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[bookmark: _Toc195634497]Introduction 
In modern electronics, efficient, high speed multipliers are essential for use of applications such as signal processing. This report consists of the design and comparison of two 8-bit multiplier architectures; the Braun’s multiplier and the Wallace tree multiplier. Both designs will be implemented using VHDL and simulated using Vivado software. 






















[bookmark: _Toc195634498]Background and Research 
Multipliers are fundamental in digital systems. They are often used for applications such as  digital signal processing, image processing and high performance computing. Digital multipliers are classified depending on their structure (seen in Figure 1). The basic architecture of a multiplier  consists of three main parts; Generation of partial products, partial product addition and final addition [1]. 
[image: ]
Figure 1- Classification of multipliers [2]
They can typically be high energy components and vary greatly in processing speed depending on the multiplier architecture [3]. As Figure 1 shows, digital multipliers are spilt into two sections; serial multipliers and parallel multipliers. 
Serial multiplication is the classical method used for multiplying two digits. It processes the multiplication one bit at a time and consists of a shift and add function to carry out the basic operations [4]. Serial multiplication is often used in applications where the area and power is the most important consideration and time delay is less important [5]. 
Parallel multiplication is where operations will be carried out simultaneously with the use of AND gates and Adders [6]. It is a popular type of multiplying method due to its diversity. Parallel multipliers have been redeveloped into multiple architectures due to the ability to carry out tasks simultaneously [7]. 
Advancements in modern technology means that there has been a high demand for development in multiplier techniques over the years. This development has largely focussed on improving efficiency, performance and area [8]. In order to achieve faster and more power efficient multipliers, many different architectures have been created. For example; the Wallace tree multiplier, Braun’s multiplier, Booths multiplier, combinational multiplier and sequential multiplier [9]. The choice of multiplier design depends on the application [10].  
The Wallace tree multiplier architecture is a popular choice among existing multipliers on the market [10]. This is largely due to it being able to achieve a fast processing speed [12]. It can process fast due to it having reduced number of steps required to get to the output. The carry save addition algorithm gives it reduced latency [13]. Its concept is that the bits at each level is reduced until the calculation has been completed. Wallace tree multipliers offer higher switching speed and lower power consumption, making them ideal for complex and portable circuits. 
The Braun’s multiplier is another architecture used, most commonly in low power systems. The concept of a Braun’s multiplier is simplistic as it uses a fixed pattern [14], [15]. The fixed pattern design allows the delays to be easily calculated and evenly distributed. This logical architecture does however often lead to more power consumption [16]. The Braun’s multiplier is designed to be used with unsigned numbers only, so has its limitations. 
In order to model the structure of a multiplier system, VHDL is used. This is a programming language used to describe the hardware. VHDL stands for VHSIC (Very-high-speed integrated circuit) hardware description language. It came about in 1985 and is used for the design simulation and synthesis of hardware to verify its behaviour [17]. Due to its readability for both human and machine, VHDL has become the IEE programming standard for hardware. This standard is covered in the 1076-2019- IEE standard for VHDL language reference manual [18]. 
FPGAs are used so that the programmer can customise their function. FPGA stands for Field-Programmable Gate Array and are often chosen due to their diversity of being able to be reprogrammed after manufacturing. These devices are especially popular in industries such as telecommunications, aerospace and automotive [19]. One example of an FPGA is the Digilent basys 3 development board that will be used within this report to test the hardware of the multipliers [20]. 
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Figure 2- Binary Multiplication
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Figure 3- Dot diagram showing method of reduction for Wallace tree 8x8 multiplier [14]

[bookmark: _Toc195634500]Structure of Wallace tree Multiplier [image: ]

