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type analog signal digital signal
characteristics processing processing
hardware simple complex
time-multiplexing impossible possible
time-variant impossible possible
reliability poor good
flexibility poor good
performance component data bit
degradation tolerance length
accuracy poor good
noise
characteristics poor good
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Data Bus @Precision
170 Memory @
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Control Instruction Register
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a. 7158 building blocks

b. Programmable one-chip digital processor

c. A& processor

d. Multi-processor & ©]-&3} digital signal processor
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Signal Processing System Parameters

1. Instruction execution rate Instructions/usec

2. Data precision, Basic system data bus and data Bytes.
memory width

3. Data processing rate, rate of a multiply and an addition

Mult- Add/ psec

Bytes/usec.

operation at system precision
4 Data memory bandwidth

5. Data memory size, Cumulative rate if multiple Address space

memories and buses in K bytes
6. Address processing rate, rate of an increment
compare and concatenate operation for a data
memory address, cumulative if multiple memories with | Add-CMP- 11/
independent addressers psec
7. Data input/output bandwidth Bytes/usec
§ . instruction bandwidth Bytes/usec

9, Program memory size Address space

in K bytes
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2. Programmable One-chip Signal Processors
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F3. JAE AsHeE A building blocks

Company Recemt DSP Building Blocks

TRW TMC 2220 CMOS 432 bit correlator
mask configurable

TMC 216H CMOS MPY-16 145nsec

TMC 2008/3/10 CMOS MAC-8/12/16
100/235/165 nsec

TDC 1030 Bipolar FIFO Memory 64 X9 bits

AMD 29325 32b FP ALU & Mult Bipolar 144 Pin
100 nsec

29516A/7A Bipolar MPY-16/uP muilt. 45 nsec

291516/7 Bipolar MPY-16/uP muit. 55ns

28C516/7 CMOS MPY-16/uP muit. 125 nsec

29509 Bipoiar MAC-12

29-/L/C510 Bipolar & CMOS MAC-16
70/100/140 nsec

29540 Bipolar FFT Addresser

ADSF 1080/12/16 CMOS MPY-8/12/16
10C/130/170 nsec

ADSP 1006/09/10 CMOS MPY-8/12/16
120/150/190 nsec

ADSP 1024 CMOS MPY-24 84 pin 235, 275nsec

ADSP 1110 CMOS 16 bit MAC 28 pin
190, 240 nsec

ADSP 1200 CMOS ALU shifter 96 pin. 75ns

Analog Devices

TI 74LS1 616 Bipolar 16 bit mult. 55 nsec
74AS888/90 Bipolar 8 bit ALU/Microcontroller
74AS898 Bipolar Register File

Rockwell CMOS/S0S MAC-16 120 nsec

Synertek SY 66016B/A/-nMOS MPY-16 80/150/200 nsec

IDT IDT 7216/17 CMOS MPY-16/uP mult.

75,90, 145 nsec

Matsushita MK €981 CMOS FP Multiplier 80 nsec,28 pin

Toshiba T7429 CMOS/SOS MPY-16 27 nsec

NEC CMOS 16 bit Mult. 45 nsec

Weitek WTL 1016/A nM(S MPY-16 140/100 nsec

WTL 1516/A nMOS uP mult. 140/90 nsec
WTL 1032/33 nMOS 32 bit FP Muit/Adder
200 nsec/stage

LMU08/12/16 CMOS MPY-8/12/16 bit
90/100/140 nsec

LMU8U/13/17 CMOS uP mult.8/12/16 bit
90/100/140 nsec

LRFO8 CMOS Multiple Port Register File 5 Ports

Logic Devices, Inc




9 19885 48 ETILBE® H15% £ 2 %
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Device TRW TRW TRW TRW
MPY016A | MPYOI6H | MPYO16K | TMC216H
Process Bipolar Bipolar Bipolar CM0S
Year described 977 1980 1983 1984
minmum feature 4um 2um 1im 2um
size

Area 78K 48K 32.5K 2.9K

(sq. mils)

Number of 18k 16K 15K 6.5K
Transistors

Pins 64 64 64 64
Power 50w {dw 40w 0.50 w
Precision 16X 16 16X 16 16X 16 16X 16
Speed 230nsec 145nsec 4{5nsec 145nsec
dA slze AswE A3 A8 ROM & AE

4 3l
stz wg #e ARl A dbHez RAME
Abgshel, oleidl Zlejazte] 277t 2o} &l

AL vbe A7 AZick Ao dEd 29 A
3A2 3z oI AYE vsidls] fe <A
A AzAe R F712 dzEgE F o
o) 225 HA A (access) 517] Yol AlaAe] 3]z
ko] H& 5 wlE i ged], 28d o
7} 2860 Rojx& Fujitsu MB 87640°|c},

10
1,6 | Program Address
Counter Unit.

