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1. [bookmark: _Hlk104159961]Introduction
1.1. Logic Gates
Logic Gates are made for dealing with input signals that are usually discrete in nature (pulses, or bits of data) unlike circuits that are continuous in nature such as amplifiers, filters, op-amps, etc [1]. Data is usually displayed as “0” and “1” or “low” and “high” which are known as Logic States which can represent [2]:
One bit of a number
	Whether a switch is opened or closed
Whether a signal is present or absent
Whether some analog level is above or below some pre-set limit
Where or not some event happend yet
Whether or not some action should be taken
In digital electronics, adding two 8 bits numbers to generate 8 bit answer plus carry, or multiply two binary numbers is known as generating digital output form digital input. These problems are solved using logic gates which can perform Boolean algebra of binary two state system [8].
Common Gates are:
AND Gate
The output of an AND gate is only high when both A and B inputs are high.
	A
	B
	A.B

	0
	0
	0

	0
	1
	0

	1
	0
	0

	1
	1
	1


[image: ]
Figure 1. AND gate and truth table

OR Gate
The output of an OR gate is high when either of A or B are high.
	A
	B
	A+B

	0
	0
	0

	0
	1
	1

	1
	0
	1

	1
	1
	1


[image: ]
Figure 2. OR gate and truth table






Inverter
The output of a NOT is inverted input also this gate only has one input.
	A
	/A

	0
	1

	1
	0


[image: ]
Figure 3. NOT gate and truth table

Exclusive-Or Gate
This gate output is high when either of the inputs are high but not when both are high. 
	A
	B
	A Xor B

	0
	0
	0

	0
	1
	1

	1
	0
	1

	1
	1
	0


[image: ]
Figure 4. XOR gate and truth table.
























1.2. Flip Flops
Flip flop is an incredibly silly name although in digital electronics, these devices work as memory and it is a first step towards sequential logic.
Set-Reset (SR) Flip-Flop
The output of a SR flip flop is simple, when Set goes high, the output is high, and when the Reset goes high, the output is low. The flip flop will keep its value as high when Set goes to low and keep output low when Reset goes to low. 
[image: ]
Figure 5. SR Flip-Flop
D-type Flip-Flop
This flip flop is a good introduction into clocked flip flops, in SR flip-flop the input of both Set and Reset as low is forbidden. Instead by adding an inverter gate between the two which keeps both states always opposite at the data line and adds a clock input. In D-type Flip-Flop the output is changing at the clock going high and output is the same as input.
[image: ]
Figure 6. D-type Flip-Flop
JK-type Flip-Flop
This Flip-Flop is considered universal circuit with its two inputs labelled J and K and clock signal. When J and K are low, the output remain the same, when J is low and K is high, the output will be set to low, when J is high and K is low, the output will be set to high and lastly when both J and K are high, the output will invert.
[image: ]
Figure 7. JK-type Flip-Flop
1.3. Finite State Machines
The word finite means limited, known and understood and therefore building a finite state machine requires defining all states that machine can take and think of machine being in one of those states at the time. Such finite state machine is a mathematical model of computation used for computer programs and sequential logic circuits.
The machine is only in one state at any given time known as current state and it can transition from one state to another under a trigger. There are 3 classifications of finite state machines:
	Class A – Mealy machine
The output is a function of present state and input
[image: C:\Users\gary\Documents\fsm fig1.jpg]
Figure 8. Mealy machine.
	





Class B – Moore machine
The output is a function of a present state.
[image: C:\Users\gary\Documents\fsm fig2.jpg]
Figure 9. Moore machine.
	Class C – Moore machine without output decoder
The output is a function of the present state but without output decoder. [image: C:\Users\gary\Documents\fsm fig3.jpg]
Figure 10. Class C. Moore without output decoder
State Diagram
The diagram is a great way to visualize the state transitions in sequential design. A state diagram is defined by a series of circles connected by arrowhead lines. Each circle represents one state of a machine.
[image: C:\Users\gary\Documents\fsm fig10.jpg]
Figure 11. State diagram example.











