Datapath & Control

Readings: 4.1-4.4

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.




Simple CPU

Develop complete CPU for subset of instruction set

Memory: LDUR,
31302928 2726 2524 232221 20191817 161514 1312 1110 09 08 07 06 0504 03 02 01 00

STUR

|
Opcode

1 1 1
DAddr9

00

Rn

Rd

Branch: B
31302928 27262524 23222120191817 16 1514 1312 11 10 09 08 07 06 05 04 03 02 01 00

Opcode

I I I
BrAddr26

Conditional Branch: CBZ

31302928 27262524 23222120191817 161514 13121110 090807 06 0504 03020100

Opcode

|
Co

nd

L
Addr1

9

Rd

Arithmetic: ADD,

SUB

31302928 27262524 23222120191817161514 1312 1110090807 06 0504 03020100

|
Opcode

Rm

1 1 1 1
SHAMT

Rn

Rd

Most other instructions similar




Execution Cycle

|
\ 4
Instruction Obtain instruction from program storage
Fetch
!
Instruction Determine required actions and instruction size
Decode
|
\ 4
Operand Locate and obtain operand data
Fetch
|
Y Compute result value or status
Execute
{
Result Deposit results in storage for later use
Store
!
Next Determine successor instruction
Instruction




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

_linstruction i Register
Memory > File

od

Data
Memory

o




RTL & Processor Design

Convert instructions to Register Transfer Level (RTL) specification
RegA = RegB + RegC;

RTL specifies required interconnection of units, control
Math unit example:

(add): A=A+ B; |++; (hold): A=A, |++;
(mult): A=A* B: [++; (init): A= Din; |++;




Instruction Fetch

Address

Instruction
Memory

Jd




Instruction Fetch

Instruction = Mem[PC]; // Fetch Instruction
PC = PC + 4; // Increment

Address

Instruction
Memory

Instr[31:0]




Add/Subtract RTL

Add instruction: ADD Rd, Rn, Rm

Subtract instruction: SUB Rd, Rn, Rm

3130292827262524232221201918171615141312 11100908 07 06 05 04 030201 00
- rrrr 11 1 p 1 1T 11 T pr 111

| | 1 1 1 1
Opcode Rm SHAMT Rn Rd




Add/Subtract RTL

Add instruction: ADD Rd, Rn, Rm
Instruction = Mem[PC];
Reg[Rd] = Reg[Rn] + Reg[Rm];
PC = PC + 4;

Subtract instruction: SUB Rd, Rn, Rm
Instruction = Mem[PC];
Reg[Rd] = Reg[Rn] - Reg[Rm];
PC = PC + 4;

3130292827262524232221201918171615141312 11 1009 0807 06 05 04 0302 01 00
- rrrrr 1T 1 1§ 1 1T 11 T pr 111

| 1 1 1 1
Opcode Rm SHAMT Rn Rd




Add/Subtract Datapath

PC

"

Address
Instruction
Memory

Aw A

b Aa Da
Dw

RegFile Dt

v

Instruction

Ad\d/er

10



Add/Subtract Datapath

Reg[rd]

= Regl[rn]

Rd Rm Rn

||

op Reglrm];

Aw Ab Aa Da
Dw
RegFile Dt

\_

PC

"

Address
Instruction
Memory

v

Instruction

Ad\d/er

11




Load RTL

Load Instruction: LDUR Rd, [Rn, DAddr9]

313029 2827262524232221201918171615141312 11100908 07 06 0504 030201 00
- rrrr 1T 1T 11T 111 -y ryp 1T rp 111

| L
Opcode DAddr9 00 Rn Rd




Load RTL

Load Instruction: LDUR Rd, [Rn, DAddr9]

Instruction = Mem[PC];

Addr = Reg[Rn] + SignExtend (DAddr9) ;
Reg[rd] = Mem[Addr];

PC = PC + 4;

3130292827262524232221201918171615141312 11100908 07 06 05 04 030201 00

| 1 11
Opcode DAddr9 00 Rn Rd

13



Datapath + Load

Rd Rm Rn

A,

Aw Ab Aa Dal
- Dw
RegFile Dh-

PC

"