.
ROM
24 RAM
7
i
Instruction
Registers Ve 16
— Bus
7o Forr
Bus

J2l6. CMOS 88-pin Fujitsu MB 8764
=8 tholojal

HES5. ©Y A programmable DSP 312

Device AMI AMI Bell Fujitsu Hitachi Intel NEC NEC TI Toshiba
SB811 28211/2 DSP-1 MB B764 | 61810 220/21 A0/P2 77220 320 T6386/ 7
Process MO0S MOS M0S CMOS CMOS EPROM/nMOS | nMOS/EPROM | CMOS nMO0S nMOS
Minimum 4.5 microns | 3 microns | 4.5 microns |2.3microns | 3 microns | 6/4 microns 3 microns 2microns | 2.7 microns| 2 microns
Feature Size
Year Described | 1978 1983 1980 1983 1982 1978 /81 1980 1984 1982 1983
Area(sq, mils) | 41,000 - 106,000 145,000 79,000 47,000 4,000 - 70,000 76,000 /
74,000
Number of 30,000 - 45,000 91,000 55,000 20,000 40,000 - - 66,000 /
Transistors 48,000
Pins 2 B/64 40 8 0 28 % - 90 B/64
Power 1w 0.7 W 1.25W 0.290 W 0.200 W 1w 1w - 0.9 W 0.360 W
Precision 16 16 20 16 16FP % 16 U 16 16
Multiplier 12x12=16 | 12x12=16 | 4(4x201=36{16X16=26 | 2X12=16 | 26X 1=25 16X 16=31 UxU=48 ] 16X 16=31] 16x 16=31
Speed 300 ns 300 ns 4(200) ns {100 ns 250 ns 600/ 400 ns 250 ns 100 ns 200 ns 250 ns
Program 286X 17 512x 18 KX 16 1Kx% 512x 22 192x 2% 512x 23 40% 4Kx16 [5i2x 16
Memory ROM ROM/EXT | ROM,EXT [ROM EXT | ROM EPROM/ROM | ROM/EPROM | ROM ROM, EKT [ ROM/EXT
Data RAM 128x 16 256X 16 128x20 26x 16 200x 16 40x2% 128x 16 1024x24 | 144x16 | 128x 16
Data ROM 128x 16 128 16 in program |in program | 128X 16 16x4 512X 13 1024 in program| 512 16
ROM/EXT
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MEMORY

PE PE]PE PE | PE | PE

30 MOPS
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100ns

THE SYSTOLIC ARRAY
(b) Systolic array ®A}
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rier transform) 91ALS sl dojg T A7)
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dAe AsAeE A% VLSI 7€

27kA A|2Ed FFT Z2AA &4 vla

type

characteristics

expansible

FFT processor

16-point
FFT processor

technology 2um p-well 2um p-well
CMOS process CMOS process

system clock 10{MHz) 20{MHz)

butterfly arithmetic| 1(us) 0.5(us)

time

16-point FFT 8000 (ns) 4400(ns)

computation times

Data 2’s complement 2’s complement
representation 16 bit data 16 bit data
Number of cells 1 16

on chip

Number of 6000 * 50,000 % *
transistors

number of pins 68 82

chip area 4.3%3.6(mm?) 8.8x8.7( mm?)
range of 2" arbitrary points, | 16-point,
computation flexible fixed
(F1%E ddAel shtel A2EY A2 ol FoiAH,

