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[bookmark: _Toc167783790][bookmark: _Toc196411644]Introduction
This report details the comparison of 8x8 Braun and Wallace Tree multiplier techniques, using Very High-Speed Integrated Circuit Hardware Description Language (VHDL). AMD Vivado Design Suite version 2024.2 was used to conduct synthesis, enabling critical evaluation of these techniques; alongside physical implementation using a Xilinx Artix-7 Field Programmable Gate Array (FPGA) utilising the Diligent Basys-3 FPGA Development Board. [1][2]
[bookmark: _Toc196411645]Background Research
Half adders are a logic circuits used to perform addition of two binary numbers with single bits. These operate using XOR (exclusive OR) and AND gates, having two inputs and 2 outputs being a sum and a carry. [3] Full adders perform addition of three single bits, having 3 inputs and 2 outputs. Therefore, Full adders can consider an input from a previous addition while Half Adders cannot. [4] Example of these being Ripple Carry Adders (RCA) that can be found in Braun Multiplier architectures, and Carry Save Adders (CSA) found in both Wallace and Braun multipliers. [5]
[bookmark: _Toc196411646]Applications of Multipliers
These multiplier techniques are commonly utilised in Application Specific Integrated Circuits (ASICs) as the circuits are often selected for tasks where performance must be optimised, increasing processing speed and reducing power consumption. [6]
Braun and Wallace techniques are often applied in the radio frequency space, being used for Digital Signal Processing (DSP), filtering and techniques such as Fast Fourier Transform (FFT) where multiplication at high speed is critical. [7] Wallace multipliers can also be found in GPU designs, used for image processing and rendering. [7] 
[bookmark: _Toc196411647]Advantages of the Multipliers
There are multiple advantages to using Brauns and Wallace multiplier in system designs, these being speed due to low latency, scalability and cost effectiveness in in terms of long-term operating cost as high power efficiency requires only a small percentage of a system power budget. [8][9]
Design Methodology
[bookmark: _Toc196411648]FPGA Selection
Due to the requirement of testing the multiplier techniques using physical hardware, the Basys-3 FPGA will be used due to its availability. The Diligent Basys 3 FPGA board used an Artix-7 family chipset with a part number of ‘XC7A35T1CPG236C’. This part number provides a generalised can be broken into sections describing the chipset’s architecture, shown by Figure 1. [2][10]
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[bookmark: _Ref195929012][bookmark: _Toc196411615]Figure 1 – Diligent Basys 3 FPGA Part Number Explained [10]
Therefore, this has informed the synthesis process, with the Artix-7 ‘xc7a35tcpg236-1’ chipset being selected for multiplier designs. The full specification of this chip is shown Table 1.
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[bookmark: _Ref196402599][bookmark: _Toc196411640]Table 1 – Specification of FPGA Selected [1]
[bookmark: _Toc196411649]Clock Speed
The Basys-3 has a single internal 100 MHz oscillator, connected to pin W5 of the board. [2][11] This clock can be varied, being capable of operating at 450 MHz. [2] Therefore, 200 MHz was selected as the value falls within this range; and will remain a control variable to ensure a fair comparison.
[bookmark: _Toc196411650]FPGA I/O Power Supply
AMD Vivado supports simulation for FPGAs with 1.5V, 1.8V, 2.5V and 3.3V Input/Output (I/O) interfaces. [12] As the Diligent Basys-3 board specifies that I/Os, clocks and flash memory chips should have 3.3V supply, with a maximum current of 2A this property has been defined in the ‘timing.xdc’ file using the configuration voltage function and has been set to 3.3V. [2][12] This was also set for the I/O standard during the pin assignment process, with all pins set to ‘LVCMOS33’. 
[bookmark: _Toc196411651]Pin Allocation
As both Brauns and Wallace techniques were tested with the Basys-3 FPGA, pin allocation remains identical for both tests. Figure 2 shows the pin allocation for this board that has been defined within the ‘timing.xdc’ source code; found within Appendix 3 and 4. This relates to the associated port mapping, detailed in the 8x8 Brauns and Wallace source code, found in Appendix 1 and 2 respectively.
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[bookmark: _Ref196267852][bookmark: _Toc196411616]Figure 2 – I/O Pin Allocation 
[bookmark: _Toc196411652]8x8 Braun Multiplier System Design
[bookmark: _Toc196411653]Braun System Operation
Figure 3 shows a flow diagram for the 8x8 Brauns Mutliplier.
[image: ]
[bookmark: _Ref196264823][bookmark: _Toc196411617]Figure 3 – Flow Diagram for 8x8 Braun Multiplier 
Figure 4 illustrates a block diagram outlining the architecture of the 8x8 Brauns Multiplier. It provides the quantities of full adders, half adders, AND gates, and other design elements. This provides a summary of highlighting Braun logical operations.
[image: ]
[bookmark: _Ref195929721][bookmark: _Toc196411618]Figure 4 – Structure Block Diagram for 8x8 Braun Multiplier
[bookmark: _Toc196411654]RTL Design
Figure 5 shows the RTL Design for the 8x8 Braun Multiplier. 
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[bookmark: _Ref196145646][bookmark: _Toc196411619]Figure 5 – RTL Design for 8x8 Braun Multiplier
[bookmark: _Toc196411655]FPGA Schematic
Figure 6 shows the Implementation Schematic for the 8x8 Braun Multiplier. 
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[bookmark: _Ref196145565][bookmark: _Toc196411620]Figure 6 – Implementation Schematic for 8x8 Braun Multiplier
[bookmark: _Toc196411656]Device Layout
Figure 7 shows the Device Layout for the 8x8 Braun Multiplier. 
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[bookmark: _Ref196145245][bookmark: _Toc196411621]Figure 7 – Device Layout for 8x8 Braun Multiplier
[bookmark: _Toc196411657]I/O Planning
Figure 8 illustrates the I/O pin configuration for the Artix-7 FPGA in its ball grid array package, designed for the 8x8 Braun Multiplier.
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[bookmark: _Ref196263517][bookmark: _Toc196411622]Figure 8 – I/O Planning for 8x8 Braun Multiplier
It should be noted that implementing the Braun multipliers using this method with Vivado Design Suite can come with limitations. A significant limitation is that of scalability. Should there be the requirement to conduct testing of multiples with increased bit width, the VHDL source code and XDC files would need to be re-written, being very time inefficient. [13][14]

