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[bookmark: _Toc155958237]Introduction
I have been asked to completed a report on the comparison between 8 bit Braun’s multiplier and a 8x8 bit unsigned Wallace tree multiplier. Using components in VHDL software and coding. Using critical analysis techniques, the report will evaluate the performance between both multipliers. Below is a list of aspects to look at during the report;
· The longest delays in both multipliers.
· Critical path.
· Power consumption and why.
· Recommendations and improvements.
· Schematics of the multipliers.
[bookmark: _Toc155958238]Research 
[bookmark: _Toc155958239]Components
[bookmark: _Toc155958240]Half Adder
A half adder constitutes a combinational logic circuits, specifically designed for connection to one AND gate and one XOR gate.  Featuring two input terminals, denoted as A and B in this example, the half adder takes two input digits or a one-bit number, producing an output in form of a carry or sum. The output of the AND gate will be a carry, the XOR gate will have an output of sum. The AND gate is unable to forward the carry signal into one addition into another addition. This is due to the absence of a logic gate, this would process the carry signal. Hence this being a half adder. [1] [2]
The logic expression of a half adder is written below.
Carry ( C ) = A . B
Sum ( S ) = A ⊕ B
A truth table can also be used to represent the binary numbers of the gate as seen below.
	Input
	Output 

	A
	B
	Carry
	Sum

	0
	0
	0
	0

	1
	1
	1
	0

	0
	1
	0
	1

	1
	0
	0
	1


[2]
A truth table is a breakdown of all possible outcomes from the inputs into a logical expression, this is done in binary. True = 1 and false = 0 or on = 1 and 0 = off. This format is Boolean algebra or logic. The table can be set out different formats as seen below in the next components. [3]
The diagram representation is as seen below.
[image: ]





[bookmark: _Toc155958241]Full Adder
A full adder circuit uses an AND gate, OR gate and a XOR gate. Unlike the half adder a full adder has the addition on three binary digits, A, B and C-in. Outputs will be C-out and sum. The logic expression can be seen below. [2]
Carry-out = AB + BC-in + AC-in
Sum = (A ⊕ B) ⊕ C-in
Truth table
	Input
	Output 

	A
	B
	C
	Sum
	Carry-out

	0
	0
	0
	0
	0

	1
	1
	1
	1
	1

	0
	1
	1
	0
	1

	1
	0
	1
	0
	1

	0
	0
	1
	1
	0

	0
	1
	0
	1
	0

	1
	0
	0
	1
	0

	1
	1
	0
	0
	1


[2]
A diagram is shown below;
[image: ]

[bookmark: _Toc155958242]AND Gate
A AND gate is a basic digital logic gate, this is used as a conjunction for mathematical logic. Like the full or half adder, the AND gate works off a truth table which can be seen below. AND gates are simple to use and implement in complex designs when they are used in combinational systems or circuits. The logic expression can be seen as; [4]
X = A AND B
Or
X = A . B
Truth table
	Input
	Output

	A
	B
	X

	0
	0
	0

	0
	1
	0

	1
	0
	0

	1
	1
	1


[5]
Diagram of a AND gate below.
[image: ]




[bookmark: _Toc155958243]Array Multiplier
A array multiplier is any digital combinational circuit that is used for the multiplication of two binary numbers, these in the cases below are unsigned numbers. The array is made up of half adders and full adders, sometimes also requiring AND gates. The binary numbers are compressed through a combinational circuit that forums the product bits. [6]

[bookmark: _Toc155958244]Braun’s multiplier 
The Braun’s multiplier is a version of a multiplier array. Braun’s is one of the simplest versions of this. Another name for this is a carry save array multiplier using two unsigned numbers such as A and B in the designs below. The array will contain AND gates along with half and full adders in repetitive rows. This technique becomes less effective with a larger number of bits, due to the increasing number of components. For example a 4bit multiplier will have 12 adders and 16 AND gates. A 8bit multiplier will have 56 adders and 64 AND gates. This means that creating a block diagram for this becomes unmanageable very quickly on larger number bits such as 16bits. [7]
Below is an example of a 4-bit Braun multiplier block diagram. From this it can be seen that the carry signal Is sent to the left and added to the sum of the next adder. This creates the multiplier. 
[image: ]
[8]

	Advantages
	Disadvantages

	Power consumption.
	Lower speed

	Transistor size
	The number of components increase quadratically with the number of bits.


