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[bookmark: _Toc233903248]1. Introduction

Nearly all digital systems rely on binary multiplication, they are especially used in DSP, image processing and ALUs, while more recent applications have been within machine learning. This means the efficiency of a multiplier can have a large impact on overall performance.
The aim of this report is to analyze the differences between Braun’s multipliers and Wallace Tree multipliers. It will go into the key design differences and, using Vivado simulations, consider the differences in time and power efficiency. It has been found that while the Wallace multiplier is faster, Braun’s was a better choice to optimize power consumption and lower hardware requirements.
2

[bookmark: _Toc233903249]2. Background Research

[bookmark: _Toc233903250]2.1. Binary Multipliers
Binary multiplication is fundamentally essential in all computer programming and is one of the more intense operations [1]. 
Nearly all multipliers operate using the same basic principles, which are split into partial product generation and the partial product reduction, typically using a series of adders [1]. Half adders and full adders act as the arithmetic building blocks, taking 2 or 3 inputs, and summing them to produce a sum and carry output [2].
To produce the final output, the partial products are then summed [2]. The structure of how these are summed together can impact the efficiency, delay, and hardware utilization [3].


[bookmark: _Toc233903251]2.2. Advantages and Disadvantages 
There are several common methods of binary multiplication, one of these is a Braun’s multiplier. These typically have a straightforward, array layout, making them easy to implement despite sometimes requiring more hardware [4]. A crucial downside with the Braun’s multiplier is that due to the layout, the hardware and power consumption will grow proportionally to n2, where n is the number of bits being multiplied, which can cause inefficiencies [5]. While simplicity can help with error detection and reliability, it also creates a longer critical path, causing higher propagation delay [6]. 
Another common multiplier is the Wallace multiplier. This style often has a higher operating speed, due to a shorter critical path and parallel operations [7]. This comes with the downside of a higher design complexity, sometimes with a larger hardware area required [8]. The additional routing and hardware can also increase power consumption, with efficiency also dependent on the final type of adder used [9].
Some other common multipliers used in industry include Booth multipliers. These only use around half the number of partial products, reducing the switching activity, and computational power [10]. They also however have more complex logic and implementation, meaning that it may not be more efficient for smaller (<8-bit) operands than other multipliers [4].
Dadda multipliers are another example, where they can achieve similar level of efficiency as a Wallace multiplier, however with lower hardware requirements and power consumption. They both use logarithmic reduction; however, Dadda multipliers only reduce partial products when necessary [4]. They are however more complex and irregular, making design harder, and challenging to scale up [11].


[bookmark: _Toc233903252]2.3. Recent Developments and Applications
A recent study by Deepika et.al. [12] proposes a new hybrid multiplier, combining either Dadda and Wallace or Dadda and Booth multipliers. By using the optimized reduction from Dadda multipliers, and the fewer partial products from Booth, or the parallel calculations from Wallace, the efficiency can be greatly improved. This can be used for low-power ASIC chips or FPGA programming.
More research, such as the paper by Rizos et.al. [13] has been looking at reducing complexity of Wallace multipliers. Methods, such as reducing the number of partial products, and the number of adders, particularly in the final stage, lead to faster critical paths, reduced hardware and improved power efficiency. The article discusses applying these methods to digital image processing to reduce image noise by using multipliers to process each pixel. It may also be sued for machine learning and neural networks, as they are tolerant of errors, and the multipliers could improve energy efficiency and speed.
Another study by Sakthimohan et.al. [14] looked at Braun’s multipliers, replacing the ripple adders with either carry-save adders, or hybrid full adders. This was found to reduce the critical path delay. While the paper mainly looked at use within ALUs, the multipliers can also be used for DSP algorithms, including Fast-Fourier Transforms. On a higher level, low-power multipliers are also crucial for portable electronic devices requiring calculations, such as laptops, making high-efficiency multipliers very appealing.




[bookmark: _Toc233903253]3. Task 1 – 8x8 Brauns Multiplier

[bookmark: _Toc233903254]3.1. Multiplier design
An 8x8 Braun’s multiplier begins by generating 8 rows of partial products, using AND gates until each bit of the multiplicand is combined with the multiplier. The partial products are then arranged in an array format, with the position of each relating to the weighting of the output bit they contribute to [15].
Each partial product is then passed into a full or half adder, where the sum output is passed down to the next row in the same column of the array. The carry output is passed to the right, which will be the column for the next most significant bit [16]. The final sum of each column in the adder array will output to the final 16-bit term, with the LSB on the right (position 0 of the output) and the MSB on the leftmost column (position 15 of the output) [17]. 
This design features a final ripple-carry adder, where the carry output of one adder becomes the carry input of the next [2].



[bookmark: _Toc233903255]3.1.1. Excel Layout
Figure 1 shows the initial calculation layout made in Excel, with all the partial products laid out in the 8x8 grid needed for the Braun’s multiplier.
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[bookmark: _Toc233903203]Figure 1: Braun's multiplier partial product layout


[bookmark: _Toc233903256]3.1.2. Block Diagram
To more easily visualize the design, and to better implement the code, the block diagram in Figure 2 was made, with yellow blocks forming full adders, and green representing half adders. In total, 48 full adders were used, and 8 half adders.
[image: ]
[bookmark: _Toc233903204]Figure 2: Braun's multiplier block diagram






[bookmark: _Toc233903257]3.2. VHDL operation
The full code can be seen in Appendix C, and the half and full adder code in Appendix A and B, which make up the larger program. The basic VHDL program method can be seen in Figure 3
[image: ]
[bookmark: _Toc233903205]Figure 3: Braun's multiplier flow chart
[bookmark: _Toc233903258]3.3. Simulated results
Using a forced clock, constants A and B were varied between 00 and FF, to test the limits of the multiplier. All the results seen in Table 1 were then checked to ensure accuracy.
[bookmark: _Toc233903234]Table 1: Braun's multiplier simulation results
	TEST 
	A
	B
	Expected result
	Result
	Pass/ Fail

	1
	00
	00
	0000
	[image: ]
	PASS

	2
	02
	04
	0008
	[image: ]
	PASS

	3
	0A
	08
	0050
	[image: ]
	PASS

	4
	B1
	0F
	0A5F
	[image: ]
	PASS

	5
	DA
	5C
	4E58
	[image: ]
	PASS

	6
	F4
	EF
	E3CC
	[image: ]
	PASS

	7
	FF
	FF
	FE01
	[image: ]
	PASS














[bookmark: _Toc233903259]3.4. Vivado Synthesis and Implementation
The following Figures 4-7 show the  outputs produced by the synthesis and implementation of the simulation by Vivado; featuring  the RTL (register-transfer level) diagram, implementation schematic,  device layout, and  IO planning diagram. These are based off the hardware of the  Artix-7 FPGA XC7A35TCPG236-1 [18]
[image: ]
[bookmark: _Toc233903206]Figure 4: Braun's multiplier RTL diagram
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[bookmark: _Toc233903207]Figure 5: Braun's multiplier implementation schematic
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[bookmark: _Toc233903208]Figure 6: Braun's multiplier device layout
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[bookmark: _Toc233903209]Figure 7: Braun's multiplier IO planning






