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Processor organization (microarchitecture)

Multiple implementations for a single
architecture:
— Single-cycle
« Each instruction executes in a single cycle
— Multi-cycle

« Each instruction is broken up into a series of
shorter steps

— Pipelined
« Each instruction is broken up into a series of
steps
« Multiple instructions execute at once.
« Superscalar

« Multiple instructions fetched, decoded and
executed simultaneously.
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Introduction

CPU performance factors

= [nstruction count
Determined by ISA and compiler

= CPIl and Cycle time
Determined by CPU hardware

We will examine a number of ARM implementations
= A simplified single-cycle version
= A more realistic pipelined version

Simple subset, shows most aspects
= Memory reference: LDR, STR
= Arithmetic/logical: ADD, SUB, AND, ORR
= Control transfer: B

= Will not implement in lab post-index, pre-index or shifted operands.



Architectural state

 Determines everything about a processor:

_PC
— 16 reqisters
— Memory
CLK
4"-r_&l_":
CLK
Status | | Cll—K I
V' WE3
CLK + A1 RD1 |~ V' WE
PcryPC 4 32
T[T Eh P rRD2 (= LA P
Instruction Data
Memory 7 A3 Register Memory
-+ wD3 File 732“ WD
32
732“ R15




Single-Cycle ARM Processor

v
° Datapath Fetch instruction @ PC
 Control —
Decode instruction
v
' Fetch Operands
Datapath: start with LDR v
instruction Execute instruction
v
° Example: Store result
LDR R1, [R2, #5] v
LDR Rd, [Rn, imm12] Updare PC
Memory B Immediate 11:0
31:28 2726 25:20 1%:16 15:12 110 | - q// imm12
cond |%P11|PUBW|| Rn | Rd Src2 e s s s

funct T=1\ shamt5 |sh|0] Rm

Register




Single-Cycle Datapath: LDR fetch

e STEP 1: Fetch instruction

CLK CLK
CLK _ | | | |
2 Xl/ WE3 201 v WE
PC PC A RD =
Instruction A RD
— A2 RD2 —
Memory Data
) Memory
— A3 Register
. —1 WD
—1 WD3 File
— R15




Single-Cycle Datapath: LDR register read

STEP 2: Read source operands from RF

CLK CLK
. o o
>
0 |19:16 RA1 WE3 WE
' = Al RD1 p—
PC PC A RD
Instruction a b
— A2 RD2 |—
Memory Data
A rs reu Memory
egister —1 wo
—1 WD3 File
—1 R15
Memory _ Immediate 11:0
I=0 -
3128 2726 25:20 19:16 15:12 110 ’/ |mm12
on T
cond |QP|I|PUBWIL| Rn | Rd Src2 e es 4 s
funct T=R shamt5 [sh 0] Rm

LDR Rd, [Rn,

imml2]

Register




Single-Cycle Datapath: LDR immediate

STEP 3: Extend the immediate

CLK
CLK | |
=3 N
» |19:16 RA1 WE3
' = Al RD1 p—
PC PC A RD =4
Instruction — A2 RD2 —
Memory
=2 A3 Register
—4 WD3 File
— R15
Memory B
| =
3128 2726 25:20 19:16 15:12 110
cond |QP|I|PUBWIL| Rn | Rd Src2
funct 1=

B(tlmm

Immediate

O —
1 T

CILK |
N WE
A RD
Data
Memory
— WD
11:0
imm12
11.7 a5 4 3:0
shamt5 |sh [0] Rm

Register



Single-Cycle Datapath: LDR address

STEP 4: Compute the memory adc

ress

ALUControl
CLK %0 CLK
: o &
= WE3 [~ WE
e . 7] 19:16 RA1 AL RD1 SrcA
A RD — 5| ALUResult
Instruction >3:' A P
— A2 RD2 |—
Memory SreB J Data
15:12 , Memory
A3 Register
. — WD
—1 WD3 File
—1 R15
11:0 l/lgi/ Extlmm
Memory _ Immediate 11:0
1=0 -
3128 2726 25:20 19:16 15:12 110 ’/ |mm12
50T
cond |QP|I|PUBWIL| Rn | Rd Src2 e es 4 s
funct T=R shamt5 [sh 0] Rm