[9]
[bookmark: _Toc155958245]Wallace Tree Multiplier 
The Wallace tree multiplier is believed to be one of the fastest array systems, faster than a simple array multiplier. There is also a reduction in the critical path which helps with the speed of the multiplier, along with the reduction in adders. There are aspects of a Wallace tree that can be implemented in other systems, such as the Wallace-booth multiplier. Below is a diagram of the Wallace tree multiplier 4x4. As can be seen the number of stages has been reduced by one. The top diagram groups the partial product at an interval of three, this means that it then is added and passed on to the next stage. [10]
[image: ]
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[10]

	Advantages
	Disadvantages

	Speed.
	Can be a complex layout.

	The logic levels require to perform the summation can be reduced.
	It can have irregular wires.

	Reduction in latency.
	Higher power consumption.



[bookmark: _Toc155958246]Booth’s Multipliers
There are other ways apart from Wallace or Braun’s such as Booth’s multiplication. The Booth’s method reduces the number of partial components that can be compressed in a carry-save adder tree. This can enhance other multipliers such as the Wallace tree. This means that the speed will be increased potentially by half. 
Below is a pictorial form of the Booth’s Algorithm; [11] 
[image: ]








There are mainly two methods of Booth’s algorithm, this depends on the application and preference. [12]
	Advantages
	Disadvantages

	Reduced number of operations.
	Very time consuming.

	Decreased execution time.
	The more digital gates the larger the chip will be.

	Optimised hardware utilization.
	The algorithm will not work with isolated 1’s

	Larger the number of arithmetic the higher the efficiency gains.
	


[bookmark: _Toc155958247]VHDL
VHSIC hardware description language or VHDL is a general-purpose programming language that is optimised for electronic circuit design, which helps with the design of the multipliers. This format will help diagnose fault with the code that is inputted and simulate, synthesis and implementation of characteristics that are specified in the set up. VHDL will improve the productivity of the design of an electronic system. [13] [14]
	Advantages
	Disadvantages

	Can be used for both simulation and synthesis of digital circuit. 
	Can be complicated to use.

	It can describe the behaviour of a digital circuit.
	Is more complex syntax, requiring more details for implementation. 

	Can make multiple elements in different projects when move them into the same project. Making planning work simpler. 
	Can be repetitive when writing the code.

	Can alter parameters of the design, such as time, memory, block composition, element base etc.
	No standardisation with Analog electronics.

	Not a case sensitive language, this means less mistakes can take place.
	There may be different outcomes from one project to another with the same input to synthesis.


The steps when designing and implementation of a digital system typically follows the below steps;
· Problem specification
· System design
· Behavioural modelling
· Simulation
· Synthesis
· Implementation 
· Post-Synthesis simulation
· Place and out (FPGA)
· Timing analysis
· Bitstream generation (FPGA)
· Testing and debugging
· Documentation
Flow chart of design
Develop and edit code
Simulate 
Run Synthesis
Check Schematic & I/O Ports
Run Implementation
Input Pin Package
Multiplication correct?
Set up Design Timing
Start
Finish
No
Yes
























[bookmark: _Toc155958248]Task 1
A 8-bit Braun’s multiplier is a multiplication of two 8-bit (8x8). The block diagram can be seen below, this is a representation and basis of how the code is written. The code can be seen in appendix 1. 
[bookmark: _Toc155958249]Block Diagram 

[image: ]
From the block diagram of a Braun’s multiplier I have highlighted the half adders in green. The block diagram is followed when writing or fault finding when editing the code. This was done in Yworks software. The adders highlighted in green are half adders and the blue are full adders. There are AND gate situated above every adder, this is the design of the Braun’s multiplier.

[bookmark: _Toc155958250]Simulation
When the code was complete, a series of tests were done to confirm that that code worked correctly. A low, medium and high value was chosen. The screen shots below, shows the low value of A and B as 9, this is in hexadecimal form. 9 x 9 = 51. This is the low test to make sure that the Braun’s multiplier works. 
[image: ]






The next step was to check medium value. This time A and B has a value of 51. The result was 19A1, which is correct.
[image: ]







The last high value to be used was A = AB and B = CD. The calculation has a result of 88EF, this means that the code is working correctly over all three tests.
[image: ]






The calculations above are in hexadecimal, this is used when working with 16bit number or above are involved. If binary was only used then the numbers would become very large, and making errors would become very easy over time. Hexadecimal is a more compact version of binary meaning it is easier to use, with the correct format. Below is a table showing the difference between hexadecimal and binary. As can be seen the hexadecimal version is smaller and more manageable with larger numbers. One drawback with this system is that is can be quite difficult to perform complex mathematical operations, and can be difficult to write and read.  [15]
	Hex
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	A
	B
	C
	D
	E
	F

	4-bit binary
	0000
	0001
	0010
	0011
	0100
	0101
	0110
	0111
	1000
	1001
	1010
	1011
	1100
	1101
	1110
	1111




[bookmark: _Toc155958251]Schematic & Synthesis
When proven the code worked correctly, the system was then simulated and the schematics were produced. This can be seen below, along with the pin input allocation that was required.
Pin allocation 
The pin allocation refers to the assignment of the signals that are needed for pins or ports of the hardware device. The pin assigning can impact the timing and performance of the design, proper pin assignment can minimise issues relating to the signal integrity.
[image: ]

Device View
[image: ]The device view show where the pins are allocated on a hardware device. 











