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ABSTRACT

. TITLE

Ultra Low Power Asynchronous Processor Design Technology

Development

. THE OBJECTIVES

The objective of this project is to develop a low powered 32 bit
processor based on the asynchronous design technology. In this
asynchronous design approach, all signaling between logic blocks are
made by handshaking protocols instead of using a global clock signal.

This processor can be applicable to various applications such as
mobile handheld devices and ubig uitous sensor network devices and so

on.

I1l. THE CONTENTS AND SCOPE OF THE STUDY

The contents and scope of the study are summarized as follows.
, Implementation of an e xtended version of 32 - bit low -
power asynchronous processor core
Implementation of an extended version of the
asynchronous processor core in terms of functionality
Improvement of the microarchitecture to enhance the

performance of the processor core
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Establishment of a verification environment for the

asynchronous processor core

s Design of a n External B us Interface Unit

Design of the interface structure between the

asynchronous processor core and a  n external bus

, Research on fundamental technologies on design of
asynchronous circuits

Research on the interface between synchronous and
asynchronous circuits

Research on prototyping asynchronous circuits on
commercial synchronous FPGA

Analysis on CAD tools for synthesizing asynchronous

circuits

IV. RESULTS

We designed the asynchronous processor core based on 7 - stage
pipeline structure. Integrating these modules at the gate level and
applying them to timing simulation, we have proved the correctness of
functionality of each module. All instructions of EISC architecture
have been also verified wit h the same flow. The estimated maximum
performance of our processor core is about 41.1 MHz that is the

converted clock frequency according to a synchronous counterpart.
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Fully asynchronous cache modules as well as the processor core
itself were considered to raise the performance. Comparing with
ALTHEA without an instruction and a data cache module, we observed
that the performance improvement of ALTHEA integrating with their

cache modules is about 46.6 %.

V. EXPECTED RESULT & PROPOSITION

The technology for implementation of asynchronous circuit as a
design method of SoC is prevalent in foreign countries such as EU and
USA, so it already has been widely used in commercial electronic
product. From this project, w e acquired the know- how for
asynchronous low power circuit designing technology and the related
IPRs.

In this project, w e are focusing on 32 - bit asynchronous processor
which is targeted for embedded application s. Even though the n eeds
for the low power processor technology related application s are
enormous , we rely on several foreign companies for these solutions.
So we have a plan for developing low power asynchronous processor
technology and we will transfer the results to domestic companies to
increase the competitiveness of the product . Also we convince our
results will contribute to the balancing of semiconductor industry of

Korea and it will be useful for various application areas.
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CSP

(Communicating Sequential Processes)
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, mapping
trace theory,
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Philips Tangram HASTE
netlist EDA ASIC

TiDE (Timeless Design Environment)
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HASTE scan- chain
EDA . layout constraint

layout . Logic

EDA )
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1> TiDE
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active . Repeater A
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?

od

y f(x)
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od
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|o
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(b) ALTHEA
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7
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. DE1(Decoderl) : decode RF ,
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. DE2(Decoder?) :
. EX(Execution) :
. ME(Memory and Write Back) : write -
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- RF(Register File)
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0 0
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shift, unary, multiply, co - processor, bypass
7
, 3

Ex_result, Ex_st data, Ex MH
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YYyvyy
>
=
c

ZF_SET

Ex_result

>

\ 4

YYVYYY
<
m
<
Y

\ 4

YYVYY
A

Y

Y
c
z
>

Y

Opa
Opb
Opc
Opd

Ex_st_data,

EX MH _
»

YYVYYYY

Ex_cpbus

YYVYYY
(@)
T
\ 4

PUSH_SR

YYYY + A
1

De_FlagUp

cFlag_reg

De_ex_cmd
Ex_bp_cmd
De_bp_cmd bp_cmd_reg : >
E d
De_mem_cmd mem_cmd_reg x_mem_cmg

De_dst_idx W Ex,dstfldé

< 25> EX

< 25>  EX . TOP latch
—fed ex_op_reg,

De_ex_op . cmd_reg,
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bp_cmd reg

ME

9>

on- demand
flag flag
cFlag_reg . De_bp_cmd, De_mem_cmd, De_dst_idx
bypass , flag ExF_Status DE1
EX De_ex_op De_ex_cmd, De_bp_cmd
. EX bit operation
< 9>De_ex op
Bit [5] [4] 3] (2] [1] [0]
CP MUL | UNA | SFT | MEM | ALU
De_ex_op , EX
ALU : shift
MEM : PUSH/POP LEA

eff ective address

SFT : shift

UNA:

MUL : multiplier

CP:

ETC: PUSH/POP
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ALU : De_ex_op[0]

Opa, Opb De_ex_cmd
flag cFlag_reg < 10> ALU
flag C
carry, 4 zero, S sign, V overflow
< 10>ALU flag
ADD | ADC | SUB | SBC |ADDQ |NEG |CMPQ |AND |OR |SET |XOR|CLR | CMP TST
flag |CZSV |CZSV |CZSV |CZSV | CZSV ZS | zsS |zs A Czsv | zs
MEM : De_ex_op[1]
Opa, Opb 32
, LDAU, STAU
zero flag ZF_SET c_Flag _reg
flag
SFT : De_ex_op[2]
Opa Opb[4:0]
overflow C zS
UNA , De_ex_op[3]
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flag , < 11> UNA
flag
< 11>UNA flag
EXTB EXTS CNTO CNT1 CVB CVS NOT
Flag ZS ZS Z 4 ZS ZS ZS
MUL : MAC , De_ex_op[4]
. Flag , flag bypass . 32
Opa, Opb , 32 MAC Opa, Opb, Opc,
Opd . 64 32 Ex_mh 32
Ex_result
CP : Coprocessor EX
GETCn, MVFn, LD Cn, STCn , De_ex_op[5] active .CP
, LDCn, STCn
, MVFn Ex_cpbus Ex_result ,
GETCn Ex_cpbus Zero flag
GETCn Zero flag
flag bypass
ETC : LEA move PUSH, POP EX
De_ex_op[5:0] . Opa, Opb
De_bp_cmd ex_result , flag

bypass




PUSH/POP first ( SP ), move, JAL, JALR

DE

Opa Ex_res ult bypass , LDI
Opb Ex_result . PUSH
PUSH_SR SR , flag Opc
POP SR SR flag
De_FlagUp cFlag_reg
. Memory (ME)
ME ALTHEA 7
/
RF . EX RF
, CP ,
. < 26> < 27> ALTHEA
ME , ME
RF |
—— CP

< 26> ME
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MR Channel U

»
»
»

~_result[ 36:0]
hecccccccanaae
MRF._result1[ 36:0]
hececcceacanaae

MRF_resulf

MRE_result2[31:0]
fecocscecaseas

MR Channel I

Ex_bp_cmd
)
Ex_mem_cmd] 15:0]

[

EM Channel I/ F
EM Channel I/F

< 27> ME

ME

PUSH/POP SP

WB
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PUSH/POP SP
, SP WB SP
.EX ,
status , bypass MH
ME < 28>
Mem_if , SP SP_inc
Port_sel ,
Mem_if ! Mem_if
ex_result
(addr),
(data_in)
size
PUSH/POP ex_result
SP_inc 1 SP_inc
), 4 (PUSH )

EX

size

, EX

wWB

align
, WB

Cp_if

EX

. mem_cmd
(st_data)

(data_out), (cont),

mem_cmd
(mem_data)

SP sp_temp

, SP ex_result

SP 4 (POP

dst_idx
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(POP ), st data (PU SH )
, mem_cmd
SP (sp_temp)
Port_sel : ALTEHA
EX ex_result,
mem_data, EX MH  (ex_mh), status (ex_flag)
< 12>
— SP_inc
EM ch
[ mem_cmd T sp_temp
bypass_cmd
A MR ch
ex_result _ resultg
ex_mh > resultl
dst_idx g i v
o result2
v "me _data y v
LI Mem_if | cp_if
addr] A
L datafout
cont | data
vy Wiat Lin v
[ ] ]
RAM I/F MC ch
< 28> ME
ALTHEA 3 Port_sel
EX ex_result,
mem_data, EX MH  (ex_mh)
< 12>

71

, mem_cmd[15:13]



< 12>

Result0 EX (ex_result)
Mem_cmd[15] ME

( mem_data)

Resultl EX (ex_MH)

Mem_cmd[14] PUSH/POP SP  (sp_temp)

Result2 EX

Mem_cmd[13]

Result0 DE dst_idx
. DE
ex_MH, ex flag, PUSH/POP SP
sp_temp Resultl Resultl

. < 13> Resultl
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< 13> Resultl

(binary)
ex_MH 00
sp_temp 01
ex_flag 10
Cp_if : Cp_if
mem_data
. Register File (RF)
RF ALTHEA
GPR( ) SPR(
) . RF GRP  SPR (
ALTHEA RF < 14>
< 14>RF
GPR
SPR
/
Clockless Handshaking
DE1, DE2, ME
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< 29> RF