1.4. Karnaugh Map
Karnaugh Map is a simple tabular method for minimizing logic with four or fewer inputs and it also allows finding logic expression. The bits in table are written in Gray code so that only one bit changes at a time and so it was easier to pair.
First step is to write a truth table
Table 1. Truth table
	A
	B
	C
	Q

	0
	0
	0
	0

	0
	0
	1
	0

	0
	1
	0
	0

	0
	1
	1
	1

	1
	0
	0
	0

	1
	0
	1
	1

	1
	1
	0
	1

	1
	1
	1
	1


Then fill up K Map. Note order of bits in the AB row. The gates are paired together in a group of 2, 4, 8, 16 and so on.
[image: ]
Figure 12.K Map example
From K Map one can produce the required gates using groups to minimize amount of logic required which in this case Q = AB + AC + BC.
1.5. VHDL
VHDL is a Very High-Speed Integrated Circuit Description Language and it is a description language used to describe hardware, in this case, logic circuit. It has great advantages over standard hardware approach because it allows to save on hardware by reducing its amount. VHDL can simulate hardware down to a logic gate level in a little abstract way.













2. Objective 1
Objective 1 is to design, simulate and test 8-bit by 8-bit unsigned number multiplier based on parallel Braun multiplier in Xillinx design software. The design is made out of smaller logic segments that uses half adder and full adders to sum previous result with AND of 8 individual bits of A with one bit of B at a time. The 9-bit results leave LSB for the answer and the remaining 8 bits are added to the next bit of B. this process continues until last bit of B.
2.1. Step 1 – Half Adder
Logic
Half Adder is made out of two logic gates: AND, and XOR with two inputs: A and B.
[image: ]
Figure 13.Two logic gates with two inputs and two outputs in Proteus.
	A
	B
	Carry
	Sum

	0
	0
	0
	0

	0
	1
	0
	1

	1
	0
	0
	1

	1
	1
	1
	0


Table 2. Half Adder Truth Table.
The truth table for Half Adder shows how it adds bits as if they were decimal numbers. Therefore, 0 + 0 = 00(zero), 1 + 0 = 01(one), and 1 + 1 = 10(two).












Implementation
Code for Half Adder is made out of two pieces, an “entity” contains logic inputs and outputs, and logic behaviour for outputs is defined in “architecture” section. Same as in Figure 1. “Sum” is a result of Exclusive-Or gate and “Carry” is a result of an AND gate:
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity half_adder is
    Port ( A : in  STD_LOGIC;
           B : in  STD_LOGIC;
           Sum : out  STD_LOGIC;
           Carry : out  STD_LOGIC);
end half_adder;

architecture Behavioral of half_adder is

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

Figure 14. Complete code for Half Adder
Test Bench
Xillinx software has a simulation which allows testing outputs. This is also done in code which first has a definition for input and output logic fallowed by signals which are going to be tested, these need to match those from implementation. The logic signals A and B also have a start value of “0”.
LIBRARY ieee;
USE ieee.std_logic_1164.ALL;

ENTITY half_adder_tb IS
END half_adder_tb;
 
ARCHITECTURE behavior OF half_adder_tb IS 

    COMPONENT half_adder
    PORT(
         A : IN  std_logic;
         B : IN  std_logic;
         Sum : OUT  std_logic;
         Carry : OUT  std_logic
        );
    END COMPONENT;

   signal A : std_logic := '0';
   signal B : std_logic := '0';

   signal Sum : std_logic;
   signal Carry : std_logic;

Figure 15. Half Adder Test Bench Code part 1.

Second part of the code is responsible displaying correct logic in a test bench and inverting input logics after delay. Each next delays have to be a double of a previous one so that they switch in binary sequence.
BEGIN
	-- Instantiate the Unit Under Test (UUT)
   uut: half_adder PORT MAP (
          A => A,
          B => B,
          Sum => Sum,
          Carry => Carry
        );

   	stim_proc: process
   begin
      wait for 10 ns;
		A <= not A;
   end process;
	
	stim_proc2: process
   begin		
      wait for 20 ns;
		B <= not B;
   end process;

END;

Figure 16. Half Adder Test Bench Code part 2.
Test Bench shows that “Sum” is only high when either A or B are high but not when both are high at the same time, when that happens “Carry” is high instead.
[image: ]
Figure 17. Screenshot from Half Adder Test Bench












2.2. Step 2 – Full Adder
Logic
Full Adder needs more gates than Half Adder and it also has additional input “Cin” which is “Carry” from previous Adder.
[image: ]
Figure 18. Full Adder Logic with 3 inputs and 2 outputs in Proteus.
	A
	B
	Cin
	Carry
	Sum

	0
	0
	0
	0
	0

	0
	0
	1
	0
	1

	0
	1
	0
	0
	1

	0
	1
	1
	1
	0

	1
	0
	0
	0
	1

	1
	0
	1
	1
	0

	1
	1
	0
	1
	0

	1
	1
	1
	1
	1


Table 3. Full Adder Truth Table
The Truth Table for Full Adder includes a third bit “Cin” which should give decimal number up to 3.
















