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Single-Cycle MIPS

e Again, keep in mind that microarchitecture is
composed of 2 interacting parts
= Datapath
= Control

e |et's execute some example instructions on
what we have designed so far

e Then, we are going to design control logic in
detail
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Single-Cycle MIPS - 1w

e |et's start with a memory access instruction - 1w

lw $2, 80(S0)

I-Type

e STEP 1: Instruction Fetch o ows sws o
PC Instr
—> —>
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Single-Cycle MIPS - 1w

e STEP 2: Decoding
= Read source operands from register file

I-Type
1w $2, 80($0) op rs rt imm
6 bits 5 bits 5 bits 16 bits

25:21

dnstt > >
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Single-Cycle MIPS - 1w

e STEP 2: Decoding
= Sign-extend the immediate

lw $2,

80 ($0)

Sign Extend

I-Type
op rs rt imm
6 bits 5bits 5 bits 16 bits
module signext (input [15:0] a,
Signimm > output [31:0] y);

assign y = {{16{all51}}, a};
endmodule
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Single-Cycle MIPS - 1w

e STEP 3: Execution
= Compute the memory address

I-Type
1w $2, 80($0) ‘ op ‘ rs ‘ rt ‘ imm
6 bits 5 bits 5 bits 16 bits
ALUControl,.,
010
SrcA Zero
3 ALUResult >
SrcB <

Signlmm
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Single-Cycle MIPS - 1w

o STEP 4: Execution
= Read data from memory and write it to register file

I-Type
1w $2, 80($0) op rs rt imm
6 bits 5 bits 5 bits 16 bits
RegWrite
il
CLK
%
ReadData
—>
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Single-Cycle MIPS — pC

o CPU starts fetching the next instruction from pC+4

module adder (input [31:0] a, b, adder pcaddl(.a (pc)
. 4
output [31:0] vy); b (32'b100)
assign y = a + b; .y (pcplusd));
endmodule
C‘LK
PCy ~pc

PCPlus4
4
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Single-Cycle MIPS - sw

o |et's execute another memory access instruction - sw
= sw instruction needs to write data to memory

I-Type
Example: sw $2, 84 ($0) op rs | ot imm
6 bits 5 bits 5 bits 16 bits
MemWrite
1
-
ii
WriteData :)
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Single-Cycle MIPS - add, sub, and, or

o Let's consider arithmetic and logical
instructions - add, sub, and, or R-Type

= Write ALUResult to register file _op | rs |t | rd shamt funct |

6 bits 5bits 5bits 5bits 5 bits 6 bits
= Note that R-type instructions write to
rd field of instruction (instead of rt)

RegDst  ALUSrc MemtoReg
1 0 0

0
ALUResult

— 01SrcB
——>» 1

20:16 0
15:11
WriteReg,.,

Result
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Single-Cycle MIPS - beq

o Let's consider a branch instruction - beg
= Determine whether register values are equal
= (Calculate branch target address (BTA) from sign-extended immediate and PC+4

I-Type
Example: beq $4,$0,around op | 1s | imm

6 bits 5 bits 5 bits 16 bits

PCSrc

Branch
1

Zero

= = PCBranch
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Single-Cycle MIPS - or

e |Let's see how or instruction works out in the

implementation with control signals R-Type
‘ op ‘ rs ‘ rt ‘ rd ‘shamt‘ funct ‘
6 bits 5bits 5bits 5bits 5 bits 6 bits
~——MemtoReg
\ Control .
. [MemWrite
Unit B N 0
ranc
ALUControl,, D PCSrc
31:26 -
Op ALUSIC
20 ] Funct RegDst
] RegWrite
! —
CLK CLK
CLK | | 1 e 0
0 WE3 2 o ! WE 0
(LR TPl 4 o wpelinst bt e 'V ES Rt fmmm  SICAS | 3
1 ™ - 3 ALUResult A RD ReadData 1
I |instruction 016 aC ]
S A = = mRE?
I | Memory Data !
| | A3 _ Memory
| Register WriteData WD ]
I I P w03 L0 L '
I | | 20:16 0
| | 15:11 T
| WriteReg,, .
| PCPlus4 - g
R Signl
ignlmm
, 4 I 150 Sign Extend <<2
I g PCBranch
: | +
_________ |
Result
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Single-Cycle MIPS

e As mentioned, CPU is designed with datapath and control
e Now, let's delve into the ALU and control part design

— \MemtoReg
CcL)Jr;]tirtoI MemWrite
Branch
ALUControl,,, &PCSfC
Op  [ALUSIC
Funct |RegDst

