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[bookmark: _Toc134616138]1	Abstract
This report investigates the Braun’s and Wallace-Tree multiplier designs. Simulation results from Xilinx Vivado and background research on the multipliers are used to conclude that the Wallace-tree multiplier provides the better option in applications where speed is critical. The Wallace-Tree design uses 8.4% more LUTs, however the Braun’s multiplier has a maximum delay which is 10.46% longer than the Wallace tree multiplier. 

The report concludes that for most applications the Wallace tree multiplier is the most suitable options due to the superior processing speeds. In an application where hardware utilization is critical, the Braun’s multiplier may be more suitable.

[bookmark: _Toc134616139]2	Introduction
This report will investigate, simulate and test two parallel multipliers designed to be implemented onto FPGAs (Field Programmable Gate Arrays) using VHDL coding. The Xilinx Vivado software will be used to do this. The parallel multipliers which will be used are the Braun’s multiplier and the Wallace-Tree multiplier. They will be 8x8 bit multipliers, meaning there will be 16 inputs and 16 outputs.

The results of the investigation and simulation together should clearly demonstrate how the characteristics of each multiplier differ. This should allow a conclusion to be made on which of the designs provides the best solution for a parallel multiplier. 

[bookmark: _Toc134616140]3	Background research
Section 3 will present research on FPGAs and different types of parallel multipliers. 

[bookmark: _Toc134616141]3.1	Field-programmable Gate Arrays 

FPGAs are integrated circuits sometimes containing millions of transistors making up logic blocks. Commonly, these logic blocks are LUTs (Lookup Tables). Lookup tables contain storage cells which can represent a logic function. They have multiple select inputs which select one of the storage cells to transmit to the single output. The LUTs are connected via vertical and horizontal routes. These can be enabled and disabled by programming interconnection switches. This allows many different combinations to be created via software. A typical FPGA is shown in figure 1.
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Figure 1 – typical FPGA diagram [1]

These circuits are not designed for any specific application. The designer can program the FPGA to suit almost any required application using a hardware description language such as VHDL. This allows complex parallel circuits which can achieve very high processing speeds to be implemented. Common applications include image and video processing, medical applications and telecoms.

FPGAs are Field programmable, meaning existing systems can be easily upgraded without the need to modify or rebuild any hardware. This is an advantage over Application Specific Integrated Circuits (ASICs) which are a common alternative to FPGAs.  
This feature is useful in situations where regulations are continually updated, requiring updates to the system. An example of this is satellites. FPGAs which are radiation hardened and installed in satellites can be updated without accessing the device [2]. Another advantage is that design errors can be easily rectified making them ideal for prototype designs before purchasing a specialized ASIC board once the design is finalized.

They are like microcontrollers in many ways. They are both integrated circuits which can be programmed to meet a requirement. Microcontrollers are cheap devices which can be easily programmed for most basic applications. FPGAs are expensive and complex devices which can be complicated to program. This makes microcontrollers well suited to simple applications, however FPGAs are ideal for high complexity applications thanks to their customizability and programmable hardware. FPGAs can also attain higher processing speeds thanks to the parallel arrangement, allowing multiple tasks to be carried out at the same time. Microcontrollers can only complete one line of code at a time, sometimes causing bottlenecking [3].




[bookmark: _Toc134616142]3.2	Multiplier Building blocks.

The multipliers investigated in this report will utilize 2-input AND gates, half adders, and full adders to multiply two 8-bit numbers resulting in a 16-bit output. The symbols and truth tables for these components are shown in figures 2-4.

[image: Multiple-input Gates | Logic Gates | Electronics Textbook]
Figure 2 – AND gate truth table and logic diagram [4]

[image: half adder and full adder circuit]
Figure 3 – Half adder truth table and logic diagram [5]
[image: half adder and full adder circuit]
Figure 4 – Full adder truth table and logic diagram [5]

The final stage of both multipliers requires multiple bits to be added together. The simplest method of doing this is the ripple carry adder (RCA). This utilizes multiple full adders connected in series. The carry out from each full adder is connected to the carry in of the full adder to its left. The sum out of each full adder is a bit from the output. Figure 5 shows this.
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Figure 5 – 4-bit Ripple carry adder [6]

These adders are connected in series. Each adder must wait for the previous adder to generate the carry, leading to long delays. A more complex adder known as a carry lookahead adder (CLA) can be used. This adder calculates the carry beforehand to eliminate delays caused by waiting for the carry to be generated. Figure 6 shows the logic diagram.
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Figure 6 - 4-bit Carry lookahead adder [7]


[bookmark: _Toc134616143]3.3	Types of Multipliers

Multipliers play a key role in Very Large-Scale Integration (VLSI). There are many different multiplier designs available. Different multiplier designs will have different characteristics such as speed, power consumption and complexity. An ideal multiplier design should have maximum speeds with minimum power consumption [8]. 

This section will investigate some of these multiplier designs.

Braun’s multiplier
The Braun’s design is the simplest parallel multiplier. They utilize a shift and carry method. The partial products generated by the AND gates are added together using half adders and full adders. The sum from each half adder is added to the next partial product. The carry from each half adder is shifted left. The final stage consists of an RCA. As discussed in section 3.2, a CLA could be used to reduce delays. Figure 7 demonstrates the partial products of a 4x4 Braun multiplier and figure 8 demonstrates the hardware. 
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Figure 7 – 4x4 Braun’s multiplier partial products [8]
[image: A 4×4 bit basic Braun multiplier [12], [16].]
Figure 8 – 4x4 Braun’s multiplier logic diagram [9]

Wallace tree multiplier
Wallace tree multipliers utilize carry and save addition. Its design is complex when compared to the Braun’s multiplier. It also utilizes more hardware and consumes more power. The advantage of the Wallace tree multiplier is the improved speed performance when compared to the Braun’s multiplier.

All tree type multipliers divide the multiplication into 3 stages.  The generation of partial products, the reduction of partial products and then an adder. The partial products are generated using AND gates. The reduction stage uses half adders and full adders to add these partial products together in parallel arrangements. The final adder adds the remaining bits. 

