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[bookmark: _Toc195781630]Introduction 
The aim of the report is to compare and evaluate the performance of Braun's and Wallace Tree multiplier techniques using VHDL. Each multiplier will be designed and have a simulation carried out before analysing the results seen and providing a conclusion on what is found.
 The analysis is to focus on how the application of the engineering principles are used to understand the design struggles that can occur from each multiplier and determine how their performance is whilst using mathematical and engineering concepts. By looking at both techniques and the challenges seen, this report aims to highlight the strengths and weaknesses of the different approaches and show they can be effective in the use of digital design. 
[bookmark: _Toc195781631]Background research related to current developments in multiplier techniques 
Multiplication is a key process being used in digital systems, and efficient multiplier designs are important to improve performance of signal processing, cryptography, and machine learning. Below there are a list of current developments of multiplier techniques with a brief description of what characteristics they have.
[bookmark: _Toc195781632]Traditional Multiplication Techniques
Firstly, there is the array multiplier, which is simple it produces partial products which are added in the structure of a grid, this method is slow and requires a vast amount of area [1].
Then there is booth’s multiplier this is more advanced than the array method, it reduces the number of partial products it requires and uses signed numbers well [2]. It requires extra resource than the array method and is more complex [2]. 
[bookmark: _Toc195781633]Wallace Tree Multiplier
This multiplier uses a tree like structure with adders in parallel which allows it to be faster than other traditional methods. These are used in high-speed systems such as microprocessors, digital signal processors and cryptographic hardware.
[bookmark: _Toc195781634]Current Developments
There is research into improving and optimizing the adders being used in the Wallace tree structures to allow for faster processing and to use less power [3][4].
There are new designs in looking at the number of stages in the trees and by varying these tree lengths hoping to improve input size and the efficiency of the multiplier [3][4]. 
[bookmark: _Toc195781635]Braun Multiplier
This multiplier is an easier multiplier than the Wallace tree multiplier due to its structure being regular using AND gates and adders [5]. The area it uses is considered efficient but still not as fast as the Wallace tree [5]. They are commonly used in FPGA-based systems and devices that are lower power, or battery powered, they are also used widely in systems that have limited area, and speed is not the concern [5]. 
[bookmark: _Toc195781636]Current Developments
There is research into improving Braun multipliers to allow them to be more efficient for power use which is needed for battery powered devices [6].
There is also research for refining the multipliers for FPGA and ASIC designs this is to add balance for area, speed and power, which optimises the system [6]. 
[bookmark: _Toc195781637]Advanced Techniques in Multiplier Design
[bookmark: _Toc195781638]Hybrid Multipliers
There has been some exploration into hybrid multipliers to help bring the strengths of other multipliers to make a better hybrid system [7]. This will optimise the systems to help bring better speed and use of area [7]. 
[bookmark: _Toc195781639]Approximate Multiplication
When using some multipliers there is no essential need for precision so there has been research into the use of approximation for systems [8]. There will be minimal error for the multiplier, and this can be acceptable in certain circumstances [8]. They have been designed to use simply arithmetic procedures, this will reduce the complexity of hardware and lower the use of power with reduced accuracy [8]. 
[bookmark: _Toc195781640]Quantum Multipliers 
With the advancement of quantum computing, this has led to the exploration of quantum multipliers [9]. These gates will allow for the multiplication process to be executed faster than classic systems which could lead to high performance computer systems, but these are still in early development stages [9]. 
[bookmark: _Toc195781641]Future Trends in Multiplier Design
[bookmark: _Toc195781642]AI integration and machine learning 
There has been a lot of development in the use of AI and machine learning this will lead to specialised designs of multipliers for operations, there is some already used and are gaining a lot of attention [10]. The ones with an approximate rate which ranks low are being utilised to create more efficient systems for multiplier procedures [10]. 
[bookmark: _Toc195781643]Fault-Tolerant Multipliers
 These are as the title suggests of being for high precision multipliers for specific fields that require precise reliable applications, these are being designed to be able to be tolerable with faults in the hardware [11]. There is ongoing development to allow for correcting error and redundant techniques to allow for multiplication operations to carry on running even with failures in hardware [11]. 
[bookmark: _Toc195781644]Multi-Level Multiplication Architectures 
There is research and exploration into the use of multipliers that can make use of multi levels of multiplier from several types of techniques to form a layered structure [12]. They are trying to dynamically adjust the multipliers design from what workload characteristics, allowing speed optimisation, power use, or restricted area based on what task is to be conducted [12]. 
[bookmark: _Toc195781645]Applications and advantages of the multipliers.
[bookmark: _Toc195781646]Application of Wallace Multipliers
Wallace tree multipliers are used in digital signal processing systems (DSP) where they require high speed multiplication to reduce latency in real life application of image processing and audio/video codes [13]. They can also be used in microprocessors and arithmetic logic units (ALUs) to allow fast multiplication where speed is critical [13].
They are used within cryptography and security for the large number multiplications required. Also, hardware accelerators like machine learning where it is needed for large multiplications to be repeated [13]. They are used to optimise hardware for FPGAs and ASICs as they are generally custom systems [13]. They are optimised for Parallel computers to speed up the process for artificial intelligence and scientific simulations [13].
[bookmark: _Toc195781647]Advantages of Wallace Multipliers
The advantages of a Wallace tree multiplier are that they can conduct high speed operations and can conduct multiplication faster than other methods used and can be utilised to complete fewer stages and group products partially [14]. They are used in reduced latency systems by minimising the clock cycles they are ideal for higher performance [14]. This high performance but efficient design gives a lower power consumption and will be able to be used for power sensitive systems [14].
They minimise the need for large complex hardware in the system therefore increasing the efficiency and thus needing smaller area for the system [14]. The multiplier can allow for increase in partial products and has larger bit widths making it versatile to various systems [14]. It makes use of the parallel addition in the structure to allow for multiple to occur at once which benefits processing environments [14]. This along with reducing the number of stages in the process allows for higher throughput of multiplication which can be crucial in some applications [14]. 
[bookmark: _Toc195781648]Applications of Braun Multipliers
Braun multipliers are used in DSP applications that need high-speed multiplication this is filtering, audio/video processing and modulation/demodulation tasks, they can cope with efficient multiplication and coefficients in algorithms that are needed for signal processing systems [15]. They are used in ALUs that need fast arithmetic operations that are used in embedded systems and processors [15].
The multipliers can perform operations efficiently and effectively for large integers which is needed in cryptography applications [15]. They also are used for low area solutions that still need high-speed hardware involved such as FPGA or ASIC designs, which include deep learning, computing real time and scientific simulations [15]. 
Graphic processes for rendering, transformations, and operations of 2D/3D processing of images utilise Braun multipliers for the high-speed multiplication needed for pixel values [15]. The use of multipliers is also used in the application of scientific computations that are large scale and repeated large number multiplication is needed such as physic simulation, molecular dynamics or finite analysis of elements [15]. They are used for AI machine learning for matrix multiplication in deep neural networks or various data intensive applications of algorithms [15].
[bookmark: _Toc195781649]Advantages of Braun Multipliers
There are various advantages when it comes to Braun multipliers these include simplicity of design as they are considered straightforward in comparison to some systems this allows for ease of use [16]. They allow for parallel implementation in the system to allow for partial products to processed together meaning higher speed multiplication of larger operations, his also allows for the area to be smaller for hardware as it requires less logic gates compared to other systems and is important for embedded systems [16]. 
Brauns generally have a lower latency which reduces the clock cycles required and making them better for systems that need fast multiplication [16]. The design simplicity and parallel addition efficiency will require a lower amount of resources, which gives higher performance for less complex set ups [16]. They are used in systems that require different sizes of operands to be used which is due to them having the ability to be scaled with large bit widths [16]. They are not optimized for low power systems, but they offer a power efficiency that is considered reasonable for the high-speed output they offer [16]. Due to the parallel nature of the multipliers compared to the sequential multipliers they offer an improved throughput which is critical with some higher data systems [16].
[bookmark: _Toc195781650]Flowchart of the System Operation.
The picture below (Figure 4‑1) shows the operational flow of both the Braun and Wallace Tree multipliers at a top level. Both multipliers begin with partial product generation and their reduction strategies differ significantly.
[image: ]
[bookmark: _Ref195644526][bookmark: _Toc195781563]Figure 4‑1. Flowchart showing the operational steps of Braun and Wallace Tree multipliers. Diagram created by the author based on concepts adapted from [17].
[bookmark: _Toc195781651]Methodologies explaining the design process 
When it comes to designing a multiplier for effective multiplication of two binary numbers, it is determined by the performance desired including speed, area power consumption and complexity.
Firstly, you will need to look and understand the requirements of the system what bit width is needed which determines the range of numbers used. How fast the multiplication will take which needs the clock speed and stage numbers outlined. What power consumption it will need if mobile or battery powered system is being created then the efficiency of power will be crucial. The area required needs consideration if there are constraints then number of gates used will need to be minimised. For precision the number of bits used in the output allow for more accurate results.
[bookmark: _Toc195781652]Choice of Multiplier Architecture
The efficiency and performance balance is determined by the architecture of the multiplier, some common types include:
[bookmark: _Toc195781653]Wallace Tree Multiplier:
The Wallace tree is made up of full and half adders in a treelike structure which aims to reduce the number of partial products utilised [18]. This showcases a fast design but has a more complex routing and covers a larger area than most multipliers [18]. This is good for high-speed systems and reduces number of processes along with time delay [18].
[bookmark: _Toc195781654]Braun's Multiplier:
This multiplier is parallel in structure which uses carry-save adders and ripple-carry adders in the need to create a fast multiplier [19]. It minimises the use of partial products and thus producing a more structured system to achieve better speed and area performance [19]. The design is laid out in a parallel structure in the computing of partial products which is efficient for the needed larger bit-widths [19]. 
[bookmark: _Toc195781655]Optimising for Performance
When it comes to looking at optimising the performance for the system then you need to look at pipelining to increase speed, this method of design divides it into stages and registers store intermediate results [20]. To use the parallel system, it splits the operations into smaller manageable tasks then these can be carried out in parallel [20]. Carry look-ahead adders can be used instead of ripple carry adders to allow for addition of partial products to be maximised [20].
[bookmark: _Toc195781656]Synthesis and Implementation
Synthesise the design by using the RTL code at a gate level for it to be able to map to the hardware. Placement and routing for implementation the design is synthesised to allow for the system to fit in the resource of the devices and allows for timing constraints. The timing analysis makes sure that the design meets the requirements for timing against the clock speed desired output.
[bookmark: _Toc195781657]Simulation and Verification
It is important to test the and verify the design of the system, this can be done using VHDL simulation and improvement of the structure. It is used to verify that the system can manage all possible inputs and analyse the certain aspects such as power utilisation, time delay and utilisation of LUT some of these can be modified to allow for better efficiency. This will then give you the final product for use.