Implementation
Code for Full Adder contains more pieces, firstly, it has additional logic input “Cin”, and it also has signals that would solve internal logic. Internal logic must be solved before output which means that “Sum” is “A xor B” signal xor’ed with “Cin” exclusively in that order.
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity full_adder is
    Port ( A : in  STD_LOGIC;
           B : in  STD_LOGIC;
           Cin : in  STD_LOGIC;
           Sum : out  STD_LOGIC;
           Carry : out  STD_LOGIC);
end full_adder;

architecture Behavioral of full_adder is

	signal AxB : STD_LOGIC;
	signal AxBandC : STD_LOGIC;
	signal AandB : STD_LOGIC;

begin
	AxB <= A xor B;
	Sum <= AxB xor Cin;
	
	AxBandC <= AxB and Cin;
	AandB <= A and B;
	Carry <= AxBandC or AandB;

end Behavioral;

Figure 19. Complete Code for Full Adder.
Test Bench
Test Bench shows that Full Adder is working correctly with “Sum” and “Carry” matching truth table above while also showing that when A = 1, B = 1, and Cin = 1, the decimal value of “Sum” and “Carry” is 3.
[image: ]




2.3. Step 3 – Line 1
Logic
Line 1 is a first line towards multiplier, it puts each individual A through an AND gate with a first piece of B and gives 8 individual outputs.[image: ]
Figure 20. Line 1 for an 8 bit x 8 bit multiplier
The code for Line 1 has the same rule for defining inputs and outputs and it essentially puts each A through single B.
entity eight_x_eight_line_1 is
    Port ( A0 : in  STD_LOGIC;
           A1 : in  STD_LOGIC;
           A2 : in  STD_LOGIC;
           A3 : in  STD_LOGIC;
           A4 : in  STD_LOGIC;
           A5 : in  STD_LOGIC;
           A6 : in  STD_LOGIC;
           A7 : in  STD_LOGIC;
           B : in  STD_LOGIC;
           Q0 : out  STD_LOGIC;
           Q1 : out  STD_LOGIC;
           Q2 : out  STD_LOGIC;
           Q3 : out  STD_LOGIC;
           Q4 : out  STD_LOGIC;
           Q5 : out  STD_LOGIC;
           Q6 : out  STD_LOGIC;
           Q7 : out  STD_LOGIC);
end eight_x_eight_line_1;

architecture Behavioral of eight_x_eight_line_1 is

begin
	Q0 <= A0 and B;
	Q1 <= A1 and B;
	Q2 <= A2 and B;
	Q3 <= A3 and B;
	Q4 <= A4 and B;
	Q5 <= A5 and B;
	Q6 <= A6 and B;
	Q7 <= A7 and B;
	
end Behavioral;

Figure 21. Complete Code for Line 1
Test Bench
Test Bench shows that each individual Q is only high when B and A (Q index corresponding to A) are high.
[image: ]
Figure 22. Line 1 Test Bench
2.4. Step 4 – Line X
Logic
Line X gets complicated, it does similar process as the Line 1 by passing B through each individual A and it also adds bits from previous line, here known as X, to the result. The output here is 9 bits long with 1 bit for the Carry.
[image: ]
Figure 23. Line X logic
Implementation
Code here has new elements such as “component”. Components refers to logic behaviour from a separate file, in this case, Half Adder and Full Adder whose Ports are matched. Later on, there are definitions for internal logic which are AND gates and “Carries” from Half and Full Adders.
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity eight_x_eight_line_x is
    Port ( A0 : in  STD_LOGIC;
           A1 : in  STD_LOGIC;
           A2 : in  STD_LOGIC;
           A3 : in  STD_LOGIC;
           A4 : in  STD_LOGIC;
           A5 : in  STD_LOGIC;
           A6 : in  STD_LOGIC;
           A7 : in  STD_LOGIC;
           B : in  STD_LOGIC;
           X1 : in  STD_LOGIC;
           X2 : in  STD_LOGIC;
           X3 : in  STD_LOGIC;
           X4 : in  STD_LOGIC;
           X5 : in  STD_LOGIC;
           X6 : in  STD_LOGIC;
           X7 : in  STD_LOGIC;
           Xc : in  STD_LOGIC;
           Q0 : out  STD_LOGIC;
           Q1 : out  STD_LOGIC;
           Q2 : out  STD_LOGIC;
           Q3 : out  STD_LOGIC;
           Q4 : out  STD_LOGIC;
           Q5 : out  STD_LOGIC;
           Q6 : out  STD_LOGIC;
           Q7 : out  STD_LOGIC;
           Qc : out  STD_LOGIC);
end eight_x_eight_line_x;