* ¥ FAdF o] 1649 A2 Az F4H)

olg} g viH-g dAse oz  data-flow
locality ¢l control-flow locality & F7}g  ul4] o]
wavefront architecture Q1ull, ©}Z-& systolic array
9} data flow architecture & 2 ¢3% el olt}, Self
-timed clocking-& A}&3}7] wjFoll, clock skew T
A7y 7 =2 4 glof, A sae] shgEche
AR o] o, HlF7|AQ FRoeg A} Ao}
olg ki v o] dA ol € FHA o]},

27102 wavefront array Z &AM 7L F3she
2Eg Bt

Wavefront array o4 computational wavefront&}
= Z+7+ 2] processor 7} wavefront A Z}ol] of
& 2 AA<] source FEE Fh= ool Hxlsule
wavefront & frAlslcte Hol|A] o2l o]Fo|rh,

3) Tree o}7|€l A

Tree machine °©}7]8l & binary tree®
w43} computing element & 4 glo|c} MM

o]2{3}t o}7| el A oll A+ global communication ©] &
A5k 93, parents 2} A child node A}e] ol 4

u}l communication ©| ©]F-o] A},

X glo
2

A7
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MEMORY MODULES

PROGRAM
CODE
A A Y
MEMORY ~ e o 4
v N2 Siive
e = 2893 ~ /\’
3 7 g
> 7 . 7 A
& oo . i >
F [ .
Ry s 1. s v
I A O LA BN
g ) 7 ! = P;\
= Qpﬁ;\,/ 1,10 S
z < 7 , / »~
< 4 s e
& &7 s ’ «\Vx‘\
. ’
= ¢\\* 4 /, P s e Vap
< <, V4 PREE SN
P - ) 4
7 e 7 ’ P
’ /
g
FIRST WAVE - - -

SECOND WAVE
& UNIT TIME OF DATA TRANSFER
T UNIT TIME OF ARITHMETIC OPERATION

210, Wavefront array processor & 3z 3

o|2} 7+& tree machine °}7)|&H 2] dF A<l of
7}, wZFed gl 753 e X-tree olth

X-tree ¥+ X-node 2 & 2] $+ modular components
2 FAEse deoen, half E+ full-ring tree®
TA 37 98l %712 <¢] link & Z+ binary tree ©]
c},

28110l B+ v}l #o] node ngl
node address 2n3 2n+12 Z32 9ow, treed
23 %L communication - #4128 FeNE HE
o}, webr EEAHQ routing S A, AT 4]
Z| &= node address &+ node W& =2z W=z & 7}
71 address & Z3H3bch

Sl nodeoll4] ©FE node & message & H 7

children &

o
T

el A, target node address 9} leading bits 7} =
T AA 5+ A9 node 7HA] message 7} tree § B}
wl] A 2]

=
o g Faolx, A7Z|o|ARE Bz 7z
+ W& 74 =+ message routing 71L& AM&g},

LAY O e T O,

1611718 [J19]1 20 | 21[{22[] 23 [1 24 1 25]{ 26]1 27| 28 [}29[130);31

3211, X-tree o}7|8€ A
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V. CIXIE 34 214 VLS|

=4 AzAe Fobo] st F9F FE9 shial
+4 A Z1Ee dARA s 4 HHel
ute} Aeigko] 4], AAxte] Q14 9 o< g4l ql
Aoz TEE 4 don, Ll Aghe FFol
wet staF<, 3Rt 5§ $4 4oz UE 4
Ak,

HT Wiz AZ)Ee] A wAeg HAo HE
A (chip) & AH23le] 422 e go]z AFAYE st
WA 'l ARz A Ya AFel A

92 Aol AFT §4 AE A2 AE A3
of g 877k AAk Fohstn e o]y 2T
A% 2445 Ao} A2de 20y Adgz
(VLSI) 712 31 43 Az, A4 59 9
A4 P Feld $4T # ohe} A2W g
Edlols 27)% 3 4 dvke Aol Yomz 5}
ol A FAAS Hel ALdle FEo| sb5a)
.

