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[bookmark: _Toc70604498]Task 1 Brief
  The aim of this task is to design, simulate and synthesise a 12 bit x 4 bit unsigned number multiplier, based upon a simple parallel Braun multiplier.

[bookmark: _Toc70604499]Review of unsigned number multipliers

  Binary number multipliers, are electronic circuits used in digital electronics, that multiply together, two binary numbers. These can use defined binary numbers like ‘0110’ or unsigned numbers like ‘A1,B0’. These multipliers work by calculating partial products, which then get shifted to the next sum. Each number is multiplied be either a 1, or a 0, determining if a partial product is left behind or not. With defined binary numbers this is done in the following way.
	
	
	
	1
	1
	0
	=6

	
	
	x
	
	1
	1
	=3

	
	
	
	1
	1
	0
	

	
	
	1
	1
	0
	0
	

	
	1
	0
	0
	1
	0
	=18

	Carry bits
	1
	1
	
	
	
	



  In the above example, 6 is multiplied by 3 to give 18. The binary for each is multiplied together, and utilises a ‘carry’ in the same way as with decimal multiplication.




	A = A1 B0
	
	
	A1
	A0
	

	B = B1 B0
	
	X
	B1
	B0
	

	
	
	 
	B0A1
	B0A0
	Partial Product (P)

	
	
	B1A1
	B1A0
	
	Partial Product (P)

	 
	P3
	P2
	P1
	P0
	

	
	
	
	
	
	

	P0 = B0A0
	
	
	
	
	

	P1 = B0A1 + B1A0
	
	
	
	

	P2 = B1A1 + Carry of P1
	
	
	

	P3 = Carry of P2
	
	
	
	
	



  The above shows how unsigned binary multiplication takes place.

[bookmark: _Toc70604500]Full and Half Adders

  Full and half adders play a big role in parallel multipliers. An adder is a digital logic circuit, that is used for the addition of numbers. A half adder had two inputs, which add two input digits and produce a carry and sum. A full adder has three inputs, and produces a carry and sum. This means that a full adder is capable of having two input digits, as well as a carry from the previous half or full adder. Often half adders are used at the beginning of a multiplier, as it is only using two inputs and there is no carry to begin a multiplication. After this, full adders are utilised, to deal with any potential carry from the previous addition.

Half Adder Truth Table
[image: Half Adder - Javatpoint]

Half Adder Circuit Diagram
[image: Adder (electronics) - Wikipedia]


Full Adder Truth Table
[image: Full Adder - Javatpoint]

Full Adder Circuit Diagram
[image: Full Adder Circuit Diagram]




[bookmark: _Toc70604501]Binary Multiplier Comparison 
	Multiplier
	Braun
	Booth
	Wallace-tree

	Pros
	1) Does not require logic register
2) Simple design. Only AND gates & adders
	1) High speed
2) Low power consumption
	1) Low degree of delay
2) Logic levels can be reduced

	Cons
	1) Only suitable for unsigned numbers
2) Only suitaable for less than 16 bits
3) Delay of 'I' due to delay in full adder
	1) When radix number increases it becomes cumbersome
2) Complex circuit to generate partial product
	1) Complex layout
2) Irregular wires



	Multiplier
	Dadda
	Array

	Pros
	1) Minimal reduction
2) Low power consumption
	1) Minimum complexity
2) Easily scheduled

	Cons
	1) Less regular
2) Complex design
3) Reduces less bits at early stages of reductions
	1) Large chip area
2) High power consumption
3) Only suitable for signed numbers


(Kaushik, 2017)

Braun Multiplier

  This is a simple parallel multiplier, known as “carry array multiplier” (Gudhimetla, 2017). In its standard form, the Braun multiplier uses carry save adder stages of (n-1) for generating partial products, and one ripple carry adder (Ashraf, 2012). A carry save adder is used to calculate the sum of up to three digital bits and generates two outputs. Braun multipliers are restricted to perform signed bits. Its construction consists of adders and AND gates. It does not use any logic registers. Below is an image of the architecture of a 4x4 Braun Multiplier.
[image: https://www.ijser.org/paper/Design-of-Braun-Multiplier-with-Kogge-Stone-Adder-Its-Implementation-on-FPGA/Image_003.jpg]