The below Figure 5‑1 shows a dot diagram of a Wallace Tree multiplier this gives a representation of the partial product reduction process. It shows the visual design of how partial products are generated and reduced layer by layer with the use of full and half adders until there is only 2 rows remaining.
[image: ]
[bookmark: _Ref195784786]Figure 5‑1 Dot Diagram 
[bookmark: _Toc195781658]Multipliers Block Diagram and Algorithms. 
[bookmark: _Toc195781659]Brauns Multiplier Block Diagram 
The below Figure 6‑1 shows a design of a 8x8 Brauns multiplier block diagram it outlines the sum and carry process which gives you outputs of partial products. 
[image: A notebook with a grid of lines
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[bookmark: _Ref195300885][bookmark: _Toc195781564]Figure 6‑1 Block Diagram Brauns Multiplier Diagram created by the author
[bookmark: _Toc195781660]Brauns Multiplier Algorithm 
The below Figure 6‑2 shows the algorithm of the Brauns multiplier.
[image: A notebook with numbers and lines
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[bookmark: _Ref195300969][bookmark: _Toc195781565]Figure 6‑2 Algorithm Brauns Multiplier Diagram created by the author

[bookmark: _Toc195781661]Wallace Tree Multiplier Block Diagram 
The below Figure 6‑3 shows a block diagram design of an 8x8 Wallace tree multiplier it shows that the process can be optimised simultaneously.
[image: A spiral notebook with writing on it
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[bookmark: _Ref195301043][bookmark: _Toc195781566]Figure 6‑3 Block Diagram Wallace Tree Multiplier Diagram created by the author
[bookmark: _Toc195781662]Wallace Tree Multiplier Algorithm
The below Figure 6‑4 shows the algorithm of the Wallace tree multiplier.
[image: A piece of paper with numbers and arrows
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[bookmark: _Ref195301113][bookmark: _Toc195781567]Figure 6‑4 Algorithm Wallace Tree Multiplier Diagram created by the author


[bookmark: _Toc195781663]VHDL Code 
The VHDL code is an integral part to the completion of any multiplier, below shows the code used to complete the multiplications of a 8x8 Brauns and Wallace tree multiplier.
[bookmark: _Toc195781664]Brauns Multiplier
[image: ]
[bookmark: _Toc195781568]Figure 7‑1 Brauns VHDL code part 1
[image: ]
[bookmark: _Toc195781569]Figure 7‑2 Brauns VHDL code part 2
[image: ]
[bookmark: _Toc195781570]Figure 7‑3 Brauns VHDL code part 3
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[bookmark: _Toc195781571]Figure 7‑4 Brauns VHDL code part 4
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[bookmark: _Toc195781572]Figure 7‑5 Brauns VHDL code part 5
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[bookmark: _Toc195781573]Figure 7‑6 Brauns VHDL code part 6
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[bookmark: _Toc195781574]Figure 7‑7 Brauns VHDL code part 7
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[bookmark: _Toc195781575]Figure 7‑8 Brauns VHDL code part 8




[bookmark: _Toc195781665]Wallace Tree Multiplier
[image: ]
[bookmark: _Toc195781576]Figure 7‑9 Wallace Tree  VHDL code part 1
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[bookmark: _Toc195781577]Figure 7‑10 Wallace Tree  VHDL code part 2
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[bookmark: _Toc195781578]Figure 7‑11 Wallace Tree  VHDL code part 3
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[bookmark: _Toc195781579]Figure 7‑12 Wallace Tree  VHDL code part 4
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[bookmark: _Toc195781580]Figure 7‑13 Wallace Tree  VHDL code part 5
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[bookmark: _Toc195781581]Figure 7‑14 Wallace Tree  VHDL code part 6


