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Improvements gained by optimizing at this le ove poorly implemented standard

cell approach can be up to 100% or more in are ever such an approach is quite

1aborintensive These days it is only or inve manual effort in highly repetitive

and reused structures like datapaths and widely nd ells Implementing random

control logic manually in this manner use this type of logic often

changes and the manual effort ontm lly nt ep up with the changes
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CHAPTER DESIGN METHODOLOGY AND TOOLS

idth
Drain Area Drain Width Drain Area Drain

X2 Perimeter X2 Perimeter

Ni 30 90 30 117 11

N2 30 90 27 105 11

N3 30 90 24 94 10

N4 30 150 40 22 110 32

P1 40 18 40 18
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89 INTERCHANGE FORMATS

LAYER metall
TYPE ROUTING
WIDTH 02
SPACING 04
PITCH 10
DIRECTION HORIZONTAL
CAPACITANCE CPERSQDIST 000003

END metal

NACRO acic

ORIGIN
SIZE 100 BY 200

PIN in

DIRECTION INPUT

PORT

LAYER METAL
RECT 10

ETD in
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LAYER iETA

RECT 100
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CHAPTER DESIGN METHODOLOGY AND TOOLS

VERSION 5.2

NANESCASESENSITIVE ON

DIVIDERCHAR
BUSBITCHARS
DESIGN chip
UNITS DISTANCE MICRONS 1000

CONPONENTS
-.adcinst adc FIXED .1000 4000

END COMPONENTS

END OESIGN

Again sttcr some housekeeping this is declared to be part of the design chip There

one placemcn of he adc hi ck ad sst old be ti Ye slog role ama Th block ha

beer frted the pce nent cannot be changed Blocks can be np1aced is tnt

case plac man prog may move the ho he to ov timing or hip

an id- rd dascr br ion gns cc

in -.to-d ny is

DELAYF ILL

COFVFRLION 2.1

DC hp
DATE Sarah 24 2003 .73
VENDOR
PROISR2W PEARL
VERSION PEE 65

DiV DR

VOLIAGL 1.080 20 320

IROCEtS ron Cc
IJOCPSFUS2UPR 80 000 2o 000 000

ILL
LL

-ELLIYPL ci-

TCNCF
DELAY

ABSOLUTE

INERCONNC idi up Lii- mdI/P\D .0.3 .4 .6
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CELL
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8.9 INTERCHANGE FORMATS

ABSOLUTE
IOPATHCKQ225.3.3.354

TIMINGCHECK
WIDTH posedge CE 0606.06
ClOTH nogedge CM .12 .12 .12
SETUPposedgeD posedgeCK 0.1.0.10.1

The segment hegns with the design name and log of what program ran to produce

the SDL Some interconnect delays are then given The tatemnt

INTERCONNECT elk mdi pad clkrnd /PAD 0.1 0.2 50.6

specifies an interconnect dela path betwee ndi ar ii ad dC mdi/PAD with ri ing
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Net Section

IGROUND NET gnd

jNET namel 0003PF
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C2 node3 node4 085
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89 INTERCHANGE FORMATS

15 ns fs

15 ns 15 ns

15 ns 30 ns

15 ns 45 ns

15 os 330 ns

15 ns 345 115

15 ns 360 os

15 ns 375 ns

ns 390 ns

15 ns 405 ns

15 ns 420 ns

15 ns 435 115

15 ns 450 ns

15 uìs 465 ns
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810

When the second edition of this text was published few designers including the author
were still using tools that were home brewed that is cobbled together from publicly

available or custom software The designs were at level of complexity where the ability to

customize tool to perform function was quicker than waiting for vendor to have

commercially available tool The cost of entry into even custom IC design could be kept

quite low Now it is virtually impossible not to usc commercially available design flow

without seriously impinging on schedules and design quality and integritg Most large US
APAC and EMEA universities now have commercially produced tools that are used for

teaching So while the availability of advanced tools is an expensive startup cost for

small company the basic tools and flows are available at selection of ertiary institutes
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EXERCISES

Si The gate inn for aanily of chips has fcund that 30% of the gates are scannable

Dfiip flops 20/a are 3- or 4-input gates and 40% are 2-input gates NAND or

NOR and 10% are buffers of various sizes Propose gate array
cell that best fits

this gate mix for density Is an SOG
array

better choice from an area point of view

82 An FIR filter for GSM receiver with sigmadelta converter as shown in Figure

85b has singlebit input To what structure do the multipliers degenerate If the

coefficients are single
bit and 288-tap filter has to operate at 13 MHz what

architecture would you use for the overall design

83 Vftat kind of RAM cell would you use to control configurable logic ock in an

FPG Design the cell and outline he reasons for 1our hoice

Evplam the adeoffs bevcen usng at ismisllo gate or tristate buffet to imple

ment an PG outing ho

85 Using the MO SIS scalable rules design standatd cc library
where the MOS

ra or is de he pMO vide IV at the inn mi in ye ca and

or nor ta ch that

Write mIt art or fainil ch eve1 king age mjile neit

ra ninable ter lx to 64x basic rvcr ie for tie Ia dccl des ied

Exercise Tic Cu ut old cnn ofrect th the fo lo ng

xaegnr -r ix earle

yr uo Uppery

aye are ii dit 1-diff Co tar oyiretaii at me

n-rrne 2ra eed unit nverters

Researc the syntax of LEF and nrite LEF generator for the inverters

Complete the 64-entry 7-hi sine ROM ayout generato
introduced Sm tine

35

Write scfs are generator that generates Vcrilog descriptior fir tFe sine ROIsi

Piramete inc the ROM in arnpliti nd pham resolution
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If the ROM generator had to be implemented with static CMOS standard cells as

opposed to transistors what cells would you use for each block in the example given

in Section 8.3.5

8.10 Show how power can be measured with SPICE for digital circuit

11 Research the detail of CORDIC processor and design CORDIC capable of gem-

crating an 8bit sine wave with 8-bit phase accuracy Code in an HDL Compare
this in terms of size speed and power dissipation with ROMbased NCO

8.12 Construct data sheet for the CORDIC designed in the previous question

13 Estimate the die cost of mm die with 800/c and 98% for an

wafer costing $2200 each he die maybe shrunk to 3.3 ian in more
ads anced process tf at costs $3000 per vafer Is it th moving to then wprocess
if the volume is large en ugh5

14 Sketch sfck digr large ir than 80 pI OS tn Si 40
0V OS transistor the -irs hat sing ns to des ti an 20

815 Using tLe RC de ay model esti nate the Worst case calling de of the untapered

andtap red nputd ra NYN ii ue857 Let hr oadbea 4/f

vies on an 12

if tra cli ito ci

nd de
qi ci ta rg Oil CC it ga

amp c7

Lthesr cI ci 815
and logical effort om each is put of the tapered aid untapered nput nam

AND5it sla fo cc
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CHAPTER TESTING AND VERIFIC/P ION

By detecting maiftinctioning chip early the manufacturing cost can be kept low For

instance the approximate cost to company of detecting fault at the various levels

is

wafer $O.Oi$OJO

packaged chip sojosi

board $i$1O

system $iO$iOO

field SiOO5l000

Obvioush if faults can be detected at the isafer level the cost of manufacturing is

lower In an extreme cxa nple ttft ft led to correct gic bug in the Pentium floating

poini vhe cml mrthan rn 1ton had ipved ip 1904 TR\4 halted sales 0a

Per tiuri Eased -omputcrs aid Inte was forced eu Ii th flawed chi The itis akc ied

lack of po pi resoone cost tEe compairc an estimated $4a1 nil 01
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be o1 Cdt cn aipaoSr
on to des ft ips fat litatc del ug and ma ft tu op tes the chi ad bond
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Section 10 cxa nine id ahil and re iabi citing

11 it
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sized gstc dcscnipfe was Fin ctionalls cquiv en to the source RTL Figorc show
ft at wc it wa at to provc that is eqrnva en to he design specificat on at

higi en behavi intl or specificatit ii eve of iF stracf on The beha oral speculcation migf
be verb desc ipLion pla ii lanrm ge tcxtual pecifiea in dci ition in sonic high
level omptite language such FOR IN Pasca SD gm gram in

odc ng ii aguagc such as stc ira Ta div descrun it anguage such as kUDI
or Reid or npiai tabl of inputs and iequired ot tputs Often designers produce

golden aaoddin the previously en ian formats ud beo nes the refem cc



9.1 INTRODUCTION

Behavioral Specrhcation

Formal Verification

Test Vector Equivalence

RTL Specification

Layout versus Schematic
Strjctural Specification Power Aralysis
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FPC has ys cm Co firm system Ic perfor ance situ in the actual syste is

that will use the end clip This is recommended because of the increasing level of co

plexitv of chips and the svsterrs they implement As an exampi the area of wireless

loca area network chips witf out reahtime emulation system it is virts ally impossibl to

simulate the unseen effects of an unreliable channel with outof-hand interferers

ou can Lheck functional equivalence through almulaf on at varous vels of the

les hi isIs de en the levc tl Favi level mat
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CHAPTER TESTING AND VERIHCATION

for transistor-level model The way out of this impasse is to use the hierarchy inherent

within system to verify chips and modules within chips That combined with well-

defined modular interfaces goes long way in increasing the likelihood that system

composed of many VLSI chips will be first-time functional

The best advice with respect to writing fimctionid tests is to simulate as close1 as pos

sible the way in which the chip or system will be used in the real world Often this is

impractical due to slow simulation times and extremely long verification sequences One

approach is to move up the simulation hierarchy as modules become verified at lower 1ev

els For instance you could replace the gate-level adder and register modules in video fil

ter with functional models and then in turn replace the filter itself with functional model

At each level you can write small tests to verify the equivalence between the new higher-

level functional model and the lower-level gate or functional level At the top level you
can surrour he filter functional model witf software environment xat ode the reaL

rio Id use othe filter For nstnc you car vied carJully selected subsample

frame to the lilt rand compare tfc tput the on ti nal iv odd what tfe sigrer

exec ed theoretiaily You ar so obse ye the video output or deo fir ixe fer te

check that looks correct by no me us ar cxf austive test but conf dci bus dr
sally fe ougI avai able you apply it pa oft xc St tie

crc re ii or

ir iiev us era
nfl
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In uvost project the amount fve lc eff gr tl cci icr
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wirer wer yo vie te rated in erif -at to effor iv igf sc ul

If you don test it is var old guaranteed

Ma tir ies when chip eturr fro fat atio f-st set ci

vi onmrnt SO fun need to puepauc or di vex ou ar gin consu uc acu
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Real-word ogral connections analog digtal inpu nd output
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on clii cafe via ace reu

gene star

diguta ir terfac to PC eithe serial parallel ts or slow ta or PCI bu
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You can write software routines to interface with the chip through the serial or paral

id port or the bus interface The chip should have serial UART port or some other inter

face that can be used independently of the normal operation of the chip The lowest level

of the sottwarc should provide for peeking reading and poking writing registers in the

clìip
An alternate or compi approach to proride interfaces fo logic analyzer

lThese are easily dd to ign in the form of multipinned headers Figure 92

shows
typical

ho II trat the zero insertionforce ZIF socket for the chip in

the center ofth oa analog circuitry interface on the left set of headers

for logic
anal on cop and bottom and set of programmable power

supplies on tio an interface is provided for control b1 serial port of

PCatt ttoml

al

fw
al1 Lef
/i

sty jf f/

//_sdfr

O/
ca

//
/PIfy//

yD
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In the case of digital circuit you should examine various registers for health using

