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A single-cycle MIPS processor

Any instruction set can be implemented in
many different ways

MIPS ISA

Single Cycle Multi-Cycle Pipelined

Micro-Arch.

Short CPI Long CPI Short CPI
Long CCT Short CCT Short CCT




All instructions will execute in the same amount of
time; this will determine the clock cycle time for
our performance equations.
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The Performance Big Picture

Y VYV

Execution Time = IC * CPI * Cycle Time

Instruction count is controlled by the ISA and
the compiler design

Processor design (Datapath and control) will
determine:

» Clock cycle time

» Clock cycles per instruction —

Starting today: | |

» Single cycle processor: eotte an
> Advantage: CPI=1 gntire instruction

» Disadvantage: long cycle time




‘Needed to prevent simultaneous read/write to state elements
‘Edge-triggered methodology:

state elements updated at rising clock edge

State Combinational State
element > ) element

clock input I 1
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Data Path & Control Unit
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Instruction and Data Memory
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There will be only one DRAM Main memory
But we can have separate SRAM caches (We’ll study caches later)

Mem Write
. R
INStruction  |f——p deaa;: —
[31-0] —p address
—p| address
Instructi Write
nstruction — data Data
memory memory
Mem Read




Datapath Schematic (Simplified)

Data Registers .

Instruction

Memory Register #
PC
Address Register # > ALV ¢ "| Address
Instructio
— Data

Register # ' Memory

Data
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Instruction Fetch
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Instruction Decode

35 esliw b J 1S U1y 4 0pcode i L >

a5 b BB ) calises glgtand 4 gms gladls ol 2
o.)\.'s\j}'- Jg’bw))‘v.db?)‘nguW)j&W o315 (Cdle

opcode
.| Control

Unit

» Read Addr 1

7
a4

.J:’M

Read
> Data 1
Instruction »Read Addr 2
»Write Addr Read
) Data 2
Write Data

»

4=@
11




MIPS Subset of Instructions

» Only a subset of the MIPS instructions are considered

>
>
>
>
>

ALU instructions (R-type): add, sub, and, or, xor, slt
Immediate instructions (I-type): addi, slti, andi, ori, xori
Load and Store (I-type): lw, sw

Branch (I-type): beq, bne

Jump (J-type): |

» This subset does not include all the integer instructions

» But sufficient to illustrate design of datapath and control
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Detalls of the MIPS Subset

Instruction Meaning Format
add rd, rs,rt addition op®=0]| rs> | rtd> | rd® 0 0x20
sub rd, rs, rt subtraction op®=0]| rs> | rtd | rd® 0 0x22
and rd, rs, rt bitwise and op®=0]| rs® | rtd> | rd® 0 0x24
or rd, rs, rt bitwise or op®=0]| rs® | rtd> | rd® 0 0x25
xor rd,rs, rt exclusive or op®=0]| rs> | rtd> | rd® 0 0x26
slt  rd,rs,rt setonlessthan [op®=0]| rs® | rt®> | rd® 0 Ox2a
addi rt, rs, im® | add immediate Ox08 | rs® | rt° im16
slti  rt, rs, im® | sltimmediate OxO0a | rs® | rt° im16
andi rt, rs, im® | and immediate Ox0c | rs® | rtd im16
ori  rt,rs,imtt or immediate ox0d | rs® | rtd im16
xori rt, im6 xor immediate Ox0e | rs® | rtd im16
lw  rt, imi6(rs) load word Ox23 | rs® | rtd im16

rt, imi5(rs) store word Ox2b | rs® | rtd im16

rs, rt, im® | branch if equal Ox04 | rs® | rtd im16

rs, rt, im® | branch not equal | Ox05 | rs® | rt° im16

im26 jump 0x02 im26
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RTL Description

» RTL gives a meaning to the instructions

» All instructions are fetched from memory at address PC

Instruction  RTL Description

ADD Reg(Rd) — Reg(Rs) + Reg(Rt);

SUB Reg(Rd) — Reg(Rs) — Reg(Rt);

ORI Reg(Rt) «— Reg(Rs) | zero_ext(Im16);

