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Datapath & Control

Readings 5.1-5.4

Computer

Processor Memory Devices
Control Input
Datapath Output

Datapath: System for performing operations on data, plus memory access.

Control: Control the datapath in response to instructions.
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Simple CPU

Develop complete CPU for subset of instruction set
Memory: 1w, sw
Branch: beg
Arithmetic: addi

31302928272625242322212019 1817161514 13 12 11 10 09 08 07 06 05 04 03 02 01 00

OP RS RT 16 bit Address/Immediate

Arithmetic: add, sub

313029 28272625242322212019 1817161514 13 12 11 10 09 08 07 06 05 04 03 02 01 00

OP RS RT RD SHAMT | FUNCT

Jump: 7

31302928272625242322212019 1817161514 13 12 11 10 09 08 07 06 05 04 03 02 01 00

OP 26 bit Address

Most other instructions similar
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Execution Cycle

v

Instruction
Fetch

Instruction
Decode

Operand
Fetch

Execute

Result
Store

Next
Instruction

Obtain instruction from program storage

Determine required actions and instruction size

Locate and obtain operand data

Compute result value or status

Deposit results in storage for later use

Determine successor instruction
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Processor Overview

Overall Dataflow

PC fetches instructions

Instructions select operand registers, ALU immediate values
ALU computes values

Load/Store addresses computed in ALU

Result goes to register file or Data memory

» Data

PC

Register #
»| Address Instruction Registers >ALU Address
Register #

Instruction

memory y Data
g—pi Register # memory

» Data
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Processor Design

Convert instructions to Register Transfer Level (RTL) specification
Instruction = Memory[PC];
PC = PC + 4;

RTL specifies required interconnection of units

Control designed to achieve given paths for each instruction
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Instruction Fetch
Instruction = Mem[PC]; // Fetch Instruction

PC = PC + 4; // Increment PC (32bit)

fEM

—

[\ q . Jr
M
c\\éj
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Add/Subtract RTL

Add instruction: add rd, rs, rt
Instruction = Mem[PC];
Reg[rd] = Reg[rs] + Reg[rt];
PC = PC + 4;

Subtract instruction: sub rd, rs, rt
Instruction = Mem[PC];
Reg[rd] = Regl[rs] - Regl[rt];
PC = PC + 4;

31302928272625242322212019181716151413 1211 1009 08 07 06 05 04 03 02 01 00

OP RS RT RD SHAMT

FUNCT
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Datapath for Reg/Reg Ops

PN

Reg@ = Reg[rs] op Reglrt];

Instructions[31:0]

Instruction = —
Fetch “ < n
Unit = =
0 [Rs) RY) Rd)
s [ce ol
«@ of
j{ l ) ALUcntrl
Aw Aa Ab DatT

Dw DbF >
@ Register F’l\

RegWr > WrEn File
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Add Immediate RTL

Add immediate instruction: addi rt, rs, imm

Instruction = Mem[PC];

Reglrt] = Reg[rs] + SignExtend(imm); &
PC = PC + 4;

3130292827262524232221201918 1716151413 1211 1009 08 07 06 05 04 03 02 01 00

OP RS RT 16 bit Address/Immediate
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Datapath + Immediate Ops

Reg[rt] = Regl[rs] + SignExtend (imm) ;
Instructions[31:0]
Instruction = 1S = _
K I0c Fetch 2l e O
\ ) Rs Rt Rd Immlé
JA:Z lQS K_( \ /{, //
W \\/\ p [ ALUcntrl
Qj DS'F II | | 8 Z
Aw AaAb Da[— (ol\ﬂmb
Dw . Dbps——— >
Register
RegWr > WrEn File T
= S
( 0
. é i % i —_—
mip ™ | %
Inn 5 AU) S cC J/

W\A/
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Load RTL

Load Instruction: 1w rt, (imm (rs) {(/d f@) 4(j§é [)
Instruction = Mem[PC]; - T
Addr = Reg[rs] + SignExtend (imm) ; [
Reg[rt] = Mem[Addr];