RegWrite
—

CLK W CLK
CLK | |
) WE3 Zero WE
0] pc|™lrc Instr P2 Al RD1 S
A RD 0
1 ALUResult A RD ReadData 1
Instruction 20:16

I
Memory A2 RD2 0]srcB Data
A3 ] 1 . Memory
Register WriteData

WD3 File WD

2016 B
1511 1
o WriteReg,

~ + PCPlus4

31:26

5:0

\Lalu /

Signlmm
4 - 15:0 i <<2
Sign Extend + PCBranch

Result

13 Korea Univ



ALU (Arithmetic Logic Unit)

A

A B
N N
F,., | Function
000 |A&B
N
e - o] 001 |A|B
r
NJ 010 |A+B
\ 011 | not used
ALU 3" L j 100 |A& ~B
;J/ 101 |A|~B
1 110 |A-B
N = 32 in 32-bit processor L*l X X 111 |SLTU
w M = < /LA // sltu (set less than
2 I:1:0 unsigned)
J( // $t0 = 1 if $Stl < S$t2
Y sltu $t0, S$Stl, St2
14
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Verilog Code — ALU

A B
module alu(input [31:0] a, b,
/I/N /|/N input [2:0] alucont,
\/ output reg [31:0] result,
ALU 3 F output Zero) ;
N wire [31:0] b2, sltu; FZ:O Function
Y wire [32:0] sum; 000 A& B
assign b2 = alucont[2] ? ~b:b;

AN BN // addition (sub) 001 Al B
assign sum[32:0] = a + b2 + alucont[2]; +
assign sltu = ~sum[32] & ~zero; // SLTU 010 A+B

I A ways (%) 011 | not used
o .
j_—p begin _
N 2 case (alucont[1:07) 100 A& B
2'p00: result <= a & b2; // A & B -
@ 2'b01: result <= a | b2; // A | B 101 A| B
T\ — 2'bl0: result <= sum[31:0]; // A + B, A - B _
Cou Ze;:a +j 2'bll: result <= {31'b0,sltu}; // SLTU 110 A-B
Is endcase 111 SLTU
m end
5 B
gﬁl N N N // for branch
w N [ o assign zero = (result == 32'Db0);
\ /LZLFLO
)(N endmodule
Y
15
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Control Unit

R-Type
op rs rt rd [shamt| funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits

Opcode and funct fields come
from the fetched instruction

I-Type
’ op rs ‘ rt ‘ imm
6 bits 5 bits 5 bits 16 bits
J-Type
’ op addr
6 bits 26 bits

Control

’ }— MemtoReg
— MemWrite

—— Branch :

Main :
Decoder [ ALUSTC ;
— RegDst :

—— RegWrite '
ALUOpl;o g
ALUControl,.g

16
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Control Unit - ALU Control

Implementation is completely dependent on hardware designers :
: : . ALUOp, Meaning
But, the designers should make sure the implementation is '
reasonable enough 00 Add
/ 01 SubtraV
Memory access instructions (1w, sw) need to use ALU to calculate
memory target address (addition) 10 Look at Funct
Branch instructions (beq, bne) need to use ALU for the equality check
(subtraction) 11 Not Used
{control
Unit )} MemtoReg ALUOp,,, Funct ALUControl,.,
— MemWrite 00 X 010 (add)
' . |—Branch
iOpcodesc— Main | oo X1 X 110 (subtract)
' Decoder
— Regbst 1X 100000 (add) 010 (add)
—— RegWrite
1X 100010 (sub) 110 (subtract)
ALUOD10
1X 100100 (and) 000 (and)
Functsp ALUControl,. 1X 100101 (or) 001 (or)
Decoder '
1X 101010 (s1t) 111 (sh)
17
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Control Unit - Main Decoder

Instruction Ops, RegWrite RegDst AluSrc Branch MemWrite | MemtoReg | ALUOp,.,
R-type | 000000 1 0 0 0 0 10
1w 100011 1 0 1 0 0 1 00
sw 101011 0 X 1 0 1 X 00
beq 000100 0 X 0 1 0 X 01
T
i Unit — MemtoReg : Cantrm I\J‘IemWri'ceg
: : H nit ranc
f — MemWrite g ALUOp, Meaning iLucgntrmw [ _—'Pcsre
' ~ |—Branch ' SEop [AUse
§Opcode5;o— Main | A Usre : 00 Add “—|Funct |RegDst
' Decoder : RegWrite
: — RegDst : —
: | RegWrite : 01 Subtract CLK CLK
5 H k sz21] aq WE3 RD1 SrcA Zero WE
: : Look at — D[ ALUResult ReadData
: ALUOp;. : .
: Po : 10 Funct field EGH e RD2 "Ul JSch ~ 2 ADat:D 1
ALU 11 Not Used (og Register : T wiebata |
! Functsg ALUControl.g } otUse File
: Decoder ' 2015 "5]
g § = WriteReg, , !

