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Processor Design for Pipeline Stage Unification and
Power Consumption Evaluation
Kazunori SUZUKI
Abstract

Power consumption of recent mobile processors have the inclination to in-
crease and we are required how to exhibit low-power consumption. To satisfy
these requirements, a method called dynamic voltage scaling or DVS is currently
employed in current commercial processors. DVS reduces power consumption
by decreasing the supply voltage when a processor runs at a low clock fre-
quency under low workload. Although DVS is an effective method for reducing
power consumption, its effectiveness will be limited in future process technology
because of subthreshold leakage current incrementation and threshold voltage
deviation incrementation caused by process deviation incrementation.

As an alternative, we proposed a method called pipeline stage unification
or PSU. PSU is similar to DVS at the point which reduces power consumption
by decreasing the supply voltage when a processor runs under low workload.
But PSU is different from DVS at which permits signals to pass several pipeline
stages in each cycle by utilizing increased clock cycle time. At that time, PSU
bypasses pipeline registers between unified pipeline stages. Power consumption
reduction with PSU is achieved by two reasons. Firstly, PSU saves power con-
sumption by reducing the total load capacitance of clock driver. This is accom-
plished by stopping the clock signal to bypassed pipeline registers. Moreover,
PSU reduces cycle count for program execution by reducing pipeline stages. It
reduces the time that the processor consuming power.

Previous PSU researches have only done with architecture level simulation.
In evaluation of power consumption reduction with PSU, we used the values
which are published by commercial processors. However, the published data
are rough to use in our research because it doesn’t mentioned about dispersion
of pipeline registers among stages, pipeline registers which can’t adapt PSU, and
the effect of each pipeline register’s activity factor. In this paper, I designed
and implemented processor with Verilog HDL and evaluated detailed power

consumption of pipeline register and so on.



v

I designed 4-way out-of-order superscalar processor which executes MIPS
instruction set architecture. I used Quartusll Ver 6.0 (Altera Co.) for devel-
opment. The reason why I chose MIPS instruction set is as follows. Firstly,
in MIPS instruction set, the number of instructions is no more than 132 and
structure of instructions is simple, so that I could easily develop function mod-
ule like decoder. Secondly, the architecture level simulator SimpleScalar Tool
Set which is used to evaluate PSU in previous research executes MIPS based
instruction set. So, I chose MIPS instruction set to be able to compare with
previous result.

There are many function modules in the processor, I designed front-end,
the parts of execution core, Instruction Window, some of ALU, and the parts
of back-end, Read/Write to register files. However, I didn’t design commit
function module and exception module. This is because the stage number which
assigned to front-end is much larger than that of back-end, so that almost all
of power consumption reduction by PSU is accomplished in front-end.

In evaluation, I used PowerPlay Power Analyzer Tool which is pertained to
QuartusII and measured power consumption by executing simple instructions
on the designed processor.

The evaluation results show that the ratio of the power consumption of
pipeline registers to the power consumption of whole processor is 7.30%, and
the ratio of the power consumption of clock driver to the power consumption of
whole processor is 15.86%. Also our results shows that the power consumption
of pipeline registers become 56.16% smaller if we adapt PSU in this processor.
Yet I couldn’t evaluate power consumption reduction of clock driver under PSU
because PowerPlay Power Analyzer Tool couldn’t evaluate it.

From this result, we can improve the reliability of simulation result which is

evaluated in architecture level simulation.
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00000 pPCO0OOOD0OODOOODOOOODOOOODDOOODOODOOPC
0000400000000 o000 oooooood
O0000000obOooooooooooO NOPOOOOOOOODOO Valid
googonoon
e Valid Check
BTBOgshare 00 OO0 O0O00OO0O0OOO0OOOODODOOOOOODOO PCOO
OBTBOUODOOOODODODOOODUODOOOODOoOoooooooooood
ValidOOODO 0OOO0O
0 0 0O OlInstruction Cache 000000 OO Valid OO OO Valid Check O O
000 ValidOOOOOOOODOO0O0oooOo400000 ValidOOOoooo
3.2.2 0O00O0OO
00000 decodelOdecode20decode3 00 DO OOOOOOMNO 330000
ogoooo
e Pre-Decoder
A000000000000O0OO0OO0
- 000000000 (bstOSrelOSre2) 000000000 ODODOOO
gooooogo
— 0o0ooouoooooooboooo
- 00000 (000 int ALUOMt MultiD OO O/0000000O)
0000000000 00000Pre-Decoder0 000000 OOOOO0O
goooooooon
e Allocate
000000000000 0000000000000000 (Preg)0O0O
Preg0 0000000000 DMTOOOO (Iwin)DOOOOODOOOO
(ROB)0DDOOO0OOOO0OODO
e Map Table
Map TableO O Odecodel D OO O0O0OOODO0OOOOOOOOODOONO
0000000000000 IwmdOOoOooooooad
doooooooooooooooboooooooooooooooao
00000 (prev-Preg) O Iwin(prev-Iwin) 0 0 0 0 0 0O O O decode2 O
OO000b00O0o0o0O0o0OO0obO0ob0obooooOOooOOoboDoboboooboo
00000000000 IwinOOODODODOODODOO
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Valid info Inst *4