PCbased peek and poke software This checks the integrity of the signal path from the

PC to the chip Often designers place an ID in the
register at address zero Peeking at this

register proves the read path from the chip It the chip registers are reset to known state

the registers can be read sequentially and compared with the design values In the case of

the logic analyzer you can download the equivalent test pattern to exercise the chip Fre

quently these patterns can be automatically generated from the verification test bench Up
to this point no functionality of the chip has been exercised apart from register reads and

writes

Where the chip has builtin selftest see Sections 9.697 you can urn the commer
cial software that provides for this functionality over hour dary scan interface This type
of system automatically runs set of rests on the chip that completely verify the carte

operation all gates and regsters as defined by the originO TL description If this kind

of Lest cfac was OL uscu you suuuid pursue nauua cUort wi ich he hnction

as of the cUp ef ecked fro he tto i-up Of ccur if you are gambler yo can

do top-level test ike run ng p5cc- of code or tr ing to kit th operting sys em git

away Experience shows tF us of en does not work ually because of prob ems wi
ac tt first re it so aus rev tIe bot omup ne Fod pro tha one ice of
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INTRODUCTVON

When bug is discovered and corrected hunt for other portions of the design that

might have similar bug that hasnt been detected yet Where there is one rat

there are many rats

Never assume anythingquestion everythinga slight touch of paranoia helps

When the chip is demonstrated to be operational you can measure more subtle

aspects of the design such as performance power speed analog characteristics This

involves normal lab techniques of configure measure and record Where possible store all

results as computer readable results ie stored images from digital oscilloscope screen

dumps from logic analyzer for communication with colleagues

For the most part if digkal chip simulates at the gate level and passes timing analy

sis checks during design it will do exactly the sa ne in silicon Possible deviations from the

smulated ircuit occur in the following casey

Circu ower than predicted fixslow clock or raise

cc fx at gi use race

Crcut has dnamic lofyc problems fixdoalt do agai

jnar ros ta et

lie ic ii ix do ter P- clv tion

th aralog circu ry wide raige of issues can affect perfo riance ovc and above

vI at las It pov ad ii se ad tempe

ucauupu ceitra Wi fIO

VVI etc ret flea do li te tI to cot Ic nc ii

iv ufa utiag ts used verify at cv ga atcs as cx ected he

need this at fr nber of ii ii fe tI oc

tie at IC es ii cF -Sr ci vo ta

ii aypca
layer lacer ts met I-to-cr et

disco wile at th en cross ng ert ca opo og urn

nisrgo da agdvass

SI orts thro gI the th gate oxide the substra or ccl

Thea tin lead to part
cular ci cut rtaladics irclud ng

od hort ii

nodes shorted cccl he

rp foafn6/ utpu diccor cted
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Tests are required to verifr that each gate and register is operational and has not been

cow promised by manufacturing defect Tests can be carried out at the wafer level to cull

out bad die or can be left until the
parts are packaged This decision would normally be

determined by the yield and package cost If the ield is hagf and tIc package cost low

ie plastic package then the part can be tested only once aft packaging lowever if

the wafci yield isas lower and the package cost high Lu an expensi ceramic package it

is more economical to first screen bad dice at the wafer level he length of the tests at the

wafer level can be shortened to reduce test time based on experience th thc test

sequecce

Apart frorr the aerification of internal gates /0 ntegrity is also tested with the fo

Iowng est Ag ccrnplctcch

/0 evels checking none margin for or \/J 1/ idr

speed ten
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92

To test chip after it is fabricated you need tester test fixture and test prograrn

tester is device that can apply sequence of stimuli to chip or system under test and

monitor and/or record the results of those operations Testers come in various shapes and

sizes

To test chip one or more of four general types of test fixtures may be required

These are as follows

probe card to test at the wafer level or unpackaged die level vitF chip ester

Zoadbrardt tt paaged pa este

sri ited circuit be ard PCB for bench4evel testing wit thout tester

Al CB with tEe chip in situ demonstratirg tie application for which the chip is

sed

ntr fir on scs en uu uct en

be Lied oduct on cstc us ially capers cces of couipment with cor figu abie

Ic rent ar

ech cit nhe tester dfves pot pins Parr this emora yclrrb cycle basis and

ci an th ne re fi is od cc

bagr und ca we tour tay cabiret ho dug tte hr cc ectron cs Th the

vht se kgrou the tm ii ig voiksta on The hea is en tl ef

cent ibis is where the chip placed ir the load board to be tcs

lEe probe card or board for ihe device under test DU is connecte to

is ss so ed vi cd

he test tic ci appi cd pad ed chip ester sari hc

hi ut cc spares he valuc with hose the ci he

ef sat

d/C ci ref rd lj It be

sed rroved to tie at on the wafer lowered ar the test prxcdure re1 eatec In

die case oi load boaid wich aucoxnahc it handi ig the sce or 5ad
board and sorted into good or bad bin new part is fed to the load board and the test is

repes ted rrost cases hese procedures take few seconds for each pait tested

The ability to vary the oltage and ti ning on perpi basis with sater allows

proces knew as Shmooing to be ca ned out To nsta cc iou could swee from

on part whi varying the tester cycle time Fis yields graph called

chaise plot that sF ow the speed nnsltivlty of tic rt espect volt ge Ano em
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oh1 ci ktc ookL hii opo idthi no

rtatons

ste cm fo nd1ii an RF ii

ci yty no
on mc lb in fde 7j ci tho

tnrougfl sti
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ster or cit mm ns tic caper

rt is test

Suppoic i2 mi lion tester

iadcqua to teat aster next

Co

Dhding the tester cost be of ds in wo yea gi cs 32
cents/second
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III
_1

A// d7/f

4r

/$ /d //

J2
JU LU U1J

toJc-n dcC

tb be or

mir roc odu este hu gene1al hi less nctio slow cs ric ia

Gay pi ess cpa dab and arc ar ad cs cape si cb rd ti at

fe io -I ad etF

cLdld ccc aras Si

oups cifcctja ely LEe1gn tE cit oas ogic arialvzei by sui roun ii ig ip with \s and

na ag log viti FPGA ob st eat

Tb star equnes 1estjrogarn in cilfication and test this is ai ovedoaded ext lid

progni TO normally wr ttcn in Figh4evel language for inctance the IMAGE langaia6e

used by eradvne is based on that supports library of orimitives br particular estet

he est program spehfie st nut pattern nd set ofoutput asscrtins in

pu coca ot mi he ascrtcd value the rr monci trnc he te iepn
cro Be ore the patterns and assertions are app ied th test or cram has to set up tac at

Otis itnbates ofa tctcr sach as
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Set the supply voltages

Assign mapping between stimulus file signal names and physical tester pins

Set the pins on the tester to be inputs or outputs and their VON VIN levels

Set the clock on the tester

Set the input pattern and output assertion timing

And then on per chip basis

Apply supply voltages

Apply digital timulus and record responses

Check responses agdnst assert ons

Report and mrs

sum us or em file can he ed ir vs ded

Spciai ector changed scrip dons VCDs are used compact mu aflon results An

spic it inlus/pat or fo case of lu adder is sF ov below

in

000 00

10

01 01

10

01

ii cc ows cc puts ai Sian

Redng down vs rev as es te Fe ass

UARRY ic eat ea ii eslTnatm test nectar ha iwst aol air thc

test aecror numbcr lx nex three olumns ire the bit arv value of the inp its

lowi two co thc evpeted output values Each linc represents certa length

oak cyc the osscrted by he tester Signals changc af er specified period cc atnn

an stem clock running at thc icquired test period Clock generatto can be caused

in ffc cc vays Fi st oak ha cc ed her kg al ch

sacs ta sci ci Ic oak ic fo ft

one fir tl clock hsgF Alterea im rg gcne ator an be usen whict lo vs tl

clxk rs ng edge for instanc to be plac ani vhcr in ttar Ic So for ns an

he puts are changed the ste of th ctc cycle tfe clock might bc programm al

15 ri bc ce
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Each pin on the tester is connected to function memory which is uied to either

drive an input or check an output at DLJT pin Multiple bits may be required per pin to

control tristate input pins or mask outputs when they should be ignored These memories

hase finite length so sometimes with older testers more than one sector load has to be

used to test part This normally slows testing as the reload procedure ma be slow MoT
can testers seldom suffer from this problem

The clock speed is specified as are supply voltage levels The time at which pins

are driven and sampled is also specified on pin by pin basis The format of the test

data is usually chosen from Non Return to Zero NRZ Return To Zero RTZ or other

formats sue1 as Suiround By Zero SBZ

IC handler is respo ssibl for feeding Cs to tc fixture attached to teser Chutes oi

ays con am ng packaged pi an ed to gray feed the devices to handler
iiels uss ann of mechsnial mm is to pick the ps up and place th is he tes

th oa es the pp re

it whe her or ot hey passed the test It is possible to heat and cool chuck to test

atu oa Ia kve cc ig is sot no sin ef or

irrc letif ccc ie su

exa sa id is ii vu in go Ii the NS 6O 1r SeA

si In tcrich heF
atm nor xrt Fe test fixture The lwht tp isd cates fu to ng 01

ii

ir rug ope ig he gl of an ther center ccree se

It ml
prc pie it Ca as ii

ment but also ha rin foo ings shiel are lowered when macfine is in use

ai ers cons ir to the est ocess g1rualy und sec Pius

ith

cc se ba oar mr it he igne given ii be

ci hand cfor in so

verdi atio te nell or harneic be of HDI Cc tI pl cC as vrapp

aro rd core eec CDL simplest test leach nputs at applie to the dub

ti ard meL dr the orsput xl esnmned to dete ins whether they ccmylv

fined peete dat se de ed it er dcl an

aai Cc as afi nor thevalue cxi be eompu ed on tie fi
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crp 40