+4 A2 A4 VLSIo| i3t A7+

g oAM= 743 @A) Al

CERY
=
=3

el oA (matching) Z2A|A
2 et
2gl2e 84 A A2 S FHE|,
Reference
Patterns
3
Voice Test
- Feature Pa}ter:n
input Extraction Pattern Similarity
Recognized Word
Decisi
Word ecision Distances
382 54 <A A2 VR T =
oledt £4 <lAl4 VLSIHL oy Ass s

g CMOS 71¢2 T3 =0 33, A
A w4, Aukx < (propa-
gation delay), packaging, testing ¢ ZA A3 =
Z& k= A 33 slodof Ficl,

e

woll4| $4-

implementation Aol &+

F7HA el A Z2 Aol g e o),
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1. AEgtel wel wiA T 244

Siemems AL¢] Az wlo] el wA T2 AME 7]
ZFol9 EA vector S 23l template ® 220l
AHAE=  FaickA (training  stage) 9
speech el 3} 7| F slel & v] A3 Q4] B (recog-
nition stage) 52 27}z Fza¥elE FE=o] o)
el A Z 2 A= 28133 Fo] vector distance
A A9} A7 & Aol A (alignment) T 93 DTW
(dynamic time wrap) Y4 28]Z& F8¥s  FA 5]

unknown

PER
reference
TRANING o | “gocch
patterns
Feature I
extraction 1
vector
| distance fof DTW- word
RECOGNITION comput. Algorithm [T gistances
-
PROCESSOR 4 |
Scratch
pad
Memory
213, Siemens #El wiA =z 44
Vector distance AlAFE 3 71x] 71530 S4A1E

(voiced, unvoiced, pause) & Z3tol tisled  weight
factor & SIE:LEH"‘ g4 Qs E sln, DTW 23
F FIRE AAEE £007] sl 7L A
27 A8 e
1314 (a) = vector distance A4S $3 Flrq)
TAEE veplia gleny, 23140b)E DTW
B22% 4852 Hole path® ekl 3o
13149 ste o]+ pipeline architecture & -
Aol glx, 27159 o] 374 AHE A=

control logicell €3}l data path 7} #jo] =it} (2021
Aol AFq Siemens AH9] ®HAA A eltie] 3
WY 22AAe) S goksid 373 3k

2. Agl/dActe] 9lAl & LSI

HitachiA}o] Az]/AZA ko] <14 slg) sy =z
AlAE 27163 o] distance A4k LSI, NL-LSI
9} interface LSI & FAlslo] glxm, ztzte] LSI
£ E®Aoz AL319S 7% vocabulary size 7}

60=te] glnd AH¢ <A LSI(VRP-LS)E Fd3
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reg Bbit

recursive
shift register,
8°8 bit

| reg 4bit

4%4
MUL

T
reg 8bit

h
|

e

Vector distance AlAHY 3l=4lol

di.s 4 from the vector distance compuration datapath
1
15-bit adder ! scan path
15 i
T
e Di ;.1 reg C 1
|
. i se
L] Di_y sreg A see
-4 Diysreg B i sca
comparatol
PLA2
comparator
0.1 5
SRl EEL o
FC
511 MUX —
5 P
PLA3
status=
informations

HF- st sl

ZzAAM9 sheslo

&

)

agh4, siel =)

o g4 ol3lekg 5128tol 8 F7} AlZclh 382 ©l

9z VRP-LSI®) EA& ®olzm 9lch
VRP-LSI 3|29 ol7ldla 7709 715%  block
o2 FEETH(2717), Distance A4+  Cheby-

shev norm (d(i,j)) & A4S, NL-LOGIC 3&+
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read
scalefactors,
state
STCOL informations, first
unknown word reference
vector word

vector
distance and
wor:
distance
computation

end of

column
new

reference word

25 e oA Z2 A4 Ao dex

H 7. Siemens #HE wA Z 22 £A4

Vocabulary Size 1000- word/isolated
clock frequency 10MH:z
template memory access | 20ns
+ A 7 % 2um CMOS
chip size 20r:m?
E gz AE 4 100,000EA
Ay £ = 60mW
Micro
processor
¥
=k -H=--I- - - 4 --, T
t r Interface LSI | i
(S Sy N H ;l |
. || distance
MIC domverter [ processor || ceeveting (4 NL-LSI 4
e g ——_
Vpice_ input  Feature Standard| | Temporary
circuit Extractor % 14 4tern storage
RAM RAM
Matching
circuit
3816, Hitachi 4 <14 Al4d
(HANE el =i Z2A4)
& fAZ Mn(,j) & £ A9k Memory inter-
face 3|2 X reference pattern 2| address & A|oj
st A T8 E ¥4 7] 7] Aske] random  logic