Booth Multiplier

  Booth’s multiplication algorithm, is used to multiply two signed binary numbers, input in the form of adjacent pairs of bits. The algorithm can be implemented by repeatedly adding unsigned binary numbers A and S to a product P. It then performs a rightward arithmetic shift on A. Prior to the shift, the multiplicand may be added , subtracted or left unchanged, from the product.
[image: ] (Gudhimetla, 2017)

Wallace-tree multiplier

  The design of the Wallace-tree multiplier, capitalises on the concept of a carry save adder. It generates a sum and partial product in parallel, but critical path improves through the multiplier. Conventional reduction method is as follows. “The first step is to form partial product array (N² bits). In the second step, groups of three adjacent rows each, is collected. Each group of three rows is reduced by using full adders and half adders. Full adders are used in each column where there are three bits whereas half adders are used in each column where there are two bits. Any single bit in a column is passed to the next stage in the same column without processing. This reduction procedure is repeated in each successive stage until only two rows remain. In the final step, the remaining two rows are added using a carry propagating adder” (Bansal, 2014).
[image: ]



Dadda Multiplier

  The Dadda multiplier is a refinement of the parallel multiplier, presented by Wallace. Both consist of 3 stages, with the partial product formed by N*N AND gates (N is the number of bits). The partial product reduction for Dadda uses only necessary reduction. It increases the number of half adders and decreases the number of full adders required for overall reduction.
[image: ] (Saini, 2018)

Array Multiplier

  An Array multiplier is used for multiplying two binary numbers, using a collection of half adders and full adders. Product is formed by an array of AND gates, which then feeds into the adder array. The bits of the multiplier are checked one at a time and product is then formed using a series of add and shift operations. The multiplication of two binary numbers can be done with one operation by means of a combinational circuit that forms the product all at once.

[image: ] (GeeksforGeeks, 2019)
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[bookmark: _Toc70604503]12x4 Multiplier Line0

  In this section an analysis of the VHDL files used to simulate the 12x4 multiplier can be seen. Firstly line0 is produced. Line0 defines the inputs and outputs of the multiplier. Inputs A0 to A11 are set as inputs, with B (multiplier) also set as an input, and output values Q0 TO Q11. Any of the ‘A’ inputs, along with the multiplier ‘B’, create an output ‘Q’. The VHDL of this file can be seen below.

Appendix 4

entity line0 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;
           A8 : in  STD_LOGIC;
           A9 : in  STD_LOGIC;
           A10 : in  STD_LOGIC;
           A11 : 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;
           Q8 : out  STD_LOGIC;
           Q9 : out  STD_LOGIC;
           Q10 : out  STD_LOGIC;
           Q11 : out  STD_LOGIC);
end line0;

architecture Behavioral of line0 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;
Q8 <= A8 and B;
Q9 <= A9 and B;
Q10 <= A10 and B;
Q11 <= A11 and B;

end Behavioral;

[bookmark: _Toc70604504]12x4 Multiplier Line0 Test Bench

  After the VHDL file has been defined, testing of the VHDL is conducted using a test bench. The test bench can be seen below. 

Appendix 5

-- Company: 
-- Engineer:
--
-- Create Date:   16:33:04 04/21/2021
-- Design Name:   
-- Module Name:   C:/Users/mikeh/Desktop/Electronics2/ISE/multi_12x4_line0/multi12x4_line0_TB.vhd
-- Project Name:  multi_12x4_line0
-- Target Device:  
-- Tool versions:  
-- Description:   
-- 
-- VHDL Test Bench Created by ISE for module: line0
-- 
-- Dependencies:
-- 
-- Revision:
-- Revision 0.01 - File Created
-- Additional Comments:
--
-- Notes: 
-- This testbench has been automatically generated using types std_logic and
-- std_logic_vector for the ports of the unit under test.  Xilinx recommends
-- that these types always be used for the top-level I/O of a design in order
-- to guarantee that the testbench will bind correctly to the post-implementation 
-- simulation model.
--------------------------------------------------------------------------------
LIBRARY ieee;
USE ieee.std_logic_1164.ALL;
 