LW Reg(Rt) «— MEM[Reg(Rs) + sign_ext(Im16)];
SW MEM[Reg(Rs) + sign_ext(Im16)] «— Reg(Rt);
BEQ if (Reg(Rs) == Reg(Rt))

PC — PC +4 + 4 x sign_extend(Im16)
else PC—PC+4

PC—PC+14
PC—PC+14
PC—PC+14
PC—PC+14
PC—PC+14
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Instructions are Executed in Steps

» R-type Fetch instruction:

> BEQ

Fetch operands:

Execute operation:

Write ALU result:
Next PC address:

Fetch instruction:
Fetch operands:

Execute operation:

Write ALU result:
Next PC address:

Fetch instruction:
Fetch operands:
Equality:
Branch:

Instruction — MEMI[PC]

datal — Reg(Rs), data2 — Reg(Rt)
ALU result <« func(datal, data2)
Reg(Rd) « ALU_result
PC—PC+4

Instruction — MEMI[PC]

datal — Reg(Rs), data2 «— Extend(imm16)
ALU result < op(datal, data2)

Reg(Rt) « ALU_result

PC —PC+14

Instruction — MEMI[PC]

datal — Reg(Rs), data2 «— Reg(Rt)

zero « subtract(datal, data2)

if (zero) PC «— PC + 4 + 4xsign_ext(imm16)
else PC—PC+4
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Instruction Execution — cont'd

> LW Fetch instruction:
Fetch base register:
Calculate address:
Read memory:
Write register Rt:
Next PC address:

» SW Fetch instruction:
Fetch reqisters:
Calculate address:
Write memory:
Next PC address:

» Jump  Fetch instruction:
Target PC address:
Jump:

Instruction < MEM[PC]

base «— Reg(RSs)

address < base + sign_extend(imm16)
data — MEMJ[address]

Reg(Rt) < data

PC—PC+4

Instruction < MEM[PC]

base — Reg(Rs), data «— Reg(Rt)
address <« base + sign_extend(imm16)
MEM[address] < data

PC—PC+4

concatenation

/oo

Instruction — MEMI[PC]
target — PC[31:28] , Imm26 ,
PC < target
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RegWrite

-3 inputs derived from current . ™S
instruction to specify register o g Olles d 2S5 4l
operands (2 for read and 1 for write)

‘Register File's I/O structure

-1 input to write data into a register

‘Register file's outputs are always

-2 outputs carrying contents of the available on the output lines
specified registers
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Register File
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M
: : 2n U 1
*Multiplexor selects one out of 2" inputs
X
ALU Function n
operation
000 and 32
001 or 7 :\
—Zero
010 dd Saw
2 * 2 .result
110 sub 32
111 slt (set less than)
others don’t care 3

ALU operation
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Datapath Building Blocks: R-Type Instruction

1 RegWrite
32
Read Instruction I [25 - 21] Read Read / zZero
address [31-0] register 1 data 1 —>
1120 - 16] | Read
Instruction register 2 Read ?2
memory |15 - 1] Write data 2 7
register
) Registers
Write
r data
op rs rt rd shamt func
31 26 25 21 20 16 15 11 10 6 0

R[rd] € R[rs] op R]rt]

XY University of Kurdistan
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Datapath Building Blocks: R-Type Instruction
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I-Type Instruction: load/store

6

16

I-Typ% opcode

rs

r{

immediate

LW R2, 232(R1)
SW R5, -88(R4)

N R E N T
i ) Cudl ke
Jandl ) sisd 53 3 g 5
Cradle e o G )
Ly ead Joad (n VYl
IS )3 29 e 4y laas
g aed
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Load Instruction Steps

lw $rt, offset($rs) R[rt] € Mem[R[rs] + SignExt[imm16]]

1. Fetch instruction and increment PC

2. Read base register from the register file: the base
register ($rs) is given by bits 25-21 of the instruction

3. ALU computes sum of value read from the register file
and the sign-extended lower 16 bits (offset) of the
Instruction

4. The sum from the ALU is used as the address for the
data memory

5. The data from the memory unit is written into the
register file: the destination register ($rt) is given by
bits 20-16 of the instruction

23
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Datapath for Load Operation

R[rt] € Mem[R[rs] + SignExt[imm16]]