[bookmark: _Toc233903260]3.5. Practical Results
Within the Vivado simulation, the pinout of the physical board was mapped to the inputs and outputs of the program, this can be seen in Appendix E. The code was loaded onto the board to verify the results, outcomes of which can be seen in Table 2.
[bookmark: _Toc233903235]Table 2: Braun's multiplier real-world results
	TEST 
	Expected result
	Result
	Pass/ Fail

	1
	00000000 00000000
	[image: ]
	PASS

	2
	00000000 00001000
	[image: ]
	PASS

	3
	00000000 01010000
	[image: ]
	PASS

	4
	00001010 01011111
	[image: ]
	PASS

	5
	01001110 01011000
	[image: ]
	PASS

	6
	11100011 11001100
	[image: ]
	PASS

	7
	11111110 00000001
	[image: ]
	PASS


[bookmark: _Toc233903261]4. Task 2 – 8x8 Wallace Multiplier

[bookmark: _Toc233903262]4.1. Multiplier design
Wallace multipliers begin similarly to Braun’s, by using AND gates to combine the bits of the multiplicand and the multiplier into their partial products. These partial products are then grouped by three or two, depending on the amount of them in each column. Full or half adders are then used to reduce these rows [19].
The process is then repeated with the sum and carry outputs of each adder being passed to the next stage [20]. When only two rows remain, the final values are input into a carry-propagation adder, where the last output bits will be produced [21]. In this design a basic carry-ripple adder will be used.
The adder layout allows for the partial products to be combined in parallel, which means multiple calculations can occur simultaneously, creating a tree-like structure [8].
The design used has the technical capability to produce a 17-bit output, using the carry value of the final adder. However, as two 8-bit integers can only produce up to a 16-bit value, the last bit can be ignored [22].


[bookmark: _Toc233903263]4.1.1. Excel Layout
The diagram in Figure 8 demonstrates the partial product breakdown and reduction for the 8x8 Wallace multiplier. The pink represents half-adder blocks, and the green and blue forming full adders.
[image: ]
[bookmark: _Toc233903210]Figure 8: Wallace multiplier partial product layout

[bookmark: _Toc233903264]4.1.2. Block Diagram
The block diagram is shown in Figure 9, with the green blocks representing half-adders and the yellow representing full adders. In total, 47 full adders were used, and 17 half adders.
[image: ]
[bookmark: _Toc233903211]Figure 9: Wallace multiplier block diagram
[bookmark: _Toc233903265]4.1.3. Dot Diagram
For the operation to be more easily visualized, the dot diagram is shown in Figure 10.
[image: ]
[bookmark: _Toc233903212]Figure 10: Wallace multiplier dot diagram




[bookmark: _Toc233903266]4.2. VHDL operation
Similarly to Braun’s multiplier, the code was written in VHDL (seen in Appendix D), using the half and full adder blocks developed separately (shown in Appendix A and B). The flow chart can be seen in Figure 11.
[image: ]
[bookmark: _Toc233903213]Figure 11: Wallace multiplier flow chart
[bookmark: _Toc233903267]4.3. Simulated results
Table 3 shows the simulated results from Vivado, tested using the same method and inputs as with the Braun’s multiplier, to make the results comparable.
[bookmark: _Toc233903236]Table 3: Wallace multiplier simulation results
	TEST 
	A
	B
	Expected result
	Result
	Pass/ Fail

	1
	00
	00
	0000
	[image: ]
	PASS

	2
	02
	04
	0008
	[image: ]
	PASS

	3
	0A
	08
	0050
	[image: ]
	PASS

	4
	B1
	0F
	0A5F
	[image: ]
	PASS

	5
	DA
	5C
	4E58
	[image: ]
	PASS

	6
	F4
	EF
	E3CC
	[image: ]
	PASS

	7
	FF
	FF
	FE01
	[image: ]
	PASS



















[bookmark: _Toc233903268]4.4. Vivado Synthesis and Implementation
The RTL diagram, implementation schematic, device layout, and IO planning diagram produced by Vivado can be seen in Figures 12-15.
[image: ]
[bookmark: _Toc233903214]Figure 12: Wallace multiplier RTL diagram
[image: ]
[bookmark: _Toc233903215]Figure 13: Wallace multiplier implementation schematic
[image: ]
[bookmark: _Toc233903216]Figure 14: Wallace multiplier device layout

[image: ]
[bookmark: _Toc233903217]Figure 15: Wallace multiplier IO planning diagram







[bookmark: _Toc233903269]4.5. Practical Results
With the same method and pin mapping as Braun’s multiplier, and in Appendix E, the code was loaded onto the Basys 3 board. The tests can be seen in Table 4.
[bookmark: _Toc233903237]Table 4: Wallace multiplier real-world results
	TEST 
	Expected result
	Result
	Pass/ Fail

	1
	00000000 00000000
	[image: ]
	PASS

	2
	00000000 00001000
	[image: ]
	PASS

	3
	00000000 01010000
	[image: ]
	PASS

	4
	00001010 01011111
	[image: ]
	PASS

	5
	01001110 01011000
	[image: ]
	PASS

	6
	11100011 11001100
	[image: ]
	PASS

	7
	11111110 00000001
	[image: ]
	PASS



[bookmark: _Toc233903270]5. Task 3  - Comparison and Evaluation

[bookmark: _Toc233903271]5.1. Longest Delay
[bookmark: _Toc233903272]5.1.1. Longest route
The first step to calculate the theoretical time taken for each multiplier was to work out the longest path through each of the multipliers. This is shown in Figures 16 and 17 indicated by the red arrow.
[image: ]
[bookmark: _Toc233903218]Figure 16: Longest route block diagram for Braun's Multiplier
[image: ]
[bookmark: _Toc233903219]Figure 17: Longest route block diagram for Wallace Multiplier


[bookmark: _Toc233903273]5.1.2. Calculations
The parameters in Equation 1 were used to calculate the timings for each route:
				     
				       
[bookmark: _Toc233903239]Equation 1: Timing parameter values
For Braun’s Multiplier, the longest route went through one AND gate, and 20 adder blocks. The time taken is calculated in Equation 2.