Figure 4- Wallace tree multiplier structure
The methodology of a Wallace tree multiplier is that it first generates all the partial products through AND gates. These are then systematically reduced by grouping three rows and compressing them using full adders for columns of three bits and half adders for columns of 2. Any single bits in a column go to the next stage. This then continues until only two rows are left. These then produce the final product [10]. The critical path delays are minimised through logarithmic reduction stages. 
[bookmark: _Toc195634501]Structure of Braun’s Multiplier 
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Figure 5- Brauns multiplier structure
The Brauns multiplier generates all partial products simultaneously through AND gates, followed by sequential reduction where each row of adders combines these partial products with the accumulated sum from the previous carry stage. Carry outputs from each adder are shifted left and used in the next additions, minimising the delays. By the design using full adders with balanced delays between the carry and sum, it ensures efficiency in the critical path of the linear array structure [21]. 
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[bookmark: _Toc195634503]Half adder design source
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Figure 6- Half adder
[bookmark: _Toc195634504]Full adder design source
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Figure 7- Full adder
[bookmark: _Toc195634505]Multiplier programs
Both multipliers had been written so that it could be easily interpretated. The ports were declared to specify them as inputs or outputs. Next the signals were declared and what inputs made the signals. After that,  the adder logic was written, representing its position in the reduction tree/ array. The Programs can be seen in Appendix 1 and Appendix 2. 
[bookmark: _Toc195634506]Simulation results 
In order to check that the program had been written correctly, a behavioural simulation was run. To carry out the simulation, the clock needed to be forced for both inputs and also the  constant. This simulation allowed inputs to be written by forcing the constant so that the output could be generated. If the correct output was generated then it means that the code was written correctly. This can be seen in Figures 8 to 15. Multiple tests was carried out using different inputs to ensure that the code was fully functional. The green colour code of the simulation waves is another indicator that the code is working correctly. If there was an error then orange waves would appear. 
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Figure 8- Wallace tree behavioural simulation (ab x cd = 88ef)
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Figure 9-Wallace tree behavioural simulation (cd x ef = bf63)
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Figure 10- Wallace tree behavioural simulation (d5 x a6 = 8a1e)
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Figure 11- Wallace tree behavioural simulation (ff x ff = fe01)
[bookmark: _Toc195634508]Brauns behavioural simulations 
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Figure 12- Brauns behavioural simulation (ab x cd = 88ef)
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Figure 13- Brauns behavioural simulation (cd x ef = bf63)
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Figure 14- Brauns behavioural simulation (d5 x a6 = 8a1e)
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Figure 15- Brauns behavioural simulation (ff x ff = fe01)
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In order for the pins to be correctly configured, the schematic for the Basys 3 was needed as a reference. The schematic in figure 16 helped to identify what pins needed to be configured for the inputs A and B and the outputs P. These pins can be seen configured in figure 17. This process was carried out for both the Wallace tree multiplier and the Brauns multiplier as they was both using the same FPGA hardware. 
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Figure 16- Basys 3 general purpose I/O schematic [20]
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Figure 17- I/O pin configuration
Once the pins were correctly configured for each device, the I/O planning could be seen and the device layout. These are shown in Figure 18 to 21. As you can see from comparing the figures, there are minimal differences due to the same hardware being used. 
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Figure 18- Wallace tree I/O planning
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Figure 19- Wallace tree device layout
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Figure 20- Brauns I/O planning
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Figure 21- Brauns device layout
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Both synthesised and implementation schematics were the same. These schematics show the architecture of each multiplier. By comparing Figure 22 and Figure 24, it shows how the Wallace tree architecture is more area compact due to the complex interconnections compared to the Brauns that has a simpler layout. This can also be seen in the RTL (Register Transfer Level) Schematic shown in Figure 23 and Figure 25.
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Figure 22- Wallace tree schematic
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Figure 23- Wallace tree RTL schematic
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Figure 24- Brauns schematic
[image: ]
Figure 25- Brauns RTL schematic
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The Basys 3 FPGA was connected to the computer to carry out physical testing. Once the program was put onto the physical device, input switches was turned on and off to see if the output LED’s corresponded correctly.  This can be seen in Figure 27 where the inputs FF x FF was simulated with the switches and the corresponding LEDs light up representing FE01, proving everything worked correctly. 
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Figure 26- Vivardo Hardware manager
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Figure 27- Basys 3 FPGA practical run
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Timing constraints for each multiplier needed to be written so that the synthesis and implementation of the design will operate correctly. Both multipliers operated on the basis that an AND gate delay is 1ns and the full and half adders delay is 2ns.  From Figure 28 it is clear to see what the longest delay will be for the Wallace tree as it is highlighted in red. As there are 14 Adders in this path: longest delay = 1ns + 14*(2ns)= 29ns. Figure 30 demonstrates the longest delay for the Brauns. There are 20 adders in this path so therefore the longest delay = 1ns + 20*(2ns) = 41ns.  
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Figure 28- Wallace tree  longest delay for P15
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Figure 29- Wallice tree timing constraints
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Figure 30- Brauns longest delay for P15
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Figure 31- Brauns timing constraints
As shown in Figure 27 and Figure 29, the clock period was adjusted in order to account for the longest delay period. This is because if this was not adjusted, then the clock period may be shorter than the time it may take to get to P15. 