gate & FA 39k, VRP-LSIS 452 599 7
3, 7]5Hell4] 71E 6007K¢] IC & Z& 7%
g 3he},

]

|

A
T

o)
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H# 8. VRP LSI Specifications H9. VRP LSI performance
Matching mode | Continuous non-linear matching/Ordinary non-linear matching Speech manner Isolated/Connected
Output mode  |Less than equal threshold value Vocabulary 512/128
Operating Matching mode Speed sbout 3000 frames/20ms
mode Control parameter —-Standard pattern mumber Control Operating mode specify by Control Parameter
Spetiy threshold vahe Bit depth 1/0 Bbits. Arithmetic 16 bits
Ability 2560 frames(standerd pattern/input pattern frame) [megr.ation 44, 000TR S (ROM512 20, 256 X 16, RAM 16 16)
LSI Process (CMOS 2um Process Interface TTL Compatble
Clock freduency] 16MHz (machine cycle 250 ns) Power PR ————
Bt depth | 16bis1/0 8biv) Packsging 88Pin Pin Grid Array Package
Chp size 3O XS, Omm Testing Internal Test ROM
Packaging 68Pin Pin Grid Array Package, Vec=5V
A . oedy HMH  Asled] pormalizing -, seg-
[Sear }--{ 55a7 ] menting -, template | = 2|9} decision§5 7 7}]%]
TS % TE 7154 block 22 FA 5ol glon, o]AL il A
S, . oz F@sgch(28).
0o A J#H -+ 3.4KHz cut-off low pass filter,
Standard B pES 8-bit A/D converter (8KHz) o} F #7828 T4 5o
Puers ' et
ADDRESS 18
s W?E ATl ALt A5t AG 52 filter
memory  |oE T ——— £ BAstdA 80 TRler wielxi, Fubg
T Toeus Q4Ee 2337 Qotel FAGL Asha o 16mseo
obeh Bz AReh
J817. VRP-LSI 32 74 = ~HEA normalizing ¥+ 7t7] & A4S sA
ol e 3A}b2] utterance variationS least square
fit ulAlo] o3l A#HE &S normalization §ct.
3. ©dA A £7 244 =2 A4 Speech segmentation ¥+ frame power P(j)%
OKI Electric Industry AF9] 3}2}52 (speaker threshold value o] thgl Alo)zlel wle} A)2RAa
independent) SA ol Al T2 A4 (MSM 6250) = & A (end point) & & gch

Speech analyzing sec.

[=]

azhe. sA5y 4

Al

fioke |

Wi, j)

N result
Spectral normalize H Tma;fx?-rfmh) HD&is;}—‘
template
pattemn Sn(i. k)

= 2 A4 (MSM 6250) TA =

(233)
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Template memory = masked-ROM &  A}-€-3}9
20712} template ®HE] (48Kbits capability) & A&
% 4 gl

Multi-Data linear matching -+ Al Atgke] w1,
z‘]a]"‘iﬂ' =T

L1 linear pattern matching S
ool T4 2ekd sgleh

o] AR EAL F103 Zw ghdA  FA
Q14 Zz4l4 MSM6250 sh=diol 542 F11%
2t

& dynamic programming -8 23]
Aejgto 24

N

F10. Speech analyzer =4

Input Input medium . Microphone
condition Method of utterance . isolated
Speaker ; Speaker independent

Number of Recognition word: 8 word (or extensible)

Analog-to digital conversion . 8KHz sampling, 8 bit
Sampling frequency . 8KHz
Frequency analysis | Digital filter composition . 8ch.

second order, bit-slice method
Center frequency range . 250~2500Hz
Frame period : 16ms

Mstching method : Linear maiching with multiple paths

Recognition Reference pattern . averaged male & female reference
pattarn, male/female
H11. MSM 6250 3=l &4
Process 3u Si-CMOS
Chip size 6.34X6.3mm’
Number of transistors 7000 Gate
720 bits RAM

48k bits ROM
AD converter

Power supply range 5V

Power supply current 10mA (MAX)
Clock frequency 4.19304MHz (TYP)
Package 28 pin DIP