[bookmark: _Toc196411658]8x8 Wallace Multiplier System Design
[bookmark: _Toc196411659]Wallace System Operation
Figure 9 shows a dot diagram representation of the 8x8 Wallace Multiplier. [image: ]
[bookmark: _Ref196300065][bookmark: _Toc196411623]Figure 9 – Dot Diagram for 8x8 Wallace Multiplier
Figure 10 illustrates a block diagram outlining the architecture of the 8x8 Wallace Multiplier. It provides the quantities of full adders, half adders, AND gates, and other design elements. This provides an overview of Wallace logical operations.
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[bookmark: _Ref195929950][bookmark: _Toc196411624]Figure 10 – Structure Block Diagram for 8x8 Wallace Multiplier
[bookmark: _Toc196411660]RTL Design
Figure 11 shows the RTL Design for the 8x8 Wallace Multiplier.
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[bookmark: _Ref196145964][bookmark: _Toc196411625]Figure 11 – RTL Design of 8x8 Wallace Multiplier
[bookmark: _Toc196411661]FPGA Schematic
Figure 12 shows the Implementation Schematic for the 8x8 Wallace Multiplier.
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[bookmark: _Ref196146056][bookmark: _Toc196411626]Figure 12 – Implementation Schematic of 8x8 Wallace Multiplier
[bookmark: _Toc196411662]Device Layout
Figure 13 shows the Device Layout for the 8x8 Wallace Multiplier. 
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[bookmark: _Ref196145808][bookmark: _Toc196411627]Figure 13 – Device Layout of 8x8 Wallace Multiplier
[bookmark: _Toc196411663]I/O Planning
Figure 14 illustrates the I/O pin configuration for the Artix-7 FPGA in its ball grid array package, designed for the 8x8 Wallace Multiplier.
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[bookmark: _Ref196145751][bookmark: _Toc196411628]Figure 14 –– I/O Planning of 8x8 Wallace Multiplier
[bookmark: _Toc196411664]Behavioural Simulation
[bookmark: _Toc196411665]Details of Testing 
Table 2 presents the results of testing the Braun and Wallace multiplication methods using Vivado’s behavioural simulation tool. Each multiplication technique was tested across five serials, utilizing the following hexadecimal multiplicands and multipliers: FF x FF, 1E x 6B, 02 x 4A, CA x 61, and 5B x 3E. Both multiplier configurations successfully produced the correct product values in all test cases, verifying their functionality before proceeding to analysis of synthesis outputs for a critical evaluation of performance.
	[bookmark: _Hlk196150639]Serials
	8x8 Braun Multiplier
	8x8 Wallace Multiplier

	1

Multiplication
0xFF x 0xFF = 0xFE01
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	2

Multiplication
0x1E x 0x6B = 0xC8A
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	3

Multiplication
0x02 x 0x4A = 0x94
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	4

Multiplication
0xCA x 0x61 = 0x4C8A
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	5

Multiplication
0x5B x 0x3E =0x160A
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[bookmark: _Ref196265649][bookmark: _Toc196411641]Table 2 – Behavioural Simulation Test Serials for 8x8 Braun and Wallace Mutlipliers
[bookmark: _Toc196411666]Basys-3 FPGA Hardware Implementation
[bookmark: _Toc196411667]Physical Test using Basys-3 FPGA Development Board
In order to test the Braun and Wallace VHDL programs on hardware, a bitstream was generated using AMD Vivado design suite and the program was written to the Diligent Basys-3 FPGA Board as shown in Figure 15.
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[bookmark: _Ref196175974][bookmark: _Toc196411629]Figure 15 – Hardware Implementation using AMD Vivado and Diligent Basys-3 FPGA Board
To conduct the physical test, the VHDL files were written to the Artix-7 FPGA. Multiplicand (A) and multiplier (B) Inputs were applied as an 8-bit binary number; these being entered using the switches SW15 to SW0. The switches were mapped to represent inputs A0 to A7, and B0 to B7. The FPGA outputs the product by illuminating a sequence of the Light Emitting Diodes (LEDs) LD15 to LD0, with illuminated LEDs meaning ‘1’ and non-illuminated meaning ‘0’. 
[bookmark: _Toc196411668]8x8 Braun Multiplier Test
Table 3 shows the input values used to test the ‘8x8_braun_multiplier.vhd’ program with the Basys-3 board, and the correct product output.
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[bookmark: _Ref196181215][bookmark: _Toc196411642]Table 3 – Input/Output Values for Hardware Test of 8x8 Braun Multiplier
Figure 16 shows the Basys-3 board displaying the correct product for the input values shown in Table 3.
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[bookmark: _Ref196178303][bookmark: _Toc196411630]Figure 16 – Braun Mulitiplier Test using Diligent Basys-3 FPGA
[bookmark: _Toc196411669]8x8 Wallace Multiplier Test
Table 4 shows the input values used to test the ‘8x8_wallace_multiplier.vhd’ program with the Basys-3 board, and the correct product output.  
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[bookmark: _Ref196181009][bookmark: _Toc196411643]Table 4 – Input/Output Values for Hardware Test of 8x8 Wallace Multiplier
Figure 17 shows the Basys-3 board displaying the correct product for the input values shown in Table 4. Therefore, both physical tests have been successfully. 
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[bookmark: _Ref196178414][bookmark: _Toc196411631]Figure 17 – Wallace Mulitiplier Test using Diligent Basys-3 FPGA
[bookmark: _Toc196411670]Timing Diagrams and Schematics
Before conducting evaluation of the performance of both multiplier techniques, the critical path (longest time delay) for both techniques needs to be calculated manually. 
[bookmark: _Toc196411671]Critical Path of 8x8 Braun Multiplier
Figure 18 illustrates the longest delay critical path for the 8x8 Braun Multiplier.
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[bookmark: _Ref195934977][bookmark: _Toc196411632]Figure 18 – Critical Path of 8x8 Braun Multiplier
Therefore, the critical path consists of one AND gate and twenty ‘n’ adder (carry out adder) connections. This enables the longest delay to be calculated for the Braun multiplier. Figure 19 shows the formula used to calculate the delay.
[image: ]
[bookmark: _Ref195983859][bookmark: _Ref195983855][bookmark: _Toc196411633]Figure 19 – Longest Delay Formula
Therefore:
[image: ]
[bookmark: _Toc196411672]Critical Path of 8x8 Wallace Multiplier
Figure 20 illustrates the longest delay critical path for the 8x8 Wallace Multiplier.
[image: ]
[bookmark: _Ref195935511][bookmark: _Toc196411634]Figure 20 – Critical Path of 8x8 Wallace Multiplier
Therefore, the critical path consists of one AND gate and fourteen ‘n’ adder (carry out adder) connections. This enables the longest delay to be calculated using the formula in Figure 19. 
Therefore:
[image: ]
[bookmark: _Toc187009840][bookmark: _Toc196411673]Interpretation of Power Utilisation and LUTs
The longest delays were included in the synthesis process with the use of Xilinx Design Constraints (XDC), being implemented with the use of ‘set_max_delay’ function in the ‘timing.xdc’ file. [15] This enabled time constraints to be inserted, allowing for the interpretation of power utilisation and Lookup Tables (LUTs) for the Braun and Wallace designs.
[bookmark: _Toc196411674]Timing Constraints
Figure 21 shows the timing summary, detailing information such as Worst Negative Slack (WNS). Worst Negative Slack is the largest recorded difference between a signals desired time of arrival and the actual arrival time. [16][17] When WNS is a negative value, one or more paths has failed to meet its timing requirement. Positive WNS indicates that all paths have met the timing requirement, with no timing violations.[17]
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[bookmark: _Ref196269647][bookmark: _Toc196411635]Figure 21 – Design Timing Summaries displaying Worst Negative Slack
[bookmark: _Toc196411675]Report Utilization
Figure 22 shows the report utilization, displaying how many Look Up Tables (LUTs) and Slices are used by the multiplier techniques.
	8x8 Braun Mulitplier
	8x8 Wallace Multiplier
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[bookmark: _Ref196269885][bookmark: _Toc196411636]Figure 22 – Report Utilization 
[bookmark: _Toc196411676]Project Summary
Figure 23 provides an overview of system performance, indicating the utilization of I/Os and LUTs, power consumption and WNS values.
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	[image: ]