 The design timing summary’s for both multipliers can be seen in Figure 32 and Figure 33. These summary’s show the worst negative slack for each multiplier. It can be seen that the Wallace tree has less negative slack than the Brauns, indicating that it is faster.  
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Figure 32- Wallace tree design timing summary
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Figure 33- Brauns design timing summary
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Figure 34- Wallace tree combinational delays (part 1)
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Figure 35- Wallace tree combinational delays (part 2)
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Figure 36- Brauns combinational delays (part 1)
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Figure 37- Brauns combinational delays (part 2)
The combinational delays shown above from Figure 34 to 37 show the time it takes from one port (input) to another port (output). It can be seen that the longest time for the Wallace tree is 19.505ns from port A1 to P15 and the longest time for the Brauns is from the same port but takes 24.497ns. Both of these times is within the time given for the longest possible delay. 











[bookmark: _Toc195634513]Power and Utilisation 
The design power budget was set at 2 Watts. Figure 38 and Figure 39 demonstrates that both multipliers had very similar results to each other. This is likely because the operation of an 8x8 multiplier is relatively small for the Vivado software to be able to show much differences. A more complex multiplier may be able to show a bigger difference in power utilisation. The differences between the two power summaries come with the dynamic power distribution. This difference is only minor as the actual power consumption remains the same. The Wallace tree uses less power for the I/O as it only uses 90% compared to the 93% used by the Brauns. The Wallace tree does however use more for signals at 6% compared to the 4% for Brauns. This difference is likely due to the architectural differences affecting the switching activity. 
[image: ]
Figure 38- Wallace tree power summary
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Figure 39- Brauns power summary
The simulation data shows that both multipliers are the same for utilisation percentage. The diversity between them comes with the Slice LUTs, Slice and LUT as logic. LUTs (Look-up table) store a list of outputs for every input combination. Slice usually contains multiple LUTs, flip flops and multiplexers [23]. Comparing the Wallace tree utilisation in Figure 42 and the Brauns utilisation in Figure 44, it can be seen that the Wallace tree uses the most. This is likely due to the more complex architecture of the Wallace tree.     
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Figure 40- Wallace tree project summary
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Figure 41- Wallace tree Utilisation Graph
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Figure 42- Wallace tree Utilisation
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Figure 43- Brauns project summary
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Figure 44- Brauns Utilisation Graph
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Figure 45- Brauns Utilisation








[bookmark: _Toc195634514]Summary of findings  and recommendations 

The results demonstrated that the Brauns multiplier utilised slightly fewer LUTs at 87, compared to the Wallace tree at 91, confirming it is less complex than the Wallace tree. The Brauns multiplier however shows a significantly higher time delay of 13.592ns, compared to the 6.090ns of the Wallace tree. This verifies the expectations of linear scaling verses logarithmic path scaling. Improvements can be made to speed up the critical path by carrying out pipelining. This is where registers can be added to the critical path to reduce the amount of logic being carried out per register. It works as less logic therefore means less time to execute it and consequently means the maximum frequency can increase [24].
Power analysis indicates a similar total on-chip power consumption of 0.08W for both designs, with static power dominating at 0.072W and dynamic power at 0.008W. The I/O power takes up the largest portion of dynamic power, indicating that improvements in I/O buffering and signal integrity could generate power savings. These improvements could consist of using clock gating to reduce power used from inactive blocks or ensuring proper signal routing and termination to reduce signal reflections taking up power [25]. 
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Throughout this report it can be seen that both types of multipliers are capable of performing 8x8 unsigned multiplication, however both also have their limitations. 
The Wallace tree multiplier has irregular reduction stages, so its critical path can be made shorter and therefore have a faster operation. This does however mean that the programming is more complex. This is due to the multi-layers of half and full adders that make it incredibly hard to debug if issues occur, especially if it was written for higher bit multiplication. 
The Brauns multiplier on the other hand offers a regular structure, offering area efficiency. The purely combinational design does however mean that all operations need to be completed before any other operations can start. If higher multiplication was required, this would impose strict timing constraints and cause an increased delay. Similar to the Wallace tree multiplier, the declaration of each sum and carry signals can mean that it can be hard to debug if any issues occurred. 
The power consumption for both multipliers was almost identical from the findings, however higher bit multiplication should allow for a more accurate result within the Vivado software. In order for more conclusive evidence of power consumption, it is recommended for higher bit multiplication to be carried out through simulations, if this task was to be repeated again in the future. 
Overall, the findings support research conducted at the start of this report. Brauns multipliers offer simple implementation and less resources, making it perfect for small/ medium size tasks which are more area dependant than speed dependant. Wallace tree multipliers offer faster speeds with reduced number of partial products, making the circuit more complex. This multiplier is perfect for larger, speed dependant tasks. 
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Appendix 1 – Wallace tree program
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.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 full_adder 
port (A : in STD_LOGIC;
      B : in STD_LOGIC;
    Cin : in STD_LOGIC;
      S : out STD_LOGIC;
   Cout : out STD_LOGIC);
end component;