Address
Instruction
Memory

v

Instruction

Addr

Doutt
Data

Memory

Ad\d/er

14



Datapath + Load

Addr = Reg[Rn] + SignExtend (DAddr9);

Ad\d/er

Reg[Rd] = Mem[Addr];
PC
+
Address
Instruction
Memory
|
Instruction
Rd Rm Rn
Aw Ab Aa Dar ‘\ |
. Dw >
RegFile DB > _— /.\/
] Addr
‘ Dout}-
DAddr9 —d g | Mgr?ltgry




Store RTL

Store Instruction: STUR Rd, [Rn, DAddr9]

3130292827262524232221201918171615 14131211 100908 07 06 05 0403 0201 00
N N N N B B N N B I R L L

| | | I I
Opcode DAddr9 00 Rn Rd




Store RTL

Store Instruction: STUR Rd, [Rn, DAddr9]

Instruction = Mem[PC];

Addr = Reg[Rn] + SignExtend (DAddr9) ;
Mem [Addr] = Reg[Rd];

PC = PC + 4;

3130292827262524232221201918171615141312 11100908 07 06 05 04 030201 00
L -y rypr 111 p 11T

| 1 11
Opcode DAddr9 00 Rn Rd




Datapath + Store

Ad\d/er

PC
+
Address
Instruction
Memory
|
Instruction
Rd Rm Rn
Aw Ab Aa Dal \ |
T Dw >
RegFile Dl fo_~ /'\/
| Addr
‘ Dout|
DAddr9 —sg | Mgsitgry




Datapath + Store

Addr = Reg[Rn] + SignExtend (DAddr9);

Mem[Addr] = Reg[Rd];

Rd Rm

R

Aw Ab Aa Da
Dw

RegFile DG
WrEn

PC

"

Address
Instruction
Memory

v

Instruction

|
T S

DAddr9 — sg

Din

Memory

WrEn Addrn

Dout
Data

Ad\d/er

19



Branch RTL

Branch Instruction: B BrAddr26

313029282726252423222120191817161514131211 1009 08 07 06 05 04 0302 01 00

-y +rr+rrt+rrrtttr+t T T T r 11T 1 T T 1T 1T 1"
000101 BrAddr26




Branch RTL

Branch Instruction: B BrAddr26

Instruction = Mem[PC];
PC = PC + SignExtend (BrAddr26)<<2;

3130292827262524232221201918171615141312 11100908 07 06 05 04 03 02 01 00

Frrrrptt b1 1 T 1T 1 171 | I I I R R D D I D I
000101

1 1
BrAddr26




Datapath + Branch

PC
Address \>8
Instruction A Z
Memory 4 -
l
Rd Rm Instruction
Rn
_1X0 1 l
AwAb Aa Da \
Dw >
RegFile DG 1 T
WrEn WrEn Addr
! { Din  Dout
DAddr9 —sg /| Data
Memory

22




Datapath + Branch

PC = PC + SignExtend (BrAddr26)<<2;

PC BrAddr26 — SE —-{<<2} ~ /
~N o
. A
Address | < D
Instruction 1 . 7
Memory SO |
l ©
v / <
Rd Rm Instruction 4 1

Rn
_1X0 1 l
Aw Ab Aa Da \ ,
Dw > S
RegFile Dt 1 T
WrEn WrEn Addr
| ' Din Dout

|
DAddr9 —sg /| Data
Memory 23




Conditional Branch RTL

Conditional Branch Instruction: CBz Rd, CondAddrl9

3130292827 2625242322212019181716 151413 1211 100908 07 06 0504 0302 0100
N I N N Y N O N N B D N B N N N B I N N B

| 1 11
Opcode CondAddr19 Rd




Conditional Branch RTL

Conditional Branch Instruction: CBz Rd, CondAddrl9
Instruction = Mem[PC];
Cond = (Reg[Rd] == 0);
1f (Cond)
PC = PC + SignExtend(CondAddrl9)<<2;
else
PC = PC + 4;