	8x8 Wallace Multiplier
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[bookmark: _Ref196269918][bookmark: _Toc196411637]Figure 23 – Project Summary for Multiplier Techniques
[bookmark: _Toc196411677]Power Report
Figure 24 illustrates a summary of the power consumption and memory usage for each multiplier technique. 
	8x8 Braun Multiplier
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[bookmark: _Ref196270010][bookmark: _Toc196411638]Figure 24 – Power Reports
[bookmark: _Toc196411678]Combination Delays
Figure 25 presents a range of combination delay values associated with the two techniques. Combination delay refers to the duration required for a signal to travel from its input to output, determined by elements such as the type of logic gates employed, their arrangement, and the physical circuit layout. [18]
[image: ]
[bookmark: _Ref196318483][bookmark: _Toc196411639]Figure 25 – Combination Delays
[bookmark: _Toc196411679]Analysis 
[bookmark: _Toc196411680]Power Consumption 
When comparing the two multiplier techniques, both implementations displayed the identical performance in terms of power consumption using 0.149W of Total On-Chip Power. This leaves a power budget margin of 0.851W when allocating a maximum of 1W. This is shown by the power reports in Figure 24.

For both implementations this power consumption can be divided into 52% (0.077W) usage by Dynamic Random Access Memory (DRAM) and 48% (0.072W) usage by Device Static Random Access Memory (SRAM).

For the DRAM, this can be further broken down with 93% (0.071W) of the DRAM power consumption being used by Inputs and Output and 2% (0.002W) for Logic. It should be noted that Vivado Design Suite is subject to rounding errors, with the 8x8 Braun Multiplier showing that Signals use 5% of DRAM power stating a figure of 0.004W, while for the 8x8 Wallace Multiplier 0.003W is stated.


For the Artix-7 FPGA based Diligent Basys-3 board, a maximum operating temperature of 85⁰C has been specified. Therefore, the designs fall below this limit both having a simulated Junction Temperature of 25.7⁰C, providing a Thermal Margin of 59.3⁰C only using 30.2% of the recommended operating range. 

However, it must be considered that any power estimates derived from AMD Vivado Design Suite synthesised models using Xilinx Power Estimator can be as inaccurate as ±25% for the Advance ±20% for the Preliminary and ±10% for the Production model. [19] Therefore meaning that that the Total On-Chip Power estimates could be incorrect by as much as ±0.022W (4sf) and therefore introduces high uncertainty and low confidence in these values. 
[bookmark: _Toc196411681]Speed
The 8x8 Braun Multiplier had a higher Worst Negative Slack (WNS) than the Wallace technique being 7.322 ns greater, amounting to a 62.6% increase on the Wallace WNS time. The Braun multiplier has a WNS value of 19.024 ns while the Wallace multiplier was 11.702 ns as shown by Figure 21.

