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1. Introduction

This report contains the design of two different types of multipliers using the language VHDL. Multipliers are used to carry out multiplication between two binary numbers. Multipliers are used widely in digital signalling processing (DSP) as well as other applications. Within DSP these are used for filtering, With the increase in equipment requiring high-speed processing, multipliers have become important and are contained within over 70% of microprocessors. Each different multiplier has different factors that will make one of the multipliers work better than the other, this would be with the speed times of each of the multipliers, the Accuracy, area the multiplier covers such as numbers of LUTs (Look up tables) and the power consumption. [1]

The report aims to analyse the results of two given multiplier types. Each of the multipliers will be written in VHDL code into a software called Vivado. This software allows the multipliers to be simulated and synthesised onto an FPGA. After analysation, a comparison can be made on the results given from the simulation builds. The two multipliers that were designed are an 8x8 Braun’s Multiplier and an 8x8 Wallace tree multiplier. Firstly, a logic circuit was designed following the parallel multiplication that aided with understanding what gates were needed for the build. A code was then written for both multipliers using VHDL code within the Software Xilinx Vivado. Both multipliers were critically analysed by comparing the power consumption of each multiplier, the number of gates each multiplier used and their timings. The same delays were added to both designs to allow accurate comparisons to be made. There are other multipliers out there that have different methods of multiplication which have been talked about within the report.
























[bookmark: _Toc135142114]2. Background research

VHDL code is a language that is Hardware description language (VHDL) and is used within integrated circuits (ICs). Using VHDL combined within an IC allows for very high speeds of dataflow. VHDL Coding is used to describe the function of an electronic circuit as done within this report, which will be implemented onto an FPGA (Field Programmable Gate Array). When ICs were invented, they allowed the use of digital circuits to fully progress, this is due to the size of the circuits shrinking massively and the complexity of the IC circuit containing thousands of transistors and being able to carry out complex functions. [2]
Binary multipliers are done by simply calculating partial products of the m and n bits.

[bookmark: _Toc135142115]2.1 Field Programmable Gate Array

FPGA is a programmable logic device. They are a type of IC and they can be configured to be able to be any electronic circuit that the user wants it to be. They can be configured and unconfigured as many times as it likes as uses a RAM memory type (Random access memory). When using an FPGA you are creating hardware, this can be done using languages such as VHDL coding. 

[bookmark: _Toc135142116]2.2 Multipliers

Multipliers are widely used in the electronic industry and play a large role in processing digital signals. Multipliers are when multiplication and addition of Binary numbers are required, systems that require these are digital signalling processes as well as a microprocessor. Speed is important when it comes to processing therefore the goal of the multiplier is to be as fast as possible and maintain a low power efficiency. A large 70% of the processes within a microprocessor require the use of multiplication and addition due to the increase of applications requiring signal processing. The goal when designing a multiplier is to have the least amount of chips available therefore a compact consumption unit that has a high speed and a power outage that is low. [3]
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There are numerous different multipliers available to be used to carry information through Integrated circuits or FPGA’s. Multipliers can come in two different types, these being either a serial multiplier or a parallel multiplier. Different multipliers have different benefits to different circuits as well as pros and cons.

[bookmark: _Toc135142118]3.1 Booths Multiplier

Booth’s multiplier is another widely used multiplier to transmit signals. Booth’s multipliers multiply two signed numbers in the -2’s complement. They are very efficient and speed up the multiplication by using a flowchart system. In a study carried out the booth recorded Wallace tree was said to have the fastest response with that being 67% faster than a Wallace tree. When there is a 00 or 11 there is no arithmetic operation and the values only shift. When there is a 01 the multiplicand is added to the left half of the product ad its shifted right. When there is a 10 the multiplicand is subtracted from the left half of the product and shifted.  The flowchart is shown below in figure 1. [4]
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Description automatically generated]Figure 1 - Booth's algorithm Flowchart [7]
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The Braun’s and Wallace tree multipliers were designed to be used to compare the results. Parallel multiplication was used for Braun’s multipliers to start the design and to create the logic circuit design for the multiplier. With the use of this, a VHDL code was written out within Xilinx Vivado. Figure 2 shows the designed parallel multiplication used, achieving a 16-bit output from 2 8-bit inputs.
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Figure 2 - Parallel multiplication of 8x8 unsigned number






















Prior to the multipliers being designed using the VHDL code, research was carried out to find a chip that was suitable to be used for this multiplier. It required to have at least 16 inputs and 16 outputs to accommodate the inputs and outputs of the multiplier. The chip to be used is the Nexys a7 100T – XC7A100T-1CSG324C. Using this chip, the pinout was found from the reference manual which allowed the correct inputs and output pins to be implemented within the Xilinx software on the FPGA. The pinout is displayed in figure 3. This chip and chip pinout configuration was used for Braun’s multiplier and the Wallace tree multiplier.
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Description automatically generated]Figure 3 - Nexys A7 100T- XC7A100T-1CSG324C Pinout [2]
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Figure 4 - Inputs A7-A2 mapped onto a chip on Vivado using Nexys A7 100T pinout
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Figure 5 - Inputs A1-A0 and -B7-B4 mapped onto a chip on Vivado used Nexys A7 100T pinout
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Figure 6 - Inputs B3-B0 and Outputs P15 to P13 mapped onto a chip using Nexys A7 100T pinout
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Figure 7 - Outputs P12-P6 mapped onto a chip using Nexys A7 100T pinout
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Figure 8 - Outputs P6-P0 mapped onto a chip using the Nexys A7 100T pinout
Within figures 4 to 8 are the I/O ports having been mapped with the use of the pinout of the chip In use. All the inputs have used dedicated input pins and the outputs have been mapped to dedicated output pins. The same input and outputs were mapped to the same pin numbers on each of the two different multipliers. The process above of mapping the I/O’s to dedicated pins was done after the VHDL code was written and simulated for the test results.         
[bookmark: _Toc135142120]4.1 Braun’s Multiplier

