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	Ω
	Ohms

	%
	Percent

	TC
	Time Constant 

	AC
	Alternating Current

	DC
	Direct Current

	ms
	Milli-seconds

	Hz
	Hertz

	I/O
	Input/Output

	DSP
	Digital Signal Processing

	ALU
	Arithmetic Logic Unit

	WNS
	Worst Negative Slack

	LUT
	Lookup Table

	IOB
	Input/Output Buffer



[bookmark: _Toc184822906]

                          






[bookmark: _Toc195768996]Table 1 Abbreviations, Acronyms and Units table















[bookmark: _Toc195780812]Abstract 

This Paper shows an analysis of the Brauns and Wallace Multipliers used for eight-by-eight hexadecimal multiplication. Shown within the paper are algorithms, architecture, and comparisons between the two multipliers regarding areas of efficiency and speed. Using VHDL and Vivado software, tests were conducted to also see accuracy and power consumption, hardware tests were also performed. The Paper shows within its findings that the Wallace multiplier has advantages with speed, whereas the Brauns multiplier will allow for lower power applications. Simulation results showed that the accuracy of both multipliers is high, the power consumption of the Brauns multiplier is 33.33% less than the power consumption of the Wallace multiplier. The simulations also show that the Wallace multiplier is ≈ 8ns quicker than the Brauns multiplier. 
[bookmark: _Toc195780813]Introduction 
Multiplication is found in all areas of life. Multiplication is fundamental within modern systems; the core operation is used within applications such as image processing and machine learning for example[1]. As a result of multiplication being crucial within digital systems, efficient ways to multiply are crucial for optimisation of applications [1]. With use of efficient multipliers consumption of power and speed of multiplication becomes quicker [1]. Two ways of completing fast multiplication are a Brauns multiplier and a Wallace multiplier [1].  This paper aims to compare the two multipliers together and find performance differences, whilst also providing improvements for the multipliers to increase the potential. The results which have been found will help designers in their fields make a choice suitable for their applications for which multiplier to choose between. 
[bookmark: _Toc195780814]Background research
Brauns and Wallace multipliers are both unique in their own ways. They also both have varied advantages and disadvantages with them [1]. The Brauns and Wallace multipliers are used within applications and the applications/systems that they are within will vary in complexity. Current developments within multiplier techniques can be seen as follows [1]: 
Multipliers, over many years have become more complex and quicker [1]. The most essential element of a multiplier is to be accurate and now, they have become faster, lower powered, and the accuracy is exceedingly high [1]. Within a practical application of a multiplier, hardware has improved making the multipliers faster [1]. 
Within the development of the VHDL code the Brauns and Wallace multipliers will use the product family Artix-7 which is an FPGA. The two multipliers will use the same project parts, the name of this project part is xc7a35tcg236-1. This will be used to be able to generate bitstream and apply the software to the Basys 3 hardware this will also be used to allocate pins so that the multipliers will work.
Both the Brauns multiplier and Wallace multiplier can achieve the same thing. However, the speed, power consumption and components used vary quite a large amount. The codes which will be compiled will also vary, especially when the code comes to the port mapping and structure. The code will be created from the diagrams which have been created using Microsoft Visio. The Brauns and the Wallace multipliers are both different and are used within different applications. This is due to the fact of speed of multiplication of the two multipliers. 

[bookmark: _Toc195780815]Applications and Advantages 

[bookmark: _Toc195780816]Brauns Multiplier 

The Brauns multiplier is in many applications within daily life and can also be found in many niche applications for the workplace. The Brauns multiplier can be found in image processing [2]. The way that a multiplier works within image processing is that the multiplier will be used to multiply the pixels within the image to make the image much clearer [2]. Depending on the pixel value the image will be clear, within two scenarios the multiplier may create a much clearer image if the correct factor of multiplication has taken place [2]. However, if the factor of multiplication is high and exceeds maximum values then the image will become distorted [2].
The Brauns multiplier can also be found in multimedia technology, as multimedia is graphics, sound, text, video and animation, the multiplier is used to multiply bits within these areas to make the sound clearer for example [2]. As stated previously with image processing, video and animation will be similar as multiplication of pixels will be used to make the quality of the image clearer on the screen. [2]
The Brauns multiplier can also be found in digital signal processing [3]. By using a Brauns multiplier a signal is boosted as its efficiency will be increased [3]. The effect of using a multiplier will also help with the power consumption of the component that is completing the task. [3]
Two of the most critical advantages of the Brauns multiplier are as follows:
Linear multiplication, the Brauns multiplier uses a linear multiplication structure to be able to complete its multiplication tasks [4]. This is named “carry-save.” This improves the accuracy of the multiplier [4]. Critical path, the critical path of the Brauns adder is stated to be its main advantaged for the multiplication task [4]. As a result of the single critical path that the Brauns multiplier has the multiplier can be found in digital signal processing because of the low power consumption [4].
[bookmark: _Toc195780817]Wallace Multiplier 