The partial products table, dot diagram and circuit diagram of an example 4x4 multiplier are shown in figure 9. Each partial product reduction step has a total delay equal to that of a full adder since that is the longest route in each step. All adders in each step are completed in parallel. This helps to minimize the delays.
[image: ]
Figure 9 – 4x4 Wallace tree multiplier partial product, dot diagram and logic diagram [10]

Dadda multiplier
The Dadda multiplier utilizes the same tree style algorithm as the Wallace tree multiplier. The difference is in how the reduction is done. Whilst the Wallace tree multiplier aims to reduce the partial products as quickly as possible, the Dadda multiplier minimizes reduction to optimize the hardware usage. This means the stage 3 adder must add more bits than in the Wallace-Tree. This presents even more reason to use a more complex adder such as the CLA.

The Dadda exhibits a low propagation delay compared to the Wallace-Tree multiplier [11] as shown in figure 10. The simulation results show that the Dadda multiplier has a slightly lower delay.  Figure 11 shows the Dot diagram for a Dadda multiplier.
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Figure 10 – Simulation results showing the delay of a Wallace, Dadda and Booth multipliers [12].

[image: An 8-bit Dadda multiplier constructed by only some half and full-adders (each rectangle represents a half adder or full adder) [18]. ]
Figure 11 – Dadda multiplier dot diagram [13]





[bookmark: _Toc134616144]4	Designing the multipliers

This section of the report details the design of an 8x8 bit Braun multiplier and an 8x8 bit Wallace Tree multiplier.

[bookmark: _Toc134616145]4.1	8x8 bit Braun’s multiplier 

There are multiple design stages which must be complete to create a Braun’s multiplier. These are the partial products, a basic flowchart showing the operation of the multiplier and the logic diagram. Figures 12-14 show this. Figures 15-17 show a closer view of the logic diagram stages. The logic diagram contains 64 AND gates, 8 half adders and 48 full adders. 

[image: Illustration of an unsigned 8-bit multiplication.]

Figure 12 – Partial products of the Braun’s multiplier [14]
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Figure 13 – Flowchart showing the basic operation
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Figure 14 – Braun’s multiplier logic circuit overview
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Figure 15 – Braun’s logic diagram top section
[image: ]
Figure 16 – Braun’s logic diagram middle section

[image: ]
Figure 17 – Braun’s logic diagram bottom section

Once these design stages were complete, the code for the Braun’s multiplier was written. Structural VHDL coding was used which utilizes port mapping. This can be found in Appendix A. Appendix B shows the testbench used.

Simulating the code in Xilinx Vivado produced results to prove the design worked correctly. The testbench simulated 16 random input combinations. All 16 input combinations provided the expected results. This is shown in figure 18. Table 1 shows the inputs, expected outputs and the actual output from these 16 combinations and confirms the multiplier works.

	Input A
	Input B
	Expected output
	Actual output

	11111111 (255)
	11111111 (255)
	1111111000000001 (65,025)
	1111111000000001 (65,025)

	00000000 (0)
	00000000 (0)
	0000000000000000 (0)
	0000000000000000 (0)

	00001111 (15)
	11110000 (240)
	0000111000010000 (3,600)
	0000111000010000 (3,600)

	00000000 (0)
	11111111 (255)
	0000000000000000 (0)
	0000000000000000 (0)

	01010101 (85)
	10101010 (170)
	0011100001110010 (14,450)
	0011100001110010 (14,450)

	11001100 (204)
	00110011 (51)
	0010100010100100 (10,404)
	0010100010100100 (10,404)

	00011000 (24)
	11100111 (231)
	0001010110101000 (5,544)
	0001010110101000 (5,544)

	00111111 (63)
	11111111 (255)
	0011111011000001 (16,065)
	0011111011000001 (16,065)

	00000011 (3)
	00000001 (1)
	0000000000000011 (3)
	0000000000000011 (3)

	11000111 (199)
	11110011 (243)
	1011110011100101 (48,357)
	1011110011100101 (48,357)

	01001111 (79)
	10110000 (176)
	0011011001010000 (13,904)
	0011011001010000 (13,904)

	00011001 (25)
	11110111 (247)
	0001100000011111 (6,175)
	0001100000011111 (6,175)

	01000101 (69)
	10101010 (170)
	0010110111010010 (11,730)
	0010110111010010 (11,730)

	01111100 (124)
	00111011 (59)
	0001110010010100 (7,316)
	0001110010010100 (7,316)

	00011011 (27)
	11100111 (231)
	0001100001011101 (6,237)
	0001100001011101 (6,237)

	00100111 (39)
	11111111 (255)
	0010011011011001 (9,945)
	0010011011011001 (9,945)


Table 1 – Braun’s multiplier inputs and outputs
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Figure 18 - Braun’s multiplier results

The design was then implemented to produce a circuit schematic utilizing LUTs. Figure 19 shows the circuit schematic. This is a very complicated circuit making it difficult to properly inspect it from this expanded view. Figures 20-22 demonstrate zoomed in, detailed views of the inputs and outputs.


[image: Diagram, schematic

Description automatically generated]
Figure 19 – expanded view of the Braun’s multiplier schematic diagram
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Figure 20 – Detailed view of the input section of the Braun’s multiplier schematic diagram
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Figure 21 – Detailed view of the Braun’s multiplier schematic diagram output 
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Figure 22 – Detailed view of the Braun’s multiplier schematic diagram output 




Once the schematic was generated, the input and output ports were specified according to the datasheet for the FPGA used [15]. The FPGA used was the XC7a100T csg324-L. Figure 23 shows the pinouts being selected in Xilinx Vivado. This allowed the FPGA diagram to be generated, this is shown in figure 24. 

Figure 25 shows a detailed view of some of the active I/O pins within the FPGA. This shows that the input B5 is allocated to the pin R16 and the output P4 is connected to the input T16. This shows that the package pins in the FPGA match up to figure 23. Figure 26 shows one of the active LUTs within the FPGA. This same LUT is also shown in figure 21 connected to P2. This demonstrates how the FPGA diagram, and the schematic diagram are linked. Figure 27 shows a view of the LUTs within the FPGA diagram.
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Figure 23 – I/O input and output pin specification
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Figure 24 – Expanded view of the Braun’s multiplier FPGA diagram
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Figure 25 – FPGA I/O ports for Braun’s multiplier design
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Figure 26 – Output buffer for P2 shown in the FPGA diagram
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Figure 27 – Overview of LUTs within Braun’s multiplier
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The same design aspects from the Braun’s multiplier can be applied to the Wallace tree multiplier. The only major difference is that the Wallace Tree multiplier refers to a dot diagram in place of the partial products. This is shown in figure 28. Figure 29 shows the flowchart and figure 30 shows an expanded view of the logic diagram. Figures 31-33 show a more detailed view of the logic diagram.