Hacidy Coo

or he NCO mt oduced Sc uo mm 23 and 11 me foil wmn is tI core of

test hem that write mc sri cm mes file Tfhes ix my
be bsequ med Vt

ogra Xsuchasl\Ii LAB occulatedist rtr ti- ratribi es em

Tea Bc to ta

10 d1 in

duls te-

parameter delay

parame or MAX COUNT 512

rag reset cUrt

rag bit phase hase delta
ware sine
iota or plot fia
rt ger

mat al egin
ma plmase pIaac delLa 1k

end
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non dut resetreset .fclkclk initia1 phaseinit phase

phaseincrementphasedelta qsine

always delay/2 clk cik II define clock

always @posedge 01k
$fwriteplot file %d %d \n $time sine5

1/ main test ioop just cycles for MAX COUNT cycles
initial begin

plot file $fopenplotout
for ci MIX COUNT

@posedge cik
$finish

end

chrodule

ternatively the desi sine and sire values can be exte nallv calcu sited and

stored ir ale and compared on the fly ftc followin code segment si nilar

at boy Appendix A8 demons as tiTat method of
testing

req expected sanef

/1 read in the expected sine values to file

iti

$readueat exsine dat expected sine

always delay/2 elk clk II de inc clock

expec ad ie ri

for -- MAX COUNT

-rya @poaedge elk
an

can pc-ed -i

-- td
begin

dasplay utica

stop

erd

end

The fle coo be ge crated sfV AFL k13 using the tollowing code

Li All get- acetic f-8btrewac
256

pi 256
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approximsitee bit resoiuton using fax

faxaint 127 128

fopenysinedat
ft fapenhexsinedat

faa ii 1256

tprinff %d\n si1
fprintffl %2x\n silfl

end

fciosef
etOsefl

is odu es th follov ax inn dot cia

Ox

Ox83

Ox8

Ox

Ox/

ci

fic ep rc 0101 Sr

1di ic rc Ic ac nlrc

gc
ici ci gi tc camp ngr ad IL Cl at agc

se di

sa al to rid ala poir Id ng ag
aS

lb tcp cq cc bugg ng disco ucs

gh laval ii guaxc scoots are frequcntl ad vFo runi ip arge te eSpC
icily for rcoon egras io asting vo Ins pc fo suite of iso at

OT let at no ICL 01 it has advc tcndv Pncd in modul st

no boles urla desi is ra to lip

cc gr as isi CO it as catu ICCO lieu

no5 broken mpl tea lIlies
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In the software radio example Figure 811 showed possible architecture that used

combination of an IQconversion block and mutiplier-based muhiprocessor
The following regression testing might be done

Test IQ Conversion
Test LTpconverter

Test NCO
Test need and Write of Al Registers
Test Phase Inerementer
Test Phase Adder
Test Sine ROW Read Contents
Test Overall NCO at set of squencies

Test Multiplier
Te Downconverter

Teat NCO

cst 14 itt- er

lest Low ass ter

pints ry

Test tIicroorores
ALU

Teat Instruction Decode
To Pro ii oun or

eiss -as esi-r-
Exiaustfve Insti ction Test

lert Interprocessor Bus 10

lest onversion to Processor pathways
ott are iadio onality

te ti- way wh oh the correctness of modules slow built up veffy ig

vc ro Ii ci gradui Ui 40 ty

he ticn tvcanleveri ow se 5cr hi

tively verify
that logc is correct For stance we can verify that ti-c sine ROM is in

firt get ersHng sine wsvo for on freoiency ne this Irnowedge fo potu
late that gencia cs correct sini waves for it put frequencies when we verify at

esel abovc the NCO At thc chip eve we assume thst IQconve sior is correct

fo all nb nations of signa frecuenc1 and local wcillator frequency even though

wc may ni check small subset If we started at the top level and ran simulation

for fcw equcncies Wt ou never hate cot fidence that the lower levels wore cot

rect In addition if there is problem trying to locate he problem by debugging at

Icy ft ilc fu mmg regression test om the bottoiv up dcsigred to

otercome this verificit nightmare
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Combined with regression testing is the use of versioning that is the orderly management
of different design iterations Unix/Linux tools such as CVS are useful for this

In the software radio example the regression testing halts at the ALL test in the

example given above Working late the design leader Vanessa Eagleeye examines

the CVS history and discovers that Fred Codechanger has made an edit to the ALU
design to

try new adder during the day She is able to revert the code to what was

previously working and then rerun the regression test and have peaceful nights

sleep Fred corrects his mistake the next day and is advised to remember to run the

regression verification
step

before making such hurried edits

II
iother important to to ue during veriScation and fac the whole dc ign cyc is

bog actang sti tra tang sec scd Ita Tb tHou

hi itoas nhseye aiui
cain naurc Fe bug .F

pe cewed pe Soc espons fur fix ng the be

exar ic tf pie iou mci te po

describing the bug She tes Aed the person re cponsble nd thc level eve

ic rcxt da cd fix he obl and are th bug fi ed

report is kept the
systerr

but doe not appear ny sting if outs anding bug
is kept tu ace the tutrodu of bugs as his might give aagcrs an ide of

are at ag ac

tackiig ie ii ci bugs ai gi eyouanidea ftierat au

is converging toward finis ted state If the trend is down vird the des gn is con

vetgirg On tic he hir an pward reri tends to dica design carla in its

vchficaf on cyc

94
Fe area of basic digital debugg ng was introduced beef on 1.2 di major cha lenge

silict debuggnF is when the chip operates incorrectly but
yos cali or asc rtain tie cause

by making weasuremerts at the up pirs or scai chat outputs see Section
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There are number of techniques for directly accessing the silicon First specific sig

nals can be brought to the top of the chip as pro be points These are small squares 510
am on side of top-level metal that connect to key points in the circuit that the designer

has had the foresight to include before debug The overglacs Cut mask should specify

hole in the passivation over the probe pads so the metal can be reliably contacted Typical

of these kinds of test points might be internal bias points in linear circuits or perhaps kea

points in high-speed signal chain be careful not to excessively load the circuit to be

probed The exposed squares can be probed with picoprobe fine-tipped probe in fix

ture under microscope During design the load of the picoprobe has to be taken into

account by providing buffers if necessary The Yodel 35 probe from GGB Industries has

capacitance of 05 pF input resistance of 25 Mfr and frequency response from DC to 26

GHz can probe down to 10 qm by 10 iim window

Tie die can also be probed eiectfcally or optically fmedha ica -ontaLt no feasi

b1n efttron am ebmni proka uses scanning eletrrov mr crcp to produce

tight1 focused beam of electrom to messure -chip vol ges Similarly lacer Vo1tcg

Prcbz
ig Lasscrre9 nvolvcs sh er at and ohs ig

the rdficctLd

igh he efiect one are modu ated bc 1w dcc tic ft ide so sw ing wa clot an

cc Howeve anc hi cc nvaft 11 sticair f1h to rr av

ix id rogi apt

te at os

ii il1t ml ti TVP viP Cll run

through the subst at from the brckside of ci package

more coarse scale ed IR imaging at be used ei- ii hot spa vi ii

courcof bes cc
is IThere re aim quid ry eta ate ials which can ix painted or to icat

atu oh istac ac oc
I-via at th isk wr aFows dln Beam FIB canb used oc vires

to vi ftt ack Ic ci cf II

ground ofixnd eec repa mp ed lie rca or or hi kind of cc is no nil

any dip arojee me esserce md IB uns icker ard caper for

if poe a1

kaSo cc ci

short between Va- and GND has rendered chip just back from peout non

functional The position of the fault is known and it can be corrected by cut to the

top level netal Several packaged parts are sent to ti FIB house with ocation

from given fiducial mark ar an acco npanying plot of posit on of the metal to

be cuL The FIB house exposcs the die cm by gftnding plasti package TIe

ape the lacat he ut 05 ho manually using cnn pe ad rune the FIB

nimchineThe iv odifiec packag are then return ta signers where ho mfully

tl-ey
celebrate an ciwse usclc chip
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Debugging logic circuits will often involve extremely fast or novel circuits that are

largely analog in nature In this case it is advisable to have model of the circuit in ques
tion available in SPICE Debugging analog circuits as with purely digital circuits involves

maldng an asserfion and then trying to prove the asseruori is correct Tnis can begin with

SPICE simulation and then progress to silicon measurement
Failures causes may be manujhcturingfunczianal or electrical Manufacturing failures

occur when chip has defect or is outside of the parametric specifications Debug can

reject chips with manufacturing problems although circuits sensitive to weaknesses in the

manufacturing process can be changed to improve yield as will be discussed in Section

9.6.5 Functional failures are logic bugs or physical design errors that cause the chip to fail

under all conditions They arise from inadequate logic verification and ire usually the eas

iest to lix Electrical failures occur wier the ap is logically correct but Tiaifunctions

or dat cc tair condtions such vo age tempe ore or frequangr Sec io 6.3 addressed

many causes ol electr cv Culerec bernie lerca i5 aur can ae so serc th appa
as tiona lailu es he tube ccur at are extren ely dii cult repr an

iagi

So called moo ots to delia cc ca con Bake9/
Shr 00 lo of na tF cd ax Ti

ra am

lainoces the alit hr

or on ci onO

no ij ou oocra cc Fe as ige re

states only one of whi correct tor exa nple register vitho rest rig
laldnC

cc

any freq ab xc belo at dc ci cc

romeo cc mj ares cathhla cc it
wi xc kly ro aks naali ci heh re end the cv At hc
vo age the aie is ibatad air at si or Pc ol he is

th cb hq id
cli ag

ct cc ra enc es vigor ways nun-s aiDre

ed aga era ol ci it

fast ha au tx to ad ha righe io

al shr shor show speed sing as te ature tee eases at bay cv
perature could indca5e coupi rig or charge shar

ag noise exacerba ad by aster edge ates

Failu cc high an-per ture 1d ed eat excessive alcg oi ro se uroblaa-s cxce
bated by the lower hrcstiold voltages Walls either te axperatute Id mdii tc race con

hit ocr there tie th thai avms the race its wo Lmp ature

Pg 6s vi trn io pia2 Cr wki96
ch Ia periods and gr er gac he hi

an ape pee
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Clock period in ns on the leftfrequency increases going up

Voltage on the bottom increase left to right

indicates afailure

1Q
11 Li
12 L2
13 L3
14
15 15

L0111213L415 101 1213J41

Normal Brick Wall

II bcha ed sh no Bistabi

TypcalSpc dpaF ato

1j

14

L0i L213 415 L01 213141
RvL soej

sos vol acre In ease rol age rodu es eouency

CoupF sg chargc are scc Speedpath leakage

10 10
Ii

12 L2
13 13
14 L4
15 L5

10 S1213 415 01112131415

Floo Frget

Works rt high but rot low cque rcy
Fails at specific cn noo

Leakage Coupling
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VDD

OPass 1433MHz1

8V xx 0000000000000000000000boooooooooooo

6V xxx 000000000000000000000b00000ooooooo

2.4V xxx xx 0000000000000000ooooooooooooooo

22V xxx xxx xxx 00000000000000000000000oQoo

OV xxxxxxxxxxxxxxxx00000000p000000000000

t8V xxxxxxxxxxxxxxxxxx xxxxx 0000000000JLLL
.8 L9 22 24 2k 26

Alpi I14rmoo

critcal actor des recdomcoporaeffe tn5 rui
as co auy arctuiccc LunsiueIouuIl 01

left fabricated par aval abl as is recurri ternorafo to des

sure ows combinat oral cIrLul wit nruts lo test this circur CX aus

vc sequ nc f2 up os veco st bc app icd ohm to hily cxci

se cit at iv scq ci cu

add on 1/ cgTIt is as yr Figurc 7b TI he of cu deter ed

by he pos ad the prey mu of cit vecto mus app ied

aa se

Cc/I if coy5 cc witaN 25anc/ el 50 patterir whccho

cppro ca ely 102 Accumny cm had epat applhdt/w
application v/c usperp te Pc bect time would be over bc/li yea 10

Clearly exho csng eas ble fo raost sys cms he age of ult GHz
proccs ors v0 irately the auber of po ciatially nonllo ctional nodes oi chip is much
smaller than the vu nber of ates Manufscturng cit enganwrs must everly devise test

ye ors that detec any rear defective node as thout eq ng so trany patter is
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elk