Figure 25 displays a selection of combination delays for the two multipliers. The longest delay output by the synthesis process was 21.976 ns for Braun and 17.298 ns for Wallace. When analysing the data in Figure 25 we can determine a mean average for both techniques, with Brauns multiplier taking 4.021 ns longer on average for each path, with the Braun multiplier having an average Critical Path of 20.899 ns compared to 16.878 ns for the Wallace technique. Therefore, the 8x8 Wallace multiplier is the quicker multiplication method. 
[bookmark: _Toc196411682]Resource Utilisation
Figure 22 shows that the Brauns multiplier is more resource intensive in terms of Lookup Table utilisation as the 8x8 Brauns multiplier uses 89 of the 20800 available LUT Slices, compared to the 81 used by the 8x8 Wallace multiplier. This translated to a usage of 0.0043% (5sf) and 0.0039% (5sf) of the total LUT resources available, respectively. Therefore, it can be stated that the 8x8 Wallace multiplier is more resource efficient, using less LUTs than the 8x8 Braun Multiplier. 
[bookmark: _Toc196411683]Recommendations to Improve System Efficiency
To improve speed and power efficiency a series of recommendations can be made. For instance, a dynamic voltage supply could be implemented to adjust the supply depending on the performance required by the system at any one instance, therefore reducing power consumption and increasing efficiency. [20] Optimising physical layout to reduce the length of interconnections, therefore reducing delays in the critical path and possibly reducing power dissipation.[21] Optimisation of partial product reduction to minimise delays and opting for lower power consumption adders. [22]

[bookmark: _Toc196411684]Conclusion
“In this experiment, it has been determined that the 8x8 Braun Multipler performs slower than the 8x8 Wallace Multiplier, having higher combination delays and being more likely to experience timing violations having higher Worst Negative Slack than the Wallace technique investigated. Therefore, the 8x8 Wallace multiplier is the preferable for time critical and low latency applications. Both Braun and Wallace 8x8 multipliers have the same power consumption in terms of Total On-Chip Power, and how Power Consumption is divided across DRAM and SRAM, albeit with low confidence in the accuracy of the power estimates. However, the 8x8 Wallace multiplier is more resource efficient, using less LUTs than the 8x8 Braun Multiplier. 
[bookmark: _Toc196411685]Future Recommendations 
Should this process be repeated in the future, a recommendation would be to create a testbench/stimulus file to automate the testing process, therefore enabling a time efficient way to cycle through the 65,025 combinations of multiplicand and multipliers during the behavioural simulation process, to ensure the techniques work correctly and determine critical path delays.
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signal
signal
signal
signal
signal

signal
signal
signal
signal

signal
signal
signal

signal
signal

A783 : std_logic:
A6B4 : std_logic:
ASBS : std_logic;
AaB6 : std_logic:
A387 : std_logic;

A784 : std_logic:
RGBS : std_logic;
ASB6 : std_logic;
AaB7 : std_logic:

A785 : std_logic;

A6B6 : std_logic:
ASE7 : std_logic;
A786 : std_logic:

A6B7 : std_logic;

A787 : std_logic:

€1 ¢ std_logics
P21 : std_logic;

€21 : std_logic;
P31 : std_logic;
2 : std_logics

P32 : std_logic;

€31 : std_logic;
P41 : std logic;

€32 : std_logic;

std_logic;
std_logics

+ std_logic;

a1 : std_logic;
P51 : std_logic;
a2 : std_logic;
P52 : std_logic;
€433 : std_logic;
P53 : std_logic;
4 : std_logics

P54 : std_logic;

€51 @ std_logic;
P61 : std_logic;
52 : std_logic;
P62 : std_logic;
5.3 : std_logic;
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8.1 : std_logis
82 : std_logic;
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s
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€91 : std_logis
92 : std_logic;
P10.1 : std_logic;
€93 : std_logis
P102 : std_logic;
9.4 : std_logis
P103 : std_logic;
€95 : std_logic;
P10.4 : std_logic;

9 ¢ std_logics

€101 : std_logic;
€102 : std_logic;
P111 : std_logics
€103 : std_logic;
P11 : std_logic;

104 : std_logic;
P113 : std_logics
10 : std_logic;

€111 : std_logics

€112 : std_logics
P121 : std_logic;
€113 : std_logics
P12 : std_logics

€11 : std_logics

€121 : std_logics
€122 : std_logics
P13 : std_logics
12 : std_logic;

€131 : std_logics
€13 : std_logic;
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221 ---P15

222 signal €14 : std_logic
223

224 ---declaring half and full adder components-
225 component half_adder
226 Port ( Ain

227 Bin
228 Sout
229 cout.

230 end component;
231

232 component full_adder

233 Port ( Ain : in STD_LOGIC
234

235

236

237

235 end component;

239

240 ---begin section
281 begin

282

243 Ain(1) and
28 Ain(8) and
245

246 Ain(2) and
247 Ain(1) and
248 Ain(8) and
249

250 Ain(3) and
251 Ain(2) and
252 Ain(1) and
253 Ain(8) and
254

255 Ain(4) and
256 Ain(3) and
257 Ain(2) and
258 Ain(1) and
259 Ain(8) and

260
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MB7 <= Ain(4) and

Ain(7) and
Ain(6) and
Ain(5) and

Ain(7) and
Ain(6) and

A7B7 <= Ain(7) and

port mapping-

Pout(9) <= Ain(8) and Bin(0);

P16 : half_adder port map (Ain=>A981, Bi

54180, Sout=>Pout(1), Cout=>C1);

P21 : full_adder port mep (Ain=>A1B1, Bin=>A288, Cin=>Cl, Sout=>P2_1, Cout=>C2_1);
P28 : half_adder port map (Ain=>A082, Bi Sout=>Pout(2), Cout=>C2);

+ full_adder port map (Ain=>A251, Bin=>A3B0, Cin=>C2_1, Sout=>P3_1, Cout=>C3_1);
£ull_adder port map (Ain=>ALB2, Bin=>P3_1, Cin=>C2, Sout=>P3_2, Cout=>C3_2);

P36 : half_adder port map (Ain=>A083, Bi

5P3_2, Sout=>Pout(3), Cout=>C3);

t fuUll_adder port map (Ain=>A381, Bin=>ABO, Cin=>C3_1, Sout=>P4_1, Cout=>C4_1);
full_adder port map (Ain=>A282, Bin=>P4_1, Cin=>(3_2, Sout=>P4_2, Cout=>C4_2)
: full_adder port map (Ain=>ALE3, Bin=>P4_2, Cin=>C3, Sout=>Pa_3, Cout=>C4_3);
half_adder port map (Ain=>A084, B Sout=>Pout(4), Cout=>C4);

+ full_adder port map (Al
+ full_adder port map (Ai
full_adder port map (Air
+ full_adder port map (Ai