After the pins were selected the design timing summary was needed which was set up with a WNS (Worst Negative Slack) of 0ns, this means that there is no signal missing the timings. If the WNS is positive then this means that signal arrives early and wasting power, when the WNS is negative the signal is arriving late, meaning the overall system will be slower.
[image: ]




When planning the I/O input, output requirements of the design, this is critical when creating the digital design into a target hardware platform. 
[image: ]







[bookmark: _Toc155958252]Project summary
The Project overview, is a concise overview of the entire project. This is where you can compare the specifications against the requirements of the design. This is a valuable tool when showing or communicating to any third party about the project that has been created.
[image: ]
[image: ]
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[bookmark: _Toc155958253]Task 2
The system below consists of a 8 x 8 Wallace tree multiplier. As can be seen below with the block diagram and Wallace tree multiplier. The code for this system is in appendix 2.
[bookmark: _Toc155958254][image: ]Block diagram 

The Wallace tree multiplier block diagram was done first, from this the code and Wallace tree could be done, this is seen below. 
[bookmark: _Toc155958255]Wallace tree multiplier 8X8 
[image: ]
The easiest way that was found was to use Excel to get the correct format, then from this to carry out a dot diagram. The blue rings are full adders and the green are half adders. This helped with any fault finding on the code. Below is another example of carrying out this.
[image: ]











[bookmark: _Toc155958256]Simulation
[image: ]Like with the Braun’s, when the code was complete, a series of tests were done to confirm that that code worked correctly. A low, medium and high value was chosen. The screen shots below, shows the low value of A and B as 9, this is in hexadecimal form. 9 x 9 = 51. This is the low test to make sure that the Wallace tree multiplier works. 

[image: ]The next step was to check medium value. This time A and B has a value of 51. The result was 19A1, which is correct.

The last high value to be used was A = EA and B = FE. The calculation has a result of E82C, this means that the code is working correctly over all three tests.
[image: ]
The same calculations for Braun’s were carried out in a hexedecamal format for Wallace.
[bookmark: _Toc155958257]Schematic & Synthesis
When proven the code worked correctly, the system was then simulated and the schematics were produced. This can be seen below, along with the pin input allocation that was required.
[image: ]Pin allocation
[image: ]
Device view










After the pins were selected the design timing summary was needed which was set up with a WNS (Worst Negative Slack) of 8.086ns, this means the WNS is positive then this means that signal arrives early and wasting power.

[image: ]
Below is the layout of the I/O planning through Vivado the same as Braun’s.
[image: ]








[bookmark: _Toc155958258]Project summary
[image: ]Below are screenshots of the project summary.
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[bookmark: _Toc155958260]Delay evaluation 
[image: ]For the critical evaluation, there will be a comparison between the Braun’s multiplier and the Wallace tree multiplier. Below is the maximum delay of both multipliers, with a calculation being done with a AND gate being tg = 1ns and a adder delay tad = 2ns. The critical path is the combinational path between the input and output paths, that have the maximum timing delay. While using Vivado to get the information, the flow chart below shows what steps are taken to achieve best possible maximum delay. [16]

[bookmark: _Toc155958261]Braun’s multiplier 
Using the calculation the critical path can be calculated, as seen below. The schematic diagram and block diagram shows the amount of adders and AND gates will be used. There is one AND gate with six half adders and 12 full adders.




From the VHDL software, the maximum delay was 21.921nS with a minimum delay of 0. Compared to the calculated value this is much lower. The difference is 15.079nS, The design will need to be tested on multiple occasions to see if the data given through the software is accurate. 
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[bookmark: _Toc155958262]Wallace tree multiplier
The Wallace tree is calculated the same way as Braun’s multiplier with AND gates being tg = 1ns and a adder delay tad = 2ns. Calculation shown below. Again the schematic and block diagram below shows the highlighted critical path or Maximum time delay. The Wallace tree have seven half adders, seven full adders and one AND gate.









[image: ]


Similar to the Braun’s, the maximum delay was different to what was calculated. In this case the time was 11.438nS with a minimum delay of 3.327. Compared to the calculated value this is much lower. The difference is 17.562nS, on both occasions the calculated value is much higher in both cases. The test should be completed a number of times to verify these results. 