Pre-Decoder

Lreg info
Allocate
g g
[a0] [e)) = ] .
¢ & = Register Renaming
|
T 1 1)
Map Table Intra
Dependancy
s~ Detector
ER - o
- wn 75}
& £ £ <
a 3 z Z
()] —~ g >
[0) o o
T @ » 2
s a o 0
’ Allocate Selector }7
Iwin(Src) | Preg(Src)
Re-order Buffer Iwin(@st) | pMT
Immediate
Value

{Preg(Dst) lPreg(Src!
InstROB _____| Payload RAM

033000000

e Intra Dependancy Detector(IDD)
oooobooooobooooooooboooobooooooooooooobooo
oooobooooobooooooooboooobooooooooooooobooo
OooooooboooonD IwinOO0OOOODO

e Allocate Selector
IDbOoO0o0o0oO0o0ooooooooooooooooooooooooDon
Oooooobooooooooboooboooo IwinO IDDOODOOO
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0000000000000 Map TableOODOOOOGOOoOoQoO

e DMT
0000 SrclO0 Src200 RAMOOODOOOOOOOODMTO Iwin(Sre)
O Iwin(Dst) 000000000000 0OOOOODMTOOOOOOOO
oooonDoon

e Payload RAM
Iwin(Dst) 000000000000 000000000000000(ROB)
O0O0O000Dst,Srel,Sre20 0000000 0O0OOOOO0OOOODOOO
O0o0b0ooooboooboooboOooboobooooooooooo
O0o0ooooboooo

e Re-order Buffer
ROBOOOOOOOOOODODODOOPreg(Dst)O Iwin(Dst)d Map Table O
00000 prev-PregO prev-Iwin D 000 O00O0OOO0DO0OO0O0OOODOOO
00000000 Map TableD DMTOOODOOODOOOOOODOOOO

3.23 0OO00OOOOOODOODOO

0000000000000 D0O wakeupO selectU issuelissue2 0 0 0O 0O 0O O

00000 34000000000

Srci Src2

(issuel 7 = —X)
Firehicmnoftovy N2 V7

Issue Selector

Inst*4 L
Payload RAM

+—Hololo|o|o|o
+—Hololo|olo|o

(wakeup 7 = —X)

Ii
| | | |1| | Preg(Src1,Src2)

DMT LF4 - Ey h

o

Register File

. Immediate
Register Value Value

034 0000000000000
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e DMT
wakeupO O OO OOSrclOSrc20000000000OO00OOOOOOODO
000000000000 000DO00O000DOO00OO0DODOoDOOobOOooOoDd
O000000oooobOoooooscelOSre2000000DOO0OOODO
0000000000000 0000000000000D000O0 issuel O
000000000000 000D00DO0000D000oO0ooDOooOO

e Issue Selector
select OODOODOOOODMTOOODODOODOODOOOODDODODOODOOO
OO000DOO0oooooog

DMT (issuel” = — XEHIEH)