74

RF |
IF - DE1 DE2 — EX ME
RAM
< 29> RF
< 30> RF
31> RF . RF
Register File :GPR SPR( 26 )
Source A/B/C DE1 Srca/b/c/MH/ML
Lock :DE1 Lock
A/BIC
: Result 0/1/2



Status

<l

..Registers
ROO

DE2 ch
ME ch

a_data
Srcb_data
Srcc_data
CR1_Update

MH
ML

/

result0
resultl

| | Src

2
o

Roculin
! Aol |

> CRO_Update

I
T
1

i
7N

8 0
ol e o606 0 0 0 0 o L
g 4

L]
L]

L]
Srab_R00_Rd
L]

L
L]

réa
T
H
H
H
H
E)
[Srea
H
H
H
H

(]
o
S
0
a
O
S
n
(8]
2
n
x
O
o
|

DEL1 ch

30> RF

<

RF

DR Channel IIF

[0:z€]2unsar SN

X 5

[0:2€]TINSaI 44N

MR Channel lIF

lwa |

[0:2€]ounsai” 44N

| MR Channel IIF

a1epdn~0d0 44a

a1epdn THO 4¥a

[0:zelTW3ua

[o:zelHn 3ua

DR Channel IIF

[0:z€]erep 021S™44a

[0:z€]erep qaIs™44a

[0:zelerep e2IS d4a

[0:8z]bay 44a

| DR Channel IIF |

[o:elsmeis 34a

h 4
| DR Channel IIF | |

DE2

31>RF

<
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RF

GPR/SPR

16

GPR

SR, SP,CRO,CR1  SPR

MHML

GPR/SPR, MHML

GPR/SPR

MH

SR

ML

SPR

(lock)

. Source A/B/C

: MH:ML
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Lock



GPR/SPR

MHML MH ML

MHML

. Write Back (WB)
WB

ME

ALTHEA

MRF_result0~2 GPR/SPR

77

: CRO CR1

(resultO, resultl, result2)

(BIV) ,



ALTHEA
ARM AMBA

ALTHEA

AMBA

AMBA
/

Burst transaction

B

, ABMA
, BIU (IBIU),
, AMBA

AMBA

< 32>

SoC

SoC

(AMBA 2.0 or AMBA AXI)

78

BIU (DBIU)

, ALTHEA

AMBA

AMBA



AMBA ,

AMBA burst , cache

miss, violation

< 32>

Cache, Cache,

, Cache

, ready

AMBA
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ICache

Core

Core,
Cache

DCache

DBIU

AMBA

laddr
Irrdy_x
rdata

addr
rdy_x
data

execptions

Daddr
wdata
Dwrdy_x

Daddr
rdata
Drrdy_x

< 32>

IBIU DBIU

33>

IBIU

BIU

DBIU

DBIU

, Mux

80

HRADDR

HRDATA ] IBUS
47

HRADDR
HWADDR DBUS
HRDATA
DBIU
, buffer



Req

AMBA

—
Data bundle from core Data Data
Buf U
— MUX AMBA ﬁ i
Datg bundle | | gampler Ctrl IF
A Ctrl signals,
Data bundle from cac
Synchroni | _ b A A
zer *—vaid y System Clock
Mbmu_access_violation
Tlb_access_violation Protocol o
- rotoco > :
Utlb_miss Converter Exception
Tlb_miss Detect
Ack
-«
< 33>
/
. Sampler

metastable
Mux Bundle Cache miss
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AMBA

AMBA
: write - through Cache
Burst
AMBA . AMBA
4. Co- Processor (CP)
CcP ALTHEA
. CP )
< 34>
| RF |
ME

< 34>CP
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CP < 35>

r DC Channel I/F 1 r DC Channel I/F 1 [ EC Channel I/F 1 [ MC Channel I/F 1

L v v A v
[} [} [} ] [}
L} L} L} : '5':

=0 1 =0 =

= 20 2 =) Ao

Za g0 2 s o

0 " 30 e a0

58 R En 2

K & d &
[} [} [} ] [}
] ] ] 3 ]
[} [} [} J [}
) ) ) J )
[} [} [} J [}
[} [} [} J [}
] ] ] J ]

- v - . -

| DC Channel I/F DC Channel I/F | | EC Channel I/F MC Channel I/F |
CP
< 35>CP
. CP
CP < 36> 16 32
DE1 DE2
) EX
, ME
. CP
Co- Processor EXEC CMD,
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GETC, MVTC, MVF, LDC, STC . CP

