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ABSTRACT  This paper describes a VLSI implementation of real-time two dimensional DCT processor for the
subprimary rate video codec system, The proposed architecture exploits the parallelism and concurrency of the distrib-
uted architecture for vector inner product operation of DCT and meets the CCITT performance requirements of video
codec for full CSIF 30 frames/sec. It is also shown that this architecture satisfies all the CCITT IDCT accuracy
specification by simulating the suggested architecture in bit level. The efficient VLSI design methodology to design
suggested architecture is considered and the module generator oriented design environments are constructed based on
SUN 3/150C workstation, Using the constructed design environments, the suggested architecture have been designed
by double metal 2 micron CMOS technology. The chip area fo designed 8x8 2-D DA-DCT(Distributed Arithmetic
DCT) processor is about 3.9mm X4 8mm,
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Architecture of DA-FDCT
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Architecture of DA-IDCT
FOR FDCT DA _LUT
N
(c4 c4 ca_cs £L0] + (7] }:LSB DA_FDCT_LUT(0]
C2 C6 -C6 -C2 f11] + £16) DA_FDCT_LUTT2]
C4 -C4 -C4 C4 f(2] + £[5] DA_FDCT_LUT[ 4]
(6 -c2 c2 -ceJ (3] + (4] J:MSB DA_FDCT_LUT(6)
g N v N
€1 Cc5 €3 cCi 03] - £{4] |:LSB DA_FDCT_LUT[1]
-C5 -C1 -C7 C3 £12] - £[5] DA_FDCT_LUT[3]
€3 C7 -C1 Cs £011 - £16) DA_FDCT_LUT( 5]
GRS Cl) UUE II7JJ:M5H DA_FDCT LU 7

FOR_[UCT DA_LUT

(ca
ca
cs

ca
N

(c1
(013

C3

Ct
N

Cc2
C6
-C6
-C2

ca ceY (Fro1)
-C4 -C2 F(2)
-c4 C2 Fl4)
c4 —cs/ \F[s])
€3 -C1 ) (F[l]\
c7 c3 F[3)
-C1 -C5 F(5)
cs c1 | | FIm)
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4x4 DCT matrix using matrix decomposition

:LSB DA_IDCT_LUT[0]
DA_IDCT_LUT(1)]
DA_IDCT_LUT{2)

:MSB DA_IDCT_LUT[3)

:LSB DA_IDCT_LUT[4]
DA_IDCT_LUT(5)
DA_IDCT_LUT(6)

:MSB DA_IDCT_LUT([7)

HE= 4x4 DCT 82
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(0)+[(7)=£[0])
(1)+{6)=£11)
(2)+[5]1=1[2)
(3}+[4])-1(3)

[3)-[4)=1[4]
[2]-(5)=£(5)
[1]-(6])=f[6)
(0)1-17)=£{7)
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1. A4z DCT Aeld S8 et H ) 2] 7}
Specification for 8x8 subblock DCT processing time
A= Full CSIF  4/9 CSIF  1/4 CSIF
14 E
30 (frames/sec) 14 us 31.5 us 56 us
15 (frames/sec) 28 us 63.0 us 112 us
7.5(frames/sec) 56 us 126 M43 224 us
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2 Aok A4 ek

X 1ol X AJG whet 3ol A (full) CSIF
(Common Source Input Format)e] #]Alx &
e b 44x36 BEle] wh e zhat 22
><18v-sﬂ91 Azt Al E N AdFEQ] 29 3
0stig ¥ A B He| AL 14 usec
= A 4bxicl

A1 A=l DA-DCT(Distributed Arithmetic
DCT: DA-DCT+= DA-FDCT % DA-IDCT&
oju]z F 715+ ch) = Row /
Column &J 2-%] H 8-& pipelineA 2] 8} ol o| €}
o] §1&¥ =3 pipeline A{geh. =3k 8X1
DCT & #ed A elajFot olot 22 7% HelAd
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] =83 FHst=d 17 Cycle LAE FHS
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#secvr A#lrch, wpebr 8x8 DCTell+= 10.56
usec7t Aelmg 30 F/Se] ¢t CSIF A}okg
nkEshAl ¥l