5A4B1, Bin=>ASBO, Cin=>C4_1, Sout=>P5_1, Cout=>C5_1)
5A382, Bin=>P5_1, Cin=>C4_2, Sout=>P5_2, Cout=>C5_2)
5A283, Bin=>P5_2, Cin=>C4_3, Sout=>5_3, Cout=>C5_3)
5A184, Bin=>P5_3, Cin=>C4, Sout=>P5_4, Cout=>C5_4);
Sout=>Pout(5), Cout=>C5);
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¢ full adder port map (Al
full_adder port map (Alr
+ full_adder port map (Ai
+ full_adder port map (Ai
full_adder port map (Air

Bin=>A6B0, Cin=>C5_1, Sout=>P6_1, Cout=>C6_1);
Bin=>P6_1, Cin=>C5_2, Sout=>P6_2, Cout=>C6_2).
Bin=>P6_2, Cin=>C5_3, Sout=>P6_3, Cout=>C6_3).
Bin=>P6_3, Cin=>C5_4, Sout=>P6_4, Cout=>C6_4);
Bin=>P6_4, Cin=>C5, Sout=>P6_5, Cout=>C6_5);

P68 : half_adder port map (Air Bin=>P6_5, Sout=>Pout(s), Cout=>C6);

P71 : full_adder port map Bin=>A7B0, Sout=>p7_1, Cout=>C7_1);
P72 : full_adder port map Bin=>P7_1, Sout=>P7_2, Cout=>C7_2);
P73 & full adder port map Bin=>P7_2, Sout Cout=>7.3);
P74 : full_adder port map Bin=>P7_3, Sout Cout=>C7_4)

P75 & fulladder port map
P76 : fulladder port map
P78 : half_adder port map (Air

Bin=>P7_4, Cin=>C6_5, Sout=>P7_5, Cout=>C7_5);
Bin=>P7_5, Cin=3C6, Sout=>P7_6, Cout=>C7_6);
Bin=>P7_6, Sout=>Pout(7), Cout=>C7);

+ half_adder port map
full_adder port map
+ full_adder port map
ull_adder port map
+ full_adder port map
: full_adder port map

Bin=>C7_1, Sout=>P8_1, Cout=>C8_1);

Bin=>P8_1, Cin=>C7_2, Sout=>P8 2, Cout=>C8_2).
Bin=>P8_2, Cin=>C7_3, Sout=>P8 3, Cout=>C8 3);
Bin=>P8_3, Cin=>C7_4, Sout=>P3_4, Cout=>C8 4).
Bin=>P8_4, Cin=>C7_5, Sout=>P8_5, Cout=>C85).
Bin=>P8_5, Cin=>C7_6, Sout=>P3_6, Cout=>C8_6);

P88 : full adder port map (Air Bin=>P3_6, Cin=>C7, Sout=>Pout(8), Cout=>C8);
PO1 : full_adder port Bin=>C8 1, Sout=>P9_1, Cout=>C9_1);
P2 : full_adder port Bin=>p9_1, Sout=>P9_2, Cout=>C9_2);
P93 : full_adder port Bin=>p9_2, Sout=>P9_3, Cout=>C9_3);
P4 : Full_adder port Bin=>p9_3, Sout=>P9_4, Cout=>C9_4);

P95 : full_adder port mep (Ain=>A386, Bin->P9_4, Cir Sout=>P9_5, Cout=>C9_5);
P96 : full_adder port map (Ain=>A287, Bin=>P9_5, Cin=>C8, Sout=>Pout(9), Cout=>C9);

P01 : full_adder port map
P102 : full_adder port map

5C9_1, Cin=>C9_2, Sout=>P10_1, Cout=>C10_1);
Bin=>P16_1, Cin=>C9_3, Sout=>16_2, Cout=>C16_2);
P103 : full_adder port map 5P10_2, Cin=>(9_4, Sout=>P10_3, Cout=>C103);
P104 : full_adder port map 5P10_3, Cin=>C9_5, Sout=>P10_4, Cout=>C10_4);
P16.0 : full adder port map (Ain=>A387, Bin=>P16_4, Cin=>C9, Sout=>Pout(10), Cout=>10);

P11

full_adder port map (Air 5C10_1, Cin=>C16_2, Sout=>P111, Cout=>C11 1
P11, Cin=>C16.3, Sout=>P112, Cout=>C112);
5P11_2, Cin=>C16_4, Sout=>P113, Cout=>C11 3]

113, Cin=>C10, Sout=>Pout(11), Cout=>CI1

P112 : full adder port map (Ain=>AG8S, Bin

P113 : full_adder port map (Ain=>A586, Bi
P11.6 : full adder port map (Ain=>A487, Bir

P121 : full_adder port map (Ain=>A78S, Bi
P122 : full_adder port map (Ain=>A686, Bin
P12.6 : full adder port map (Ain=>AS87, Bir

5C111, Cin>C11.2, Sout=>P12_1, Cout=>C12_1;
5P12_1, Cins>C113, Sout=>P12_2, Cout=>C12_2);
P12 2, Cin=>C11, Sout=>Pout(12), Cout=>C12);

P131 : full_adder port map (Ain=>A786, Bin=>C12_1, Cin=>C12_2, Sout=>P13_1, Cout=>C13_1);
P13.6 : full adder port map (Ain=>AG87, Bin=>P13_1, Cin=>(12, Sout=>Pout(13), Cout=>C13);

P18.0 : full_adder port map (Ain=>A7B7, Bin=>C13_1, Cin=>(13, Sout=>Pout(14), Cout=>Cl4);

P15 : Pout(1s)

s

end gate level;

e==rs
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Engineer
Create Date: 11.04.2025 02:39
Module Name: wallace multiplier - behavioral

alistair lounds

-~ Model: 848 wallace multiplier

-library declarations

Library IEEE; -~ declaration that IEEE library is being used
use TEEE.STD_LOGIC_1164.ALL; - using IEEE standard logic package 1164

---entity declaration

entity

wallace_multiplier is

Port ( Ain : in STD_LOGIC VECTOR (7 downto @); -~ Ain values AB to A7

Bin : in STD_LOGIC_VECTOR (7 dounto @); - Bin values B0 to 57
Pout : out STD_LOGIC_VECTOR (15 downto 8)); -- Pout values PO to P15

end wallace_multiplier;

---architecture

architecture behavioral of wallace_multiplier is

signal
signal
signal

signal
signal
signal
signal

signal
signal
signal
signal
signal
signal
signal

signal
signal
signal
signal
signal
signal
signal
signal

signal
signal
signal
signal
signal
signal
signal
signal

51,52,53,54,55,56,57,58,59, 510,511,512, 513,514, 515,516,517, 518: std_logic;
519,520,521,522,523,524,525,526, 527,528, 529,530, 531,532,533,534: std_logic;
535,536,537,538,539,540,541,542: std_logic;.

