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1. [bookmark: _Toc195782378]Introduction
Multiplication is a fundamental operation in digital signal processing and is the building blocks of many widely used components/processes, including graphics processing and machine learning. To improve the efficiency of these components and processes, the efficiency of the program performing the multiplication must be efficient and effective. Among the various techniques available, parallel multipliers, especially the Wallace Tree [2] multiplier, are highly regarded for speed and efficiency in terms of hardware resources i.e time delay, memory and power consumption, essential in timing-critical embedded systems [16] [10]. This report explores the design, implementation, and analysis of an 8x8 bit unsigned multiplier using the Wallace Tree [2] approach. The report will also compare the performance to a other parallel multipliers looking at factors such as speed, power consumption, essential in timing-critical embedded systems [16] [10], and hardware utilization.
2. [bookmark: _Toc195782379] Development Of Multiplier Techniques
The multiplication techniques have evolved through many iterations that can be defined by key milestone approaches. Each of these alternative methods listed below are defined by the time delay, power consumption, a fundamental consideration in energy-efficient embedded design [16] [10] and the efficiency of the program written.
2.1 [bookmark: _Toc195782380]Array Multipliers
An array multiplier uses a grid of AND gates to produce partial products then produces a sum using adders. This type of configuration requires a comparably large amount of resource including power consumption, important for low-power application domains [16] [10] and memory, additionally it results in comparably long critical paths casing longer time delays during the calculation. 
Braun's multiplier, introduced by Baugh and Wooley in 1973 [1], is a classical fixed-array multiplier that leverages a straightforward structural approach. It primarily consists of an array of AND gates for partial product generation, followed by ripple-carry adders to sequentially sum these partial products. Although conceptually simple and easy to implement, this architecture incurs significant propagation delays due to the linear ripple-carry summation of partial products [1].
Historically, Braun’s multiplier represented an important milestone, as it provided a simple hardware implementation at a time when resource constraints and simplicity were key considerations. It offered reliable performance in applications where minimal hardware complexity outweighed the need for speed and power efficiency [10]. However, due to its longer critical paths and resulting slower operation, its applicability in high-speed modern digital systems became limited with the advent of parallel reduction techniques such as the Wallace Tree multiplier [2].
Despite these limitations, Braun’s multiplier remains relevant as an educational example and in specific scenarios where hardware simplicity and predictability are prioritized over performance metrics like speed or power consumption, crucial in systems prioritizing power optimization [16] [3].

The Wallace Tree [2] approach uses a collection of Half Adders and Full Adders to perform the multiplication. This hierarchical approach reduces the number of partial products that are generated throughout the process, this more compressed approach in comparison to the Brauns approach produces smaller time delays making it a more efficient approach. This faster computation time makes them more suitable for high-speed applications where a minimal time delay is essential for the successful operation.
There have been recent developments within the field that are embodied in the Dadda multiplier [9], this works using the Wallace Tree [2] approach but compresses the number of adders used and implementing a carry-save multiplier to further improve the propagation delays.



3. [bookmark: _Toc195782381]Applications And Advantages Of Multipliers
Multipliers are a widely used method of multiplication, these are used heavily within components due to the speed and low power consumption, key to performance in real-time digital systems [16] [10], these attributes make them useful for many different applications.
· Digital signal processing [4] – Generally produced by the switching of a transistor, a pulse train signal is produced where the recipient requires arithmetic to process the signal being received. This is a suitable application for a multiplier.
· Image and video processing – When processing images and video, the task of calculating the pixel intensity, feature extraction and transformation are suitable applications for multipliers.
· Cryptography – Modular multipliers are an essential building block within cryptographic processors. These processors are used in network security and multi-core processors where the speed and efficiency of the processes are essential in allowing the system to operate in high-speed applications. 
· Machine learning – Machine learning utilises extensive algorithms that employ matrix multiplication techniques. 
· Embedded systems – real-time computing techniques and microcontrollers utilise multiplication techniques to operate accurately and efficiently. This has a wide range of applications due to the use of microcontrollers in industry including the Distributed intelligence systems applications where multiple microcontrollers are used. 
To ensure that the applications operate with suitable efficiency, the correct method of multiplication should be used where the characteristics are correct for the application. Below is a table that describes the characteristics of both the Brauns and Wallace Tree [2] multiplier:

	Parameter
	Braun’s multiplier
	Wallace Tree Multiplier

	Speed
	Slower due to ripple carry
	Faster using parallel multipliers

	Area
	Uses more adders
	Uses fewer adders

	Power 
	More operations requiring more power
	Lower power consumption

	Latency
	Longer critical path
	Parallel functions provide shorter critical path


[bookmark: _Toc195782465]Table 1‑1 Multiplier characteristics

4. [bookmark: _Toc195782382]Flowchart And Pseudocode
[bookmark: _Toc195782383]4.1 Brauns flowchart
[image: A blue rectangular object with white text
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[bookmark: _Toc195782426]Figure 1 Brauns Flowchart
The above flowchart showcases the simplistic process involved in producing the final product in a Brauns multiplier.
[bookmark: _Toc195782384]4.2 Wallace Tree flowchart
 [image: A blue square with white text
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[bookmark: _Toc195782427]Figure 2 Wallace Tree flowchart
The above flowchart showcases the simplistic process involved in producing the final product in a Wallace Tree multiplier.

5. [bookmark: _Toc195782385]Methodology
[bookmark: _Toc195782386]5.1 Inputs/Outputs
Defining the inputs and outputs is a key architectural aspect of designing any system, this is determined by the capability of the system and the number of bits available for input and outputs.
· Inputs – this system will include 2 inputs, each being an 8-bit unsigned integer (will be referred to as inputs ‘A’ and ‘B’)
· Output – The product determined by the multiplication process results in the 16-bit product output.
[bookmark: _Toc195782387]5.2 Partial Product
Each bit of input ‘A’ is multiplied by each bit of input ‘B’, as each stage of the multiplication is completed, partial products are generated and stored.
[bookmark: _Toc195782388]5.3 Processing Partial Products
This aspect uses a different approach depending on the type of multiplier.
[bookmark: _Toc195782389]5.4 Brauns Multiplier
When using a Brauns multiplier [1], the summation of the partial products is processed using ripple-carry adders. This results in a sequential summation of the partial products to conclude the multiplication process.
[bookmark: _Toc195782390]5.6 Wallace Tree [2] Multiplier
The Wallace Tree [2] approach uses and alternative method of implementing half-adders and full-adders to compress the processing stages. This use of half-adders and full-adders allows the processing to take place in parallel with reduces the number of processes and the time delay.
5.7 [bookmark: _Toc195782391]Vhdl Implementation
To define each component, a structural modelling approach is used to outline the parameters of each component to allow for processing within these parameters. This also requires the generation of port maps to define the ports from which inputs and outputs are set, this is defined within the code to set the state of each port. Port maps also allow for the integration of other aspects such as adders or gates.
[bookmark: _Toc195782392]5.8 Simulation And Test
To test the structure and efficiency of the multiplier, using Xilinix Vivado [11] the multiplier can be simulated to allow for testing and improvement of the structure. In this case, the Vivado [11] software is used to simulate the multiplier and analyse aspects such as the power, time delay and LUT utilisation of the design. Some aspects of the design can be modified to improve these key aspects of the design to increase the efficiency and range of application for the program. 
6. [bookmark: _Toc195782393]Multiplier Block Diagram And Algorithms
[bookmark: _Toc195782394]6.1 Brauns Multiplier
The below block diagram of an 8x8 Brauns multiplier [1] displays the sum and carry processes that take place resulting in partial products labelled as P1-P15. This block diagram outlines the structure that is used in different stages to allow for the multiplication to take place, it also helps to illustrate the larger time delays using this approach but showing the functions that must be carried out to produce a results.
[image: A diagram of a diagram
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[bookmark: _Toc195644629][bookmark: _Toc195782428]Figure 3 Brauns 8x8 multiplier block diagram

Using the above structure, each bit of ‘A’ (A0-A7) and each but of ‘B’ (B0-B7) are processed in the AND gates which generates a total of 64 partial products. Due to the block diagram being displayed in rows, some of the partial product summations take place within the row resulting in a partial product per row (P0-P15).
[bookmark: _Toc195782395]6.1.1 Process
Input: Two 8-bit unsigned numbers ‘A’ and ‘B’.
Step 1: Use AND gates to generate 64 partial products by multiplying each bit of ‘A’ with each bit of ‘B’.
Step 2: Arrange the partial products into rows of bits. For instance, the first partial product will be a 1-bit wide value for each bit of ‘A’ multiplied with the least significant bit (LSB) of ‘B’, and so on.
Step 3: Sum the partial products using ripple-carry adders [1]. Add each column of partial products starting from the LSB to the most significant bit (MSB).
Step 4: The final output will be a 16-bit result, which is the product of ‘A’ and ‘B’.
[bookmark: _Toc195782396]6.1.2 Algorithm
[image: A black and white diagram
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[bookmark: _Toc195644630][bookmark: _Toc195782429]Figure 4 Brauns 8x8 algorithm

