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Description of Components and Control Signals

	Component
	Inputs
	Outputs
	Control Signals

	Mem
	Address (16), MemWriteData (16)
	MemData (16)
	MemWrite (1), 
MemRead (1)

	Reg
	ReadReg1 (4), 
ReadReg2 (4),

ReadReg3 (4),

WriteReg (4),

WriteData (16),

InterruptEnable(1),

ButtonRegInputs(x15)(1)


	ReadData1 (16), ReadData2 (16), ReadData3 (16),

InterruptEnableOut(1)
	RegWrite (1),

WriteInterruptEnable(1)

	Control
	IR (16)
	All Control Signals for Components
	---

	Special
	SReadReg1 (4),

SWriteReg (4),

SWriteData (16)
	SReadData1 (16)
	SRegWrite (1)

	ALU
	ALUIn1 (16), ALUIn2 (16)
	ALUOut (16), Zero(1)
	OpControl (4)

	PC
	PCIn (16)
	PCOut (16)
	PCWrite (1)

	IR
	IRIn (16)
	IROut (16)
	IRWrite (1)

	A
	AIn (16)
	AOut (16)
	---

	B
	BIn (16)
	BOut (16)
	---

	C
	CIn (16)
	COut (16)
	---

	Sum
	SumIn (16)
	SumOut (16)
	---

	MemRegData
	MemIn(16)
	MemOut(16)
	---

	Latch
	LatchIn(1)
	LatchOut(1)
	LatchReset(1)


Truth Tables for Control Signals of Components and Multiplexers

Note: for all the device inputs with multiplexers attached to them, the convention Mux<component_name> is used to specify the control signal with controls that mux.

Also, in the state diagrams below for each instructions (which specify which control signals are active at each clock cycle) for all the one bit Read and Write signals, if nothing is listed it is assumed that the value is 0. If the value is needed to be one, then the name will be included. For example, MemWrite indicates that MemWrite should be 1 while ALUOpControl = 01 specifics the specific value of ALUOpControl since there are more than two possibilities.
Also, The symbol Δ match with the triangle symbols on our data path. Since the data path was too crowded to include all control outputs, this system was devised. A Δ on the data path with a number means that a control signal goes into that component (a wire from the control to the component). The tables below have numbers which match up with the numbers in the Δ’s and allow the reader to match which control signals go with which components. All Δ symbols go OUT OF the Control and INTO the indicated module.

MemWrite: Δ1
0-writing to memory is disabled

1-writing to memory is enabled

Mem Read: Δ2
0-reading from memory is disabled

1-reading from memory is enabled

RegWrite: Δ3
0-writing to Reg is disabled

1-writing to Reg is enabled

SRegWrite: Δ4
0-writing to SReg is disabled

1-writing to SReg is enabled

PCWrite: Δ5

0-writing to PC is disabled

1-writing to PC is enabled
IRWrite: Δ6
0-writing to memory is disabled

1-writing to memory is enabled

Write Interrupt Enable: Δ7
0-writing to interrupt bit is disabled

1-writing to interrupt bit is enabled

- For MemWrite, MemRead, RegWrite, SRegWrite, PCWrite, IRWrite, and WriteInterruptEnable the signal is assumed to be 0 unless explicitly stated in the control.

ALUOpControl: Δ8
00
Add

Adds the two inputs

01
Subtract
Subtracts the two inputs

10
AND

BitWise AND the two inputs

11
SLT

Make the Sum 1 for A<B and else 0

Latch Reset: Δ9
0- do nothing (have latch keep value)

1- reset (set latch to zero)

MuxPCIn: Δ10
00
Sum

Data from Sum register

01
COut

Data from Register C

10
AOut

Data from Register A

11
0xe000

Hard-coded address of Interrupt-handling routine in memory

MuxAddress: Δ11
0
PC

Gets the current value of PC

1
Sum

Gets the output of register Sum

MuxIRIn: Δ12
0
MemData
Gets the output from MemData

1
0xb000
Gets the hard-coded instruction 0xb000 (interrupt instruction)

MuxWriteData: Δ13
000
PC




Get the PC output

001
Sum




Gets the output of register Sum

010
MemDataReg



Gets the output from register MemDataReg

011
SReadData1



Gets the output from SReadData1

100
Concatinate1Out IR[15-8]//0x00
Gets the output from Concatinate1Out

101
Concatinate2Out C[7-0]//IR[15-8]
Gets the output from Concatinate2Out

MuxWriteReg: Δ14
00
IR[7-4]