architecture Behavioral of eight_x_eight_line_x is

COMPONENT Half_Adder is
	Port (
		A : IN STD_LOGIC;
		B : IN STD_LOGIC;
		Sum : OUT STD_LOGIC;
		Carry : OUT STD_LOGIC);
END COMPONENT;
COMPONENT Full_Adder is
	Port (
		A : IN STD_LOGIC;
		B : IN STD_LOGIC;
		Cin : IN STD_LOGIC;
		Sum : OUT STD_LOGIC;
		Carry : OUT STD_LOGIC);
END COMPONENT;

signal A0andB	:	STD_LOGIC;
signal A1andB	:	STD_LOGIC;
signal A2andB	:	STD_LOGIC;
signal A3andB	:	STD_LOGIC;
signal A4andB	:	STD_LOGIC;
signal A5andB	:	STD_LOGIC;
signal A6andB	:	STD_LOGIC;
signal A7andB	:	STD_LOGIC;

signal C1	:	STD_Logic;
signal C2	:	STD_Logic;
signal C3	:	STD_Logic;
signal C4	:	STD_Logic;
signal C5	:	STD_Logic;
signal C6	:	STD_Logic;
signal C7	:	STD_Logic;

Figure 24. Line X. part 1












Next section completes series of AND gates which are needed by Half and Full Adders bellow. By using “components”, each individual Adder will use the same template for logic behaviour using different variables.
begin
	A0andB <= A0 and B;
	A1andB <= A1 and B;
	A2andB <= A2 and B;
	A3andB <= A3 and B;
	A4andB <= A4 and B;
	A5andB <= A5 and B;
	A6andB <= A6 and B;
	A7andB <= A7 and B;

	half1	:	Half_Adder
	port map	(A0andB, X1, Q0, C1);
	
	full1	:	Full_Adder
	port map	(A1andB, X2, C1, Q1, C2);
	
	full2	:	Full_Adder
	port map	(A2andB, X3, C2, Q2, C3);
	
	full3	:	Full_Adder
	port map	(A3andB, X4, C3, Q3, C4);
	
	full4	:	Full_Adder
	port map	(A4andB, X5, C4, Q4, C5);
	
	full5	:	Full_Adder
	port map	(A5andB, X6, C5, Q5, C6);
	
	full6	:	Full_Adder
	port map	(A6andB, X7, C6, Q6, C7);
	
	full7	:	Full_Adder
	port map	(A7andB, Xc, C7, Q7, Qc);

end Behavioral;

Figure 25. Line X part 2















Test Bench
Test Bench shows that answer is always X unless B is high, then Q is always A + X when considered them as decimal numbers.
[image: ]
Figure 26. Line X Test Bench





























2.5. Step 5 – Complete 8 bit x 8 bit multiplier
Logic
Logic for complete 8 bit x 8 bit multiplier is essentially made out of lines from steps before. The Line 1 only uses same number of AND gates as A bits while Line X also has Half and Full Adders that would add bits from previous Line into their result. The total number of Lines depends on number of B bits that are going to be multiplied, in this case, 8 bits.
[image: ]
Figure 27. First 3 lines of 8 bit x 8 bit multiplier