The Wallace multiplier is used in many applications. This multiplier is an efficient way of multiplying two integers [7]. The Wallace tree multiplier is what is called a parallel multiplier [7]. This means that the multiplier will not contain any method or structure of feedback. Within the Wallace multiplier, the first step is to is to use an AND gate to multiply each bit to another bit [7]. The products of these AND gates are called partial products [7]. Each of these products will go through an array of half adders and full adders to be able to multiply the A and B values to get the full product, or in the case of this multiplier the Hexadecimal value [7]. The Wallace multiplier uses a specific multiplication method, this is because the logic of the multiplication will help power consumption improving the Wallace multiplier and having greater use than other multipliers which do the same thing [7].
There are many applications of the Wallace multiplier. These applications are used in everyday life and within very niche markets [8]. This is because of the multiplier adaptability. The multiplier can be used in digital signal processing (DSP), the multiplier is used because of its fast multiplication [8]. Another application for the Wallace multiplier is ALU’s, the ALU is found in Microprocessors, due to consisting of logic gates. The Wallace multiplier by this logic is found in most electronics [8]. Due to the method of adder logic that the Wallace multiplier uses the Wallace multiplier is much faster than other multipliers [9]. In comparison to other multipliers the Wallace multiplier is much less Complex as it has less Half Adders [9]. Another advantage is the Latency and the power consumption which is less than other multipliers [9]. 
[bookmark: _Toc195780818]Flow Charts/Algorithms
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[bookmark: _Toc193437313][bookmark: _Toc195769004]Figure 1 flow chart of Brauns Multiplier/Algorithm.
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[bookmark: _Toc195769005]Figure 2 Wallace Tree Flowchart/Algorithm
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The methodologies used to create both the Brauns multiplier, and the Wallace Tree multiplier are remarkably similar [6]. Throughout the research carried out many journals have been used and read thoroughly to ensure that they are dependable, and they are relating to the task [6]. CRAAP testing has been conducted on all the sources that are within this paper to create security and reliability of what is being stated within this task [6].
Similarly, within the code methodologies have been used to make sure the code works correctly and is accurate and dependable [6]. The agile methodology has been used to develop both codes. First, within this methodology is planning [6]. The plan is crucial within the rest of the code development as it will help keep the development on track. The plan helps with designing and developing the flowcharts within this paper [6].
 The design would come next. The design of the codes helps to visualise what the code will look like [6]. The designs of both the Brauns and Wallace multipliers can be seen below with their respective algorithms [6].
 After the design, the development of the code will come next. With use of the designs created the development of the code is much simpler than doing it blind [6]. As the help of the design will drive decisions for the portmaps created for the code [6]. 
Finally, the testing will come last as deployment of this product created will not occur. Within the test four sets of hexadecimal numbers were chosen [6]. These numbers were used to simulate the multipliers to guarantee the accuracy of the VHDL codes [6]. The hexadecimal values will be compared to the values found on an online calculator. Within the testing there will also be synthesis and then timing reports within the synthesis [6]. The RTL design will also be made with the implementation schematic to show how the code will look using logic. The device and I/O planning will also be completed and shown [6]. 




[bookmark: _Toc195780820]Main Body 
[bookmark: _Toc195780821]Multiplier block diagram and Algorithms 
[bookmark: _Toc195780822]Brauns

[image: ]
	[image: A close-up of a sign

AI-generated content may be incorrect.]
	Electrical and Electronic Engineering 
Electronics II
ACDA6001




[bookmark: _Toc195769006]Figure 3 Brauns Multiplier block diagram.
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[bookmark: _Toc195769007]Figure 4 Brauns Multiplier Architecture.
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[bookmark: _Toc195769008]Figure 5 Wallace Tree Multiplier Diagram
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[bookmark: _Toc195769009]Figure 6 Wallace Tree Architecture.
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[bookmark: _Toc195769010]Figure 7 Full Adder Code
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[bookmark: _Toc195769011]Figure 8 Half Adder Code
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[bookmark: _Toc195769012]Figure 9 Brauns Multiplier Start
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[bookmark: _Toc195769013]Figure 10 Signal Generation 1
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[bookmark: _Toc195769014]Figure 11 Signal Generation 4 & sum & carry signals p1-p4.
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[bookmark: _Toc195769015]Figure 12 Sum & Carry signals P12, P13 & P14
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[bookmark: _Toc195769016]Figure 13 Full & Half adder components.
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[bookmark: _Toc195769017]Figure 14 Brauns Multiplier Partial Products 1
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[bookmark: _Toc195769018]Figure 15 Brauns Multiplier Port Maps 1
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[bookmark: _Toc195769019]Figure 16 Wallace Multiplier Code start.
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[bookmark: _Toc195769020]Figure 17 Wallace Multiplier Code 2
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[bookmark: _Toc195769021]Figure 18 Wallace Multiplier Code 3 & Sum & Carry Signals
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[bookmark: _Toc195769022]Figure 19 Wallace Multiplier Signal Generation 1
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[bookmark: _Toc195769023]Figure 20 Wallace Multiplier Partial Products 1
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[bookmark: _Toc195769024]Figure 21 Wallace Multiplier Stage 1 & 2 Reduction
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[bookmark: _Toc195769025]Figure 22 Wallace Multiplier Final Stage Reduction
Shown in the pictures above is the code for both the Brauns and Wallace multiplier, the figures show the declaration of the multiplier, the full and half adder declaration, partial product storage/internal signals, partial products using AND gates, and finally the Port Maps. Additional figures seen in Appendix. Brauns figures 71-82. Wallace figures 83- 90.
[bookmark: _Toc195780829]Brauns Multiplier Device 
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[bookmark: _Toc195769026]Figure 23 Brauns Multiplier Device
This Figure is to show the Brauns multiplier Device from the Vivado software.
[bookmark: _Toc195780830]Wallace Multiplier Device
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[bookmark: _Toc195769027]Figure 24 Wallace Multiplier Device
This Figure is to show the Wallace multiplier Device from Vivado Software.
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The Brauns and Wallace multipliers both have the shortest delay to P0, P15 and the longest delay to P15. This is measured by adding up the delays possible. The delay will amount to the number of full and half adders within the two multipliers. The delays will only account for the very first AND gate that is used to gain the P value, all adders will then be accounted for regardless of being full or half adders. The shortest delay for P0 within both multipliers is 1ns. 
Shortest Brauns multiplier delay for P15.