Gets the data from IR[7-4]

01
0x1

Gets the hard-coded value 0x1 (for jal instruction)

10
0xf

Gets the hard-coded value 0xf  (for interrupt instruction)

MuxALUIn1: Δ15
00
PC


Gets the data from PC output

01
AOut


Gets the data from register A output

10
0x000//IR[7-4]
Gets Zero-Extended value of IR[7-4]

11
COut


Gets the data from register C output

MuxALUIn2: Δ16
00
Bout


Gets the data from register B

01
0x0002

Gets the hard-coded value of 2 (for incrementing PC)

10
0x000f


Gets the hard-coded value 0xf (for comparing in interrupt

or jump register)

Control Signal States for Instructions (by clock cycle)

Note: This section defines, for each cycle of each instruction, what the control signals coming from the control need to be. The first two clock cycles have common RTL specifications for each instruction and thus also have common control signal speculations. Then, after the first two instructions have been explained, all the other instructions follow with what control signals they need in each cycle to make the appropriate register transfers.
Also, test cases are included for each instruction under the heading “Test Case for Data Path and Control Signals.” This is included at the bottom of each instruction.
Also note that it is implicit that the state of the control reverts to state 1 at the end of every instruction.
Explanation for the first clock cycle

1)

MuxALUIn1 = 00


MuxALUIn2 = 01


ALUOpControl = 00


PCWrite


MuxPCIn = 00


MuxAddress = 0


MemRead


IRWrite


MuxIRIn = 0

The first step can be broken into two parts.  The first part increments the PC.  The second part assigns Mem[PC] to IR.

In the beginning of the first section, PC is passed into the ALU, along with the value ‘2’.  These two are added together.  This produces PC+2, which is the address of the next instruction.  This value is placed into the PC for the next instruction.

MuxALUIn1 00 means that the first input to the ALU is PC.  MuxALUIn2 01 means that the second input to the ALU is 2.  ALUOpControl 00 means that the ALU will be performing addition on the two inputs it receives.  PCWrite allows the PC to be written to.  MuxPCIn 00 means that the value in Sum is what will be written to PC.

In the beginning of the second section, the value in PC is passed into Memory, indicating which instruction should be accessed.  Thi 16 bit instruction is then passed into IR.  IR separates the different sections of the 16 bit instruction ([0-3],[4-7],[8-11],[12-15]) and passes these values to the control box, ReadReg3,ReadReg1, and ReadReg2, respectively.  Values in Reg1, Reg2, and Reg3 are automatically stored in A, B, and C, respectively.  MuxAddress 0 means that the PC is defining which bits to read in memory.  MemRead means that the memory can be read from.  IRWrite means that IR can be written to.  MuxIRIn 0 means that the input into IR is coming from memory.

Explanation for the first clock cycle

Note here that since the second clock cycle only loads values into registers A, B, and C and does internal comparisons in the control to determine the next step, no control signals are necessary to control this step.
add (Addition)
1)


PCWrite


ALUOpControl = 00


MuxALUIn1 = 00


MuxALUIn2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)

3)


MuxALU1In = 01


MuxALU2In = 00


ALUOpControl = 00

4)


RegWrite


MuxWriteReg = 00


MuxWriteData = 001

Test Case for Data Path and Control Signals:
Step 3, being the first that is original to this code, takes the values of A and B and adds them in the ALU. Then it proceeds to store this result in Sum. MuxALU1In being set to 01 tells the component to read the information coming from A. Same thing for MuxALUIn2 being set to 00, except that it reads the information from B. ALUOpControl set to 00 lets the ALU know that an addition operation is expected from it.

Step 4 writes the value of Sum into Reg[IR[4-7]]. RegWrite gives permission for writing to the register. MuxWriteReg = 00 specifies to the Register to write to the register specified by the bits 4- 7 of the IR. MuxWriteData  = 001 specifies that the value that should be written to the register is the value of Sum.

sub (Subtraction)

1)


PCWrite


ALUOpControl = 00


MuxALUIn1 = 00


MuxALUIn2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


 (Nothing is done in terms of control signals)

3)


MuxALU1In = 01


MuxALU2In = 00


ALUOpControl = 01

4)


RegWrite


MuxWriteReg = 00


MuxWriteData = 001

Test Case for Data Path and Control Signals:
Step 3, being the first that is original to this code, takes the values of A and B and subtracts them in the ALU. Then it proceeds to store this result in Sum. MuxALU1In being set to 01 tells the component to read the information coming from A. Same thing for MuxALUIn2 being set to 00, except that it reads the information from B. ALUOpControl set to 01 lets the ALU know that an subtraction operation is expected from it.