[image: High-Performance Wallace Tree Multiplier Design Using Novel 8-4 Compressor  Implementation for Image Processing | SpringerLink]
Figure 28 – Dot diagram for Wallace tree multiplier [16]
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Figure 29 – Flowchart for Wallace tree multiplier

[image: Diagram
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Figure 30 – Wallace tree multiplier logic diagram overview


[image: ]
Figure 31 – Wallace tree multiplier logic diagram top section
[image: ]
Figure 32 – Wallace tree multiplier logic diagram middle section

[image: ]
Figure 33 – Wallace tree multiplier logic diagram top section
Once these design stages were complete, the code for the Wallace tree multiplier was written. The same coding as the Braun’s multiplier was used. This can be found in Appendix C. 

Appendix B shows the testbench. The testbench used for the Braun’s multiplier was also used for the Wallace tree multiplier. The actual outputs all matched the expected outputs, as table 1 showed for the Braun’s multiplier. Figure 34 shows the output of the Wallace tree multiplier in Xilinx Vivado.
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Figure 34 – Wallace tree multiplier results

Next, as with the Braun’s multiplier, a schematic was produced. Figure 35 shows this.  Figures 36-38 show more detailed view. 

Figures 39 & 40 show the FPGA diagram. This is similar to the Braun’s multiplier, however slight differences can be seen when comparing figure 40 to figure 27. This is because the Wallace tree multiplier utilizes more LUTs. 
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Figure 35 – expanded view of the Wallace-Tree multiplier schematic diagram
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Figure 36 – Detailed view of the input of the Wallace tree multiplier schematic diagram
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Figure 37 – Detailed view of the Wallace tree multiplier schematic diagram output
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Figure 38 – Detailed view of the Wallace tree multiplier schematic diagram output
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Figure 39 – Expanded view of the Wallace tree multiplier FPGA diagram
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Figure 40 – Overview of LUT utilization in the Wallace tree multiplier



[bookmark: _Toc134616147]5	Comparison of the results
This section will compare the simulation reports from the Braun’s multiplier and the Wallace tree multiplier.

Power consumption & temperature

The research suggested that the Wallace tree multiplier would consume more power due to the increased LUT utilization. This has not been proven in the simulations. Figure 41 shows the power consumption, which is identical for both multipliers.

It is possible this power consumption is inaccurate, since the confidence level is stated to be low.

The breakdown of on-chip power consumption displays the power drawn by different sections of the design. Dynamic power is drawn by logic components, IO ports and signals. The static power is the power consumption when the device is not completing any tasks. It is also known as standby power [17]. 

[image: Chart, waterfall chart
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Figure 41 – Power consumption of both multipliers

Hardware utilization
Figure 42 shows the hardware utilization of both multipliers as a percentage. Figure 43 & 44 shows a more detailed representation of the hardware utilization. It shows that the Wallace-Tree design uses more LUTs, however due to the large number of LUTs available it does not affect the percentage in figure 42.

The Wallace tree multiplier utilizes 90 LUTs compared to the Braun’s multiplier which utilizes 83 LUTs. This means that the Wallace tree multiplier utilizes 8.4% more LUTs than the Braun’s multiplier. This can be critical in larger circuits where hardware utilization is vital. This difference is the cause of the additional power consumption.  
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Figure 42 – Basic display of the I/O port and LUT usage for both multipliers
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Figure 43 – hardware utilization of the Braun’s multiplier
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Figure 44 – Hardware utilization of the Wallace design

Circuit delays
The timing of each design varies. Since the multiplication is carried out in parallel, by the time the longest delayed path is complete all other outputs will have been calculated. This means that the longest possible delay is equal to the longest delayed path, which is known as the critical path.

The specification states that an AND gate should be considered to have a 1ns delay. Both half adders and full adders should be considered to have a 2ns delay for both sum and carry outputs. By analysing the logic schematics critical path and these delays, the longest possible delay can be found. Figures 45 and 46 show the critical path for the Braun’s and Wallace tree multipliers respectively. The longest delay for the Braun’s multiplier is 35ns. This includes 14 adders and 7 AND gates. The longest delay for the Wallace tree multiplier is 32ns. This includes 15 adders and 2 AND gates. This backs up the research suggesting the Wallace tree multiplier has improved speeds. 11 of these adders are part of the RCA. This accounts for 22 seconds of the delay. This highlights how the delay can be drastically reduced by incorporating a CLA.

The minimum delay for both multipliers is 1ns. 

The Xilinx Vivado software can also display the critical path on the circuit schematic which utilizes LUTs. This is shown in figures 47 & 48. Figures 49 & 50 show the minimum delayed paths in the circuit schematic. Figures 51 & 52 show the critical path highlighted on the FPGA diagram. 
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Figure 45 – Critical path of Braun’s multiplier
[image: ]
Figure 46 – Critical path of Wallace tree multiplier
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Figure 47 - Braun’s multiplier critical path in the circuit schematic
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Figure 48 – Wallace tree multiplier critical path in the circuit schematic
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Figure 49 –Braun’s multiplier minimum delayed path in the circuit schematic
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Figure 50 – Wallace tree multiplier minimum delayed path in the circuit schematic
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Figure 51 –Braun’s multiplier critical path in FPGA diagram
[image: Diagram, schematic

Description automatically generated]
Figure 52 – Wallace tree multiplier critical path in FPGA diagram

The minimum and maximum delays can be used to implement the timing constrains and simulate the timings of each multiplier. Figures 53 & 54 show the paths with the longest delays from the Braun’s multiplier and the Wallace-Tree multiplier simulations respectively. 
The longest delay in the Braun’s multiplier is 12.916ns. The longest delay in the Wallace tree multiplier is 11.693ns. This shows the Braun’s multiplier delay is 10.46% longer than the Wallace tree multiplier.