PC = PC + 4;
313029 28 27 26 2524 23222120 19 18 17 16 15 14 13 12 11 10 09 08 07 06 03 02 01 00

OP RS

RT

16 bit Address/Immediate
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Datapath + Load

Addr =\Re~g_Lsz\+ SignExtend ( m@

Reg[rt] = Mem[Addr]; Instructions[31:0]
Instruction S S = —
Fetch n | S | W O
Unit =23 2=

Rs Rt Rd Immlé6

\ | //

+ Ty o
pm 10
ALUcntrl /U 0 f/\ j
R A MemWr ¥ '
Aw Aa Ab Da - Mew
Dw Db\ > \J‘i\
Register WrEn Addr -
WrEn File +Din Doutj
fé% / Data
imm16 - = \ Memory
=1
(=B
ALUSrc
St
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Store RTL

Store Instruction: sw rt,

Instruction = Mem[PC];

Addr = Regl[rs]

Mem[Addr] = Regl[rt];

PC = PC + 4;

imm(rs)

+ SignExtend (imm) ;

31302928 27262524232221201918 1716151413 12 11 10 09 08 07 06 05 04 03 02 01 00

OP RS

RT

16 bit Address/Immediate
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Datapath + Store

Addr = Reg[rs] + SignExtend (imm) ;
Mem[Addr] = Reg [rt]; : IIlStI'U.C'[lOIlS[?)IZO]
Note: State of RegWr, MemToReg? Instruction N | |= =
Fetch AR IR B4 o
Unit =23 2=
7( Rd Rt Rs Rt Rd Imml6
RegDst =\ / /” 4
Rs Rt ALUcntrl L5 ><
Yy Y v MemWr MemToReg
Aw Aa Ab Da >
1 Dw Db > F >
6/ f) O Register WrEn Addr
RegWr > WrEn File {Din  Dout R
& A r_\ Data
imm1l6 — Ej Memory
=
=¥
ALUSrc SE
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Branch RTL

Branch Instruction: beq rs, rt, imm

Instruction = Mem[PC];

Cond = (Reg[rs] - Reg[rt]) == 0; // Test equality
if (Cond)
PC = PC + 4 + SignExtend (imm) *4; // Neg for backward
// *4: LSbits == 00
else

PC

PC + 4;

31302928272625242322212019181716 151413 1211 1009 08 07 06 05 04 03 02 01 00
rrrrrrpyp+r+rt >yttt 1ty >t 1ttt 1T 1T T 17 1T 1T 1T 71"

OP RS RT 16 bit Address/Immediate
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Datapath + Branch

Cond = (Reglrs] - Regl[rt]) == 0;
if (Cond) Instructions[31:0]
PC = PC + 4 + SignExtend (imm) *4; 1 Instruction — _
else Fetch % O
2 .
Rﬁ Iit Rs Rt Rd DIhmlé6
| |
RegDst = / fvdﬁ
Rs Rt ALUcntrl ,Le(o N D "2<
Y 3\ MemWr MemToReg
Aw Aa Ab Da >
1 Dw Db \ > " >
}\\ O Register \T_V O _ WrEn Addr
RegWr > WrEn File ] g »1Din  Doutb—»
= / / Data
=]
imm16 aalls } (MQ Memory
=
(=B
ALUSrc
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Instruction Fetch + Branch

Cond = (Reglrs] - Reg[rt]) == 4(2 - 5‘\/\“,(%

if (Co \”
%Sl%ﬁxte@ \-Q %4\, 7
else
I o

] Addr, 31:2]
Addr[1:
Instruction
Memory

Instr[31:0]

fL@ @favztA/\7

mmlé —

puyxyusig

2oV 0
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Jump RTL

Store Instruction: § target

Instruction = Mem[PC];
PC = { PC[31:28], target[25:0], “00” };