[bookmark: _Toc155958263]Conclusion 
From the values above the Wallace multiplier is faster overall with a time of 29nS, and the Braun’s of 37nS. The critical path that was calculated is the worst case scenario. This means there is a difference between the calculated and what the Vivado software states. The difference is quite similar in both simulations, or between 15 – 17nS. From the research that has been done, the Wallace multiplier is the quicker system. The results prove this, however this test should be done a few times to gain a more accurate conclusion. The calculated values used for full/half adders and AND gates could be altered to have a more accurate results. These values were given.

[bookmark: _Toc155958264]Power consumption evaluation 
With the design that was created, a value of 0.25W was given to both multipliers. This is to see which system performed better overall with power consumption. 
[bookmark: _Toc155958265]Braun’s results

[image: ]
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Wallace results 
[image: ]





The data that was collected from each multiplier is quite similar apart from one. The Wallace multiplier is using more power for the signals, which follows the data from the time delay. The Wallace multiplier WNS is 8.086ns, this means that more power is being wasted due to the signal arriving before it can be used, unlike the Braun’s multiplier. If the design power budget was higher than the gap would increase between the multipliers. When using multiple multipliers for a complex system, the power consumption would grow making the system even more inefficient. This could be a design flaw, more tests would need to be done to confirm this is not an implementation issue or software issue. 
[bookmark: _Toc155958266]Conclusion & Recommendations
With the research being carried out, a correlation can be seen, the power consumption of Wallace was greater than Braun’s due to the signal being sent quicker than needed, wasting power. On a larger and more complex system this gap would become greater, wasting more power and the efficiency would decrease. I have stated the findings in the previous conclusions of each test.
I would like to carry out different multipliers such as 4x4 or 16x16 to see what different results would be given. This is to see if the margins would increase or decrease. This would help better understand the main differences between the two types of multipliers. 
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1. [bookmark: _Toc155958269]Braun’s Code
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.std_logic_arith.ALL;
use IEEE.std_logic_unsigned.ALL;

-- 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 brauns_multiplier is
    Port ( A : in STD_LOGIC_vector(7 downto 0);
           B : in STD_LOGIC_vector(7 downto 0);
           P : out STD_LOGIC_vector(15 downto 0));
           
end brauns_multiplier;

architecture Behavioral of brauns_multiplier is

signal A1B0 : std_logic;
Signal A2B0 : std_logic;
Signal A3B0 : std_logic;
Signal A4B0 : std_logic;
Signal A5B0 : std_logic;
Signal A6B0 : std_logic;
Signal A7B0 : std_logic;

Signal A0B1 : std_logic;
Signal A1B1 : std_logic;
Signal A2B1 : std_logic;
Signal A3B1 : std_logic;
Signal A4B1 : std_logic;
Signal A5B1 : std_logic;
Signal A6B1 : std_logic;
Signal A7B1 : std_logic;

Signal A0B2 : std_logic;
Signal A1B2 : std_logic;
Signal A2B2 : std_logic;
Signal A3B2 : std_logic;
Signal A4B2 : std_logic;
Signal A5B2 : std_logic;
Signal A6B2 : std_logic;
Signal A7B2 : std_logic;

Signal A0B3 : std_logic;
Signal A1B3 : std_logic;
Signal A2B3 : std_logic;
Signal A3B3 : std_logic;
Signal A4B3 : std_logic;
Signal A5B3 : std_logic;
Signal A6B3 : std_logic;
Signal A7B3 : std_logic;

Signal A0B4 : std_logic;
Signal A1B4 : std_logic;
Signal A2B4 : std_logic;
Signal A3B4 : std_logic;
Signal A4B4 : std_logic;
Signal A5B4 : std_logic;
Signal A6B4 : std_logic;
Signal A7B4 : std_logic;

Signal A0B5 : std_logic;
Signal A1B5 : std_logic;
Signal A2B5 : std_logic;
Signal A3B5 : std_logic;
Signal A4B5 : std_logic;
Signal A5B5 : std_logic;
Signal A6B5 : std_logic;
Signal A7B5 : std_logic;

Signal A0B6 : std_logic;
Signal A1B6 : std_logic;
Signal A2B6 : std_logic;
Signal A3B6 : std_logic;
Signal A4B6 : std_logic;
Signal A5B6 : std_logic;
Signal A6B6 : std_logic;
Signal A7B6 : std_logic;