Figures 55 & 56 show the minimum delays of both multipliers. These are very similar although the minimum delays for the Braun’s multiplier are slightly lower. This will have no impact on the on the circuit performance since the total output is not complete until the longest delayed path has completed.
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Figure 53 – Longest delayed paths of the Braun’s multiplier
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Figure 54 – Longest delayed paths of the Wallace tree multiplier
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Figure 55 – Braun’s multiplier minimum delayed path

[image: Table
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Figure 56 – Wallace tree multiplier minimum delayed path

Xilinx Vivado allows each path to be analysed in more detail. The paths with the longest delays are shown in figure 57 & 58. It shows that the Wallace tree multipliers longest path only has 9 logic levels. The Braun’s multipliers longest path has 10. This is the reason for the improved speed in the Wallace tree multiplier.

Figures 59 & 60 show the exact components each path contains. This is known as the data path.

[image: Graphical user interface, table

Description automatically generated]
Figure 57 – Longest delayed path of the Braun’s multiplier
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Figure 58 – Longest delayed path of the Wallace-Tree multiplier
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Figure 59 – Braun’s multipliers longest delayed path detailed view
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Figure 60 – Wallace tree multipliers longest delayed path detailed view

The Worst Negative Slack (WNS) is also generated by Xilinx Vivado. This is the difference between the maximum delay set in the timing constraints and the longest delay found in the simulation. Both simulations have a positive value, meaning all data paths met the timing constraints. In the event a data paths delay exceeded the limit set in the timing constraints, this value would be negative. The slack of each individual path can be found by analysing the path. This can be utilized to highlight paths which are causing delays to the system and make the necessary adjustments to minimize them. 

The timing summaries for the Braun’s and Wallace tree multipliers are shown in figures 61 and 62.

[image: Graphical user interface, application

Description automatically generated]
Figure 61 – Braun’s multiplier timing summary
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Figure 62 – Wallace tree multiplier timing summary

[bookmark: _Toc134616148]6	Conclusion

Throughout this report different types of parallel multipliers for use in FPGAs have been investigated. Particular attention has been given to the Braun’s and Wallace-Tree multipliers.

The background research conducted on these multipliers concluded that the Wallace-Tree multiplier is more complex, requires more hardware and consumes more power than the Braun’s multiplier. Despite this, the research suggested that the Wallace-Tree had improved speed performance, making it a superior choice. Further research also found that implementing a carry lookahead adder in place of a ripple carry adder could further reduce delays.

To verify that the Wallace tree multiplier was faster, an 8x8 bit multiplier was designed using both design theories. Analysing the critical path found that the longest possible delay on the Braun’s multiplier contained more logic gates, suggesting the delays would be higher.
Both multipliers were then simulated in Xilinx Vivado. A comparison of the results found that the Wallace-Tree multiplier used 8.4% more LUTs and found the power consumption to be equal. It is possible this is incorrect, since it contradicts the background research. Xilinx Vivado states the confidence level is low, meaning the power consumption may be inaccurate. The Braun’s multipliers maximum delay was 10.46% longer than the Wallace tree multiplier. 

Besides the power consumption, these statistics confirm that the research conducted in section 3 was correct. Based on these differences in characteristics between the two multipliers, the Wallace-Tree multiplier is the best choice for most applications. The slightly increased LUT utilization is made up for by the significant speed increase. If there was an application where speed was not important, but hardware utilization was critical, the Braun’s multiplier would be the better choice.
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Braun’s multiplier code
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Testbench code
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Wallace tree VHDL code
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Figure 3~ Full adder truth table and logic diagram
https://www.electronicsengineering.nbcafe.in/half-adder-and-full-adder-circuit/ (Same as
figure 3)

The final stage of the multipliers requires multiple bits to be added together. The simplest
method of doing this is the ripple carry adder. This utilizes multiple full adders connected in
series. The carry out from each full adder is connected to the carry in of the full adder to its
left. The sum out of each full adder is a bit from the output. Figure 4 shows this.

1; 13 12 iz 1‘ i‘ i} [f
. . ¢ . <
] Full Adder (@ Full Adder [€ Full Adder (@~ Full Adder [€—-
5 5 5 So

Figure 4 Ripple carry adder -
https://www.ece.uvic.ca/~fayez/courses/ceng465/lab_465/project1/adders.pdf

The fact that these adders are connected in series, and each adder must wait for the

previous adder to generate its carry means that the ripple carry adder produces high delays.

Amore complex adder known as a carry lookahead adder (CLA) can be used. This adder
calculates the carry beforehand, hence eliminating delays caused by waiting for the carry to
be generated. Figure 5 shows this.
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Braun multiplier
The Braun design is the simplest pa rallel mul[iplier, They utilize a shift and ca rry method. Authorized licensed use limited to: University of Wales Trinity Saint David. Downloaded on April 22,2023 at 13:58:06 UTC from IEEE Xplore. Restrictions apply.
The partial products from the AND gates are added together using half adders and full
adders. The sum from each half adder is added to the next partial product. The carry from
each half adder is shifted left. Figure 1 demonstrates the partial products of a 4-bit Braun
multiplier and figure 2 demonstrates the hardware.

Fourth International Conference on Devices, Circuits and Systems (ICDCS'18) 49

Figure 1
A3B0 A2B1 A2B0 AIBI A1B0 A0B1 A0BO
A A3 A2 A1
4381 B4 B3 B2 Bl
T + + _—
A4B1 A3B1 A281 A181
A2 A3B2 A2 182
on am AdB3  A3B3  A283 Al83
A2 4 A0B2 AdBs  A3B4  A2B4 AlBa
P7 P6 PS5 P4 P3 P2 1 PO
A3B2
T The completion time is limited by the stages of the carry save
+ + array, and by the propagation of carry from one stage to
another in the adder. The individual blocks that is required for
forming of braun multiplier are AND gate, OR gate, Full
A2B3 AlB3 A0B3 Adders as shown in Figl to Fig 5. The procedure is described
| | in steps
A3B3 1. The gates are created by using the transistors. =
2. The schematic circuit is checked for any errors and - v (e (et Sl
+ + + rectified as shown in fig 6. Simulation results of NOT,E?EE
3. The test circuit is created for the schematic circuit by
giving appropriate inputs from the device library and
generic library from the software as in fig 7.
4. This circuit is simulated and different analysis are
verified and the block is checked.
+ + + 5. All the blocks are connected and placed together to
| T | | work as Braun Multiplier and simulation results are
shown in Fig 8..
27 P6 P5 P4 P3 P2 b PO ¢
Figure 2 - https://www.researchgate.net/figure/A-44-bit-basic-Braun-multiplier-12-
ES . W, + 102%
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Fig 3: Designing of full adder with CMOS technology
The figure4, given below shows the example of 4x4 Wallace tree multiplier that speed up the multiplier by
decreasing the number of stages, grouping the partial product at an interval of three line and then
adding.Otherwise, pass it to the next stage.Finally, the remaining two lines, calculation is done by using fast

adder and ripple carry adder.