[bookmark: _Toc195782397]6.2 Wallace Tree Multiplier
The below visual representation of the 8x8 Wallace Tree [2] multiplier which is an optimised array multiplier, as seen in the image, it contains less components with functions that can be processed simultaneously. The implementation of parallel reduction allows partial products to be combined more efficiently resulting in a shorter time delay.
[image: A diagram of a network
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[bookmark: _Toc195782430]Figure 5 Wallace Tree 8x8 multiplier block diagram
Similarly to the Brauns multiplier [1] block diagram, the Wallace Tree [2] shows the use of AND gates to generate the partial products. However, the difference is shown in optimisation of the summation process where the partial products are organised into a tree-like structure.
Full-adders will add three bits whereas the half adders will add two bits, these adders are organised into the matrix structure shown in Figure 2 to result in a 16-bit result.
[bookmark: _Toc195782398]6.2.1 Process
Input: Two 8-bit unsigned numbers ‘A’ and ‘B’.
Step 1: Use AND gates to generate 64 partial products.
Step 2: Organize the partial products into rows and apply Full Adders and Half Adders to reduce the number of rows in parallel.
Step 3: Continue the reduction process until only two rows remain.
Step 4: Add the remaining two rows.
Step 5: The final output will be a 16-bit result.
[bookmark: _Toc195782399]6.2.2 Algorithm
[image: A screenshot of a spreadsheet
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[bookmark: _Toc195782431]Figure 6 Wallace Tree 8x8 Algorithm
7. [bookmark: _Toc195782400]Vhdl Code
[bookmark: _Toc195782401]7.1 Wallace Tree [2]
Below is the functional VHDL [3] code for a Wallace Tree [2] 8x8 multiplier. This is used to multiply 8-bit hexadecimal values together to produce a result, this uses the Wallace Tree [2] architecture with carry and sum processes to generate a final product. This is an efficient method which has been tested using both simulation and hardware
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[image: A screenshot of a computer program
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[bookmark: _Toc195782402]7.2 Brauns Multiplier
Below is a working example of an 8x8 Brauns multiplier [1] that uses the Brauns architecture to produce a hexadecimal product result of the multiplication of hexadecimal. This uses implementation of half adders and full adders to generate the final product of the multiplication.
[image: A white rectangular object with red and blue text
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8. [bookmark: _Toc195782403]Timing Diagrams And Schematics Of Designs
Each of the two designs has a different timing limitation and delay that is required for each of the adders to process the components with the structure. Once the design is implemented within the simulation software, these timing delays are measured and are compared with the calculated timing delays expected in each architecture.
[bookmark: _Toc195782404]8.1 Brauns Multiplier
To calculate the longest permissible delay utilises an equation that calculates the delay expected within each of the adders. Once calculated it can be added to the timing constraints, this calculation can be seen below
Longest delay = (N*) 
Longest delay = 1ns+(14*2ns)
Longest delay = 1ns+(28ns)
Longest delay = 29ns

[image: A diagram of a diagram
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[bookmark: _Toc195782432]Figure 7 Brauns longest delay
[image: A computer screen shot of a computer program
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[bookmark: _Toc195644631][bookmark: _Toc195782433]Figure 8 Brauns 8x8 timing delay
As shown in Figure 5, the Worst Negative Slack is shown to be 5.784ns. The Total Negative Slack is shown as 0.00ns meaning that the timing delays do not violate any of the time constraints outlined within the constraints file. The Number of Failing Endpoints value is 0, displaying that none of the nodes are failing to comply with the time constraints of the program and that the multiplier operates reliably within the specified clock frequency. As displayed in a batch test of nodes in Figure 6:
[image: A screenshot of a computer
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[bookmark: _Toc195644632][bookmark: _Toc195782434]Figure 9 Brauns 8x8 node delay
[image: A computer screen shot of a computer program
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[bookmark: _Toc195644633][bookmark: _Toc195782435]Figure 10 Brauns 8x8 schematic
Figure 7 shows the schematic of the 8x8 Brauns multiplier [1] displaying the array of AND gates along with the adders that are required to perform the multiplication functions. As seen in Figure 7, it is made up of a regular grid where the feedback loops and schematic is logical and displayed clearly.
[image: ]
[bookmark: _Toc195782436]Figure 11 RTL schematic
[bookmark: _Toc195782405]8.2 Wallace Tree Multiplier
To calculate the longest permissible delay utilises an equation that calculates the delay expected within each of the adders. Once calculated it can be added to the timing constraints, this calculation can be seen below:
Longest delay = (N*) 
Longest delay = 1ns+(20*2ns)
Longest delay = 1ns+(40ns)
Longest delay = 41ns