Regstes

Combinational

Tic combinational explollon CSL vectors

Todes uti thec tea eo goodar tisnccsaa opropose faularodel

1- rrpa onts The no pony cde

call kiaci ode hc joi Circuit/Open icml modu can closc

rico porste bgi latio

lx cra at

a/zero Stuck OS Oor fat rae Sec dt1 lxs nmte Os rrri

vel es go wh re aa- dot cosine cc be deq iat mode ig

iliustra es how at A-O S-A- fault ight occur ll hose faults most frequcntlv

occur gao oxide lots the nTOS gt ND or the plxOS gate to ii

to nt or

Other aodeh ac ark er

dog ed gre9C
oc1csts sC is if cr

the sos cvi Ic hat east the most accurate model ng faults shoe be modeled

at tfc trarsistor eves Decause it is oni at t5is raid uiai 1kn coivpi renic st Lure

known For instance in the case of simple NAND gate he inter nediate node between

the sea aMOS transistors is hidden by the hemafo This implies tha est go acranon

should idealh tal account of possib shorts and open circuits at ti sv dcl level

ay8O Exp diency dic ates that ci ost exist systcm rd on oiear logi prose

ons of circuits and stuck at fau modeling
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SAl

StuckAt-1

SAl Faut

to

VCSsuc

ntaa sjosib af tto

ombm na it fa ci ii act atL

case of pit NOR criich ire tic arsis ors is render inf ect ye If

MO ci

ABBZ
who tie pacrious state ic ga anothcr ampic either pMOS transistor is

missing rod world ho litrari arg might be Eg to ore void

charging sequence until one of the nIVIOS tra istors disci arged node The eaft

would rems iii at zero ha ring chargo akage effects
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CHHD

CVOS dg auk

ar to hi to tu ta

sod srate ca do bse an

ie fa shov irc tLc coon cctior or pMOS
in V1 ou

if ye

and drain onnection as shown fse ap ir the test ector 01 or to the and

anu nicau thL szi Dl LOT vv1 nj cc at cLe rm ed

size of the nYOS transistors
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difflcult of testing particular signal within circuit An easily controllable node would

be directly settable via an input pad node is his little controllability might require many

hundreds or thousands of cycles to get it to the right state Often you will find it impossi

ble to generate test sequence to set nur iber of poorly ontrullable nodes into the dght

state It should be the aim of good chip desig sets to make all nodes easily controllable In

common with observabilitis the adoption ot some simple design for test techniques can aid

in this respect tremendously Making all flip flops resettable via global reset signal is one

step toward good controllability

measuic of goodness of se of test vectors is the amount of fault coverage it achieves

hat air th ye to aiiled vi at pet centagc of the chips sternal node veto checked

ow ptually in way in which he cove age ea culated as fo ws Lac circuit

ak seque ice ard Fed oO S-A ard err irula tie test
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Istorics tI sd tr logc nd cim ltd igne sirs emented snetiorl at
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icra 0th yes ie es entrineeraiffiore ecu esign tine1

ext tie es of at Hap as procewm ir creased
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Fe
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in desig deal dci /u am ii Tea xl axe Ii At DC
sF td of PG sai ar ostleik
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Co nercial TI too can hieve excellent fault coverage Howeve they are

mnutation nrem ve id offer inut be un on sewers os compute farms with many par

al -essors Son te use statisti al algorithm to predict the fanl coverage of set

of seetom out pe or ig
as uL siwulaton Add ng ax ard bult in self test as

cur ste an id in

stvcct rt ecui to esird or ove are
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The fault models dealt with until this point have neglected timing Failures that occur in

CMOS could leave the functionality of the circuit untouched hut affect the timing For

instance consider the layout shown in Figure 9J2 for an inverter gate composed of parah
leled nMOS and pMOS transistors If an open circuit occurs one of the nMOS transis
tor source connections to GND then the gate soald still function but with increased
In addition the fault now becomes sequential as the detection of the fault depends on the

previous state of the gate

Open

tcy Die of ul

Dc as nay cac ostalk aol fault an so UI 10

ten lo ck

5scs Sc

96

keys dtgi ng cicu ts se ass tntab ortrol1abilr aid obser ability
Rcstatd controllability is the ability to set and reset to every

node to

rcu Oh bil th hi to ol rye her directly ndirectlv he state

dd ee cut sub he Ii

ng tbea set ow ghfa tcorc ag wit relati civ esiv tors More
over tf eSsenta big be se ally ng ost sg

asbeto erodif ut
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We will first cover three main approaches to what is commonly called Design for Test

ability DFT These may be categorized as

Ac/hoc testing

Scan-based approaches

Built-in self-test BIST

Following this we will look at the application of these techniques to particular types

of circuits In this treatment we will look at

Random logic multilevel standard cell two-level PLA

Regular logic arrays datapaths

Me nor cs RAI\I ROM

Ad ho est tcc qi es as eir arie suggests are collcctio id as re at edu

hec sb atio exu son ftcsug li yaresun dFe hstof lreaoc

so Sc ors ISTs cil

lb

large ceque ci

1irutpexa

rmiding fo

echn ic ssi cc atego is sc bus oi tc syste

cit ose isa loadab the bus ar csb of

en lb to aIls isic alues at cx st ta bu sab ed

SI

cqu us

In CMOS rsmss gate multi bee ass provid low area and delay over ead

Any design shou vay fla ctnod of res ig
rIsc uiC al

ithi single cyclc or at most few cyc es Apart from making testing easier this also

makes nulatcon faster as fess cycles are requircd to initia ize th chip

In general ad hoc test chniques represe bag of tricks devboped osci yeau

bt designers avnd th overhead of as St atic app isa to testing
wil be described

the ii scc ion WI lc me gee en approaches are still quite valid process dcnsi

ip
siltate tured approacf to tesh
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The scandeszgn strategy for
testing has evolved to provide observabihty and controllability

at each register In designs with scan the registers operate in one of two modes In normal

mode they behave as expected In scan mode they are connected to form giant shift regh-
ter called scan chain spanning the whole chip By applying clock pulses in scan mode
all Nbits of state in the system can be shifted out and new Nbits of state can be shifted in
Therefore scan mode gives easy observabiiity and

controllability of every register in the

system
IVlodern scan is based on the use of scan registers as shown in Figure 913 The scan

register is flipflop preceded by multiplexer When the SCAN signal is deasserted
the register behaves as conventional register storing data on the nput When SCAN is

asserted the data is loaded from the SI pin which is connected in shift
register fashion to

tFc evious regs er outp the scan chaii

hr th ci ruit s1 own load the scan chain SCAN is asse ted CLK pulsed

ght mes to load the firs two rank of hit reg er with data SCAN is deass rtc

is so
cy to orr pr delis

SCAN is tf er reasserted and asse ted eight times to read the ed ta it At se

sam tin ncr reg crc ten cus cd fo ti cx est ifl ace
th ira se kno- he cg

is ock sena ocal data ou ci serva

on rc ipu or bit at II ck be cud

output can be obse addit on runr rg ro dom pattern of Oi th

ca Fe hi ef
lest generatio tor 1-is type of as ar hitc cture can be ghly utot atea

teehriques car he ised In tIe combinational hocks nd me to ad th sc

eas ly tested he prime disadvantage is the area and delay impact of the extra or Ut player
the scan regist Diorigners and maracers ke re nwidespre igreircr ht tF

cost is of the so igs cbr me as oduc or test oi

thu hat icr or Uaii re lust

let gtu
to lea eg bed ro odul is

et auto nafca to ome meeT sea
ig Fxtend rig he Us an

cLes LO to setlal scan casies random access scan nctoS To some exten 1-is sirs al

to that used inside FPGA to load and read the control RAJVL
ac basic idea is shown ir fig cc Th ilgure sows two register sec

tior Fact regis er re elves columr Co umnm and row ac ess signa along
th row data ata global nrite gtal write is eonrected to all

registers

asserting the and cal sin cess signa corj nc ion with the write

registe can be or wrt ac tI as Ti

at onal logic showr to ght the rr kementinh Sc ogw eq to

at the transistor cccl can reduce the over sead for eadi cgister
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Scan-in
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ate hoc it ou ct be ro cc

Ps can an ccv Pc

camab by idd rg nult xer he data pu shown in

6a Figure 6b af ows circuit desig for such scan egister using transrrission

gate multiplexer he setup time increases by the dc ay of the cain transmisf on gatc Is

series with the inp as compared to the ordinary static fiipfio in Figure 19b F8

ure 16c shows tire it us ng clock gating to obtair nearly the same setup me as

ordinary flip lop et er desiga if lock enab is used op th do resd

orti is sIt car ker ogg Cs ng
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SCAN

SCAN CLK
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desigr fiche berger78 Such design substan sally urge and siowe than eonvefl
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methodology 4p 42 ard Mare ofter called and espectiveha
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19

________________

19
19

Tx

Si

nbcta gnu uf rio ss
he ue wo as nov appin sea Ion

toggled to rrarch tic dats through the scan ch in he SO scan out termir of each la ci
co cts SI so in in cr 1mm next latch gore 918r/ s9ors aster ad
mor or ip ci but ci ob it ye the scar nab latch suitable for custom datapathsHar sO1 arring or bich in ear1 ycle adequate ovid grod obsr alas

tyand controllabi ito in system there is no need scan the latch

The same nciple applies to pulsed la.ches Figure 19 shows the scannab
trfziger pulsed atch used on th han see also Sectia uses
sngle 7fasc clod ho global clock is stopped during scan so th pulsed latches

op hL
powers so ccdbacl ode Yto Did im en th cii

Tx pa iv to Th trsnsmisson gate latch drY ug SOfas dye am node 19
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Static Latch
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Staf Latch

XWeak
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Note that the SO transmission gate is ON during normal operation loading tie outpu
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gn Id ect to use scco sea ock vi vo ti ob err

Dom pipe1 is ii cm be sc med rad io xaJ domin nel te neorpo it em
nto ph se tars arent latches on the laffcycle ho nda ies Skewto1erant dom

no ch ii ret
don cs Lad

nt gaP an cv

Fgu 20a shows how to make last gate of each eye skew to erant

am iii piceli ic Lann4bk The latr dynamic gPe hs teL keeper and thus

will retain its state when either high or low he scan technique resembles that of

transparent latch trom gure 18c The key is to turn off both the precharge and

evaluation transistors so he output node floats and behaces like master latch Then

wophase scan clock is toggled shift data first onto the master node and then into

slave scar latch Ihese scan clocks are again cad and 42 and hear to relafo whip to

ret domino clocks and 42 gd5 stopped low so is high and the precharge transistor

is off pecial clock gater forces 446 low luring scan to turn the evaluatio so

WI en scan is complete galk rises so the ext do mno gate resun es no mal ope atior