4. Systolic o}71 ¥l A & o] &3 el ufA] = 2 A4

A A7 A& $38 performance & Fola, A 7}
e &4 Q4 AJage VLSI 8o sl 7t
% 3heth

ojw| zmejsteiof 3= F8E 37HA FTAE

i) Template #| 28] €23} access time

i) AlARe dlze] Ale]e] AR

i) A7} AA A EF (classification) 3 ol
A gFEE AAg 58 nadel 39 olF HE
vl Aol FaAR ARl AAEEst A
AAA 53L 29522 vector distance AAM-¢]
F2E 1-D systolic array & AA3le] AAsHEE
A Al 7ch, 2819+ vector distance  AlAHF-9]
element  two level pipeline architecture & 47|
& Aolek.m

REF ‘TEST
REF - n N
] S S
REG - R B B
suBl{ aBSH E[-{apDH HmclH
TEST G R R
- E E
REG - | ¢ ¢

T18]19. Vector distance element (DE)

DE: wi#o] 1.21/mm? E ;MR £¥ 2500713
A =le] 3 20MHz, 10msec?] 1-
frame %9t 20,000 vector& A & °‘5}

o]2]d HA 2 DEZE 1-D systolic array & = T4
3o, 1/0E F7F A7A gax AAabekol B
vector distance processor (VDP) & 7443132
VDP £ VQ(vector quantization) mode 2} DPM (dy-
namic pattern matching) mode ol Ezt & 4 9=
£ AA s Urh(2720).

Dynamic programming 44 71&7] A 27
7} cost function ZAb WAl S &) sle] & (addition)
7} wim HANA A7lE complexity & %k

Yol 4 Amdk DE 9 CE(cost element) cell of
Z2 A A=
sht4]

93, clock FIb4E

2J3} dynamic pattern matching(DPM)
macro cell W4l o g FEsIYch y21L
macrocell DPM o}7]|&l 4 & velwz Qlrh

o] macrocell & & WA 2.0mm?°]: EWALH
A4t 4,80070 otk Aa DPM A2 3229}
23, AA AL 13719 macrocell 2 T4 5ol Ut
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Dij Dij Dij Dijj
| |
TEST
- - - -
— « « «—
REF.
2320, 1-D systolic array VDP
DE cell INTER CE cell
F |ROUT
0 B|B|B(B|B|B|B|B|B
R & S[S[S|S|S|S|S|S|S
M P|P|(P|P|(P|P (P[P |P
CONT
%21, DPM o7&l A
DPM chip
- 5. 8mm >
[] DE | CE| CE| DE 0
D DE CE CE DE D
P EDE CE CE DE P
A A
D DE CE CE DE D
S S 6. 9mm
. DE CE CE DE .
I:] DE CE CE DE D
[] DE CE CE | CONTR. D
%l22. DPM A floor-plan

V. €

ERoE HE Be

=

A7t AYE 2 e oA
e A3 x2E 9% VLSI ol7lg Aol o3l

A5

Hokeh of7|ElAy AA wyo] FA: W4 AL A
g3te] £ZESolz ATHAE s A4S ©
shed, A7 AEA2E Yl Aol 4= 2

£ 2187} 7153 AL (dedicated) A1E 28] 324
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A % VLSI & +deo] Z2=H gk

aelz Az A 32 AAAE A" ATAE
4 ZEz ez 2FEHE 2& dAbrlF olgdx
Fad4d, zzadge &el4, A&, =& AaY
el qlejsola o FAAT 24 (HHA packing,
testibility) 5% IL#jdleof det. 2 Tl 4
9)A| g VLSIel a3 A5+ 54 Az A4z
AE A A5 A7 Ao 712 dy-
namic programming WS sMA§  level-building
DTW % vector quantization ¥l5<o2 sl =
HAoA eTFsE Ads Folt W ¥
bit-slice X+ systolic o}7|8ld 5& AHLgozH
AlzAeE £55 571719, template vl =2] &3
< 27 dozxn o4 oF%E e, access
time & Folt Wkl AFrst A= ek o]
7o) Al Ael 3=z VLSI Fdo| gsjd Az
AzeE 9 Sgo] Gasln iAo AP A|2Y
o T8¢ 71 g 4 ok
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