Signal A0B7 : std_logic;
Signal A1B7 : std_logic;
Signal A2B7 : std_logic;
Signal A3B7 : std_logic;
Signal A4B7 : std_logic;
Signal A5B7 : std_logic;
Signal A6B7 : std_logic;
Signal A7B7 : std_logic;

Signal S1,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,C56 : std_logic;

component Fulladder is
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 is
Port ( A : in std_logic;
       B : in std_logic;
       Sum : out std_logic;
       Cout : out std_logic);    
end component; 

begin

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);

-- Stage 1
P0 : P(0) <= A (0) and B (0) ;

-- Stage 2
P1 : halfadder port map (A=>A1B0, B=>A0B1, Sum=>P(1), Cout=>C1);

-- Stage 3
S2_1 : fulladder port map (A=>A2B0, B=>A1B1, Cin=>C1, Sum=>S2, Cout=>C2);
P2 : halfadder port map (A=>A0B2, B=>S2, Sum=>P(2), Cout=>C9);

-- Stage 4
S3_1 : fulladder port map (A=>A3B0, B=>A2B1,Cin=>C2, Sum=>S3, Cout=>C3);
S10_1 : fulladder port map (A=>A1B2, B=>S3, Cin=>C9, Sum=>S10, Cout=>C10);
P3 : halfadder port map (A=>A0B3, B=>S10, Sum=>P(3), Cout=>C17);
-- Stage 5
S4_1 : fulladder port map (A=>A4B0, B=>A3B1, Cin=>C3, Sum=>S4, Cout=>C4);
S11_1: fulladder port map (A=>A2B2, B=>S4, Cin=>C10, Sum=>S11, Cout=>C11);
S18_1: fulladder port map (A=>A1B3, B=>S11, Cin=>C17, Sum=>S18, Cout=>C18);
P4: halfadder port map (A=>A0B4, B=>S18, Sum=>P(4), Cout=>C25);

-- Stage 6
S5_1: fulladder port map (A=>A5B0, B=>A4B1, Cin=>C4, Sum=>S5, Cout=>C5);
S12_1: fulladder port map (A=>A3B2, B=>S5, Cin=>C11, Sum=>S12, Cout=>C12);
S19_1: fulladder port map (A=>A2B3, B=>S12, Cin=>C18, Sum=>S19, Cout=>C19);
S26_1: fulladder port map (A=>A1B4, B=>S19, Cin=>C25, Sum=>S26, Cout=>C26);
P5: halfadder port map (A=>A0B5, B=>S26, Sum=>P(5), Cout=>C33);

-- Stage 7
S6_1: fulladder port map (A=>A6B0, B=>A5B1, Cin=>C5, Sum=>S6, Cout=>C6);
S13_1: fulladder port map (A=>A4B2, B=>S6, Cin=>C12, Sum=>S13, Cout=>C13);
S20_1: fulladder port map (A=>A3B3, B=>S13, Cin=>C19, Sum=>S20, Cout=>C20);
S27_1: fulladder port map (A=>A2B4, B=>S20, Cin=>C26, Sum=>S27, Cout=>C27);
S34_1: fulladder port map (A=>A1B5, B=>S27, Cin=>C33, Sum=>S34, Cout=>C34);
P6: halfadder port map (A=>A0B6, B=>S34, Sum=>P(6), Cout=>C41);

-- Stage 8
S7_1: fulladder port map (A=>A7B0, B=>A6B1, Cin=>C6, Sum=>S7, Cout=>C7);
S14_1: fulladder port map (A=>A5B2, B=>S7, Cin=>C13, Sum=>S14, Cout=>C14);
S21_1: fulladder port map (A=>A4B3, B=>S14, Cin=>C20, Sum=>S21, Cout=>C21);
S28_1: fulladder port map (A=>A3B4, B=>S21, Cin=>C27, Sum=>S28, Cout=>C28);
S35_1: fulladder port map (A=>A2B5, B=>S28, Cin=>C34, Sum=>S35, Cout=>C35);
S42_1: fulladder port map (A=>A1B6, B=>S35, Cin=>C41, Sum=>S42, Cout=>C42);
P7: halfadder port map (A=>A0B7, B=>S42, Sum=>P(7), Cout=>C49);

-- Stage 9
S8_1: halfadder port map (A=>A7B1, B=>C7, Sum=>S8, Cout=>C8);
S15_1: fulladder port map (A=>A6B2, B=>S8, Cin=>C14, Sum=>S15, Cout=>C15);
S22_1: fulladder port map (A=>A5B3, B=>S15, Cin=>C21, Sum=>S22, Cout=>C22);
S29_1: fulladder port map (A=>A4B4, B=>S22, Cin=>C28, Sum=>S29, Cout=>C29);
S36_1: fulladder port map (A=>A3B5, B=>S29, Cin=>C35, Sum=>S36, Cout=>C36);
S43_1: fulladder port map (A=>A2B6, B=>S36, Cin=>C42, Sum=>S43, Cout=>C43);
P8: fulladder port map (A=>A1B7, B=>S43, Cin=>C49, Sum=>P(8), Cout=>C50);