Using the 8x8 parallel multiplication in figure 2 a logic circuit was designed of an 8x8 bit Braun’s multiplier. The Braun’s multiplier in figure 9 consists of 64 AND gates, 48 Full adders and 8 Half adders. The AND gates are used to combine each individual input bit A0-A7 and B0-B7 together for multiplication. The full adders are used to take 3 inputs and give out 2 outputs, a sum, and a carry. The half-adders take 2 inputs and give out 2 outputs, a sum, and a carry. 

With the use of the logic circuit diagram in figure 9 a VHDL code was written. Where each Sum output and carry output was given a number which aided in the design of the code. The code was written in structural type .
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Figure 9 – 8x8 Braun’s Multiplier logic circuit diagram




[bookmark: _Toc135142121]4.2 Wallace tree multiplier

After Braun’s multiplier’s VHDL code was written and run successfully. The next task was to write the VHDL code for the Wallace tree multiplier. With the use of the parallel multiplier in Figure 2 and the dot diagram in Figure 10 a logic circuit diagram could be built. With the use of all these steps a VHDL code in structural language was written, implementing all the components required for the multiplier, before then port mapping the inputs and outputs.
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Figure 10 - 8x8 Wallace tree multiplier dot diagram [1]



The use of the dot diagram made the writing of the VHDL code easier to write and understand. Every 2 dots within a rectangle represent a Half adder and every 3 dots in a rectangle represent a full adder. When a dot is on its own without being closed off by a rectangle it gets carried on to the next level, where it can be adjoined to sums or carry from the outputs of the level before them. Each sum of the Half adder or full adder in the level above goes into the column directly below in the next level down. And each carry in the level above goes into column one to the left directly below. If there are two adders directly above and two adders directly above and to the right, this gives 4 partial products into the level below, 2 sums and 2 carries. In any order 3 of the 4 partial products can be placed into a full adder, with the remaining partial product carried through to the level below again. Using this method allowed the code to be written. The last line of the dot diagram represents the partial products  P0-P15. Figure 11 – 8x8 Wallace tree Dot diagram


By the use of figure 10 it gave the circuit 48 Full adders and 16 half adders. Both the multipliers had 64 AND gates, this was to combine the inputs A0-A7 and B0-B7, which is 8 multiplied with 8 = 64. The reason there are not 47 full adders visible in figure 10 is due to the 2 dots visible in level 5 become full adders due to the carry of the adders to the right of them. The first two dots stay a half adder, then the carry from that half adder gets taken to the half adder to the left of them, making them a full adder, this links all of them through like an adder array, and the last individual dot will become a half adder from the carry to the right. This representation is displayed in the logic circuit in figure 11.
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[bookmark: _Toc135142122]5. A flowchart/pseudocode showing the system operation
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Description automatically generated]Figure 13 - Flowchart of Wallace Tree Multiplier





















Figure 13 is a flowchart of the process of a Wallace tree multiplier.
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[bookmark: _Toc135142124]6.1 8x8 Braun’s Multiplier FPGA
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Figure 14 - 8x8 Brauns multiplier FPGA
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Figure 15 - Some of I/O pins of the FPGA diagram displayed with connections between gates
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Figure 16 - I/O Pins of the FPGA with interconnections to programmable logic blocks and gates
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Figure 17 - FPGA diagram demonstrating I/O pins on the left, with inter connections between programmable logic blocks/gates
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Figure 18 - Area of the FPGA with numerous Programmable logic blocks being used with interconnections between them al
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[bookmark: _Toc135142125]6.2 Wallace tree Multiplier FPGA Diagram
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Figure 20 - Wallace tree multiplier FPGA Diagram image zoomed in

Figures 19 to 23 are the FPGA diagram that was given by Vivado when the VHDL circuit that was written for the Wallace tree multiplier was synthesised. Different images of different sections of the FPGA are shown.
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Figure 21 - Wallace tree multiplier FPGA diagram zoomed in on inputs and LUT chips



[image: A picture containing text, computer

Description automatically generated]
Figure 22 - Wallace tree multiplier FPGA diagram further zoomed in to Inputs with interconnecting lines between
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Figure 23 - Wallace tree multiplier FPGA Diagram zoomed in image of LUTs and circuitry with interconnecting switches


7. Timing and schematic diagram

[bookmark: _Toc135142126]7.1 Braun’s Multiplier

[bookmark: _Toc135142127]7.1.1 Schematic Diagram
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Description automatically generated]Figure 24 - 8x8 Braun's multiplier structural VHDL code Schematic diagram

















Figure’s 24 to 26 shows the schematic diagram from the VHDL code written. The schematic’s feature NOT gates and Lookup table chips (LUT). Figure 25 shows a close-up of the inputs of the schematic and the surrounding LUTs. Figure 26 shows the output NOT gates of the schematic and the surrounding LUT’s that all link together to form the schematic. 

