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[bookmark: _Toc534698927]Introduction
Digital multiplication is an important operation in computer systems and digital electronics, where speed and efficiency are key factors. Multipliers are used in many applications, including signal processing, communications, and embedded systems, so designing efficient multipliers is essential.
This report focuses on the design and comparison of two 8-bit unsigned binary multipliers: the Braun’s multiplier and the Wallace Tree multiplier. Both methods use parallel multiplication, where partial products are created by multiplying each bit of one number with the bits of another, and then adding them together to produce a 16-bit result. However, the two designs differ in structure and performance.
In Task 1, an 8-bit Braun’s multiplier is designed using an array-based structure. The partial products are generated and added using adders, and the design is implemented in VHDL using port mapping. The multiplier is then simulated and synthesised for FPGA implementation.
In Task 2, an 8×8 Wallace Tree multiplier is developed. This design reduces partial products more efficiently using a combination of full adders and half adders. The circuit is implemented in VHDL, simulated, and synthesised for FPGA design.
In Task 3, both multipliers are analysed and compared using Xilinx Vivado software. The delay and critical path are calculated, and the overall performance is evaluated.
[bookmark: _Toc1417315785]Background research
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Figure 1: Binary multiplication rules [1].
Binary multiplication is based on the generation and summation of partial products, where each bit of the multiplier is multiplied by the multiplicand and shifted according to its positional weight before being added to form the final result. Binary multiplication also follows a small set of rules as shown above in figure 1.
 Since this process involves multiple addition stages, the efficiency of multiplication largely depends on how quickly these partial products can be reduced. Various hardware architectures have been developed to optimise this process. The Array multiplier offers a simple and regular structure but suffers from significant delay due to sequential carry propagation. The Braun multiplier, a specialised form of array multiplier for unsigned numbers, maintains a regular layout and ease of implementation but still experiences similar delay limitations. In contrast, the Wallace Tree multiplier improves performance by reducing partial products in parallel using a tree-like structure, thereby significantly lowering computation time at the cost of increased design complexity. Booth multipliers further enhance efficiency by reducing the number of partial products through encoding, making them particularly suitable for signed operations. Faster multipliers are essential because multiplication is a critical operation in modern computing systems, directly affecting processor performance, digital signal processing tasks such as filtering and Fourier transforms, and artificial intelligence workloads that rely heavily on matrix multiplications. The key distinction between Braun and Wallace Tree multipliers lies in their reduction approach: Braun multipliers use a sequential, grid-based addition method, whereas Wallace Tree multipliers employ parallel reduction to achieve higher speed. Current trends in multiplier design focus on high-speed architectures, low-power consumption and efficient hardware utilisation, driven by the increasing demands of applications such as AI accelerators, real-time processing systems and portable devices.
[bookmark: _Toc1430993441]Applications and Advantages of Multipliers
Multipliers are widely used in a range of digital systems where high-speed arithmetic operations are required. In digital signal processing (DSP), they are essential for operations such as filtering, convolution and Fourier transforms, where large numbers of repeated multiplications must be performed efficiently in real time. In image and video processing, multipliers are used in tasks such as compression, scaling, enhancement and feature extraction, all of which involve intensive numerical computations. They are also fundamental components of central processing units (CPUs) and arithmetic logic units (ALUs), where they support general-purpose computation and execute arithmetic instructions that underpin software applications.
Different multiplier architectures offer distinct advantages depending on design requirements. The Braun multiplier is valued for its simple and regular structure, which makes it easy to design, implement and scale in hardware, particularly for unsigned operations. On the other hand, the Wallace Tree multiplier provides significantly higher speed by reducing partial products in parallel, resulting in reduced propagation delay and improved overall performance. This makes Wallace Tree multipliers more suitable for high-speed and performance-critical applications, despite their increased design complexity.
[bookmark: _Toc461190173]System Operation
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Figure 2: Brauns Multiplier Flow Chart
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Figure 3: Wallace Tree Multiplier Flow Chart
[bookmark: _Toc1648014313]Methodology
This work implements and evaluates two multiplier architectures: the Braun Multiplier and the Wallace Tree Multiplier. Both designs were developed using a consistent, scalable approach derived from an initial 4×4 multiplier implementation and extended to higher bit-widths. 
 
The design phase began with the generation of partial products using bitwise AND operations between multiplicand and multiplier bits. For the Braun multiplier, these partial products were arranged in a regular array structure, allowing systematic summation using Half Adders and Full Adders. Carries were propagated diagonally across the array, resulting in a uniform and modular layout. While this regularity simplified implementation, scaling the design led to increased complexity due to the large number of interconnections and components required. 
 
In contrast, the Wallace Tree multiplier employed a reduction-based strategy to improve computational efficiency. Partial products were grouped column-wise and reduced iteratively using carry-save techniques. Full Adders and Half Adders were used to compress multiple rows of partial products into two final rows, which were then summed using a conventional adder. This approach significantly reduced propagation delay compared to the Braun architecture, but introduced structural irregularity, making the design more complex to implement and verify. 
 