3130292827262524232221201918171615141312 11 1009 0807 06 05 04 03 02 01 00
I Frrrprr 1111 I 13 1T 171

I I 1 1 1 1
Opcode CondAddr19 Rd




Datapath + Conditional Branch

Cond = (Reg[Rd] == 0)
if (Cond)
PC = PC + SE (CondAddrl9)<<2;
else CondAddr19 —
PC BrAddr26 —
PC = PC + 4;
+
Address
Instruction
Memory
|
Rd Rm Instruction
; !Rn
T l Zero
Aw Ab Aa Da |
Dw > =)
RegFile Dt 1 T
WrEn WrEn Addr
! { Din  Dout
DAddr9 —sg /| Data
Memory 26




Datapath + Conditional Branch

Rd Rm

R

Dw
RegFile
WrEn

Aw Ab Aa Da

PC

BrAddr26 — SE

<<2

:

Address
Instruction
Memory

\4

Instruction

Dk

\/
Adder

!

Din

DAddr9 —

SE

WrEn Addrn

Dout
Data
emory

27



Control

|dentify control points for pieces of datapath
Instruction Fetch Unit
ALU
Memories
Datapath muxes
Etc.

Use RTL for determine per-instruction control assignments

28



Complete Datapath

UncondBr

CondAddr19 — SE
PC BrAddr26 — SE =

"
Address
Instruction
Memory |
| BrTaken
Rd Rm Instruction 4 —
Rn
Reg2Loc —-% 17' Zero
’ MemToReg
Aw Ab Aa Da MemWrite |
Dw S
RegFile DG g 1 T
RegWrite + WrEn T;D’ WrEn Addr
! { Din  Dout
DAddr9 — sg /] ALUOp | Data
ALUSIrc Memory 29




Control Signals

Opcode[31:26]
Opcode[25:21]

1000101 {1100101 |111110 |111110 |{000101x {1011010
1000 1000 00010 00000  |xxxx Oxxx
ADD SUB LDUR STUR B CBZ

30



Control Signals

Opcode[31:26]
Opcode[25:21]

1000101
1000

1100101
1000

111110
00010

111110
00000

000101x
XXXX

1011010
OxxX

ADD

SUB

LDUR

STUR

B

CBZ

Reg2lLoc

ALUSTrc

MemToReg

RegWrite

MemWrite

BrTaken

UncondBr

ALUOp

31



Control Signals

Opcode[31:26]| 1000101 {1100101 |111110 |111110 |000101x |1011010
Opcode[25:21]11000 (1000  |00010  |00000  [xxxx |Oxxx
ADD SUB LDUR STUR B CBZ
Reg2lLoc 1 1 X 0 X 0
ALUSIc 0 0 1 1 X 0
MemToReg 0 0 1 X X X
RegWrite 1 1 1 0 0 0
MemWrite 0 0 0 1 0 0
BrTaken 0 0 0 0 1 (zero)
UncondBr X X X X 1 0
ALUOp + - + + X B==07?

32



ADD Control

Instruction = Mem|[PC];
Reg[Rd] = Reg[Rn] + Reg[Rm];
PC = PC + 4; CondAddr19 —
PC BrAddr26 —1
+
Address
Instruction
Memory
|
Rd Rm Instruction
; !Rn
T l Zero
Aw Ab Aa Da
Dw >
RegFile DQ ! T
WrEn WrEn Addrn
' { Din  Dout
padare —sel/ | Data
Memory

33




SUB Control

Instruction = Mem|[PC];
Reg[Rd] = Reg[Rn] - Reg[Rm];
PC = PC + 4; CondAddr19 —
PC BrAddr26 —1
+
Address
Instruction
Memory
|
Rd Rm Instruction
; !Rn
T l Zero
Aw Ab Aa Da
Dw >
RegFile DQ ! T
WrEn WrEn Addrn
' { Din  Dout
padare —sel/ | Data
Memory