[bookmark: _Toc195781666]Timing diagrams and schematics of the designs 
[bookmark: _Toc195781667]Brauns Multiplier
[image: A screenshot of a computer
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[bookmark: _Toc195781582]Figure 8‑1 Brauns Device and Timing Summary
[image: A computer screen shot of a diagram
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[bookmark: _Toc195781583]Figure 8‑2 Schematic Brauns Multiplier
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[bookmark: _Toc195781584]Figure 8‑3 Brauns RTL Schematic












[bookmark: _Toc195781668]Brauns Multiplier Longest Delay 
To calculate the longest delay for the Brauns Multiplier I used the assumptions of an AND gate delay is , and N adder (Full or Half) delay is . This gave the base to use for the calculation and then needed to count the adders to complete the equation.
Longest delay = (N*) 
Longest delay = 1ns+(14*2ns)
Longest delay = 1ns+(28ns)
Longest delay = 29ns
[bookmark: _Hlk195650592]The below picture Figure 8‑4 shows the longest delay highlighted in red for the Brauns Mutliplier.
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[bookmark: _Ref195650246][bookmark: _Toc195781585]Figure 8‑4 Brauns Longest Delay
The below figures show the combinational delay that has occurred over the Brauns multiplier.
[image: A screenshot of a computer
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[bookmark: _Toc195781586]Figure 8‑5 Combinational Delays  Brauns Part 1
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[bookmark: _Toc195781587]Figure 8‑6 Combinational Delays Brauns Part 2
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[bookmark: _Toc195781588]Figure 8‑7 Combinational Delays Brauns Part 3
[image: A screenshot of a computer
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[bookmark: _Toc195781589]Figure 8‑8 Combinational Delays Brauns Part 4
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[bookmark: _Toc195781590]Figure 8‑9 Combinational Delays Brauns Part 5
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[bookmark: _Toc195781591]Figure 8‑10 Combinational Delays Brauns Part 6
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[bookmark: _Toc195781592]Figure 8‑11 Combinational Delays Brauns Part 7
[bookmark: _Toc195781669]Wallace Tree Multiplier
[image: A screenshot of a computer
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[bookmark: _Toc195781593]Figure 8‑12 Wallace Tree device and Timing Summary
[image: A computer screen shot of a computer
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[bookmark: _Toc195781594]Figure 8‑13 Schematic Wallace Tree Multiplier
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[bookmark: _Toc195781595]Figure 8‑14 Wallace Tree RTL Schematic

[bookmark: _Toc195781670]Wallace Tree Longest Delay
To calculate the longest delay for the Wallace Tree Multiplier I used the assumptions of an AND gate delay is , and N adder (Full or Half) delay is . This gave the base to use for the calculation and then needed to count the adders to complete the equation.
Longest delay = (N*) 
Longest delay = 1ns+(20*2ns)
Longest delay = 1ns+(40ns)
Longest delay = 41ns
The below picture Figure 8‑15 shows the longest delay highlighted in red for the Wallace Tree Mutliplier.
[image: A graph on a piece of paper
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[bookmark: _Ref195650493][bookmark: _Toc195781596]Figure 8‑15 Wallace Tree Longest Delay
The below figures show the combinational delay that has occurred over the Wallace Tree multiplier.
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[bookmark: _Toc195781597]Figure 8‑16 Combinational Delays  Wallace Tree Part 1
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[bookmark: _Toc195781598]Figure 8‑17 Combinational Delays Wallace Tree Part 2
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[bookmark: _Toc195781599]Figure 8‑18 Combinational Delays Wallace Tree Part 3
[image: A screenshot of a computer screen

AI-generated content may be incorrect.]
[bookmark: _Toc195781600]Figure 8‑19 Combinational Delays Wallace Tree Part 4
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AI-generated content may be incorrect.]
[bookmark: _Toc195781601]Figure 8‑20 Combinational Delays Wallace Tree Part 5
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[bookmark: _Toc195781602]Figure 8‑21 Combinational Delays Wallace Tree Part 6
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[bookmark: _Toc195781603]Figure 8‑22 Combinational Delays Wallace Tree Part 7
[bookmark: _Toc195781671]FPGA Design Screen dumps with Pin allocation.
[bookmark: _Toc195781672]Wallace Tree Multiplier
I/O mapping for the Wallace Tree multiplier is represented in Figure 9‑1 below.
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[bookmark: _Ref195382207][bookmark: _Toc195781604]Figure 9‑1 I/O Mapping Wallace Tree
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[bookmark: _Toc195781605]Figure 9‑2 Wallace Tree I/O pin allocation


Hardware pin out for the Wallace Tree multiplier is shown in Figure 9‑3 see below (BBxDD).

[bookmark: _Ref195382885][bookmark: _Toc195781606]Figure 9‑3 Wallace Tree Multiplier Hardware Test BBxDD
[bookmark: _Toc195781673]Brauns Multiplier
I/O mapping for the Brauns multiplier is represented in Figure 9‑4 below.
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[bookmark: _Ref195383053][bookmark: _Toc195781607]Figure 9‑4 I/O Mapping Brauns
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[bookmark: _Toc195781608]Figure 9‑5 Brauns I/O pin allocation
Hardware pin out for the Brauns Multiplier is shown in Figure 9‑6 below (FFxFF) Brauns.

[bookmark: _Ref195567303][bookmark: _Toc195781609]Figure 9‑6 Brauns Multiplier Hardware Test FFxFF

[bookmark: _Toc195781674]Simulation results.
[bookmark: _Toc195781675]Brauns Multiplier 
The figures below show the four simulations carried out with the Brauns Multiplier.
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[bookmark: _Toc195781610]Figure 10‑1 Brauns simulation AExCD
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[bookmark: _Toc195781611]Figure 10‑2 Brauns simulation FFxFF
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[bookmark: _Toc195781612]Figure 10‑3 Brauns simulation 05x09
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[bookmark: _Toc195781613]Figure 10‑4 Brauns simulation BBxDD






[bookmark: _Toc195781676]Wallace Tree Multiplier 
The figures below show the four simulations carried out with the Wallace Tree Multiplier.
[image: ]
[bookmark: _Toc195781614]Figure 10‑5 Wallace Tree simulation AExCD
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[bookmark: _Toc195781615]Figure 10‑6 Wallace Tree simulation BBxDD
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[bookmark: _Toc195781616]Figure 10‑7 Wallace Tree simulation FFxFF
[image: ]
[bookmark: _Toc195781617]Figure 10‑8 Wallace Tree simulation 05x09