€1,2,03,04,C5,6,C7,8,09,(16,(11,(12,(13,C14,C15,16,C17,18: std_logic;
€19,020,021,022,23, (24,025,026, 27, (28,C29,(38, 31, 32,(33,(34: std_logic;
C35,C36, €37, (38, (39, (40, C41,C42, 43, C44, 45, C46, 47, C48,C49,C50: std_logic;
51,052,(53,C54,C55: std_logic;

A@B1 : std_logic;
A@B2 : std_logic:

A@B3 : std_logic:
AoB4 : std_logic;
A@BS : std_logic:

A0S : std_logic;

A0B7 : std_logic;
A180 : std_logic;
A1B1 : std_logic;
A1B2 : std_logic:
A183 : std_logic;
A1B4 : std_logic;
A185 : std_logic:
A186 : std_logic;
A187 : std_logic;

A280 : std_logic;
A2B1 : std_logic:

A2B2 : std_logic:
A283 : std_logic;
A284 : std_logic:

A285 : std_logic:
A286 : std_logic;
A287 : std_logic:
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signal
signal
signal
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signal
signal
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std_logic;
std_logic
std_logic
std_logic;
std_logic
std_logic
std_logic;
std_logic

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

std_logic
std_logic
std_logic;
std_logic
std_logic
std_logic;
std_logic
std_logic.
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signal A6BB : std_logic;

signal A6B1 : std_logic;
signal A6B2 : std_logic;
signal A6B3 : std_logic;
signal A6B4 : std_logic;
signal A6B5 : std_logic;

signal A6B6 : std_logic;
signal A6B7 : std_logic;

signal A786 : std_logic;
signal A7B1 : std_logic;
signal A782 : std_logic;
signal A783 : std_logic;
signal A784 : std_logic;
signal A785 : std_logic;
signal A786 : std_logic;

signal A787 : std_logic;

declaring half and full adder components-
component half_adder
Port ( Ain : in STD_LOGIC;
Bin : in STD_LOGIC:
Sout : out STD_LOGIC;
Cout ¢ out STD_LOGIC)
end component;

component full_adder

Port ( Ain : in STD_LOGIC

Bin : in STD_LOGIC;

Cin : in STD_LOGIC;

Sout : out STD_LOGIC;

Cout ¢ out STD_LOGIC)

end component:

begin section
begin

Ain(@)and Bin(1);
Ain(@)and Bin(2);
Ain(8)and Bin(3);
Ain(@)and Bin(4);
Ain(@)and Bin(5);
Ain(@)and Bin(6);
Ain(@)and Bin(7);

Ain(1)and Bin(0);
Ain(1)and Bin(1);
Ain(1)and Bin(2);
Ain(1)and Bin(3);
Ain(1)and Bin(4);
Ain(1)and Bin(5);
Ain(1)and Bin(6);
Ain(1)and Bin(7);

Ain(2)and Bin(@);
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Ain(2)and
Ain(2)and
Ain(2)and
Ain(2)and
Ain(2)and

286 <= Ain(2)and

A287 <= Ain(2)and

388 <= Ain(3)and

A3B1 <= Ain(3)and

A382 <= Ain(3)and

A383 <= Ain(3)and

A384 <= Ain(3)and

A385 <= Ain(3)and

A386 <= Ain(3)and

A387 <= Ain(3)and

488 <= Ain(4)and

481 <= Ain(4)and

482 <= Ain(4)and

483 <= Ain(4)and

484 <= Ain(4)and

485 <= Ain(4)and

486 <= Ain(4)and

487 <= Ain(4)and

A5B8 <= Ain(5)and

ASB1 <= Ain(5)and

A5B2 <= Ain(5)and

A5B3 <= Ain(5)and

A5B4 <= Ain(5)and

A5B5 <= Ain(5)and

A5B6 <= Ain(5)and

ASB7 <= Ain(5)and

Bin(1);
Bin(2);
Bin(3);
Bin(4);
Bin(5);
Bin(6);
Bin(7);

Bin(0);
Bin(1);
Bin(2);
Bin(3);
Bin(4);
Bin(5);
Bin(6);
Bin(7);

Bin(0);
Bin(1);
Bin(2);
Bin(3);
Bin(4);
Bin(5);
Bin(6);
Bin(7);

Bin(0);
Bin(1);
Bin(2);
Bin(3);
Bin(4);
Bin(5);
Bin(6);
Bin(7):
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aB0.
761
782
783
a7Ba.
a785
a786.
787

Ain(6)and
Ain(6)and
Ain(6)and
Ain(6)and
Ain(6)and
Ain(6)and
Ain(6)and
Ain(6)and

Ain(7)and
Ain(7)and
Ain(7)and
Ain(7)and
Ain(7)and
Ain(7)and
Ain(7)and
Ain(7)and

--first stage

ha11
fa12
fa13
fala
fal5
al6
fa17
hals

half_adder

--second stage

ha21
fa22
£a23
fa2a.
fa25
a6
fa27
fa28.

half_adder
full_adder
full_adder
full_adder
full_adder
full_adder
full_adder
full_adder

--third stage

ha31
fa32
£a33
fa34.
£a35
236
£a37
238

half_adder
full_adder
full_adder
full_adder
full_adder
full_adder
full_adder
full_adder