-- Uncomment the following library declaration if using
-- arithmetic functions with Signed or Unsigned values
--USE ieee.numeric_std.ALL;
 
ENTITY multi12x4_line0_TB IS
END multi12x4_line0_TB;
 
ARCHITECTURE behavior OF multi12x4_line0_TB IS 
 
    -- Component Declaration for the Unit Under Test (UUT)
 
    COMPONENT line0
    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;
         A8 : IN  std_logic;
         A9 : IN  std_logic;
         A10 : IN  std_logic;
         A11 : 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;
         Q8 : OUT  std_logic;
         Q9 : OUT  std_logic;
         Q10 : OUT  std_logic;
         Q11 : OUT  std_logic
        );
    END COMPONENT;
    

   --Inputs
   signal A0 : std_logic := '0';
   signal A1 : std_logic := '0';
   signal A2 : std_logic := '0';
   signal A3 : std_logic := '0';
   signal A4 : std_logic := '0';
   signal A5 : std_logic := '0';
   signal A6 : std_logic := '0';
   signal A7 : std_logic := '0';
   signal A8 : std_logic := '0';
   signal A9 : std_logic := '0';
   signal A10 : std_logic := '0';
   signal A11 : std_logic := '0';
   signal B : std_logic := '0';

  --Outputs
   signal Q0 : std_logic;
   signal Q1 : std_logic;
   signal Q2 : std_logic;
   signal Q3 : std_logic;
   signal Q4 : std_logic;
   signal Q5 : std_logic;
   signal Q6 : std_logic;
   signal Q7 : std_logic;
   signal Q8 : std_logic;
   signal Q9 : std_logic;
   signal Q10 : std_logic;
   signal Q11 : std_logic;
   -- No clocks detected in port list. Replace <clock> below with 
   -- appropriate port name 
 
 
BEGIN
 
-- Instantiate the Unit Under Test (UUT)
   uut: line0 PORT MAP (
          A0 => A0,
          A1 => A1,
          A2 => A2,
          A3 => A3,
          A4 => A4,
          A5 => A5,
          A6 => A6,
          A7 => A7,
          A8 => A8,
          A9 => A9,
          A10 => A10,
          A11 => A11,
          B => B,
          Q0 => Q0,
          Q1 => Q1,
          Q2 => Q2,
          Q3 => Q3,
          Q4 => Q4,
          Q5 => Q5,
          Q6 => Q6,
          Q7 => Q7,
          Q8 => Q8,
          Q9 => Q9,
          Q10 => Q10,
          Q11 => Q11
        );


 

   -- Stimulus process
   stim_proc: process
   begin 
      -- hold reset state for 10 ns.
      wait for 10 ns;
A0 <= not A0;


   end process;
   stim_proc2: process
   begin 
      -- hold reset state for 20 ns.
      wait for 20 ns;
A1 <= not A1;


   end process;
   stim_proc3: process
   begin 
      -- hold reset state for 40 ns.
      wait for 40 ns;
A2 <= not A2;
end process;
   stim_proc4: process
   begin 
      -- hold reset state for 80 ns.
      wait for 80 ns;
A3 <= not A3;


   end process;
   stim_proc5: process
   begin 
      -- hold reset state for 160 ns.
      wait for 160 ns;
A4 <= not A4;


   end process;
   stim_proc6: process
   begin 
      -- hold reset state for 320 ns.
      wait for 320 ns;
A5 <= not A5;


   end process;
   stim_proc7: process
   begin 
      -- hold reset state for 640 ns.
      wait for 640 ns;
A6 <= not A6;


   end process;
   stim_proc8: process
   begin 
      -- hold reset state for 1280 ns.
      wait for 1280 ns;
A7 <= not A7;