[bookmark: _Toc195781677]Comparison, Analysis, and Interpretation of Results 
[bookmark: _Toc195781678]Comparison 
The below figure shows a comparison table from the results seen whilst using the Brauns and Wallace Tree multipliers these are based on the post synthesis results conducted on vivado. It looks at important parameters such as slack timings, frequency estimation and how complex the design is. It shows how the multiplier has behaved in the FPGA set up then highlights theoretical strengths and efficiency of implementation.
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[bookmark: _Toc195781618]Figure 11‑1 Results comparison table
[bookmark: _Toc195781679] Analysis
When analysing the timing performance of the multipliers using vivado software, the results were not as expected. The Wallace tree is expected to be faster due to its efficient structure, but the Brauns showed a better performance in this case. This was seen with its lower worst negative slack (5.784ns) with the Wallace being 6.310ns which allows the Brauns to run at a higher frequency of 173mhz compared to 158mhz of the Wallace tree.
The difference is due to how they are built from design, the Brauns is a simple regular layout which allows for ease of the FPGA to place tools therefore connecting components. Which gives better performance from the shorter delays. Then the Wallace tree has a more complex and structure is irregular. It is able to reduce the amount of steps required in calculating results but the complicated wiring makes the FPGA route more difficult which therefore provides an increased delay. Even though the Wallace tree has the better benefits theoretically the Brauns had the better performance in the implementation carried out in this scenario.
[bookmark: _Toc195781680]Interpretation of Results
Looking at the timing results it is clear the Brauns [performs better practically while using small scale designs like the 8x8 used in this scenario on FPGA. Its straightforward structure is regular which allows for the short route paths and placement to be easier whilst carrying out implementation, this gives higher clock frequency, and a faster time achieved. Due to this it allows the Brauns to be best suited for projects that require a reliable performance, predictable results and implementation that is simple.
When it comes to the Wallace it did not perform as well, even though it is known for being efficient in theory as it has a method for reduction due to its parallel structure. This means it is better when it comes to larger multipliers which means it benefits from the reduction in logic depth due to improving speed from pipelining. Like seen in the results above the extra design can lead to routing delays which effects the performance of FPGAs.
In summary the Wallace tree is a good reliable choice for high speed and larger scaled designs to be used in ASICs or FPGAs that are optimal. The Braun is more practical in smaller FPGAs like the one tested in this scenario as it has a simpler layout and better results for timing.

[bookmark: _Toc195781681]Power Utilisation and LUTs
[bookmark: _Toc195781682]Brauns Power Utilisation 
The below figures show the power utilisation and LUT usage for the Brauns multiplier, which is known for its regular structure which leads to efficient use of logic elements and dynamic power consumption.
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[bookmark: _Toc195781619]Figure 12‑1 Brauns Design Power Budget
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[bookmark: _Toc195781620]Figure 12‑2 Brauns Power Hierarchy
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[bookmark: _Toc195781621]Figure 12‑3 Brauns Power Utilisation Summary
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[bookmark: _Toc195781622]Figure 12‑4 Brauns Power Summary
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[bookmark: _Toc195781623]Figure 12‑5 Graphical summary of all results (Braun’s)


[bookmark: _Toc195781683]Wallace Tree Power Utilisation 
The below figures show the power utilisation and LUT usage for the Wallace tree multiplier, which aims to utilise speed through partial product reduction, but the complex structure can impact resource usage and consumption of power.
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[bookmark: _Toc195781624]Figure 12‑6 Design Power Budget
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[bookmark: _Toc195781625]Figure 12‑7 Wallace Tree Power Hierarchy
[image: A screenshot of a graph

AI-generated content may be incorrect.]
[bookmark: _Toc195781626]Figure 12‑8 Wallace Tree Power Utilisation Summary
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[bookmark: _Toc195781627]Figure 12‑9 Wallace Tree Power Summary

[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc195781628]Figure 12‑10 Graphical summary of all results (Wallace Tree)
[bookmark: _Toc195781684]Interpretation 
The results from vivado show the Brauns and Wallace tree multipliers are seen to be efficient with power and logic resource usage for an 8x8 bit multiplier. The Brauns used slightly more LUTs than the Wallace tree but it used slightly less power 0.083W compared to 0.084W. In both cases it was seen to come from I./O activity 0.011W but the logic and signal switching was minimal for power usage.
Even though Wallace is more complex it used less LUTs due to its efficient structure of carry-save adders. But it did show higher I/O utilisation of 30.19% this is compared to 15.24% for the Brauns this indicates more routing of signals and a slightly higher power dynamic.
The 2W power budget was well achieved with power statically being the dominant factor of 0.072W. The small-scale structures show the power difference is minimal and the overall performance is influenced by the structure and routing rather than activity logic.
[bookmark: _Toc195781685]Power Conclusion
Both multipliers used are suitable for low-power small-scale applications, but the Brauns provides slightly improved power efficiency and routing which is simpler. The Wallace tree is more efficient in LUT usage but consumes more I/O resources and power.  Wallace tree may scale better for larger designs but for compact applications conscious of resource Brauns is the more practical choice when looking at power usage.

[bookmark: _Toc195781686]Details of testing and recommendations for future improvements
The process for testing the Brauns and Wallace tree multipliers included synthesising and implementing the 8x8 multipliers using vivado. A selection of simulations was carried out on both multipliers to make sure they were functioning as they were designed. The inputs were put in hexadecimal format and each result was then compared against a n expected result, in each scenario the results were as expected. Once completed the designs were synthesised and implemented on the required FPGA (xc7a15tcsg324-1), then creating a selection of reports to analyse these were power, timing and resource utilisation.
Then utilising the tools on vivado to evaluate the power consumption dynamically and statically under default switching activity estimates. This provided an insight into how the design used LUT, I/O activity and the total power usage of the chip. This showed there was no observations of timing disruptions in each design and confirmed that both met the constraints of required performance. 
Then once all of this had been completed there was a final check to confirm performance of the system with interaction of a hardware system, this meant plugging in an external chip to download the programme. Then manually carry out a calculation to show that it worked in real time see Figure 9‑3 & Figure 9‑6 for results.
The table below outlines specific suggestions, their purposes, and the expected benefits they could give when applied to multiplier designs. The recommendations can try to enhance performance, scalability, and efficiency in future implementations.
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[bookmark: _Toc195781629]Figure 13‑1 Recommendations for Future Improvements
[bookmark: _Toc195781687]Conclusion.
The report has critically evaluated the design, implementation and performance of the Brauns and Wallace Tree multipliers using VHDL on a FPGA platform. With the use of synthesising the design, simulation and hardware testing the functionality of the multipliers was proved correct and met performance and timing constraints.
Brauns multiplier had a better practical performance with regards to timing and efficiency of power usage in a small scale 8x8 designs as the one tested. The WNS of 5.784ns was achieved with a maximum frequency of 173MHz, this performed better than the Wallace Tree which had a WNS of 6.310ns and a lower frequency of 158MHz. The structure is regular which allows for simple routing, this leads to lower I/O utilisation (15.24%) and a slightly better consumption of power (0.083W) this allows for it to be utilised for low-power and resource-constrained systems.
To contrast this to the Wallace tree theoretically it is faster because of the parallel structure reduction but experiences a small amount more of delays and power usage (0.084W), this is down to the complexity of the layout and routing requirements being increased. Even though It used less LUTs (80 vs 86) the utilisation of the I/O was a lot higher at 30.19% this leads to the highlight of trade-off between logic efficiency and signal routing complexity.
The report evaluation has covered key engineering principles, including critical path delay, path logic complexity of routing, power distribution and utilisation of resources. Both multipliers produced are efficient and are designed for their purpose, the Brauns multiplier is suitable for simple small-scale FPGA designs and the Wallace Tree is suitable for higher speed applications that are scalable for application of further optimisation.
The comparison completed in this report shows the broader engineering trade-offs between speed, area, power usage and consumption in digital design, this puts emphasis on how important the selection of the most suitable multiplier architecture is based on performance specifics and the required resources of the application target. 
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library IEEE;
Use IEEE.STD_LOGIC_1164.ALL;
- Uncomment the following library declaration f using
- arithmetic functions with Signed or Unsigned values
~-use IEEE.NUMERIC_STD.ALL;
- Uncomment the following library declaration if instantiating
~ any Xilinx leaf cellsin this code.
~library UNISIM;
~-use UNISIM.VComponents.all;
entity BraunsMultiplier is
Port A in std_logic_vector (7 downto 0);
8 in std_logic_vector (7 downto 0);
P : out std_logic_vector (15 downto 0));
end BraunsMultiplier;
architecture Behavioral of BraunsMultiplier is
signal A180 : std_logic;
signal AOB1 : std_logic;
signal A280 : std_logic;
signal A1B1 : std_logic;
signal A0B2 : std_logic;
signal A380 : std_logic;
signal A2B1 : std_logic;