LDR Rd, [Rn,

imml2]

Register




Single-Cycle Datapath: LDR memory read

STEP 5: Read data from memory and write it
back to register file

RegWrite ALUControl
CLK ” CLK
CLK | | |
2 V' WE3 VOWE
pC! PC 2 RA1 Al RD1 SrcA
A RD > | ALUResult ReadData
Instruction >3:' A D
— A2 RD2 —
Memory SrcB Data
A3 Redi Memory
egister 1 wp
— \WD3 File
— R15
{« ExtImm
Memory B Immediate 11:0
1=0 -
3128 2726 25:20 19:16 15:12 11:0 / imm12
op |y
cond |7 |IPUBWILI Rn Rd Src2 - os 4 a0
funct 1= R shamt5 [sh |0| Rm

LDR Rd, [Rn, imm12] Register
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Single-Cycle Datapath: LDR PC increment

STEP 6: Determine address of next instruction

RegWrit
CLK |l
]
5 N WE3
2 RA1 Al RD1
RD p—
Instruction — A2 RD2
Memory
A3  Register
— wD3 File
PCPlus4 R

lﬁ

ExtImm

ALUControl
00 CILK l
SrcA VoWE
ALUResult

—— A RD

SrcB < Data
Memory

— WD

ReadData
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Single-Cycle Datapath: Access to PC

PC can be source/destination of instruction

e Source: R15 must be available in Register File
— PCis read as the current PC plus 8

e Destination: Be able to write result to PC

PCSrc RegWrite ALUControl
1 cLK |l o CLK
] ]
2 V' WE3 NV WE
. . 2 RAL Al RD1 SrcA
‘ | ALUResult ReadData
Instruction >§ A D
— A2 RD2 —
Memory SIeB Data
15:12 ) Memory
A3 Register
. — WD
4_D — WD3 File
PCPIlus8
t R15
'

.| PCPlus4 I)
s
11:0

{ Extlmm




Single-Cycle Datapath: STR

Expand datapath to handle STR:

* Write data in Rd to memory

PCSrc RegWrite ALUControl MemWrite
CILK ° CII_K '
=l N WE3 N WE
% 19:16 RA1 Al RD1 SrcA
| A RD ALUResult A . ReadData
Instruction RA2| RD2 SrcB
Memory Data
15:12 . Memory
A3 Register Write Data WD
4 —1 WD3 File
| PCPlus8 R15
| PCPIus4 D
0 { Extend Extlmm
Memory B Immediate 11:0
I - (’]_/’,/ H
3128 2726 25:20 19:16 15:12 110 imm12
op |y
cond |7 |IPUBWILI Rn Rd Src2 - os 4 a0
— T j\ shamt5 [sh |0 Rm

STR Rd, [Rn,
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Single-Cycle Datapath: data processing

With immediate Src2:
e Read from Rn and Imm8 (ImmSrc chooses the zero-extended Imm8
instead of Imm12)

e Write ALUResult to register file
 Write to Rd

PCSrc RegWrite ImmSrc ALUControl & MemWrite MemtoReg
CLK 1 o | vaies :IC:I CLK 0 0
] D ]
=3 N WE3 @ N OWE
2 19:16 RA1 AL RD1 SrcA
| A RD — D| ALUResult ReadData
. = | A RD |
Instruction RA2I \» rRD2 H SreB <
Memory Data
15:12 . . Memory
A3 Register Write Data
. WD
4 —1 WwD3 File
.| PCPlus8 R15 1
| PCPlus4 ‘J 0
s —
0 { Extend Extlmm
Result
ADD Rd, Rn, 1mm8
Immediate 18 70
‘ rot imm8 |
Data-processing -
31:28 2726 25  24:21 20 19:16 15:12 11:0 1.7 65 4
| cond I%g |I| cmd ‘Sl Rn l Rd | Src2 Reglster shamt5s |sh| | Rm |

funct 1=0 /
11:8 7 65 4 3.0
‘ Rs |O|sh|1| Rm |

Register-shifted
Register
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Single-Cycle Datapath: data processing