Implementation
The code contains definitions for the 8 bit long inputs A and B, and 16 bits output Q as well as definitions for the Lines that multiplier makes use of.
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity eight_x_eight is
    Port ( A0 : in  STD_LOGIC;
           A1 : in  STD_LOGIC;
           A2 : in  STD_LOGIC;
           A3 : in  STD_LOGIC;
           A4 : in  STD_LOGIC;
           A5 : in  STD_LOGIC;
           A6 : in  STD_LOGIC;
           A7 : in  STD_LOGIC;
           B0 : in  STD_LOGIC;
           B1 : in  STD_LOGIC;
           B2 : in  STD_LOGIC;
           B3 : in  STD_LOGIC;
           B4 : in  STD_LOGIC;
           B5 : in  STD_LOGIC;
           B6 : in  STD_LOGIC;
           B7 : in  STD_LOGIC;
           Q0 : out  STD_LOGIC;
           Q1 : out  STD_LOGIC;
           Q2 : out  STD_LOGIC;
           Q3 : out  STD_LOGIC;
           Q4 : out  STD_LOGIC;
           Q5 : out  STD_LOGIC;
           Q6 : out  STD_LOGIC;
           Q7 : out  STD_LOGIC;
           Q8 : out  STD_LOGIC;
           Q9 : out  STD_LOGIC;
           Q10 : out  STD_LOGIC;
           Q11 : out  STD_LOGIC;
           Q12 : out  STD_LOGIC;
           Q13 : out  STD_LOGIC;
           Q14 : out  STD_LOGIC;
           Q15 : out  STD_LOGIC);
end eight_x_eight;

architecture Behavioral of eight_x_eight is
COMPONENT eight_x_eight_line_1 is
	PORT ( A0 : in  STD_LOGIC;
         A1 : in  STD_LOGIC;
         A2 : in  STD_LOGIC;
         A3 : in  STD_LOGIC;
         A4 : in  STD_LOGIC;
         A5 : in  STD_LOGIC;
         A6 : in  STD_LOGIC;
         A7 : in  STD_LOGIC;
         B : in  STD_LOGIC;
         Q0 : out  STD_LOGIC;
         Q1 : out  STD_LOGIC;
         Q2 : out  STD_LOGIC;
         Q3 : out  STD_LOGIC;
         Q4 : out  STD_LOGIC;
         Q5 : out  STD_LOGIC;
         Q6 : out  STD_LOGIC;
         Q7 : out  STD_LOGIC);
END COMPONENT;
	
COMPONENT eight_x_eight_line_x is
	Port ( A0 : in  STD_LOGIC;
         A1 : in  STD_LOGIC;
         A2 : in  STD_LOGIC;
         A3 : in  STD_LOGIC;
         A4 : in  STD_LOGIC;
         A5 : in  STD_LOGIC;
         A6 : in  STD_LOGIC;
         A7 : in  STD_LOGIC;
         B : in  STD_LOGIC;
         X1 : in  STD_LOGIC;
         X2 : in  STD_LOGIC;
         X3 : in  STD_LOGIC;
         X4 : in  STD_LOGIC;
         X5 : in  STD_LOGIC;
         X6 : in  STD_LOGIC;
         X7 : in  STD_LOGIC;
         Xc : in  STD_LOGIC;
         Q0 : out  STD_LOGIC;
         Q1 : out  STD_LOGIC;
         Q2 : out  STD_LOGIC;
         Q3 : out  STD_LOGIC;
         Q4 : out  STD_LOGIC;
         Q5 : out  STD_LOGIC;
         Q6 : out  STD_LOGIC;
         Q7 : out  STD_LOGIC;
         Qc : out  STD_LOGIC);
END COMPONENT;

Figure 28. 8 bit x 8 bit multiplier. part 1






Code also requires definitions for internal signals for the inputs and outputs of the Lines.
	Signal q1_1 : STD_LOGIC;
	Signal q1_2 : STD_LOGIC;
	Signal q1_3 : STD_LOGIC;
	Signal q1_4 : STD_LOGIC;
	Signal q1_5 : STD_LOGIC;
	Signal q1_6 : STD_LOGIC;
	Signal q1_7 : STD_LOGIC;
	
	Signal q2_1 : STD_LOGIC;
	Signal q2_2 : STD_LOGIC;
	Signal q2_3 : STD_LOGIC;
	Signal q2_4 : STD_LOGIC;
	Signal q2_5 : STD_LOGIC;
	Signal q2_6 : STD_LOGIC;
	Signal q2_7 : STD_LOGIC;
	
	Signal q2_c : STD_LOGIC;
	