Component half_adder 
port (A : in STD_LOGIC;
      B : in STD_LOGIC;
      S : out STD_LOGIC;
   Cout : out STD_LOGIC);
end component;

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 S2,S3,S4,S5,S6,S7,S8,S9,S10,S11,S12,S13,S14,S15,S16,S17,S18,S19,S20,S21,S22,S23,S24,S25,S26,S27,S28,S29,S30,S31,S32,S33,S34,S35,S36,S37,S38,S39,S40,S41,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;

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);

P0          : P(0) <= A(0) and B(0) ;
ha11 : half_adder port map (A=>A1B0,B=>A0B1,S=>P(1),Cout=>C1);
fa12 : full_adder port map (A=>A2B0,B=>A1B1,Cin=>A0B2,S=>S2,Cout=>C2);
fa13 : full_adder port map (A=>A3B0,B=>A2B1,Cin=>A1B2,S=>S3,Cout=>C3);
fa14 : full_adder port map (A=>A4B0,B=>A3B1,Cin=>A2B2,S=>S4,Cout=>C4);
fa15 : full_adder port map (A=>A5B0,B=>A4B1,Cin=>A3B2,S=>S5,Cout=>C5);
fa16 : full_adder port map (A=>A6B0,B=>A5B1,Cin=>A4B2,S=>S6,Cout=>C6);
fa17 : full_adder port map (A=>A7B0,B=>A6B1,Cin=>A5B2,S=>S7,Cout=>C7);
ha18 : half_adder port map (A=>A7B1,B=>A6B2,S=>S8,Cout=>C8);
--second stage
ha21 : half_adder port map(A=>S2,B=>C1,S=>P(2),Cout=>C9);
fa22 : full_adder port map(A=>S3,B=>C2,Cin=>A0B3,S=>S10,Cout=>C10);
fa23 : full_adder port map(A=>S4,B=>C3,Cin=>A1B3,S=>S11,Cout=>C11);
fa24 : full_adder port map(A=>S5,B=>C4,Cin=>A2B3,S=>S12,Cout=>C12);
fa25 : full_adder port map(A=>S6,B=>C5,Cin=>A3B3,S=>S13,Cout=>C13);
fa26 : full_adder port map(A=>S7,B=>C6,Cin=>A4B3,S=>S14,Cout=>C14);
fa27 : full_adder port map(A=>S8,B=>C7,Cin=>A5B3,S=>S15,Cout=>C15);
fa28 : full_adder port map(A=>A7B2,B=>C8,Cin=>A6B3,S=>S16,Cout=>C16);
--third stage
ha31 : half_adder port map(A=>S10,B=>C9,S=>P(3),Cout=>C17);
fa32 : full_adder port map(A=>S11,B=>C10,Cin=>A0B4,S=>S18,Cout=>C18);
fa33 : full_adder port map(A=>S12,B=>C11,Cin=>A1B4,S=>S19,Cout=>C19);
fa34 : full_adder port map(A=>S13,B=>C12,Cin=>A2B4,S=>S20,Cout=>C20);
fa35 : full_adder port map(A=>S14,B=>C13,Cin=>A3B4,S=>S21,Cout=>C21);
fa36 : full_adder port map(A=>S15,B=>C14,Cin=>A4B4,S=>S22,Cout=>C22);
fa37 : full_adder port map(A=>S16,B=>C15,Cin=>A5B4,S=>S23,Cout=>C23);
fa38 : full_adder port map(A=>A7B3,B=>C16,Cin=>A6B4,S=>S24,Cout=>C24);
--fourth stage
ha41 : half_adder port map(A=>S18,B=>C17,S=>P(4),Cout=>C25);