Longest Brauns multiplier delay for P15.

Shortest Wallace multiplier delay for P15.

Longest Wallace multiplier delay for P15 
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[bookmark: _Toc195769028]Figure 25 Brauns Multiplier Timing Constraint
Figure to show code used for Brauns multiplier Timing constraint. 
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[bookmark: _Toc195769029]Figure 26 Brauns Multiplier Shortest Delay Diagram
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[bookmark: _Toc195769030]Figure 27 Brauns Multiplier Longest Delay Diagram
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[bookmark: _Toc195769031]Figure 28 Brauns Multiplier Synthesis Timing Summary
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[bookmark: _Toc195769032]Figure 29 Brauns Multiplier Implementation Timing Summary
Figures showing the Timing summary of the Synthesis and implementation of the Brauns multiplier.
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[bookmark: _Toc195769033]Figure 30 Brauns Multiplier Combinational Delay 1

Figures to show combinational delays of the Brauns multiplier. Additional combinational delays within appendix figures 91-100.

[bookmark: _Toc195780833]Wallace Multiplier Timing Summary, Longest and Shortest delays & Combinational Delays
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[bookmark: _Toc195769034]Figure 31 Wallace Multiplier Timing Constraint
Figure to show constraint code for Wallace multiplier. 
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[bookmark: _Toc195769035]Figure 32 Wallace Multiplier Shortest Delay Diagram
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[bookmark: _Toc195769036]Figure 33 Wallace Multiplier Longest Delay Diagram
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[bookmark: _Toc195769037]Figure 34 Wallace Multiplier Synthesis Timing Summary
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[bookmark: _Toc195769038]Figure 35 Wallace Multiplier Implementation Timing Summary

Figures show Wallace multiplier synthesis and implementation timing summary.


[image: A screenshot of a graph

AI-generated content may be incorrect.]
[bookmark: _Toc195769039]Figure 36 Wallace Multiplier Combinational Delays 1
Figures showing additional combinational delays in Appendix Figures 101-110. 
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[bookmark: _Toc195780835]Brauns Multiplier Designs & Pin allocation 
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[bookmark: _Toc195769040]Figure 37 RTL Design Brauns
[bookmark: _Toc195769041]Figure 38 Implementation Design Brauns[image: A green lines and dots
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[bookmark: _Toc195769042]Figure 39 Pin Allocation Brauns
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[bookmark: _Toc195769043]Figure 40 Pin Allocation Brauns 2
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[bookmark: _Toc195769044]Figure 41 Brauns Multiplier I/O Planning
Figures show the Brauns multiplier designs and Pin Allocation with the I/O planning. 
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[bookmark: _Toc195780836]Wallace Multiplier Designs & Pin Allocation
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[bookmark: _Toc195769045]Figure 42 Wallace Multiplier RTL Design
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[bookmark: _Toc195769046]Figure 43 Wallace Multiplier Implemented Design



	[image: ]
	Electrical and Electronic Engineering 
Electronics II
ACDA6001
	





  
Page 1 of 1         |                                       [Robbie Herbert]                                 |                     [2405914]

[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc195769047]Figure 44 Wallace Multiplier Pin Allocation
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[bookmark: _Toc195769048]Figure 45 Wallace Multiplier Pin Allocation 2
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[bookmark: _Toc195769049]Figure 46 Wallace Multiplier I/O Planning

Figures to show the Wallace multiplier Designs with Pin Allocation and I/O planning. 
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[bookmark: _Toc195780838]Simulation Results
Within the Brauns and Wallace multiplier, both were used with the same hexadecimal values to multiply. These values were AA x AB, FF x FF, EF x EA and finally 18 x 34. 
The results were all the same with 100% accuracy with the results chosen, comparing the values of the multiplication to an online hexadecimal calculator, As seen in the figures below. 
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[bookmark: _Toc195769050]Figure 47 Hex value 1.
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[bookmark: _Toc195769051]Figure 48 Brauns Simulation of Hex Value 1
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[bookmark: _Toc195769052]Figure 49 Wallace Simulation of Hex Value 1
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[bookmark: _Toc195769053]Figure 50 Hex value 2.
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[bookmark: _Toc195769054]Figure 51 Brauns Multiplier Hex Value 2
[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc195769055]Figure 52 Wallace Simulation of Hex Value 2
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[bookmark: _Toc195769056]Figure 53 Hex value 3.
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[bookmark: _Toc195769057]Figure 54 Brauns Simulation of Hex Value 3
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[bookmark: _Toc195769058]Figure 55 Wallace Simulation of Hex Value 3
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[bookmark: _Toc195769059]Figure 56 Hex value 4.
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[bookmark: _Toc195769060]Figure 57 Brauns Simulation of Hex Value 4
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[bookmark: _Toc195769061]Figure 58 Wallace Simulation of Hex Value 4

[bookmark: _Toc195780839]Comparison, Analysis/testing details, and interpretation 

Whilst the Brauns and Wallace tree multipliers are both quick and efficient. They both have some differences between them both. In comparison to each other regarding the accuracy, the hexadecimal values that have been chosen, the accuracy is the same as they have both produced the same correct hexadecimal values. The Two multipliers are both fast however the Wallace multiplier has a lower input-output time as the highest within the full list of combinational delays is 20.006ns. However, looking at the Brauns multiplier the highest combinational delay is 23.749ns. A second difference between the two multipliers is the Worst Negative Slack [10]. Worst negative slack means the time taken to get through the critical path [10]. Within the Brauns and Wallace multiplier both WNS are positive. As the WNS needs to be positive or equal to 0 [10]. However, in the case of the two multipliers the Wallace multiplier has a better WNS, this is because it is closer to zero in both synthesis (5.721ns) and implementation (13.074ns). Compared to the Brauns multipliers synthesis (14.226ns) and implementation (21.490ns) WNS the Brauns multiplier is slower by ≈8.416ns within synthesis and ≈ 8.505ns within implementation. 