Figure 2 - https://www.researchgate.net/figure/A-44-bit-basic-Braun-multiplier-12-
16 fig3 333968081

2 .
b2 b1
a2b8 albi

albl = ) .1'2_,.
b1 1 -
— 4 of o]’ H sum
stage 2
b2 \o/ k—-Carry
e ® 0
g
B HY o R AR PPRPPRPP

Wallace multiplier

Wallace multipliers utilize carry and save addition. When compared to the Braun multiplier,
it is more complex, uses more hardware and hence consumes more power. The advantage
of the Wallace-Tree multiplier is the improved speed performance.

stage 3

a3
b3
a3
b
a2
b1
a1
b2
=
b3
3

The Wallace tree breaks the multiplication into 3 stages. The first stage calculates the partial Fig.4. 4x4 Wallace tree multiplier with partial product and various stages
products. The next stage adds the partial products together in stages, reducing the number
of partial products step by step. The final stage adds the remaining bits together using a

serial adder. Figure 3 shows this. ab, a;b; asbpabyab; a;bpabiab; aby ab, agbs
|

[ 4 x 4 Wallace Tree Multiplier Architecture

Figure 3 — Find dot diagram or make one.

Each partial product reduction step has a total delay equal to that of a full adder since that is
the longest route in each step. All adders in each step can be carried out in parallel, helping
improve the speed. The serial adder in the final stage adds significant delays to the
multiplier since it must be done in series.

P, P, P, P,

Fig.5. Circuit diagram of 4x4 multiplier architecture

[3] https://ieeexplore-ieee-
org.ezproxy.uwtsd.ac.uk/stamp/stamp.jsp?tp=&arnumber=8605173 103|Page
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I Continue the above operations for the remaining three stages I
A 4
Fourth stage, merge the last two rows of partial products using

Figure 5 - https://docsdrive.com/pdfs/medwelljournals/jeasci/2017/5186-5189.pdf

[3] https://ieeexplore-ieee-
org.ezproxy.uwtsd.ac.uk/stamp/stamp.jsp?tp=&arnumber=8605173

Dadda multiplier

The Dadda multiplier utilizing a similar method to the Wallace multiplier. The difference is in

how the reduction is done. The Wallace multiplier aims to reduce the partial products as

quickly as possible, using a high number of adders in the process. The Dadda multiplier does

as little reduction as possible to minimize the amount of hardware required.

The Dadda also exhibits a low propagation delay compared to other multipliers [5]. Figure 6

backs this up. The simulation results show that the Dadda multiplier has a slightly lower
delay.|

[5] V. Manu, A. M. Vijaya Pral
Sixteen-bit Low Power and Area Efficient Dadda Multiplier," 2019 4th International

Conference on Recent Trends on Electronics, Information, Communication & Technology
(RTEICT), Bangalore, India, 2019, pp. 631-636, dgi; 10.1109/RTEICT46194.2019.9016834.
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division module squaring module are combined to design
calculator (Sharma et al., 2014). Malik and Dhall, they
had designed a MAC that consisted of 8 bit Booth’s
multiplier, 16 bit ripple carry adder and 17 bit accumulator
(the accumulator is made of parallel in parallel out shift
register). The basic operation of MAC is the product

of X and Y, is always given to the 17 bit-accumulator and
then again added with successive product of X, and Y,
(Malik and Dhall, 2012). In the year 1950’s, multiplier
speed was notably improved with the introduction of
Booth multiplier. Booth’s method and the modified
Booth’s method does not require a rectification for the

Wallace tree multiplier: Wallace (1964) introduced a
method for the multiplication centred on summing the
partial product bits inparallel using a tree of carry save
adders which became well-known as the Wallace tree
The flow chart of Wallace-tree multiplier is shown in
Fig. 2

Implementation of digital multiplier is reliant to the
scheme used for addition of partial product array bits. As
delay is proportional with the size of the multiplicand,
the multiplier blocks will need a large quantity of time
to perform the task. Therefore, partial products are
condensed using a technique called carry save addition

5187

J. Eng. Applied Sci., 12 (20): 5186-5189, 2017

Table 1: Summary of parallel multipliers

8 bit 8 bit
‘Multiplier algorithm _ Area (number of bit slices) Delay (usee)
Booth 95 32900
‘Generate pardal products each will be of 8 bit Wallace 107 14.6650
[ prod ¥ | Dadda 111 12.8340
‘Divide tho partial products into group of thres and which do ot lie in
the group take those remaining partial products o the next siage ‘Table 2: Summary of multipliers is depicted at S00MHz.
A 4 Power
| hmm%ﬁmg’nuﬂn‘;w | delay Average power
G ader Multipliers ~ Area product  Transistor consumption Delay
Contino the foms for the remaining fhroe (S00MHz) _ (ur) (al) count WW) (®s)
[ ? v il e o | Booth 1178 125269 21 3415 4029
. llace
"Fourth slage, mergo {he Last two Tows of partial products using wal .
carry propegats addér Amay 17.75 138860 367 3807 4075
Column 1620 1313.29 301 3502 4015
Row 17.57 1411.66 321 3680 4129
bypass
Vedic 19.57 137581 588 4006 41.67

Fig. 2: Flow chart of Wallace multiplier

multiplication

‘Table 3: Summary of ultipliers is depicted at 1 GHz
Average power
Multipliers Transistor consumption ~ Delay

Powerdely  Area

‘Generate partial products in the from of triangle, both the (AGH) __ comt (W) (©5)  product ) (um?)
‘end sider of triangle having 8-bits Booth 285 4929 30.90 128610 1185

