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Abstract 
For this assignment there were multiple tasks, the first was to design and simulate an eight x eight multiplier. The goal of this was to produce a system able to multiply two eight-bit number inputs to produce a 16-bit output with a max value of 65025, this was done through VHDL software using an Automotive Spartan3 chip as the base. Firstly the behavioural was written, this designates all the inputs and outputs. Secondly a test bench was made, this is used to test, simulate and fault find on the system. After completing the design stage timing diagrams were made, these allow the system to be checked for correct operation and to prove that the system worked, which it did, producing a max 16-bit output of 65025.
The second section of the assignment was to design, simulate and synthesise an FSM from a state diagram given in the assignment brief. The first stage of this task was to construct the system using VHDL, this process followed the same stages as the eight x eight multiplier previously made, although instead of checking for a max output, the system needed to be seen counting from zero to seven in sequence. The next section of part two of the assignment involved creating a Karnaugh map and discrete gate solution for the FSM state diagram given in the previous part, this was constructed using computer software such as excel and YED, the final outcome of this were complete truth tables for Ja, Jb & Jc, as well as tables for Ka, Kb, & Kc, and corresponding equations for each table, i.e. Ja = B.

Intro
Up until the 1970s, most minicomputers and early microprocessors did not have a multiply instruction, due to this programmers had to use a ‘multiply routine’ [3], but as the technology used to manufacture microchips became increasingly advanced, the ability to have more transistors on a single chip increased [4], this then made it possible to put enough adders on a single chip to sum all the partial products at once, rather than using a single adder on repeat to calculate each partial product one at a time.
What is a multiplier?
For this assignment the  main goal was to construct a multiplier, multipliers are combinational logic circuits that are used to multiply binary digits[1], depending on the bit size of the multiplier, these can be used to multiply massive binary numbers.  Just like the full adder and half adders used in the circuit to allow the multiplication, these systems are most commonly used within the digital signal processing field [2].
Types of multiplier?
There are many types of multiplier, and selection will depend on what the multiplier is required to do.
Firstly there are sequential multipliers, these can be considered the older method to multiply two binary numbers, and this multiplier is the base of many newly developed multiplication techniques [5]. This system works by adding ‘A’ to itself ‘B’ times, as shown in figure.1. An example of this system would be 6 x 5, this system would do ‘6+6+6+6+6 = 30’, so in total 6 is added to itself 5 times to give the final answer of 30. Sequential multipliers are best used for creating space saving designs.

[image: ]
Figure.1

Secondly there are combinational multipliers, these systems multiply two unsigned binary numbers, each bit within the sum is multiplied against the multiplicand, the product is then aligned to the position of the bit within the multiplier [6], and the final products from these calculations are then added to give the final resulting product. The main downside to combinational multipliers is that intermediate number generation takes a lot of system memory and makes the process comparatively slow [7].
Array multipliers are digital combination circuits used to multiply two binary numbers by using a range of full adders and half adders [9]. The main advantage of these type of multipliers is that they can complete nearly simultaneous addition, once this step is completed, an array of AND gates is used before the next adder array, this allows the system to form the product terms for each stage of the multiplication. 
Where are they used
Multipliers have many uses, but the main use of these logic circuits is to be implemented with integrated circuits, and are typically applied in calculators, mobiles, processors and some other systems, such as digital signal processing equipment.
What is an FSM
An ‘FSM’ is a ‘Finite State Machine’, also known as a finite state automation, is a computational model that is used to simulate sequential logic and also in some computer programs [10], FSMs are usually implemented with hardware and software to allow it to operate in this way. Finite state machines are typically used to model problems in a variety of fields, which include mathematics, artificial intelligence, games, and linguistics.


Types of FSM
There are two main types of finite state machines, these are deterministic finite state machines, often referred to as deterministic finite automata, and non-deterministic finite state machines [10].
Deterministic finite automata determine the state to which a machine will move [12], i.e. to the next stage of it operation, deterministic finite automata recognizes, or accepts regular languages, and a language is regular if a deterministic finite automaton accepts it. Regular languages include concatenation, union and Kleene star [11].
A non-deterministic finite state machines transition functions do not operate in a deterministic way, the input symbols and states are mapped to a set of ‘next states’ some of which could be empty [13], this is what makes the machine ‘non-deterministic’. 
FSM applications
· CPU’s 
· Video games
· Vending machines