DA-DCT vulx $3Fo Aix wofAFE
7|5 skAl 4 g st CCITT px64
kbit /s »jcl e sue] IDCT Aslx Apopsw
2 ohgah Foh & 37 diolel WH(-5~
5, -256~255, -300~300) ol o8] 64-bit ¥-E 45
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Zakoll ofall A ek 2 ARE 12vER
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IDCT si& dlejefell sl cof4] 64-bit F-5 45
A el o4y IDCTH #a wHd%
Aboll ojeff A= pslar o ZdzbE oh4] 9-bit
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ool e} & T&kct 9ol & reference IDCT
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o 4x4 AL o] fsted 27 494 22 LUT & A okgich 2a5elA] (2x) &
HolelE ut== DA-DCT-LUT() 49} 4lA| 2 bit 254 o] x bit:
LUT# 54715 ol §3ted ¥Abdabg et A& VLSI 44 &

DA-ACCUM() &5 =Adstelom 18 504
DA-IDCT-LUTSY| ®l & 4% W42 5o IDCT
e 2o AHE Fasiodnt molralg 43
sl A CCITT IDCT A&x Aok g ntEs Aszlolrt, i 18 -2

71 #i8lA& DA-IDCT-LUT+E 244 15 bit bit 9} &

DA_DCT_LUT(TYPE, ROM_NO, ADDR)
char TYPE:
int ROM_NO, ADDR:

{

double cf_sum = 0;
int ADDR_BIT = 4; /% Number of address bit */
int i, SF = exp(rom_bsize - 2);:

char BIT_SEQ[ADDR_BIT + 1], *ItoBIN():

/% Make Binary Bit Pattern of ROM_ADDR %/

strecpy (BIT_SEG, ItoBIN(ADDR, ADDR_BIT))

for (
il (

cl

}

else
if
cl
}

b,

Telu

i = 07 i < ADDR_BIT: i++)4

(CTYPE == ‘F’) && (BIT_SEQ[i] == “1’))
if((ROM_NO % 2) == 0) cf_sum += DA_LCFFI[ROM_NO/2){i]:
il

se cf_sum += DA_(CI'2{ROM_NO/2)

i0 (CTYPE == “17) && (BIT_SILQ(i)

[i

a= 1%)

(ROM_NO < 4) cf_sum v+~ DA_JiCFI{ROM_NO]J[i
se cf_sum += DA_iCIF2(ROM_NO - 4](i]:

rn( rounding(cf_sum % SI7) ).

DA_ACCUM(row, col, bLit_no)

nt row,

/% output

{

int ad

for(i
addr
sum
}
addr =
sum —=
}

return

col, bit_no:
F(row, col]), input : [0, col] ~

d, i, sum = 0;

= 0: i < (bil_no - 1)i it1)y
= mkaddr(col, i):

+= (DA_DCT_LUT[row]laddr] % exp(i)):

mkaddr(row, col, bit_no - 1}:

(DA_DCTY_LUT[row]}[addr]) * exp_2(bit_

(sum)

&l 4 BIT $%9 DA-DCT 7% 2oA¢'e o) 4

b Aeliel we e

{/* For IFDCT

)y (/% Loy
]

f[N-1, col] #*/
no - 1))
A} od

Program for DA-DCT fucntional simulation in bit

level
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her
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Peak Error :

Number of Error of 1

random dala

5482 (0. 806%)