With register Src2:

* Read from Rn and Rm (instead of Imm8)
e Write ALUResult to register file

e Write to Rd

PCSrc RegSrc RegWrite ImmSrc ALUSrc ALUControl & MemWrite MemtoReg
TO CLK 11 X o | vaies % ClI_K 0 0
QD
=3 N WE3 @ N OWE
2 19:16 RA1 Al RD1 SrcA
| A RD D| ALUResult ReadData
. 3:0 0 >_| A RD |
Instruction RA2I > RD2 0 siek <
Memory 1 1 ‘ MData
15:12 . . emory
A3 Reg|ster Write Data WD
4_D —i WD3 File 7
PCPlus8
Jecpuss | ] RS 0
1 —
0 | Extend ExtImm
Result

ADD Rd, Rn, Rm

Immediate 118 70

| rot | imm8 l
Data-processing -
15:12 110 11:7 65 4

31:28  27:2625 2421 20 19:16
| cond I3§|I‘ cmd ‘SI Rn | Rd I Src2 Reglster shamts |sh| ‘ Rm |

funct 1=0 /
18 7 65 4 3.0
| Rs |O| sh|1[ Rm I 15

Register-shifted
Register




ALU

ALUControl, Sumgyy ALUControl,

ALUControl;.,, Function
00 Add

01 Subtract
10 AND

11 OR

NIIPNEP

u q I pw

Yonuoony

LJ \11 10 /Nm 00 //,5

Resulty,
NZCV
F4

V C N Z Result  ALUFlags

Flags must be stored in FFs if required by

ALUControl

by instruction (e.g., CMP, TST, SUBS, ADDS, etc)
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Single-Cycle Datapath: B

Calculate branch target address:

BTA = (ExtImm) + (PC + 8)
Extimm = Imm24 << 2 and sign-extended

PCSrc RegSrc Regerte ImmSrc ALUSIc ALUControI P4 MemWrite
L CLK 10 ! % ck |°
] o ]
5 Q
2 ——0 rat| N WES SrcA N WE
A RDI AL rL S| ALUResut | |ReadData
Instruction RA2 A2 RD2 0 sre < ata
Memory 1
15:12 I— 1 . Memory
A3  Register Write Data WD
4 —1 WD3 File
-DPCPIUSS R15

.| PCPlus4 l)
o] —
239 Extend Extimm

MemtoReg
0

Result

Branch
31:28 27:26 25:24 23:0
cond |96 [1L imm24
funct
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Single-Cycle Datapath: Extimm

PCSrc RegSrc RegWrite ImmSrc ALUSrc ALUControl 2 MemWrite MemtoReg
1 1 |x CLK |o 10 1 00 % CLK |0 0
crK 5 119:16 \I/ g \I/
5 |19
17 oM 2 0 RALl 7 WE3 RD1 SrcA @ WE
0 Ao RDI 1AL L S| ALUResut | [ReadData
Instruction ' 0] RA2 A2 RD2 0 SrcB <
Memory |— 1 1, MData
S A3 Register Wirite Data W(E)mory
wD3 File
4'D PCPlus8 R15 1
| ,| PCPlus4 D 0
L ——
230 | Extend Extlmm
Result
ImmSrc,., Extlmm Description
00 {24’00, Instr,..} Zero-extended imm8
01 {20'b0, Instry;.o} Zero-extended imm12
10 {6{Instr,3}, Instr,5.0} | Sign-extended imm24

18



Single-Cycle ARM processor

1]pc

CLK

PC

— \ PCSrc |

Control
Unit MemtoReg
31:28 Cond MemWrite
27:26 op ALUControl
25:20 Funct ALUSrc
15:12 Rd ImmSrc
RegWrite
— Flags
~N— ALURags
— & CLK CLK
=5 |19:16 (87 \I/ J \I/
S22 o | 3 WE3 WE
o _I/ o RALL Ay RD1 SteA
A RD — 1511 D| ALUResult ReadData
) 3:0 0 — A RD
Instruction RA2 I <
A2 RD2 0] sreB Data
Memory 1
15:12 |_ 1 . Memory
A3  Register Write Data
. WD
4 —l \WD3 File
—D .| PCPlus8 R15 1
| pcplus4 D 0
s —
239 { Extend ExtImm
Result
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Single-Cycle Control

