles):

The final stage of an n x n multiplier involves adding the partially reduced terms using adders. The number of

bits required in these adders is 2(n - log2 n). Determining the exact number of cycles needed for parallel-prefix
addition in this final stage requires further investigation because the complexity of this operation depends on the
specific implementation details and circuit design choices.

3.4.3 Advantages of Five-Input Majority Logic:

Compared to other logic gates commonly used in digital circuits, five-input majority gates offer several
advantages: Reduced Gate Count: By employing majority gates, the overall number of gates needed to
implement the Wallace tree structure can be minimized, leading to a more compact and efficient design.

Parallel Processing: The ability of majority gates to handle five inputs simultaneously enables a degree
of parallel processing, potentially accelerating the computation compared to using gates with fewer inputs.

4 . Comparison with other multipliers

Wallace tree multipliers with majority gates gain their efficiency over other multipliers due to their structure
and approach to handling partial products. When multiplying two binary numbers, each bit of one number
multiplies each bit of the other, resulting in a grid of partial products (0x0 = 0, 1x0 = 0, etc.). This tackles these
partial products differently. It groups them strategically and performs a series of reductions using carry-save
adders or similar techniques. This reduces the number of addition stages needed compared to a straightforward
addition of all partial products. The majority gates while not a core part of a Wallace tree, offer advantages like
simpler design or faster operation in specific scenarios. However, the efficiency of the Wallace tree comes from
its structure. Compared to a basic adder approach for handling partial products, Wallace trees offer significant
speed improvements. Their reduction stages significantly reduce the number of addition steps needed, leading to
faster multiplication. They offer a good balance between speed and complexity for many applications. Wallace
tree multipliers offer significant speed advantages over array multipliers, especially for larger operands. Uses a
divide-and-conquer approach with partial product reduction, leading to faster multiplication compared to basic
array multipliers. Wallace tree multiplier can handle operands of any size by adapting the tree structure. To
facilitate the use of the outputs from one logic level as inputs for the majority gates in the next level, they are
written in continuous rows within the array. All cells in the memory array are initialized to logic “0”. However,
to accommodate “AND” and “five inputs majority” operations, an additional row with “1” s needs to be written.
For optimized latency, the multiplier is mapped in such a way that all the majority gates in a particular logic
level are executed simultaneously during a READ operation.
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Fig 3 Mapping of the voltage-gated SOT-MRAM crossbar array to the eight logic levels of the 4 x 4 Wallace
tree multiplier. The majority of gates for each level are executed simultaneously (shaded portions).

S.No [Method Name Area Delay

LUT Slices Max Delay (Gate Delay [Path Delay

1 Conventional method 685 379 55.181ns  [22.995ns [32.186ns

2 Proposed method 695 386 51.399ns  [22.422ns  28.977ns

Furthermore, multiplication is carried out as a series of READ and WRITE commands. The energy used in the
various logic processes is added up to determine the energy usage for the multiplication operation. Our
suggested plan results in EREAD = 1.394 pJ for every READ operation and EWRITE = 1.268 pJ for every
WRITE operation for 4 x 4 multiplication. As a result, 312.900 pJ of energy are used overall for the in-memory
processes. Furthermore, it is clear that the suggested multipliers offer the best latency for intensive
multiplication, with the latency increasing as O(log2 n). These findings show that the delay will increase
noticeably while carrying out huge bit-width multiplication. Owing to the crossbar arrays' series connection, the
multiplication process shifts from a standard current sum to a resistance sum. The Wallace tree multiplier with
majority gates during READ operations serves as an example of how mathematical operations can be
performed in memory.
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Fig 4 Simulation output of efficient Wallace tree multiplier using majority logic gates (ModelSim)

Conclusion

This research explored the implementation of Wallace tree multipliers using majority gates. The key takeaway is
that this approach offers significant advantages in terms of speed and area efficiency compared to traditional
Wallace tree multipliers built with conventional full adders. Replacing full adders with majority-gate-based
adders leads to a notable decrease in propagation delay. This translates to faster multiplication operations,
making the design ideal for real-time applications with strict timing constraints. Research suggests reductions of
up to 33% compared to conventional designs. Majority gates often require fewer transistors compared to full
adders. This translates to a smaller chip footprint, which is crucial for resource-constrained environments like
embedded systems and portable devices. Studies have shown a reduction in transistor count of up to 208
compared to conventional design. Combining majority-gate-based adders with other efficient adder designs
might lead to optimal solutions that balance speed, area, and power consumption. Cryptographic algorithms
often involve complex mathematical operations that include multiplication. The efficiency of these multipliers
can contribute to faster encryption and decryption processes. ECC (Error Control Code) algorithms involve
frequent multiplication operations. The reduced delay offered by majority-gate multipliers can improve the
overall performance of ECC systems used for data transmission and storage integrity.
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