Thh scan approach adds small amour of load ng on tIe critical path through the
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PRSG defined polynomi of som lengtl onstruc ad from inter

fecdbac shft register LFSR which in turn is made of flipflops connected in see al

fasi ion as shown Figure 922a The XOR of particular outputs are fed back to tho

ir put of the LFSR An bit LFSR viii cycle through states before repeati ig the

sequence LFSRs am scussed ftsrther in Section i05.2 hey are dcscribed by cmaloc ei

is scpolynomzal indicat ng whch bits fed back complete feedback shift mgi le CFSR

iF own riP re 92 hud ze te fa iv cc ci sot
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The combination of signature analysis and the scan technique creates

structure known as BILBOfor Built in ogic
Block Observation

BJSTfor Built-In Self-Tcst The 3-bit BILBO register shown in Figure 9.23 is scanna

ble resetrable register that also can serve as pattern generator and signature analyzer

specifies the mode of operation the reset mode 10 all tho flip flops are syn

chronously initiabzed to In normal mode 11 the flip-flops
behave normally with their

input and output In scan mode 00 the flip-flops are configured as 3-bit shift reg

ister between SI and SO Note that there is an inversion between each stage In test mode

01 the register
behaves as pseudo-random sequence generator or signature analyzer If

all the .0 inputs are held low the outputs ioop through pseudo-random bit sequence

which can serve as the input to the combinatioral logic the inputs are taken om the

combinational logic output they are swmzled with the
existing

sta to produce the syn

drome In summary BIST is perfor ned by first roset ing the sy idroir in tIe outpu reg

ister hen ho rgster are or din the est mode tj poducc die ps do acid-re

inputs aid cilculate the yndrom Final tie .yndro ire is oF lit out thro igh the scar

ci

Va ious compar ave co umercial desigr aid packages sat supp it og

so ha pa kige ed ogic IS ccl takes ithesi netl ot cd adds the scir

Ii ore Fe cc ii

DO D2

croj
--__ _-

MODE
Scan

bj
RS

ii To vg OIorTc Oh ervafon PC 01ST al dv ego usc sycte
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generated scripts to use boundary scan to run tests on the final chip As an example on
WLAN modem chip comprising roughly million gates full at speed test takes under

second with BIST This comes with roughly 3% overhead in the core area but actually

zero because the design was pad limited and 99.7% fault coverage level The WLAN
modem parts designed in this way were fully tested in kiss than ten minutes on receipt of

first silicon This kind of test method is incredibly valuable for productivity in manufactur

ing test generation

To test 16-bit CORDIC using lIST three identical 16-bit LFSRs are designed

using the characteristic polyoomial to be defined in Table 10 These LFSRs are

placed at the start of the pipeline as shown ir Figu 924 Similarli th cc swnature

aralyzes ar placed at th ft vipeiinc When nlS ode ne CORDIC
can it iuil op ratio ecd For instance we run 6384 les it 100 lz

the ota test takes 63 84

Yr4r
COR 1C vii

Testirg arge ncr ics toduc or tc er can be expen
ye because ti contain so anr and th requ rc tn te ors Er bedd
If test circu ta as th aernor ci can reduce ac rnt er of te esr etc tha

aa to be ru typ ca read rte cc riç Rr\V1 te nrogccm Tf bt addres

ci as on 78 cite

i- wr1t-dat
FOR 1-0 to 5T red-data tren rtedato
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FOR iO to M-1 readdata then writedata
FOR iM-1 to read-data then watexFF
FOR aM1 to readdata then wrate-data

where data is and -data is for single-bit memory or selected set of patterns for an

n-bit word For an 8-bit memory data might be xOO x55 xxx and xFF These patterns

test writing all zeroes all ones and alternating ones and zeroes An address counter some

muitiplexers and simple state machine result in low-overhead self-test structure for

read/write memories describes 4-Mbit RAM with self test The self-test

consists of 256 cycles that input checkerboard pattern of alternating and Us to test

for cell-to-cell interference This is followed by 256 cycles in which the data is read out

TI-en complemented checkerboard is written and read total of million cycles pro

de test suffice it for en- mantcnance

ROM memories can be tested by olacing signature analyzes at the outyut of th

ROIV and rcorporat ng test mode that cycles through the contents the ROM As

nifca ad rage of all self test ic is tha ng be perk ned wI en tEe part

ar tle eld Vii care se f-test car eve bed edur 10 sss pera 01

br the RE used iithe IGO Bib cinu try
ea she added show gut .25 lie

si us at alv ha been de it Ut ot

phase our ter is used to cycle tfrougi he RO The advattagc fths sule of testis fiat is

elf cm iii dde tie CUl fo ii of as St apab tt

Tb circuit is tialized and un fo 256 cycles and then the resulting signature can re sd ou

nd ew tic
eqs

cc ot th the sigr alare an lyzer is
part

of the n-c

entry and so can be run at cx remely high speeds--much higher than might be posslhle vet

tc bi that extends aross the cntiret of ch Again th cmphas the efli ac ok se f- es

ateg

tar

NCO ROM es ing
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Bridging faults were ntroduccd in Section 9.512 method of tesf rig for bridging faults

ii called IDDQtest supply current QuiescentI or supply current monitoring
Lee92 This relies on the fact that when complmentary CMOS logic gate is

not switching it draws no DC current except for leakage When bridging fault occurs
then for some cot ibinaton of input conditions measurable DC DD will flow Testing
consists of applying the normal vectors allowing the

sigr als to settle and then measuung
As potentially only one gate is affected the IDDQtest has to be very sensitive In

addition to be effective any circuits that draw DC power such as pseudo-nA/lOS gates or

analog circuits ave to be disabled D1 namic gates can alse cause problems As current

measuring is slow the tests must be run slower of the order of nis per vector than nor
ial vhieli increases the test tine

IDDQtes log car be upletec te nally to Fe ch bt measunirg he cur cut

air hn on ially ingsec all eons uetedtes vu ts hs tee ii que
rca Vt Are the cit over ad lb

Qte be

icacage xeeed terre ca ed by he Au ts

sen Id

ti ip
ved dcc etfct of

sign pa
ii ii 0y ci ig

esi ose ci ts are
Ic

it

DC
tar oee ir cu

as onaa

ci -t at net ins us coi pe isate for de cci

one rr isa en nm It

of tu ig ci on the vonds is lot nd to defect ye the iroi rife

cc no

or if mi has is ban an

isi os en ft if cm
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Elevated power can cause failure due to excess current in wires which in

turn can cause metal eligration failu es Jr addition highpower devices raise the die tern

perature degrading device performance and over time causing device pa ametcr shifts

he method of dealing with this component of ma sufac urabil
ty is to minimize power

thri ugh design techniques described elsewhere in this text add suitable packag

and heat sink should be chosen to remove excess heat

We have seen that process simulations an be carried out at diC

ferent process corners Monte Carlo an4ysis whi was introduced in Section 56 can

provide better model ng for process spsead and an help wttl cci tcring dc ign ithin ti

ccss ariations

her is or ic jol vii be rornufact cc it

ur Ii fai li ng test nn her ir ii
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dardized scan chain accessed through the Test Access Port TAP so that every pin can be

observed and controlled remotely through the scan chain At the boiird level ICs obeying
the standard can be connected in series to form scan chain spanning the entire board
Connections between ICs are tested by scanning values into the outputs of each chip and

checking that those aiues are received at the inputs of the chips they drive Moreover
chips with internal scan chains and BIST can access those features through boundary scan

to provide unified testing framework

Package Interconnect

LM1

Tj

riaDaa

/0 rad ard Boudary
Sca CeE

ate

Jav et cc
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The Test Access Pcnt has four or five single-bit connections

TFK èst Clock Input clocks tests into and out of the chip

TMS Test Mode Select Input controls test operations

TDI Test Data In Input test data into the chip

TDO est Data Out Output test data out of the chip driven only

when TAP controller is shifting out

test data

TRSP Tes Res Signal nput opt onal actve low signal to aynchro

nouslyr setthc Pros io

swe up reset siial

geir dbythecYp

cc sip orns liv IRS and arc Fe li

Fh odisbkloi da sir lipo cntrac dli rs tsaressrnpledcn heric

ng cdge

Fr basic st architect sF own wgu z/ conlist of

egist
icc di cc

onr st pe ng tie
rpe

of tcst perforce

co ro it cc

cgi

odc tru

sF on dc oti cc cc od scar data ar ou of tie rcgiste pcc

cat cc ct data registcrs our dary ca reg ter and he bypass

reg TUb und ac ster it ii the utputs or tic

Sin so ti at boon
ry scsi obser and contro tie chip I/Os The by as regstcr is

ngle fi p-flop used to accelerate tosti
ig by as cling sh fting data ito the boundary sca

regis
of idic chips cci sing hip on the hoard is be ng tcsted Internal ar

ci sn ST or configurat on registccs cats be rested as optional additional data registecc

contro by boo try sc
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TestLogcReset

TestdIe A1 SeIecScan1
SeecHRSca1

r-H CaptureDR CaptureiR

1-11 ShfttDR ShiftiR

________________
Ll Exft1DR Ex41-fR

PauseDR PausedR

___________
Exft2DR Ex524R

Update DR Update-IR

TAP conr1c ciidg dr

it mi Stnte

ci

define LLEC DR SCAN bOll

fin NTDR 01

irs Ii

efine 1iXJ1 DR 4bO0O
dafne PAUF DI b00
Iti XI 000

define UPDATE DR IrFO 01

fii SF FC 5CR bO 00

afin APUPF bI

ii 4b 010

define fXI 4blOOl
SU

JI 12 13- 3-1

tin 115 In Cl 101

rnde npcontro nt ratn
output ieg ShiftIR EhiftDR
output Cl ckl CEocFDR

output UpdatelR UpdcteDR
output rag Resotn Eiable

reg atate

/1 cx te gin

cys @oosedge cE nogedge tratn
if trtn state TE LOGIC RUSET

Ba cace Btate
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TEST LOGIC RESETstate tins state RUN TEST IDLE
RUN TEST IDLEi state tins SELECT DR SCAN state
SELECT DR SCAN state tins SELECTIRSCAN CAPTUREDR

CAPTUREDR state tms EXITIDR SHIFTDR
SHIFTDR state tins EXIT1DR state
EXIT1DR state tins UPDATEDR PA1JSEDR
PAUSEDR state tins EXIT2DR state
EXIT2DR state tins UPDATEDR 5HIFT OR
UPDATEDR state tine SELECT DR SCAN RUN TEST IDLE
SELECTIRSCAN state tins TEST LOGIC RESET CAPTUREIR
CAPTUREIR state tins EXIT1IR SHIFTIR
SHIFTIR state tins EXIT1 IN state
EXITiIR state tins UPDATEIR PAUSEIR
PAUSEIR state tins EXIT2IR state
EXIT2 IR stiite tffs UPDATEIR SRIFT IR
UPDATEIR state tms SELECT DR SCAN RUN TEST IDLE

ende ace

if Clock reorsters oi rising edna of tek at end of state
/1 otherwise idle higi

assign ClockiR tek ate CAPTURE IR steta SHiFT IR
assign rlockDR ink tate CA TURF OR etc HIFT DR

ci
Pt IF

asbrgn Undo cDR Sc tnt Sii OR

i-c ge non ro on

aapa iegee negeuye
if trst begin

StiftDPi

Reetr -O
it iabl

cd tie eon
Shi tIR tc SHIST IF
5.1cr SON 5.51

ac Di
anil

endmodule

The instruction register ias to be at least two biti long Recall hat boundary scm requires

at least two da registers Tb nst sic ion reg ste spec firs whi data
egis Cr wi be

ol ed ca tar tJ DR ed rn ie
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load its value from in the Capture-DR state and whether the values will be driven to out

put pads or core logic Three instructions are required to be supported

BYPASSThis instruction places the bypass register in the DR chain so that the

path from TDI to TDO involves only single flip-flop This allows specific chips

to he tested in serial scan chain without having to shift through the lengthy shift

register stages all the chips This instruction is represented with all ls in the IR