34




LDUR Control

Instruction = Mem|[PC];
Addr = Reg[Rn] + SignExtend (DAddr9);
Reg[Rd] = Mem[Addr];
PC = PC + 4; CondAddr19 —
PC BrAddr26 —
"
Address
Instruction
Memory
|
Rd Rm Instruction
; !Rn
—0_1 l Zero
Aw Ab Aa Da |
Dw > =)
RegFile DQ ! T
WrEn WrEn Addrn
/ | | Din  Dout
DAddr9 — sg Data
Memory 35




STUR Control

Instruction = Mem[PC];
Addr = Reg[Rn] + SignExtend (DAddr?9);

Mem[Addr] = Reg[Rd];
PC = BC + 4; CondAddr19 —
PC BrAddr26 —
+
Address
Instruction
Memory
|
Rd RmM Instruction
E !Rn
—0_1 l Zero
Aw Ab Aa Da |
Dw > =)
RegFile Dt ! T
WrEn WrEn Addrn
| } Din  Dout
DAddr9 —| sg /o Data
Memory 36




B Control

Instruction = Mem|[PC];

PC = PC + SignExtend (BrAddr26)<<2;

CondAddr19 —
PC BrAddr26 —
+
Address
Instruction
Memory
|
Rd Rm Instruction
; !Rn
T l Zero
Aw Ab Aa Da
Dw >
RegFile Dt 1 T
WrEn WrEn Addr
! { Din  Dout
DAddr9 —sg /| Data
Memory

37




CBZ Control

Instruction = Mem[PC];

Cond = (Reg[Rd] == 0);
if (Cond)
PC = PC + SE(CondAddrl9)<<2; CondAddr19 —
else PC BrAddr26 —1
PC = PC + 4; +
Address
Instruction
Memory
|
Rd Rm Instruction
; !Rn
T l Zero
Aw Ab Aa Da |
Dw > 3
RegFile Dt T T
WrEn WrEn Addn
' '| Din Dout
DAddr9 —sg / | Data
Memory 38




Complete Datapath

CondAddr19 — SE

BrAddr26 — SE

!

WrEn Addrn

PC
+
Address
Instruction
Memory
|
Rd Rm Instruction
; !Rn
T l Zero
Aw Ab Aa Da
Dw >
RegFile DG
WrEn
l |
|
DAddr9 — s / |

Din Dout
Data
Memory

39




Advanced: Exceptions

Exception = unusual event in processor Svstem
Arithmetic overflow, divide by zero, ... user program Ey "
Call an undefined instruction xception

Hardware failure Exception: _| Handler
I/O device request (called an “interrupt”)

v
v return from

Approaches exception
Make software test for exceptional events when they may occur (“polling”)

Have hardware detect these events & react:
Save state (Exception Program Counter, protect the GPRs, note cause)
Call Operating System
If (undef _instr) PC = C0000000
If (overflow) PC = C0000020
If (I/O) PC = C0000040

40



Performance of Single-Cycle Machine

CPI?
ADD, SUB
PC| Instr. Memory [mu{Reg Readmuy ALU [muxReg Setug
LDUR
PC| Instr. Memory |Reg Read| ALU Data Memory  |muxReg Setup
STUR
PC| Instr. Memory |Reg Read| ALU Data Memory
CBZ
PC| Instr. Memory |nudReg Readmu] ALU [nudiC)
B
PC| Instr. Memory [ Adder Jmux;i.

41



Reducing Cycle Time

Cut combinational dependency graph and insert register / latch
Do same work in two fast cycles, rather than one slow one

>

storage element

Yy Y

-

\
Acyclic

Combinational

Logic
/

\_

-

J

Y

Yy

>

storage element

> storage element

vy Y

Acyclic
Combinational

L Logic (A)

J

A 4

vy

> storage element

\ 4

Acycllc
Combinational
Logic (B)

A4

yyv

> storage element
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Pipelined Processor Overview

Divide datapath into multiple stages

IF RF EX MEM WB
Instruction Register Execute Data Writeback
Fetch Fetch Memory

. Instr. 1Register ) ‘ ;Register

Memory File | | Data | ] File I

] Memory

43