--Fourth stage
hadl : half_adder

fag2

full_adder

43 : full_adder

Bin(0);
Bin(1);
Bin(2);
Bin(3);
Bin(4);
Bin(5);
Bin(6);
Bin(7);

Bin(0);
Bin(1);
Bin(2);
Bin(3);
Bin(4);
Bin(5);
Bin(6);
Bin(7);

port

port
port
port
port
port
port
port
port

port
port
port
port
port
port
port
port

port
port
port

Pout(e) <= Ain(@) and Bin(0);

half_adder port

full_adder port Bin=>A181, Cir
full_adder port Bin=>A281, Cir
full_adder port Bin=>A381, Cir
full_adder port Bin=>A481, Cir
full_adder port Bin=>AS81, Cir
full_adder port Bin=>A681, Cir

54083, Bin=>s2,
Bins>s3,
Bino>sa,
Bino>ss,
Bin=>s6,

Bins>s7,

54084, Bin=>s9,
Bin=>s1e,
Binm>s11,
Bin=>s12,
Bin=>s13,

Bin=>s1a,

17,
58085, Bin=>s16,
>A1BS, Bin=>S17,

Bin=>A0B1, Sout=>Pout(1), Cout

58, Bin=>C9, Sout=>Pout(3), Cout=>C17);

Bin=>AGB4, Cir

Sout=>s1,
Sout=>s2,

Sout=>ss,
Sout=>s6,

Bin=>AGB2, Sout=>S7, Cout=>C8);

51, Bin=>Cl, Sout=>Pout(2), Cout=>c9);

Cin=>C2, Sout=>s8, Co
Cin=>C3, Sout=>s9, Cout=>ClL
Cin=>C4, Sout=>s10, Couf
Cin=>C5, Sout=>sll, Cout=>C13);
Cin=>C6, Sout=>s12, Couf
Cin=>C7, Sout=>s13, Cout=>C15);

Bin=>A683, Cin=>C8, Sout=>s14, Cout=>C16);

Cin=>C10, Sout=>S15, Cout=>C18);
Cin=>a11, sout:
cins>a12,
cins>a13,
cins>Cs,
cins>as,

5C16, Sout=>s21, Cout=>C24);

Sout
cin
Cin-

>Pout(4), Cout=>C25);
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226 fa44 : full adder port map(Ain=>A285, Bin=>S18, Cin=>(20, Sout=>S24,
227 £ad5 : full adder port map(Ain=>A385, Bin=>s19, Cin=>C21, Sout=>s25,
228 £a46 : full adder port map(Ain=>ABS, Bin=>s20, Cin=>C22, Sout=>$26,
229 fad7 : full_adder port map(Ain=>ASBS, Bin=>S21, Cin=>C23, Sout=>S27, Co
230 a8 : full_adder port map(Ain=)A7B4, Bin=>AGBS, Cin=>(24, Sout=>S28, Cout=>C32);
231

232 --fifth stage

233 haS1 : half_adder port C25, Sout=>Pout(s), Cout=>C33);

232 £a52 : full adder port map(Ain=>ABB6, Bin=>s23, Cin=>(26, Sout=>$29,
235 £a53 : full adder port map(Ain=)A1B6, Bin=>s24, Cin=>C27, Sout=>$30,
235 fa54 : full adder port map(Ain=)A286, Bin=>s25, Cin=>(28, Sout=>s31,
237 £a55 : full adder port map(Ain=>A386, Bin=>s26, Cin=>(29, Sout=>$32,
238 £a56 : full adder port map(Ain=>AB6, Bin=>s27, Cin=>(38, Sout=>$33,
239 £a57 : full adder port map(Ain=>ASB6, Bin=>s28, Cin=>(31, Sout=>$34,
240 £a5B : full_adder port map(Ain=>A7BS, Bin=>AGB6, Cin=>(32, Sout=>S35, Cout=>C40);
281

282 --sixth stage

243 habl : half_adder port C33, Sout=>Pout(6), Cout=>C41);

234 fa62 : full_adder port map(Ain=>ABB7, Bin=>S30, Cin=>C34, Sout=>S36, Cout=>C42);
245 £a63 : full adder port mep(Ain=)A1B7, Bin=>s31, Cin=>(35, Sout=>s37,
245 fab4 : full adder port map(Ain=)A287, Bin=>s32, Cin=>(36, Sout=>s38,
247 £a65 : full adder port mep(Ain=>A387, Bin=>s33, Cin=>(37, Sout=>$39,
243 £a66 : full adder port map(Ain=>AB7, Bin=>s34, Cin=>(38, Sout=>s40,
249 £a67 : full adder port map(Ain=>ASB7, Bin=>s35, Cin=>(39, Sout=>sa1,
250 fa6B : full_adder port map(Ain=>A7B6, Bin=>AG7, Cin=>(40, Sout=>S42, Cout=>C48);
251

252 --seventh stage

253 ha71 : half_adder port map(Ain=>S36, Bin=>C41, Sout=>Pout(7), Cout=>C49);

254 £a72 : full_adder port map(Ain=>C49, Bin=>s37, Cin=>C42, Sout=>Pout(8), Cout=>C50);
255 £a73 : full adder port map(Ain=>C50, Cin=>Ca3, Sout=>Pout(9), Cout=>C51):
256 fa74 : full adder port map(Ain=>C51, Cin=>Ca4, Sout=>Pout(10), Cout=>C52);
257 a5 : full_adder port map(Ain=>(52, Cin=>Ca5, Sout=>Pout(11), Cout=>C53):
258 £a76 : full adder port map(Ain=>C53, Cin=>C46, Sout=>Pout(12), Cout=>C54);
259 £a77 : full_adder port map(Ain=>C54, Cin=>C47, Sout=>Pout(13), Cout=>C55):
250 fa78 : full_adder port map(Ain=>55, Bin=>A7B7, Cin=>C48, Sout=>Pout(14), Cout=>Pout(15));
261

262 end behavioral;

263
268 -

end
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257 fa75 : full adder port
258 £a76 : full adder port map(Ain=>C53,
259 £a77 : full_adder port map(Ain=>C54,
250 £a78 : full adder port map(Ain=>C55,
261