[image: A diagram of a diagram
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[bookmark: _Toc195782437]Figure 12 Wallace Tree longest delay
[image: A computer screen shot of a computer program
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[bookmark: _Toc195782438]Figure 13 Wallace Tree 8x8 time delay
As seen in Figure 8, the Worst negative slack in the Wallace tree multiplier is 6.310ns with a total negative slack of 0.00ns meaning that the multiplier operates consistently within the time constraints defined within the program. This image also demonstrates that none of the endpoints are failing the time constraints put in place. 
[image: A screenshot of a computer
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[bookmark: _Toc195782439]Figure 14 Wallace Tree multiplier node delay
Figure 9 shows a batch test of endpoint node delays with the maximum delay, these are within the tolerance set out in the time constraints aspect of the program.
[image: A computer screen shot of a computer program
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[bookmark: _Toc195782440]Figure 15 Wallace Tree multiplier schematic
Figure 10 shows the schematic of the Wallace tree architecture showing each of the nodes that are reflective of the block diagram provided in this report. This allows each node and function within the multiplier to be displayed clearly, this shows how each of the nodes interact with each other.
[image: ]
[bookmark: _Toc195782441]Figure 16 RTL schematic
9. [bookmark: _Toc195782406]FPGA design and pin allocation
[bookmark: _Toc195782407]9.1 Wallace Tree 8x8 multiplier
The Brauns multiplier [1] used a pin allocation that makes it compatible with the hardware for this to be tested. The I/O mapping is visualised in Figure 11 below;
[image: A screenshot of a computer
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[bookmark: _Toc195644634][bookmark: _Toc195782442]Figure 17 I/O schematic
The pinout was defined by the hardware being used to demonstrate the program, the pinout is shown in the program section. Below I have provided the section of the program that displays the pinouts while the hardware test was taking place.

[image: ]
[bookmark: _Toc195782443]Figure 18 Pin allocation
[image: A screenshot of a computer
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[bookmark: _Toc195782444]Figure 19 Wallace Tree pin out and hardware
[image: A blue circuit board with black numbers and wires
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[bookmark: _Toc195644635][bookmark: _Toc195782445]Figure 20 Hardware result of FFxFF
[bookmark: _Toc195782408]9.2 Brauns 8x8
The same pinout was utilized in both of the multipliers as the hardware shown in Figure 13 demonstrated both of the multiplier programs. The I/O map for the Brauns multiplier [1] can be seen below:
[image: A screenshot of a computer
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[bookmark: _Toc195782446][bookmark: _Toc195644636]Figure 21 I/O map 
[image: ]
[bookmark: _Toc195782447]Figure 22 Pinout
[image: A blue circuit board with black and red lights
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[bookmark: _Toc195644637][bookmark: _Toc195782448]Figure 23 Brauns 8x8 multiplier result for AB x CC
10. [bookmark: _Toc195782409]Simulation Results
[bookmark: _Toc195782410]10.1 Brauns 8x8 multiplier 
[image: A screenshot of a computer
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[bookmark: _Toc195644638][bookmark: _Toc195782449]Figure 24 Brauns AB x CC
[image: A screenshot of a computer
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[bookmark: _Toc195644639][bookmark: _Toc195782450]Figure 25 Brauns result 1A x 1B
[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc195644640][bookmark: _Toc195782451]Figure 26 Brauns result for FF x FF
[image: A screenshot of a computer
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[bookmark: _Toc195644641][bookmark: _Toc195782452]Figure 27 Brauns result for AA x CC