L2 ‘Wallace
e T A O

bypass
k2 Row 325 5220 4035 142151 17.53

Reduce the petial products using compress with bypass
(3,2) and (2,2) adder Vedic 588 54.33 40.54 1378245 19.36

k2

Contime the above operations for the remaining three stages

implemented multipliers in terms of delay, area. From
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Design Timing Summary

Setup. Hold Pulse Width
Worst Negative Slack (WNS): 22,084 ns WorstHold Slack WHS): 1203 ns Worst Pulse Width Slack (WPWS): NA
Total Negative Slack (TNS): ~ 0.000 s Total Hold Stack (THS): 0000ns Total Pulse Width Negative Stack (TPWS): NA
Number of Failing Endpoints: 0 Number of Failing Endpoints: 0 Number of Failing Endpoints: NA
‘Total Number of Endpoints: 16 ‘Total Number of Endpoints: 16 Total Number of Endpoints: NA

Alluser specified timing constraints are met.
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< Design Timing Summary
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Setup. Hold Pulse Width
Worst Negative Slack (WNS): 20,307 ns WorstHold Slack WHS): 1410 ns Worst Pulse Width Slack (WPWS): NA
Total Negative Slack (TNS): ~ 0.000 s Total Hold Stack (THS): 0000ns Total Pulse Width Negative Stack (TPWS): NA
Number of Failing Endpoints: 0 Number of Failing Endpoints: 0 Number of Failing Endpoints: NA
‘Total Number of Endpoints: 16 ‘Total Number of Endpoints: 16 Total Number of Endpoints: NA

Alluser specified timing constraints are met.
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Library IEEE;
use TEEE.STD_LOGIC_1164.ALL;

- Uncomment the following library declaration if using
- aritmmetic functions with Signed or Unsigned values
—-use IEEE.NUMERIC STD.ALL,

- Uncomment the following library declaration if instantiating
- any ¥ilinx leaf cells in this code.

-Library UNISIM;

-use UNISIM.VComponents.all;

entity AND2 is -- Define AND 1/0
pore(
2,8: in BIT;
: busfer BIT);
end AND2;

set as buffer so it can be input or output

architecture behavioral of AND2 is -- Define AND behavior
begin

X <= A and B;
end behavioral;

entity HA is -- Define Half adder 1/0
pore(
2,b: in BIT;
sum, carry: buffer BIT);

end BA;

architecture behavioral of HA is —- Define Half adder Behavior
begin
sum <= a xor b; - Calculate sum

carry <= a and b; - Calculate Carry

end behavioral;

entity FA is - Define full adder 1/0

pore(
2,b,c1 in BIT;
sum, carry: buffer BIT);

end FA;
architecture behavioral of FA is —- Define full adder Behavior

xor b XOR o5~ Calculate Sum
carry <= ((a and b) or (b and ¢) or (a and ¢)); --Calculate Carry

end behavioral;

entity Multi is - s=t imputs and outputs
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55 1

5600 azchivecture soruccural of Maled is

570 ‘component AND2 -- Defines AND gate I/0s for port mapping
roee(
2,B: in BIT;

: busfer BIT);
end component;

component HA -- Defines Half adder gate 1/0s for port mapping
pore(
2,b: in BIT;

component FA -~ Defines full adder gate 1/05 for port mapping
pore(
2,b,c1 in BIT;
sum, carry: buffer BIT);

end component;

signal 5: BIT vector (160 downto 1); -- Sets signals

begin
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: AND2 port map (A(€),B(7),S(€1));
AND2 port map (A(7),B(€),S(€2)
Ag4: AND2 port map (A(7),B(7),S(€3)

HL: HA port map (5(1),5(2),2(1),5(64)):
H2: HA port map (S(3),5(4),S(65),5(66)

3zd zov

and gates 5th rov

- Half adders top rov
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150
151
152
153
154
155

HA port map (S(1),5(2),B(1),5(64)
: HA port mep (S(3),5(4),5(65),5(66));
HA port map (S(5),5(€),S(€7),5(€8))
: HA port map (S(7),5(8),5(€9),5(70));
HA port map (S(9),5(10),5(71),5(72)
HA port map (S(11),5(12),5(73),5(74))
: EA port map (5(13),5(14),5(75),5(76));

adders top zov

EA port map (S(15),5(64),5(65),2(2),5(77))
FA port map (5(16),5(66),5(67),5(78),5(79))
FA port map (5(17),5(68),5(69),5(80),5(81))
FA port map (5(18),5(70),5(71),5(82),5(83))
: FA port map (5(19),5(72),5(73),5(84),5(85)) 7
FA port map (5(20),5(74),5(75),5(86),5(87))
: FA port map (5(21),5(76),5(77),5(88),5(89)) 7

rs 3xd rov b:

EA port map (5(23),5(77),5(78),B(3),5(50))
: FA port map (5(24),5(79),5(80),5(1),5(52)) 7
FA port map (5(25),5(81),5(82),5(53),5(54)
: FA port map (5(26),5(83),5(84),5(95),5(%6)) 7
EA port map (5(27),5(85),5(86),5(57),5(58)
FA port map (5(28),5(87),5(88),5(99),5(100))
: FA port map (5(29),5(89),5(30),5(101),5(102)

: FA port mep (S(31),5(30),5(S1),B(4),5(103));
FA port map (5(32),5(92),5(93),5(104),5(105)
: FA port map (5(33),5(34),5(35),5(10€),5(107)
FA port map (5(34),5(96),5(597),5(108),5(109)
FA port map (5(35),5(98),5(99),5(110),5(111)
: FA port map (5(36),5(100),5(101),5(112),5(113)) 5
: FA port map (5(37),5(102),5(38),5(114),5(115))

: FA port map (5(39),5(103),5(104),2(5),5(116)
FR port map (5(40),5(105),5(106),5(117), 5 (118)
FR port map (5(41),5(107),5(108),5(119),5(120)
FR port map (5(42),5(109),5(110),5(121),5(122)
FA port map (5(43),5(111),5(112),5(123),5(124))
FR port map (5(44),5(113),5(114),5(125),5(126)
FA port map (5(45),5(115),5(46),5(127),5(128) ) ;

adders 6th zov b

FA port map (5(47),5(116),5(117),(6),5(129)
: FA port map (5(48),5(118),5(119),5(130),5(131)) 5
FR port map (5(49),5(120),5(121),5(132),5(133)
: FA port map (5(50),5(122),5(123),5(134),5(135)) ;
FR port map (S(51),5(124),5(125),5(136),5(137)
FR port map (5(52),5(126),5(127),5(138),5(139)
: FA port map (5(53),5(128),5(54),5(140),5(141))

FA port map (5(55),5(129),5(130),B(7),5(142)) 5
FA port map (S(56),5(131),5(132),5(143),5(144)

Full adders 7th row b7
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: FA port
FA port.
F38: FA port
FA port.
FA port.
FA port.
EA port.