[image: Diagram, schematic

Description automatically generated]Figure 25 - 8x8 Braun’s multiplier VHDL schematic diagram inputs and surrounding LUT chips
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Description automatically generated with medium confidence]Figure 26 - 8x8 Braun's Multiplier Schematic diagram output NOT gates and LUT's
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With the use of the logic diagram of Braun’s multiplier logic diagram in figure 9 the minimum and maximum delay for the circuit could be calculated and implemented onto the VHDL circuity within Vivado software. When the path crossed through an AND gate there was a delay applied of 1nS, and when the path crossed through an adder, a delay of 2nS was applied. 

The minimum delay of a Braun’s multiplier was 1nS, where the path went through 1 AND gate from input to output. This being either from B0 or A0 to P0. 
The maximum delay for a Braun’s multiplier plier was 41nS. This was due to the path going through 1 AND gate and 20 adders. Starting at B0 or A1 to P14 or P15.  Both of these delays were applied to the VHDL code as shown in figures 27 and 28 below.
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Figure 27 - Setting the minimum delay to the Braun's Multiplier within Vivado
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Figure 28 - Setting Maximum Delay to the Braun’s Multiplier within Vivado

The delays got added to the VHDL build of a Braun’s multiplier within Vivado by choosing the ports that the path starts with, the through points and the endpoints as shown in figure’s 29 and 30.
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Description automatically generated]Figure 29 - Minimum Delay being Set by choosing the points the Path from Input to output take
Figure 30 - Maximum Delay being set by choosing the points the path from input to output take





























		
[bookmark: _Toc135142129]7.2 Wallace Tree Multiplier

[bookmark: _Toc135142130]7.2.1 Schematic Diagram
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Figure 31 - VHDL Schematic of the 8x8 Wallace tree multiplier
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Figure 32 - Schematic from the VHDL code for an 8x8 Wallace tree multiplier showing inputs and LUTs
The VHDL code written for an 8x8 Wallace tree multiplier allowed the simulation to be run and synthesised, the program then produced a schematic as visible in figures 31 to 33. Figure 32 is a close-up of the inputs to the schematic which are A7-A0 and B7-B0. Figure 33 shows some of the outputs created by Vivado for the schematic of the Wallace tree multiplier.
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Figure 33 - Schematic diagram produced by Vivado using a VHDL code for 8x8 Wallace tree multiplier showing part of the outputs
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Timing delays were also applied to the Wallace tree multiplier, using the same values as the Braun’s Multiplier where when the path crossed through an AND gate there was a delay applied of 1nS, and when the path crossed through an adder, a delay of 2nS was applied.

Using the Logic Diagram circuit for a Wallace tree multiplier in Figure 11 the shortest delay was 1nS, with the path passing through 1 AND gate from B0 or A0 to P0. 
The maximum delay was 31nS where the path went through 1 AND gate and 15 adders. Starting at either B1, B2 or B0 and finishing at P15.

The maximum and minimum delays were then applied to the Circuit on Vivado.
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Figure 34 - Minimum delay being set on the Wallace Tree Multiplier
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Figure 35 - Maximum delay being set on the Wallace tree multiplier

The Minimum and maximum delays we’re also set by choosing which points the paths start at, which are the through points and what are the endpoints. This is shown in figure 36 and 37.
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Description automatically generated]Figure 36 - Maximum delay being set for the Wallace tree Multiplier by choosing the input, through points and outputs for the path
Figure 37 - Minimum delay being set for the Wallace Tree Multiplier by choosing the Input, through points and outputs for the path
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[bookmark: _Toc135142133]8.1 Braun’s Multiplier
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Figure 38 - 8x8 Braun’s multiplier multiplication results from test bench

Figure 38 is the results from the equations written into the test bench to test whether Braun’s multiplier was working as it should from the equations, the correct answers are given by the output P when the inputs are multiplied together. The inputs and outputs are shown as unsigned decimals. The test bench's equations and code can be found in In the appendix 2. Both the multipliers used the same sample equations to keep consistency between them both for the comparisons.
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Figure 39 - FPGA Longest Delay Path on the FPGA board


Figure’s 39 and 40 Show the minimum and maximum delay paths on the FPGA circuity after the delays were implemented on Vivado. 
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Figure 40 - Brauns Multiplier FPGA minimum Delay path on the FPGA Circuit
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Figure 41 – Braun’s Multiplier longest path delay on the Schematic diagram of VHDL Circuit

Figure 41 and 42 Show the schematic diagram of Braun’s multiplier within Vivado. The minimum and maximums paths are shown within these images.
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Figure 42 - Braun's Multiplier Schematic diagram with Minimum delay path of the circuit








[image: Graphical user interface, application

Description automatically generated]
Figure 43 - Braun's Multiplier Longest delay paths of the VHDL Circuit
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Figure 44 - Braun's Multiplier Shortest path delays of the VHDL circuit
In the figure’s 43 and 44 above Braun’s multiplier longest paths of the circuit and the shortest delayed paths of the circuit can be seen.
[image: Graphical user interface, text, application, email

Description automatically generated]
Figure 45 - Longest delayed path of Braun's multiplier path map
Figure 46 - Longest Delay Path of the Braun's Multiplier in VHDL on Vivado
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Description automatically generated with medium confidence]	Figure 47 - Longest delayed paths route from input to output of the Braun's multiplier continued
Figure 48 - Longest delayed path's route from input to output of the Braun's Multiplier



















Figure’s 46 to 48 show the longest delayed paths I/O’s and also the LUT and chips in goes through on the way from start to finish.