   end process;
   stim_proc9: process
   begin 
      -- hold reset state for 2560 ns.
      wait for 2560 ns;
A8 <= not A8;


   end process;
   stim_proc10: process
   begin 
      -- hold reset state for 5120 ns.
      wait for 5120 ns;
A9 <= not A9;


   end process;
   stim_proc11: process
   begin 
      -- hold reset state for 10240 ns.
      wait for 10240 ns;
A10 <= not A10;


   end process;
   stim_proc12: process
   begin 
      -- hold reset state for 20480 ns.
      wait for 20480 ns;
A11 <= not A11;


   end process;
   stim_proc13: process
   begin 
      -- hold reset state for 40960 ns.
      wait for 10 ns;
B <= not B;


   end process;

END;

[image: C:\Users\hillg\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\Z1S027VI\line0 Tb.PNG]

[image: C:\Users\hillg\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\Z1S027VI\line0 tb 100ns.PNG]

[bookmark: _Toc70604505]LineX VHDL and Test Bench

  The lineX VHDL file combines the results of the inputs ‘A’ with the multiplicand ‘B’ to give a Partial ‘P’. The partial P is then combined with the sum ‘S’ and/or carry ‘C’ to produce final product ‘Q’. The addition in this is conducted by a series of half adders and full adders. Results of the test bench can be seen below.
[image: C:\Users\hillg\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\Z1S027VI\linex TB.PNG]

  Graphs showing the working half adder and full adder can be seen below.
Half Adder
[image: C:\Users\hillg\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\Z1S027VI\halfadder TB.PNG]
Full Adder
[image: C:\Users\hillg\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\Z1S027VI\fulladderTB.PNG]
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[bookmark: _Toc70604507]Task 2 Brief
  
  The aim of task 2 is to design, simulate and synthesise the FSM described by the state diagram below, as both a VHDL and discrete gate solution.

[image: ]

[bookmark: _Toc70604508]FSM Next State Tables

  From the above FSM, it was possible to create a series of tables that would calculate the next state of the FSM. This can be seen below. 
[image: ]

  Each lettered state in the FSM has two possible inputs (X) and two possible outputs (Z). The values Q2 – Q0 are binary counters. Depending on if X is a 1 or a 0, the next state can be one of two possibilities. These can be seen in the ‘next state’ column. There are 8 different state possibilities, A-H these have been given a binary encoding, relevant to the placement of the letter, within the alphabet. For example, A=1 (001), B=2 (010), C=3 (011), and so on. Once the next state is discovered, the binary encoding for this state is entered, in columns Q0* - Q2*. Each column is lined up with corresponding binary number. For example with binary code 110, the state Q2*=1, Q1*=1, Q0*=0.
  After each column has been filled in its entirety, the use of Karnaugh maps are then utilised to find a true value for next state. The Karnaugh map for each next state can be seen below.

[bookmark: _Toc70604509]Karnaugh Maps

Q2*
[image: ]



Q1*
[image: ]

Q0*
[image: ]

Z
[image: ]

  After completion of the Karnaugh maps, the positive values are grouped so that next state calculations can be made. The grouping can be seen below.




Q2*
[image: ]

Q1*
[image: ]

Q0*
[image: ]
Z
[image: ]
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  These are the next state calculations, provided by grouping positive inputs in each map.

Q2*
= /X./Q0 + /X.Q2 + /X.Q1 + Q0.Q1./Q2

Q1*
= Q0./Q1 + /X.Q1 + X./Q1.Q2 + X./Q0.Q1./Q2

Q0*
= X./Q0 + /X.Q0./Q1 + /X..Q1.Q2 + X.Q1./Q2

Z
= X./Q0./Q1

[bookmark: _Toc70604511]Discrete Gate Solution

  From the next state calculations, a discrete gate solution can be made. This is a logic system that’s utilises each function from the next state calculations. Each input is fed into a series of AND, NOT, and OR gates, which are then fed into D-TYPE Flip Flops. The Flip Flops maintain the current state, and as there are 3 current states, 3 Flip Flops have been used. The discrete gate solution can be seen below.
[image: ]
  The discrete gate solution contains 3 Flip Flops, input X and inverse X, 3 x 4 pin OR gates supplied by next state calculations, output Z, and a multitude of AND gates, that feed the next state calculations into the OR gates. The Flip Flops are connected by a common clock.
Next state calculations -> relevant AND gates -> relevant OR gates -> Flip Flops.

