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Single-Cycle ARM Processor
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Single-Cycle Control

CLK

J

Cond,,,
ALUFlags,,, o
’ \ FlagW,, T2
PCS 55
-
RegW 2
Opyy —— MemW
Funct,, Decoder ———
I:\>d3:0
—

PCSrc
RegWrite
MemWrite

MemtoReg
ALUSrc
ImmSrc .,
RegSrc, .,
ALUControl,.,
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Single-Cycle Control

CLK

J

Cond,,,
ALUFlags,,, o
’ \ FlagW,, T2
Qe =
PCS 59 | PCsrc
o RegW = RegWrite
Pro MemW - MemWrite
Funct,. Decod — _
>0 ecoder MemtoReg
Rd,. ALUSrc .
0 Sent directly
ImmSrc ., h
RegSrc, , to datapat
ALUControl,.,
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Single-Cycle Control

CLK

J

Cond,,,
ALUFlags,,, 0
' | FlagW, T2
. Q = __ Sent through
©S [—— PCsrc Conditional Logic
0 —— R~egwirite | first, then to
P10 = MemW -
—— MemWrite | gatapath
Funct.. Decod ~— —
unct;,, ecoder MemtoReg
Rd,. ALUSrc .
>0 Sent directly
ImmSrc ., h
RegSrc, , to datapat
ALUControl,.,
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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
FIang g g.
PCS 55
=)
RegW = RegWrite
Opyog — MemW MemWritg
Funct,, Decoder S~ I\/IemtoReg_
Rd3:0 ALUSrc
ImmSrc .,
RegSrc, .,
ALUControI1i
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Single-Cycle Control

CLK
—— * FlagW,.,: Flag Write signal,
ALuglonds:o asserted when ALUFlags
ags,, .
30 (_(—\> o should be saved (i.e., on
FlagW,, [) = 2 . . .
% 22 instruction with S=1)
P % | PpCsrc
RegW = RegWrite
Opyp —— MemW - MemWrite
Funct;,, Decoder — MemtoReg
Rd,., =— ALUSrc
ImmSrc .,
RegSrc,.,
ALUControl,.,
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Single-Cycle Control

CLK
— * FlagW,.,: Flag Write signal,
ALU‘F3|°”d3:0 asserted when ALUFlags
agss. .
- (_(—\ o should be saved (i.e., on
%> g2 instruction with S=1)
P 59 | PcSrc
RegW o ~* ADD, SUB update all flags
o ——— RegWrite
Pro =] MemW - MemWrite (NZCV)
Funct,,, Decoder — VemtoReg AND, ORR only update NZ
Rd;p —— ALUSrc flags
ImmSrc .,
RegSrc,.,
ALUControl,.,
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Single-Cycle Control

CLK
— * FlagW,.,: Flag Write signal,
ALU‘F3|°”d3:0 asserted when ALUFlags
agss. ]
° (_(—\ o should be saved (i.e., on
%> Y instruction with S=1)
- °3 | Posr e ADD, SUB update all flags
RegW = RegWrite ’ P &
Opro —— MemW - MemWrite (NZCV)
Funct, Decoder — VemtoReg AND, ORR only update NZ
Rd;p —— ALUSrc flags
ImmSre., e S0, two bits needed:
RegSrc,., A,
ALUControl FlagW, = 1: NZ saved
. (ALUFlags;., saved)
FlagW,=1: CV saved
(ALUFlags,., saved)
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Single-Cycle Control

CLK
Cond,,,
ALUFlags,., o
' |FlagW,,| T 2
Q =
PeS ®8 | Pcsre
RegW = |—— RegWrite
OPro MemW - MemWrite
Funct,, Decod ——
>0 ecoder MemtoReg
Rd,., =— ALUSrc
ImmSrc .,
RegSrc, .,
ALUControl,.,
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Single-Cycle Control: Decoder

’ \ FlagW,.,
PCS
RegW
Op,.o MemW
Funct,,, Decoder
Rdso ——
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Single-Cycle Control: Decoder

Rd,, —[Pc Logic} PCS

Branch
Submodules: RegW
 Main Decoder —— MemW
e ALU Decoder Main [—— MemtoReg
. Decoder | ALUSrc
* PClogic 5,0 —— ImmSrc,,
—— RegSrc,,

Funct,, —

ALU

Decoder — ALUContral .,

—— FlagW,,,

-——————————_____\
O
©
o
\_______________—
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Single-Cycle Control: Decoder

Rd,, —[Pc Logic} PCS

Branch
Submodules:
e Main Decoder
e ALU Decoder Dgﬁ';';‘er

PC Logic

N
[=)