[bookmark: _Toc195780840]Interpretation of Power utilisation and LUTs
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[bookmark: _Toc195769062]Figure 59 Brauns Multiplier Power Summary
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[bookmark: _Toc195769063]Figure 60 Wallace Multiplier Power Report
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[bookmark: _Toc195769064]Figure 61 Brauns Multiplier Utilization Hierarchy 
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[bookmark: _Toc195769065]Figure 62 Wallace Multiplier Utilization Hierarchy
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[bookmark: _Toc195769067]Figure 64 Wallace Multiplier Utilization Summary
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[bookmark: _Toc195769068]Figure 65 Brauns Multiplier Project Summary
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[bookmark: _Toc195769069]Figure 66 Wallace Multiplier Project Summary

Within the power report with regards to figure 59 and 60 the Brauns multiplier uses slightly less on chip power than the Wallace multiplier, the Brauns multiplier has 10% dynamic on chip power whereas the Wallace multiplier uses 14% of the dynamic on chip power. Other than the power figures the rest of the values within the power report are the same. 
The utilization hierarchy also shows the Wallace multiplier utilises less LUTs and Slices than the Brauns multiplier. The Brauns multiplier uses ≈0.47% of the Slice LUTs available. The Wallace multiplier uses ≈0.4% of the available Slice LUTs. The LUT as logic is also the same values as previously stated for the two multipliers. The Brauns multiplier uses more Slice, with ≈0.37% used and the Wallace multiplier with ≈0.32% of the Slice utilised. The final figure within the hierarchy is the Bonded IOB which is the same value for both with ≈30.2% of the IOB utilised. Thirdly the utilisation summary shows the percentage of LUT and percentage of I/O which is both the same for the two multipliers. Finally, the project summary gives an overall of the things previously spoken of. 
[bookmark: _Toc195780841]Details of testing 
Once the code had been written to evaluate the VHDL code the first step in the testing process is to run a simulation. This will help to show if there are any problems within the code. For example, if certain lines are producing a value of U, then the code will have some errors within them which need to be addressed. Once the simulation has been completed and the value of the calculator matches the value of the multiplication online then the next step may be conducted. 
The second step within testing was to run synthesis. This will compile the code and map it all within FPGA for example. Synthesizing the code will also allow for timing data when the timing constraint has been applied to the code. Third step is to show schematic of the synthesis, this will show the RTL Design. Within synthesis the Pin Allocation can be done for the I/O planning, with use of the Basys 3 diagram the two multipliers were allocated I/O pins. 
 The fourth step is to start the implementation. The implementation will complete and then you can see the implementation schematic. The timing summary can also be seen within the implementation. These steps will be done for both the Brauns and Wallace multipliers. 
Within Testing there will be the timing constraints. With addition to the timing constraint source the timing summary can be found, this will be found in the implementation and the synthesis portions of the software. All the ports will be connected so that the timing of each port is visible, all the Port combinational delays should be a lower value than the one calculated using the diagrams. Additionally, Power Reports can be made within the implementation stage of the software, this can be used to find the usage of ports, wattage and working temperature. Testing on hardware was also completed using the Basys 3. The hardware was able to use the multipliers software to answer the requested multiplier values. Figures seen below.
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[bookmark: _Toc195769070]Figure 67 Basys 3 FF x FF.
[image: A blue circuit board with a wire

AI-generated content may be incorrect.]
[bookmark: _Toc195769071]Figure 68 Basys 3 13 x 34.
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[bookmark: _Toc195769072]Figure 69 Basys 3 EF x EA.
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[bookmark: _Toc195769073]Figure 70 Basys 3 AA x AB