fa42 : full_adder port map(A=>S19,B=>C18,Cin=>A0B5,S=>S26,Cout=>C26);
fa43 : full_adder port map(A=>S20,B=>C19,Cin=>A1B5,S=>S27,Cout=>C27);
fa44 : full_adder port map(A=>S21,B=>C20,Cin=>A2B5,S=>S28,Cout=>C28);
fa45 : full_adder port map(A=>S22,B=>C21,Cin=>A3B5,S=>S29,Cout=>C29);
fa46 : full_adder port map(A=>S23,B=>C22,Cin=>A4B5,S=>S30,Cout=>C30);
fa47 : full_adder port map(A=>S24,B=>C23,Cin=>A5B5,S=>S31,Cout=>C31);
fa48 : full_adder port map(A=>A7B4,B=>C24,Cin=>A6B5,S=>S32,Cout=>C32);
--fith stage
ha51 : half_adder port map(A=>S26,B=>C25,S=>P(5),Cout=>C33);
fa52 : full_adder port map(A=>S27,B=>C26,Cin=>A0B6,S=>S34,Cout=>C34);
fa53 : full_adder port map(A=>S28,B=>C27,Cin=>A1B6,S=>S35,Cout=>C35);
fa54 : full_adder port map(A=>S29,B=>C28,Cin=>A2B6,S=>S36,Cout=>C36);
fa55 : full_adder port map(A=>S30,B=>C29,Cin=>A3B6,S=>S37,Cout=>C37);
fa56 : full_adder port map(A=>S31,B=>C30,Cin=>A4B6,S=>S38,Cout=>C38);
fa57 : full_adder port map(A=>S32,B=>C31,Cin=>A5B6,S=>S39,Cout=>C39);
fa58 : full_adder port map(A=>A7B5,B=>C32,Cin=>A6B6,S=>S40,Cout=>C40);
--sixth stage
ha61 : half_adder port map(A=>S34,B=>C33,S=>P(6),Cout=>C41);
fa62 : full_adder port map(A=>S35,B=>C34,Cin=>A0B7,S=>S42,Cout=>C42);
fa63 : full_adder port map(A=>S36,B=>C35,Cin=>A1B7,S=>S43,Cout=>C43);
fa64 : full_adder port map(A=>S37,B=>C36,Cin=>A2B7,S=>S44,Cout=>C44);
fa65 : full_adder port map(A=>S38,B=>C37,Cin=>A3B7,S=>S45,Cout=>C45);
fa66 : full_adder port map(A=>S39,B=>C38,Cin=>A4B7,S=>S46,Cout=>C46);
fa67 : full_adder port map(A=>S40,B=>C39,Cin=>A5B7,S=>S47,Cout=>C47);
fa68 : full_adder port map(A=>A7B6,B=>C40,Cin=>A6B7,S=>S48,Cout=>C48);
--seventh stage
ha71 : half_adder port map(A=>S42,B=>C41,S=>P(7),Cout=>C49);
fa72 : full_adder port map(A=>S43,B=>C42,Cin=>C49,S=>P(8),Cout=>C50);
fa73 : full_adder port map(A=>S44,B=>C43,Cin=>C50,S=>P(9),Cout=>C51);
fa74 : full_adder port map(A=>S45,B=>C44,Cin=>C51,S=>P(10),Cout=>C52);
fa75 : full_adder port map(A=>S46,B=>C45,Cin=>C52,S=>P(11),Cout=>C53);
fa76 : full_adder port map(A=>S47,B=>C46,Cin=>C53,S=>P(12),Cout=>C54);
fa77 : full_adder port map(A=>S48,B=>C47,Cin=>C54,S=>P(13),Cout=>C55);
fa78 : full_adder port map(A=>A7B7,B=>C48,Cin=>C55,S=>P(14),Cout=>P(15));
end Behaviora
Appendix 2 – Brauns Program
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;