Step 4 writes the value of Sum into Reg[IR[4-7]]. RegWrite gives permission for writing to the register. MuxWriteReg = 00 specifies to the Register to write to the register specified by the bits 4- 7 of the IR. MuxWriteData  = 001 specifies that the value that should be written to the register is the value of Sum.

sw (Store Word)
1)


PCWrite


ALUOpControl = 00


MuxALU1 = 00


MuxALU2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)

3)



MuxALUIn1 = 01


MuxALUIn2 = 00


ALUOpControl = 00

4)


MemWrite


MuxAddress = 1

Test Case for Data Path and Control Signals:
3) MuxALUIn1 should be set to receive input from AOut

MuxALUIn2 should be set to receive input from Bout

ALUOpControl should be set to add

All write-enable signals should be set to 0

All other control signals do not matter

4) Enable Memory Writing

Select the memory address as Sum

C will be written as MemWriteData-no control signals are necessary to specify.

All other write-enable signals should be 0

All other signals do not matter

lw (Load Word)
1)


PCWrite


ALUOpControl = 00


MuxALU1 = 00


MuxALU2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)

3)


ALUOpControl = 00


ALUIn1 = 01


ALUIn2 = 00
4)


MuxAddress = 1


MemRead

5)


MuxWriteReg = 00


MuxWriteData = 010


WriteReg

Test Case for Data Path and Control Signals:
3) ALUOpControl should be set to add

MuxALUIn1 should be set to receive input from AOut

MuxALUIn2 should be set to receive input from Bout

All write-enable signals should be 0

All other signals do not matter.

4) MuxAddress should be set so that the MemAddress is from Sum

MemRead should be set to enable reading from memory

All write-enable signals should be 0

All other signals do not matter

5) MuxWriteReg must be set to receive data from IR[7-4]

MuxWriteData must be set to receive output from register MemDataReg

WriteReg is enabled to allow writing to the register specified in IR[7-4]

All other write-enable signals should be 0

All other signals do not matter.

rv (Retrieve Value)

1)


PCWrite


ALUOpControl = 00


MuxALU1 = 00


MuxALU2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)

3)


MuxWriteData = 011


MuxWriteReg = 00


RegWrite 

Test Case for Data Path and Control Signals:
Step 2 stores the value in Special[IR[8-11]] into Reg[IR[4-7]].  MuxWriteData 011 means that the data being written to the register is coming from SReadData1 (the special register).  By default, the special register that is read is always defined by the bits IR[8-11].  MuxWriteReg 00 means that the register being written to is Reg[IR[4-7]].  RegWrite allows the register to be written to.  

ov (Output Value)

1)


PCWrite


ALUOpControl = 00


MuxALU1 = 00


MuxALU2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)

3)


SRegWrite

Test Case for Data Path and Control Signals:
Step 2 stores A into Special[IR[4-7]].  By default, A is always written to the special register, and IR[4-7] always defines which Special register is being written to.  SRegWrite allows the special register to be written to.

slt (Set Less Than)

1)


PCWrite


ALUOpControl = 00


MuxALU1 = 00


MuxALU2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)

3)


ALUOpControl = 11


MuxALUIn1 = 01


MuxALUIn2 = 00

4)


RegWrite


MuxWriteReg = 00


MuxWriteData = 001

Test Case for Data Path and Control Signals:
Step 2 stores the result of (A<B) into Sum.  MuxALUIn1 01 means that the first input to the ALU is A.  MuxALUIn1 00 means that the second input to the ALU is B.  ALUOpControl 11 means that the ALU is performing a set-less-than operation.  This operation returns a 1 if the first input value is less than the second input value.  It will return a 0 if the first value is greater than, or equal to the second value.

Step 3 stores the value of Sum into Reg[IR[4-7]].  RegWrite allows the Register to be written to.  MuxWriteReg 00 means that the data will be written to the Register specified by the value of IR[4-7].  MuxWriteData 001 means that the data being written to the register is the value of Sum.

And (Bitwise And)
1)


PCWrite


ALUOpControl = 00


MuxALUIn1 = 00


MuxALUIn2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)

3)


MuxALU1In = 01


MuxALU2In = 00


ALUOpControl = 10

4)


RegWrite


MuxWriteReg = 00


MuxWriteData = 001

Test Case for Data Path and Control Signals:
Step 3, being the first that is original to this code, takes the values of A and B and performs a bitwise AND on them in the ALU. Then it proceeds to store this result in Sum. MuxALU1In being set to 01 tells the component to read the information coming from A. Same thing for MuxALUIn2 being set to 00, except that it reads the information from B. ALUOpControl set to 10 lets the ALU know that a bitwise AND operation is expected from it.