Classification of FSMs
Class A – a class A FSM, also known as a Mealy machine, as shown in Figure.16 is a Finite State Machine which has its output values determined by its current state and also the current inputs, the outputs of a mealy machine change with the clock [19]. Mealy machines provide an advantage that the number of states required can be reduced.  
[image: ]
Figure.16
Some examples of Mealy machines include;
· Watch timers 
· Traffic lights 
· Barcode scanners
· Fuel pumps 




Class B – class B Finite State Machines are also known as Moore machines. Moore machines are a type of FSM which its outputs depends only on the input, as can be seen in Figure.17. Moore machines are most efficient in simplifying the given behaviour of a system. State transition diagrams for Moore machines are much simpler, each state is then labelled with the output value. The name ‘Moore Machine’ came from its inventor, Edward F. Moore [21].
[image: ]
Figure,17

Difference between class A and class B [20];
· Moore machines have a higher number of states than Mealy.
· States of a Moore machine change after one clock cycle, Mealy machines change on the clock cycle.
· Moore machines have synchronous outputs, whereas Mealy machine outputs are asynchronous.
· Mealy machine outputs are states, the outputs of Moore machines are transitions between states.

Advantages of FSMs [22]
· FSMs are simple and easy to develop. 
· Easy to test and fault find.
· Well proven technique which has been around for ages.
· Transferring from model to code is easy. 

Disadvantages of FSMs
· Not applicable for all domains 
· The order of the state conversions are inflexible
· Only suitable for small systems

SR, JK & D-Type
An SR flip-flop is a gated set-reset flip-flop which uses S and R inputs to control the state of the flip-flop when the clock pulses and changes from low to high. The state will only change on the rising edge of the clock pulse [16]. A downside to an SR flip-flop is that when both inputs, S and R, are high, the output is uncertain.
JK flip flops are the most widely used out of all the different types of flip-flops, and can also be considered as the most useful. The term ‘JK’ comes from the inventor’s name, Jack Kilby, and was used to distinguish his design from other flip-flops [14]. A JK flip-flop can be considered as an S-R-Flip-flop, with an extra layer of feedback [15]. This feedback is used to enable a set/reset function. When both J and K inputs are activated, and the clock input is pulsed, the outputs, Q and not-Q, will swap states.
For D-type flip-flops, the D stands for ‘data’. D-Type flip-flops track an input, and makes transitions which match those of the input, and stored the value that is with that data. D-type flip-flops can be constructed using an SR flip-flop by connecting an inverter to the ‘set’ and ‘reset’ terminal [17].

Where are they used?
Like most electronics circuits, flip flops have a wide range of uses, but are mostly used in [18];
· counters
· shift registers 
· storage registers

VHDL PROGRAM CONSTRUCTION 
Half adder
The first step to the multiplier was to design a half adder and full adder to be used within the multiplier, these are the basic building blocks for each line which will be made in the future. The inputs A and B, and outputs SUM & CARRY were first assigned ports, then a test bench was made to control the behaviour. The half adder works by adding the two single binary digits to produce and output and a carry signal. The fill adder timing diagram can be seen below that when A=1 and B=0, the sum is set to 1 and carry 0, but when both A & B =1 the sum is 0 and carry is set to 1, as shown in Figure.2. 
[image: ]
Figure.2
Full adder 
Secondly a full adder was designed, this part was set up the same as the half added, but had a third input, this was ‘Cin’ and will be used in the later lines to ‘carry’ the remaining bit from the previous line. The full adder works by taking two binary inputs, A & B and multiplying them together with a carry bit which would have been produced in a previous function. From Figure.3 it can be seen that when A=1, B=1 and Cin=1, the Carry function is equal to one and the sum equal to zero, but then when the Cin goes high to one, the sum and carry both switch to one, meaning the full adder is working as intended.
[image: ]
Figure.3
Line one 
The third stage of the design was to construct ‘line one’ of the code, this line would be used once, and consisted of seven full adders and a single half adder. This part of the system had 9 inputs and 8 outputs, the inputs this time ranged from A0 – A7, with a single B input, the outputs then ranged from Q0 – Q7. Each input is going to one of the adders, half or full, with the output taken from these, this output is then used to populate the next line of the system and also carry down the final output.
From the timing diagram in Figure.4 it can be seen that the system is operating correctly as when B is set to 0, the output is also 0, But when it switches to one, the output is equal to A, as shown in Figure.5. 
Figure.6 shows that the system completes a full cycle up to the max 8-bit value of 255 and then resets and repeats the cycle.
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Figure.4
[image: ]Figure.5
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Figure.6
Line X
The line X was the final stage before port-mapping all systems together to construct the multiplier. This line had the same inputs and outputs as line one, but has an extra 8 inputs, these are the internal signals ‘X1’ through ‘X7’ and ‘Xc’. Line X allows for the carry from the previous line to function with the next stage of calculation. From Figure.7 it can be seen that the ouput is 0 when B is equal to 0.
[image: ]Figure.7
Figure.8 shows when B is equal to 0, X is equal to Q.
[image: ]Figure.8
Finally, Figure.9 shows that when B is equal to one, the output Q is equal to X+A
[image: ]Figure.9
Once all the individual components were complete, half added, full adder, line one and line x, the final stage was to combine all the component into the eight x eight multiplier.
The multiplier was constructed using a single line one to start, and then followed by seven line Xs, this arrangement of lines allowed for the 8bit input to be multiplied into a 16-bit output. Unlike the other parts of the code, the multiplier has 16 outputs, from Q0 to Q15. Once this stage was completed the port mapping was done, each output signal Q from line 1 and line x, needed to be mapped to internal signals between the lines, this was done for each line up until line 8, where all the outputs are then fed down to the final signal, a snip of the port mapping exercise can be seen in Figure.10
[image: ]
Figure.10