SAMPLE/PREL0ADThis instruction places fhe boundary scan registers he at the

chips /0 pins in the DR chain In the Capture-DR state it copies the chips I/O

values into the DRs They can then be scanned out in successive Shift-DR states

New values are shifted into the DRs but not driven onto the I/O pins yet

EXrESTThis instruction allows for the test
sg

of off chip circuitry is similar to

SAMPLE/PRELOAD but also drvcs the values from the DRs otto the output pads By

driving know pattern onto fl-c outputs of sot se chips and checking for sat pat

tern at the input of other chipt the integrity
of connect ons between chips can be

ye

dcli tot ste lit ic tie folio ig
also recoin_c nded oth scar be

lumSi strictos illows orsiige cptestisg rnal va Ic

ho eg -tc n_il tc iXE Ye

or fro the DRs ra he than from the input pads

thi chi1

ote tha the instruct or s-odings are not par of the specification except hat BYPAS

corn rnt de
ig n_ mus di ument sa encodings were selected eac

ucto

ca iOV rim ig
20 Observ that it con stun fla ous Tfc

laIR fi flops sad at cted to fo shift eg ste hey at oaded with

to uel
Ri fsd isu

Fa er eas sigrificant ttvo bits so hat the ntegrity of vie scan

cran can re verfled me Update-lk LCt vie rt die sb registe ouied

tn paralle to he JR output to load the entire it struction at once This prevents he

ws mom n_tar having ilegal values while new nstructio as are shifted in On rese

should bc
asyi

hror ously oadcd with an it nocuous inst uctior such as ni_its

does not nterfc wth the normal bchavio of the ore gin

mm n_al mpl n_er atior of control register is shown below Notice the

enc defin fans This in_pie nents the fix registers requ red for 3-bit

nstr ct on instructio decoded to produce -node it node out at byeis signals

n_ cot trol th data
regi-tcrs as wll be discussed the next sections
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Next IR Bt
ShfUR

CIOcHR

Data-ofl
HI HlRBit

Previous Bt

RN

bi

Instruction bt implementation

/1 Iris ructions
derine BYPASS 3bili

defiie SAMPLE PRELOAD 3bl0i
define EXIESI 3bil

def ice STOP 3bOOl
define 1NTEST 3bi0O

nodule inst iraut tii

put Resetn Clo kIR Upd itIR

ii ut

reg shzftr aiwtreg

Wa

shiftreg ShaitIR Cdi shif reg NOP
way @po$edgn tipdateIR ieoedge Reneti

ii Resutn antzeg BYPAS
Be req iftrej

assign oar shritreg
assign ass inst eg SYPPS
assign mode in instrg INTECT

Ce

eidm duic

he test data
registers ar used to set the iput of odul to be es ed and collec the

results of running tests The simplest data reg ster configurat on consists of boundary

scan egister passing through all I/O pads and bypass register
bit long Figure 30

shows generalized view of the data
registers in wh an internal data

register
hr beer

added This regseer might represent the scan chain withi the chip or BILBO signature

regist Fhus bound ry scan cgantly icc por tcs othe bu te struc ci mul

iplexe suer the contra of ti eTA ntroller selects sidh dsta register is routed to the

ii pin When internal data registe are odded the IR decoder rust produce xtra con-

trol signals to select which one is in the DR chain for particular instru nor
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Boundary Scan Register
Control

From TDI Internal Data Register

TDO

Register

Clock ad Contra fro

str tar egute ad

AP Cart ole

11 ix

boundar sea registi
Co aects at

ti ru gc as ft cc

additional banl fip fi to pdatc outputs aara id ext mu
to

ft rga 1/0 pad ru can scrvc nd coat up oc puts he scem tic anb

vmF roe if Fe scar easrn ho ri ie

he hounda scar register can configured as at inpu pad or output pad as shown

ou 32 ad iF an npu the rents et rece yes DataIn from the pad and nc

cccx log di it eg cc 11

dfac Qou stat an ct lal ru or ar

ao 11 32

ShftUataOu ShiftDt

Ohef Th-rk1N

ClockOR UndateD Mo to

Mode

Dafair

Qout
ataln Qou

Shif Datali ADa

if Datelr

oirdays ft
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Control Control
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to Chip Logic From Ch Logic

PrevCeJl NextCet PrevCell NextCet
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so tie Di id t5 can osters so fir ncnsr istri 11 ado
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The DYPAS Th

so Act coo DO Cm 5151

okR of single flip-flep that is cared ur rg Cap ure- hen rn ied

di ngSli DR ssfo go e93

IDI
hc ftc ig flea

JO byo he duf
gr Cr Cc data

regic

do ii epndi wai ii Con ti he If
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if to no cc al ir df
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ig tie Shift prey nts rc
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TK and allows multiple chips to be connected in parallel with their TDO pins tied

together to reduce the length of the boundary scan chain

Figure 934 shows possible implementation of the TDO driven The multiplexers

choose among the possible shift
Icgisteis including dir instruction register boundary scan

regster and bypass register Additional multipluxers woild be used if more data registers

were included flipflop or latch delays the TDO signal until the falling edge of ILK
he tristate drives TDO during Shift IR or Shift DR

Bypass S8JftDR TCK

TDQ ir Enabe

TD Ji vu

de ecr us

conolerFcstDtiRegistc losac ipil iiiu3O to P0 Y30i

-c Ic to

Eif reots er iod se yes fou fig ihica bits connec ed to the nputs whiP

Co ii bs etel pus

ioc4u da egrnput 3O roml

npu Oak tdr tOor
np cOlockD Updat DR thOR Era le

to ide pus

ou out 3OJ to ogc
outout

wr iecto
eg tOo oyp Odo delayed

/1 Bourciary era regis-era
II tour input registere and tour output registers comected ii bit char

always Loosedge ClockUR
ehiftreg Oh ftDR tar shiftregL7lJ iromlogic

always @posedge UpdateDR
datareg shritreg

assign tolooic modciin datarej lJ

assign mode cut dat-ereg3O tromlogic

II ypass rag eta

ray Cpo edgc 010 kDR
tdobyp Our Oh 000
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/1 tdo output driver

// select appropriate register to shift out delay to negative edge of tck

assign tdo selected ShiftDR bypass tdobyp shiftreg tdoir
always @negedge tck

tdo delayed tdo selected
assign tdo Enable tdo delayed 1hz

endmodule

Figure 935 shows complete implementation of boundary scan for chip with four

nputs and fou output It consists of the TAP controller state machine and state decodc
3-hi instruc ion register uith instrucf on decode the bypass registe

four boundary scan

spat pad ard fru bound sri scan output pads The ot ci pads co npltse thc test ac ess

scar regis con o1 sgr as Updat 3niftR
do node ho ti ntro

eg Beg
oe
Log

BE

cc

LL
BypassLt Rag TDO

lAP Gortro Icr ver

TDOa
and

Bypm ______________ rr tn
naba
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The Verilog for this design is shown below

module coreinput tologic
output fromlogic

1/ silly chip logic function

assign fromlogic tologic tologic tologic tologic
endmodule

module topinput tck tms tdi trstn

input

output tdo
output

ra to op fromlogic
wire Updateln StiftIR ocklR

wire UpdataDR ShiftDf ockER

at ion

wire node ir node out bypasi
doir

OJLC

lcoc tar gi

/1

cooiLro1 tm at hrtt IC

daSaLR Updn is Er ble

// instruction rejastea

Resetn IR Updat IC if

31

ate as iteI
ragd or pro do

05 Urd .- 5011 It le so ide

tologie do

ounds sca test tvp call be9ins wIt SAl POE /PRtLOAD St

lue orl aded to ocu can cs Noxt the or iv

p1 vste ale var ibs aa vs fcc

tI ho ndrv scm registers and the results of the tets fted out

ra 36 shows wa efor ms fo his operation The TAP controller is jarS Iy rose

th p0 the core og operates nor ly with an ir put pat5er
of 0000 and ou

put patern of 0001 1cr the IR is SaNPIEIPRELOAr he data patte

ft is in is oaded wih 1000 lumsI his so Is the 0111 pat cii to

Ice ii pi 0iil dtsr is
aid th utp 01 is shift out Becaus tie INTES actve the

is pplicd to th 00 od .c out it 1100
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Optional Wrapper Parallel Fort WFP
SOC

mm mm

jU
__

mm mm mmUF H1 Ufl
tLr rLii U1

mmHLLLJL
eqL Yrap VV

bed ad -ore se as -h gu 3.33 FVS blo ha

___iiT__ 14

re de conto ti co vith tes dat add aba 1/750 ir

1aba ii og

in as po ts -ii ri EVil Fe as
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san 039 sho

dais cha ne method she ock- ale er icc ad the saa wa as cot

ba on

in odu in 33 in

mal tFed -ada.antgc thenmbero sg aso conro my ncieascbc rd

liar ii- Fm tows auto oU ii 11 51 oa aol cia

esigued aaae ard esi inc module fo aa ti ea dl IS as

-1 eac nod oo
lie al poi

Together smia sa- dary s-a and Plo fo in an ordered set tech

qe es to aailitate esti ag and verificati la cc systems on one or more -hips
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User Defined Test Access Method TAM

WPI WPC WPO WRI WPC WRO WPI WFC WPOUt LU Ut
ENAWPP .ENAWPP ENAWPP

Qfl Je ed rr T1\T

WP VFC

WPJ

re rj fws
wo

as

ont er con roller control er

__
re ej H1E1J

-ET
Drec Paces lAM oca \M rtollr

Vs us et cc
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99

Mfred-ignu1 chips contain bath aualg and digita1 ircitr kill expoce on mixed-signal

testing is beyond the scope of this book but we will address few points When designing

mixed signal systems thought should be put into choosing suitable methods of self-test or

at least making the analog test engmeels job easier Many times analog and blocks

can be used to help in the
testing

and verification of digital blocks ad vice-versa Often

the best way to view dynamically changing situation is via an oscilloscope On-chip sam

pling circuits can kinction as high-speed equivalent-time oscilloscope to transfer wave

forms out over lower-bandwidth intert ace Ho98 If high-speed digital/analog

cony rtcrs DACs an available iv tw ig
ml path of ti chip then they an used to aid

tyst
ml debug

4dcr IQu1 cc or path soft ii amp au me

are placed in the signal path from the NC to the DAC Figure 9.40 vatitx of

si is ca be oue vi Cs lh tnt 01 ix cd im ger

anf as ci en ix ac ramp

required asur aramct hapte 12 additioi in her

sa oft ca be ed to fo ob it im on sc

sope st CC no eive lQsignals at any pa nt in the receive path tan be

55C in \C ll ad est do

extreraely powc fix ssblc .m mbcri ig
the

pat aciilc of rewular ty ano moat

Ia iv ala pos to ir air istm kCs an be inva1u

abi Circuit ix at dont etc ha DAC can benefit iom th technique with tae

iclusior of ll hey an be cc all and naly take one ext pad

from

testportC

tap enerator

trait NG0Eir Qanog

testportC

mp Generator

GAG es sat
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Analog/digital converter
testing requires real-time access to the digital output of the