Step 4 writes the value of Sum into Reg[IR[4-7]]. RegWrite gives permission for writing to the register. MuxWriteReg = 00 specifies to the Register to write to the register specified by the bits 4- 7 of the IR. MuxWriteData  = 001 specifies that the value that should be written to the register is the value of Sum.
beq (Branch If Equal)
1)


PCWrite


ALUOpControl = 00


MuxALU1 = 00


MuxALU2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)
3)


MuxALUIn1 = 01



MuxALUIn2 = 00


ALUOpControl = 01

4)
(if control input signal “zero” from ALU = 0)


PCWrite



MuxPCIn = 01

4)
(if control input signal “zero” from ALU = 1)


(set no control signals – i.e. do nothing)
Test Case for Data Path and Control Signals:

Steps one and two are detailed at the top of this document. They are the same for all instructions.

Step three must use the ALU to compare the values held in registers A and B and also reload the data from the Register with address IR[4-7] into C to ensure that we can use it on the next cycle (note that this is not strictly necessary as, since the value in the IR register will stay the same and there is no read control on the general purpose registers, A, B, and C will get refreshed every clock cycle as long as the value in IR stays the same). However, we include this step to make it clear that C will retain the value it was given in step 2.

Thus, from above we can see that there will be no component or data path conflicts.

There are three control signals which are relevant to this register transfer. We must set the inputs to the ALU to the values of A and B (using MuxALUIn1 = 01, MuxALUIn2 = 00) and then make sure that the ALU will be performing subtraction on them through the use of ALUOpControl = 01.

Once this cycle is completed, the control input bit zero from the ALU will be a 1 if A and B are equal (and thus their difference is 0) and a 0 otherwise.

In the next cycle, the control must use the zero but from the ALU to determine whether to allow the value of c to be placed in the PC. Thus, if input bit zero has value 1, we set PCWrite to enable writing to the PC and set MuxPCIn = 01 to indicate that the value of COut should be placed into the PC. This completes the jump instruction.

bne (Branch Not Equal)
1)


PCWrite


ALUOpControl = 00


MuxALUIn1 = 00


MuxALUIn2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)
3)


MuxALU = 01


MuxALU = 00


ALUOpControl = 01

4)
(if control input signal “zero” from ALU = 1)


PCWrite


MuxPCIn = 01

4)
(if control input signal “zero” from ALU = 0)


(set no control signals – i.e. do nothing)

Test Case for Data Path and Control Signals:

Steps one and two are detailed at the top of this document. They are the same for all instructions.

Step three in bne is identical to step three for the beq instruction since we still need to compare the values of registers A and B using the ALU. Thus, see the beq instruction for the test case and description for step 3 of this instruction.

Once this cycle is completed, the control input bit zero from the ALU will be a 1 if A and B are equal (and thus their difference is 0) and a 0 otherwise.

In the next cycle, the control must use the zero but from the ALU to determine whether to allow the value of c to be placed in the PC. Thus, if input bit zero has value 0, we set PCWrite to enable writing to the PC and set MuxPCIn = 01 to indicate that the value of COut should be placed into the PC. This completes the jump instruction. Note the only difference 

lli (Load Lower Immediate)
1)


PCWrite


ALUOpControl = 00


MuxALU1 = 00


MuxALU2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)

3)


regWrite


MuxWriteData = 101

MuxWriteReg = 00

Test Case for Data Path and Control Signals:

Steps one and two are detailed at the top of this document. They are the same for all instructions.

Step three of Load Upper Immediate needs to simply take the 8 least significant bits of the IR (the immediate) and concatenate that number with the most significant bits of the value already in Reg[IR[4-7]] (the source register) to make a 16 bit number. Thus number will be comprised of the most significant 8 bits that were already in Reg[IR[4-7]] and the least significant 8 bits from IR[15-8]. In order for this to happen we must use our “concatenate” pseudo-component (which will essentially be the wires from IR[15-8] combined with the upper 8 bits of Reg[IR[4-7]]  to make a 16 bit input signal) and store that input signal into the WriteData input of the Registers. We must also set the WriteReg input to IR[4-7] to specify which register to store this 16 bit number in.