signal A182 : std_logic;

signal AOB3 :
signal A4BO:
signal A3B1:
signal A282 1
signal A183 1
signal AOB4 1
signal ASBO :
signal A4B1:
signal A382:
signal A283 1
signal A184 1
signal AOBS :
signal AGBO :
signal ASB1:
signal A4B2
signal A383 1
signal A284 1
signal A185
signal AOBS :
signal A780:
signal AGB1 1
signal ASB2 1

signal A4B3 :

std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;

std_logic;
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signal A384 1
signal A285 1
signal A186
signal AOB7
signal A781:
signal AGB2 1
signal ASB3 1
signal AdB4 :
signal A38S 1
signal A286
signal A187
signal A782 1
signal AGB3 1
signal ASBA :
signal A4BS :
signal A386
signal A287
signal A783 1
signal AGB4 1
signal ASBS :
signal A4B6 1
signal A387

signal A784:

std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;

std_logic;

signal AGBS 1
signal ASBS
signal A4B7 :
signal A7BS 1
signal AGBS 1
signal ASB7 :
signal A786
signal AGB7 :

signal A787 :

std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;

std_logic;

signal C1.: std_logic;—p2

signal 52 : std_logic;

signal €2 std_logic;—P3

signal 53 : std_logic;

signal €9 std_logic;

signal $10: std_logic;

signal C3 : std_logic;—P4

signal 54 : std_logic;

signal C10 :std_logic;

signal $11: std_logic;
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signal C17 : std_logic; signal C6 : std_logic;—P7
signal 518 : std_logic; signal 57 : std_logic;

signal C13 : std_logic;

signal C4 :std_logic;—PS signal 514 : std_logic;
signal 5 : std_logic; signal 20 : std_logic;
signal C11.: std_logic; signal 521 : std_logic;
signal 512 : std_logic; signal C27 : std_logic;
signal C18 :std_logic; signal 528 : std_logic;
signal 519 : std_logic; signal C34 :std_logic;
signal C25 : std_logic; signal 535 : std_logic;
signal 526 : std_logic; signal C41.: std_logic;

signal 542 : std_logic;

signal C5 : std_logic;—P6

signal 56 : std_logic; signal C7 : std_logic;-
signal C12 :std_logic; signal 58 : std_logic;
signal $13 : std_logic; signal C14 : std_logic;
signal C19 : std_logic; signal 515 : std_logic;
signal $20: std_logic; signal €21 std_logic;
signal €26 : std_logic; signal 522 : std_logic;
signal 527 : std_logic; signal C28 :std_logic;
signal €33 : std_logic; signal 529 : std_logic;
signal 534 : std_logic; signal €35 : std_logic;

signal 536 : std_logic;
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signal C42
signal 543

signal C49

std_logic;

std_logi

std_logic;

signal €8 std_logic;—P9

signal C15
signal S16
signal €22
signal 523
signal C29
signal 530
signal 36
signal $37
signal 43
signal 544

signal €50

signal C16
signal €23
signal 524
signal C30
signal $31

signal €37

std_logic;

std_logi

std_logic;
std_logic;
std_logic;
std_logic;

std_logic;

std_logic;
std_logic;
std_logic;

std_logic;

P10

std_logic;

std_logic;

std_logic;
std_logic;
std_logic;

std_logic;

signal $38
signal 44
signal 545

signal C51

signal C24
signal C31
signal 532
signal 38
signal 539
signal 45
signal 546

signal €52

signal €32
signal 39
signal 540
signal C46
signal s47

signal €53

signal C40

signal c47

std_logic;

std_logi

std_logic;

std_logic;

std_logic~P11

std_logi

std_logic;
std_logic;
std_logic;

std_logic;

std_logic;
std_logic;

std_logic;

std_logic~P13

std_logic;
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signal 548

signal C54

signal C48

signal €55

signal C56

std_logic;

std_logic;

std_logic-P14

std_logic;

std_logic-p15

component Fulladder is

Port (A

in STD_LOGIC;

B:in STD_LOGIC;

CN:

in STD_LOGIC;

S: 0ut STD_LOGIC;

COUT : out STD_LOGIC);

end component;

component Halfadder is

Port (A

in STD_LOGIC;

B:in STD_LOGIC;

S: 0ut STD_LOGIC;

COUT : out STD_LOGIC);
end component;

begin

A1B0 <= A(1) and B(0);
A0B1 <= A(0) and B(1);
A280 <= A(2) and B(0);
A1B1 <= A(1) and B(1);
A0B2 <= A(0) and B(2);
A380 <= A(3) and B(0);
A281<=A(2) and B(1);
A1B2 <= A(1) and B(2);
A0B3 <= A(0) and B(3);
A4BO <= A(4) and B(0);
A3B1<=A(3) and B(1);
A282 <= A(2) and B(2);
A183 <= A(1) and B(3);
A0B4 <= A(0) and B(4);
ASBO <= A(S) and B(0);
A4B1 <= A4) and B(1);
A382 <= A(3) and B(2);
A283 <= A(2) and B(3);
A281<=A(2) and B(1);

A1B4 <= A(1) and B(4);
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A0BS <= A(0) and B(S);
ABBO <= A(6) and B(0);
ASB1 <= A(S) and B(1);
A4B2 <= A(4) and B(2);
A383 <= A(3) and B(3);
A284 <= A(2) and B(4);
A1B5 <= A(1) and B(5);
A0B6 <= A(0) and B(6);
A7B0 <= A(7) and B(0);
AGB1 <= A(6) and B(1);
ASB2 <= A(S) and B(2);
A4B3 <= A(4) and B(3);
A384 <= A(3) and B(4);
A285 <= A(2) and B(5);
A1B6 <= A(1) and B(6);
A0B7 <= A(0) and B(7);
A7B1 <= A(7) and B(1);
AGB2 <= A(6) and B(2);
ASB3 <= A(S) and B(3);
A4B4 <= A4) and B(4);
A385 <= A(3) and B(5);
A286 <= A(2) and B(6);

AIB7 <= A(1) and B(7);