A closer look at each section is provided below.
[image: \\ukysaps001\hillg$\University_BEng\Electronics2\Q2 Input.PNG]
[image: \\ukysaps001\hillg$\University_BEng\Electronics2\Q1 Input.PNG]
[image: \\ukysaps001\hillg$\University_BEng\Electronics2\Q0 Input.PNG]
[image: \\ukysaps001\hillg$\University_BEng\Electronics2\FLIPFLOP AND Z.PNG]
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  In order to prove that the FSM works correctly, and to simulate its next state, a VHDL file has been created, using Xilinx software.


Appendix 2
 Company: 
-- Engineer: 
-- 
-- Create Date:    20:46:42 04/25/2021 
-- Design Name: 
-- Module Name:    FM - Behavioral 
-- Project Name: 
-- Target Devices: 
-- Tool versions: 
-- Description: 
--
-- Dependencies: 
--
-- Revision: 
-- Revision 0.01 - File Created
-- Additional Comments: 
--
----------------------------------------------------------------------------------
library IEEE;
use IEEE.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 primitives in this code.
--library UNISIM;
--use UNISIM.VComponents.all;

entity FM is
    Port ( X : in  STD_LOGIC;
           Clck : in  STD_LOGIC;
           Z : out  STD_LOGIC;
           Y : out  STD_LOGIC_VECTOR (2 downto 0));
end FM;

architecture Behavioral of FM is

type state_type is (state_A, state_B, state_C, state_D, state_E, state_F, state_G, state_H);
signal present_state : state_type := state_A;
signal next_state : state_type := state_A;

begin

State: process (present_state,X)
begin
if X='0' then
case present_state is
when state_A => next_state <= state_E;Y <="000"; Z <='0';
when state_B => next_state <= state_D;Y <="001"; Z <='0';
when state_C => next_state <= state_G;Y <="010"; Z <='0';
when state_D => next_state <= state_G;Y <="011"; Z <='0';
when state_E => next_state <= state_F;Y <="100"; Z <='0';
when state_F => next_state <= state_H;Y <="101"; Z <='0';
when state_G => next_state <= state_G;Y <="110"; Z <='0';
when state_H => next_state <= state_G;Y <="111"; Z <='0';
when OTHERS => NULL;
end case;
else if X='1' then
case present_state is
when state_A => next_state <= state_B;Y <="000"; Z <='1';
when state_B => next_state <= state_C;Y <="001"; Z <='0';
when state_C => next_state <= state_D;Y <="010"; Z <='0';
when state_D => next_state <= state_F;Y <="011"; Z <='0';
when state_E => next_state <= state_D;Y <="100"; Z <='1';
when state_F => next_state <= state_C;Y <="101"; Z <='0';
when state_G => next_state <= state_B;Y <="110"; Z <='0';
when state_H => next_state <= state_A;Y <="111"; Z <='0';
when OTHERS => NULL;
end case;
end if;  
end if;
end Process State;
 

clocked: Process (Clck)
begin
if((Clck='1') and (Clck'last_value='0')) Then
present_state <= next_state;
end if;
end Process clocked;
 

end Behavioral;


The above VHDL sets the behavioural architecture for the FSM. It uses X and Clck as the inputs, and Z, Y as the outputs.
  Firstly the states are defined. The FSM on page 21 uses states A-H, which are defined as ‘type’. Next the ‘present’ signal is set. This shows the VHDL file where the process begins. State A is set for this. Once this is done, the next states must be defined. X has two different input options, 1 and 0. Each will take the present state to a different next state, and so each option must be clearly defined. To begin with, X=0 is defined, and the subsequent next state of each lettered state is given. So if state A is given a 0 it goes to state E, and so on. Here, the binary coding of each state is also defined. The binary coding is sequential from which numerical stage in the alphabet each letter is. A=1, (001), B=2 (010) etc. The same process is repeated for X=1.