	Signal q3_1 : STD_LOGIC;
	Signal q3_2 : STD_LOGIC;
	Signal q3_3 : STD_LOGIC;
	Signal q3_4 : STD_LOGIC;
	Signal q3_5 : STD_LOGIC;
	Signal q3_6 : STD_LOGIC;
	Signal q3_7 : STD_LOGIC;
	
	Signal q3_c : STD_LOGIC;
	
	Signal q4_1 : STD_LOGIC;
	Signal q4_2 : STD_LOGIC;
	Signal q4_3 : STD_LOGIC;
	Signal q4_4 : STD_LOGIC;
	Signal q4_5 : STD_LOGIC;
	Signal q4_6 : STD_LOGIC;
	Signal q4_7 : STD_LOGIC;
	
	Signal q4_c : STD_LOGIC;
	Signal q5_1 : STD_LOGIC;
	Signal q5_2 : STD_LOGIC;
	Signal q5_3 : STD_LOGIC;
	Signal q5_4 : STD_LOGIC;
	Signal q5_5 : STD_LOGIC;
	Signal q5_6 : STD_LOGIC;
	Signal q5_7 : STD_LOGIC;
		
	Signal q5_c : STD_LOGIC;
	
	Signal q6_1 : STD_LOGIC;
	Signal q6_2 : STD_LOGIC;
	Signal q6_3 : STD_LOGIC;
	Signal q6_4 : STD_LOGIC;
	Signal q6_5 : STD_LOGIC;
	Signal q6_6 : STD_LOGIC;
	Signal q6_7 : STD_LOGIC;
		
	Signal q6_c : STD_LOGIC;
	
	Signal q7_1 : STD_LOGIC;
	Signal q7_2 : STD_LOGIC;
	Signal q7_3 : STD_LOGIC;
	Signal q7_4 : STD_LOGIC;
	Signal q7_5 : STD_LOGIC;
	Signal q7_6 : STD_LOGIC;
	Signal q7_7 : STD_LOGIC;
		
	Signal q7_c : STD_LOGIC;

Figure 29. 8 bit x 8 bit multiplier. part 2
Looking at the Line 1, it fills up the port map with current inputs (A0-7 and B0) and outputs signals q1-1 to q1-7 in corresponding order to Q1-7 from Step 3 – Line 1, the Q0 from Line 1 is the first bit in the final answer. The Line 2 is using Line X component from Step 4 with current inputs (A0 to A7 and B1) as well as taking in signals from Line 1 (q1-1 to q1-7) and one ‘0’. It outputs q2-1 to q2-7, Q1 for the final answer, and one q2-c as the carry for the next line. The Lines 3-7 are taking in next binary B, input signals from previous lines, leave LSB for the final answer and outputs remaining q’s for the next line. The Line 8, does the same job but 9-bit long output is added to the final answer instead as bits Q7 to Q15.
begin

	line1	:	eight_x_eight_line_1
	port map (A0, A1, A2, A3, A4, A5, A6, A7, B0, Q0, q1_1, q1_2, q1_3, q1_4, q1_5, q1_6, q1_7);
	
	line2	:	eight_x_eight_line_x
	port map (A0, A1, A2, A3, A4, A5, A6, A7, B1, q1_1, q1_2, q1_3, q1_4, q1_5, q1_6, q1_7, '0', Q1, q2_1, q2_2, q2_3, q2_4, q2_5, q2_6, q2_7, q2_c);
	
	line3	:	eight_x_eight_line_x
	port map (A0, A1, A2, A3, A4, A5, A6, A7, B2, q2_1, q2_2, q2_3, q2_4, q2_5, q2_6, q2_7, q2_c, Q2, q3_1, q3_2, q3_3, q3_4, q3_5, q3_6, q3_7, q3_c);
	
	line4	:	eight_x_eight_line_x
	port map (A0, A1, A2, A3, A4, A5, A6, A7, B3, q3_1, q3_2, q3_3, q3_4, q3_5, q3_6, q3_7, q3_c, Q3, q4_1, q4_2, q4_3, q4_4, q4_5, q4_6, q4_7, q4_c);
	
	line5	:	eight_x_eight_line_x
	port map (A0, A1, A2, A3, A4, A5, A6, A7, B4, q4_1, q4_2, q4_3, q4_4, q4_5, q4_6, q4_7, q4_c, Q4, q5_1, q5_2, q5_3, q5_4, q5_5, q5_6, q5_7, q5_c);
	