....................................................

18
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How about Other Instructions?

e Now, we are done with the control part design
e Let's examine if the design is able to execute other instructions

Example: addi $t0, $tl, -14

MemtoReg
MemWrite

Branch
ALUControl, 1 )—'pcsre

Op ALUSICc
Funct |RegDst

RegWrite
—/

CLK W CLK
CLK | |
; WE3 Zero WE
-rO pc]M]pc nstr P22 A1 RD1 SrcA -
1 A RD ALUResult ReadData
- A RD 1
Instruction 20:16 'T]

Memory A2 RD2 SrcB Data

A3 i 1 WriteData Memory
WD3 Register WD

File

20:16 B
15:11 1
_ WriteReg,

PCPlus4

= +
Signimm
Sign Extend N PCBranch

N
Control
Unit

31:26

5:0

\Lall

Result
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Control Unit - Main Decoder

Instruction Ops. RegWrite | RegDst AluSrc Branch [ MemWrite | MemtoReg | ALUOp, .,
R-type | 000000 1 1 0 0 0 0 10
1w 100011 1 0 1 0 0 1 00
SwW 101011 0 X 1 0 1 X 00
beq 000100 0 X 0 1 0 X 01
addi 001000 1 0 1 0 0 0 00
~— MemtoReg
o e
ALUControl,, [ _—'Pcsre
= 0p |ALUSKE
=0 Funct |RegDst
RegWrite
cLK CLK |
=l WES3 RD1 SrcA Zero WE
- 2| ALUResult ReadData
20061 A2 RD2 [0 sreB ~ < ADat:D 1
C\?DS Regiilseter [ IJ """ \WriteData Vl\:%mory
20:16 "a
= WriteReg, , j—‘ ‘
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Control Unit - Main Decoder

e How about jump instructions?

J

J-Type
op addr
6 bits 26 bits
— \MemtoReg
Conv0|MemMHne
Unit B -
ranc
ALUControl, , D—PCSrc
31:26 :
Op  [ALUSKC
20 Funct RegDst
RegWrite
—
CLK CLK CLK
| |
. WE3 [~ Zero WE
_F pC PC Instr 2s21) A1 RD1 SrcA ~ -
1 A RD D| ALUResult ReadData
. > _| A RD 1
Instruction 2016 Ao RD2 FO S < Data
Memory
AS [ > — \WriteData Memory
WD3 Reg_lster WD
File
20:16 T)
15:11 1
] WriteReg,
~ + PCPlus4 o
ignlmm <<
4 - 120 Sign Extend PCBranch
+

Result

21
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Control Unit - Main Decoder

e We added new hardware to support the j instruction
= A logic to compute the target address J-Type
= M d trol si | op addr
ux and control signa 6 bits 26 bits
( Jump hMemtoReg
\/ (Ejr;]tirtol MemWrite
Branch
ALUControl,,, 1 )—'pcsre
=21op  |aLusrc
S0 Funct RegDst
RegWrite
—
LK CLK CLK
0 2521 WE3 SrcA Zero WE
0 Al RD1
-rl 1 =* A RD et >3 ALUResult A D ReadDatag Result
Inl\jlterr:]cotrl)c;n 8] A2 RD2 Hlo I_SVCB < Data
A3 1 L . Memory
Register WriteData
WD3 Fi'le WD
20:16 0
PCJump 1511 1
o WriteReg, , ;L |
~ PCPlus4 .
_&/signlmm <<
4 = 1o Slgn Extend PCBranch
: _l . —
22
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Control Unit - Main Decoder

e There should be one more output (jump) in the main
decoder to support the jump instructions

O )

Instruction | Op,, | RegWrite | RegDst | AluSrc | Branch | MemWrite | MemtoReg | ALUOp, || Jump
R-type | 000000 1 1 0 0 0 0 10 0
1w 100011 1 0 1 0 0 1 00 0
sw 101011 0 X 1 0 1 X 00 0
beg | 000100 0 X 0 1 0 X 01 0
addi | 001000 1 0 1 0 0 0 00 0
j 000100 0 X X 0 0 X XX 1
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Verilog Code -