0000011110001000

(Allocate)
Shifter IwinTailPtr=4

0111100010000000

Selector

0001,0010

Adder

Issue Selector
0101,0110

O 3.5: Issue Selector 0 OO

Issue Selector OO O OO 350000000000

O00000OAllocate 0000000 IwinTailPtr 0O DO ODODOODOOO
0000000000000 0O000DO00O0DO0DbO0ODbODbDODOOissuel
0000000000000 0000 winTallPtr 000 O0O0D0OO0O0DOOO
select 0D O00O0ODODOODMTOODODOOOODDODOOOODODO Iwin-
TailPtr 0000000000000 DOOODOODOOO00O0O0OO Selector
000000 Selector DO O0DDO0ODO0ODOODOODOODOODO
0000000000000 0D00000000D000D0 int ALUODO 2
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OO0t Multi. 0000/00000 1000000000 Selector000O
00000000000 winTallPtr 00O 0O0OO0OOO0OODOOOOOO
guodooobooooon
O03500000DMTOOUOOOOOOODODODOD IwinTailPtr 00O O
000000 40000000000000000SelectorD OO
0001,00100 0000000 IwinTailPtr 000000 400000 0101,0110
gugooooooobbood
e Payload RAM
issuel OO OOO0O0OOOIssue Selector 00O 0O0O0OODOOOOO
gogodoobooobbbbtboooooooouooobooboboobbooo
e Register File
Payload RAMOOOOOOOO Preg(Srcl,Src2) 00 00O Oissue2 00
O00D0000O Register FileOOOOODOOODOODOODOOODOO
3.24 0JU0UOUOOOOOOOO
000000000000 executiondwritebackUOOOODOOOOO 3.60
gdddddouoououoooosebbbobbbobbbbbbbooooooo

: . (I tiii))
Register File [
Immediate Register
Value Value (writeback 7 = — X)

ALU(execute 7 = — X)

Data Cache

36 0000000000bD00

o ALU
Oo0obooO0oooboO0oobbOoobobboooboooobboobo ADDO
SUBOADDIODOODOODOODODO int ALUODODOOODOO

e Register FileO O OO OO
writeback DO O OOODOALUDOOODOOD Register FileDO O OODO
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3.3 RAMUOUOOOOOOOOOOOO

O000RAMOOODOOOOOOOOOODOODOODODOOOOOO
oooooobOobRAMOODOODODOOOOOODODODODOOO

OO00O0bO0o0oO0O00OO0Ob0ORAMOODOOOODOODOODOODOOD 100
gbobodgbooobboooboobboobuoobboob i sbboooboon

Re-order Buffer

BTB
gshare OO OODOOODOO
gshare OO OODOOODOO
DMT

ooooood
oOooooooo

Register File

Map Table

Payload RAM

O0000O0DO00 RAMOODOODODOODOODOODOOD
3.3.1 RAMOOOODOODOODOODODODOO

Selector

Address*2
Data*2(Write¥)

Address[0]=0

Address*2,Data*2(WritelFf)
Address[0]=1 :

> RAMO > RAM1
I I
i Selector
:4-Read,4-Write
iRAMModule
Data*4(Read¥F)

v

v

037 RAMODOOOODOOOOO
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Oo0oOo0ooboooD400000000OD0OOOOORAMODOOOOO
0000 4-ReadD4-WriteD O OO 100000000 0OOOOOOO4000
gbbodbbogbboobboobboobbooboboooboboboob
Quartusl IO 00000000 RAMOOOOODODODODOO 2-Readd 2-Write O
000000 4-ReadD 4-WriteD RAMOOOOOODO 37000000000

g3.7oooobobob4b0bobobobloobobobo2000d
O0000000DOO0000000 2-Readd2-WriteD RAMOODOOODOO
gbooobogoobooboboobbooob4b00obbOoobb1bo
go3bbbuogoobbobuooogbbboood

O0000000000000000000000000000*000***0100
“klo00***011 0000000D0ODDO 10000 o000ODODOD 3000000

gbogbooboboobobooboobobbobooboobagobg
1000000000000000010000000**000**0100 ***011
O0000000000oDooooo0Oo2000000% 10000000000
goboboogobobodao

gbobo40dbbooobobooobooboboboobbuoobobooobbao
gogbobobbuooooogobob4bbbbb0doobooo400040o
gobbbogobbobuoogobobuoooobboooobobobooan
gobooood
3.3.2 0OO0OORAMOODOODO

00000000 RAMODOOOOOODOOOODOODOODODODODO
gobobobboooduoooooboobboooooobooboobbi1bboooan
OO0 RAMOODOOOOODOODOODOO
e Re-order Buffer

0000000000 4-Read04-Write D OO OO0 OO OO Read/Write O
gobobo40000boboooobobb2000oboboooonoon
e BTB
0000000 (BTB: Branch Target Buffer) 0 200000000000
goboboooobobbuoooobbboooobboooobboboa
O000004-ReadO 1-Write U OO DO OOOOORead 00 O0O0ODOOO
gbo4b000000000000 100000000004

e gshareUOOODODOOOO
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OO0O0O0O000 (PHT: Pattern History Table) O 4-Readd 1-Write O O O
O00O0D0O0OReadDODO0O0ODO0ODOODOO40000000000DOOO
1ggggooooon