	line6	:	eight_x_eight_line_x
	port map (A0, A1, A2, A3, A4, A5, A6, A7, B5, q5_1, q5_2, q5_3, q5_4, q5_5, q5_6, q5_7, q5_c, Q5, q6_1, q6_2, q6_3, q6_4, q6_5, q6_6, q6_7, q6_c);
	
	line7	:	eight_x_eight_line_x
	port map (A0, A1, A2, A3, A4, A5, A6, A7, B6, q6_1, q6_2, q6_3, q6_4, q6_5, q6_6, q6_7, q6_c, Q6, q7_1, q7_2, q7_3, q7_4, q7_5, q7_6, q7_7, q7_c);
	
	line8	:	eight_x_eight_line_x
	port map (A0, A1, A2, A3, A4, A5, A6, A7, B7, q7_1, q7_2, q7_3, q7_4, q7_5, q7_6, q7_7, q7_c, Q7, Q8,   Q9,   Q10,  Q11,  Q12,  Q13,  Q14,  Q15);
	
end Behavioral;

Figure 30. 8 bit x 8 bit multiplier. part 3
Test Bench
Testing has been done the same way as before with As, Bs, Qs grouped together into unsigned decimals showing that multiplier is working correctly.
[image: ]
Figure 31. 8 bit x 8 bit multiplier Test Bench






3. Objective 2
Objective 2 is to create a design and synthesise a fallowing Class A FSM Mealy machine with 8 states, one input and one output decoder.
[image: ]
Figure 32. FSM state diagram.














3.1. Discrete Gate Solution
The process for making discrete gate solution starts from making tables that would display state transitions behind a graph.
[image: ]
Figure 33. Current and Next state table for FSM machine.
Current state is held by a D-type flip flop, one for each bit (A, B, and C). Their transition to next state is chosen based on logic gates that would decode desired output. K map for Flip Flop A was filled using column A from Next State giving a Logic  using K map rules.
[image: ]
Figure 34. K map for Flip-Flop A
K map for Flip Flop B was done the same method but for column B giving a Logic .
[image: ]
Figure 35. K map for Flip-Flop B
Flip Flop C gives Logic .
[image: ]
Figure 36. K map for Flip-Flop C
Output Z is also decoded in a K map giving Logic .
[image: ]
Figure 37. K map for output Z
The design has been tested in Proteus and it shown that machine is working correctly. The design contains all the necessary logic gates for the input as well as input with inverter and output decoder.
[image: ]
Figure 38. FSM machine in Proteus

3.2. VHDL Solution
Implementation
This solution for FSM is very different from discrete gate solution and doesn’t use gates like 8 bit x 8 bit multiplier. The first part of code contains definitions for logic (input X, output Z, clock CLK, and vector container for binary states. Within architecture section, there is a setup for states 1 to 8 which refers to states A to H on a diagram and definitions for signals and their start values. Later on there is an “IF” statement that guides change to the next state based on their current state when input X is 0 and when output Z is 1.
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity FSM_A1 is
    Port ( CLK : in  STD_LOGIC;
           X : in  STD_LOGIC;
           A : out  STD_LOGIC_VECTOR (2 downto 0);
           Z : out  STD_LOGIC);
end FSM_A1;

architecture Behavioral of FSM_A1 is
	type state_type is (state_1, state_2, state_3, state_4, state_5, state_6, state_7, state_8);
	signal present_state : state_type := state_1;
	signal next_state : state_type := state_1;
	signal next_Z : STD_LOGIC;
	signal next_A : STD_LOGIC_VECTOR (2 downto 0) :="000";

begin
state: process (present_state, X)
		begin
			if X='0' then
				case present_state is
	when state_1 => next_state <= state_4; next_Z <= '0'; next_A <="011";
	when state_2 => next_state <= state_3; next_Z <= '0'; next_A <="010";
	when state_3 => next_state <= state_4; next_Z <= '0'; next_A <="011";
	when state_4 => next_state <= state_8; next_Z <= '0'; next_A <="111";
	when state_5 => next_state <= state_1; next_Z <= '0'; next_A <="000";
	when state_6 => next_state <= state_7; next_Z <= '0'; next_A <="110";
	when state_7 => next_state <= state_2; next_Z <= '0'; next_A <="001";
	when state_8 => next_state <= state_1; next_Z <= '1'; next_A <="000";
				when others => null;
				end case;