GETC, MVFC,
sTC  CP EX
MVTC DE
, LDC ME
D1C ch CE ch
De_cp_ctrl Ex_cpbus
I —
CcP : cp
[Pe_cp_Cangel  pecoder | Register File
Me_cpb
| De_cpbus &,
D2C ch CM ch
< 36>CP
< 37> CP
DE1 D DE2 |:|[ EX ]D[ ME ]
]l v W
CMDg&| (& 3 é LDC
\i ]
T GETC,
| ! MVFc,’_I[ v
sTC
R CP
CP Decoder - Register File
e
Althea CP
< 37>CP
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5. ALTHEA

ALTH EA 100
EXECn, SWI, BRKPT, SYNC, STEP 100
< 15> ALTHEA
Class Type

< 15> ALTHEA

Class type Instruction
Load ER with
LERI
immediate (1)
LD(2)/LDB(2)/LDBU(2)/LDS(2)/LDSU(2)/LDA
Load
U(2)/ILEA(4)
Memory Access (26)
Store ST(2)/STB(2)/STS(2)/STAU(2)
multi POP/PUSH
MTMH/MTML/MFMH/MFML/LDI/MTCRO/MTC
Data Move (9) move
R1/MFCRO/MFCR1
JINV/IVIIPIIMIINZ/IZIINC/ICIIGT/ILT/IGENIL
Cond
Branch (19) E/JHI/ILS
Uncond JMP/JAL/IR/IJALR/IPLR
ADD/ADC/SUB/SBC/AND/OR/XOR/CMP/TST/A
ALU
DDQ/CMPQ/NEG/SET/CLR
Arith & Logical
Shift ASR(2)/LSR(2)/ASL(2)/SSL(2)
(32)
Unary EXTB/EXTS/CVB/CVS/CNTO/CNT1/NOT
Multiply MUL/MULU/MAC
Misc CPCMDN/GETCNn/MVTCn/MVFCn/LDCn/STCn/E
Cop
(13) XECn
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Control NOP/SYNC/HALT

interrupt SWI/BRKPT/STEP

Total 100 instructions (in binary)
Supports only AE32000C version

Instructions are described in order

ALTHEA
ALTHEA

. < 38> ALT HEA
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: Output
language “

Testbench

Manual

Compiler test vector

Binary
Codes

| Performance

Gate »  Profiler
Netlist -~

»| Monitors

\ 4
Megory Mergory Monitor
Register File Register File Results

\ Y

Compare )

" . - -
Verification
Success? .
Environment

< 38> ALTHEA

16>
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< 16> ALTHEA
I I Il
LERI |LERI 1 LT
LD 1 JGE
LDB 1 BRC [ILE
LDS 1 JHI
LDBU 1 JLS
LDSU 1 ADD
LD2 1 ADC
LEA(ASPO) 1 SUB
> [|-EALSEA) 1 SBC
LEA(LESA) 1 AND
LEA 1 OR
LDB2 1 XOR
LDS2 1 AU reve
LDBU2 1 ADDQ
LDSU2 1 CMPQ
LDAU 1 NEG
LDAU 1 SET
ST 1 CLR
STB 1 TST
STS 1 ASR
ST2 1 ASR2
ST Iste2 1 LSR
STS2 1 LSR2
STAU 1 SFT Iast
STAU 1 ASL2
PUSH 1 SSL
STK - Ieop 1 SsL2
LDI 1 EXTB
MTML 1 EXTS
MTMH 1 CcvB
MFML 1 UNA [cvs
MOV  [MFMH 1 NOT
MTCRO 1 CNTO
MTCR1 1 CNT1
MFCRO 1 MUL
MFCR1 1 MUL [MULU
IMP 1 MAC
JAL 1 CPCMDn
BRA [IR 1 GETCn
JALR 1 cp [EXECn
JPLR 1 MVTC n
INV 1 MVFC n
BRC v 1 LDCn
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JP 1 1 STCn 1 1
IM 1 1 NOP 1 1
INZ 1 1 CTRL [SYNC 1 1
Jz 1 1 HALT 1 1
JINC 1 1 SWiI L 1
JC 1 1 INT |STEP L 1
JGT 1 1 BRKPT L 1
2) FPGA
ALTHEA
FPGA
Asynchronous FSM CAD 3D
ALTHEA 3D
Xilinx Virtex5
. < 39> (a) FPGA mapper Xilinx Virtex5
MSP430
C-
FPGA . FPGA 16x2 line LCD
, < 39> FPGA
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Asynchronous
state machines

<L

3D

Datapath

! LUT state element & ! | Delay element HFPGA
area optimization ! insertion H mapper

Xilinx ISE

<

Bit file for download

(a) FPGA

~ Xilinx FPGA Board

- AFSM MSP430
o Processor

L )
> L P
;

W
D
W,

(b) FPGA

< 39> ALTHEA FPGA
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< 17>
. TiDE