entity Braun 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 Braun;

architecture Behavioral of Braun 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 C1 : STD_LOGIC; ----P2
signal P2_1 : STD_LOGIC;

signal C2_1 : STD_LOGIC; ---P3
signal P3_1 : STD_LOGIC;
signal C2 : STD_LOGIC;
signal P3_2 : STD_LOGIC;

signal C3_1 : STD_LOGIC; ----P4 
signal P4_1 : STD_LOGIC;
signal C3_2 : STD_LOGIC;
signal P4_2 : STD_LOGIC;
signal C3 : STD_LOGIC;
signal P4_3 : STD_LOGIC;

signal C4_1 : STD_LOGIC; ----P5 
signal P5_1 : STD_LOGIC;
signal C4_2 : STD_LOGIC;
signal P5_2 : STD_LOGIC;
signal C4_3 : STD_LOGIC;
signal P5_3 : STD_LOGIC;
signal C4 : STD_LOGIC;
signal P5_4 : STD_LOGIC;

signal C5_1 : STD_LOGIC;----P6
signal P6_1 : STD_LOGIC;
signal C5_2 : STD_LOGIC;
signal P6_2 : STD_LOGIC;
signal C5_3 : STD_LOGIC;
signal P6_3 : STD_LOGIC;
signal C5_4 : STD_LOGIC;
signal P6_4 : STD_LOGIC;
signal C5 : STD_LOGIC;
signal P6_5 : STD_LOGIC;

signal C6_1 : STD_LOGIC;----P7
signal P7_1 : STD_LOGIC;
signal C6_2 : STD_LOGIC;
signal P7_2 : STD_LOGIC;
signal C6_3 : STD_LOGIC;
signal P7_3 : STD_LOGIC;
signal C6_4 : STD_LOGIC;
signal P7_4 : STD_LOGIC;
signal C6_5 : STD_LOGIC;
signal P7_5 : STD_LOGIC;
signal C6 : STD_LOGIC;
signal P7_6 : STD_LOGIC;

signal C7_1 : STD_LOGIC;----P8
signal P8_1 : STD_LOGIC;
signal C7_2 : STD_LOGIC;
signal P8_2 : STD_LOGIC;
signal C7_3 : STD_LOGIC;
signal P8_3 : STD_LOGIC;
signal C7_4 : STD_LOGIC;
signal P8_4 : STD_LOGIC;
signal C7_5 : STD_LOGIC;
signal P8_5 : STD_LOGIC;
signal C7_6 : STD_LOGIC;
signal P8_6 : STD_LOGIC;
signal C7 : STD_LOGIC;

signal C8_1 : STD_LOGIC;----P9
signal C8_2 : STD_LOGIC;
signal P9_1 : STD_LOGIC;
signal C8_3 : STD_LOGIC;
signal P9_2 : STD_LOGIC;
signal C8_4 : STD_LOGIC;
signal P9_3 : STD_LOGIC;
signal C8_5 : STD_LOGIC;
signal P9_4 : STD_LOGIC;
signal C8_6 : STD_LOGIC;
signal P9_5 : STD_LOGIC;
signal C8 : STD_LOGIC;

signal C9_1 : STD_LOGIC;----P10
signal C9_2 : STD_LOGIC;
signal P10_1 : STD_LOGIC;
signal C9_3 : STD_LOGIC;
signal P10_2 : STD_LOGIC;
signal C9_4 : STD_LOGIC;
signal P10_3 : STD_LOGIC;
signal C9_5 : STD_LOGIC;
signal P10_4 : STD_LOGIC;
signal C9 : STD_LOGIC;

signal C10_1 : STD_LOGIC;----P11
signal C10_2 : STD_LOGIC;
signal P11_1 : STD_LOGIC;
signal C10_3 : STD_LOGIC;
signal P11_2 : STD_LOGIC;
signal C10_4 : STD_LOGIC;
signal P11_3 : STD_LOGIC;
signal C10 : STD_LOGIC;

signal C11_1 : STD_LOGIC;----P12
signal C11_2 : STD_LOGIC;
signal P12_1 : STD_LOGIC;
signal C11_3 : STD_LOGIC;
signal P12_2 : STD_LOGIC;
signal C11 : STD_LOGIC;

signal C12_1 : STD_LOGIC;----P13
signal C12_2 : STD_LOGIC;
signal P13_1 : STD_LOGIC;
signal C12 : STD_LOGIC;

signal C13_1 : STD_LOGIC;----P14
signal C13 : STD_LOGIC;

signal C14 : STD_LOGIC;----P15

Component full_adder 
port (A : in STD_LOGIC;
B : in STD_LOGIC;
Cin : in STD_LOGIC;
S : out STD_LOGIC;
Cout : out STD_LOGIC);
end component;

Component half_adder 
port (A : in STD_LOGIC;
B : in STD_LOGIC;
S : 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);

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

P1_0 : half_adder port map (A=>A1B0 , B=>A0B1 ,S=> P(1), Cout=>C1);

P21 : full_adder port map (A=>A2B0 , B=>A1B1 , Cin=>C1, S=>P2_1, Cout=>C2_1);
P2_0 : half_adder port map (A=>A0B2 , B=>P2_1 , S=>P(2), Cout=>C2);

P31 : full_adder port map (A=>A3B0 , B=>A2B1, Cin=>C2_1, S=>P3_1, Cout=>C3_1);
P32 : full_adder port map (A=>A1B2, B=>P3_1 , Cin=>C2, S=>P3_2, Cout=>C3_2);
P3_0 : half_adder port map (A=>A0B3, B=>P3_2, S=>P(3),Cout=>C3);