[bookmark: _Toc195780842]Recommendations

Within the code that has been developed, there are some simplifications that can be done to make the VHDL code much clearer to read, for the Brauns multiplier, tidying up the code within the VHDL where the partial product signals are held, for example C2_1 and p2_1, improved would be C3, C4 etc. similarly with P2_1 this could be changed to S3, S4 etc... This would make it so that the two codes are mostly identical, this will help with readability and the debugging aspects if there were any changes made to the code. From research, to improve the speed of the Brauns multiplier, an adder which is known as Brent kung or B-K adder can be used to improve the speed [11].
 Another type of adder can be used to improve the system which is known as a Kogge-Stone adder [11]. This type of adder can reduce the delay of the multiplier and increase the speed of the multiplier, the adders will reduce delay, however when designing the power constraints must be looked at due to the increase in complexity and the amount of LUTs or logic slices used will increase making the multiplier more intricate [11]. With the addition of these types of adders the multiplier can be utilised in low-mid performance applications. 
The Wallace multiplier also has a few recommendations for improvements. The Wallace multiplier can be improved from research [13]. The multiplier can use prefix adders along the final stage of the multiplication [13]. The prefix adders allow for less delay and faster multiplication, however there is a trade off when using prefix adders as they will increase the power consumption of the multiplier  [13]. Certain adders which can be used are also able to reduce the complexity of the multiplier [13]. 
With the inclusion of the Prefix adders the Wallace multiplier is more competitive with the other multipliers that are out there for example the Booth multiplier [13]. The improvements with the Prefix adders will also help with real time applications, as when high speed operations are needed the multiplier will be able to complete them on time [13]. Similarly, as the Brauns multiplier the introduction to prefix adders will also increase the power consumption, LUTs and slice logic used which should be looked at when designing to make sure that the multiplier is appropriate for the application [13]. 
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[bookmark: _Toc195769074]Figure 71 Signal Generation 2
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[bookmark: _Toc195769075]Figure 72 Signal Generation 3
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[bookmark: _Toc195769076]Figure 73 Sum & Carry signals P5 & P6
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[bookmark: _Toc195769077]Figure 74 Sum & Carry signals P7.
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[bookmark: _Toc195769078]Figure 75 Sum & Carry signals P8.
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[bookmark: _Toc195769079]Figure 76 Sum & Carry signals P9.
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[bookmark: _Toc195769080]Figure 77 Sum & Carry Signals P10 & P11
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[bookmark: _Toc195769081]Figure 78 Brauns Multiplier Partial Products 2
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[bookmark: _Toc195769082]Figure 79 Brauns Multiplier Partial Products 3
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[bookmark: _Toc195769083]Figure 80 Brauns Multiplier Partial Products 4
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[bookmark: _Toc195769084]Figure 81 Brauns Multiplier Port Maps 2
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[bookmark: _Toc195769085]Figure 82 Brauns Multiplier Port Maps 3
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[bookmark: _Toc195769086]Figure 83 Wallace Multiplier Signal Generation 2
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[bookmark: _Toc195769087]Figure 84 Wallace Multiplier Signal Generation 4
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[bookmark: _Toc195769088]Figure 85 Wallace Multiplier Signal Generation 5
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[bookmark: _Toc195769089]Figure 86 Wallace Multiplier Partial Products 2
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[bookmark: _Toc195769090]Figure 87 Wallace Multiplier Partial Products 3
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[bookmark: _Toc195769091]Figure 88 Wallace Multiplier Partial Products 4
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[bookmark: _Toc195769092]Figure 89 Wallace Multiplier Stage 3 & 4 Reduction
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[bookmark: _Toc195769093]Figure 90 Wallace Multiplier Stage 5 & 6 Reduction
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[bookmark: _Toc195769094]Figure 91 Brauns Multiplier Combinational Delay 2
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[bookmark: _Toc195769095]Figure 92 Brauns Multiplier Combinational Delay 3
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[bookmark: _Toc195769096]Figure 93 Brauns Multiplier Combinational Delay 4
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[bookmark: _Toc195769097]Figure 94 Brauns Multiplier Combinational Delay 5
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[bookmark: _Toc195769098]Figure 95 Brauns Multiplier Combinational Delay 6
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[bookmark: _Toc195769099]Figure 96 Brauns Multiplier Combinational Delay 7
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[bookmark: _Toc195769100]Figure 97 Brauns Multiplier Combinational Delay 8
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[bookmark: _Toc195769101]Figure 98 Brauns Multiplier Combinational Delay 9
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[bookmark: _Toc195769102]Figure 99 Brauns Multiplier Combinational Delay 10
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[bookmark: _Toc195769103]Figure 100 Brauns Multiplier Combinational Max Delay 11
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[bookmark: _Toc195769104]Figure 101 Wallace Multiplier Combinational Delays 2
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[bookmark: _Toc195769105]Figure 102 Wallace Multiplier Combinational Delays 3
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[bookmark: _Toc195769106]Figure 103 Wallace Multiplier Combinational Delays 4
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[bookmark: _Toc195769107]Figure 104 Wallace Multiplier Combinational Delays 5
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[bookmark: _Toc195769108]Figure 105 Wallace Multiplier Combinational Delays 6
[image: A screenshot of a graph

AI-generated content may be incorrect.]
[bookmark: _Toc195769109]Figure 106 Wallace Multiplier Combinational Delays 7
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[bookmark: _Toc195769110]Figure 107 Wallace Multiplier Combinational Delays 8
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[bookmark: _Toc195769111]Figure 108 Wallace Multiplier Combinational Delays 9
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[bookmark: _Toc195769112]Figure 109 Wallace Multiplier Combinational Delays 10
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[bookmark: _Toc195769113]Figure 110 Wallace Multiplier Combinational Delays 11
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[bookmark: _Toc195769114]Figure 111 Basys 3 Diagram [14]
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STAGE 3
BAL: Half adder port map (A=>S9,B=>CS,S=>B(3),Cout=>Cle) ;

{FA14: Full Adder port map(R=>A0B4,B=>S10,Cin=>C9, 5=>517, Cout=>C17) ;
Full_Adder port map(A=>A184,B=>S11,Cin=>C10, S=>518, Cout=>C18) ;
Full Adder port map(A=>A284,B=>512,Cin=>C11, 5=>519, Cout=>C19) ;
Full Adder port mep(A=>A3B4,B=>513, Cin=>C12, 5=5520, Cout=>C20) ;
Full Adder port map(A=>A4B4,B=>514,Cin=>C13, 5=>521, Cout=>C21) 7
Full Adder port map(A=>ASB4,B=>S1S, Cin=>C14, 5=>522, Cout=>C22) ;
Full_Adder port mep(A=>ATB3,B=>A6B4, Cin=>C1S, $=>523, Cout=>C23) ;

srace 4
55 Half_adder port map(A=>S17,B=>CL6, S=>B(4), Coutm>C24) :

E Full_Adder port map(A=>A0BS,B=>S18,Cin=>C17,5=>525, Cout=>C25) ;
Full_Adder port map (A=>R1BS, B=>518, Cin=>C18, 5=>526, Cout=>C26) :
Full_Adder port map (A=>A2B5, B=>520, Cin=>C18, 5=>521, Cout=>27) :
Full_Adder port map (A=>A385, B=>521, Cin=>C20, 5=>528, Cout=>C26) :
Full_Adder port map (A=>R4BS, B=>522, Cin=>C21, 5=>525, Cout=>C25) :
Full_Adder port map (A=>ASBS, B=>523, Cin=>C22, 5=>530, Cout=>C30) :
Full Adder port map(A=>ATB4, B=>AEBS, Cin=>C23, 5=>531, Cout=>C31) ;
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~STAGE &