31 26 21 16
op rs rt iImmediate
6 bits 5 bits 5 bits 16 bits
- .1 ALY operation
_| Read
" | register 1 Read MemWrite
Read data 1
Instruction register 2 Zerop—»
_I ‘ _ Registers ALU  aLu
! Wiite result +| Address %E?d
register Read ata
. data 2 [ >
, memory
celrite | Wrrite
RegWrite " data
16 , 32
v | Sign MemRead
v | extend
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Datapath for Store Operation

Mem[R[rs] + SignExt[imm16]] € R[rt]

31 26 21 16 0
op rs rt immediate
6 bits 5 bits 5 bits 16 bits

Read 3 ALL operation
’ register 1 Read \\k MemWrite
Read data 1
Instruction ‘ register 2 Zerop—»
. Registers >F"'|-U ALU
erltet result » Address Tieatag
regisier Read > /
. data 2 i
Wirite
data Data

memor
_| Write y
| data

3

RegWrite

16 ) 32
z\ Sign MemRead
M | extend

25




Combining datapaths

53] ALU operation
Read -
register 1 MemWrite
ALU operation
Read .| Read
register 1 Read Instruction ﬁ!‘ﬂ%\
data 1 [ . Re
Read Write Addi Read{
Instruction registek 2 . [~ register ress it
—— ) egisters ALU .
Write . result — g\gt';e Data
register 2d memory
i Write
Wite ﬁ 2 Reg\f\Jr\te| data
data "-. "0 16 —
I RegWiite "®=m=®® A VlemRea
RegWrite
l ALU operation
—Read Reg.1
Read > zero
—|Read Reg.2 Datal -

. >ALU - . A"
—>Write Reg. L.Uuﬁg u.\.“.A J‘ o Alab)
—b[Write Data

Jata ALUsrc s Juisou
O=reqister
\ @ ALUSTe l=immediate

\16 Extend ‘32

University of Kurdistan
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Datapath for Branch Operations

31 26 21 16 0
op rs rt immediate
6 bits 5 bits 5 bits 16 bits
PC + 4 from instruction datapath s
‘_;0 &:a-w..b PC \J w‘ )‘.).Lo Instruction > Ir?ezr?sd’teﬂ Read
‘ ¥ - — data 1
b drde cpl &S] 51 L) " register 2
v - LA < Wite Registers
B ol L3 Bl £ 51 g e W
- ata
NSVSNCIVUMPYIA T SRS R KT data
0 :" " L. RegWrite]
..bj.w 0212 (R " | -
\ | Sign
N lextend

& o4

U el

Branch target

To branch
control logic



Branch Instruction Steps

beq $rs, $rt, offset

1. Fetch instruction and increment PC
2. Read two register ($rs and $rt) from the register file

3. ALU performs a subtract on the data values from the
register file; the value of PC+4 is added to the sign-
extended lower 16 bits (offset) of the instruction shifted
left by two to give the branch target address

4., The Zero result from the ALU is used to decide which
adder result (from step 1 or 3) to store in the PC
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Branching hardware

We need a second adder, since the ALU
is already doing subtraction for the beq.

= PCSrc=1 branches
to PC+4+(offsetx4).

0
M .
> u = PCSrc=0 continues
. S L N X
PC 4= / Multiply constant / \ > Add }—» 1 to PC+4.
f H L
by 4 to get offset. — ,"‘;';;“; | ~ 1 /
) PCSrc
RegWrite N
Read Instruction 1125 - 21] Read | Read Mem‘llerte MemToReg
address  [310] [ % o ! ':31 '\
1120 - 16] " ALU , —>| address 'fjﬂﬂd
Instruction * » Read Read > ero ata
memory 0 register 2 data 2 Result (g

M Write

u register ] o Write Data
0511 % | >l write OO ALU data MmOV

1 data Operation] |

MemRead
RegDst ALUSrc
1[15 - 0] _[ Sign
xtend ™
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All together: the single cycle datapath

Py

L

| PC

Read
address

Instruction

[31 0]

Instruction
remory

Instruction [25 21]

Instruction [20 16]

Instruction [15 11]

Instruction [15 Q]

- e O

RegDst

RegWrite
I
| Read
" |register 1 Read
register 2
] Read
Write data 2
register
adl g:rt';e Registers