[bookmark: _Toc195782411]10.2 Wallace Tree results
[image: A screenshot of a computer
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[bookmark: _Toc195782453]Figure 28 Wallace Tree result for AB x CC
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[bookmark: _Toc195782454]Figure 29 Wallace Tree result for AC x BB
[image: A screenshot of a computer
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[bookmark: _Toc195782455]Figure 30 Wallace Tree result for 1a x 1b
[image: ]
[bookmark: _Toc195782456]Figure 31 Wallace Tree result for ff x ff
11. [bookmark: _Toc195782412]Comparison, Analysis, And Interpretation Of Results
[bookmark: _Toc195782413]11.1 Comparison
To compare these methods, the most notable difference is the structural comparison. The key features of the structural comparison are compiled in the table below:
	Feature                 
	Braun Multiplier                  
	Wallace Tree multiplier

	Design Type             
	Regular array structure           
	Tree-based reduction

	Adder Usage             
	Mostly Half and Full Adders       
	Extensive use of Full and Half Adders

	Reduction Strategy      
	Sequential (row-wise)             
	Parallel (tree-style)

	Code Size               
	Simpler hierarchy                 
	Larger due to layered reduction


[bookmark: _Toc195644642][bookmark: _Toc195782457]Figure 32 Structural comparison key features
[bookmark: _Toc195782414]11.2 Simulation Results
The features that can be used to compare the operational simulated functionality of the multipliers, these features are the accuracy and latency. Both multipliers are accurate and correct in the final products when being tested using several variables, this demonstrates reliability from the multipliers so they cannot be separated using this variable. 
However, the latency demonstrates a key difference between the multipliers operation;
· Wallace tree – shows a quicker manipulation of inputs throughout the structure and produces an accurate product more efficiently. 
· Brauns – takes longer to perform the linear accumulation of partial products to produce an accurate result.

[bookmark: _Toc195782415]11.3 Performance Interpretation
The performance of the multipliers has been interpreted in the table below to provide an outline of the performance of each multiplier where efficiency is emphasised:
	Metric                  
	Braun Multiplier                  
	Wallace Tree Multiplier

	Speed (Delay)           
	Slower due to carry propagation  
	Faster due to parallel reduction

	Area                    
	More regular structure            
	Less regular, but reduced logic depth

	Power Consumption       
	Higher due to longer delay        
	Lower in optimized FPGA designs

	Scalability             
	Harder to scale efficiently       
	Scales better with less delay impact


[bookmark: _Toc195644643][bookmark: _Toc195782458]Figure 33 Performance interpretation

[bookmark: _Toc195782416]11.4 Use Recommendation
Braun Multiplier:
Suitable for small, area-constrained applications where speed is less emphasized to reduce the power consumption, crucial in systems prioritizing power optimization [16] [10] and complexity. Ideal for simple DSP blocks or fixed low-frequency designs.
Wallace Tree [2] Multiplier
· Digital Signal Processors (DSPs)
· Image processing pipelines
· Cryptography engines
[bookmark: _Toc195782417]11.5 Conclusion
Both multipliers are suitable for 8x8 bit multiplication, but the Wallace Tree [2] multiplier offers a higher level of performance in terms of speed due to its reduced structure. However, this is made possible using a larger power consumption, commonly adopted in timing-intensive digital systems [16] [10] and complexity. The Wallace Tree [2] system is better utilized in complex systems allowing for the multiplication to be carried out more efficiently in terms of time delay. Whereas the use of a Brauns multiplier [1] provides the same level of accuracy shown in the final product with slightly higher latency, but this system benefits from lower power consumption, commonly adopted in timing-intensive digital systems [16] [10] and more simplistic circuitry.
12. [bookmark: _Toc195782418]Power Utilization
[bookmark: _Toc195782419]12.1 Wallace tree
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[bookmark: _Toc195782459]Figure 34 Wallace Tree Look-up Table information
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[bookmark: _Toc195644644][bookmark: _Toc195782460]Figure 35 Look-Up Table utilisation
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AI-generated content may be incorrect.]
[bookmark: _Toc195644645][bookmark: _Toc195782461]Figure 36 Power summary
Wallace Tree [2] Look-up Table (LUT) statistics and the power usage analysis shown above demonstrate the LUT utilisation and the power usage statistics. The LUT usage shows a 1% utilisation rate where 80 are used of the available 20800 making this an efficient method of completing multiplications. The power analysis shows a total operational power draw of 0.084W of the designed power budget of 2W providing a large margin of available power allowing for system expansion.
[bookmark: _Toc195782420]12.2 Brauns Multiplier
[image: A screenshot of a computer
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[bookmark: _Toc195644646][bookmark: _Toc195782462]Figure 37 Brauns Look-Up table statistics
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[bookmark: _Toc195644647][bookmark: _Toc195782463]Figure 38 Brauns Look-Up Table utilisation
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[bookmark: _Toc195644648][bookmark: _Toc195782464]Figure 39 Brauns Power utilisation
Brauns Look-up Table (LUT) statistics and the power usage analysis shown above demonstrate the LUT utilisation and the power usage statistics. The LUT usage shows a 1% utilisation rate where 86 are used of the available 10400 making this an efficient method of completing multiplications. The power analysis shows a total operational power draw of 0.084W of the designed power budget of 2W providing a large margin of available power allowing for system expansion.