AG: Half adder port map(A=>S25,B=>C24,5=>B(5),Cout=>C32) ;
FA28: Full Adder port map(A=>AOBG,B=>526,Cin=>C25,5=>533, Cout=>C33) ;

Full Adder port map(A=>A186,B=>527, Cin=>C26, S=>534, Cout=>C34) ;
Full Adder port map(A=>A286,B=>528, Cin=>C27, 5=>535, Cout=>C35) ;
Full Adder port map(A=>A386,B=>529, Cin=>C28, S=>536, Cout=>C36) ;
Full Adder port map(A=>A4B6,B=>530, Cin=>C28, 5=>537, Cout=>C37) 7
Full_Adder port map(A=>ASBE,B=>S31,Cin=>C30, 5=>538, Cout=>C38) ;
Full_Adder port mep(A=>ATBS,B=>A6BE, Cin=>C31, 5=>539, Cout=>C39) ;

FA35: Full_Adder port map(A=>A0B7,B=>534,Cin=>C33, 5=>$41, Cout=>C41)
Full Adder port map(A=>A187,B=>S35, Cin=>C34, 5=>542, Cout=>C42) ;
Full_Adder port map(A=>A287,B=>536, Cin=>C35, 5=>543, Cout=>C43) ;
Full Adder port map(A=>A387,B=>537, Cin=>C36, S=>544, Cout=>C14) ;
Full_Adder port map(A=>A487,B=>538, Cin=>C37, 5=>545, Cout=>C15) ;
Full Adder port mep(A=>AST,B=>539, Cin=>C38, S=>546, Cout=>C16) ;
Full Adder port map(A=>ATB6,B=>AGBT,Cin=>C39, S=>547, Cout=>Cd7) ;
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ntity Full Adder is
Port (A : in STD_LOGIC;
B : in STD_LOGIC;
Cin : in STD_LOGIC;
Cout : out STD_LOGIC:
St out STD_LOGIO);
end Full_Adder;

rehitecture Gate_level of Full Adder is

A XOR B XOR Cin ;
(A AND B) OR (Cin AND ) OR (Cin AND B);

end Gate_level ;
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240 lentity Bale_sader 1s

35 Fort (A : in STD_LOGIC
36 5 : in ST L0GIC;

37 5 : ou ST LooIC;

3 Cout : out ST_L0GTC);

5@ lend Half_aaders
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:©  larchicecture Gave_level of Ralf_adder is
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Library IEEE;

use IEEE.STD_LOGIC 1164.ALL;

use TEEE.STD_LOGIC_ARITH.

ALL

use TEEE.STD_LOGIC_UNSTGNED.ALL;

entity brauns_miltiplier
rore (

A :in STD_LOGIC VECTOR (7 downto 0);
5 :in STD_LOGIC VECTOR (7 downto 0);
® : ouc STD_LOGIC VECTOR (15 downco 0)

)
end brauns_miltiplier;

architecture Behavioural

signal R0BO : std_logic:
signal AIBO : std_logic:

signal A2B0 : std_logic;
signal A380 : std_logic;
signal A4BO : std logic;

signal ASBO : std_logic:
signal A6BO : std_logic:
signal A780 : std logic;

of brauns_miltiplier is
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signal 2081
signal AlBL
signal 2281
signal 2381
signal A4BL
signal AssL
signal Resl
signal 2781

signal 2082
signal A1B2
signal A2B2
signal A382
signal A4B2
signal AsB2
signal AsB2
signal A782

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 A0B7 : std_logic:
signal AIB7 : std_logic:

signal 2287

std_logic;

signal A387 : std_logic:
signal AB7 : std_logic:
signal ASB7 : std_logic:
signal A6B7 : std_logic:
signal A787 : std_logic;

signal
signal

signal
signal
signal
signal

signal
signal
signal
signal
signal
signal
signal

€1 : std logic; —- 22
22,1 : std logic:
€21 : std logic; —- 23
231 : std logic:
2 : std logic
232 : std logic

€31 : std logic; —- B¢
241 : std logic:

€32 : std logic:

242 : std logic:

©3 : std logic

243 : std logic
Ce3 : std logici




image13.png
P12

signal ClLL

signal 125
signal 126
signal C125
signal C12_6

213

signal C12

signal 136

signal C13_6

signal C13
signal Cl4

std logic;

std logic;
std_logic;
std_logic;
std_logic;

std logic;
std logic;
std_logic;

: std_logics
sta logic:

- P1¢
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component full_adder
port (A : in STD_LOGIC;
B : in STD_LOGIC;

Cin : in STD_LOGIC;

S+ out STD_LOGIC;
Cout : out STD_LOGIC);
end component;

component half_adder
port (A : in STD_LOGIC;
B : in STD_LOGIC;

S+ our STD_LOGIC;
Cout : out STD_LOGIC);
end component;
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begin

2080
a1m0

2280 <= A(2)
2380 <= A(3)
R4B0 <= A(4)
2530 <= A(5)
2680 <= A(6)
2780 <= A(T)
A0B1 <= A(0)
a181 <= A(1)
2281 <= A(2)

231 <= A(3)
24B1 <= A(4)
25BL <= A(5)
aeBl <= A(6)

2781 <= A(T)

and
and
and
and
and
and

and
and
and
and
and
and
and
and

BO);
BO);
BO);
BO);
BO);
BO);
BO);
BO);