In order to make these register transfers occur, we require three control signals. regWrite ensures that we can write into the Registers. MuxWriteData = 101 sets the data to be written to C[7-0]//IR[15-8], and MuxWriteReg = 00 sets the Register to be written into be IR[4-7] which is the destination register for lli and lui.

After this cycle we have completed the instruction. There were no conflicts between components.

lui (Load Upper Immediate)
1)


PCWrite


ALUOpControl = 00


MuxALU1 = 00


MuxALU2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)
3)


regWrite

MuxWriteData = 100
MuxWriteReg = 00

Test Case for Data Path and Control Signals:

Steps one and two are detailed at the top of this document. They are the same for all instructions.

Step three of Load Upper Immediate needs to simply take the 8 least significant bits of the IR (the immediate) and concatenate that number with zeros to make it a 16 bit number where the immediate supplied is the most significant 8 bits and the least significant 8 bits are zeros. In order for this to happen we must use our “concatenate” pseudo-component (which will essentially be the wires from IR[15-8] and 8 ground wires combined to make a 16 bit input signal) and store that input signal into the WriteData input of the Registers. We must also set the WriteReg input to IR[4-7] to specify which register to store this 16 bit number in.

In order to make these register transfers occur, we require three control signals. regWrite ensures that we can write into the Registers. MuxWriteData = 100 sets the data to be written to IR[15-8]//0x00, and MuxWriteReg = 00 sets the Register to be written into be IR[4-7] which is the destination register for lli and lui.

After this cycle we have completed the instruction. There were no conflicts between components.

jr (Jump Register)

1)


PCWrite


ALUOpControl = 00


MuxALUIn1 = 00


MuxALUIn2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


 (Nothing is done in terms of control)

3)


PCWrite


MuxALUIn1 = 11


MuxALUIn2  = 10


ALUOpControl = 01

4)
(If “zero” output in ALU = 1)


WriteInterruptEnable


InterruptEnable = 0

Test Case for Data Path and Control Signals:
Step 3, sets the value of C into the PC. It also does an if statement on C and 15 and performs the next statement if it is true. PCWrite is enabled so we can write the value of register C to the PC. MuxALU1In being set to 11 tells the component to read the information coming from C. Same thing for MuxALUIn2 being set to 10, so that it read the immediate 0xf. ALUOpControl set to 10 lets the ALU know that a subtraction operation is expected from it.

Step 4, which is executed if the previous if is correct, sets the most significant bit of the button register to 0. WriteInterruptEnable is enabled to allow us to write to the interrupt, and InterruptEnable is set to 0 do disallow interrupts.
jal (Jump And Link)
1)


PCWrite


ALUOpControl = 00


MuxALU1 = 00


MuxALU2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)

3)


MuxWriteReg = 01


MuxWriteData =000


WriteReg


PCWrite


MuxPCIn = 10

Test Case for Data Path and Control Signals:
3) MuxWriteReg is set to allow writing to register 1

MuxWriteData is specified to write the data that is in the PC

WriteReg is enabled to allow writing to the Specified register

PCWrite is enabled to allow writing to the PC

MuxPCIn is set to allow the contents of AOut to be written to the PC
Interrupt

1)


PCWrite


ALUOpControl = 00


MuxALU1 = 00


MuxALU2 = 01


MuxPCIn = 00


MemRead


IRWrite


MuxIRIn = 0


MuxAddress = 0

2)


(Nothing is done in terms of control signals)

3)


WriteInterruptEnable


InterruptEnable = 1


ALUOpControl = 01


MuxALUIn1 = 00


MuxALUIn2 = 01


LatchReset

4)


RegWrite


PCWrite


MuxWriteReg = 10


MuxWriteData = 001


MuxPCIn = 11

Test Case for Data Path and Control Signals:
3) WriteInterruptEnable is set to allow writing to the interrupt bit

InterruptEnable is set to 1 to disable all other interrupts

ALUOpControl is set to subtract (to subtract 2 from the PC)

MuxALUIn1 is set to allow the PC to be put as the first operand

MuxALUIn2 is set to 2 to subtract 2 from the PC

LatchReset is set to reset the current state of the latch to zero

All other write-enable signals should be 0

All other signals do not matter

4) RegWrite is set to allow writing to a register

PCWrite is enabled to allow writing to the PC register

MuxWriteReg is set to 0xf to in order to write into the $ir register

MuxWriteData is set to Sum to write the output of sum to the register (PC-2)

MuxPCIn is set to accept the instruction 0xe000, which is the location of the exception handling routine

All other write-enable signals should be 0

All other signals do not matter.