Instruction [5 0]

> Add

AL
result

Zero

>ALU ALU

result

PCSre
* 0
M
U
4
1
MemWrite
|
MemtoReg
Address Read 1
data
M
u
X
> qatz memory
1
|
MemRead
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The R-Format (e.g. add) Datapath

PCSr
>Add l . "
AL "
1
4w > Add ot
RegWrite
|
Instruction [25 21] ﬁl%ad
Read regiStér4 , _Read MemWrite
* PO address Instruction [20 18] , , . |[Read Gdia™ l
Instruction I | regﬁtlrﬂ. L ¥
[31 0] 0 . @ju
r'te; data Address %E?d
i register ata
Instruction Instruction L15 .11] .
memory Lrstiwdianaty o1al 1 Ert“ae Registers
™ Wirite Data
RegDsé data memory
Instruction [15 0] ™ 16 [ sign |32 [R—
n extend MemRead
| |
| |
: Instruction [5 0]
| |
[ ALUOP
adasddasdasd ‘

ALUsrc=0, ALUop="“add”, MemWrite=0, MemToReg=0,
RegDst = 1, RegWrite=1 and PCsrc=0.

o= =

MemtoReg

%/University of Kurdistan
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The Load Datapath

PCSr

- \l * 0

>Add l U

AL X

1

& w—- >Md result
RegWrite
|
Instruction [25 21 +q ad
iSter Read MemWrite
| PC fds| RE2 “n ﬁeﬂaﬂ em['” ©
address Read MemtoReg
Instruction register 2 Read
(31 0] data 2 Midrasy = Beac
. data 7S
Instruction

memaory .
L]
Write Data m
data memory m
T L]
| L]
MemRead ke
L]
L]
Instruction [S 0] =
L]
L]
ALUOD Ll
HEEEEEEENEEENEEEEEERRE »

What control signals do we need for load??

University of Kurdistan
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The Store Datapath

L 2

Read

" | address

Instruction
[31 0]

Instruction
memaory

Instruction [25  21]

Instruction [15 0

RegWrite
|

Read
register 1 Read
Read data 1
register 2

] Read
Wirite data 2
register

o ile  pegisters

Instruction [5 0]

> Add

ALUOp

AL
result

PCSr
* 0
M
u
x
1
MemWrite
l MemtoReg
Address Read 1
data M
u
X
Data 0
Fﬂata memory
1
I
MemRead

Mem[R[rs] + SignExt[imm16]] € R[rt]

University of Kurdistan



p—
YAd
4 —p
PCSrc
Branch
MemRead
MemMToReg
MemWwrite
ALUSrc
RegWrite
JRegDst
| [25-21 - O}If =
nstr[25-
Instruction lRead Addr 1 Read Address
Memory Register
Read ; ata
—pPC INstr{31-0f= File Memory Read Data
Address \Write Addr Read ALU ry
1 .
Data 2 \Write Data

fnstr{ \Write Data

-11] -
linstr[15P] \ Sign

Datapath " | Extend] 35
+ Instr[5-0]
Control
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ALU Control

» Plan to control ALU: main control sends a 2-bit ALUOp control field
to the ALU control. Based on ALUOp and funct field of instruction the
ALU control generates the 3-bit ALU control field

ALU Function
operation
Main 3
000 and Control \__, To
001 or INTTRR ALU
control
110 sub
111 slt (set less than)

Instruction\

» ALU must perform funct field
» addfor load/stores (ALUOp 00)
»  subfor branches (ALUOp 01)

» one of and, or, add, sub, sitfor R-type instructions, depending on the
instruction’s 6-bit funct field (ALUOp 10)

ALUOp generation
by main control

N

Xy University of Kurdistan
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ALU & Jldes bl
Kunct ABS o0 Pl | ALU  J g

LW 00 Load word xxxxxx | add 010
SW 00 Store word Xxxxxx | add 010
branch 01 Branch equal XXXXxX | subtract 110
equal