Main Decoder and ALU Control

module maindec(input [5:0] op,

output memtoreg, memwrite,
output branch, alusrc,
output regdst, regwrite,

output jump,
output [1:0] aluop);

reg [8:0] controls;

assign {regwrite, regdst, alusrc,
branch, memwrite,
memtoreg, jump, aluop} = controls;

always @(*)
begin
case(op)
6'b000000: controls <= 9' b110000(1104 // R-type
6'b100011: controls <= 9' b101001000* /] 1w

6'b101011:
6'b000100:
6'b001000:
6'b000010:

default:
endcase
end

endmodule

controls <= 9' bOOlOlO(]OO, /] sw
controls <= 9' bOOOlOOOOl /] beq
controls <= 9' b101000(]004 // addi
controls <= 9' bOOOOOOLOO /]
controls <= 9' bxxxxxxxxx // ?7??

' Control
Unit — MemtoReg
| Branch ALUOp, Meaning
Opcodesg— Main | ALUSrc
Decoder 00 Add
— RegDst
— RegWrite
D 01 Subtract
VALUOplzo
) 10 Look at Funct
Functs.oc— DeA(:tléer — ALUControlyo
— 11 Not Used

module aludec(input [5:0] funct,
input [1:0] aluop,
output reg [2:0] alucontrol);

aIways @(*)

- ~

’

2'b00: aIucontroI <= 3'h010; // add
2'b01: alucontrol <= 3'b110; // sub
default: case(funct) // RTYPE
6'b100000: alucontrol <= 3'b010; // ADD
6'b100010: alucontrol <= 3'b110; // suB
6'b100100: alucontrol <= 3'b000; // AND
6'b100101: alucontrol <= 3'b001; // OR
6'b101010: alucontrol <= 3'b111; // sLT
default: alucontrol <= 3'bxxx; // ???
endcase
endcase
end

endmodule

24
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Single-Cycle MIPS Performance

e How fast is the single-cycle processor?

o Clock cycle time (frequency) is limited by the critical path
= The critical path is the path that takes the longest time

= What do you think the critical path is?
e The path that 1w instruction goes through

MemtoReg
MemWrite
Branch 0 0
ALUControl,, &PCSFC
Op ALUSrCc
Funct |RegDst

RegWrite

)
Control
Unit

31:26

5.0

—
CLK
|

1 CI‘_K

0
1
. WE3 Zero WE
2220 ) m = m = m RB1= SicA

0]pc]|pPC Instr 0
-rl A=---RB ~ 2] ALUResult - -mp |ReadData ] .
Instruction 2018 Ao RD2 el

Memory SrcB < Data
A3 . Memory
- Register WriteData
P WD3 e

WD
0
20:16 0
15:11 1
T WriteReg,,

PCPlus4

* Signl
ignimm
4 = _/ —
120 Sign Extend .\ PCBranch

~ o]
=
L

Result
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Single-Cycle MIPS Performance

o Critical path of single-cycle MIPS

Tc = 1:pcq_PC + tmem + max(tRFread’ 1:sext) + tmux + tALU + 1:mem + tmux + tRFsetup

e In most implementations, limiting paths are: memory
(instruction and data), ALU, register file.

Tc = tpcq_PC t 2tmem t tRFread t 21:mux t tALU t tRFsetup

PCSrc

CI‘.K 0
WE 1
0
ReadData | .
A= =RD 1

Elements Parameter
Register clock-to-Q tocq PC
Multiplexer Lrux
ALU taLy
Memory read tnem
Register file read tRFread
Register file setup LR Fsetup

RRRRR
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Example

Elements Parameter Delay (ps)
Register clock-t0-Q | t,; pc 30
Multiplexer toux 25
ALU taLu 200
Memory read tem 250
Register file read terread 150
Register file setup | tregetyp 20

72‘ = tpcq_PC + 2tmem + tRFread + 2tmux + tALU + tR/%etup
= [30 + 2(250) + 150 + 2(25) + 200 + 20] ps ——

= 950 ps

oA oA

/T
/950ps
= 1.052GHz

1
1

Assuming that the CPU should execute 100 billion instructions to run your program,
what is the execution time of the program on a single-cycle MIPS processor?

Execution Time = (#instructions) x (cycles/instruction) x (seconds/cycle)
= (100 x 10°) x (1) x (950 x 10125s)

= 95 seconds
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