P——
——

ALU

Funct,, —

ALU |
Decoder

Op

———————————_____\
O
o
o

RegW
MemW
MemtoReg
ALUSrc
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RegSrc,

ALUContral .,
FlagW1 :0

\_______________—
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Control Unit: Main Decoder

SIYOJWIA]
USNTV

00 0 X DPReg [0 | O 0 0 XX 1 00 1

00 1 X DPImm J O | O 0 1 00 1 X0 1

01 ] X 0 STR 0| X 1 1 01 0 10 0
01 ] X 1 LDR 0] 1 0 1 01 1 X0 0
10| X X B 1] 0 0 1 10 0 X1 0
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Single-Cycle Control: Decoder

Rd,, —[Pc Logic} PCS

Branch
Submodules:
e Main Decoder
e ALU Decoder szﬂlger

PC Logic

N
[=)

P——
——

ALU

Funct,, —

ALU |
Decoder

Op

———————————_____\
O
o
o

RegW
MemW
MemtoReg
ALUSrc
ImmSrc, .,
RegSrc,

ALUContral .,
FlagW1 :0

\_______________—
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Review: ALU

ALUControl,., Function

00 Add \/
01 Subtract 5 ALUControl
10 AND ALU
AN g4
! OR Result ALUFlags
IN,Z,C,\}
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Review: ALU

A B
Asi N AN
Ba1
ALUControl, Sumg, ALUControl,
}
Q
Cout Q
S
3
|| S~
N N KN N
11 10 01 00
tj <L ALUControl
Results4 N
NzCV
F4
V C N V4 Result ALUFlags
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Single-Cycle Control: Decoder

Rd,, —[Pc Logic} PCS

Branch
Submodules:
e Main Decoder
e ALU Decoder szﬂlger

PC Logic

N
[=)

P——
——

ALU

Funct,, —

ALU |
Decoder

Op

———————————_____\
O
o
o

RegW
MemW
MemtoReg
ALUSrc
ImmSrc, .,
RegSrc,

ALUContral .,
FlagW1 :0

\_______________—
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Control Unit: ALU Decoder

ALUControl;,y, FlagW,,,

0 X X Not DP 00 00
0100 0 ADD 00 00

1 11

0010 0 SUB 01 00

1 11

0000 0 AND 10 00

1 10

1100 0 ORR 11 00

1 10

* FlagW,=1: NZ (Flags,.,) should be saved
* FlagW,=1: CV (Flags,,) should be saved
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Single-Cycle Control: Decoder

Rd,, —[Pc Logic} PCS

Branch
Submodules:
e Main Decoder
e ALU Decoder Dgﬁ';';‘er

PC Logic

N
[=)

P——
——

ALU

Funct,, —

ALU |
Decoder

Op

———————————_____\
O
o
o

RegW
MemW
MemtoReg
ALUSrc
ImmSrc, .,
RegSrc,

ALUContral .,
FlagW1 :0

\_______________—
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Single-Cycle Control: PC Logic

PCS = 1 if PC is written by an instruction or branch (B):
PCS = ((Rd == 15) & RegW) | Branch

—\ PCSrc
Control MemtoRe
Unit g
31:28 Cond MemWrite
27:26 Op ALUControl
25:20 ALUSrc
Funct
15:12 Rd ImmSrc
RegWrite
Flags
|_¥—’ ALUFlags
Pl
CLK CLK
CLK 5119:16 ! (.(.c;) \l/ \l/
o 01|33 WE3 [~ WE
' 2 o RAT A1 RD1 Srch
A RO AL S ALuResut | |ReadData
Instruction ' 0] _RA2 ~ 3
Memory 1 A2 RD2 _Iﬂﬂ Data
) 1 Memo
e [ A3 Register wiiteData | [ % v
4 — WD3 File
-P‘PCPIUSS R15 1
}-PCPlus4 lj 0
L —
20 1 Extend Extlmm

Result

If instruction is executed: PCSrc = PCS
Else PCSrc =0 (i.e., PC=PC +4)
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Single-Cycle Control

CLK
Cond,,,
ALUFlags,., o
' |FlagW,,| T 2
Q =
PeS ®8 | Pcsre
RegW = |—— RegWrite
OPro MemW - MemWrite
Funct,, Decod ——
>0 ecoder MemtoReg
Rd,., =— ALUSrc
ImmSrc .,
RegSrc, .,
ALUControl,.,
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Single-Cycle Control: Cond. Logic