A7B2 <= A7) and B(2);
A6B3 <= A(6) and B(3);
ASB4 <= A(S) and B(4);
A4B5 <= A4) and B(S);
A386 <= A(3) and B(6);
A287 <= A(2) and B(7);
A783 <= A(7) and B(3);
A6B4 <= A(6) and B(4);
ASBS <= A(S) and B(S);
A4B6 <= A(4) and B(6);
A387 <= A(3) and B(7);
A7B4 <= A7) and B(4);
AGBS <= A(6) and B(S);
ASB6 <= A(S) and B(6);
A4B7 <= A(4) and B(7);
A7B5 <= A7) and B(5);
AGBS <= A(6) and B(6);
ASBT <= A(S) and B(7);
A786 <= A(7) and B(6);
AGB7 <= A(6) and B(7);

A7B7 <= A7) and B(7);

PO P(0) <= A(0) and B(0);~PO




image13.png
P1: Halfadder port map (A=>A180

A0B1,5=>P(1),COUT=>C1);~-P1

52_1: Fulladder port map (A=>A280,B=>A1B1,CIN=>C1,5=>52,COUT=>C2);

P2: Halfadder port map (A=>A082 , B=>52 , S=>P(2) , COUT=>C9);

53_1: Fulladder port map (A=>A380, B=>A281 , CIN=>C2,,

=553, COUT=>C3);~P3
510_1: Fulladder port map (A=>A1B2, B=>53 , CIN=>C9 , $=>510, COUT=>C10);

P3 : Halfadder port map (A=>A0B3 , B=>510, 5=>P(3) , COUT=>C17);

54_1: Fulladder port map (A=>A480 , B=>A381, CI

3,

54, COU

ca);-pa

S11_1: Fulladder port map (A=>A282 , B=>S4, CIN=>C10,

5511, COUT=>C11);
518_1: Fulladder port map (A=>ALB3 , B=>S11, CIN=>C17 , 5=>518 , COUT=>C18;

P4 Halfadder port map (A=>A0B4 ,

=518, S=>P(4) , COUT=>C25);

55_1: Fulladder port map (A=>AS80 , B=>A4B1 , CIN=>C4 , $=355 , COUT=>CS);~P5

$12_1: Fulladder port map (A=>A382 , B=>S5 , CIN=>C11, 5=>512, COUT=>C12);
515_1: Fulladder port map (A=>A283 , B=>512 , CIN=>C18 , 5=>519 , COUT=>C13);
526_1 : Fulladder port map (A=>ALB4 , B=>S19 , CIN=>C25 , 5=>526 , COUT=>C26};

P5 : Halfadder port map (A=>A0BS , B=>526, 5=>P(S) , COUT=>C33);

56_1: Fulladder port map (A=>AG80 , B=>ASB1 , CIN=>C5 , $=356 , COUT=>C6);~P6

$13_1: Fulladder port map (A=>A4B2 , B=>S6, CIN=>C12,

5513, COUT=>C13);

520_1: Fulladder port map (A=>A383 ,

527_1: Fulladder port map (A=>A284,

534_1: Fulladder port map (A=>A185 ,

=>513 , CIN=>C19 , 525520, COUT=>C20);
=520, CIN=>C26 , 55527 , COUT=>C27);

=527, CIN=>C33 , 5=>$34 , COUT=>C34);

P6 : Halfadder port map (A=>A0BG , B=>534 , 5=>P(6) , COUT=>C41);

57_1: Fulladder port map (A=>A780 , B=

>ABB1, CIN=>C6 ,

514_1: Fulladder port map (A=>ASB2, B=>S7 , CIN=>C13 , 5=>514, COUT=>C14);

521_1: Fulladder port map (A=>A4B3 ,

528_1: Fulladder port map (A=>A384,, B:

535_1: Fulladder port map (A=>A285 ,

542_1: Fulladder port map (A=>A186 ,

=514, CIN=>C20, $=>521, COUT=>C21);
=521, CIN=>C27 , 55528, COUT=>C28);
=528, CIN=>C34 , 5=>$35 , COUT=>C35);

535, CIN=>C41, 5=>542 , COU'

caz);

P7: Halfadder port map (A=>A0B7 , B=>542 , 5=>P(7) , COUT=>Cd);

58_1: Halfadder port map (A=>A7B1 ,

515_1: Fulladder port map (A=>AGB2 ,

522_1: Fulladder port map (A=>ASB3, B:

529_1: Fulladder port map (A=>AdB4 ,

536_1: Fulladder port map (A=>A385 ,

543_1: Fulladder port map (A=>A286 ,

P8 : Fulladder port map (A=>A187 , B=>5:

516_1: Fulladder port map (A=>A782,

523_1: Fulladder port map (A=>AGB3 ,

=5C7 , 52558, COUT=>C8);-P8

=558, CIN=>C14,

5515, COUT=>CLS);
5515, CIN=>C21, 55522, COUT=>C22);
5522, CIN=>C28, 55529, COUT=>C29);
=>529, CIN=>C35,, $=>536, COUT=>C36);
5536, CIN=>C42,, 55543, COUT=>CA3);

43, CIN=>C49 , $=>P(8) , COUT=>C50);

=>C8 , CIN=>C15, 5=>516 , COUT=>C16);~P9

=>516, CIN=>C22 , 55523 , COUT=>C23);
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530_1 : Fulladder port map (A=>ASB4 , B=>523 , CIN=>C29 , 5=>530 , COUT=>C30);
537_1.: Fulladder port map (A=>A4B5 , B=>530 , CIN=>C36,, 5=>537 , COUT=>C37);
544_1 : Fulladder port map (A=>A386 , B=>537 , CIN=>C43 , 5=>544 , COUT=>CA4];

P9 : Fulladder port map (A=>A287 , B=>544, CIN=>C50 ,

>P(3), COUT=>CS1);
524_1 : Fulladder port map (A=>ATE3, B=>C16 , CN=>C23 , 5=>524 , COUT=>C24);-P10
S31_1: Fulladder port map (A=>AGB4, B=>524, CIN=>C30, S=>531 , COUT=>C31];
538_1: Fulladder port map (A=>ASBS, B=>S31, CIN=>C37 , $=>538 , COUT=>C38);
545_1 : Fulladder port map (A=>A4B6 , B=>S38, CIN=>Cda, S=>545 , COUT=>CdS};
P10 Fulladder port map (A=>A387 , B=>545 , CIN=>C51, 5=3P(10), COUT=>C52);
532_1: Fulladder port map (A=>A7B4, B=>C24 , N=>C31, 5=>532, COUT=>C32);-P11
539_1: Fulladder port map (A=>AGBS, B=>532, CIN=>C38, $=>539 , COUT=>C39);
546_1 : Fulladder port map (A=>ASBS, B=>53, CIN=>Cd5 , S=>546 , COUT=>Cde};
P11 Fulladder port map (A=>A4B7 , B=>546 , CIN=>C52 , S=>P(11) , COUT=>CS3);

540_1 : Fulladder port map (s

ATBS , B=>C32, CIN=>C39,

540, COUT=>C40)~P12
547_1.: Fulladder port map (A=>AGB6 , B=>540 , CIN=>CA6,, 5=>547 , COUT=>CA7);

P12 : Fulladder port map (A=>ASB7 , B=>S47 , CIN=>CS53 , S=>P(12) , COUT=>C54);