Appendix 3


-- Description:   
-- 
-- VHDL Test Bench Created by ISE for module: FM
-- 
-- Dependencies:
-- 
-- Revision:
-- Revision 0.01 - File Created
-- Additional Comments:
--
-- Notes: 
-- This testbench has been automatically generated using types std_logic and
-- std_logic_vector for the ports of the unit under test.  Xilinx recommends
-- that these types always be used for the top-level I/O of a design in order
-- to guarantee that the testbench will bind correctly to the post-implementation 
-- simulation model.
--------------------------------------------------------------------------------
LIBRARY ieee;
USE ieee.std_logic_1164.ALL;
 
-- Uncomment the following library declaration if using
-- arithmetic functions with Signed or Unsigned values
--USE ieee.numeric_std.ALL;
 
ENTITY FSM1_TB IS
END FSM1_TB;
 
ARCHITECTURE behavior OF FSM1_TB IS 
 
    -- Component Declaration for the Unit Under Test (UUT)
 
    COMPONENT FM
    PORT(
         X : IN  std_logic;
         Clck : IN  std_logic;
         Z : OUT  std_logic;
         Y : OUT  std_logic_vector(2 downto 0)
        );
    END COMPONENT;
    

   --Inputs
   signal X : std_logic := '0';
   signal Clck : std_logic := '0';

  --Outputs
   signal Z : std_logic;
   signal Y : std_logic_vector(2 downto 0);

 
BEGIN
 
-- Instantiate the Unit Under Test (UUT)
   uut: FM PORT MAP (
          X => X,
          Clck => Clck,
          Z => Z,
          Y => Y
        );


 

   -- Stimulus process
   stim_proc: process
   begin 
      -- hold reset state for 100 ns.
      wait for 10 ns; 
Clck <= not Clck;

   end process;
   -- Stimulus process
   stim_proc2: process
   begin 
      -- hold reset state for 100 ns.
      wait for 100 ns; -- step through 0,1,2,3,5,2
X <= '0';
wait for 40ns;
-- step through 0,4,5,7,6 then 6 repeats due to loop
X <= '1';
-- goto 1
wait for 20ns;
X <= '0';
-- goto 3
wait for 20ns;
X <= '1';
-- goto 5
wait for 20ns;
X <= '0';
-- goto 7
wait for 20ns;
X <= '1';
-- goto 0
wait for 20ns;
X <= '0';
-- goto 4
wait for 20ns;
X <= '1';
-- goto 3
wait for 20ns;
X <= '0';
-- goto 6
wait for 20ns;
X <= '1';
-- goto 1
wait for 20ns;
X <= '0';
-- goto 3
wait for 20ns;
X <= '0';
-- goto 6
wait for 20ns;
end process;

END;

  Appendix 3 shows the VHDL test bench of the FSM. It has inputs X and common clock (Clck). Outputs are Z and Y. In order to test that the VHDL works properly, a test bench has been created, that will run through each input loop (input=1 and input=0). These loops can be seen with comment “step through 0,1,2,3,5,2”. This is the FSM loop that follows input=1. Once it reaches state 5, it loops back to 2 and then repeats stages 2,3,5,loop. Comment “step through 0,4,5,7,6 then repeats due to loop” shows the stages of the FSM, following input=0. Once the input reaches stage 6, a zero input continually feeds into state 6. As seen below.
[image: ]
  In order to simulate that all states are working, a random sequence of input 1 or 0 has been chosen. Each state follows on from the previous state. The outcome of this can be seen in the following output graph.
[image: C:\Users\hillg\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\Z1S027VI\FSM TB.PNG]
[bookmark: _GoBack]This shows the test cycle sequence that has been mentioned above. It follows state 1,3,5,7,0,4,3,6,1,3,6. As seen in the FSM state diagram on page 21.
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