Figure’s 49 and 50 show the shortest delayed paths I/O’s and the LUT and chips it goes through on the way from start to finish.
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Description automatically generated]Figure 49 - Shortest Delay of Braun's Multiplier on VHDL circuits through paths
Figure 50 - Shortest Delay of the Braun's multiplier on VHDL code
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Figure 51 - Braun's Multiplier Power Results from Vivado
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Figure 52 – Braun’s Multiplier Timing Summary From Vivado

Figure 51 shows the results of the power given once the device has been synthesized on to the FPGA. Figure 52 shows the Design timing summary of Braun’s multiplier. 
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Figure 53 - Braun's Multiplier Chip utilization of FPGA from Vivado
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Figure 54 - Braun's multiplier chip utilisation of FPGA from Vivado



Figures 53 and 54 show the Utilization of Braun’s multiplier of the FPGA once it has been synthesized. 
[bookmark: _Toc135142134]8.2 Wallace Tree
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Figure 55 - 8x8 Wallace tree multiplier VHDL simulation outputs
A test bench was created within Xilinx and 11 sample equations were made to test the output of the VHDL to ensure it’s working correctly. Each of the 11 samples can be seen above in the unsigned decimal form. All the equations gave the right output therefore the code had been written correctly. Input A multiplied with input B gave the output P,  the equations of the test bench can be found In appendix 2. 
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Description automatically generated with low confidence]Figure 56 - Wallace tree multiplier longest delayed path synthesized onto FPGA circuit




Figures 56 and 57 show the FPGA circuity which is due to the VHDL code having been synthesised onto it. The images show the maximum delay path in figure 56 and the minimum delay path in figure 57. Figures 58 and 59 show the minimum and maximum delay paths on the schematic of the VHDL Wallace tree circuit. 
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Description automatically generated with low confidence]Figure 57 - Wallace tree multiplier shortest delay path on FPGA circuit
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	Figure 58 - Wallace Tree Multiplier Longest Delay path of circuit on the schematic
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Description automatically generated]Figure 59 - Wallace Tree shortest delay of the circuit on schematic
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Figure 60 - Wallace tree multiplier longest delay paths of the circuit
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Figure 61 - Wallace tree multiplier shortest delay paths of the circuit

In the figure’s 60 and 61 above the shortest and longest delays of the Wallace tree are shown with the values of the delays.	
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Description automatically generated with low confidence]	Figure 62 - Wallace tree fastest delay's route from input to output
Figure 63 - Wallace tree multiplier's fastest delay of the VHDL circuit


















Figures 63 and 62 show the shortest delay path that is available on the VHDL logic circuit. The time of the shortest delay is shown in figure 63 and the route of the shortest delay is shown in 62. Figures 64 to 66 show the longest delay path that is available on the VHDL logic circuit for a Wallace tree multiplier. Figure 65 shows the longest delay time and Figures 64 and 66 show the longest delay route from input to output.
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Description automatically generated with medium confidence]Figure 64 - Wallace tree multiplier longest delay path route from input to output
Figure 65 - Wallace tree multiplier longest delay value
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Figure 66 - Wallace tree multiplier longest delay route from input to output continued
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                       Figure 67 - Wallace Tree Multiplier Power results after the logic circuit was synthesised onto FPGA
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Figure 68 - Wallace tree multiplier Design timing summary results from timings applied to FPGA
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Figure 69 - Wallace tree multiplier utilization of FPGA after the VHDL circuit had been synthesised onto it
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Figure 70 - Wallace tree multiplier utilization results after VHDL circuit had been synthesised onto it

Figure 69 and 70 show the utilization of the FPGA by the Wallace tree multiplier. Figure 68 shows the design timing summary of the Wallace tree multiplier within Vivado from the VHDL logic circuit being applied to the FPGA. Figure 67 shows the power results from the multiplier being applied onto the FPGA.						

9. Details of testing and results

With the use of Vivado, each of the multipliers could be tested and could generate the results to compare one against the other. These results included the on-chip power consumption of each of the multipliers, The utilization of both multipliers on the FPGA and also the timing constraints of each of the multipliers.

For each of the multipliers, they were given the same sampling multiplication equations on the test bench. This was to keep a consistency between the two multipliers for comparison between them. These are shown in figures 38 and 55.

By using the logic circuit designed for the 8x8 Braun’s multiplier, the maximum and minimum delay was calculated. Also the minimum and maximum delay value was calculated and implemented for the Wallace tree multiplier. Using these values and implementing them onto Vivado allowed us to get a design timing summary of the multiplier with the VHDL code written which was shown in figure 52 for Braun’s multiplier and figure 68 for the Wallace tree multiplier.

The Power results and the utilization of the FPGA of the VHDL written for Braun’s multiplier were given in figure 51 and for Wallace tree multiplier were given in figure 67. The results were given after the code was synthesised onto FPGA. 


[bookmark: _Toc135142135]9.1 8x8 Braun’s multiplier and 8x8 Wallace tree multiplier results


	
	8x8 Braun’s Multiplier
	8x8 Wallace Tree Multiplier

	Total On-Chip Power:
	0.086W
	0.086W

	Junction Temperature:
	25.4 C
	25.4 C

	Thermal Margin:
	74.6 C
	74.6 C

	Worst Negative Slack:
	13.107nS
	19.433nS

	Worst Hold Slack:
	2.062nS
	1.860nS



Table 1 – Braun’s Multiplier and Wallace Tree multiplier comparison table








10. Comparisons between the multipliers

Results were gathered from both multipliers. Using these results, both multipliers could be compared against one another, comparing their minimum and maximum delay as well as their power consumption on the chip. The goal is for the multiplier to have the fastest speeds possible and the lowest power consumption and chip utilization. 