[bookmark: _Toc233903240]Equation 2: Braun's multiplier longest delay calculation

For the Wallace Multiplier, the longest route went through one AND gate, and 15 adder blocks. The time taken is calculated in Equation 3.

[bookmark: _Toc233903241]Equation 3: Wallace multiplier longest delay calculation


[bookmark: _Toc233903274]5.2. Simulated timings
[bookmark: _Toc233903275]5.2.1. Set up
The calculations in the previous section set the timing requirements set in the constraints file. The clock period is set to be slightly higher than the max delay, to allow enough time for the simulation to fully run. The power budget was also set to be 0.25W for both, shown in Figures 18 and 19.. 
[image: ]
[bookmark: _Toc233903220]Figure 18: Braun's multiplier timing constraints
    [image: ]
[bookmark: _Toc233903221]Figure 19: Wallace multiplier timing constraints


[bookmark: _Toc233903276]5.2.2. Timing results
The ‘set_max_delay’ specifies the maximum amount of time before the signal should be received. The WNS in Figures 20-23 indicates the difference between the maximum time and the actual time the signal was delivered, calculated using Equation 4 [23], and results shown in Table 5.

[bookmark: _Toc233903242]Equation 4: WNS equation
[image: ]
[bookmark: _Toc233903222]Figure 20: Braun's multiplier synthesis timing summary
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[bookmark: _Toc233903223]Figure 21: Wallace multiplier synthesis timing summary
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[bookmark: _Toc233903224]Figure 22: Braun's multiplier implementation timing summary
[image: ]
[bookmark: _Toc233903225]Figure 23: Wallace multiplier implementation timing summary

[bookmark: _Toc233903238]Table 5: Multiplier time delay results
	Multiplier
	Synthesis time (ns)
	Implementation time (ns)

	Braun’s
	16.822
	22.906

	Wallace
	12.399
	18.475




[bookmark: _Toc233903277]5.2.3. Analysis and Comparison
The Wallace tree multiplier reduces partial products along parallel path, so multiple adders can operate at the same time and there are fewer logic levels [7], the Wallace therefore has a shorter critical path. As the Brauns has a regular array of adders, more adders are dependent on previous blocks, creating a longer sequential path.
The implementation time is longer for both multipliers, due to how Vivado simulates the connections within the FPGA. With the synthesized design, it only considers the direct connectivity, like the RTL diagram, while only estimating the routing delay. With the implementation, it calculates the routing information within the chip, so provides a more realistic idea of the program timings when used on a real chip [24].
It can also be seen that the time taken for each program is lower than the max delay set in the constraints. This means that the simulation is operating within the limit provided and can be assumed that the adders and AND gate blocks do not take the full 2/1ns respectively to operate. 


[bookmark: _Toc233903278]5.2.4. Recommendations
To improve the speed of the Wallace multiplier, the ripple-carry adder along the bottom could be optimized, as this is the largest source of delay [2]. One alternative would be to use a carry-lookahead adder, where the bits are calculated in parallel. This means that it would consume more power however, as more operations will be occurring simultaneously [25].
Similarly, a different type of adder could be used for the Braun’s multiplier’s final row, however this will likely be less impactful as the internal carrying processes still cause long delays [1].
One other way to improve timing would be to include registers withing the VHDL code. This means there will be a shorter delay for each step and can allow for a faster clock speed and increase the throughput, allowing for more multiplications to be completed per second, rather than speeding up each multiplication [2].
[bookmark: _Toc233903279]5.3. Power consumption
[bookmark: _Toc233903280]5.3.1. Summaries	
With the power budget set to 0.25W for both, Figures 24 and 25 show power consumption for both multipliers. The power summary was identical for both the synthesis and implementation. 
[image: ]
[bookmark: _Toc233903226]Figure 24: Braun's multiplier power summary

[image: ]
[bookmark: _Toc233903227]Figure 25: Wallace multiplier power summary

[bookmark: _Toc233903281]5.3.2. Analysis
From these results, both multipliers consume a relatively small amount of power, the Braun’s using 80mW, and the Wallace 83mW. Braun’s has lower power consumption overall, and lower dynamic power. This may be due to fewer LUTs, or that there is reduced arithmetic logic, as dynamic power is proportional to switching activity and capacitance. Static power typically indicates that there is power being lost by transistor leakage (even when off), or other factors such as temperature, or unused resources [25]. 
The Wallace multiplier has higher power consumption, most likely due to greater amount of arithmetic logic and adder blocks, 63 compared to 56. This means that there will be more LUT and switching activity and capacitance [25].
The junction temperature for both multipliers is also only increased by a small amount, suggesting that they both have reasonable thermal performance. 
One of the key considerations however is that the confidence level for both summaries is ‘Low’. Vivado uses default values to estimate power consumption, it cannot guarantee that the results are fully accurate to real chips [24]. 


[bookmark: _Toc233903282]5.3.3. Recommendations
Static power can be reduced by using a lower-power FPGA such as the Spartan series, which will have less transistor leakage. It is also possible to design additional heat sinks or cooling, as this will create a lower junction temperature (reducing leakage current), however this is unlikely to have a large impact, as the temperature is already low [25]. 
It may be possible to further optimize the architecture of both multipliers, such as by including clock enables, or operand isolation [26]. However as only a small proportion of the power is dynamic, it will be more impactful to focus on static power usage.
Another option may be to use a smaller FPGA, if it still has sufficient LUTs for the design, fewer unused transistors will reduce leakage. This will be harder to achieve however with the Wallace multiplier, as it requires more LUTs. As seen in Figures 26-31, the FPGA for both multipliers is currently underutilized, making it less efficient. Currently the Artix XC7A35TCPG236-1 is used, however something such as the ICE40UP5K (39 I/Os and 5280 LUTs) [27], or the XC7S6 (100 I/Os and 3752 LUTs) [28]. While being more optimized for low power, these are both operated at a lower maximum frequency, meaning a decision will have to be made based on the context of use. 
[image: ]
[bookmark: _Toc233903228]Figure 26: Braun's multiplier project summary
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[bookmark: _Toc233903229]Figure 27: Wallace multiplier project summary
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[bookmark: _Toc233903230]Figure 28: Braun's multiplier LUT breakdown
[image: ]
[bookmark: _Toc233903231]Figure 29: Braun's multiplier utilization summary
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[bookmark: _Toc233903232]Figure 30: Wallace multiplier LUT breakdown
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[bookmark: _Toc233903233]Figure 31: Wallace multiplier utilization summary