All designs were implemented using VHDL within Xilinx Vivado. A modular coding approach was adopted, with separate modules defined for basic components such as AND gates, Half Adders, and Full Adders. These modules were reused across both multiplier designs to ensure consistency and reduce redundancy.
[bookmark: _Toc72306304]Multiplier Block Diagrams
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Figure 4: Brauns multiplier structure
The Brauns Multiplier with an 8×8 configuration is a combinational circuit used to multiply two 8-bit binary numbers, producing a 16-bit output. Its structure, shown above in figure 4, is based on a regular array architecture, making it a direct extension of smaller designs such as the 4×4 multiplier.
The operation begins with the generation of a total of 64 partial products. These partial products are arranged in rows, with each successive row corresponding to a bit of the multiplier and shifted left according to its positional weight. This creates a diagonal alignment of bits within a grid-like structure.
The summation of these partial products is performed using a combination of Half Adders and Full Adders arranged systematically throughout the array. Half Adders are used in positions where only two inputs are present, typically at the initial stages, while Full Adders are used where three inputs must be summed, including carry values from previous stages. Carries generated during addition propagate diagonally through the array from one stage to the next.
This diagonal carry propagation introduces a ripple effect, increasing the overall propagation delay as the bit-width grows. Despite this, the structure remains highly regular and modular, which simplifies design and implementation, particularly in hardware description languages and FPGA-based systems. However, the increase in size from smaller multipliers results in a significant rise in the number of required components, including AND gates and adders, making the design more resource-intensive and time-consuming to implement.
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Figure 5: Wallace Tree multiplier structure
The Wallace Tree Multiplier with an 8×8 configuration is a combinational circuit designed to multiply two 8-bit binary numbers, producing a 16-bit output. Unlike array-based multipliers, its structure is based on a reduction tree, which improves speed by minimising carry propagation delays. 
The operation begins with the generation of 64 partial products using bitwise AND operations between the multiplicand and multiplier bits, similar to the Braun multiplier. However, instead of arranging these partial products in a regular array, they are grouped column-wise according to their bit significance. 
The key feature of the Wallace Tree structure is the reduction process. In each column, sets of three bits are combined using Full Adders, while sets of two bits are combined using Half Adders. This process reduces the number of partial product rows at each stage without waiting for carry propagation across the entire structure. The outputs (sum and carry) are then passed to the next stage, where further reductions are performed. This iterative process continues until only two rows of partial products remain. 
Once reduced to two rows, a final conventional adder (typically a ripple carry adder) is used to produce the final 16-bit product. Because the majority of additions are performed using carry-save techniques, carry signals do not propagate through every stage, significantly reducing overall delay. 
Structurally, the Wallace Tree multiplier is less regular than the Braun multiplier, as the placement of adders depends on the number of bits in each column at each stage. This irregularity makes the design more complex to implement and debug, especially for larger bit-widths such as 8×8. Additionally, careful planning is required to correctly organise reduction stages.
[bookmark: _Toc526914907]Implementation 
The hardware implementation of the multiplier designs was carried out using an Artix-7 FPGA, a cost-effective and high-performance FPGA platform suitable for digital design and prototyping.
The design was developed and programmed using Xilinx Vivado. After coding, simulation, and synthesis, the generated bitstream file was uploaded to the Artix-7 device. The multipliers (Braun and Wallace Tree) were mapped onto the FPGA’s configurable logic blocks (CLBs), which implement the required combinational logic such as AND gates, Half Adders, and Full Adders.
For testing, input signals (the two 8-bit operands) were applied through switches and the output product was observed using LEDs.
[bookmark: _Toc1560737104]Future Improvements
Several improvements could be considered for future work, for example the adoption of more advanced multiplier architectures, such as Dadda multipliers or Booth encoding techniques, which can further optimise speed and reduce hardware complexity compared to the Wallace Tree Multiplier and Braun Multiplier. 
Another important consideration is design optimisation through automation. The current approach, which involved manually scaling from a 4×4 to an 8×8 design, was time-consuming and prone to complexity. Future implementations could make use of parameterised VHDL code (e.g., using generate statements in Verilog) to create scalable and reusable designs more efficiently. 
Additionally, exploring alternative final adder designs (such as carry-lookahead or carry-select adders) could improve overall performance, especially in the final stage of the Wallace Tree Multiplier.
[bookmark: _Toc1613749544]Conclusion
This work involved the design, implementation, and evaluation of two multiplier architectures: the Braun Multiplier and the Wallace Tree Multiplier. Both designs were developed using a scalable approach based on an initial 4×4 multiplier, and were implemented, simulated, and synthesised using Xilinx Vivado. Functional verification was performed through simulation, and performance characteristics were analysed using synthesis results.
The key findings indicate a clear trade-off between the two architectures. The Wallace Tree multiplier demonstrated superior speed due to its use of parallel reduction and carry-save addition, resulting in reduced propagation delay. In contrast, the Braun multiplier provided a simpler and more regular structure, making it easier to design and implement, but at the cost of increased delay.
Based on these results, the Wallace Tree multiplier can be considered the more efficient design in terms of performance, particularly for higher bit-width applications where speed is critical. However, the Braun multiplier remains a practical choice in scenarios where design simplicity, regular layout, and ease of implementation are prioritised.
It was also observed that the implementation process could have been simplified through greater use of abstraction and automation, particularly when scaling beyond the initial 4×4 design, as the manual approach proved time-consuming and complex.
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Table for Binary Multiplication Rule

Rules for Multiplication Meaning

If O (zero) is multiplied by another O

0x0=0
(zero), then the result is O (zero).
If O (zero) is multiplied by 1 (one),
O0x1=0 .
then the result is O (zero).
If 1 (one) is multiplied by O (zero),
1x0=0 .
then the result is O (zero).
Ix1-1 If 1 (one) is multiplied by another 1

(one), then the resultis 1 (one).
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