548_1 : Fulladder port map (A=>A7B6 , B=>C40 , CIN=>C47 , S=>548 , COUT=>C48);-P13
P13 : Fulladder port map (A=>AGB7 , B=>548 , CIN=>C54 , S=>P(13) , COUT=>CS5);
P14 : Fulladder port map (A=>A7B7 , B=>C48 , CIN=>C55 , S=>P(14) , COUT=>CS6);~P14

P15 P(15) <= C56,-P15
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architecture Behavioral of wallacel is
component Fulladder is
Port (A:in STD_LOGIC;

B:in STD_LOGI

Cin :in STD_LOGH
library IEEE; 52 0ut STD_LOGIC;
Use IEEE.STD_LOGIC_1164.ALL; Cout : out STD_LOGIC);
end component;
- Uncomment the following library declaration f using

rithmetic functions with Signed or Unsigned values component Halfadder is

—use IEEE.NUMERIC_STD.ALL; Port (A :in STD_LOGIC;

B:in STD_LOGIC;

- Uncomment the following library declaration if instantiating 52 0ut STD_LOGIC;
~ any Xilinx leaf cellsin this code. Cout : out STD_LOGIC);
~library UNISIM; end component;

~-use UNISIM.VComponents.all;

signal
52,53,54,55,56,5
entity wallacel is
7,58,510,511,512,513,514,515,516,518,519,520,521,522,523,524,526,527,528,529,530,531,532,534,535,536,537,538,
Port (A in STD_LOGIC_VECTOR (7 downto 0) ; 539,540,542,543,544,545,546,547,548 : STD_LOGIC;
8:in STD_LOGIC_VECTOR (7 downto 0) ; signal

€1,02,03,04,65,C
6,C7,C8,C9,C10,C11,C12,C13,C14,C15,C16,C17,C18,C19,C20,C21,C22,023,C24,C25,C26,C27,C28,C29,C30,C31,C32,C3
3,C34,C35,C36,C37,C38,C39,C40,C41,C42,C43,C44,C45,C46,C47,C48,C49,C50,C51,C52,C53,C54,C55 : STD_LOGIC;

P : out STD_LOGIC_VECTOR (15 downto 0)) ;

end wallace1;
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signal A180 -
signal A280 -
signal A380 -
signal A4BO :
signal ASBO :
signal AGBO :

signal A7BO :

signal AOBL :
signal A181 :
signal A2B1:
signal A3B1:
signal A4B1:
signal ASBL :
signal AGBL:

signal A7B1 ¢

signal AOB :
signal A182 :
signal A282 :
signal A382 :

signal A4B2 :

STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;

STD_LOGIC;

STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;

STD_LOGIC;

STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;

STD_LOGIC;

signal ASB2 :
signal AGB2 :

signal A7B2 :

signal AOB3 :
signal A183 :
signal A283 :
signal A383 :
signal A4B3 :
signal ASB3 :
signal AGB3 :

signal A7B3 :

signal A0BA :
signal A184 :
signal A284 :
signal A384 :
signal A48 :
signal ASB4 :
signal AGBA :

signal A7B4 :

signal AOBS :

STD_LOGIC;
STD_LOGIC;

STD_LOGIC;

STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;

STD_LOGIC;

STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;

STD_LOGIC;

STD_LOGIC;
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signal A1B5 :

signal A285 :
signal A385 :
signal A4BS :
signal ASBS :

signal AGBS ©

signal A7B5 :

signal AOBS :
signal A186 :

signal A286 :

signal ASB6 :

signal AGBS :

signal A7B6 :

signal AOB :

signal A187 :
signal A287 :

signal A3B7 :

TD_L0GIC;
STD_L0GIC;
STD_L0GIC;
STD_L0GIC;

STD_LOGIC;

TD_LOGIC;

STD_LOGIC;

STD_LOGIC;
STD_LOGIC;

STD_LOGIC;

TD_LOGIC;

+STD_LOGIC;

STD_LOGIC;
STD_LOGIC;

STD_LOGIC;

TD_LOGIC;
STD_LOGIC;
STD_LOGIC;

STD_LOGIC;

+STD_LOGIC;

signal AGB7 : STD_LOGIC;

signal A787 : STD_LOGIC;

begin
A1B0 <= A(1) and B(0);
A280 <= A(2) and B(0);
A380 <= A(3) and B(0);
A4BO <= A(4) and B(0);
ASBO <= A(S) and B(0);
ABBO <= A(6) and B(0);

A7BO <= A(7) and B(0);

A0B1 <= A(0) and B(1);
A1B1 <= A(1) and B(1);
A281<=A(2) and B(1);
A3B1<=A(3) and B(1);

A4B1

A4) and B(1);
ASB1 <= A(S) and B(1);
AGB1 <= A(6) and B(1);

A7B1 <= A(7) and B(1);

A0B2

A(0) and B(2);

A1B2 <= A(1) and B(2);
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A282 <= A(2) and B(2);
A382 <= A(3) and B(2);
A4B2 <= A(4) and B(2);
ASB2 <= A(S) and B(2);
AGB2 <= A(6) and B(2);

A7B2 <= A7) and B(2);

A0B3 <= A(0) and B(3);
A183 <= A(1) and B(3);
A283 <= A(2) and B(3);
A383 <= A(3) and B(3);
A4B3 <= A(4) and B(3);
ASB3 <= A(S) and B(3);
A6B3 <= A(6) and B(3);

A7B3 <= A7) and B(3);

A0B4 <= A(0) and B(4);
A1B4 <= A(1) and B(4);
A284 <= A(2) and B(4);
A384 <= A(3) and B(4);
A4B4 <= A4) and B(4);
ASB4 <= A(S) and B(4);

AGB4 <= A(S) and B(4);

A7B4 <= A7) and B(4);

A0BS <= A(0) and B(S);
A1B5 <= A(1) and B(5);
A285 <= A(2) and B(5);
A385 <= A(3) and B(5);
A4B5 <= A4) and B(S);
ASBS <= A(S) and B(S);
AGBS <= A(6) and B(S);

A7B5 <= A7) and B(5);

A0B6 <= A(0) and B(6);
A1B6 <= A(1) and B(6);
A286 <= A(2) and B(6);
A386 <= A(3) and B(6);
A4B6 <= A(4) and B(6);
ASB6 <= A(S) and B(6);
AGBS <= A(6) and B(6);

A7B6 <= A(7) and B(6);

A0B7 <= A(0) and B(7);
AIB7 <= A(1) and B(7);

A2B7 <= A(2) and B(7);
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A387 <= A(3) and B(7); fa24 : Fulladder port map(B=>55,Cin=>C4, A=>A283,5=>512,Cout=>C12);

AdB7 <= A(4) and B(7); fa25  : FullAdder port map(B=>56,Cin=>C5,A=>A383,5=>513,Cout=>C13);
ASB7 <= A(5) and B(7); fa26. : FullAdder port map(B=>57,Cin=>C6,A=>A483,5=>514,Cout=>C14);
AGB7 <= A(6) and B(7); fa27: FullAdder port map(B=>58,Cin=>C7,A=>ASE3,5=>515,Cout=>C15);
ATB7 <= A(7) and B(7); fa28 : FullAdder port map(B=>ATE2, Cin=>C8,A=>AGE3,5=>516,Cout=>C16);

~first stage ~third stage

ha31 : Halfadder port map(B=>510,A=>C9,5=>P(3),Cout=>C17);