[bookmark: _Toc233903283]5.4. Comparison to Existing Research
Most current research identifies the ripple-carry adder in the final stages of both the Braun’s and Wallace multiplier as a point of inefficiency [14]. This was also found in this report, where the final adders took up the largest proportion of the critical path. To improve this, the current methodology is to use a more efficient adder, such as a carry-save or carry-lookahead adder, which in a recent study [29] was found to improve delay by approximately 30%, and power usage by up to 39%.
This paper also found that Wallace multipliers are faster, with a shorter critical path, which is also supported by several current papers [30] [31]. It has been found that Wallace multipliers provide roughly O(log n) depth, compared to Braun’s O(n), making them more efficient, especially for larger multiplications [20].
It is supported by current research that Braun’s multipliers can be more power efficient than Wallace multipliers. This is due to their simpler structures and lower hardware complexity [7], which was also found in this paper as the Braun’s multiplier using 8 fewer adders overall. However, a recent study by Kalamani et.al. [32] found that improvements to the implementation of the Wallace tree using counters can greatly improve its efficiency.







[bookmark: _Toc233903284]6. Conclusion

To conclude, this paper has focused on analyzing the effectiveness of Wallace and Braun’s binary multipliers. Looking at background studies, and the design of each multiplier, they were simulated and tested in Vivado, and the power and timing results analyzed.
It was found that the Wallace multiplier was significantly faster than the Braun’s because of the shorter critical path and tree-based reduction structure. Judging by current research, this is more suited to large multiplications. The Braun’s was slower, but more power efficient, due to reduced arithmetic complexity, and lower hardware requirements within the implemented design resulting in lower dynamic power consumption.
These adders could both be improved. The most impactful change would be to replace the final ripple-carry adder with a more power and time-efficient adder, such as a carry-lookahead adder. Future work would be to analyze the performance of these adders in real-world systems and compare them to other potential designs.
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library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity HalfAdder is
    Port ( A : in STD_LOGIC;
           B : in STD_LOGIC;
           Sum : out STD_LOGIC;
           Cout : out STD_LOGIC);
end HalfAdder;

architecture Behavioral of HalfAdder is

begin
    Sum <= A xor B;
    Cout <= A and B;
    
end Behavioral;



[bookmark: _Toc233903288]Appendix B -Full Adder Code

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity FullAdder is
    Port ( A : in STD_LOGIC;
           B : in STD_LOGIC;
           Cin : in STD_LOGIC;
           Sum : out STD_LOGIC;
           Cout : out STD_LOGIC);
end FullAdder;

architecture Behavioral of FullAdder is

begin
    Sum <= A xor B xor Cin;
    Cout <= (A and B) or (A and Cin) or (B and Cin);

end Behavioral;

[bookmark: _Toc233903289]Appendix C – Full Braun’s Multiplier Code

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;


entity Brauns is
    Port ( A : in STD_LOGIC_VECTOR (7 downto 0);
           B : in STD_LOGIC_VECTOR (7 downto 0);
           OUTPUT : out STD_LOGIC_VECTOR (15 downto 0));
end Brauns;


architecture Behavioral of Brauns is

--signal definitions
signal A1B0, A2B0, A3B0, A4B0, A5B0, A6B0, A7B0,
 A0B1, A1B1, A2B1, A3B1, A4B1, A5B1, A6B1, A7B1,
 A0B2, A1B2, A2B2, A3B2, A4B2, A5B2, A6B2, A7B2,
 A0B3, A1B3, A2B3, A3B3, A4B3, A5B3, A6B3, A7B3,
 A0B4, A1B4, A2B4, A3B4, A4B4, A5B4, A6B4, A7B4,
 A0B5, A1B5, A2B5, A3B5, A4B5, A5B5, A6B5, A7B5,
 A0B6, A1B6, A2B6, A3B6, A4B6, A5B6, A6B6, A7B6,
 A0B7, A1B7, A2B7, A3B7, A4B7, A5B7, A6B7, A7B7 : std_logic;

signal S2, S3, S4, S5, S6, S7, S8,
S10, S11, S12, S13, S14, S15, S16,
S18, S19, S20, S21, S22, S23, S24,
S26, S27, S28, S29, S30, S31, S32,
S34, S35, S36, S37, S38, S39, S40,
S42, S43, S44, S45, S46, S47, S48 : std_logic;

signal C1, C2, C3, C4, C5, C6, C7, C8 , C9, C10,
C11, C12, C13, C14, C15, C16, C17, C18, C19, C20,
C21, C22, C23, C24, C25, C26, C27, C28, C29, C30,
C31, C32, C33, C34, C35, C36, C37, C38, C39, C40,
C41, C42, C43, C44, C45, C46, C47, C48, C49, C50,
C51, C52, C53, C54, C55, C56P15: std_logic;


--component definitions
component FullAdder
port (A : in STD_LOGIC;
B : in STD_LOGIC;
Cin : in STD_LOGIC;
Sum : out STD_LOGIC; 
Cout : out STD_LOGIC);
end component;

component HalfAdder
port (A : in STD_LOGIC;
B : in STD_LOGIC;
Sum : out STD_LOGIC; 
Cout : out STD_LOGIC);
end component;



begin

--and gates
A1B0 <= A(1) and B(0);
A2B0 <= A(2) and B(0);
A3B0 <= A(3) and B(0);
A4B0 <= A(4) and B(0);
A5B0 <= A(5) and B(0);
A6B0 <= A(6) and B(0);
A7B0 <= A(7) and B(0);

A0B1 <= A(0) and B(1);
A1B1 <= A(1) and B(1);
A2B1 <= A(2) and B(1);
A3B1 <= A(3) and B(1);
A4B1 <= A(4) and B(1);
A5B1 <= A(5) and B(1);
A6B1 <= A(6) and B(1);
A7B1 <= A(7) and B(1);

A0B2 <= A(0) and B(2);
A1B2 <= A(1) and B(2);
A2B2 <= A(2) and B(2);
A3B2 <= A(3) and B(2);
A4B2 <= A(4) and B(2);
A5B2 <= A(5) and B(2);
A6B2 <= A(6) and B(2);
A7B2 <= A(7) and B(2);

A0B3 <= A(0) and B(3);
A1B3 <= A(1) and B(3);
A2B3 <= A(2) and B(3);
A3B3 <= A(3) and B(3);
A4B3 <= A(4) and B(3);
A5B3 <= A(5) and B(3);
A6B3 <= A(6) and B(3);
A7B3 <= A(7) and B(3);