e gshareDOOOODOOOO
1-Readd 1-Write 0 10bit O FIFOO O OOOOODOO

e DMT
DMTO 3200000000000 bO00bU00bob0oooDoobLboon
O000000000000000000QuartuslId RAMOODODOOO
gogogbbobooob26eiidddooooooooooos.sag
0000000000 RAMOODOODOODOODOODOODOODODOODOO
0000000000 (int ALUOImt Multi.O OO0 /O000)00000O
0000000000000 (ebit)D0000O0DODODOOOOOOOO

o IO OODODO
JOoddoboodd 1-Readd 1-Write U D DO UO0UOUOOOOOOOOOGOG
gobboobbogbogooobobbobobobobooboouououga
00000000000 0ooooboDOod 32byted 0001000 4byte
gddgsioddououoouubgooooooobbbooa
gshl20bbbboooogn

e 000D U0ODDODO(DOODUODOUDODODODODOODOOODO)
00000000 0000b0o0D0O0n01-Readd 1-writeJ OO OO OO

oo oouoboobbbooouo 200040 o

0000000 RAMODODDODODOOOOOO

e Register File
Register File 32bit 0000000 1280000000MIPSODOODOO
oo 320000000 ooooobbobobboouuuoao
000 08-Readd 4-Write D 0O 0O 3.80 00O 4-Readd 4-Write 0 RAM O
O000020000000000100 RAMOODODOODOO 1020
goopobobodooooboobo1gogbooonobb3040000b0D
goodoooobon
O0o0ooOOooboOobOOoRAMOOODOODOOODOOOOOOOOOO
OooooobooobooOoooobob0 RAMOOODOOODODOODOOOO
gboobuooboobbo40b00bo0bboobbobbon 20
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Address*4 Address*4

(ReadF¥...Inst1,Inst2-Src*2) _ (Readf¥...Inst3,Inst4-Src*2)
(Writel¥...Dst*4) Data*4(Writef¥) (WritelF...Dst*4)
4-Read,4-Write 4-Read,4-Write
RAM Module RAM Module
Inst1,Inst2 Inst3,Inst4
Register Value*4 Register Value*4
(ReadF¥) (ReadF¥)

O 3.8: Register FileODO O OO

000000000000 0000DO0DO0DO0ODO000ODOOoDOonD 2
0000000000 DO0O00DO00O000000D0oDOD0DO0obOOooonDgd
000000000000 0D00DO0000D00O00oDODOoDOOobOoOoooDgd
0000000000 O00oOoon0d

e Map Table
Map TableO 12-Read( 0000000000 OCOOOO0O0OOO 1020
000000000000030400000000000)04-WriteO O
0 4-Readd 4-Write0 RAMOOOOODO 3000000000 0O Register
FileOOOODOODOODOOODOODOOD4000000000000O
0000020000 000000000

e Payload RAM
Payload RAM [0 4-Readd4-Write 0 0000000000 D0OOODOO0O
4A000000000000000000000DO0DO0ODOODOOO00O0
000400000000000020000000000000000
Payload RAMOOOODOODOOOODOO0OOOOOO0ODOOODOOOOOOO
O0o0000000000O00C00O0O (DOODO0DDO0OO0O0OOODOOO bDMT
0000000000000 000000ooo)o
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040 0O00O00OO0O0O0O0

4.1 0O0O0O0OO0OOO0OO0OO

000000000 QuartuslI 00O 0O OO PowerPlay Power Analyzer Tool
oooobooobooMIPSOOODDOODODODODOOODOOOOOOOODOO
oooad

4.2 PSULOOUOOOOOOO
gobbboooobobbbooogbbobooogbboboooobobbod

goboboooobbodd
gbooboboboobooboobuooboob 410000

041: 000000000000000

0oooO 0000 %
000000000 | 7.24mW] | 15.86%
1/0 15.45[mW] | 33.85%
0ooooo 22.94[mW] | 50.27%
0000000 | 45.63mW] | 100.00%

gobbbooooobbbooodboobbooooboobobooooboboboa
gobbboooobobo420000

000041000000000000000000000D000O00O0 15.86%
Ooooobooooooo220000pPSUDOOOOODOOOOOODOOO
gobboboooobboboooobbboooooboboooobbobooon
gbgobobbobooboobooboobobbobooboobon
gbgobobbobooboobooboobobbobooboobon
OooooOooOoboooooooopSUODO0OOOOOODOOOOOODOO
gboboboboboboobobobobooooboboboboboobg
0000000000000 0000000 8 UOLODOOOD0DDOooooO
00 6000000000000 000O000ODO0O0OOOO0OOOOO0OO