CLK

J

These signals change the
state (PC, RF, Memory)

If instruction shouldn’t

Sent through
Conditional Logic
first, then to
datapath

Sent directly
to datapath

Cond, °
ALUFlags,.
9830 o execute, forced to 0
|:lag\'NtO g g. J
PCS 565
=
. RegW = RegWrite
P10 MemW MemWritg/|
unct;,, Decoder MemtoReg
RdS:O ALUSrc
ImmSrc,
RegSrc,
ALUControI1i

20



Single-Cycle control

Cond,,

e

ALUFlags,.,

Opyp ——

Funct;,

RCI?;:O -

S
FlagW,,) T 3
s | &3
-
RegW D
MemW
Decoder —
./

- PCSrc °
——— RegWrite
- MemWrite

MemtoReg
ALUSrc
ImmSrc,, e
RegSrc,,,
ALUControl,.,

FlagW,.,: Flag Write signal,

asserted when ALUFlags

should be saved (i.e., on

instruction with S=1)

ADD, SUB update all flags

(NZCV)

AND, ORR only update NZ

flags

So, two bits needed:
FlagW, = 1: NZ saved
(ALUFlags,., saved)
FlagW,= 1: CV saved
(ALUFlags,., saved)

21



Example of control logic: ADD R1, R2, R3

1110 cond,,
'
XXXX ALUFlags,,
ez 00|
FlagW,, | T 2
Qa =
PCS 55
O} &g PCSIC @
m .
00 0 RegW 1 - RegWrite 1
Pro = ‘
"o MemWQ —— MemWrite
0 0100 O Functg, Decoder ~—
- - MemtoReg (
ImmSrc,, XX
RegSrci, 00
ALUControl,, 00
PCSrc
Control
Unit MemtoReg
31:28 cond MemWrite
27:26 op ALUControl
25:20 Funct ALUSrc
15:12 Rd ImmSrc
RegWrite
Flags
|_~“_/ ALUHags
T CLK CLK
CLK e 8 | ;
, 2 Olls Ragf M WES SrcA ™ WE
A RD _3%5 1 3| ALUResult A RD ReadData
Instruction 0] RA2 [ P4
Memory A2 RD2 07 srcB Mgr?::ry
= A3 Register Wiite Data WD
4-DPCP|USB_ wD3 File 1
] PcPluss D R15 o
22 f Extend Extimm

—_

Result




Example of control logic: ORR R1, R2, #F0

1110 Cond,,
'
XXXX ALUFlags,,
e 00|
FlagW,, | T 2
Q =
PCS 55
ol &g PCSre
m .
00 0 RegWW 1 - RegWrite 1
Pro = ‘
1o MemWO —— MemWrite
1 1100 O Functy, Decoder ~—
- - ' MemtoReg (Q
ImmSrc,, 00
RegSre,, X0
ALUControl 11
1:0
PCSrc N—
Control
Unit MemtoReg
31:28 cond MemWrite
27:26 op ALUControl
25:20 Funct ALUSrc
15:12 Rd ImmSrc
RegWrite
Flags
|_~“_/ ALUHags
T CLK CLK
CLK 5 |19:16 LS) I I
, § 0 5 RA1 AL WE3 RD1 SrcA ™ WE
A RD _3%5 1 3| ALUResult A RD ReadData
- 0
et v o sl 2
=2 A3 Reg‘ister Wiite Data WeDmory
4-DPCP|USB_ wos - File 1
J Pcplusa D R15 ;
= f Extend Extimm