CLK

J

—— PCSrc
—— RegWrite
- MemWrite

Cond,,,
ALUFlags,., o
FlagW,o | & §_
pcs | &8
RegW -2
MemW
—
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Conditional Logic

CLK
Cond,,,
ALUFlags,.,
&
FlagW,,, T3
Q =
PeS ®8 | Pcsre
RegW — |— RegWrite
MemW —— MemWrite
—
Function:

1. Check if instruction should execute (if not, force
PCSrc, RegWrite, and MemWrite to 0)
2. Possibly update Status Register (Flags;.,)
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Conditional Logic

CLK
Cond,,,
ALUFlags,.,
&
FlagW,,, T3
Q =
PeS ®8 | Pcsre
RegW — |— RegWrite
MemW —— MemWrite
—
Function:

1. Check if instruction should execute (if not, force
PCSrc, RegWrite, and MemWrite to 0)
2. Possibly update Status Register (Flags;.,)
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Single-Cycle Control: Conditional Logic

RegW } RegWrite |
MemW _} MemWrite

|
|
0 l
| Flagw,, o '
| S !
J B |
=
: FlagWrite;.o X '
' Cond ,, [
CLK
| | [
l [3:2] FlagSS:Z (e '
2l 0o '
| (] g = |
| ALUFlags ,, — =5
0 C|LK = l
l Flags, l
| [1:07 | [
I 0] — |

—-———-——--————-————J
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Conditional Logic: Conditional Execution

RegW _} RegWrite |
MemW _} MemWrite

@

2 | ) Flagss, \

T 1

32949
uolpuoy

ALUFlags 5., —

Depending on condition mnemonic (Conds.,) and condition flags
(Flagss.,) the instruction is executed (CondEx = 1)
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Conditional Logic: Conditional Execution

1 »—— PCsrc |
RegW _} RegWrite |
MemW _} MemWrite
FlagW ;. 0
o
3
: Y
Flags;,, is the

@

2 | ) Flagss, \

status register

T 1

32949
uolpuoy

ALUFlags 5., —

Depending on condition mnemonic (Conds.,) and condition flags
(Flagss.,) the instruction is executed (CondEx = 1)
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Review: Condition Mnemonics

cond Mnemonic Name

0000 EQ Equal Z

0001 NE Not equal Z

0010 CS/HS Carry set / unsigned higher or same C

0011 CC/LO Carry clear / unsigned lower C

0100 MI Minus / negative N

0101 PL Plus / positive or zero N

0110 VS Overflow / overflow set Vv

0111 VC No overflow / overflow clear \%

1000 HI Unsigned higher ZC

1001 LS Unsigned lower or same ZORC
1010 GE Signed greater than or equal NV
1011 LT Signed less than NeV
1100 GT Signed greater than Z(N®V)
1101 LE Signed less than or equal Z OR (N&®V)
1110 AL (or none) Always / unconditional Ignored
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Conditional Logic: Conditional Execution

RegW } RegWrite |
MemW _} MemWrite

@

X3puod

Flags;., = NZCV

2 | ) Flagss, \

(e
QS
ALUFlags 5., — 0
C|L -
\Flags; o/
[1:(? \_/
[0]
— e e e e cEr GEe GEp GEe GED GEb GED GEP GEP GEP GED GED GED =D o’
Example: AND R1, R2, R3
Cond,.,=1110 (unconditional) =>CondEx =1
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Conditional Logic: Conditional Execution

RegW _} RegWrite |
MemW _} MemWrite

@

2 | ) Flagss, \

X3puod

Flags;., = NZCV

()
QS
ALUFlags 5., — 0
C|L .
i \Flags; o/
[1:0] N
[0]
— e e e e cEr GEe GEp GEe GED GEb GED GEP GEP GEP GED GED GED =D o’
Example: EOREQ R5, R6, R7
Cond,.,=0000 (EQ): if Flags = x1xx =>CondEx=1
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Conditional Logic

CLK

J

—— PCSrc
——— RegWrite
- MemWrite

Cond,,,
ALUFlags,.,

&

FlagW,o,| £ 3

PCS 55

>

RegW -2

MemW
—
Function:

1. Check if instruction should execute (if not, force
PCSrc, RegWrite, and MemWrite to 0)
2. Possibly update Status Register (Flags.,)
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Conditional Logic: Update (Set) Flags