ADC Providing parallel digital test ports by reassigning pins on the chip 1/0 can facili

tate this testing If this is impossible capturc on chip can be used to capture
rcsults in real-time and then the contents can be transferred off-chip at slower rate for

analysis

If both ADCs and DACs are present loopback strategy can be employed as hown
in Figure 941 Both analog and digital signals can loop back Communication and graph
ics systems fiequintly have I/O systems that can be configured as shown It is often
worthwhile to add either DAC or small ADC to system to allow level of analog
selftest

Ar alog
Dgt

oopback
op ac

VpU

Is no fir fe isso ecs nsa
cv atm or of ira nigrat ad rha es rs

Ito ac sre
is efiab It tern fir one fai os or en ne ai fir far

tas in it 00 00 ars sa

in ubiht tern Onca iarr sas bear rovai have deq iat liabiht it

egardc he

isf eliabli at dr dad into or arral ad cal aim
tes and adh re to stardards sual as tne US vrn 883 sa

ne mro uding

Ci on tal ta ag ib at tan ara arc aac ng aFock

mostui ta
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Electrical tests including noise margin power consumption and analog tests

Package tests including mecf anical tests on wire bond ctrengths and ultrasonic die

inspection

The reader is referred to the standard for complete listirg
of all tests

part has to be qualified prior to shipping in production Qualification can occur at

arioc levels process has to be qualified
before companies will use it for product The

qualification process guarantees that devices will not fail if they are exposed to normal

voltages ovei reasonable lifetime Possible failure modes can include threshold voltage

shifts and open crcuits from electromigration particular standard cell logic
and I/O

library can be qua ified In particular this meat that the IP can stand up to prescribed

ordit for the life irrc of the IC Fir all the duidual design as to be qualified

I/his nvol ases1ng se ias tv of ti part

Ore of the mcdix ng riabT roe ic to use cc crate life csii

hn pi ess set hi cic ated ten pe
and oltag fo an

pir
te tc

is ard an alures logged he tin sy ha lures lead re lit1 nor bet tha

itaf spa it ire ti eases xpcnc wth tape
ten

cv ii ha ds

ao

is he c1ip as vrould ii uses wfat ci ed hi sr ía bea his

no nperat 200

ps cc en ueo cc ci on 00 ii

I/acute

limrnu teter eappliedo ach hiptac sur gict liar ona ihit1

ci ap li us is ope ates chp at ta ipera

ci
ii li cc

isa pi hi is ol ye cost

es

Vt

idut xiv ronmen usua ly se ndad ai tI op ate tes phi ha ols

vailable to em produc grade test elIot But what do do univer ips eons to

when the infrrsxuctote mght not qu as affia ent as in the industry setting
ot

015 test too be unava lab bu also th sect ac of it test board ar

daurti exxa am un of work on top chip design he lowing so ne ps
tha

fit ep it isa uatioi

iw the ime to no us reuitry esting
ti usuall such em

tha addi it at tIe eve start the in gratcu enviror men available

design fin I/lows ci gr er to ii so Cc test exeuitr wh it might seem



CHAPTER TESTNC AND VERF CATION

superfluous to the task at hand including test circuitry can save huge amount of effort

after the chip returns Moreover onchip circuitry can often test at speeds that are impos
sible off-chip without extremely expensis production test machines The main point is to

think ahead

BIST straightforward to integrate into library of
registers I/O pads In the case

of data pipelines such as the NCO and CORDIC used as examples in this chapter and the

previous one we have shown how to add testing capability to the
registers The University

of Tennessee has developed SmartFrame pad frame compatible with the MOSIS AP/1
0.6 mm process that incorporates PRSG and signature analyzer into the pads

Alternatively if boundary scan interface that supports INTEST is incor

pora ted onto the chip the chip can be tested froff PC using comr icr -id boundary scan

controller For example he Core is NetUSB 149J/E c-in drive the scan cha ns at up to

ROT

ii abs nrc o1BI there a-c se re -f ways to te-t ch Onc cadboard or

it aj -l St sss for input LF or is ted us fo

tIc simp st -hip cuto cii -d

inens ye but of en rccessary for high perfor nance iesearch hps other
trategy to

ogic md cr th iatt rr encra tot his app cqc or

um cu

lP no ti
Ic no uaop tlici ic it cm

tI tits ow speed gi 12 sows tre cstoste IC func io tester from
One og arris03 used edt the rr ts

cL p5 cor ij ioeiac an

6x CA oack -orur used je

tOsar
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The fo lowing war stories are collected from real prod- transistor-level netbst into gates and ideutified the logic

ucts at wide vahety of companies and pubhsheo with fur ct on of each gate Circdits were vei Tied to mawh

permission often under the conditior of ano symity the RT b9 rep acing modu1e of he Ti ith tf cor

They are presented to ustrate some of bhe pitfalls sat responding ext acted circui and imu ating to uheck

can happen to smar people who are dee ng with cam at be system produced Identical resus as the igi

plex sys ems on tight schedule The ek led engineei nal The siroulaho is time-cons m- ng so each
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would hang the acuine but could never result in an When the syste as crashed it wrote its sLam core

correct catculation file An enneer began reading hexadecimal dump of

told epeatng t1s pmb1cm the ature cog the tie and noccd pattern that lea sol dng roe

neers tare turned to formal ye cation tools 1hat crash The pattern was associamd tO srnu taneras

prove U- at UI and schematics are equivalent In heir access many banks in an way associative instruc

Boolean functon Such tools are not susceptibie to in tion cacho The cache had fuses assocated witl each

coriplete testf attens However the tools are often cx- bank so banks cot tainingbadb ocks ooud oe disabea

pensive poprietar and difflcu to me doting manufactuHag test During original product de

bug the mm tiactu process was relatively mma
tore and most processors orly han five opeiattor al

carte banks owever the processors manufactumd at

tmn designO do cow a- nica hons od ct was rn of the pro fur ion in wcrc bu on more ma
rnfomab th rrti ar n- croprocesso 0a tjrp process ad oFte bad all et ba fut ms

af-feeno ofitsproduc io uo Ttcteaiy lcgotiatetOc Simultaneous armsstoatl nebanfstck tignalia

be my thousa ur ta Lhe discont ni or to to em rem ng ir powe pply oop ox

cm ocesaorbercre U- nartion war dow ItO eicers so lb droos cc rch by oooi oac the V0
bat or as atom rcmLterame memfu so utlo em so too hang oa sb

pa tO ft th so a- st

o- ce
tO- tdcitr v-k hO

cc arga Into

savor arc do as atcns v/ho vlere ad era va
to mk edo air U- co mc as ma

cot wk trim atetne pnbem tohinging U-er iona fino flanges rm me me
op ig to Jo as U-

-c npa yea ga vi 01 oa rolls ascona cci

cc Sr at to

as coo town team iou g5 po mrial U-eta itt ncUo rho

so iip gri arc ouco as to md Opt lnspr ci at actci a-ttr

50 to --

is ru tic to

uppit vast ag- As cap cc tad to mc aop IoU-c tin the ask osvoo at actve

ut Ic coo cu ci mc bun so oar cc soti to area cut awn P00 50

had r-c U-a bar propursi to io -t
fi ioU jm tOrms aol as ge las

Snot onerybypassed Tie sy- em boaro ackid he ayas aol ass gnea ye Ic are

bjpasa capacito reccrnmerdedin the applica im mea un aomimoer Aownei ci ho g5

50 so he ci ner mo or to t0c pioduct oat or activo area yer vms ott se nash do not
as aget sugge ng hange U-a baa U-u memo appar tc smh te act lava

as rosin ere oh as mis to prob err and Layout douorentation hd beer so aed on as

ii U- is iv in use by stag rem so ex -as
Or at as rho- ad at bypassOg he otto ra Or as asp ang define the

Ia di cc arbor as Caef macmg of he isa go eiaao iso



11 TESTING IN UNIVERSITY ENVIRONMENT

ware found tha toe scd aye had acer used for equency The hign woltage roo ft an indica on of
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caused oy bad da acing read from he cache Sca iso con ro1 paths were different die noIse cvens any hap
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with bolt-on thermostat/heamr unit used to gua an- power suoply straps were added as sPew in Figure

toe minimum Operating tomporature 9.47b OOOSL chips met target speed

An obvious lesson oft rio experience to avoid driv Mobern chips requi slow rsiatance on chip power

ing dif uslo inputs -oitO potcnti ally noisy signals More distribution netv orks and ofteo use power grc nod

fur damental anwever this bug demonstrated ma patis distributed across the die rather than just at Lbs

ginal design the cell library that should have been periphery to reduce the distance and resistance be

caught the lib ary review Moreover humans are in tween the pads and the gates Power Integrity analyris

herently prone to errors Electrical rules like no noisy should oe pcrforrr ed to veufy that the static or dynam
diffusion inputs arent worti the paper tS ey aro orinted voltage droops remain within the buoget everyw tore

on nless computer code exists to enforce the 11 on he chip
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9.1 circuit does not operate at the desired frequency Cooling the circuit with freeze

spray fixes the problem shmoo shows the circuit operates correctly at higher than

nominal VDD What is the general nature of the likely problem and whv

9.2 You have to test large die cm cm that is housed in package that costs $5
Would you do wafer testing \Yhy

9.3 verification script detects single discrepancy between the golden model and your

design out of 400000 vectors Would you proceed to fabricahon Explain your

decision

9.4 Explar vh is ant St ide-at-- LaO Stuck -0 fau

Tow arc seq ciusci 1O Ci an exawpl

Explain the ifferentl ds of ply huEs that cm cur or OS ci rid

re yp cal cu tL

1-c corto ajl ii ahlt3aidfaultc veiage

Vhi or ac at or

Faa ci sr-slwrt ii

Exp am tfe pP ciples Bush Sel est BA Vvhat he a6var
tag

rd
dancE ntagc LB

You have des gn an ext ci fast div dc eight er cy di icr aat axes

ap ib

test th dinide Lx ar crc sons vu cho cc

eau ax

raplen 91-4

1-c di ha ii Ce PRC or

Des
gr

ock ag-am of es gc 32 stat El

SC ng

of the sofu rare adio own ixpre aat architec ure ii Al would you

us ird vi



Datapath
Sub systems

10.1

Mos cF ip
Eu actions can be divided into the fo1lowng categorl

Datapatf operators

lemoni ernen

Control structures

Sn ccl

/0

sici fbution

bt

nalog

yst ipn of part or the ias tr bsys of

ed ci sa ad are

re esigr esa ci Trote addresses ign pti ns for

on dat ratc rs The nex clan er addresses avs capec we used fo

so na rreJd

rent ereze mu pose re em de ha

arroduced Chapter datapath operators bcrcflt fm the structu ed des gn

ii cipics or arc archy gula ty odula ity ar oca may use in cal

cuits topoc siN daaclac daaopea rc acc scalyadjaLe to
ot se ccv irc nth and de Generally data arranged flow one cct on

ashile Contra signals are ntroduced direction thogonal davfio

Cominor datapath operators considered in this chapter include adders ne/zero

detectors comparators coun ems Boolcan op ts orc ccn mdc bloc

shi ters and muitipi ers
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1O2

iaIuieifudec of contrizances were designod and a/morE cud/cia drawing madefoa the

purpo cc of economizing the time and simp/ij5uing the mechanism of carriage

Charles Babbage on Difference Engine No 1864

Addition forms the basis for many processing operations from counting to multiplication

to filtering As result adder circuits that add two binary nuribers are of great inteiest to

digital system designers An extensive almost endless assortment of adder architectures

serve different speed/area requirements This section begins with half edders and ull

adders for singlebit addition hen ondders plethora of carry propagate adders

PAs for the addition of ci ulti hit words rnAly elated stru urci sucl as subti

anti multplciinput addcr arc ds usseri

he haifa idr of Fig ci 1a adds inputs and The ci is or

ad hi is

ar si it Vil 01 vei/I fee
Ic at ascad nih ci ci

falicddershown ou lOlbh lid put allel iC

nd Table 112 oi full adder it is son at rises uscf ii to define Cenua
out

Pro at hip Kd/

true independent of at RTFc cddcr Id are vhc

dci Ic adder

pro ces cci ai only it cci as ca ac

Ii itna Jjf
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Fiom the tn th tab half Ider ogi

