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Abstract
Detailed in this report is the construction of an eight x eight-bit unsigned number multiplier which has been designed, simulated and synthesised based upon a simple parallel Braun multiplier. During the second part of the study a Finite State Machine has been designed, simulated, and synthesised. Both circuits have been produced using Xilinkx design software.
Part 1 – Eight x Eight Multiplier
Introduction 
The first part of this report is the design of an eight x eight multiplier. This circuit is used to multiply two 8 bit numbers to produce a 16 bit number. This unsigned number multiplier is based upon a simple parallel Braun multiplier. A Braun multiplier is a simple parallel multiplier generally called a carry save array multiplier that has been restricted to perform signed bits. The structure consists of an array of AND gates and adders arranged in a repeated pattern with no need of logic resistors. This can be called non-additive multiplier. [1]
Each product can be generated in parallel with the AND gates. Each partial product can be added with the sun of partial product which has previously been produced by the row of adders. The carry adder will be shifted one part to the left and then it will be added to the sun which is generated by the fiest adder and newly generated partial product. The Braun multiplier performs well for unsigned operations that are less than 16 bits in terms of power, speed and area. The Braun multiplier is a simple structure when compared to other multipliers. The main downside to using a Braun multiplier is the potential susceptibility of glitching problems due to the ripple carry adder in the last stage. [2]
Figure 1.
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The above table (figure 1) details how two 8 bit numbers are multiplied to produce a 16 bit number. The maximum 8 bit number is 255. For this circuit to be successful it will need to produce an output of 65025 (1111111111111111) when multiplying the maximum 8 bit values (11111111). 
The 8 x 8 multiplier will be designed using Xlinx design software and will be in the format of a VHDL programme. VHDL is short for VHSIC Hardware Description Language where VHSIC stands for Very High Speed Integrated Circuits. VHDL is hardware description language meaning that is describes the behaviour of a digital circuit and can be used to design or implement system hardware and digital circuits. 
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Figures 2 and 3 above show the construction of the 8 x 8-bit multiplier circuit. The circuit diagram was produced using the YED graph editor software. The diagram shows the complete construction of the 8 x 8 multiplier detailing each stage and component required to multiply two 8-bit numbers to produce a 16 bit output. 
The first stage is the line 1. In this line the 8-bit number is input (A0 to A7) and multiplied by B0. Line 1 is constructed using 8 AND gates. This produces the first output bit (Q0). The other 7 bits (X1 to X7) then go through to the next part of the circuit which is line x as well as the carry component (Xc)
The second stage of the circuit is Line X. This line sees the introduction of the half adder and full adder components. Line x is then repeated six times to produce the complete circuit. Line X is used to produce line X1, X2, X3, X4, X5 and X6 by changing the port mapping in the circuit design on Xlinx design software. The final result of the circuit is a 16-bit number output shown by the outputs Q0 to Q15. 

Xlinx VHDL design 
Half Adder (figure 4)
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Half Adder Test Bench (figure 5)
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Full Adder (figure 6)
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Full Adder Test Bench (figure 7)
[image: A computer screen capture

Description automatically generated with medium confidence]
[image: A computer screen capture

Description automatically generated with medium confidence]




8 x 8 Line 1 (figure 8)
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8 x 8 Line 1 Test Bench (figure 9)
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8 x 8 Line X (figure 10)
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8 x 8 Multiplier (figure 11)
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8 x 8 Multiplier Test Bench  (figure 12)
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Simulations
Half adder (figure 13)
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Full adder(figure 14)
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8 x 8 line X (figure 16)
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Discussion 
The first programme that needed to be designed is the Half Adder as shown in figure 4. A half adder is an electronic circuit used to perform the addition of numbers. The half adder adds two single binary digits and provide the output plus a carry value. The half adder circuit has two inputs (A and B), and two outputs named S(sum) and C(carry). The half adder is used to add two single-digit binary numbers to give a two digit output. It is called a half adder because if you put two half adders together with the use of an OR gate results in a full adder. [4]
Half Adder truth table (Figure 18) 
	A (input)
	B (input)
	C (output)
	S (output)