When looking at figure’s 51 and 67 both multipliers which have been written in structural VHDL code consume the same amount of power. This is unusual and the values should be different but for this scenario, both the power consumption and the Junction terminals are the same. 

When comparing the utilization of the FPGA chip, both multipliers use the same amount of I/O’s and also the same amount of LUT on the Field programmable gate array. Due to this and the previous result on power consumption, both the utilization and the power consumption of each multiplier are the same. 

When it comes down to comparing the timings of the multipliers. Each of the multipliers has the same minimum delay of 1nS. The Wallace tree multiplier has the fastest maximum delay of the two shown in figure.. which was 31nS. The Braun’s multiplier had a maximum delay of 41nS. Therefore from the logic circuit, the largest delay was Braun’s multiplier. The delays were placed onto the multipliers within Vivado as the timing constraints. 

The timing constraints gave back a set of results which were the minimum and maximum paths of the multipliers. The slack of each of the multipliers was given. Braun’s multiplier slack is given in figure 52 and Wallace tree multiplier slack is given in figure 68. Both multipliers met the timing requirements and therefore have a positive slack. The Wallace tree multiplier had a greater WNS (worse negative slack) than Braun’s multiplier. Wallace tree with a WNS of 13.107nS and the Braun’s multi with a WNS of 19.433nS. For the shortest slack WHS (worst hold slack) the Braun’s multiplier was slightly greater than the Wallace tree with Braun’s being 1.860nS and Wallace tree being 2.062nS. The slack is simply the difference between the time the signal was expected to the actual arriving time of the signal.

The critical path of the Wallace tree multiplier is path 1 shown in figure 65. This is the path with the longest delay which was 17.893nS. The critical path of Braun’s multiplier was 21.567nS which was also path 1. This gives Braun’s multiplier a longer overall delay on the Critical Path of the FPGA. 

The shortest path delay of the Wallace tree multiplier was Path 2 and 2.062nS shown in figure 46 The shortest path delay of Braun’s multiplier was Path 11 and 1.860nS. This gave Braun’s multiplier the shortest path delay of both the multipliers.           
56
1
				57
11. Conclusion

The conclusion from results gathered from simulating each of the multipliers concluded that the fastest of the two was the Wallace tree multiplier. The timings of the Wallace tree proved that the multiplier was faster in the builds that I built them. This is due to fewer adders needing to be travelled through from inputs to outputs. The Wallace tree featured 48 Full adders, 16 Half adders and 64 AND gates. The Braun’s multiplier features 48 Full adders, 8 Half adders and 64 AND gates. This gave the Braun’s Multiplier fewer gates to compute but the path from input-output on most paths required more gates to be travelled through on the Braun’s Multiplier. The speed and timing of the multipliers can be improved by increasing the multiplier clock times. The comparisons of the power consumption cannot be made with these simulations due to the same values being given for each of the multipliers. 

The code for the Braun’s multiplier can be seen in Appendix 2 and the code for the Wallace tree multiplier can be seen in Appendix 1.

[bookmark: _Toc135142136]12. Appendices

[bookmark: _Toc135142137]12.1 Appendix 1

12.1.1 Wallace Tree VHDL Code
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library ieee;
use ieee.std_logic_1164.all;

entity AND2 is -- AND Entity
port(
A,B: in BIT;
x : buffer BIT);
end AND2;

architecture behavioural of AND2 is -- AND archiecture
begin 
x <= A and B;
end behavioural;

entity half_adder is -- Half Adder Entity
port (a, b : in BIT;
sum, carry : buffer BIT
);
end half_adder;

architecture behavioural of half_adder is -- Half Adder archiecture
begin
sum <= a xor b;
carry <= a and b;
end behavioural;

entity full_adder is -- Full Adder Entity
port (a, b, c : in BIT;
sum, carry : buffer BIT
);
end full_adder;

architecture behavioural of full_adder is -- Full Adder archiecture
begin
sum <= a xor b xor c;
carry <= (a and b) or (a and c) or (b and c);
end behavioural;

 entity multiply_struct is 
port (A, B : in bit_vector(7 downto 0);
P : buffer bit_vector(15 downto 0)
);
end multiply_struct;

architecture structural of multiply_struct is 

component AND2 
port (A, B : in BIT;
X : buffer BIT);
end component;

component half_adder
port (A, B : in BIT;
sum, carry : buffer BIT);
end component;

component full_adder 
port (a, b, c : in BIT;
sum, carry : buffer BIT
);
end component;
signal S: bit_vector (105 downto 1);
Signal C: bit_vector (55 downto 1);

begin

A1: AND2 port map(A(0),B(0),P(0)); -- top line
A2: AND2 port map(A(1),B(0),S(1));
A3: AND2 port map(A(2),B(0),S(2));
A4: AND2 port map(A(3),B(0),S(3));
A5: AND2 port map(A(4),B(0),S(4));
A6: AND2 port map(A(5),B(0),S(5));
A7: AND2 port map(A(6),B(0),S(6));
A8: AND2 port map(A(7),B(0),S(7));