—_

Result




Example of control logic: ANDEQ R5, R6, R7

CLK
)
0000 Cond,, =
XXXX ALUFlags,, — ;
—_—— 00 o
FlagW,, | T 2
Q =
PCS_Of &9 | pecsre g
RegW 1 o : .
00 0 RegWrite 0 or 1 depending on Z
p1:0 MemWO MemWrite O
0 0001 O Functy, Decoder ~—
- - ' MemtoReg (
ImmSrc,, XX
RegSrci, 00
ALUControl,, 10
PCsic ] ~— 1:
Control
Unit MemtoReg
31:28 cond MemWrite
27:26 op ALUControl
25:20 Funct ALUSrc
15:12 Rd ImmSrc
RegWrite
Flags
|_~“_/ ALUHags
CLK & CLK CLK
. glg»le 0 %) WES o '\ =
A RD[— 151 mk ROt = 5| ALUResult ReadData
| PP e o sl <
= A3 Register Write Data \l\/(lleDmory
— WD3 File
J Pcplusa 4BPCPIUSB R15 J é
= [ Extend Extimm 24

—_

Result




Example of control logic: STR R11, [R5, #8]

1110 Cond,,
'
XXXX' ALUFlags,,
e 00|
FlagW,, | T 2
Qo =
PCS &5
Ol &9 PCSre ()
m .
01 0 faa O = RegWrite
Pro —— ‘
"o MemW 1 —— MemWrite 1
011000 Functs_o Decoder ) SO
' MemtoReg X
ImmSrc,, 01
RegSrce,, 10
ALUControl,, 00
PCSrc
Control
Unit MemtoReg
31:28 cond MemWrite
27:26 op ALUControl
25:20 Funct ALUSrc
15:12 Rd ImmSrc
RegWrite
Flags
|_~“_/ ALUHags
1 8 CLK CLK
CLK 5 |19:16 LS} I I
, § 0 5 RA1 AL WE3 RD1 SrcA ™ WE
A RD _3%5 1 S| ALUResut | |ReadData
i 0
e e R T
=2 A3 Reg‘ister Wiite Data WeDmory
4-DPCP|USB_ wos - File 1
J Pcplusa D R15 ;
= f Extend Extimm

—_

Result

25



Example of control logic: BNE THERE

0001  Cond,,
'
XXXX ALUFlags;,
()
—— 00 o
FlagW,, | T 2
Qa =
PCS 1] &9
=
RegW O o
10 Opyy = MemWOQ
) SO
10XXXX  Functy, Decoder
XXXX Rd,, ——
—
——\PCSrc
CBnt_roI MemtoReg
nit :
31:28 cond MemWrite
27:26 op ALUControl
25:20 Funct ALUSrc
15:12 Rd ImmSrc
RegWrite
Flags
|_~“_/ ALUHags
by
oK | g CLK CLk
2o rarf N wEs SrcA ™ WE
A RD _3%5 1 S| ALUResut | |ReadData
Instruction 0] RA2 = =
Memory A2 RD2 07 SreB Mgn?:r
= A3 Register Wiite Data WD y
— wD3 File \
4-DPCP|USB R15 1
| PCPlus4 D 0
22 f Extend Extimm

—_

Result

RegWrite
MemWrite

MemtoReg
ALUSrc 1
ImmSrc, .,
RegSrc,,

ALUControl,, 00

0
0

0

10
X1

—— PCSrc 0 or 1dependingon Z

26



Example of control logic: CMP R1, R2

7Y
1110 Condy, e
R1=10, R2 = 10 > NZCV= 0100 ALUFlags,, . n
available by end of cycle and — FIagV'*.:le - B
1:0
latched at +ve edge 8 =
Pcs 0| 5§
=
RegW O o
10 Opyy = MemWOQ
0 1010 1 Functy, Decoder ~—
XXXX Rdg:@ —
Controlm
Unit MemtoReg
31:28 cond MemWrite
27:26 op ALUControl
25:20 Funct ALUSrc
15:12 Rd ImmSrc
RegWrite
Flags
|_~“—/ ALUHags
CLK & CLK CLK
Sles By |92 WES3 reA [~ WE
A RD | 1541 bk RO = S| ALUResult ReadData
et e P RETT
1512 A3 Regils[er Wiite Data \IXIleDmory
— WD3 File
J PcPlust 4BPCP|US8 R15 J é
239 f Extend Extlmm