Figure 39. 8 bit x 8 bit multiplier. part 1
Part 2 contains remaining “If” statement for situations when X is 1, followed by process that would trigger the state transition every time input CLK goes from 0 to 1.
			else if X='1' then
				case present_state is
	when state_1 => next_state <= state_2; next_Z <= '0'; next_A <="001";
	when state_2 => next_state <= state_5; next_Z <= '0'; next_A <="100";
	when state_3 => next_state <= state_6; next_Z <= '0'; next_A <="101";
	when state_4 => next_state <= state_5; next_Z <= '0'; next_A <="100";
	when state_5 => next_state <= state_6; next_Z <= '0'; next_A <="101";
	when state_6 => next_state <= state_8; next_Z <= '0'; next_A <="111";
	when state_7 => next_state <= state_8; next_Z <= '0'; next_A <="111";
	when state_8 => next_state <= state_8; next_Z <= '0'; next_A <="111";
				when others => null;
				end case;
			end if;
			end if;
	end process state;
	
	clocked: process (CLK)
		begin
			if((CLK='1') and (CLK'last_value='0')) then
			present_state <= next_state;
			Z <= next_Z;
			A <= next_A;
			end if;
		end process clocked;

end Behavioral;

Figure 40. 8 bit x 8 bit multiplier. part 2
Test Bench
Code for testing varies slightly to those from Half and Full Adders because process is not done in binary but in sequence of X that would that would give a full rotation between states one by one.
LIBRARY ieee;
USE ieee.std_logic_1164.ALL;
 
ENTITY FSM_A1_TB IS
END FSM_A1_TB;
 
ARCHITECTURE behavior OF FSM_A1_TB IS 
    -- Component Declaration for the Unit Under Test (UUT)
    COMPONENT FSM_A1
    PORT(
         CLK : IN  std_logic;
         X : IN  std_logic;
         A : OUT  std_logic_vector(2 downto 0);
         Z : OUT  std_logic
        );
    END COMPONENT;

   signal CLK : std_logic := '1';
   signal X : std_logic := '0';

   signal A : std_logic_vector(2 downto 0);
   signal Z : std_logic;
BEGIN
 
	-- Instantiate the Unit Under Test (UUT)
   uut: FSM_A1 PORT MAP (
          CLK => CLK,
          X => X,
          A => A,
          Z => Z
        );

   stim_proc: process
   begin
      wait for 10 ns;
		CLK <= not CLK;
   end process;
	
	stim_proc1: process
	begin
		X <= '1';
		wait for 20 ns;
		X <= '0';
		wait for 20 ns;
		X <= '0';
		wait for 20 ns;
		X <= '1';
		wait for 20 ns;
		X <= '1';
		wait for 20 ns;
		X <= '0';
		wait for 20 ns;
		X <= '1';
		wait for 20 ns;
		X <= '0';
		wait for 20 ns;
	end process;

END;

Figure 41. 8 bit x 8 bit multiplier. part 3
Test Bench shows that states transition one by one on each clock pulse.
[image: ]
Figure 42. 8 bit x 8 bit multiplier Test Bench
4. Discussion
Sequential logic is a great way to perform digital tasks to get desired output from a known input. The usability is further extended with memory (Flip-Flop) to get Finite State Machines which allow holding on to a current state and move to a next one on e.g. clock pulse. The design in VHDL is also very useful as it allows one to design and simulate circuits without having an actual hardware. It is also easier than discrete gate solution because there is no need to construct gates, K Maps, or draw any other tables.
5. Conclusion
Firstly, the paper described fundamentals of Logic Gates, their truth tables and memory circuits which can be used together to construct finite state machines. In discrete design, an FSM machine is using tables to display current and next states as well as, Karnaugh Map to minimize number of logic gates. Later on, there is a brief introduction to VHDL and its application in designing and testing circuits on a logic gate level.
The multiplier for Objective 1 is very clever in the way it works. It simply puts all bits of a first binary number and puts it through an AND gate with first bit of a second binary number and leaves LSB for the answer. The process repeats for the next bit of second number and also adds previous result to the final answer. The VHDL process also shows how complicated logic circuits can be built from sub-circuits.
The Objective 2 shows in practice the discrete gate solution for an FSM machine. Process starts from State Diagram from which table was made from which a K Maps were produced to reduce number of logic gates in final design. It also shows how much less complicated it is to design it in VHDL.
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