P41 : full_adder port map (A=>A4B0 , B=>A3B1, Cin=>C3_1, S=>P4_1, Cout=>C4_1);
P42 : full_adder port map (A=>A2B2, B=>P4_1 , Cin=>C3_2, S=>P4_2, Cout=>C4_2);
P43 : full_adder port map (A=>A1B3, B=>P4_2 , Cin=>C3, S=>P4_3, Cout=>C4_3);
P4_0 : half_adder port map (A=>A0B4, B=>P4_3, S=>P(4),Cout=>C4);

P51 : full_adder port map (A=>A5B0 , B=>A4B1, Cin=>C4_1, S=>P5_1, Cout=>C5_1);
P52 : full_adder port map (A=>A3B2, B=>P5_1 , Cin=>C4_2, S=>P5_2, Cout=>C5_2);
P53 : full_adder port map (A=>A2B3, B=>P5_2 , Cin=>C4_3, S=>P5_3, Cout=>C5_3);
P54 : full_adder port map (A=>A1B4, B=>P5_3 , Cin=>C4, S=>P5_4, Cout=>C5_4);
P5_0 : half_adder port map (A=>A0B5, B=>P5_4, S=>P(5),Cout=>C5);

P61 : full_adder port map (A=>A6B0 , B=>A5B1, Cin=>C5_1, S=>P6_1, Cout=>C6_1);
P62 : full_adder port map (A=>A4B2, B=>P6_1 , Cin=>C5_2, S=>P6_2, Cout=>C6_2);
P63 : full_adder port map (A=>A3B3, B=>P6_2 , Cin=>C5_3, S=>P6_3, Cout=>C6_3);
P64 : full_adder port map (A=>A2B4, B=>P6_3 , Cin=>C5_4, S=>P6_4, Cout=>C6_4);
P65 : full_adder port map (A=>A1B5, B=>P6_4 , Cin=>C5, S=>P6_5, Cout=>C6_5);
P6_0 : half_adder port map (A=>A0B6, B=>P6_5, S=>P(6),Cout=>C6);

P71 : full_adder port map (A=>A7B0 , B=>A6B1, Cin=>C6_1, S=>P7_1, Cout=>C7_1);
P72 : full_adder port map (A=>A5B2, B=>P7_1 , Cin=>C6_2, S=>P7_2, Cout=>C7_2);
P73 : full_adder port map (A=>A4B3, B=>P7_2 , Cin=>C6_3, S=>P7_3, Cout=>C7_3);
P74 : full_adder port map (A=>A3B4, B=>P7_3 , Cin=>C6_4, S=>P7_4, Cout=>C7_4);
P75 : full_adder port map (A=>A2B5, B=>P7_4 , Cin=>C6_5, S=>P7_5, Cout=>C7_5);
P76 : full_adder port map (A=>A1B6, B=>P7_5 , Cin=>C6, S=>P7_6, Cout=>C7_6);
P7_0 : half_adder port map (A=>A0B7, B=>P7_6, S=>P(7),Cout=>C7);

P81 : half_adder port map (A=>A7B1 , B=>C7_1, S=>P8_1, Cout=>C8_1);
P82 : full_adder port map (A=>A6B2, B=>P8_1 , Cin=>C7_2, S=>P8_2, Cout=>C8_2);
P83 : full_adder port map (A=>A5B3, B=>P8_2 , Cin=>C7_3, S=>P8_3, Cout=>C8_3);
P84 : full_adder port map (A=>A4B4, B=>P8_3 , Cin=>C7_4, S=>P8_4, Cout=>C8_4);
P85 : full_adder port map (A=>A3B5, B=>P8_4 , Cin=>C7_5, S=>P8_5, Cout=>C8_5);
P86 : full_adder port map (A=>A2B6, B=>P8_5 , Cin=>C7_6, S=>P8_6, Cout=>C8_6);
P8_0 : full_adder port map (A=>A1B7, B=>P8_6, Cin=>C7, S=>P(8), Cout=>C8);

P91 : full_adder port map (A=>C8_1, B=>A7B2 , Cin=>C8_2, S=>P9_1, Cout=>C9_1);
P92 : full_adder port map (A=>A6B3, B=>P9_1 , Cin=>C8_3, S=>P9_2, Cout=>C9_2);
P93 : full_adder port map (A=>A5B4, B=>P9_2 , Cin=>C8_4, S=>P9_3, Cout=>C9_3);
P94 : full_adder port map (A=>A4B5, B=>P9_3 , Cin=>C8_5, S=>P9_4, Cout=>C9_4);
P95 : full_adder port map (A=>A3B6, B=>P9_4 , Cin=>C8_6, S=>P9_5, Cout=>C9_5);
P9_0 : full_adder port map (A=>A2B7, B=>P9_5, Cin=>C8, S=>P(9), Cout=>C9);