3130292827262524232221201918 1716151413 1211 1009 08 07 06 05 04 03 02 01 00

OP 26 bit Address
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Instruction Fetch + Jump

PC = { PC[31:28], target] Zu,\ “00" };
e \L‘A
‘f cho ks
30 =
/
/ :
, | Addr[31:2]
PC[31:28 Q Z
LSS BN 2 5 Addi{1:0]
= 7Lf“—’—,——\ @ Instruction
Target Instr[25:0] — & | 1 — Memory
| S |l g/ Q
@) /35 '
‘CO”_»_
[oop
- Instr[31:0
1imm1l6 //= E /= | :
S
/@ =12 | Branch

| Zero

145




Complete Datapath

Instructions[31:0]

Branch — Instruction =S 1D 1= —_
Rd Rt Jump — Fetch AR B Bt %
M Unit SN =R
RegDst ==\ / I -
Rs Rt ALUcntrl N Rs Rt Rd Imml6
Yy Y v @  MemWr MemToReg
Aw Aa Ab Da > °
1 Dw Db \ > " >
Register \T_V . ) WrEn Addr
RegWr - WrEn File ] »1Din  Doutb—»
= / / Data
imm16 g Eﬂ } Memory
S
=¥
ALUSrc




Complete Fetch Unit— \
(P

| ON
E
"1 Addr[31:2]
: a
SE2LEL] N — Addr[1:0]
g . 6‘00” I R
= . nstruction
Target Instr[25:0] — & | 1 Memory
- | a »| &
A ; g
“nw — | (N
0 — @
_ i Jump Instr{31:0]
imm16 S S
S
= | Branch
| Zero
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Control

Identify control points for pieces of datapath

Use RTL for determine per-instruction control assignments

Instruction Fetch Unit
ALU

Memories

Datapath muxes

Etc.
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Control Signals

Func

100000 100010 XXX XXX XXX XXX
000000 000000 100011 101011 000100 000010
add sub lw SW beq j
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Control Signals

Func | 100000 100010 XXX XXX XXX XXX
Op | 000000 000000 100011 101011 000100 000010

add sub lw SW beq j
RegDst 1 1 0 X X X
ALUSrc 0 0 1 1 0 X
MemToReg 0 0 1 X X X
RegWr 1 1 1 0 0 0
MemWr 0 0 0 1 0 0
Branch 0 0 0 0 1 X
Jump 0 0 0 0 0 1
ALUCntrl Add Sub Add Add Sub X
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Add Control

add rd, rs, rt

Instruction = Mem[PC];
Reg[rd] = Reg[rs] + Reg[rt];
PC = PC + 4;
Instructions[31:0]
Branch — Instruction — T— T— —
Rd Rt Jump — Fetch {\’)‘ 8 % %
1 Unit 25 =2 =
RegDst —M 0/ I A
Rs Rt ALUcntrl Rs Rt Rd Imml6
YooY E MemWr MemToReg
Aw Aa Ab Da g S |
> DW . Db é > F >
Register R ) WrEn Addr
RegWr - WrEn File ] +{Din  Doutl—st—
= / / Data
imm16 g Eﬂ } Memory
=
=¥
ALUSrc
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Subtract Control

sub rd, rs, rt

Instruction = Mem[PC];
Reg[rd] = Reg[rs] - Reglrt];
PC = PC + 4;
Instructions[31:0]
Branch — Instruction — T— T— —
Rd Rt Jump — Fetch {\’)‘ 8 % %
Y Y Unit 2l | = 2
RegDst _M 0,/ I v oy
Rs Rt ALUcntrl Rs Rt Rd Imml6
YooY E MemWr MemToReg
Aw Aa Ab Da g S }
> DW . Db é > F >
Register R ) WrEn Addr
RegWr - WrEn File ] +{Din  Doutl—st—
= / / Data
imm16 g Eﬂ } Memory
=
(=B
ALUSrc
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Load Control

lw rt, imm(rs)