0000420000000000000000000000 3.33mW]0O0O
0000000000000000000000O0OO0O 730000000000
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42 0J00boobooooooboboooobobobuooooooboa

gobboboooboboboooobooo gooo %
fetchl 0.85[mW] | 3.75%
Pipeline Registerl(fetchl-fetch2) 0.69[mW] | 3.05%
fetch2 0.06[mW] | 0.26%
Pipeline Regisetr2(fetch2-decodel) 0.71mW] | 3.13%
decodel 3.52[mW] | 15.54%
Pipeline Register3(decodel-decode2) 0.73[mW] | 3.22%
decode2 0.12[mW] | 0.53%
Pipeline Register4(decode2-decode3) 0.57mW] | 2.52%
decode3 2.68imW] | 11.83%
wakeup 1.06[mW] | 4.68%
Pipeline Registerb(wakeup-select) 0.26[mW] | 1.15%
select 0.14[mW] | 0.62%
Pipeline Register6(select-issuel) 0.05[mW] | 0.22%
issuel 0.60[mW] | 2.65%
Pipeline Register7(issuel-issue2) 0.19[mW] | 0.84%
issue2 6.66[mW] | 29.40%
Pipeline Register8(issue2-execute) 0.13[mW] | 0.57%
execute 0.31[mW] | 1.37%
writeback 3.32[mW] | 14.66%
Total 22.65[mW] | 100.0%

000000000000 00O0D00DO00000O0DOO0oDOOobOO0bOOooOoDd
0 O Ofetchl O fetch20 decodel O decode2 wakeup O selectd O O O issuel O
issue20 0000000000000 DOO0ODODOODOOOODO0O0ODOO0O00O0
0 0O O O OPipeline Register1UPipeline Register3[ Pipeline Register50 Pipeline
Register70 000 0000000000000 OOOOOOOOL87mW]OO
0000000000000 00000000000000DO0O0O0O00 4.10%0
0000000000000 0D0D000000 56.16%00000
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043: 0000000000 ALUTODOOOO

oooono ALUTO (00000 (ODO0OD0OODOO

PC Generate 122 0 0

BTB 123 0 53248

gshare 10 0 2948

Instruction Cache 273 0 131072

Pipeline Registerl 120 120 0
Valid Check 273 0 0
Pipeline Register2 183 178 0
Pre-Decoder 145 0 0

Allocate 309 18 896

Map Table 1766 36 768
Pipeline Regisere3 98 93 0
IDD 74 0 0
Allocate Selector 94 0 0
Pipeline Register4 95 95 0
DMT 1877 528 0

Payload RAM 1166 5 1408
Pipeline Registerb 16 16 0
Issue Selector 163 0 0
Pipeline Register6 12 10 0

Register File 903 18 4096
ALU 198 0 0

O000004300000000000 ALUT(Adaptive LookUp Table) O O
0000000000000 00000ALUTOO FPGAODODODOOODOOOO
O000000000004300000000000000 Pipeline Register7
Pipeline Register80 0 0000000000000 O0ODOOODOODOOODOO
0000000000000 00000000000QuartusIIDOOOOO0O
0000000000000 0000D0000000D000 Pipeline Register70
Pipeline Register8 0 0 0000000000 OODO OPayload RAM O Register
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FileOOODOOOO ALUTO DO OO Payload RAM O Register File 0 0 0O O
0ooooooooooooon

s oOoog

gbuodgbuoguobogbobobobobbobbobbobbobooobg
oobooboooopSUODOOOOODOOOOODOOODOODOOOODDOPSU
goboooboooobooobogoobobvsboooooboooboooooo
gobbboooobbbuoooobbbuoodobbboooobbbooan
goboobooooooooboobooboboobopSULDODODOODOOO
gbboobuoodgbooooobubogbboobuoobbboboobbo
gobbbuooobobbboooobbbbooogbobbogo

OoobooooboobooboooobooboboobuobOoDbOo Verilog HDL
O00000O00O0DOODO/CcoC00oDODO0OOOOOoODoDDODODOODOObOO
gobbooogobobbodo

gobboboooobobbooogbboboooobboboooobobbod
0730%0000000000000000000001586% 0000000
oobooboopSUODODOOODOOOOODOODOODOOODOODOO
000000000 56.16%200000000000000O

goboboobbouooooobboooogbobbbbuoooobbobobogad
gobboooggbboboogogoo

NN

gbobbooogbbbuooobbbooobboboooobboboaon

gobboboooobobboooobbobooogbboboooobobbod
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbboooobboboooobo

gobbboooobobbbooogbbobooooboboboooobobobog
gobbobuoooobobuooooboon

Ooon
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