-- Stage 10
S16_1: fulladder port map (A=>A7B2, B=>C8, Cin=>C15, Sum=>S16, Cout=>C16);
S23_1: fulladder port map (A=>A6B3, B=>S16, Cin=>C22, Sum=>S23, Cout=>C23);
S30_1: fulladder port map (A=>A5B4, B=>S23, Cin=>C29, Sum=>S30, Cout=>C30);
S37_1: fulladder port map (A=>A4B5, B=>S30, Cin=>C36, Sum=>S37, Cout=>C37);
S44_1: fulladder port map (A=>A3B6, B=>S37, Cin=>C43, Sum=>S44, Cout=>C44);
P9: fulladder port map (A=>A2B7, B=>S44, Cin=>C50, Sum=>P(9), Cout=>C51);

-- Stage 11
S24_1: fulladder port map (A=>A7B3, B=>C16, Cin=>C23, Sum=>S24, Cout=>C24);
S31_1: fulladder port map (A=>A6B4, B=>S24, Cin=>C30, Sum=>S31, Cout=>C31);
S38_1: fulladder port map (A=>A5B5, B=>S31, Cin=>C37, Sum=>S38, Cout=>C38);
S45_1: fulladder port map (A=>A4B6, B=>S38, Cin=>C44, Sum=>S45, Cout=>C45);
P10: fulladder port map (A=>A3B7, B=>S45, Cin=>C51, Sum=>P(10), Cout=>C52);

-- Stage 12
S32_1: fulladder port map (A=>A7B4, B=>C24, Cin=>C31, Sum=>S32, Cout=>C32);
S39_1: fulladder port map (A=>A6B5, B=>S32, Cin=>C38, Sum=>S39, Cout=>C39);
S46_1: fulladder port map (A=>A5B6, B=>S39, Cin=>C45, Sum=>S46, Cout=>C46);
P11: fulladder port map (A=>A4B7, B=>S46, Cin=>C52, Sum=>P(11), Cout=>C53);

-- Stage 13
S40_1: fulladder port map (A=>A7B5, B=>C32, Cin=>C39, Sum=>S40, Cout=>C40);
S47_1: fulladder port map (A=>A6B6, B=>S40, Cin=>C46, Sum=>S47, Cout=>C47);
P12: fulladder port map (A=>A5B7, B=>S47, Cin=>C53, Sum=>P(12), Cout=>C54);

-- Stage 14
S48_1: fulladder port map (A=>A7B6, B=>C40, Cin=>C47, Sum=>S48, Cout=>C48);
P13: fulladder port map (A=>A6B7, B=>S48, Cin=>C54, Sum=>P(13), Cout=>C55);

-- Stage 15
P14: fulladder port map (A=>A7B7, B=>C48, Cin=>C55, Sum=>P(14), Cout=>C56);

-- Stage 16
P15: P(15) <= C56;
end Behavioural;

2. [bookmark: _Toc155958270]Wallace Code
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;

-- 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 Wallace is
Port ( A : in std_logic_vector (7 downto 0);
       B : in std_logic_vector (7 downto 0);
       P : out std_logic_vector (15 downto 0));
end Wallace;
architecture Behavioral of Wallace is
component Fulladder is
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 is
Port ( A : in std_logic;
       B : in std_logic;
       Sum : out std_logic;
       Cout : out std_logic);    
end component; 
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 : std_logic;

signal A1B0 : std_logic;
Signal A2B0 : std_logic;
Signal A3B0 : std_logic;
Signal A4B0 : std_logic;
Signal A5B0 : std_logic;
Signal A6B0 : std_logic;
Signal A7B0 : std_logic;

Signal A0B1 : std_logic;
Signal A1B1 : std_logic;
Signal A2B1 : std_logic;
Signal A3B1 : std_logic;
Signal A4B1 : std_logic;
Signal A5B1 : std_logic;
Signal A6B1 : std_logic;
Signal A7B1 : std_logic;

Signal A0B2 : std_logic;
Signal A1B2 : std_logic;
Signal A2B2 : std_logic;
Signal A3B2 : std_logic;
Signal A4B2 : std_logic;
Signal A5B2 : std_logic;
Signal A6B2 : std_logic;
Signal A7B2 : std_logic;