A9: AND2 port map(A(0),B(1),S(8)); -- 2nd line
A10: AND2 port map(A(1),B(1),S(9));
A11: AND2 port map(A(2),B(1),S(10));
A12: AND2 port map(A(3),B(1),S(11));
A13: AND2 port map(A(4),B(1),S(12));
A14: AND2 port map(A(5),B(1),S(13));
A15: AND2 port map(A(6),B(1),S(14));
A16: AND2 port map(A(7),B(1),S(15));

HA1: half_adder port map(S(8),S(1),P(1),C(1));
HA2: half_adder port map(S(15),C(7),S(70),C(8));

FA1: full_adder port map(S(9),S(2),C(1),S(64),C(2));
FA2: full_adder port map(S(10),S(3),C(2),S(65),C(3));
FA3: full_adder port map(S(11),S(4),C(3),S(66),C(4));
FA4: full_adder port map(S(12),S(5),C(4),S(67),C(5));
FA5: full_adder port map(S(13),S(6),C(5),S(68),C(6));
FA6: full_adder port map(S(14),S(7),C(6),S(69),C(7));

A17: AND2 port map(A(0),B(2),S(16)); -- 3rd line
A18: AND2 port map(A(1),B(2),S(17));
A19: AND2 port map(A(2),B(2),S(18));
A20: AND2 port map(A(3),B(2),S(19));
A21: AND2 port map(A(4),B(2),S(20));
A22: AND2 port map(A(5),B(2),S(21));
A23: AND2 port map(A(6),B(2),S(22));
A24: AND2 port map(A(7),B(2),S(23));

HA3: half_adder port map(S(64),S(16),P(2),C(9));

FA7: full_adder port map(S(17),S(65),C(9),S(71),C(10));
FA8: full_adder port map(S(18),S(66),C(10),S(72),C(11));
FA9: full_adder port map(S(19),S(67),C(11),S(73),C(12));
FA10: full_adder port map(S(20),S(68),C(12),S(74),C(13));
FA11: full_adder port map(S(21),S(69),C(13),S(75),C(14));
FA12: full_adder port map(S(22),S(70),C(14),S(76),C(15));
FA13: full_adder port map(S(23),C(8),C(15),S(77),C(16));

A25: AND2 port map(A(0),B(3),S(24)); -- 4th line
A26: AND2 port map(A(1),B(3),S(25));
A27: AND2 port map(A(2),B(3),S(26));
A28: AND2 port map(A(3),B(3),S(27));
A29: AND2 port map(A(4),B(3),S(28));
A30: AND2 port map(A(5),B(3),S(29));
A31: AND2 port map(A(6),B(3),S(30));
A32: AND2 port map(A(7),B(3),S(31));

HA4: half_adder port map(S(71),S(24),P(3),C(55));

FA14: full_adder port map(S(25),S(72),C(55),S(78),C(17));
FA15: full_adder port map(S(26),S(73),C(17),S(79),C(18));
FA16: full_adder port map(S(27),S(74),C(18),S(80),C(19));
FA17: full_adder port map(S(28),S(75),C(19),S(81),C(20));
FA18: full_adder port map(S(29),S(76),C(20),S(82),C(21));
FA19: full_adder port map(S(30),S(77),C(21),S(83),C(22));
FA20: full_adder port map(S(31),C(16),C(22),S(84),C(23));

A33: AND2 port map(A(0),B(4),S(32)); -- 5th line
A34: AND2 port map(A(1),B(4),S(33));
A35: AND2 port map(A(2),B(4),S(34));
A36: AND2 port map(A(3),B(4),S(35));
A37: AND2 port map(A(4),B(4),S(36));
A38: AND2 port map(A(5),B(4),S(37));
A39: AND2 port map(A(6),B(4),S(38));
A40: AND2 port map(A(7),B(4),S(39));

HA5: half_adder port map(S(78),S(32),P(4),C(24));

FA21: full_adder port map(S(33),S(79),C(24),S(85),C(25));
FA22: full_adder port map(S(34),S(80),C(25),S(86),C(26));
FA23: full_adder port map(S(35),S(81),C(26),S(87),C(27));
FA24: full_adder port map(S(36),S(82),C(27),S(88),C(28));
FA25: full_adder port map(S(37),S(83),C(28),S(89),C(29));
FA26: full_adder port map(S(38),S(84),C(29),S(90),C(30));
FA27: full_adder port map(S(39),C(23),C(30),S(91),C(31));

A41: AND2 port map(A(0),B(5),S(40)); -- 6th line
A42: AND2 port map(A(1),B(5),S(41));
A43: AND2 port map(A(2),B(5),S(42));
A44: AND2 port map(A(3),B(5),S(43));
A45: AND2 port map(A(4),B(5),S(44));
A46: AND2 port map(A(5),B(5),S(45));
A47: AND2 port map(A(6),B(5),S(46));
A48: AND2 port map(A(7),B(5),S(47));

HA6: half_adder port map(S(85),S(40),P(5),C(32));

FA28: full_adder port map(S(41),S(86),C(32),S(92),C(33));
FA29: full_adder port map(S(42),S(87),C(33),S(93),C(34));
FA30: full_adder port map(S(43),S(88),C(34),S(94),C(35));
FA31: full_adder port map(S(44),S(89),C(35),S(95),C(36));
FA32: full_adder port map(S(45),S(90),C(36),S(96),C(37));
FA33: full_adder port map(S(46),S(91),C(37),S(97),C(38));
FA34: full_adder port map(S(47),C(31),C(38),S(98),C(39));