A0B4 <= A(0) and B(4);
A1B4 <= A(1) and B(4);
A2B4 <= A(2) and B(4);
A3B4 <= A(3) and B(4);
A4B4 <= A(4) and B(4);
A5B4 <= A(5) and B(4);
A6B4 <= A(6) and B(4);
A7B4 <= A(7) and B(4);

A0B5 <= A(0) and B(5);
A1B5 <= A(1) and B(5);
A2B5 <= A(2) and B(5);
A3B5 <= A(3) and B(5);
A4B5 <= A(4) and B(5);
A5B5 <= A(5) and B(5);
A6B5 <= A(6) and B(5);
A7B5 <= A(7) and B(5);

A0B6 <= A(0) and B(6);
A1B6 <= A(1) and B(6);
A2B6 <= A(2) and B(6);
A3B6 <= A(3) and B(6);
A4B6 <= A(4) and B(6);
A5B6 <= A(5) and B(6);
A6B6 <= A(6) and B(6);
A7B6 <= A(7) and B(6);

A0B7 <= A(0) and B(7);
A1B7 <= A(1) and B(7);
A2B7 <= A(2) and B(7);
A3B7 <= A(3) and B(7);
A4B7 <= A(4) and B(7);
A5B7 <= A(5) and B(7);
A6B7 <= A(6) and B(7);
A7B7 <= A(7) and B(7);


--begin the assignments and adders

P0 : OUTPUT(0) <= A(0) and B(0);

P1 : HalfAdder port map (A=>A1B0, B=>A0B1, Sum=>OUTPUT(1), Cout=>C1); 

P21 : FullAdder port map (A=>A2B0, B=>A1B1, Cin=>C1, Sum=>S2, Cout=>C2);
P2 : HalfAdder port map (A=>S2, B=>A0B2, Sum=>OUTPUT(2), Cout=>C9); 

P31 : FullAdder port map (A=>A3B0, B=>A2B1, Cin=>C2, Sum=>S3, Cout=>C3);
P32 : FullAdder port map (A=>S3, B=>A1B2, Cin=>C9, Sum=>S10, Cout=>C10);
P3 : HalfAdder port map (A=>S10, B=>A0B3, Sum=>OUTPUT(3), Cout=>C17); 

P41 : FullAdder port map (A=>A4B0, B=>A3B1, Cin=>C3, Sum=>S4, Cout=>C4);
P42 : FullAdder port map (A=>S4, B=>A2B2, Cin=>C10, Sum=>S11, Cout=>C11);
P43 : FullAdder port map (A=>S11, B=>A1B3, Cin=>C17, Sum=>S18, Cout=>C18);
P4 : HalfAdder port map (A=>S18, B=>A0B4, Sum=>OUTPUT(4), Cout=>C25); 

P51 : FullAdder port map (A=>A5B0, B=>A4B1, Cin=>C4, Sum=>S5, Cout=>C5);
P52 : FullAdder port map (A=>S5, B=>A3B2, Cin=>C11, Sum=>S12, Cout=>C12);
P53 : FullAdder port map (A=>S12, B=>A2B3, Cin=>C18, Sum=>S19, Cout=>C19);
P54 : FullAdder port map (A=>S19, B=>A1B4, Cin=>C25, Sum=>S26, Cout=>C26);
P5 : HalfAdder port map (A=>S26, B=>A0B5, Sum=>OUTPUT(5), Cout=>C33); 

P61 : FullAdder port map (A=>A6B0, B=>A5B1, Cin=>C5, Sum=>S6, Cout=>C6);
P62 : FullAdder port map (A=>S6, B=>A4B2, Cin=>C12, Sum=>S13, Cout=>C13);
P63 : FullAdder port map (A=>S13, B=>A3B3, Cin=>C19, Sum=>S20, Cout=>C20);
P64 : FullAdder port map (A=>S20, B=>A2B4, Cin=>C26, Sum=>S27, Cout=>C27);
P65 : FullAdder port map (A=>S27, B=>A1B5, Cin=>C33, Sum=>S34, Cout=>C34);
P6 : HalfAdder port map (A=>S34, B=>A0B6, Sum=>OUTPUT(6), Cout=>C41); 

P71 : FullAdder port map (A=>A7B0, B=>A6B1, Cin=>C6, Sum=>S7, Cout=>C7);
P72 : FullAdder port map (A=>S7, B=>A5B2, Cin=>C13, Sum=>S14, Cout=>C14);
P73 : FullAdder port map (A=>S14, B=>A4B3, Cin=>C20, Sum=>S21, Cout=>C21);
P74 : FullAdder port map (A=>S21, B=>A3B4, Cin=>C27, Sum=>S28, Cout=>C28);
P75 : FullAdder port map (A=>S28, B=>A2B5, Cin=>C34, Sum=>S35, Cout=>C35);
P76 : FullAdder port map (A=>S35, B=>A1B6, Cin=>C41, Sum=>S42, Cout=>C42);
P7 : HalfAdder port map (A=>S42, B=>A0B7, Sum=>OUTPUT(7), Cout=>C49); 

P81 : HalfAdder port map (A=>A7B1, B=>C7, Sum=>S8, Cout=>C8);
P82 : FullAdder port map (A=>S8, B=>A6B2, Cin=>C13, Sum=>S15, Cout=>C15);
P83 : FullAdder port map (A=>S15, B=>A5B3, Cin=>C21, Sum=>S22, Cout=>C22);
P84 : FullAdder port map (A=>S22, B=>A4B4, Cin=>C28, Sum=>S29, Cout=>C29);
P85 : FullAdder port map (A=>S29, B=>A3B5, Cin=>C35, Sum=>S36, Cout=>C36);
P86 : FullAdder port map (A=>S36, B=>A2B6, Cin=>C42, Sum=>S43, Cout=>C43);
P8 : FullAdder port map (A=>S43, B=>A1B7, Cin=>C49, Sum=>OUTPUT(8), Cout=>C50); 

P91 : FullAdder port map (A=>A7B2, B=>C8, Cin=>C15, Sum=>S16, Cout=>C16);
P92 : FullAdder port map (A=>S16, B=>A6B3, Cin=>C22, Sum=>S23, Cout=>C23);
P93 : FullAdder port map (A=>S23, B=>A5B4, Cin=>C29, Sum=>S30, Cout=>C30);
P94 : FullAdder port map (A=>S30, B=>A4B5, Cin=>C36, Sum=>S37, Cout=>C37);
P95 : FullAdder port map (A=>S37, B=>A3B6, Cin=>C43, Sum=>S44, Cout=>C44);
P9 : FullAdder port map (A=>S44, B=>A2B7, Cin=>C50, Sum=>OUTPUT(9), Cout=>C51);