R-type 10 add 100000 | add 010
R-type 10 subtract 100010 | subtract 110
R-type 10 AND 100100 | and 000
R-type 10 OR 100101 | or 001
R-type 10 Set on less than 101010 | Set on less than 111
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Funct alé b glas-) Operation
F4 | F3 (ALU J s
0 0 X X [ X X [ X[ X 010
X 1 X[ X [ X X [ X]| X 110
1 X XX [0]0[0]0 010
1 X XX ]0]0 1 0 110
1 X X1 X 1|0 1 0 O 000
1 X X1 X110 1 0 1 001
1 X X | X |1 0 1 0 111

) 2 o\
> operatiow




ALUOp

ALU control block

F3

F2

ALUOPpO

ALUOp1

Operation2

F1

Operation1

@%

Operation0

1\
_/

Operation
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Designing the Main Control

R-type| opcode rs rt rd shamt funct
31-26 25-21 20-16 15- 10-6 5-0
11
Load/store
or branch opcode rs rt addres
31-26 25-21 20-16 1550

Observations about MIPS instruction format
» opcode is always in bits 31-26
two registers to be read are always rs (bits 25-21) and rt (bits 20-16)
base register for load/stores is always rs (bits 25-21)
16-bit offset for branch equal and load/store is always bits 15-0

destination register for loads is in bits 20-16 (rt) while for R-type instructions
it is in bits 15-11 (rd) (will require multiplexor to seleci)

YV V VYV V
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Control Signals

Signal Name 0 1
RegDst The register destination number for the The register destination number for the
Write register comes from the rt field (bits 20-16) | Write register comes from the rd field (bits 15-11)
AILUSrc The second ALU operand comes from the The second ALU operand is the sign-extended,
second register file output (Read data 2) lower 16 bits of the instruction
MemtoReg The value fed to the register Write data input The value fed to the register Write data input
comes from the ALU comes from the data memory
RegWrite None The register on the Write register input is written
with the value on the Write data input
PCSrc The PC is replaced by the output of the adder The PC is replaced by the output of the adder
that computes the value of PC + 4 that computes the branch target
MemRead None Data memory contents designated by the address
input are put on the first Read data output
MemWrite None Data memory contents designated by the address
input are replaced by the value of the Write data input
Memto- | Reg |[Mem | Mem
Instruction | OP-code |RegDst|ALUSrc Reg |Write |Read |Write| PCSrc |ALUOp 1,0
R-format 000000 1 0 0 1 0 0 0 10
lw 100011 0 1 1 1 1 0 0 00
SW 101011 X 1 X 0 0 1 0 00
beqg 000100 X 0 X 0 0 0 1 01
42
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Control Signals: R-Type Instruction

ADD
4 rs rt rd
I[25:21] 1I[20:16] I[15: 11]
PC Instruction PCSfC
=P »{ ADDR RD =
; 52 Value de ends on
Instruction 297 4= P
Memory 16 . - RegDst 556 ration funct
3
RN1 RN2 WN \a
RD1 >
Register File ALU|[— > Zero 0
=—pp \\/D o > ¢
immediate/ MemWrite
offset RD2
I[15:0] RegWrite *_~ PR
Data
) E 3 Memory RD
1 16 X 132 ALUSrc
p| T O »{ WD
. N
Control signals D Mem:ead
shown in blue 0

0

MemtoReg

University of Kurdistan
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Control Signals: 1w Instruction

rs rt rd
I[25:21] 1I[20:16] 1I[15:11] *
Instruction CSrc
ADDR RD[=Z - 0
Instruction S %@ 010
Memory 16 . , | Regbst Operation
5 5 5 O
3
RN1 RN2 WN |
RD1 ’

Register File ALU|—> Zero 0

WD 0 > ¢
immediate/ -
offset > RD?2 ADDII\?/IemW“te

I[15:0] RegWrite - ot

= ata

t E 4 Memory RP
1 16 X 132 ALUSrc
ol T WD
: N

Control signals D 1 Mem;ead
shown in blue 1

1

MemtoReg

University of Kurdistan
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Single-cycle Implementation Notes

» The steps are not really distinct as each instruction completes in
exactly one clock cycle — they simply indicate the sequence of
data flowing through the datapath

»  The operation of the datapath during a cycle is purely
combinational— nothing is stored during a clock cycle

» Therefore, the machine is stable in a particular state at the start
of a cycle and reaches a new stable state only at the end of the
cycle

»  Very important for understanding single-cycle computing:
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Implementation: Main Control Block