HS: HA port map (5(142),5(143),2(8),5(155));

F43: FA port
Fa44: FA port
Fa5: FA port
Fa6: FA port
F47: FA port
F48: FA port

map (S(55),5(129),5(130),B(7),5(142)); -- Full adders

map (S(5€),5(131),5(132),5(143),5(144))
map (S(57),5(133),5(134),5(145),5(146));
map (S{58),5(135),5(13€),5(147),5(148))
map (S{59),5(137),5(138),5(143),5(150))
map (S{€0),5(139),5(140),5(151),5(152))
map (S(€1),5(141),5(62),5(153),5(154)

map (S(144),5(145),5(155), B(3), 5(15€)
map (S(146),5(147),5(15€) ,B(10),5(157))
map ($(148),5(149),5(157),B(11),5(158))
map (S(150),5(151),5(158),2(12),5(159))
map (S(152),5(153),5(159),B(13),5(160))
map (S(154),5(63),5(160) ,B(14) ,B(15))

end architecture;

adders
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Library IEEE;
use IEEE.Std logic_1164.al1;
use IEEE.Numeric Std.all.

use IEEE.STD_LOGIC UNSTGNED.ALL;

106 encicy Malct s is

1 enas
2]

130 architecture bench of Malti_tb is

begin

Force:p:
cont
begin

signal 2,

component Malti
port(a,B: in bit vector(7 downto 0);
B: buffer bit_vector(15 downto 0))
end component

ant period:

= 111111117;

"00001111"

"01010101"

"11001100";

"00011000";

00111111"

"000000117;

"11000111"

0100111177

"00011001";

: bit_vector (7 downto 0);
signal B: bit vector(5 downto O

REEEEEEELH

"11110000"

REEEEEEELH

"10101010"

0011001177

1110011177

REEEEEEED

"00000001";

111100117

"10110000";

"111101117;

WAIT

WAIT

WAIT

WAIT

WAIT

WAIT

WAIT

WAIT

WAIT

WAIT

WAIT

WAIT

FoR

FoR

FoR

FoR

FoR

FoR

FoR

FoR

FoR

FoR

FOR

20 ms; -~ Sets constant time pericd

Sets values for A and B manually
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000000117 WAIT
& <= "11000111 waIT
& <= "020011117; waIT
A <= "000110017; B < waIT
A <= "010001017; B < waIT

0111110077

"00111011"; WRIT

A <= "00011011"

WAIT

2 <= "00100111"; wATT

wait;
end process;

18 ends

72
73

FOR

FoR

FoR

FoR

FoR

FoR

FoR

FoR

period;

period;

period;

period;

period;

period;

period;

period;
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© |prary IEEE:

use IEEE.STD_LOGIC_1164.3LL:

- Uncomment the following library declaration if using
arithmetic functions with Signed or Unsigned values
~-use IEEE.NUMERIC_STD.ALL;

- Uncomment the following library declaration if instantiating
any Xilinx leaf cells in this code.

--library UNISIM;

~-use UNISIM.VComponents.all;

entity AND2 is -- Define AND 1/0
pore(
2,8: in BIT;
X: buffer BIT); —- set as buffer so can be imput or output
end 2ND2;

architecture behavioral of AND2 is -- Define AND behavior
begin

X <= A and B
end behavioral;

entity HA is - Define Half adder behavior
pore(
2,b: in BIT;
sum, carry: buffer BIT);

end BA;

architecture behavioral of HA is —- Define Half adder Behavior

xor b;
a and b;

end behavioral;

entity FA 1s -- Define full adder behavior
port(
2b,c: in BIT;
sum, carry: butfer BIT);

4109 end FA;

2]

430 architecture behavioral of FA is —- Define full adder Behavior

s x0r b XR cf
€ ((a and b) or (b and ©) or (a and c));
a1

45() end behavioral;

s !

5000 envity WallaceMalciplier is - set imputs and outputs
510 pere(s,2: in bit vector(7 downte 0)
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500 entity WallaceMultiplier is

set inputs and outputs

S} pore(a,s: in bit vector(7 downto 0);
2| Bt buffer bit_vector(s dovmto 0))7 —- buffer output can be used a3 imput
53() end WallaceMultiplier;
s
550 architecture structural of WallaceMultiplier is
560 componen: Az
o Fore(
2,B: in BIT;

busfer BIT);
end component;

component HA
pore(
2,b: in BIT;

component FA
pore(
2,b,c1 in BIT;
sum, carry: buffer BIT);
end component

signal

BIT_vector (175 downto 1); -- Sets signals?

begin
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ANDZ port map (R(€),B(2),5(21)
: AND2 port mep (A(T),B(1),5(22));

: AND2 port map (A(0),B(3),5(23));
AND2 pore map (A(1),B(3),5(24)
: AND2 port map (A(2),B(3),5(25)
AND2 pore map (A(3),B(3),5(2€)
AND2 port map (A(4),B(3),5(27)
: AND2 port map (A(S),B(3),5(28)
AND2 port map (A(€),B(3),5(29)
: AND2 port mep (A(T),B(2),5(30));

: AND2 port map (A(0),B(4),5(31)
AND2 pore map (A(1),B(4),5(32)
AND2 port map (A(2),B(4),5(33)
: AND2 port map (A(3),B(4),5(34));
AND2 port map (A(4),B(4),5(35)
: AND2 port map (A(S),B(4),5(3€));
AND2 port map (A(€),B(4),5(37)
: AND2 port map (A(T),B(3),5(38)