PO :P(0) <= A(0) and B(0); fa32  : Fulladder port map(B=>511,

c10,

A0BA,5=>518,Cout=>C18);

fa33 : FullAdder port map(B=>512,

c11,

A1B4,5>519,Cout=>C19);

hall :Halfadder port map(A=>A180,8=>A081,5=>P(1),Cout=>C1); fa34 : FullAdder port map(B=>513,

c12,

A2B4,5=>520,Cout=>C20);

fal2 :FullAdder port map(A=>A280,8=>A181,Cin=>A0B2,5=>52,Cout=>C2); fa35  : Fulladder port map(B=>514,Ci

=>C13,A=>A3B4,5=>521,Cout=>C21);

fal3  : FullAdder port map(A=>A380,8=>A281,Cin=>A182,5=>53,Cout=>C3); fa36  : FullAdder port map(B=>515,Cin=>C14,A=>A4B4,5=>522,Cout=>C22);

fala :FullAdder port map(A=>A4B0,

A3B1,Ci

A2B2,5=>54,Cout=>C4); fa37  : Fulladder port map(

516,

c1s,

fal5  : Fulladder port map(A=>ASBO,B=>A4B1,Cin=>A382,5=>55,COUt=>C5); fa38  : FullAdder port map(B=>A783,Cin=>C16,

5524, Cout=>C24);

fal6  : Fulladder port map(A=>AGB0,B=>A5B1,C

>A4B2,5=556,Cout=>Co);

fal7  : Fulladder port map(A=>A7B0,B=>A6B1,C

=>ASB2,5=>7,Cout=>C7); ~fourth stage
halg  :Halfadder port map(A=>A781,B=>A682,5=>58,Cout=>C8); hadl : Halfadder port map(B=>518,A=>C17,5=>P(4),Cout=>C25);

fad2 : Fulladder port map(B=>519,

=>C18,

\=>A0BS5,$=>526,Cout=>C26);

~-second stage fa43 : Fulladder port map(B=>520,Cin=>C19,A=>A1B5,5=>527,Cout=>C27);

ha2l  : Halfadder port map(B=>52,A=>CL,S=>P(2),Cout=>C3); fada : Fulladder port map(B=>521,

20,

A2BS,5=>528,Cout=>C28);

fa22  : Fulladder port map(B=>53,Cin=>C2,A=>A0B3,5=>510,Cout=>C10); fads  : Fulladder port map(B=>522,Cin=>C21,A=>A385,5=>529, Cout=>C29);

22,

fa23  : Fulladder port map(B=>54,Cin=>C3,A=>A183,5=>S11,Cout=>C11); fads  : FullAdder port map(B=>523, A4B5,5=>530,Cout=>C30);
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fad7 : Fulladder port map(B=>524,Cin=>C23,A=>A5BS,5=>531,Cout=>C31); - seventh stage

fad8  : FullAdder port map(B=>A7B4,Cin=>C24,A=>AGBS,

532,Cout=>C32); ha7l  : Halfadder port map(B=>542,A=>C41,5=>P(7),Cout=>C43);

fa72 : FullAdder port map(B=>543,Cin=>C42,A=>C49,5=>P(8), Cout=>C50);

~fifth stage fa73 : FullAdder port map(B=>544,Cin=>C43,A=>C50,5=>P(9), Cout=>C51);
has1  : Halfadder port map(B=>526,A=>C25,5=>P(5),Cout=>C33); fa74 : FullAdder port map(B=>545,Cin=>C44,A=>C51,5=>P(10), Cout=>C52);
fas2 : FullAdder port map(B=>527,Cin=>C26,A=>A0BG,5=>534,Cout=>C34); fa75 : FullAdder port map(B=>546,Cin=>C45,A=>C52,5=>P(11), Cout=>C53);
fas3 : FullAdder port map(B=>528,Cin=>C27,A=>A186,5=>535,Cout=>C35); fa76  : FullAdder port map(B=>547,Cin=>C46,A=>C53,5=>P(12), Cout=>C54);
fas4 : Fulladder port map(B=>529,Cin=>C28,A=>A286,5=>536,Cout=>C36); fa77 : FullAdder port map(B=>548,Cin=>C46,A=>C54,5=>P(13), Cout=>C55);
fass  : Fulladder port map(B=>530,Cin=>C29,A=>A386,5=>537,Cout=>C37); fa78 : FullAdder port map(B=>A7B7,Cin=>C48,A=>C55,5=>P(14),Cout=>P(15));

fas6  : FullAdder port map(B=>531,Cin=>C30,A=>A4B6,5=>538,Cout=>C38);
fas7  : FullAdder port map(B=>532,Cin=>C31,A=>A5B6,5=>539, Cout=>C39);

fas8  : FullAdder port map(B=>A7B5,Cin=>C32,A=>AG86,

540,Cout=>C40); end Behavioral;

- sixth stage
hab1 : Halfadder port map(B=>534,A=>C33,5=>P(6),Cout=>C41);
fa62 : FullAdder port map(B=>535,Cin=>C34,A=>A0B7,5=>542,Cout=>C42);

fa63 : FullAdder port map(B=>536,Cin=>C35,A=>A187,5=>543,Cout

ca3);
fa64 : Fulladder port map(B=>537,Cin=>C36,A=>A2B7,5=>544,Cout=>C44);
fa65  : FullAdder port map(B=>538,Cin=>C37,A=>A387,5=>545,Cout=>C45);

fa66  : FullAdder port map(B=>539,Cin=>C38, A=>A4B7,5=>546, Cout=:

cas);
fa67 : Fulladder port map(B=>540,Cin=>C39,A=>ASB7,5=>547,Cout=>Ca7);

fa68  : FullAdder port map(B=>A7B6,Cin=>C40,A=>AGB7,

548, Cout=>C48);
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Feature Braun Multiplier Wallace Tree Multiplier

Worst Negative Slack (WNS) 5.784 ns 6.310 ns

Total Negative Slack (TNS) 0.000 ns 0.000 ns

Fmax (Estimated) ~173 MHz ~158 MHz

Number of Endpoints 16 16

Timing Violations 0 (clean) 0 (clean)

Design Layout Complexity Regular Irregular

Routing Congestion 

(Implied)

Lower (due to 

regularity)

Higher (due to tree 

structure)
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Recommendation Description Expected Benefit

Pipelining for Wallace Tree

Add pipeline stages to reduce critical 

path delay and improve speed, especially 

for larger bit-widths.

Improved timing performance and 

higher operating frequency.

Floorplanning and Constraints

Use placement constraints or 

floorplanning in Vivado to optimize 

routing and minimize congestion.

Reduced routing delays and more 

efficient use of FPGA resources.

Power Optimization Techniques

Implement clock gating or resource 

sharing to further reduce dynamic power 

in future designs.

Lower overall power consumption 

and improved energy efficiency.

Scaling to Higher Bit-Widths

Extend testing to 16-bit or 32-bit 

multipliers to analyze scalability in terms 

of power and area.

Better understanding of design 

performance in real-world, larger-

scale applications.

Timing Constraint Tuning

Apply tighter timing constraints (e.g., 

set_max_delay

) to explore maximum 

achievable performance.

Identification of timing bottlenecks 

and potential areas for performance 

gains.
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