RegW —— RegWrite [

_} MemWrite

[
[
I !
I = |
I S |
Q.
I . y |
Flag53:0 = NZCV ' FlagWrites. x |
' Cond ,, I
CLK
| | I
3:2) Flags;., 0 l
| 2|
2~ '
@D | | '
—_ =~ 5
| / CLK S I
| Flags,., l
I (10]] l
0] — l
| DO
IS GBED GEED GEED GEED GIND GIND GIND GIND GIND GIND GIND GIND GEND GIND GIND GEND GEND D J

Flags,., updated (with ALUFlags,.,) if:
* FlagW is 1 (i.e., the instruction’s S-bit is 1) AND
* CondEx is 1 (the instruction should be executed
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Conditional Logic: Update (Set) Flags

Cond 5,

-
s

ALUFlags ;., —

[3:2]

FlagWrite .o
CILK
Flags;., 9
@)
-
T M] g o
o =
X O
CILK =
Flags. ,
I 0] \—___

PCSrc \|
RegWrite [

MemWrite

Recall:

e ADD, SUB update
all Flags

e AND, OR update
NZ only

* So Flags status
register has two
write enables:
F|38W1zo
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Review: ALU Decoder

ALUControl;,y, FlagW,,,

0 X X Not DP 00 00
0100 0 ADD 00 00

1 11

0010 0 SUB 01 00

1 11

0000 0 AND 10 00

1 10

1100 0 ORR 11 00

1 10

* FlagW,=1: NZ (Flags,.,) should be saved
* FlagW,=1: CV (Flags,,) should be saved
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Conditional Logic: Update (Set) Flags

RegW } RegWrite |

‘w sV 1 »—— MemWrite

[
|
l !
I 5 |
I S !
Q.
i l
All Flags : FlagWriter . |
Cond ,.
updated : a0 — :
|
I 3:2) Flags;., 0 l
2| o8 '
| 1 g% '
Qo) —
| / CLK S I
| Flags,., l
l [1:(? l
0] — l
| D
GGED GED GBED GEED GEND GEND GEND GEND GIEND GIEND GIND GIND GIND GIND GIND GEND GEND GEND D J

Example: SUBS R5, R6, R7
FlagW,.,= 11 AND CondEx = 1 (unconditional) => FlagWrite,, = 11
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Conditional Logic: Update (Set) Flags

RegW _} RegWrite |

_} MemWrite

Flags;., = NZCV

|
|
I [
| = '
| 0 l
& I
° Only Flagss:z : FlagWrites.q P '
updated | CoMse — ¢ :
: 0 |
i |.e., Only NZ l [3:21 | Flags,., g) '
(@]
Flags | . Za :
updated : — ek ~ 3 I
|
l Flags, l
| [1:07 | [
I 0] — I
- e cEs CEd GEP GEP GEP GEP GEP GEP GEP GEP GEP GEP GED GED GEP GEP e o’

Example: ANDS R7, R1l, R3
FlagW,., = 10 AND CondEx = 1 (unconditional) => FlagWrite,., = 10
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Example: ORR

=N GIYOJWIA

PCSrc
Ctlr;til;ol MemtoReg
31:28 Cond MemWrite
27:26 op ALUControl
25:20 Funct ALUSrc
15:12 Rd ImmSrc
RegWrite

ALUFlags
1 XX 0 1" C 0
CLK CLK
CLK B ]
2 WE3 ~ WE
z A1 RD1 SreA
AsRD-1— 2| ALUResult ReadData
Instructi >2‘ A RD
nstruction | A2 RD2 5
Memory ) SrcB Mc?rit;y
A3  Register WriteData WD
wD3 File -
~] pcpusa | R1S p
+{] —
20 1 Extend Extimm
Result
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Example: ORR

)

Control
Unit

Cond

31:28

AL

27:26

Op

PCSrc
MemtoReg
MemWrite

UControl

25:20
Funct

15:12 Rd Im

ALUSrc

mSrc

Iusm

el M [2¢ A RD
0

RegWrite

ALUFlags

19:16

C‘LK

WE3

15 1] |
3:0
0] RA2

Instruction
Memory

_D PCPlus4

15:12 r 1

A1 RD1

A2 RD2

A3  Register
wD3 File

4-DPCP|USS
L

23:0

R15

XX

"

CLK

SrcA N
Dl ALUResult
i
<

0] srcB
WriteData

[ Extend Extimm

WE
ReadData

Data
Memory

WD

Result
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Extended Functionality: CMP

Cond,,,

CLK

J

ALUFlags,,,

Opw:o —
FUﬂCtaO —

Rda:o .