: AND2 port mep (A(0),B(5),5(39)); -
: AND2 port map (A(L),B(S),5(40));

AND2 pore map (A(2),B(S),5(41)
AND2 pore map (A(3),B(S),5(42)
AND2 port map (A(4),B(S),5(43)
AND2 pore map (A(S),B(S),5(44)
: AND2 port map (A(€),B(S),5(45));
: AND2 port map (A(T),B(4),5(46));

: AND2 port map (A(0),B(€),S5(47)
AND2 pore map (A(1),B(€),S(48)
: AND2 port map (A(2),B(€),5(43)
AND2 port map (A(3),B(€),S(50)
: AND2 port mep (A(4),B(€),5(1));
AND2 port mep (A(S),B(€),S(52)
AND2 port map (A(€),B(€),S(53)
: AND2 port map (A(T),B(S),5(54));

: AND2 port map (A(0),B(7),5(55));
AND2 port mep (A(1),B(7),5(5€)
: AND2 port map (A(2),B(7),5(57)
AND2 pore map (A(3),B(7),5(58)
AND2 port map (A(4),B(7),5(59)
: AND2 port map (A(S),B(7),5(€0)
AND2 port map (A(€),B(7),S(€1)
: AND2 port map (A(7),B(€),5(62));
: AND2 port map (A(T),B(7),5(63));

HA pore map (S(1),5(2),B(1),5(64));
: FA port map (S(4),5(3),5(15),5(65),5(66));
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: HA port map
FA port map
: FA port map
FA port map
FA port map
FA port map
FA port map
: HA port map

: HA port map
FA port map
FA port map
: FA port map
FA port map (5(28),5(35),5(42),5(87),5(88)

(5(1),5(2),2(1),5(64)) 7
(5(4),5(3),5(15),5(65),5(66))
(5(6),5(5),5(16 ),5(67),5(68)) 7
(5(8),5(7),5(17),5(69),5(70))
(S(10),5(9),5(18),5(71),5(72)) 1
(5(12),5(11),5(19),5(73),5(74))
(5(14),5(13),5(20),5(75),5(76)) ;

(5(22),5(21),5(77),5(78)); —- 2nd half

(5(24),5(31),5(79),5(80)); - first
(5(25),5(32),5(39),5(81),5(82))
(5(26),5(33),5(40),5(83),,5(84))
(5(27),5(34),5(41),5(85),,5(86))

FLL: FA port map (5(29),5(36),5(43),5(89),5(90));

FA port.
: FA port
FA port.
FA port.
: FA port
FA port.
Fl9: FA port

He: HA port map (5(47),5(82),5(110),5(111)); -

FA port.
FA port.
F22: FA port
FA port.
: FA port
EA port.

H7: HA port map (5(62),5(61),5(124),5(125)

FA port.
FA port.
FA port.
F29: FA port
FA port.
: FA port
HA port
HLL: HA port

H12: HA port

EA port map (5(38),5(37),5(44),5(51),5(52)
: B port map (S(4€),5(45),5(33),5(34));

: HA port map (S(64),5(65),(2),5(35));

map
map
map
map
map
map
map

map
map
map
map
map
map

: HA port mep (5(36),5(55),(3),5(126)); -
HA port map (S(38),5(37),5(127),5(128)

map
map
map
map
map
map
map
map

map

2nd b

(5(23),5(€7),5(66),5(3€),5(37)
(5(79),5(69),5(68),5(98) ,5(99)) 7
(5(81),5(71),5(70),,5(100) ,5(101))
(5(83),5(73),5(72),,5(102),,5(103))
(5(85),5(75),5(74),,5(104) ,5(105) )
(5(87),5(77),5(76),,5(106) ,5(107))
(5(89),5(30),5(78),,5(108),,5(109) ) ;

(5(48),5(84),5(55),,5(112),,5(113))
(5(49),5(86),5(56) ,5(114) ,5(115))
(5(50),5(88),5(57),5(116) , S (117)) 7
(5(51),5(%0),5(58),,5(118),,5(119))
(5(52),5(52),5(59),5(120),5(121)) 7
(5(53),5(34),5(60),5(122),5(123)) 7

(5(100),5(55),5(20),5(125),5(130)) : -~
(5(102),5(101),5(110),5(131),,5(132)
(5(104),5(103),5(112),,5(133),,5(134)
(5(106),5(105),5(114) ,5(135),,5(136) ) ;
(5(108),5(107),5(116),,5(137),5(138)
(5(31),5(109),5(118),,5(139) ,5(140) ) 7
(5(120),5(93),5(141),5(142))
(5(122),5(54),5(143),5(144))

(5(127),5(126) ,B(4),5(145));

First half adder level 1

first half adder I

ad

adder top rov

adders 1.

s8022





image3.jpeg
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Input,, —
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200 H12: ER port map (5(127),5(126),E(4),5(145))
HA port map (5(129),5(128),5(146),5(147)
: B port map (S(131),5(130),5(148),5(149)) 7
FA port map (5(133),5(132),5(111),5(150),5(151)
FA port map (5(135),5(134),5(113),5(152),5(153)
: FA port map (S(137),5(136),5(115),5(154),5(155)
FA port map (5(139),5(138),5(117),5(156),5(157)
F36: FA port map (S(141),5(140),5(119),5(158),5(159))
FA port map (5(143),5(142),5(121),5(160),5 (161)
FA port map (5(124),5(144),5(123),5(162),5(163)) ;
HLS: HA port map (5(125),5(63),5(164),5(165));

s8022

HL6: HA port map (5(145),5(146),2(5),5(166)):
FA port map (5(147),5(148),5(166) ,2(6),5 (167)
: FA port map (5(149),5(150),5(167),2(7),5(168)) 7
FA port map (5(151),5(152),5(168),(8),5(169)
FA port map (5(153),5(154),5(169),2(9),5(170)
: FA port map (5(155),5(156),5(170),2(10),5(171)) 5
FA port map (5(157),5(158),5(171),2(11),5(172))
F45: FA port map (5(159),5(160),5(172),2(12),5(173)) ; —-12427
FA port map (5(161),5(162),5(173),2(13),5(174))
FR port map (S(163),5(164),5(174) ,B(14),5(175)) ;
HL7: HA port map (S(165),5(175),2(15))3

end architecture;