A49: AND2 port map(A(0),B(6),S(48)); -- 7th line
A50: AND2 port map(A(1),B(6),S(49));
A51: AND2 port map(A(2),B(6),S(50));
A52: AND2 port map(A(3),B(6),S(51));
A53: AND2 port map(A(4),B(6),S(52));
A54: AND2 port map(A(5),B(6),S(53));
A55: AND2 port map(A(6),B(6),S(54));
A56: AND2 port map(A(7),B(6),S(55)); 

HA7: half_adder port map(S(92),S(48),P(6),C(40));

FA35: full_adder port map(S(49),S(93),C(40),S(99),C(41));
FA36: full_adder port map(S(50),S(94),C(41),S(100),C(42));
FA37: full_adder port map(S(51),S(95),C(42),S(101),C(43));
FA38: full_adder port map(S(52),S(96),C(43),S(102),C(44));
FA39: full_adder port map(S(53),S(97),C(44),S(103),C(45));
FA40: full_adder port map(S(54),S(98),C(45),S(104),C(46));
FA41: full_adder port map(S(55),C(39),C(46),S(105),C(47));

A57: AND2 port map(A(0),B(7),S(56)); -- 8th line
A58: AND2 port map(A(1),B(7),S(57));
A59: AND2 port map(A(2),B(7),S(58));
A60: AND2 port map(A(3),B(7),S(59));
A61: AND2 port map(A(4),B(7),S(60));
A62: AND2 port map(A(5),B(7),S(61));
A63: AND2 port map(A(6),B(7),S(62));
A64: AND2 port map(A(7),B(7),S(63));

HA8: half_adder port map(S(99),S(56),P(7),C(48));

FA42: full_adder port map(S(57),S(100),C(48),P(8),C(49));
FA43: full_adder port map(S(58),S(101),C(49),P(9),C(50));
FA44: full_adder port map(S(59),S(102),C(50),P(10),C(51));
FA45: full_adder port map(S(60),S(103),C(51),P(11),C(52));
FA46: full_adder port map(S(61),S(104),C(52),P(12),C(53));
FA47: full_adder port map(S(62),S(105),C(53),P(13),C(54));
FA48: full_adder port map(S(63),C(47),C(54),P(14),P(15));

end structural;
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library IEEE;
use IEEE.Std_logic_1164.all;
use IEEE.Numeric_Std.all;

entity multiply_struct_tb is
end;

architecture bench of multiply_struct_tb is

  component multiply_struct 
  port (A, B : in bit_vector(7 downto 0);
  P : buffer bit_vector(15 downto 0)
  );
  end component;

  signal A, B: bit_vector(7 downto 0);
  signal P: bit_vector(15 downto 0) ;

begin

  uut: multiply_struct port map ( A => A,
                                  B => B,
                                  P => P );

  stimulus: process
  constant period: time := 100ns;
  begin

A <= "01101110";
B <= "11000111";
wait for period;

A <= "11001010";
B <= "01101011";
wait for period;

A <= "10111000";
B <= "01110010";
wait for period;

A <= "11011100";
B <= "01101111";
wait for period;

A <= "01110011";
B <= "11010101";
wait for period;

A <= "11011110";
B <= "10110000";
wait for period;

A <= "01110011";
B <= "11011000";
wait for period;

A <= "00001111";
B <= "11010101";
wait for period;

A <= "11011000";
B <= "01110001";
wait for period;

A <= "11000111";
B <= "01111110";
wait for period;

A <= "00101110";
B <= "11000111";
wait for period;

    wait;
  end process;


end;
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component AND2
port (&, B : in BIT;
X : buffer BIT)
end component;

component half_adder
porc (&, B : in BIT:
oum, carry : buffer BIT);
fend component;
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x BB X / EQ

port map(A(0),B(2),5(66))
port map(A(1),B(2),5(67);
port map(A(2),B(2),5(68))
port map(A(3),B(2),5(69))
port map(A(4),B(2),5(70));
port map(A(s),B(2),5(71));
port map(A(€),B(2),5(72));
port map(A(7),B(2),5(73));

| | sources | scope
el
*

port map(A(0),B(3),5(9)):
port map(A(1),B(3),5(74));
port map(A(2),B(3),5(75));
port map(A(3),B(3),5(76));
port map(A(4),B(3),5(77);
port map(A(s),B(3),5(78));
port map(A(€),B(3),5(79));
port map(A(7),B(3),5(80))

| Protocol Instances | Objects

port map(A(0),B(4),5(81));
port map(A(1),B(4),5(82));
port map(A(2),B(4),5(83))
port map(A(3),B(4),5(84))
port map(A(4),B(4),5(85));
port map(A(S),B(4),5(86))
port map(A(€),B(4),5(87);
port map(A(7),B(4),5(88));

port map(A(0),B(S),5(89));
port map(A(1),B(S),5(%0));
port map(A(2),B(5),5(91));
port map(A(3),B(),5(92)):
port map(A(4),B(5),5(93));
port map(A(S),B(S),5(94))
port map(A(€),B(S),5(95));
port map(A(7),B(S),5(%6))

port map(A(0),B(€),5(57);
port map(A(1),B(€),5(%8));
port map(A(2),B(€),5(99));
port map(A(3),B(€),5(100));
port map(A(4),B(€),5(101));
port map(A(s),B(€),5(102));
port map(A(€),B(€),5(103));
port map(A(7),B(€),5(104));
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Elfaser