P101 : FullAdder port map (A=>A7B3, B=>C16, Cin=>C23, Sum=>S24, Cout=>C24);
P102 : FullAdder port map (A=>S24, B=>A6B4, Cin=>C30, Sum=>S31, Cout=>C31);
P103 : FullAdder port map (A=>S31, B=>A5B5, Cin=>C37, Sum=>S38, Cout=>C38);
P104 : FullAdder port map (A=>S38, B=>A4B6, Cin=>C44, Sum=>S45, Cout=>C45);
P10 : FullAdder port map (A=>S45, B=>A3B7, Cin=>C51, Sum=>OUTPUT(10), Cout=>C52);

P111 : FullAdder port map (A=>A7B4, B=>C24, Cin=>C31, Sum=>S32, Cout=>C32);
P112 : FullAdder port map (A=>S32, B=>A6B5, Cin=>C38, Sum=>S39, Cout=>C39);
P113 : FullAdder port map (A=>S39, B=>A5B6, Cin=>C45, Sum=>S46, Cout=>C46);
P11 : FullAdder port map (A=>S46, B=>A4B7, Cin=>C52, Sum=>OUTPUT(11), Cout=>C53);

P121 : FullAdder port map (A=>A7B5, B=>C32, Cin=>C39, Sum=>S40, Cout=>C40);
P122 : FullAdder port map (A=>S40, B=>A6B6, Cin=>C46, Sum=>S47, Cout=>C47);
P12 : FullAdder port map (A=>S47, B=>A5B7, Cin=>C53, Sum=>OUTPUT(12), Cout=>C54);

P131 : FullAdder port map (A=>A7B6, B=>C40, Cin=>C47, Sum=>S48, Cout=>C48);
P13 : FullAdder port map (A=>S48, B=>A6B7, Cin=>C54, Sum=>OUTPUT(13), Cout=>C55);

P14 : FullAdder port map (A=>A7B7, B=>C48, Cin=>C55, Sum=>OUTPUT(14), Cout=>OUTPUT(15));


end Behavioral;





[bookmark: _Toc233903290]Appendix D – Full Wallace Multiplier Code
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity Wallace is
    Port ( A : in STD_LOGIC_VECTOR (7 downto 0);
           B : in STD_LOGIC_VECTOR (7 downto 0);
           OUTPUT : out STD_LOGIC_VECTOR (15 downto 0));
end Wallace;


architecture Behavioural of Wallace is

--signal definitions
signal A1B0, A2B0, A3B0, A4B0, A5B0, A6B0, A7B0,
A0B1, A1B1, A2B1, A3B1, A4B1, A5B1, A6B1, A7B1,
A0B2, A1B2, A2B2, A3B2, A4B2, A5B2, A6B2, A7B2,
A0B3, A1B3, A2B3, A3B3, A4B3, A5B3, A6B3, A7B3,
A0B4, A1B4, A2B4, A3B4, A4B4, A5B4, A6B4, A7B4,
A0B5, A1B5, A2B5, A3B5, A4B5, A5B5, A6B5, A7B5,
A0B6, A1B6, A2B6, A3B6, A4B6, A5B6, A6B6, A7B6,
A0B7, A1B7, A2B7, A3B7, A4B7, A5B7, A6B7, A7B7 : std_logic;

signal S1, S2, S3, S4, S5, S6, S7, S8, S9, S10, S11, S12, 
S13, S14, S15, S17, S18, S19, S20, S21, S22, S23, S24, 
S25, S26, S27, S28, S29, S30, S31, S33, S34, S35, S36, 
S37, S38, S39, S40, S41, S43, S44, S45, S46, S47, S48, 
S49, S50, S51, S52 : std_logic;

signal C0, C1, C2, C3, C4, C5, C6, C7, C8 , C9, C10,
C11, C12, C13, C14, C15, C16, C17, C18, C19, C20,
C21, C22, C23, C24, C25, C26, C27, C28, C29, C30,
C31, C32, C33, C34, C35, C36, C37, C38, C39, C40,
C41, C42, C43, C44, C45, C46, C47, C48, C49, C50,
C51, C52, C53, C54, C55, C56, C57, C58, C59, C60, 
C61, C62, C63: std_logic;


--component definitions
component FullAdder
port (A : in STD_LOGIC;
B : in STD_LOGIC;
Cin : in STD_LOGIC;
Sum : out STD_LOGIC; 
Cout : out STD_LOGIC);
end component;

component HalfAdder
port (A : in STD_LOGIC;
B : in STD_LOGIC;
Sum : out STD_LOGIC; 
Cout : out STD_LOGIC);
end component;



begin

--and gates
A1B0 <= A(1) and B(0);
A2B0 <= A(2) and B(0);
A3B0 <= A(3) and B(0);
A4B0 <= A(4) and B(0);
A5B0 <= A(5) and B(0);
A6B0 <= A(6) and B(0);
A7B0 <= A(7) and B(0);

A0B1 <= A(0) and B(1);
A1B1 <= A(1) and B(1);
A2B1 <= A(2) and B(1);
A3B1 <= A(3) and B(1);
A4B1 <= A(4) and B(1);
A5B1 <= A(5) and B(1);
A6B1 <= A(6) and B(1);
A7B1 <= A(7) and B(1);

A0B2 <= A(0) and B(2);
A1B2 <= A(1) and B(2);
A2B2 <= A(2) and B(2);
A3B2 <= A(3) and B(2);
A4B2 <= A(4) and B(2);
A5B2 <= A(5) and B(2);
A6B2 <= A(6) and B(2);
A7B2 <= A(7) and B(2);

A0B3 <= A(0) and B(3);
A1B3 <= A(1) and B(3);
A2B3 <= A(2) and B(3);
A3B3 <= A(3) and B(3);
A4B3 <= A(4) and B(3);
A5B3 <= A(5) and B(3);
A6B3 <= A(6) and B(3);
A7B3 <= A(7) and B(3);

A0B4 <= A(0) and B(4);
A1B4 <= A(1) and B(4);
A2B4 <= A(2) and B(4);
A3B4 <= A(3) and B(4);
A4B4 <= A(4) and B(4);
A5B4 <= A(5) and B(4);
A6B4 <= A(6) and B(4);
A7B4 <= A(7) and B(4);

A0B5 <= A(0) and B(5);
A1B5 <= A(1) and B(5);
A2B5 <= A(2) and B(5);
A3B5 <= A(3) and B(5);
A4B5 <= A(4) and B(5);
A5B5 <= A(5) and B(5);
A6B5 <= A(6) and B(5);
A7B5 <= A(7) and B(5);