	0
	0
	0
	0

	1
	0
	0
	1

	0
	1
	0
	1

	1
	1
	1
	0


[5]
Half Adder circuit design (Figure 19)
[image: circuit diagram for a half adder][6]
The VHDL design of the half adder can be seen in figure 4 and the design has been carried out on Xlinx design software. The Half Adder entity has been set up to have two inputs (A and B) and two outputs (sum and carry). The architecture behavioural of the Half adder has been set up so that the Sum is A Xor B and the carry is A and B. This can be seen in figure 19. A test bench (figure 5) was then set up to simulate the circuit and ensure it was working correctly before adding it into the 8 x 8 Line X circuit. 
The simulations shown in figure 13 can be seen to comply with the truth table in figure 18. The simulation shows that when there is just one input then the output is S (sum) and when inputs A and B are high then the output is C(carry) 
The next program that was required to be deigned was the full adder circuit. 
The VHDL design of this circuit is shown in figure 6. The ports have been set up with three inputs and two outputs. The three inputs are A, B and Cin(carry in). The two outputs are the Sum and the Carry. The architecture is shown that:
· AxB <= A Xor B
· Sum <= AxB Xor Cin
· AxBandC <= AxB and Cin
· AandB<= A and B
· Carry<= AxBandC or AandB
As discussed previously, the Full Adder is two half adders together with the use of an OR gate. This circuit and the truth table is shown in figure 20. The next step in the design process was to simulate the circuit in the test bench to ensure that it was working correctly before adding it into the final circuit design. 
It can be seen in the simulations shown in figure 7 that the design complies with the truth table in figure 20. When just A or B are high then the sum output goes high. When inputs A and B are high then the carry output is high. Only when all three inputs are high (A, B and Cin) does the two outputs (Sum and Carry) go high. 
Figure 20 
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The next programme design was the 8 x 8 Line 1 circuit shown in figure 8. This is the stage of the circuit where the 8 bit number that needs to be multiplied is first input. The 8 bit binary number is input on ports A0 to A7. The first bit of the second 8 bit binary number is also input at this stage on port B. This circuit then gives an 8 bit output on ports Q0 to Q7. Q0 gives the first output of the circuit to provide the first bit of the final 16 bit binary number output. A carry component then goes through to the next stage of the circuit which is Line X. 
This circuit was then simulated using a test bench (figure 9) to ensure that the outputs were correct the simulation results are shown in figure 15. The simulation shows that the circuit designed is correct. By analysing the simulation, it can be seen that when B is zero, the output (Q) is zero. When B is 1 then the output is equal to A. This lines up with the design which stages that Q<= A and B. 
The final part of the system that was designed was the 8 x 8 Line X. At this stage, the Half Adder and Full adder components of the circuit are added as can be seen in the circuit layout in figure 2. 
The VHDL design for the 8 x 8 line X is shown in figure 10. The first stage was to set up the ports. This included the 8 bit binary input number (A0 to A7), the intermediate signals (X1 to X7 and XC which is the carry component), Input B and the output components (Q0 to Q7 and QC which is the carry component that will go through to Line X1). 
The Half Adder and the Full Adder are added to the Xlinx VHDL program by adding them as a new source by selecting the original programmes created earlier. 
The internal intermediate signals are then set up as well as the intermediate carry signals. The next step was to assign the And gates. This led on to the next stage which was port mapping the half adder and the seven full adders required. This is an important step in the design process as it ensures that the correct signals enter the adders to gain the desired output. 
The final VHDL program designed was the complete 8 x 8 multiplier. The programme can be seen in figure 11. The first step of the design was to set up the inputs and outputs as ports. Inputs A0 to A7 are assigned to the first 8-bit number. Inputs B0 to B7 are assigned to the second 8-bit number. The goal of the 8 x 8 multiplier is to multiply these two 8 bit numbers to produce a 16-bit number. The 16 bit number is assigned to the output ports Q0 to Q15. The next step was to add in the port assignments for the previous programme 8 x 8 Line X. Following this the intermediate signals were setup to so that the outputs off the previous line can go through the next line as shown in figures 2 and 3. Port mapping was then carried out to ensure that the programme  works correctly and the numbers can be multiplied correctly. 
A VHDL test bench, as seen in figure 12 was then set up to test the overall finished design and simulate the programme to ensure the multiplication process works correctly. 
The simulations shown in figure 17 demonstrates that the 8 x 8 multiplier circuit works as intended. In the first example it can be seen that when A= 60 and B=153 then the resultant output(Q) = 9180. This was then checked using a calculator to ensure the multiplication was correct and it was found that 60 x 153 = 9180. This shows that the program is working correctly. 
In the second example it can be seen that when A=255 and B=255 then the output(Q) is 65025. This is significant as 255 is the maximum value that an 8-bit number can be and 65025 is the maximum value for a 16-bit number. This shows that the 8 x 8 multiplier works correctly through to the maximum input values. 










Part 2 – Finite State Machine 
Introduction 
Detailed in the second part of this report is the design, simulation and synthesis of a Finite State Machine described by the state diagram shown in figure 18. The Finite State machine has been produced using Xlinx design software in the form of a VHDL programme. Truth tables have also been constructed to produce a discrete gate solution. 
Finite State Machines (FSMs) are at the core of most digital design. The basic concept of a Finite State Machine is to store a sequence of different unique states and transition between them depending on the current state of the machine and the values of the inputs. FSMs are a powerful way to systematically design sequential circuits from written specifications or in the case of this report, from a given state diagram. [8]
Figure 21. 
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Finite State Machine VHDL design (Figure 22) 
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Finite State Machine VHDL test bench (Figure 23)
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Simulations (figure 24)
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Truth Tables (Figure 25) 
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JK Flip Flop (Figure 26) 
[image: See the source image][10]
Discussion
The Finite State Machine state diagram shows that it is an eight state FSM. The first stage in the design of the VHDL program is to set up the source as a VHDL module. Then the ports were set up. The two inputs are the Clock and X and the two outputs are A and Z. 
Before designing the VHDL programme, a truth table needed to be complete. The truth table identifies the next state of the FSM depending on whether the input is high (1) or low (0). The complete truth tables are shown in figure 25. The next states in the truth table were identified using the JK flip flop truth table shown in figure 26. This allowed the production of the VHDL programme as shown in figure 22. The output only goes high when the programme goes back to the first state (A). 
The programme can now be simulated by using a VHDL test bench shown in figure 23. The simulations, displayed in figure 24 shows that the programme is working correctly as it counts from 0 to 7 and then back to zero. The output (Z) goes high when the count goes back to zero. 
By taking the values for the next state of A, B and C it is possible to create separate truth tables for these states. By grouping the 1’s the discrete gate solutions can be produced for A, B and C as shown in figure 25. The discrete gate solution for the next states of A, B and C are: 
A=B./X.C+A./B.C+/A.B.X./C+/B.X./C
B=A.X./B+A.B.C+/A./X./C+A.B./C+A./B.X
C=/A./X+A./C+A.B./X
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