8| + BND2 pore map(A(0),B(7),5(105));

|2 AND2 port map(A(1),B(7),5(106))

153 AND2 port map(A(2),B(7),5(107))

154 AND2 port map(A(3),B(7),5(108))

155

AND2 port map(A(4),B(7),5(108))
: AND2 port map(A(5),B(7),5(110));
AND2 port map(A(€),B(7),S(111))
: AND2 port map(A(7),B(7),5(112));

: half_adder port mep(S(58),5(),B(1),C(1)); -- Stage 0 top line
full_adder port map(5(66),5(59),5(52),5(2),C(2)):

: full_adder port map(S(67),5(60),5(53),5(3),C(3));

full_adder port map(5(68),5(61),5(54),5(4),C(4))
full_adder port map(5(69),5(62),5(55),5(5),C(5))
£ull_adder port map(5(70),5(63),5(56),5(6) ,C(6))
full_adder port map(S(71),5(64),5(57),5(7),C(1):
: half_adder port map((72),5(65),5(8),C(8));

| Protocol Instances | Objects

: half_adder port map(5(74),5(81),5(10),C(8)); - Stage 0 bottom
£ull_adder port map(S(89),5(82),5(75),5(11),C(10))
£ull_adder port map(S(50),5(83),5(76),5(12),C(11))
: full_adder port map(S(91),5(84),5(77),5(13),C(12))
full_adder port map(5(52),5(85),5(78),5(14),C(13)
: full_adder port map((93),5(86),5(79),5(15),C(14)) 7
full_adder port map((94),5(87),5(80),5(16),C(15)
4: half_adder port map(S(95),5(88),5(17),C(16))

: half_adder port map(5(2),C(1),2(2),C(17)); - Stage 1 top
: full adder port map(S(3),5(3),C(2),5(1),C(18)):
£ull_adder port map(S(4),5(10),C(3),5(20),C(19)

: full adder port map(S(5),S(11),C(4),5(21),C(20));
£ull_adder port map(S(6),5(12),C(5),5(22),C(21)
£ull_adder port map(S(7),5(13),C(6),5(23),C(22)
: full_adder port map(S(8),5(14),C(7),5(24),C(23)
9: full_adder port map(S(73),5(15),C(8),5(25),C(24))
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: half_adder port map(S(37),C(10),5(2€),C(25)
£ull adder port map(C(L1),5(58),5(105),5(27),C(26)
£ull_adder port map(C(12),5(99),5(106),5(28),C(27)
full_adder port map(C(13),5(100),5(107),5(29),C(28))
: full _adder port map(C(14),5(101),5(108),5(30),C(29)) 7
full_adder port map(C(15),5(102),5(109),5(31),C(30))
: full adder port map(C(L€),5(103),5(110),5(32),C(31)) 7
7: helf_adder port map(S(104),5(111),5(33),C(32))3

: half_adder port mep(S(19),C(17),2(3),C(33)); —
half_adder port map(S(20),C(18),5(18),C(34)
: full adder port map(C(19),5(21),€(9),5(34),C(35))5
£ull_adder porc map(C(20),5(22),5(26),5(35),C(36))
full_adder porc map(C(21),5(23),5(27),5(36),C(37))
full_adder porc map(C(22),5(24),5(28),5(37),C(38))
full_adder porc map(C(23),5(25),5(29),5(38),C(39))
: full_adder porc map(C(24),5(16),5(30),5(39),C(40))
half_adder port map(S(3L),5(17),5(40),C(41))
: half_adder porc mp(S(32),5(36),5(41),C(42));

: half_adder porc map(S(18),C(33),B(4),C(43)
: nalf_adder port map(5(34),C(34),5(42),€(44))
half_adder port map(s(35),C(35),5(43),C(45)) 7
: full adder port map(C(25),5(36),C(36),5(44),C46)) 5
£ull_adder port map(C(26),5(37),C(37),5(45) ,C(47))
£all_adder port map(C(27),5(38),C(38),5(46) ,C(48))
£ull_adder port map(C(28),5(39),C(39),5(47) ,C(43))
£ull_adder port map(C(25) ,5(40), C(40),5(48) ,C(50))
: full adder port map(C(30),5(41),C(41),5(49),C(51))
£u11 adder port map(5(33),C(31),C(42),5(50),C(52)) 3
: half_adder port map(5(112),C(32),5(51),C(53)):
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: half_adder
full_adder
full_adder
full_adder
: full adder
full_adder
: full adder
full_adder
full_adder
: full adder
: half_adder

end Structural;

pore
port
port
port
port
port
port
port
port
port
port

map (5(42) ,C(43) ,B(5) ,C(54)); -5t
map ($(43),C(44) ,C(54) ,B(€) ,C(55))
map($(44) ,C(45) ,C(5) ,B(7) ,C(56)
map ($(45) ,C(46) ,C(5€) ,B(8) ,C(5T))
map(S(4€),C(47),C(ST), B(9),C(58)) :
map(${47),C(48) ,C(58) , B(10) , C(59)
map(S(48),C(49),€(59) , B(11),C(€0)) 7
map(5(49) ,C(50) ,C(€0) ,B(12) ,C(61)
map($(50),C(51),C(€1) ,B(13) ,C(62)
map(S(51),C(52),C(€2), B(14),C(E3)):
map(C(53),C(€3), B(1S)):
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