—_

Result

—— PCSrc

RegWrite
MemWrite Q

MemtoReg ¥
ALUSrc
ImmSrc,, XX

RegSre,, 00
ALUControl,, 01

27



Example of control logic: SUBS R3, R1, R2

7Y
1110 Condy, e
R1=4, R2=5 2 NZCV= 1000 ALUFlags,, ” n
available by end of cycle and — FIagV'*.:le - B
1:0
latched at +ve edge PCS S =
O &9 L pcsre g
10 0 RegW 1 = RegWrite 1
P1o MemWO MemWrite O
Funct,, Decoder ~—
ImmSrc,, XX
RegSre,, 00
ALUControl.., 01
PCSrc ~— e
CBr;]tirtoI MemtoReg
31:28 cond MemWrite
27:26 op ALUControl
25:20 Funct ALUSrc
15:12 Rd ImmSrc
RegWrite
Flags
|_~“—/ ALUHags
CLK 18 CLK CLK
. =ik WES3 reA [~ WE
A RD [— 151 bk RO = S| ALUResult ReadData
s e R [ T
1512 A3 Register Wiite Data \IXIleDmory
— WD3 File
J PcPlust 4BPCPIUS8 R15 J é
239 f Extend Extlmm

—_

Result




Extended functionality
constant)

. shifted register (by

r—  PCSrc
C(l)Jr:_ltirtol MemtoReg
Cond MemWrite
Op ALUControl
Ll Funct |ALUSTC
Rd ImmSrc
RegWrite
ALUFlags
CLK CLK
CLK B _ _
> Z A1 47 Y& R SteAl™ " ME
A RD — S| ALUResult ReadData
Instruction 0 A2 RD2 /Shift 5 < ho
Memory - 1 I S1eB MeDs?'lt;lry
wi A3  Register WriteData WD
— WD3 File
4 -D PCPlusB R15 1
| _PCPlus4 Lr;J 0
o ] p—
i Extend Extimm
Result
Assembly Code Field Values
31:28 27:26 25 2421 20 19:16 15:12 11:7 65 4 3:0
ADDR7,R2,R12, LSR#5| 14 |0 |0 4 |0 2 7 5 01,0 12
cond opl cmd S rn rd shamt5 sh rm

No change to
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Critical path

o T is limited by the critical path (LDR)

Unit
Cond

3128

2728

Op

25120

Funct
Rd

1512

)
Control

PCSrc

MemtoReg

MemWrite

ALUControl

ALUSrc

ImmSrc

CLK
73
1] PcC PC A RB =)
0
Instruction
Memory

RegWrite

15:12 |— !

4-D PCPlusg
r-' T

_D PCPlus4
a{ |

L

CLK

|

WE3

A1l RD1
AZ RD2
A3  Register
WwD3  File
R15

ALUFlags

o

ALUResult

WriteData

[ Extend

Extimm

CLK
|
WE
R Dat
A R eadData
Data
Memory
WD
0
Result

Single-cycle critical path:
Tcl = tpcq_PC + tmem + tdec + maX[tmux + tRFread’ tsext + tmux] + tALU + tmem + tmux + tRFsetup

30



Critical path delay

» Single-cycle critical path:

Tcl = tpcq_PC + tmem + tdec + max[tmux + tRFread’ tsext + tmux] + tALU + tmem + tmux + tRFsetup
* In most cases:

Tcl = tpcq_PC + Ztmem + tdec + tRFread + tALU + 2tmux + tRFsetUp

Element Parameter Delay (ps)
Register clock-to-Q tocq pc 40
Register setup tsetu-p 50
Multiplexer tux 25

ALU taLu 120
Decoder tyec 70
Memory read tem 200
Register file read toFread 100
Register file setup tRFsetup 60

Tcl = tpcq_PC + 2tmem + tdec + tRFread + tALU + 2tmux + tRFsetup
=[50 + 2(200) + 70 + 100 + 120 + 2(25) + 60] ps

= 840 ps 31



Summary

e Single-cycle processor design Is simple
* Plenty of room for improvement:

— Multi-cycle

— Pipelining

— Superscalar

 In Lab05 you will design, implement and
boot your first processor!

32
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