B();
B();
B();
B();
B();
B();
B();
B();
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20 : B(0) <= A(0) and B(0) ;
L0 : half_adder port map (A=>ALBO , B=>AOBL ,5=> P(1), Cout=>Cl);

P21 : full_adder port map (A=>A280 , B=>AIBL , Cin=>Cl, 5=>2_1, Cout=>C2_1);
22 : half_adder port map (A=>AOB2 , B=>P2_1 , S=>P(2), Cout=>C2);

P31 : fall_adder port mep (A=>A3B0 , B>A2BI, Cin=>C2_1, S=>83_1,Cout=>C3_1);
P32 : fall_adder port map (A=AIB2, B=>PI_1 ,Cin=>C2, S=>P3_2,Cout=>C3.2)7
3.0 ¢ half_adder por: mep (R>ADB3, Be>P3_2, S5=2(3),Cout=>C3):

P41 : full adder port map (R=>A3B1 , B=>AdBO,Cin=> C3_1, S=>P4_1,Cout=>C4_1);
42 : full adder port map (R=>A2B2 , B=>P4_1, Cin=>C3_2, S=>P4_2,Cout=>C4_2);
240 : full_adder port map (R=>AIB3 , B=>P4_2, Cin=>C3, S=>P4_3,Cout=>C4_3);
247: half_adder port map (A=>A0B4 , B=>P4_3, S=>P(4),Cout=>C4);

P51 : full adder port map (R=>ASBO , B=>ABI, Cin=>C4_l, S5=>BS_l,Cout=>C5_1);
52 : full_adder port mep (A=>A382 , B=>PS_1, Cin=>C4 2, S=>BS_2,Cout=>C5_2);
50 : full adder port mep (A=>A283 , B=>BS 2, Cin=>C4 3, S=>BS_3, Cout=> C5_3);
full_adder port mep (A=>ALB4 , B=>BS_3, Cin=>Ct, S5=> BS_4, Cout=> C5_4)7
BS: half_adder port mep (A=> A0BS , B=> PS_4, S=>B(S), Cout> C5);
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iprary TEEE;
use TEEE.STD_LOGIC 1164.ALL;
ase TEEE.STD_LOGIC ARITH.ALL:

= TEEE.STD_LOGIC_UNSIGNED.ALL;

encicy Wallace 1o
ro (A :in STDLOGIC VECTOR (7 downo 0);
+'in STO_L0GIC VECTOR (7 dowto 007
©: our ST LOGIC VECTOR (15 downco 0))

end Wallace;

Port (A : in STD_LOGIC;
B :in STD_LOGIC;
Cin : in STD_LOGIC;
S :our STD_LOGIC;
Cout : out STD_LOGIC);
‘end component:
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component Half_adder is
Port (A : in STD_LOGIC;
5:in STD_LOGK
S :our STD_LOGIC;
Cout @ out STD_LOGIC);

signal 51,52,53,54,55,56,57,59,510, 511,512,513, 514, 515, 517, 518, 519, 520, 521, 522, 523, 525, 526, 527, 528, 529, 530, 531, 533, 534, 535, 536, 537, 538, 539
signal Co,C1,C2,C3,C4,C5,C6,C7,C8,C8, €10, C11, €12, C13, C14, €15, C16, €17, Cl8, €19, C20, €21, C22, €23, C24, €25, C26, €27, C28, €29, €30, C31, €32, €33, €34, €
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/539,541,542,543, 544, 545,546,547 : std_logic;
34,C35,C36,C37,C38, €39, C40, C41,C42, C43,C44, €45, C46, €47, C48, €49, €50, C51, €52, €53, C5

std_logics
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ignal AOBO : std logic;

std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logics

std_logics
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic;
std_logic:
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-STAGE 1
© B(0)<=A(0) and B(0) :

Half_adder port map(A=>A180,B=>A0B1, 5=>2 (1), Cout=>C0) ;
Full Adder port map(A=>A280,B=>A181,Cin=>A0B2, 5=>51, Cout=>C1) ;
Full_Adder port map(A=>A380,B=>A281, Cin=>A182, 5=>52, Cout=>C2) ;
Full_Adder port mep(A=>A480,B=>A381, Cin=>A282, 5=>53, Cout=>C3) ;
: Full_Adder port map(A=>ASB0, B=>RB1, Cin=>A382, 5=>54, Cout=>Ct) ;
Full_Adder port mep(A=>A€B0,B=>ASB1, Cin=>A482, 5=>55, Cout=>C5) ;
Full_Adder port map(A=>ATBO,B=>A6B1, Cin=>ASB2, 5=>56, Cout=>C6) ;
Balf_adder port map(A=>ATBI,B=>R6B2, 5=>57,Cout=>C7) ;

00000!

e}

Dozt map (A=>S1,B=>C0, S=>B(2) , Cout=>C8) ;
port map (=>CL, B=>A0B3, Cin=>52, 5=>58, Cout=>C9) ;
Dozt map (A=>R1B3,B=>53, Cin=>C2, 5=>510, Cout=>C10) ;

| Adder port map(R=>A2B3,B=>54, Cin=>C3, S=>S11, Cout=>C11) ;

: Full_Adder port map(A=>A383,B=5S5,Cin=>Ct, 5=>512, Cout=>C12) ;
A11: Full_Adder port map(R=>AB3,B=>S6,Cin=>C5, 5=>513, Cout=>C13) ;
Dozt map (A=>RSB3, B=>57, Cin=>Cé, 5=>514, Cout=>C14) ;
Pport map (A=>ATB2, B=>AEB3, Cin=>C7, S=>S15, Cout=>C15) ;
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-FINAL STAGE
#A2: Half_adder port map (A=>S41,B=>C40,5=58(7) ,Cout=>C48);