DC invoke

cell type
110

17>
Cell type Map Logopt Post sdf b sdf n | sdf w
Delay
Matchers 10,262 10,650.7 CONTROL
Memory 47,902.3 47,902.3 115677.5/5.184
gate
C- LBL
eq.
element 8,817.3 8,817.3 449471.8/5.184
Logic 76,481.3 67,803
Total 143,463.0 135,173.3 109,017.9
Throughput MiBench SHA
< 18> gate sdf
, DE1 issue issue
, MIPS, (160 MHz)
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< 18> SHA

The # of executed Instruction 16,049 ,554
Simulation time (ns) 455,676,396
Average latency (ns) 28.39
MIPS 35.22
Equivalent Clock Frequency(MHz) 41.13
gate level netlist
ved
Primetime - PX ., dynamic power analysis

, static power analysis

, flow
. < 19> Qsort mW/MHz
normal case 12.18 mW
< 19> Qsort
Type best normal worst
Power (mW) 11.6 5.88 3.036
mW/MHz 0.335 0.237 0.204
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ALTHEA

, hit- ratio . 3- corner normal
case , AMULET3
( access time: 60 ns, - access time: 8 ns)
access time 50 ns
< 20>
Hit ratio %) Completion time (ns) Improve
Benchmar #of
Instr. |Data . w/o With ment
k Program instr.
0,
cache [cache cache cache (%)
QSORT 98 67 105,825 8,186,484 6,006,098 36.3
String
99 87 100,421 7,539,484 5,819,013 29.5
Search
Bitcount 99 94 485,343 39,017,872 25,872,357 50.8
Dijkstra 99 57 6,708 ,414 546 ,461 ,527| 346,221,838 57.8
Sha 99 79 16,049 ,554| 1,016,735,518( 661,997,622 53.5
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Dhrystone 99 95 860,959 67,379,226 | 44,555,145 51.2
AVG 46.5
hit- ratio ;
hit- ratio
, 46.6 %
5
3
(ALTHEA)
41.1MHz , Qsort (power)
(nornal case) 5.88mwW
110
, CAD
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) ALTHEA TiDE top-

down
HASTE . ,
HASTE . )
top- down turn around
, 4- phase bundled d ata
, bottom - up
top- down
, behavior
top- down
, ALTHEA bottom - up
2011
flow
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(Asynchronous  Design)

(Synchronous Design)

CAD
(global clock)

(handshaking technique)

, , SoC

(multiple clock domain) (clock skew)
IPR
2007 2008
2009 ETRI
2010 ETRI

4
3 32
AMBA
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(CAD) TiDE

AFSM
/ (Asynchronous Data/Instruction Cache)
(ALTHEA)
46.5%
AFSM
FPGA , TiDE

AFSM
32
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2007

2011

2010

FPGA
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TiDE



2009

, 2009 2010
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AHB
ALTHEA

AFSM
AMBA
ARM
AXI
BIU
BTA
CIsC
Cu
DBIU
DE
DSP
EISC
ER
EX
FPU
GPR

IBIU

ISA
ISP

JTAG

AMBA High - Performance Bus
Asynchronous Low power processor based on T he
Architecture

Asynchronous Finite  State Machine
Advanced Microcontroller Bus Architecture
Advanced Risc Machines

Advanced eXtensible Interface

Bus Interface Unit

Branch Target Address

Complex Instruction Set Computer
Co- Processor Unit

Data Bus Inter face Unit

DEcode stage

Digital Signal Processing

Extendable Instruction Set Computer
Extension Register

Execution stage

Floating Point Unit

General Purpose Register

Instruction Bus Interface Unit
Instruction Fetch  stage

Instruction Set Architecture

OSI Mode Stack Pointer

Joint Test Action Group
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LERI Load Extension Register with Immediate

MAC Multiply and ACcumulation

MBMU Memory Bank Management Unit
MMU Memory Management Unit

MRE Multiply Resu It Extend

NMI Non- Maskable Interrupt

oSl On- Silicon In - circuit emulator
PC Program Counter

PCU Processor Core Unit

RAM Random Access Memory

RF Register File

PM Power Manager / Power Management
RISC Reduced Instruction Set Computer
ROM Read Only M emory

SIMD Single Instruction Multiple Data
SoC System on Chip

SPR Special Purpose Register

SRAM Static Random Access Memory
SSP Supervisor mode Stack Pointer
SWI SoftWare Interrupt

TCM Tightly Coupled Memory

TLB Translate Look - aside Buffer
UART Universal Asynchronous Receiver/Transmitter
UML Unified Modeling Language

UsSP User mode Stack Pointer

WwB Write Back stage
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