Experiment # 6
	Lab Title: 
	Single Cycle processor----Building Datapath.

	

	Learning Objectives:
	To build all components for datapath of single cycle processor. 

These components include

· PC

· Add_4

· Instruction memory 
16x32

· Register file 

32x32

· Sign extender



· Shifter (left 2)

· Adder

· ALU

· Data memory

16x32

· 32 bit 2to1 Multiplexer

· 5 bit 2to1 Multiplexer



	

	Tools Used:
	Verilogger pro



	

	Procedure:
	

	Datapath consists of the components that are required to perform all arithmetic and logical operations.


While datapath element is a functional unit used to operate on or hold data within a processor.


In this lab we will develop and verify all the above mentioned datapath elements using verilog. Please keep in mind that labs# 6, 7, 8 and 9 will be related so make sure that you save work of each lab.


Our single cycle processor will execute total of eight instructions.

1 AND


add

2 OR


or

3 Add


and

4 Subtract

sub

5 Set on less than
slt

6 Branch on equal
beq

7 Load word

lw

8 Store word

sw

We can group these instructions into three instruction types

Instruction 

Instruction type

Lw

Memory reference

Sw

Memory reference

Beq

Branch

Add

R type

Subtract

R type

And

R type

Or

R type

Slt

R type

Now we will develop datapaths for each of these types.

Instruction Fetching:

For instruction fetching we need an instruction memory which contains the instructions which are to be executed. This memory is read only that is ROM. Hence it has only an address input and an instruction output. As we have to develop 16x32 instruction memory address bus is 4 bit wide and output bus is 32 bit wide.


A program counter is also required which contains the address of next instruction to be executed. Output of PC is provided as input to instruction memory.


Value contained in PC must be incremented by each clock cycle (single cycle processor). So we need an adder that accepts current value of PC as input and increments it by four (because instructions are stored at multiple of 4 address locations). Output of this adder is provided as input to PC.
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Fig 07.1: Data path for instruction fetching

R Format Instructions:


R Format instructions read two operand registers, perform some operation on them and then write result back into a register in register file.

 First, we need a register file which is an array of registers. As we require a 32x32 register file so address lines will be five bit wide. R format instructions read two registers simultaneously and write to one register. Hence we need two read address lines and one write address line. Furthermore we need 32 bit wide data line which carries data to be written in register file at given write address.

Register file has two 32 bit wide output buses which carry data read from two registers.

Read can be performed at any time but to ensure data integrity write must be synchronized using a control signal RegWrite. Write operation can be performed only when this control signal is asserted.

Second, we need a 32bit ALU that accepts two 32 bit wide operands and performs desired operations on operands. As we have to implement only five different    R format instructions, so desired ALU operation can be selected by using 3 bit wide ALU control signal.

ALU has two outputs. One carries the result of operation. Second one, named Zero, indicates whether result of operation is zero (1) or not (0).
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Fig 07.2: Data path for R format instruction

Memory Reference Instructions:


Memory reference instructions are lw and sw. In lw instruction, data is read from data memory at given address and then written to a register in register file. In sw instruction, data is read from a register in register file and written to a location in data memory specified by address.


Furthermore in both lw and sw instruction, we have to find required address by adding base register to offset. But address provided by instruction is 16 bit wide. We must convert it into 32 bit wide address by using sign extender before addition.


Hence to implement memory reference instructions we need

1 Register file

2 Data memory

3 Sign extender

4 ALU 

ALU and Register file has already been discussed.

Data memory is 16x32. So it has a 4 bit wide address and 32 bit wide data input. It has 32 bit wide output data bus. Two control signals MemWrite and MemRead are used for read and write operations.

Sign extender picks 16 bit address from instruction and then converts it to 32 bit address by extending sign. 
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Fig 07.3: Components for data path of memory reference instrucrtion

Branch Instruction:


Branch datapath must do two things.


First, compare the register contents. For this purpose we have to take difference of two register content. If difference is zero, it’s mean two registers’ contents are same else they do not contain same value.


Second, we have to compute target address by adding given address with PC+4. Given address is 16 bit wide. Furthermore it is not aligned as multiple of four. So we first convert it to 32 bit wide address and then shift it to left two times to multiply with 4.


So, to implement branch instruction we need

1 register file

2 sign extender

3 shifter

4 ALU (to check whether Zero output is high or not)

5 Adder (to add given address and (PC+4))


Register file, sign extender and ALU has already been discussed.