P101 : full_adder port map (A=>C9_1, B=>A7B3 , Cin=>C9_2, S=>P10_1, Cout=>C10_1);
P102 : full_adder port map (A=>A6B4, B=>P10_1 , Cin=>C9_3, S=>P10_2, Cout=>C10_2);
P103 : full_adder port map (A=>A5B5, B=>P10_2 , Cin=>C9_4, S=>P10_3, Cout=>C10_3);
P104 : full_adder port map (A=>A4B6, B=>P10_3 , Cin=>C9_5, S=>P10_4, Cout=>C10_4);
P10_0 : full_adder port map (A=>A3B7, B=>P10_4, Cin=>C9, S=>P(10), Cout=>C10);

P111 : full_adder port map (A=>C10_1, B=>A7B4 , Cin=>C10_2, S=>P11_1, Cout=>C11_1);
P112 : full_adder port map (A=>A6B5, B=>P11_1 , Cin=>C10_3, S=>P11_2, Cout=>C11_2);
P113 : full_adder port map (A=>A5B6, B=>P11_2 , Cin=>C10_4, S=>P11_3, Cout=>C11_3);
P11_0 : full_adder port map (A=>A4B7, B=>P11_3, Cin=>C10, S=>P(11), Cout=>C11);

P121 : full_adder port map (A=>C11_1, B=>A7B5 , Cin=>C11_2, S=>P12_1, Cout=>C12_1);
P122 : full_adder port map (A=>A6B6, B=>P12_1 , Cin=>C11_3, S=>P12_2, Cout=>C12_2);
P12_0 : full_adder port map (A=>A5B7, B=>P12_2, Cin=>C11, S=>P(12), Cout=>C12);

P131 : full_adder port map (A=>C12_1 , B=>A7B6, Cin=>C12_2, S=>P13_1, Cout=>C13_1);
P13_0 : full_adder port map (A=>A6B7 , B=>P13_1, Cin=>C12, S=>P(13), Cout=>C13);

P14 : full_adder port map (A=>A7B7 , B=>C13_1, Cin=>C13, S=>P(14), Cout=> C14);
P15: P(15) <= C14;

end Behavioral;
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Library IEEE;
use TEEE.STD_LOGIC_1164.ALL;

- Uncomment the following library declaration if using
- aritmmetic functions with Signed or Unsigned values

~-use IEEE.NUMERIC_STD.ALL;

- Uncomment the following library declaration if instantiating

- any ¥ilinx leaf cells in this code.
-Library UNISIM;
-use UNISIM.VComponents.all;

entity half_adder is
Port (A : in STD_LOGIC;
B : in STD_LOGIC;
Cout : out STD_LOGIC;
St out STD_LOGIO);
end half_adder;

architecture Behavioral of half_adder is

begin

S <=A %OR B;
Cout <= A AND B;

end Behavioral;
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library IEEE;
use TEEE.STD_LOGIC_1164.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 full_adder is
Port (A : in STD_LOGIC;
B : in STD_LOGIC;
Cin : in STD_LOGIC;
S+ out STD_LOGIC;
Cout : out STD_LOGIC);
end full_adder;

architecture Behavioral of full adder is

begin
S <= A XOR B XOR Cin;
Cout <= (A AND B ) OR (B AND Cin ) OR (A AND Cin);

end Behavioral;
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| # Create & virtval clock (sesded for timing analysis)

create_clock -period 30.000 -name virtual clk

# Set delays based on analytical calculations
set_input_delay -clock virtual_clk -max 1.000 [get_ports A*]
set_input_delay -clock virtual_clk -max 1.000 [get_ports BA]
set_output_delay -clock virtual clk -max 2.000 [get_ports BA]

# Set max delay for the critical path (longest delay)
| set_max_delay -from [get_ports A*] -to [get _ports P*] 29.000
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| # Create a virtual clock (needed for timing analysis)

create_clock -period 45.000 -name virtual clk

# Set delays based on analytical calculations
set_input_delay -clock virtual_clk -max 1.000 [get_ports A*]
set_input_delay -clock virtual_clk -max 1.000 [get_ports BA]
set_output_delay -clock virtual clk -max 2.000 [get_ports BA]

# Set max delay for the critical path (longest delay)
set_max delay —from [get ports A*] -to [get ports P*] 41.000
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