Full_Adder port map (A=>542,B=>C41, Cin=>Ct8, S=>B(8) , Cout=>C19) :
Full_Adder port map (A=>543,B=>C42, Cin=>C45, S=>(9) , Cout=>C50) :
Full_Adder port map (A=>544,B=>C43, Cin=>C50, 5=>B (10}, Cout=>C51) ;
Full_Adder port map (A=>545, B=>C44, Cin=>C51, S=>B (1), Cout=>C52) 7
Full_Adder port map (A=>546, B=>C45, Cin=>C52, S=>B(12) , Cout=>C53) ;
Full_Adder port map (A=>547, B=>C46, Cin=>C53, 5=>B(13) , Cout=>C54) ;
Full_Adder port map (A=>ATB7, B=>C47, Cin=>C54, 5=>2 (14) , Cout=>B(15)) ;

Behavioral;
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Package x| Device x| Schematic x| Timingxdc —x

CiUsersirobbilBrauns_WultiplierBrauns_ultiplier srcs/constrs_tinewTiming.xdc

Q % B B X / ®E Q

breate_clock -period 45.000 -name vircusl_clk

# Set delays based on analytical calculations
set_input_delay -clock virtual clk -max 1.000 [get ports A*]
set_input_delay -clock virtual clk -max 1.000 [get ports B*]
set_output_delay -clock virtual clk -max 2.000 [get ports P4]

# 2y for the critical path (longest delay)
set_max_delay -from [get_ports A*] to [get_ports PA] 41.000
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Timing
Q = 2 C H
General Information
Timer Settings
Design Timing Summary
Clock Summary (1)
Methodology Summary
> i Check Timing (32)
> Intra-Clock Paths
Inter-Clock Paths

4 Design Timing Summary

»

Setup.
Worst Negative Slack (WNS): 21490 ns
Total Negative Slack (TNS):  0.000 s
Number of Failing Endpoints: 0
Total Number of Endpoints: 16
Alluser specified timing constraints are met.

‘Worst Hold Slack (WHS):
Total Hold Stack (THS):
Number of Failing Endpoints:
Total Number of Endpoints:

Pulse Width

Worst Pulse Width Slack (WPWS):

Total Pulse Width Negative Slack (TPWS):
Number of Failing Endpoints:

Total Number of Endpoints:

_ 80

NA
NA
NA
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4 Design Timing Summary
>

Setup. Hold Pulse Width
Worst Negative Slack (WNS): 14226 ns WorstHold Slack (WHS): A Worst Pulse Width Slack (WPWS): NA
Total Negative Slack (TNS):  0.000 s Total Hold Stack (THS): NA Total Pulse Width Negative Slack (TPWS): NA
Number of Failing Endpoints: 0 Number of Failing Endpoints: NA Number of Failing Endpoints: NA
Total Number of Endpoints: 16 Total Number of Endpoints:  NA Total Number of Endpoints: NA

Alluser specified timing constraints are met.
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Untitled 1 x| Timingxde (2) %

CiUsersirobbifWallace MultiplierWallace Multiplier srcs/constrs_tinewTiming.xdc

Q x BB X / EQ

breate_clock -period 32.000 ~name vircusl_cik

# Set delays based on analytical calculations
set_input_delay -clock virtual clk -max 1.000 [get ports A*]
set_input_delay -clock virtual clk -max 1.000 [get ports B*]
set_output_delay -clock virtual clk -max 2.000 [get ports P4]

# 2y for the critical path (longest delay)
set_max delay -from [get ports A*] -to [get ports P*] 29.000
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TclConsole  Messages | Log
Q = 2 C H
General Information
Timer Settings
Design Timing Summary
Clock Summary (1)
Methodology Summary
> i Check Timing (32)
> Intra-Clock Paths
Inter-Clock Paths
Otner Path Groups
UserIgnored Paths
Unconstrained Paths

> Datasheet

Timing Summary-timing_1 X

Reports | Design Runs

4 Design Timing Summary
»

Setup.

Worst Negative Slack (WNS): 12,074 ns

Timing

x FindResults | Package Pins | 10 Ports

Total Negative Slack (TNS):  0.000 s
Number of Failing Endpoints: 0
Total Number of Endpoints: 16

Alluser specified timing constraints are met.

Timing Summary - timing_2

‘Worst Hold Slack (WHS):
Total Hold Stack (THS):
Number of Failing Endpoints:
Total Number of Endpoints:

Pulse Width

Worst Pulse Width Slack (WPWS):

Total Pulse Width Negative Slack (TPWS):
Number of Failing Endpoints:

Total Number of Endpoints:

NA
NA
NA





image36.png
TciConsole | Messages | Log | Reports | DesignRuns | DRC | Power |Timing x ?_00

Q T 2 4 Design Timing Summary
General Information <
Timer Settings Setup Hold Pulse Width
Design Timing Summary Worst Negative Slack (WNS): 5721 ns Worst Hold Slack (WHS):  NA Worst Pulse Width Slack (WPWS): NA
Clock Summary (1) Total Negative Slack (TNS):  0.000 s Total Hold Slack (THS): NA Total Pulse Width Negative Stack (TPWS): NA
Methodology Summary Number of Failing Endpoints: 0 Number of Failing Endpoints: NA Number of Failing Endpoints: NA

> i Check Timing (22)
> = Intra-Clock Paths
Inter-Clock Paths

Other Path Grouos.
Timing Summary - impl_1 (saved)

Total Number of Endpoints: 16 Total Number of Endpoints:  NA Total Number of Endpoints: NA

Alluser specified timing constraints are met.
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