A0B6 <= A(0) and B(6);
A1B6 <= A(1) and B(6);
A2B6 <= A(2) and B(6);
A3B6 <= A(3) and B(6);
A4B6 <= A(4) and B(6);
A5B6 <= A(5) and B(6);
A6B6 <= A(6) and B(6);
A7B6 <= A(7) and B(6);

A0B7 <= A(0) and B(7);
A1B7 <= A(1) and B(7);
A2B7 <= A(2) and B(7);
A3B7 <= A(3) and B(7);
A4B7 <= A(4) and B(7);
A5B7 <= A(5) and B(7);
A6B7 <= A(6) and B(7);
A7B7 <= A(7) and B(7);



--wallace multiplier method

O_P0 : OUTPUT(0) <= A(0) and B(0);

--row one
O_P01 : HalfAdder port map (A=>A1B0, B=>A0B1, Sum=>OUTPUT(1), Cout=>C0); 
P1 : FullAdder port map (A=>A2B0, B=>A1B1, Cin=>A0B2, Sum=>S1, Cout=>C1);
P2 : FullAdder port map (A=>A3B0, B=>A2B1, Cin=>A1B2, Sum=>S2, Cout=>C2);
P3 : FullAdder port map (A=>A4B0, B=>A3B1, Cin=>A2B2, Sum=>S3, Cout=>C3);
P4 : HalfAdder port map (A=>A1B3, B=>A0B4, Sum=>S4, Cout=>C4);
P5 : FullAdder port map (A=>A5B0, B=>A4B1, Cin=>A3B2, Sum=>S5, Cout=>C5);
P6 : FullAdder port map (A=>A2B3, B=>A1B4, Cin=>A0B5, Sum=>S6, Cout=>C6);
P7 : FullAdder port map (A=>A6B0, B=>A5B1, Cin=>A4B2, Sum=>S7, Cout=>C7);
P8 : FullAdder port map (A=>A3B3, B=>A2B4, Cin=>A1B5, Sum=>S8, Cout=>C8);
P9 : FullAdder port map (A=>A7B0, B=>A6B1, Cin=>A5B2, Sum=>S9, Cout=>C9);
P10 : FullAdder port map (A=>A4B3, B=>A3B4, Cin=>A2B5, Sum=>S10, Cout=>C10);
P11 : HalfAdder port map (A=>A7B1, B=>A6B2, Sum=>S11, Cout=>C11);
P12 : FullAdder port map (A=>A5B3, B=>A4B4, Cin=>A3B5, Sum=>S12, Cout=>C12);
P13 : FullAdder port map (A=>A6B3, B=>A5B4, Cin=>A4B5, Sum=>S13, Cout=>C13);
P14 : FullAdder port map (A=>A7B3, B=>A6B4, Cin=>A5B5, Sum=>S14, Cout=>C14);
P15 : HalfAdder port map (A=>A7B4, B=>A6B5, Sum=>S15, Cout=>C15);

--row two
O_P16 : HalfAdder port map (A=>S1, B=>C0, Sum=>OUTPUT(2), Cout=>C16);
P17 : FullAdder port map (A=>A0B3, B=>S2, Cin=>C1, Sum=>S17, Cout=>C17);
P18 : FullAdder port map (A=>S3, B=>S4, Cin=>C2, Sum=>S18, Cout=>C18);
P19 : FullAdder port map (A=>S5, B=>S6, Cin=>C3, Sum=>S19, Cout=>C19);
P20 : HalfAdder port map (A=>A0B6, B=>C5, Sum=>S20, Cout=>C20);
P21 : FullAdder port map (A=>S7, B=>S8, Cin=>C6, Sum=>S21, Cout=>C21);
P22 : FullAdder port map (A=>A1B6, B=>A0B7, Cin=>C7, Sum=>S22, Cout=>C22);
P23 : FullAdder port map (A=>S9, B=>S10, Cin=>C8, Sum=>S23, Cout=>C23);
P24 : FullAdder port map (A=>A2B6, B=>A1B7, Cin=>C9, Sum=>S24, Cout=>C24);
P25 : FullAdder port map (A=>S11, B=>S12, Cin=>C10, Sum=>S25, Cout=>C25);
P26 : FullAdder port map (A=>A7B2, B=>A3B6, Cin=>A2B7, Sum=>S26, Cout=>C26);
P27 : FullAdder port map (A=>C12, B=>S13, Cin=>C11, Sum=>S27, Cout=>C27);
P28 : FullAdder port map (A=>A4B6, B=>A3B7, Cin=>C13, Sum=>S28, Cout=>C28);
P29 : FullAdder port map (A=>A5B6, B=>A4B7, Cin=>C14, Sum=>S29, Cout=>C29);
P30 : FullAdder port map (A=>A7B5, B=>A6B6, Cin=>A5B7, Sum=>S30, Cout=>C30);
P31 : HalfAdder port map (A=>A7B6, B=>A6B7, Sum=>S31, Cout=>C31);

--row three
O_P32 : HalfAdder port map (A=>S17, B=>C16, Sum=>OUTPUT(3), Cout=>C32);
P33 : HalfAdder port map (A=>S18, B=>C17, Sum=>S33, Cout=>C33);
P34 : FullAdder port map (A=>S19, B=>C4, Cin=>C18, Sum=>S34, Cout=>C34);
P35 : FullAdder port map (A=>S21, B=>S20, Cin=>C19, Sum=>S35, Cout=>C35);
P36 : FullAdder port map (A=>S23, B=>S22, Cin=>C20, Sum=>S36, Cout=>C36);
P37 : FullAdder port map (A=>S25, B=>S24, Cin=>C22, Sum=>S37, Cout=>C37);
P38 : FullAdder port map (A=>S27, B=>S26, Cin=>C24, Sum=>S38, Cout=>C38);
P39 : FullAdder port map (A=>S28, B=>C27, Cin=>C26, Sum=>S39, Cout=>C39);
P40 : HalfAdder port map (A=>S29, B=>C28, Sum=>S40, Cout=>C40);
P41 : HalfAdder port map (A=>S30, B=>C29, Sum=>S41, Cout=>C41);