262 end behavioral;

263

24 -

Sout=>Pout(11), Cout=>C53);
Sout=>Pout(12), Cout=>C54);
Sout=>Pout (13), Cout=>C55)

end
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timingade X @ Workspace Trust

C:> Users > Alstair Admin > Documents > Eiectronics 2 ACDAG0D1 > supporting_files_ 2227990 >
#create a virtual clock at 200 Mz
create_clock -period 5.080 -name virtual clk

1
2

3

4 #set max delay for the critical path (longest delay for braun 4lns and wallace 29ns)
5 set_max_delay -from [get_ports Ain*] -to [get_ports Pout*] 29.000
i
7
5
il

#set design power budget as 1
set_operating_conditions -design_power budget 1.0

10 #set to VCCO or GND
11 set_property CFGBVS VCCO [current_design]

12

13 #set t0 3.3, 2.5, 1.8 or 1.5

14 set_property CONFIG_VOLTAGE 3.3 [current_design]

15

16 #set 10 location - package pin

17 set_property PACKAGE_PIN R2 [get_ports {Ain[0]}]
15 set_property PACKAGE_PIN T1 [get_ports {Ain[11}]
19 set_property PACKAGE_PIN UL [get_ports {Ain[2]}]
20 set_property PACKAGE_PIN W2 [get_ports {Ain[31}]
21 set_property PACKAGE_PIN R3 [get_ports {Ain[41}]
22 set_property PACKAGE_PIN T2 [get_ports {Ain[S1}]
23 set_property PACKAGE_PIN T3 [get_ports {Ain[61}]
24 set_property PACKAGE_PIN V2 [get_ports {Ain[71}]

25

26 set_property PACKAGE_PIN W13 [get_ports {Bin[0]}]
27 set_property PACKAGE_PIN W14 [get_ports {Bin[11}]
25 set_property PACKAGE_PIN VIS [get_ports {Bin[2]}]
29 set_property PACKAGE_PIN WIS [get_ports {Bin[31}]
30 set_property PACKAGE_PIN W17 [get_ports {Bin[41}]
31 set_property PACKAGE_PIN W16 [get_ports {Bin[51}]
32 set_property PACKAGE_PIN V16 [get_ports {Bin[61}]
33 set_property PACKAGE_PIN V17 [get_ports {Bin[71}]
34

35 set_property PACKAGE_PIN L1 [get_ports {Pout[0]}]
35 set_property PACKAGE_PIN P1 [get_ports {Pout[11}]
37 set_property PACKAGE_PIN N3 [get_ports {Pout[2]}]
35 set_property PACKAGE_PIN P3 [get_ports {Pout[31}]
39 set_property PACKAGE_PIN U3 [get_ports {Pout[41}]
45 set_property PACKAGE_PIN W3 [get_ports {Pout[51}]
41 set_property PACKAGE_PIN V3 [get_ports {Pout[61}]
42 set_property PACKAGE_PIN V13 [get_ports {Pout[71}]
43 set_property PACKAGE_PIN V14 [get_ports {Pout[81}]
44 set_property PACKAGE_PIN Ul4 [get_ports {Pout[91}]
45 set_property PACKAGE_PIN U5 [get_ports {Pout[101}]
45 set_property PACKAGE_PIN W18 [get_ports {Pout[111}]
47 set_property PACKAGE_PIN V19 [get_ports {Pout[121}]
45 set_property PACKAGE_PIN U19 [get_ports {Pout[131}]
45 set_property PACKAGE_PIN E19 [get_ports {Pout[141}]
50 set_property PACKAGE_PIN UL6 [get_ports {Pout[151}]
51
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#set 10 standard values
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD

‘set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD

set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
‘set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD
set_property IOSTANDARD

as 3.3V
Lvaros33
Lvaros33
Lvaros33
Lvaros33
Lvaros33
Lvaros33
Lvaros33
Lvaros33

Lvaros33
Lvaros33
Lvaros33
Lvaros33
Lvaros33
Lvaros33
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[get_ports {Ain[01}]
[get_ports {Ain[11}]
[get_ports {Ain[21}]
[get_ports {Ain[31}]
[get_ports {Ain[41}]
[get_ports {Ain[51}]
[get_ports {Ain[61}]
[get_ports {Ain[71}]

[get_ports {Bin[01}]
[get_ports {Bin[11}]
[get_ports {Bin[21}]
[get_ports {Bin[31}]
[get_ports {Bin[41}]
[get_ports {Bin[51}]
[get_ports {Bin[61}]
[get_ports {Bin[71}]

[get_ports {Pout[01}]
[get_ports {Pout[11}]
[get_ports {Pout[2]}]
[get_ports {Pout[31}]
[get_ports {Pout[41}]
[get_ports {Pout[51}]
[get_ports {Pout[61}]
[get_ports {Pout[71}]
[get_ports {Pout[81}]
[get_ports {Pout[91}]
[get_ports {Pout[16]}]
[get_ports {Pout[111}]
[get_ports {Pout[121}]
[get_ports {Pout[131}]
[get_ports {Pout[141}]
[get_ports {Pout[151}]
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[get_ports {Pout[01}]
[get_ports {Pout[11}]
[get_ports {Pout[2]}]
[get_ports {Pout[31}]
[get_ports {Pout[41}]
[get_ports {Pout[51}]
[get_ports {Pout[61}]
[get_ports {Pout[71}]
[get_ports {Pout[81}]
[get_ports {Pout[91}]
[get_ports {Pout[16]}]
[get_ports {Pout[111}]
[get_ports {Pout[121}]
[get_ports {Pout[131}]
[get_ports {Pout[141}]
[get_ports {Pout[151}]




image1.png
Prifysgol Cymru
N Y Drindod Dewi Sant
< University of Wales
Trinity Saint David

Q




image2.png
XC7A35T— PGZ 6C

Dewce Type Package I/O Pin
Type Number
Speed Lead-Free Temperature
Grade Range
T,=0t0 85°C

(Commercial)