Shifter must accept 32 bit address and align it as multiple of four by shifting two times toward left.


We also require an adder to get addition of given aligned address with PC+4.
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Fig 07.4: Components for address generation

When we integrate all these components, we get following overall datapath.
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Fig 07.5: Data path of single cycle processor

Signals indicated in pink color are to be generated by control unit.

Verilog code for 32x32 Register file:


Following is verilog code for developing 4x4 register file.

//define port list

module reg_file (data_out1,data_out2,data_in,wr,RegWrite,rd1,rd2,clk);

//define input and output ports

output [3:0] data_out1,data_out2;

input  [3:0] data_in;

input [1:0] wr,rd1,rd2;

input RegWrite,clk;

//declare 4 registers each one having width of 4 bits

reg [3:0] registers [3:0];

//read operation

assign data_out1=registers[rd1],

       data_out2=registers[rd2];

//write operation is dependent on clk and control signal Regrite

always @ (posedge clk)

if(RegWrite)

registers[wr]=data_in;

endmodule



	Verilog Module for ALUController

module ALUControl (ALUOp, FuncCode, ALUCtl);

input [1:0] ALUOp;

input [5:0] FuncCode;

output [3:0]ALUCtl;

reg [3:0] ALUCtl;

always@(ALUOp or FuncCode) 

casex ({ALUOp,FuncCode})

8'b00xxxxxx: ALUCtl<=2;///ALUOp 00, LOAD OR STORE

8'b01xxxxxx: ALUCtl<=6;// ALUOp 01, BEQ ,if ALUOp 10,ALU operation, ALUOp 11, not used

8'b10100000: ALUCtl<=2; // add

8'b10100001: ALUCtl<=3; //mov A

8'b10100100: ALUCtl<=6; //subtract

8'b10100011: ALUCtl<=5; //mov B

8'b10100100: ALUCtl<=0; // and

8'b10100101: ALUCtl<=1; // or

8'b10100111: ALUCtl<=12; // nor

8'b10101010: ALUCtl<=7; // slt

default: ALUCtl<=4'bx; 

endcase

endmodule
 Verilog Module for ALU
module ALU (ALUctl, A, B, ALUOut, Zero,carry,neg);

input [3:0] ALUctl;

input [31:0] A,B;

output [31:0] ALUOut;

reg [31:0] ALUOut;

output Zero,carry,neg;

reg carry;

assign Zero = (ALUOut==0); //Zero is true if ALUOut is 0; goes anywhere

assign neg=(ALUOut[31]==1);  //neg is true if ALUOut[31] is 1; 

always @(ALUctl or A or B) //reevaluate if these change

case (ALUctl)

0: {carry,ALUOut} <= A & B;

1: {carry,ALUOut} <= A | B;

2: {carry,ALUOut} <= A + B;

3: {carry,ALUOut} <=A;

5: {carry,ALUOut} <=B;

6: {carry,ALUOut} <= A - B;

7: {carry,ALUOut} <= A < B ? 1:0;

12:{carry,ALUOut} <= ~(A | B); // result is nor

default: ALUOut <= 0; //default to 0, should not happen;

endcase

endmodule
Verilog Module for Instruction Memory

module InsMemory(PC,Out);

   input [9:0]  PC;

   reg [23:0]mem[0:1023];

   output [23:0]Out;

   reg [23:0]Out;

 initial

 begin

 mem[0]=24'b000000_0000_0001_0111_100000;

 mem[1]=24'b000000_0000_0001_0011_100001;

 mem[2]=24'b100011_0000_0001_0000_000011;

 mem[3]=24'b000000_0010_0001_1000_100100;

 mem[4]=24'b101011_0011_0101_0000_001000;

 mem[5]=24'b000010_0000_0001_0000_001100;

 mem[6]=24'b000000_0000_0001_0111_100000;

 mem[7]=24'b000000_0000_0001_0111_100000;

 mem[8]=24'b000000_0000_0001_0111_100000;

 mem[9]=24'b000000_0000_0001_0111_100000;

 mem[10]=24'b000000_0000_0001_0111_100000;

 mem[11]=24'b000000_0000_0001_0111_100000;

 mem[12]=24'b000000_0000_0001_0111_100000;