Now the port mapping was complete the system was tested using a test bench, each input was set to change at 10ns, then each input was to change at double the previous time interval, i.e 10ns, 20ns, 40ns etc..
Once complete, the system was then tested using timing diagrams. It can be seen that the circuit was operating correctly, this is due to being able to see the max available output of 65025, which is the multiplication of the maximum 8-bit number by itself, 255, as shown in Figure.11. From Figure.12 it can be seen that the multiplier is multiplying numbers as intended, and example being 39 multiplied by 220 is equal to 8580. Figure.13 shows that once A reaches its max value of 255 it resets to 0 and starts the seque3nce again, the same occurs for B, once the sequence hits a max value of 255, it resets and goes back to 0, this can also be seen in Figure.11.
[image: ]
Figure.11
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Figure.12
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Figure.13

FSM PROGRAM CONSTRUCTION 
How was it constructed?
The second part of the assignment involved constructing an FSM using VHDL. This was done using the state map to work out the best route through the system that sees all states, for this I decided to go with a straight run around the outside of the system, ignoring the internal connections. This system works by stating which position should be gone to next, i.e. 000 – 001 - 010 etc.. 
Once completed the test bench was made, this operates on a clock pulse, every time the clock pulses, the system moves to the next state. As seen in Figure.14 the system was operating correctly as it flows from 0 through to 7 and then resets and starts again, this was the intended path for the system to take and proves that it was constructed correctly.
[image: ] 
Figure.14



RESULTS 

FSM EXCEL
Once the VHDL FSM was completed the second part of this task was to construct the truth tables for this FSM state map. For this the assumption was made that the FSM in question was constructed using J-K-flip-flops, so the final truth tables were Ja, Jb, Jc, Ka, Kb & Kc. The final truth tables made from this excel exercise can be seen in Figure.15.
The final truth tables gave the equations;
Ja = B . X
Jb = A . X
Jc = /A . /C
Ka = /B . /X
Kb = /A . X
Kc =A . C
[image: ]
Figure.15
Conclusion
In conclusion, from completing this work package it was found that VHDL is a widely used piece software which has a wide variety of applications. From completing the eight by eight multiplier exercise I was able to gain a new understanding of a new type of software used in manufacturing, having never seen or used VHDL before this was all new, and after completing the research in this assignment I believe gaining a more comprehensive understanding would be useful for my career progression.

The second part of this assignment helped me gain an understanding of FSM construction, use and operation. The main takeaway from this was that FSMs have a wide variety of uses and are used more commonly than previously thought, most every day pieces of tech (i.e. mobile phones / traffic lights) are or include an FSMA in one or more way.
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188 linea : eight_x_eight_lin_1 -- define line 1

189 port map (AO,Al1,A2,A3,A4,A5,A6,A7,B0,0Q0,91 1,92 1,93 1,94 1,95 1,96_1,97_1) ;

190

191 lineb : eight_x_eight_line_x -- define line 2
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