--row four
O_P42 : HalfAdder port map (A=>S33, B=>C32, Sum=>OUTPUT(4), Cout=>C42);
P43 : HalfAdder port map (A=>S34, B=>C33, Sum=>S43, Cout=>C43);
P44 : HalfAdder port map (A=>S35, B=>C34, Sum=>S44, Cout=>C44);
P45 : FullAdder port map (A=>S36, B=>C21, Cin=>C35, Sum=>S45, Cout=>C45);
P46 : FullAdder port map (A=>S37, B=>C23, Cin=>C36, Sum=>S46, Cout=>C46);
P47 : FullAdder port map (A=>S38, B=>C25, Cin=>C37, Sum=>S47, Cout=>C47);
P48 : FullAdder port map (A=>S39, B=>S14, Cin=>C38, Sum=>S48, Cout=>C48);
P49 : FullAdder port map (A=>S40, B=>S15, Cin=>C39, Sum=>S49, Cout=>C49);
P50 : FullAdder port map (A=>S41, B=>C15, Cin=>C40, Sum=>S50, Cout=>C50);
P51 : FullAdder port map (A=>S31, B=>C30, Cin=>C41, Sum=>S51, Cout=>C51);
P52 : HalfAdder port map (A=>C31, B=>A7B7, Sum=>S52, Cout=>C52);

--row five
O_P53 : HalfAdder port map (A=>S43, B=>C42, Sum=>OUTPUT(5), Cout=>C53);
O_P54 : FullAdder port map (A=>S44, B=>C43, Cin=>C53, Sum=>OUTPUT(6), Cout=>C54);
O_P55 : FullAdder port map (A=>S45, B=>C44, Cin=>C54, Sum=>OUTPUT(7), Cout=>C55);
O_P56 : FullAdder port map (A=>S46, B=>C45, Cin=>C55, Sum=>OUTPUT(8), Cout=>C56);
O_P57 : FullAdder port map (A=>S47, B=>C46, Cin=>C56, Sum=>OUTPUT(9), Cout=>C57);
O_P58 : FullAdder port map (A=>S48, B=>C47, Cin=>C57, Sum=>OUTPUT(10), Cout=>C58);
O_P59 : FullAdder port map (A=>S49, B=>C48, Cin=>C58, Sum=>OUTPUT(11), Cout=>C59);
O_P60 : FullAdder port map (A=>S50, B=>C49, Cin=>C59, Sum=>OUTPUT(12), Cout=>C60);
O_P61 : FullAdder port map (A=>S51, B=>C50, Cin=>C60, Sum=>OUTPUT(13), Cout=>C61);
O_P62 : FullAdder port map (A=>S52, B=>C51, Cin=>C61, Sum=>OUTPUT(14), Cout=>C62);
O_P63 : HalfAdder port map (A=>C52, B=>C62, Sum=>OUTPUT(15), Cout=>C63);



end Behavioural;


[bookmark: _Toc233903291]Appendix E – Full Pin Assignments
set_property IOSTANDARD LVCMOS33 [get_ports {A[7]}]
set_property IOSTANDARD LVCMOS33 [get_ports {A[6]}]
set_property IOSTANDARD LVCMOS33 [get_ports {A[5]}]
set_property IOSTANDARD LVCMOS33 [get_ports {A[4]}]
set_property IOSTANDARD LVCMOS33 [get_ports {A[3]}]
set_property IOSTANDARD LVCMOS33 [get_ports {A[2]}]
set_property IOSTANDARD LVCMOS33 [get_ports {A[1]}]
set_property IOSTANDARD LVCMOS33 [get_ports {A[0]}]
set_property IOSTANDARD LVCMOS33 [get_ports {B[7]}]
set_property IOSTANDARD LVCMOS33 [get_ports {B[6]}]
set_property IOSTANDARD LVCMOS33 [get_ports {B[5]}]
set_property IOSTANDARD LVCMOS33 [get_ports {B[4]}]
set_property IOSTANDARD LVCMOS33 [get_ports {B[3]}]
set_property IOSTANDARD LVCMOS33 [get_ports {B[2]}]
set_property IOSTANDARD LVCMOS33 [get_ports {B[1]}]
set_property IOSTANDARD LVCMOS33 [get_ports {B[0]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[15]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[14]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[13]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[12]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[11]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[10]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[9]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[8]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[7]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[6]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[5]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[4]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[3]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[2]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[1]}]
set_property IOSTANDARD LVCMOS33 [get_ports {OUTPUT[0]}]
set_property PACKAGE_PIN U16 [get_ports {OUTPUT[0]}]
set_property PACKAGE_PIN E19 [get_ports {OUTPUT[1]}]
set_property PACKAGE_PIN U19 [get_ports {OUTPUT[2]}]
set_property PACKAGE_PIN V19 [get_ports {OUTPUT[3]}]
set_property PACKAGE_PIN W18 [get_ports {OUTPUT[4]}]
set_property PACKAGE_PIN U15 [get_ports {OUTPUT[5]}]
set_property PACKAGE_PIN U14 [get_ports {OUTPUT[6]}]
set_property PACKAGE_PIN V14 [get_ports {OUTPUT[7]}]
set_property PACKAGE_PIN V13 [get_ports {OUTPUT[8]}]
set_property PACKAGE_PIN V3 [get_ports {OUTPUT[9]}]
set_property PACKAGE_PIN W3 [get_ports {OUTPUT[10]}]
set_property PACKAGE_PIN U3 [get_ports {OUTPUT[11]}]
set_property PACKAGE_PIN P3 [get_ports {OUTPUT[12]}]
set_property PACKAGE_PIN N3 [get_ports {OUTPUT[13]}]
set_property PACKAGE_PIN P1 [get_ports {OUTPUT[14]}]
set_property PACKAGE_PIN L1 [get_ports {OUTPUT[15]}]
set_property PACKAGE_PIN V2 [get_ports {B[0]}]
set_property PACKAGE_PIN T3 [get_ports {B[1]}]
set_property PACKAGE_PIN T2 [get_ports {B[2]}]
set_property PACKAGE_PIN R3 [get_ports {B[3]}]
set_property PACKAGE_PIN W2 [get_ports {B[4]}]
set_property PACKAGE_PIN U1 [get_ports {B[5]}]
set_property PACKAGE_PIN T1 [get_ports {B[6]}]
set_property PACKAGE_PIN R2 [get_ports {B[7]}]
set_property PACKAGE_PIN V17 [get_ports {A[0]}]
set_property PACKAGE_PIN V16 [get_ports {A[1]}]
set_property PACKAGE_PIN W16 [get_ports {A[2]}]
set_property PACKAGE_PIN W17 [get_ports {A[3]}]
set_property PACKAGE_PIN W15 [get_ports {A[4]}]
set_property PACKAGE_PIN V15 [get_ports {A[5]}]
set_property PACKAGE_PIN W14 [get_ports {A[6]}]
set_property PACKAGE_PIN W13 [get_ports {A[7]}]
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