opposite s

1

FDCT
< DA_IFDCT el Accum < DA_FDCT el Accum <
9.0 LuUT 2.x 11.5 LUT 2.x 12,0
Round &
Clipping
IDCT
<+~ Accum [l Da_IDCT v aa Accum |4 DA_IDCT
9.0 2x|_ LUT L5 2.x| _LUT [——
Round & ZoqAY Uy
Clipping
28l 5 YabalabE o) &8 DCTA ¢l
DCT based on Distributed Arithmetic
* tlolrl R1si -256 Lo 4255
* DA ADCE_LUT bit ¢ (2,14)
#* o] o 610000 random integer pixcels
Mcean LError versus pixel Location (x 1000)
2(00 1L 0(0) 1 (0} 0(0) (O 1(0) 10
0 (-1 ~2(0) 1 ¢y (1) 0¢0 1(0) 0(0) 1 (0
1t FOH) 0 1 (2) 06(0) 0(0) 0(0) 0¢(1)
0(3) 02y 1(0) -1 (H 10 1(0) 0(0) 0(0)
01y 0(C0) 0(0y F(O) 0(O6) 01 0(1y 1(0)
LCH o Ch 10 10 0(1) 0(0) 0(0 0¢(0)
FCO 0y -1¢0)y 201 1(H 0¢C0) 00 -1(1,
FCO) 01y 0(0) 0(0) 0(0) o0CH 0¢2) o0(1
Mean Square Feror versus pivel bocation (x 1000)
9(10) 10¢9) 9(8 9(T) T(B) W0(7T B(T B(8
9(9) 9(8) B(8) 10(8 B8(8 B 8(NH 9(8
9(T) 10(8) B(8 9(T 9(9H 9(1 10(9 9(8
9(9) 7T(8 8(8) 9(8) B8(8 10(9) 910) 8 (10)
8(8) 10(9) 9(9) 9(8 7(8 10(8 B8(8) 10(10)
§(8) 9 B(8 9(MH (N T(8y A0(9H 9(8
9(9 9(9) 9(8 9(9 8(9H (T 8(T) 9(8
9(8) 8(6) T(9) T(8) 8(9) 9(8 8(8 8(8)

ign

5239 (U, 82.0)

Nunber of Lrror above 1 (1] 0

Peak Pixel Mean Square Ervor : 0.0t 0.01
Overall Mcan Square Errvor : 0. 0086 0.0082
Peak Pixcl Mcan Error (in magnitude) : 0,0023 0.0u27
Overall Mean Error : 0.000063 0. Quou2Y

- All-zcros in produce atl-zeros out,
T1E8l6-1 CCITT IDCT A slx ol el 71}
Result of CCITT IDCT accuracy simulation
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* uholet Y Sl -256 to +255
*  DA_IDCI_LUL bit & : (2.14)
* *  dole}

640000 random integer pixels

Mean Error versus pixel Location (x 1000)

'

[

—— D D = O PO
PR
L — I — I —
o o o o o
s S
fefeta o
L= — L N~
OO D — D
| .
O
o

C D O — O

C-—oomo oo

Mean Square Error versus pixel Location (x 1000)

OWWE© DD

OB OO WD W W
o
i e o

- mwwouowe
o e s
oW — W o oD
3 D 00 © o 0o oo @
@ oo o0 WO oo oo 0o oo
PRr- R TR R
o
00 WO «3 00 0D =3 OO =2

Peak Error :
Number of Error of 1 :

Number of Error above 1 :

Peak Pixel Mean Square Error :

Overall Mean Square Error :

Peak Pixel Mean Error (in magnitude) :

Overall Mean Errvor :

00 00 =1 ~1 00 W o -3

(0) 1(0) 1(0) 1(0
(0 1¢(0 0(0) 1(0)
(0) 0(0) 0(0 0(1
(0) Y(0) 0(0) 0(0)
(0) 0(1) 0(1) 1(0)
(1) 0(0 0(0) 0(0)
(1 0(08) 0(8) -1 (1
(0 0¢1) 0¢2) (M
(8) 10¢7) B8(T) 8(8
(8) 8(11) 8(7 9(8
(9 9(7) 1009 9¢(8
(8 1609 9(10) 8(10)
(8) 10{8) B(8) 10(10)
(7)Y 108 10(9) 9(8
(9 1(7H 8(7 9(8H
(9) 9(8) 8(8) B8(8
random data opposite sign
1 1

5482 (0.86%) 5239 (0.82%)

0 0

0.01 0.01
0.0086 0,0082
0.0023 0.0027
0.000063 0.000020

~ All-zeros in produce all-zeros out.