 mem[13]=24'b000000_0000_0001_0111_100000;

 mem[14]=24'b000000_0000_0001_0111_100000;

 mem[15]=24'b000000_0000_0001_0111_100000;

 mem[16]=24'b000000_0000_0001_0111_100000;

 mem[17]=24'b000000_0000_0001_0111_100000;

 mem[18]=24'b000000_0000_0001_0111_100000;

 mem[19]=24'b000000_0000_0001_0111_100000;

 mem[20]=24'b000000_0000_0001_0111_100000;

 mem[21]=24'b000000_0000_0001_0111_100000;

 mem[22]=24'b000000_0000_0001_0111_100000;

 mem[23]=24'b000000_0000_0001_0111_100000;

 mem[24]=24'b000000_0000_0001_0111_100000;

 mem[25]=24'b000000_0000_0001_0111_100000;

 mem[26]=24'b000000_0000_0001_0111_100000;

 mem[27]=24'b000000_0000_0001_0111_100000;

 mem[28]=24'b000000_0000_0001_0111_100000;

 mem[29]=24'b000000_0000_0001_0111_100000;

 mem[30]=24'b000000_0000_0001_0111_100000;

 mem[31]=24'b000000_0000_0001_0111_100000;

 end

always @(PC)

     begin

      Out=mem[PC];

     end

endmodule

Verilog Module for Data Memory

	module DatMemory(clk,addr,d_in,d_out,MW);

   input [9:0]  addr;

   input [31:0]  d_in;

   input MW;

   input clk;

   reg [31:0]mem[0:1023];

   output [31:0] d_out;

   reg [31:0] d_out;

 initial

 begin

 mem[0]=32'b000000_00000_00001_00111_00000_100000;

 mem[1]=32'b000000_00000_00001_00011_00000_100001;

 mem[2]=32'b000000_00000_00001_00000_00000_100011;

 mem[3]=32'b000000_00000_00001_00111_00000_100000;

 mem[4]=32'b000000_00000_00001_00111_00000_100000;

 mem[5]=32'b000000_00000_00001_00111_00000_100000;

 mem[6]=32'b000000_00000_00001_00111_00000_100000;

 mem[7]=32'b000000_00000_00001_00111_00000_100000;

 mem[8]=32'b000000_00000_00001_00111_00000_100000;

 mem[9]=32'b000000_00000_00001_00111_00000_100000;

 mem[10]=32'b000000_00000_00001_00111_00000_100000;

 mem[11]=32'b000000_00000_00001_00111_00000_100000;

 mem[12]=32'b000000_00000_00001_00111_00000_100000;

 mem[13]=32'b000000_00000_00001_00111_00000_100000;

 mem[14]=32'b000000_00000_00001_00111_00000_100000;

 mem[15]=32'b000000_00000_00001_00111_00000_100000;

 mem[16]=32'b000000_00000_00001_00111_00000_100000;

 mem[17]=32'b000000_00000_00001_00111_00000_100000;

 mem[18]=32'b000000_00000_00001_00111_00000_100000;

 mem[19]=32'b000000_00000_00001_00111_00000_100000;

 mem[20]=32'b000000_00000_00001_00111_00000_100000;

 mem[21]=32'b000000_00000_00001_00111_00000_100000;

 mem[22]=32'b000000_00000_00001_00111_00000_100000;

 mem[23]=32'b000000_00000_00001_00111_00000_100000;

 mem[24]=32'b000000_00000_00001_00111_00000_100000;

 mem[25]=32'b000000_00000_00001_00111_00000_100000;

 mem[26]=32'b000000_00000_00001_00111_00000_100000;

 mem[27]=32'b000000_00000_00001_00111_00000_100000;

 mem[28]=32'b000000_00000_00001_00111_00000_100000;

 mem[29]=32'b000000_00000_00001_00111_00000_100000;

 mem[30]=32'b000000_00000_00001_00111_00000_100000;

 mem[31]=32'b000000_00000_00001_00111_00000_100000;

 mem[32]=32'b000000_00000_00000_00000_00000_000001;

 mem[33]=32'b000000_00000_00000_00000_00000_000010;

 mem[34]=32'b000000_00000_00000_00000_00000_000011;

 mem[35]=32'b000000_00000_00000_00000_00000_000100;

 mem[36]=32'b000000_00000_00000_00000_00000_000101;