0
FlagWi., g%.
PCS %é" -
RegW 2 1
MemW -
| NoWrite
Decode
—/

Digital Design and Computer Architecture: ARM® Edition © 2015

PCSrc
RegWrite
MemWrite

MemtoReg
ALUSrc
ImmSrc .,
RegSrc, .,
ALUControl.
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Extended Functionality: CMP

Cond,,,
ALUFlags,,,

Rd 3:0

CLK

J

)
FlagW,, | & %.
Q =
PCS 59 | pcsre
RegW - | RegWrite
MemW —— MemWrite
| NoWrite
Decode MemtoReg
ALUSTrc
ImmSrc .,
RegSrc, .,
ALUControl.

No change to datapath
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Extended Functionality: CMP

( I f oS 1 »r—— PCSrc \|
I PCS || Reaw S |
RegWrit
I [ [ NoWrite 1 egvvrite :
| | | viemi 1 »—— MemWrite :
: | [ FlagW,., o
| RegW 0 | % :
I MemW 0 | L o
FlagWrite;. al
| Main MemtoReg | | o 1:0 — |
| Op,, ——]Decoder ALUSTC V| 0N o |
l ‘o ImmSrc,, A | | . [
I RegSrc, | | 2] 9532 o8 ]
| B - 3 2 :
| Functy, — ALUOP | | ALUFlags,, — o] :
CLK
: NoWrite l : | . :
ags;.

so ALU ALUControl, l L IS0 :

I Decoder °1 | (1:0]
Flagvv1l@ [O} ;} |
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Extended Functionality: CMP

ALUControl;,y, FlagWy,

0 X X Not DP 00 00 0
1 0100 0 ADD 00 00 0
1 11 0

0010 0 SUB 01 00 0

1 11 0

0000 0 AND 10 00 0

1 10 0

1100 0 ORR 11 00 0

1 10 0

1010 1 CMP 01 11 1
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Extended Functionality: Shifted Register

{Shift;

31:28 27:26 25 24:21 20 19:16 15:12 11:7 65 4 3:0

ADD R7,R2,R12,LSR#5| 14 |[0|0f 4 |0 2 7 5 01,0 12
cond opl cmd S rn rd shamt5 sh rm
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Extended Functionality: Shifted Register

{Shift;

No change to controller
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Review: Processor Performance

Program Execution Time
= (#instructions)(cycles/instruction)(seconds/cycle)

= # instructions x CPI x T,
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Single-Cycle Performance

) pC:

CLK

PC L AvRD

Instruction
Memory

—D PCPlus4

.\
Control

PCSrc

MemtoReg

Unit

31:28

MemWrite

Cond
27:28

ALUControl

Op

25:20
Funct

ALUSrc

15:12

Rd

ImmSrc

RegWrite

19:16

| sul

CLK
|

15 —
3.0

15:12

N -D PCPlus8
r

«LJ

L

WE3

A1 RD1

A2 RD2

A3  Register
R15

SrcA

[0 SrcB

—

ALUFlags

CLK
|

WE

ALUResult ReadData

ALU

Data
Memory

WriteData
: WD

[ Extend Extimm

—

Result

T, limited by critical path (LDR)
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Single-Cycle Performance

e Single-cycle critical path:

T;] — lpeqg PC T lmem T ldec T
maX[tmux T tRFreada tsext ™ tmux] T

tALU ™ tmem ™ tmux T ZLRF setup

e Typically, limiting paths are:
— memory, ALU, register file

— Loy T pcq PC T 2tmem T ZLa’ec T tRFread ™ tALU + ZZLmux T
tRFsetup
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Single-Cycle Performance Example

Element

Parameter

Delay (ps)

Register clock-to-Q | #,., pc 40
Register setup tsetu; 50
Multiplexer fux 25
ALU IALU 120
Decoder tgec 70
Memory read frem 200
Register file read ! RFread 100
Register file setup tRFsetup 60

1,

c

1

=7
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Single-Cycle Performance Example

Element

Parameter

Delay (ps)

Register clock-to-Q | #,., pc 40
Register setup tsetu; 50
Multiplexer fux 25
ALU IALU 120
Decoder tgec 70
Memory read frem 200
Register file read ! RFread 100
Register file setup tRFsetup 60

Tc] — tpcq_PC T 2tmem T tdec T tRFread T tALU T ZzLmux T tRFsetup
= [40 + 2(200) + 70 + 100 + 120 + 2(25) + 60] ps

= 840 ps

Lecture 20 <51>
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Single-Cycle Performance Example

Program with 100 billion instructions:

Execution Time = # instructions x CPI x T,
= (100 x 10°)(1)(840 x 10145s)
= 84 seconds
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