J2l6-2 CCITT IDCT A&ts

w45 7

Result of CCITT IDCT accuracy simulation,

¢] DA-FDCT A E 222§ Asbo|rt,
Foll A+ RE AP ANE FATH
o] glet

al
x

V. DA-DCT MAlgal o MH|&d
DA-DCT zn 3 A3slge 782 95 AAS
A5 78 wAe g3 2o uA AzgA
o] A5 gkoton g AlzF Aol ubet 4AN
73 o] Golstx & slojo sluw mEwA] AW
®o ¢ olzle] AA F2 (design rule)s AA=

AS-g W4 shahod o] &Ry 1) o) 4] 33 o)

A A &= CIF(Caltech Intermediate Form)& %#
3 4 9y wEAAde (MDL: Module

Design Language)% Caloi& o) &3l A o5t
ov] o] F o] &l 7RG AFH T2z A
sto] o] §-35k % oo CIF 3ule £3&
Wl CMOS Azt Aol ulet 493t layer &<
A% Qs AAEZ ZolshAl sty 85k
abstract layer M€ ol &stdirch =3 F=
A% plotterd ol &a) =227 #ste] CIF
AlZA 7 =g el o plotterete] A4 g el
g Awstgch TR AASAY LN a7 3
o}, 32 meolXyL Cray2Sell4 HSPICEst
IBM-PC3860| 4] PSPICE% o] &3] 4339l
65
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<4— Module Description

DESIGN

GENERATOR

[ CIF DESCRIPTION Jﬂ—— TEXT EDITOR

{ ~.CIF)

l

l CIF FLATTESER ]

l

FLATTENED CIF FILE
( ~.LAYLER_NAME) -

A
CRT INTERFACE PLOTTER INTERFACE
PROGRAM PROGRAM

CRT DISPLAY PLOTTER HARDCOPY
(SUN3/150C) (HI DMP-56)

38 7 SUN3/I50CH Falos 3yl AAskd
Constructed design environments based on SUN
3/150C

V. DA-DCT CMOS 2 E°| MH L AHZ.
2 Ao AlokE 8x8 o] z+¢l DA-DCT
el 7|5 Adslr] s oF Aol Adwah A
e wl 3AL o] falo] SRl @A) w o
AA 5 el Ho) e 7]4Etch WA LES

1
¥ o
-9

AAS o] A 2um AEL AfEehi ol F
F44 CMOS 3zl 7|8 54 zashz
°)F ZlEoz o] FL ANREL Al
o FeAdnEe QA o dolg wa
. DA-DCT Look-Up Tablef ROM, % =}
7], o vlolel W@ 9 A, W 97

5, Aol f Geoz AR 18 88 8§x8o] 3}
4 DA-FDCTe¢] A layoutg vteldl 7o =
WE F2 wES bounding boxz ¥ A]shgdc)

SE2 4 4175l DA-FDCT 54 Zo|et,
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H2 DA-FDCT 543%
Characteristics of DA-FDCT.

Technolgy 2-um o]F F& 4 CMOS
Core 7] 3.9 x 4.8 mm*
T Tr A °F 70000 74
Ho FIAEE 20 MHz
dEiAlad ul djolel W g

1!

Aol Eabd e Qs e g
% el DA DCT W @ol <l7hsh7) 9l of
s ol Abgs) i Aol wheb 9/12/16 ul e
2 pA)Elis worddh 84 shiftabu Al A 4 ahis

7o sk ol ¥ dlolel el W gtz v e

O Rl

HE T
e
B b o
s 7]
i
il B Sl
A i il
. s
e nE o
e I EEE
g8 | B8 cilli st EH BB
il i Sl
KH | ! K
66 léﬂ B
[ RA i i
“E =: SH%
i 5idn i
BB il AL
i u il
KA [BH] ; B
T e
& dhl% j | At

T2 8 8x8 ol x4 DA-FDCT # 2|7 wix %
(3 271+ 39mmx48mm: ©h 2w padi= #9])
8X8 2-D DA-FDCT processor layout
(The chip area is 39mmx4.8mm excluding pad)
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# X/ A AEE vvle 2uE 442k 8x8 o)A DCT A 27|

e} VLSI &

7124 o 2 & parallel-in serial-out 222 +4 of QYL Tk d¥A AT word-
sl 2 A Aol4E CMOS static 2Hz 3] 25 parallel bit-serial #3855 FAlo #HA3}7|
o] g3tod A dx = g do]el ¥l G LAE F4]o| A7 i N EAE LRI} o] FAY
A s 4 71248 Hosla o5& o] &3t D2l = o 2:1 muliplexer 2 433} %ic}.
To next Multiplexer
Static 2:1 Static