 mem[37]=32'b000000_00000_00000_00000_00000_000110;

 mem[38]=32'b000000_00000_00000_00000_00000_000111;

 mem[39]=32'b000000_00000_00000_00000_00000_001000;

 mem[40]=32'b000000_00000_00000_00000_00000_001001;

 mem[41]=32'b000000_00000_00000_00000_00000_001010;

 mem[42]=32'b000000_00000_00000_00000_00000_001011;

 mem[43]=32'b000000_00000_00000_00000_00000_001100;

 mem[44]=32'b000000_00000_00000_00000_00000_001101;

 mem[45]=32'b000000_00000_00000_00000_00000_001110;

 mem[46]=32'b000000_00000_00000_00000_00000_001111;

 mem[47]=32'b000000_00000_00000_00000_00000_010000;

 mem[48]=32'b000000_00000_00000_00000_00000_010001;

 mem[49]=32'b000000_00000_00000_00000_00000_010010;

 mem[50]=32'b000000_00000_00000_00000_00000_010011;

 mem[51]=32'b000000_00000_00000_00000_00000_010100;

 mem[52]=32'b000000_00000_00000_00000_00000_010101;

 mem[53]=32'b000000_00000_00000_00000_00000_010110;

 mem[54]=32'b000000_00000_00000_00000_00000_010111;

 mem[55]=32'b000000_00000_00000_00000_00000_011000;

 mem[56]=32'b000000_00000_00000_00000_00000_011001;

 mem[57]=32'b000000_00000_00000_00000_00000_011010;

 mem[58]=32'b000000_00000_00000_00000_00000_011011;

 mem[59]=32'b000000_00000_00000_00000_00000_011100;

 mem[60]=32'b000000_00000_00000_00000_00000_011101;

 mem[61]=32'b000000_00000_00000_00000_00000_011110;

 mem[62]=32'b000000_00000_00000_00000_00000_011111;

 mem[63]=32'b000000_00000_00000_00000_00000_100000;

 end

 always @(posedge clk)

     begin

       if (MW == 1'b1)

        mem[addr] <= d_in;

       else

       d_out=mem[addr];

     end

endmodule
Verilog Module for Register File

module registerfile (Read1,Read2,WriteReg,WriteData,RegWrite,Data1,Data2,R1,R2,R3,R4,R5,R6,R7,R8,R9,R10,R11,R12,R13,R14,R15,R16,clock);

input [3:0] Read1,Read2,WriteReg; // the registers numbers to read or write

input [31:0] WriteData; // data to write

input RegWrite,clock; // The write control and the clock to trigger write

output [31:0] Data1, Data2; // the register values read

output [31:0]R1,R2,R3,R4,R5,R6,R7,R8,R9,R10,R11,R12,R13,R14,R15,R16;

reg [31:0]R1,R2,R3,R4,R5,R6,R7,R8,R9,R10,R11,R12,R13,R14,R15,R16;

reg [31:0] RF [15:0]; // 16 registers each 32 bits long

assign Data1 = RF[Read1];

assign Data2 = RF[Read2];

initial

begin

RF[0]=0;

RF[1]=1;

RF[2]=2;

RF[3]=3;

RF[4]=4;

RF[5]=5;

RF[6]=6;

RF[7]=7;

RF[8]=8;

RF[9]=9;

RF[10]=10;

RF[11]=11;

RF[12]=12;

RF[13]=13;

RF[14]=14;

RF[15]=15;

end

always@(posedge clock)

begin

R1=RF[0];

R2=RF[1];

R3=RF[2];

R4=RF[3];

R5=RF[4];

R6=RF[5];

R7=RF[6];

R8=RF[7];

R9=RF[8];

R10=RF[9];

R11=RF[10];

R12=RF[11];

R13=RF[12];

R14=RF[13];

R15=RF[14];

R16=RF[15];

end

always @(posedge clock)// write the register with new value if Regwrite is high

begin

if (RegWrite) 

RF[WriteReg] <= WriteData;

end

endmodule


	Exercises:
	

	
1
Write and verify verilog code for datapath including all components listed below.

· PC

· Add_4

· Instruction memory 
16x32

· Sign extender



· Shifter (left 2)

· Adder

· ALU

· Data memory

16x32

· 32 bit 2to1 Multiplexer

· 5 bit 2to1 Multiplexer
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