Signal

R-type

Iw

SW

-3
¢,
0

\

RegDst
ALUSrc
MemtoReg
RegWrite
MemRead
MemWrite
Branch
ALUOp1
ALUOP2

HF OOORFRFOOHOOOOODO

o

cocookrRrFRFKRFRORRFRPROOOHR

o

O oO0OOoORrROOX R XXFPRROROHR

H OPR OOO0OX ONMOORr OOO

Truth table for main control signals

Inputs

Op5
Op4

Op3

Op2

Opl

Op0

000003

R-format

SW

-

Outputs

RegDst
ALUSrc
MemtoReg
RegWrite
MemRead
MemWrite
Branch

ALUOp1
ALUOpO

Main control PLA (programmable
logic array): principle underlying
PLAs is that any logical expression

can be written as a sum-of-products



Single-Cycle Design Problems

» Assuming fixed-period clock every instruction datapath uses one clock
cycle implies:

» CPI=1
» cycle time determined by length of the longest instruction path (load)
» but several instructions could run in a shorter clock cycle: waste of
time
» consider if we have more complicated instructions like floating point!

» resources used more than once in the same cycle need to be
duplicated: waste of hardware and chip area

a7




Fixing the problem with single-cycle

designs

» One solution: a variable-period clock with different cycle times for each
Instruction class

» unfeasible, as implementing a variable-speed clock is technically difficult
» Another solution:

» use a smaller cycle time...

» ...have different instructions take different numbers of cycles

by breaking instructions into steps and fitting each step into one cycle
» feasible: multicyle approach!
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Jardl ) siwd (p 5 (Y sh dulas

Instruction | Instruction | Register ALU Data Register | Total
class memory read operation | memory write (ps)

R- type 200 50 100 0 50 400

lw 200 50 100 200 50 600

Sw 200 50 100 200 550

Branch 200 50 100 350
- . - . . . N -

D5 (A (Y sk sl Y Gla) el b SAS sk
Instruction | Frequency 6000 PS D gl @\)L
Arithmetic 48%

Loads 22%
Stores 1%
Branches 19%
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A Multicycle Implementation

Clock

Time
needed

Time
allotted Instr 1 Instr 2 Instr 3 Instr 4

CIockJ

Time .
Time
needed

saved

3 cycles 5 cycles 3 cycles 4 cycles
Time
allotted Instr 1 Instr 2 Instr 3 Instr 4

Single-cycle versus multicycle instruction execution.
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» Questions




Datapath Building Blocks: jump instruction
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Example: Fixed-period clock vs variable-period

clock In a single-cxcle imEIementation

» Consider a machine with an additional floating point unit. Assume
functional unit delays as follows

» memory. 2 ns., ALU and adders. 2 ns., FPU add. 8 ns., FPU multiply. 16
ns., register file access (read or write): 1 ns.

»  multiplexors, control unit, PC accesses, sign extension, wires. no delay
» Assume instruction mix as follows

» all loads take same time and comprise 31%

» all stores take same time and comprise 21%

» R-format instructions comprise 27%
» branches comprise 5%
>
>
>

jumps comprise 2%
FP adds and subtracts take the same time and totally comprise 7%
FP multiplys and divides take the same time and totally comprise 7%
» Compare the performance of (a) a single-cycle implementation using a fixed-

period clock with (b) one using a variable-period clock where each instruction
\ executes In one c/ock cyc/e z‘hez‘ Is only as long as It needs to be (not really




Solution

Instruction Instr. Register ALU Data Register FPU FPU Total
class mem. read oper. mem. write add/ mul/ time

sub div ns.
Load word 2 1 2 2 1 8
Store word 2 1 2 2 7
R-format 2 1 2 0 1 6
Branch 2 1 2 5
Jump 2 2
FP mul/div 2 1 1 16 20
FP add/sub 2 1 1 8 12

» Clock period for fixed-period clock = longest instruction time = 20
ns.

» Average clock period for variable-period clock = 8 x 31% +
7 x21%+6x27% +5x5%+2x2%+20x 7% + 12 x 7%
= 7.0 ns.

» Therefore, performance a/Performance, ey perios = 20/7 = 2.9

var-perio
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