Signal A0B3 : std_logic;
Signal A1B3 : std_logic;
Signal A2B3 : std_logic;
Signal A3B3 : std_logic;
Signal A4B3 : std_logic;
Signal A5B3 : std_logic;
Signal A6B3 : std_logic;
Signal A7B3 : std_logic;

Signal A0B4 : std_logic;
Signal A1B4 : std_logic;
Signal A2B4 : std_logic;
Signal A3B4 : std_logic;
Signal A4B4 : std_logic;
Signal A5B4 : std_logic;
Signal A6B4 : std_logic;
Signal A7B4 : std_logic;

Signal A0B5 : std_logic;
Signal A1B5 : std_logic;
Signal A2B5 : std_logic;
Signal A3B5 : std_logic;
Signal A4B5 : std_logic;
Signal A5B5 : std_logic;
Signal A6B5 : std_logic;
Signal A7B5 : std_logic;

Signal A0B6 : std_logic;
Signal A1B6 : std_logic;
Signal A2B6 : std_logic;
Signal A3B6 : std_logic;
Signal A4B6 : std_logic;
Signal A5B6 : std_logic;
Signal A6B6 : std_logic;
Signal A7B6 : std_logic;

Signal A0B7 : std_logic;
Signal A1B7 : std_logic;
Signal A2B7 : std_logic;
Signal A3B7 : std_logic;
Signal A4B7 : std_logic;
Signal A5B7 : std_logic;
Signal A6B7 : std_logic;
Signal A7B7 : std_logic;

begin

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);

-- Stage 1
P0 : P(0) <= A (0) and B (0) ;

ha11 : Halfadder Port map ( A=>A1B0, B=>A0B1, Sum=>P(1), Cout=>C1);
fa12 : Fulladder Port map ( A=>A2B0, B=>A1B1, Cin=>A2B0, Sum=>S2, Cout=>C2);
fa13 : Fulladder Port map ( A=>A3B0, B=>A2B1, Cin=>A1B2, Sum=>S3, Cout=>C3);
fal4 : Fulladder Port map ( A=>A4B0, B=>A3B1, Cin=>A2B2, Sum=>S4, Cout=>C4);
fal5 : Fulladder Port map ( A=>A5B0, B=>A4B1, Cin=>A3B2, Sum=>S5, Cout=>C5);
fal6 : Fulladder Port map ( A=>A6B0, B=>A5B1, Cin=>A4B2, Sum=>S6, Cout=>C6);
fal7 : Fulladder Port map ( A=>A7B0, B=>A6B1, Cin=>A5B2, Sum=>S7, Cout=>C7);
ha18 : Halfadder Port map ( A=>A7B1, B=>A6B2, Sum=>S8, Cout=>C8);

-- Stage 2
ha21 : Halfadder Port map ( A=>S2, B=>C1, Sum=>P(2), Cout=>C9);
fa22 : Fulladder Port map ( A=>A0B3, B=>S3, Cin=>C2, Sum=>S10, Cout=>C10);
fa23 : Fulladder Port map ( A=>A1B3, B=>S4, Cin=>C3, Sum=>S11, Cout=>C11);
fa24 : Fulladder Port map ( A=>A2B3, B=>S5, Cin=>C4, Sum=>S12, Cout=>C12);
fa25 : Fulladder Port map ( A=>A3B3, B=>S6, Cin=>C5, Sum=>S13, Cout=>C13);
fa26 : Fulladder Port map ( A=>A4B3, B=>S7, Cin=>C6, Sum=>S14, Cout=>C14);
fa27 : Fulladder Port map ( A=>A5B3, B=>S8, Cin=>C7, Sum=>S15, Cout=>C15);
fa28 : Fulladder Port map ( A=>A7B2, B=>A6B3, Cin=>C8, Sum=>S16, Cout=>C16);


-- Stage 3
ha31 : Halfadder Port map ( A=>S10, B=>C9, Sum=>P(3), Cout=>C17);
fa32 : Fulladder Port map ( A=>A0B4, B=>S11, Cin=>C10, Sum=>S18, Cout=>C18);
fa33 : Fulladder Port map ( A=>A1B4, B=>S12, Cin=>C11, Sum=>S19, Cout=>C19);
fa34 : Fulladder Port map ( A=>A2B4, B=>S13, Cin=>C12, Sum=>S20, Cout=>C20);
fa35 : Fulladder Port map ( A=>A3B4, B=>S14, Cin=>C13, Sum=>S21, Cout=>C21);
fa36 : Fulladder Port map ( A=>A4B4, B=>S15, Cin=>C14, Sum=>S22, Cout=>C22);
fa37 : Fulladder Port map ( A=>A5B4, B=>S16, Cin=>C15, Sum=>S23, Cout=>C23);
fa38 : Fulladder Port map ( A=>A7B4, B=>A6B4, Cin=>C16, Sum=>S24, Cout=>C24);