13. [bookmark: _Toc195782421]Testing And Recommendations for Future Improvements
[bookmark: _Toc195782422]13.1 Testing
To test the program written for this project, each multiplier was first check for accuracy across several variable multiplications to ensure that each multiplier is accurate for all variations of values. Each of the multipliers were then simulated to be in both synthesis states and implementation states to simulate the power utilisation along with other statistics to understand the system requirements in application. 
Using hardware bench tests shown in Figure 15, this program was uploaded to a hardware device to test the multiplier in a tangible environment. The input switches were used to apply the 8 bit hexadecimal values where the output is demonstrated via the LED’s that are illuminated. 
This provided testing in the following states:
· Simulated multiplication
· Synthesis operation
· Implementation operation
· Hardware operation
These variations of testing provide a wholesome approach to testing where the program and schematic of the multipliers were tested extensively to validate each of the multipliers for accuracy and efficiency. 

[bookmark: _Toc195782423]13.2 Recommendations
The following recommendations have been deduced from carrying out the project to produce the multipliers:
· Brauns Multiplier
· Modular approach – By splitting the code into smaller modules that can be reused including final adder and partial product array, allows for easier de-bugging and allows further scale-up to be more efficient.
· Automating test process – Including a program that automates the test process by applying variables and recognises expected outputs saves time and improves the variation of testing making the program more accurate.
· Introducing signed integers [5] – This expands the application of the multiplier by allows multiplication processes to be carried out with negative values, making the multiplier useful for more applications
· Introduce Generate statements – This reduces the size of the code by allowing similar blocks of code to be generated, reduces the necessity to include as many lines of repetitive code.
· Test using Post-implementation simulation – once previous implementation testing has been carried out, runt he simulation using realistic time delays to gain a better understanding of the characteristics of the program when used on hardware.
14. [bookmark: _Toc195782424]Conclusion

Through this project, two architectures were implemented and compared and evaluated two 8×8-bit multiplier architectures—Braun and Wallace Tree [2]—using the VHDL hardware description language [3]. Both designs were thoroughly tested through simulation using a range of input vectors to ensure functional correctness. The Braun multiplier, characterised by its uniform structure and regular layout and ease of implementation, offered a clear and predictable layout suitable for applications prioritising hardware simplicity and low development overhead. In contrast, the Wallace Tree multiplier [2] introduced a more complex, yet highly efficient, parallel reduction structure that significantly improved operational speed by minimising critical path delays.

Detailed analysis of FPGA resource utilisation and power consumption [11] demonstrated that both architectures performed efficiently in terms of logic element usage (LUTs) and overall energy demand. Although the difference in resource utilisation was marginal, the Wallace Tree architecture outperformed Braun’s multiplier in terms of timing performance, making it better suited for time-sensitive, high-throughput systems such as image processing pipelines and real-time digital signal processing tasks.

Several technical enhancements were identified to further optimise the implementations. These included the introduction of generate statements in VHDL to improve structural abstraction and reduce redundant logic, as well as the use of signed integer formats to extend functional versatility. Incorporating these enhancements would not only reduce design complexity but also contribute to improved synthesis results and broader applicability in signed arithmetic operations.

In conclusion, this project provided extensive hands-on experience in digital arithmetic design, VHDL [3] modelling, simulation strategies, and performance benchmarking using FPGA deployment platforms [11]. Through the comparative analysis of two fundamentally different multiplier architectures, the work deepened understanding of critical trade-offs in hardware design, including timing, resource constraints, and implementation complexity. The knowledge and practical skills developed through this project are directly applicable to a wide range of embedded and high-performance computing applications.
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