Instruction = Mem[PC];
Addr = Reg[rs] + SignExtend (imm) ;
Reg[rt] = Mem[Addr];
PC = PC + 4; Instructions[31:0]
Branch — Instruction — T T —
Rd Rt Jump — Fetch {\’)‘ 8 ; G
Y Y Unit 2 lx | = =
RegDst —& 0,/ I A
Rs Rt ALUcntrl Rs Rt Rd Imml6
YooY E MemWr MemToReg
Aw Aa Ab Da > S !
1 Dw . Db :;\ > " >
Regls.ter \T_V R ) WrEn Addr
RegWr >~ WrEn File _ »1Din  Doutb—s4—
= / / Data
imm16 g Eﬂ } Memory
2
ALUSrc
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Store Control

sw rt, imm(rs)

Instruction = Mem[PC];
Addr = Reg[rs] + SignExtend (imm) ;
Mem [Addr] = Reg[rt];
Instructions[31:0]
Branch — Instruction — T T —
Rd Rt Jump — Fetch {\’)‘ 8 % %
Y Y Unit 2 lx | = k=
RegDst —& 0,/ I A
Rs Rt ALUcntrl Rs Rt Rd Imml6
YooY E MemWr MemToReg
Aw Aa Ab Da > S !
1 Dw Db é > " > >
Register ) WrEn Addr
RegWr »= WrEn File »1Din  Doutb—s4—

7 Data

\ Memory

mmm1leé >

pPwXyusig /

ALUSTrc
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Branch Control

beq rs, rt, imm
Instruction = Mem[PC];

Cond = (Reg[rs] — Reglrt]) == 0;
if (Cond) PC = PC+4+SignExtend (imm) *4;
else PC = PC + 4; Instructions[31:0]
Branch — Instruction = TS = —
Rd Rt Jump — Fetch AR B I O
Y Y Unit g I~ e 2
RegDst ==\1 0/ I — vy v
Rs Rt ALUecntrl N Rs Rt Rd Immlé6
Yy Y v @  MemWr MemToReg
Aw Aa Ab Da . = |
> Dw Db é R

Register
RegWr > WrEn File

> - al=
) WrEn Addr

— Din  Dout -
/ Data

\ Memory

v

\4

mmm1leé >

pPwXgusIS /

ALUSTrc
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Branch Control (cont.)

beq rs, rt, imm
Instruction = Mem[PC];
Cond = (Reg[rs] — Reglrt]) == 0;
if (Cond) PC = PC+4+SignExtend (imm) *4;
else PC = PC + 4;

"1 Addr[31:2]
PC[31:28 Q
LSS BN | AddIT10]
5 R Instruction
Target Instr[25:0] — & | 1 — Memory
— 8 |-m 5
66099 —_— >
4
_ T Instr[31:0]
imm16 S S
S
(=¥
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Jump Control

J target
Instruction = Mem[PC];
PC = { PC[31:28], target[25:0], “00” };

Instructions[31:0]

Branch — Instruction =S 1D 1= —
Rd Rt Jump — Fetch AR B Bt %
M Y Unit g I~ e k=
RegDst _M 0,/ I v oy
Rs Rt ALUcntrl N Rs Rt Rd Imml6
Yy Y v @  MemWr MemToReg
Aw Aa Ab Da > < !
1 Dw . Db é > F >
Register ) WrEn Addr
RegWr »= WrEn File »1Din  Doutb—s4—

7 Data

\ Memory

mmm1leé >

pPwXgusIS /

ALUSTrc
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Jump Control (cont.)

J target
Instruction = Mem[PC];
PC = { PC[31:28], target[25:0], “00” };

"1 Addr[31:2]
PC[31:28 Q
B128] )¢ —  Addr[1:0]
g . “00,, I R
g 1 = nstruction
Target Instr[25:0] — & | 1 — Memory
— 8 |-m 5
66099 —p ] >
4
_ T Instr[31:0]
imm16 S S
S
=
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