--Stage 4
ha41 : Halfadder Port map ( A=>S18, B=>C17, Sum=>P(4), Cout=>C25);
fa42 : Fulladder Port map ( A=>A0B5, B=>S19, Cin=>C18, Sum=>S26, Cout=>C26);
fa43 : Fulladder Port map ( A=>A1B5, B=>S20, Cin=>C19, Sum=>S27, Cout=>C27);
fa44 : Fulladder Port map ( A=>A2B5, B=>S21, Cin=>C20, Sum=>S28, Cout=>C28);
fa45 : Fulladder Port map ( A=>A3B5, B=>S22, Cin=>C21, Sum=>S29, Cout=>C29);
fa46 : Fulladder Port map ( A=>A4B5, B=>S23, Cin=>C22, Sum=>S30, Cout=>C30);
fa47 : Fulladder Port map ( A=>A5B5, B=>S24, Cin=>C23, Sum=>S31, Cout=>C31);
fa48 : Fulladder Port map ( A=>A7B4, B=>A6B5, Cin=>C24, Sum=>S32, Cout=>C32);

--Stage 5
ha51 : Halfadder Port map ( A=>S26, B=>C25, Sum=>P(5), Cout=>C33);
fa52 : Fulladder Port map ( A=>A0B6, B=>S27, Cin=>C26, Sum=>S34, Cout=>C34);
fa53 : Fulladder Port map ( A=>A1B6, B=>S28, Cin=>C27, Sum=>S35, Cout=>C35);
fa54 : Fulladder Port map ( A=>A2B6, B=>S29, Cin=>C28, Sum=>S36, Cout=>C36);
fa55 : Fulladder Port map ( A=>A3B6, B=>S30, Cin=>C29, Sum=>S37, Cout=>C37);
fa56 : Fulladder Port map ( A=>A4B6, B=>S31, Cin=>C30, Sum=>S38, Cout=>C38);
fa57 : Fulladder Port map ( A=>A5B6, B=>S32, Cin=>C31, Sum=>S39, Cout=>C39);
fa58 : Fulladder Port map ( A=>A7B5, B=>A6B6, Cin=>C32, Sum=>S40, Cout=>C40);

--Stage 6
ha61 : Halfadder Port map ( A=>S34, B=>C33, Sum=>P(6), Cout=>C41);
fa62 : Fulladder Port map ( A=>A0B7, B=>S35, Cin=>C34, Sum=>S42, Cout=>C43);
fa63 : Fulladder Port map ( A=>A1B7, B=>S36, Cin=>C35, Sum=>S43, Cout=>C45);
fa64 : Fulladder Port map ( A=>A2B7 ,B=>S37, Cin=>C36, Sum=>S44, Cout=>C47);
fa65 : Fulladder Port map ( A=>A3B7, B=>S38, Cin=>C37, Sum=>S45, Cout=>C49);
fa66 : Fulladder Port map ( A=>A4B7, B=>S39, Cin=>C38, Sum=>S46, Cout=>C51);
fa67 : Fulladder Port map ( A=>A5B7, B=>S40, Cin=>C39, Sum=>S47, Cout=>C53);
fa68 : Fulladder Port map ( A=>A7B6, B=>A6B7, Cin=>C40, Sum=>S48, Cout=>C55);

--Stage 7
ha71 : Halfadder Port map ( A=>S42, B=>C41, Sum=>P(7), Cout=>C42);
fa72 : Fulladder Port map ( A=>S43, B=>C43, Cin=>C42, Sum=>P(8), Cout=>C44);
fa73 : Fulladder Port map ( A=>S44, B=>C45, Cin=>C44, Sum=>P(9), Cout=>C46);
fa74 : Fulladder Port map ( A=>S45, B=>C47, Cin=>C46, Sum=>P(10), Cout=>C48);
fa75 : Fulladder Port map ( A=>S46, B=>C49, Cin=>C48, Sum=>P(11), Cout=>C50);
fa76 : Fulladder Port map ( A=>S47, B=>C51, Cin=>C50, Sum=>P(12), Cout=>C52);
fa77 : Fulladder Port map ( A=>S48, B=>C53, Cin=>C52, Sum=>P(13), Cout=>C54);
fa78 : Fulladder Port map ( A=>A7B7, B=>C55, Cin=>C54, Sum=>P(14), Cout=>P(15));

end Behavioral;
Sensitivity: general

Sensitivity: general
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