— CMOS — MULTIPLEXER > CMOS — >
Input LATCH 1 LATCH 2 To next
LATCH 1

from previous T
Shift LATCH 2 Load Shift
J2lg olEw AR 4 4R
Block diagram of in/out basic cell.

e o o ROM A& & vl sldaa 2 shitel
gad a2 Yl AHg3 v E Faly bl oA AEE AgE 4 glom AupHow
A 7pAL 7| B9} carry B sum Al3E A ASEE NOR of 2o} 2 41 A%l c}. ROMQ‘ Zgore] ww
A28z FAEY Az EE 24 E o 2= W43 (contact) 2 1el, Eelx] AE e
o wiZ g z2A 2] sk N-P CMOS 5% =] o1 o] 7] (implantation) 5°] %l.evt word
325 o]&slqlch N-PCMOS %37 =232 el garol Hol ML £mst AAs = B
o] &8t A A = A Aol s AHE 2 AE o] fol olg Lz owal vhlS AREehal
sw+wa1wﬂvuwp4+ o Faby 7hal of oj=als taciE BAEEE 195
71e] FAF Esh} Azhal B2 x| 25} =4 (dynamic) NOR t]ar] uhAl-g AR&-3}ol o
Z g xe] whAE AZE o] &t 24 BH o] vlEA e 29 wisleA aFs]E HAFE
F2 A i FHE ’iﬁlf‘if&\:}. ol & 2]l ol 7lshetA wlg g WA E o] &b
carry AlEE A AstE A 27]ol preset A A skt o]2l g LUTE ROM whAd 7] of 2] &l
shatolok shu} F el £ bHd &9 AdA=glony ROM #HA7lef sy Hy2e

% g Algalod ok @k,
DA-DCT Look-Up Table ¥-:
LUT+ ROM, PLA, t}xrl =g Aol &

T2
Lo

A# b5 st ROME o &8 +27} 7t4 a8
A o|t}, ROMe =LA u}¥of ROM of&o]¥,
oA vz i w &Y AxFERZ A 5]

www.dbpia

word 4, v|E 4, A FE7|9 BulE zerh
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DA—DCT ROM SPICE TRANSIENT ANALYSIS

Dote/Tine run: 18/ 4/88 &332

Tempereture:  27.8
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12l 9 LUT spice 29418
Spice simulation of LUT

ubZstolot.

Carry save £x}8 74 7] 4

Carry save 3% 2 7|+ carry save 43|
A2 o}23}of redundant AHelF o] &51¢d carry
Ao AuE vlEFFor nAsE FH
FzE FAEE F v ESr BE F5F 2%
Hel Fz2hg Ak F 2 Ay (01,2
)o] Al shA S gQlen] o} & g&) F uEs}
Apbgslm g 7zt v Ewvle} shite] reducdant Abe)
% 7} o o] & o} &8l carry Al & 9] Hsujglo]
FAAAE FYT  low HFEHE A7)
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A2 ub7] g el spabrloh s 8 st
2 AAo) A= o] g A Al Mg wE sk
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tlole} 235 ol Alo{ R

diojel 288 waly FA7le] 4L vE
ozl el g nlie] F& serial-in parallel-out
tlo]el W3t ol £4 dlolelE S TAaHoR
ol ¥-g Aebsts Ao FAE o]
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e} M3z o AAdLxE FAlo AHse
2 7| 2AL qled 7| B A olxslz] 2 59
CMOS D # =9} 2:1 mulitiplexer@ 4 5l c}.

Aol = -2 oAl B 9] ofe] A48
o1gk AlefAlsg g FAsn WEA] Az E
qualified clock 3] 2% o|&gch ofF-ot& »lF
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A% g Ame e Py 23slefof
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2= 72 write o] T AWAS} read o =l
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4 glch &# Farqdabg o) g3ty TEE N
Mol E o] FAlo HAEng o] F FAFPoR
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