IEOJ
10

/BCABCABF ABL

AoBeF Do

fBACBC
JOTC 11

AB UB

rw ir es iti lg cs

ic cal Lc ca cs cC cc it or as aj
Ii ad ers see nra ofte so ftc ccciv at ent ft rc isin er of

hise on

Th full adder of Fgure 30 employs 32 ansistors for the inverters 10 or doer des go

ic jon gate and for the 3-input XO more con pact design is based on

the ohs rut fatS can be factored to sense terre

5ARCLA BC
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BB C-C
AH HA

BH HB

HC

BH

___
AHBHLBHO

desigr

Sue design is shown at thc oate and ransistor lexels in Figure 0.4 aid us

or 21 is ot sa eli ccx or ii xx

11 en op er

11 is be aus id

ir 101 11 3yirlctric La ti function of implemented inputs is he comp er ien of

hi xc ion

cx esg ag aao Co Tpo Lurv pple uuCi oaCr
10.2 the rtieal path goes fror througf man full adde 1e

di
ay ii pa irnpo ta it figure 0.4c shows xc adder with nsistor rex

oç ni fasor the itich paft using rurihe techr xci

the ear sigr to xc or iput so the interna capac ance is

real dscla

abc hos
ii

ii aria iv age Iimurr ac ur ix es ac

branching effort on the critical path Keep lout ing or this signal as xl ort as pa is

hi to reduce interc once anaita Ce

Ieterrni xc widths of series transistors ha logical effort and simu1aton Build ar

asy nmetric gte hat reduces the logica effort from to at the expo xc of

effort to

Use relatively large trans stors on the itieft pad so hat strat Wi ing eapacitane

is sn ill fraction of the ovcrali capacItance

lcmox he outou na eaters id to nate positiv
and aegave 00 lu

delay and transis or Co mr to 24 ic Sceton 10



10 ADDTIONSUBTRACT0N

MiNORITY

iif 1t
___ cS

A8 BB B- B4 B-VHs
AH

E4

nice CV CT
figure 10 si osv two avouts of the adc see so tie inn Ic front cover

io ccc the aspect irti depend or app icanon tv dard eel en nen he

lay Ut of Figure 1ft5a ght be appropr ate when single row of nMOS and pMOS
transis ors used routing for the and nputs is shown inside the cell

although it could be placed outside the cell because external routing tracks have to be

as igred these signals anyovay Fig re 10 5b shows layout of Figure 10 that

might be appropr ate for datapath crc the trans stors are rotated and all the wr ng

rio p0 sib rr tal al vs aetl2 bus re pass oser ti-c tel

ho zo itallv Mor iver th widths of hc tra sri ors ar creas hout irnçrc irg the

bit pitch height 01 the datapath In this case vvrdt as are selected to redu the to

delay that is on the critiral path carryripple adder
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VDO

Cout

tA4$FI/H

V0

/a

ide cr verne so do ro roe

rather diftere it full adder design uses transm sason gates to form mi tip am
XC Ri gurc 10 6a fo vs tic transistor/eve seferiatic using 24 ansistors and prm

ng buffer tput oft pro er olar to v/h equal dc/A Tf desig ider

stood by pars rg the trars ush gate rue urea into mult plexer and ar flyer ib

Set at one

mu tiplexet
ci Sir con gun onp dS ii FQ10

So vit vol irnu ton aotab IRSIM ate conS sed th XOR tn CLaire ad ran rot am
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AfI\I
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Static CMOS full adders typically have delay of 23 F04 inverters while domino

adders have delay of about t5

ATbit adders take inputs B1 and carryin Ci and com
AN

pute the sum and the carrvout of the most significant bit as

shown in Figure 10 10 They are called carryp1opagate ac/den CPks because

the carry into each bit can influence the carry into all subsequent bits For cii

example Figure 10 11 shows the addition 11112 00002 0/1 in which each
-r

of the sum and carry bits is influenced by G. The simplest design is the carry SN .1

ripple adder in wh oh the carry-out of one bit is simply connected as the
carry-

into the next Fas or adders look ahead to predict the carry out of riul bt at gate ad

group Pus es ally do on ut ng gioup PG signals to ndicate

wuethetheiruti btgrou1 propagacacary ntrwl

genera carry- et aug adle case rultiple evels fboka

dt

00000 rrs
ca

ructe as ado er

ar iippleod/e pip/c
0C01

cart i- sad h-se cc th asgh/ oft ie sum he

he ne -at ug

tae so the av siou nimned

Al- an cc he tots

or tpu as ns done in Fig 4e Because Idi an is B4 A3 02

iYr tr fun or act no tul at Ar rece ving coup
ra- xsf 00 iva

any ii rue add nc at

rgc
li delot ci

V7

introduces notatic Ct mmonl used in descr bing fas ci adders /T-

se Oi

Recal iat the and propagate2 and generate cigna were

dod ii Sec on We an gene ire these sIgnals

des nbe ashether group spa Ag bit inclusive generate

pr pasa carry o- up of hi genera es ci ry if S4

its cern Ic it of th cart iv it pr gate

car y- ru vh ue cart sig

na nr bc ed rcc rsivdy for as

not ton ue tie propagate iris Pw rh plopaoate adder
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_G1P1
1O4

ej

with the base case

lOS
0P

In other words group generates carry if the upper more llgniftcant or the lower por
non generates and the upper portion propagates that carry The group propagates carry if

both the upper and lower portions propagate the carrK3

The carryin must be treated pciaIIv Let us define ft aid Then xc

can deft generate Dpagate ignal for bit as

her ati rr ioh Lt sr-n Tt aid-Ca
5fl ir ci ii-

cue ci ute as

PT
Hen addits in car be reduced to t1 recsten prom Pu ing itw ge rate

md ropa Qs nd si n-cl cm
group generstes ft io Hi all using and thee calculatinu the uns

using hese ep n.e illuctrated ir Figure 10 13 ft an third tcps
ie mos itn tie ii iunde this sec ion see ed on tee

or 1041 ti tIc ren ra fs
sj ecd cc it

iard ii se PC log as vn ante 10

lIlt

yrf ta/ion Le ne

am F0 aid the rfix tie elatll

given in 2t10 nis re anions
sip

OiVfl iy na the Tic ore uoirg ti

delta
ape a/ar Jundam ntal carr opera/al and prefix oper

tar Many other problems such as

pr erco rg ar be pe sell as preH cowputations and al the ii ues sed to ui

faa group PG
logic wil apply as we wi cx br in Section 10 10

EQ 04 efres cal
n.y kgce because onbiie airs oTr all

iups To sib to cuiie higher vale icr ou leg to cc ver sag ofm

cimp an traces iumoi 59 08
\Iternatiaelc ion addars use in plac of heause ORis icc tb-in XOR

group

cii its C1 Gc K.1 Vt tS and ci

puethedral
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A4 B4 A3 B3 A2 B2 A1

S1 G04

ga es car if four 30 ons pio

ri ii eoer ts ad th upper propaga tO gen ra es

lef oI fcIC

op cit oo al fort cac as ct go

ai ci at re ta
sa

311 tC tar iativc fo yen technology

pc
cc

The critical path of the
cairy rippic adder passes

from ar to carry ong the carry chasx najor gates As the and sig tals Wi

hi ads raus ized by the ime the carry rives can se them to simplify tEe

ta ty itto ND ga

tWheaevar 00111 ic oc su as \D OR decr bed is implicit that von cat also mean AOl yate

et post at gative ola -t tag wal don in fig rc 12b to sa area ant de ay
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AL A3 B3 A2 B2 A1

G4 G2 G1 GOJ

H__
C2

IC

It ii ig ge

A.BL B.C

zLJ3 B.C 10

rpp acdic ewed Li CIt CI 35

ro

ItO

In tin cx terre the propaga as re nacr used nec ot bee rn

puted Pgure .ff shows hi c2rry ripple idder Fe cr cal rr ray path now pro en

through lam AD OR gates rrther than chain ajoitti gates Figure 10.16

ii strate the gro PG ogi fo 16 hi cr-rip ic adder whet th kN gt
in the group PG etua all are repi

esented with gray cells

Cf CC asi aht ti

se hagraw ise bla cc 0ray ci id whi buftirs
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Bit Position

15__14 13 12 11 10

Th3 40 3020110 10090 8.0 70 60 50 40 30 20 10

dJa gioup ie vcs

gure 10 8a oi ye cnc coils Black lii contrun the group generate ond pro iagate

logic AND OR ga and an AT gate doll icd us LQ104 Gray us nra ning

th gr up genes at logs use it so al po tio ci colum becaus

nl tie group gene te signa requrd to co rip ste th sums Buff rs can be used to

minimize the load on criticol path Each line represerts bundle of the group generate

and opagate signals propagate signals are omitted after gray cells The itwiso PG and

sum XORs ore abstracted vot the top and bottom boxes aid it assumed that an

AND-Ok gate operates sri saud with the sum XORs to con pure the Larry out

0vo PzG5 10 11
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The cells are arranged along the vertical axis according to the time at which they

operate From Figure 10.16 it is apparent that the carry ripple adder critical

path delay is

lGo 10.12

where is the delay of the 1-bit propagate/generate gates is the delay of the AND-
OR gate in the gray cell and is the delay of the final sum XOR

Often using noninverting gates leads to more stages of logic than are necessary Fig
ure 10.17b shows how to alternate two types of inverting stages on alteinate rows of the

gror PG network to mmove extraneous inverters For best performance si ould

drive the mar transistor in the series stack You can also reduce the number of stages bt

Gag hgfcr valcncy cells as shown in ig ira 0J7c for calen bhck all

Tie arrv Lh so be bi ii rob

mine ociga genera and kG siga Is mao of gure 10 3a ccc

be replaced iwt switch nenv rk Figure 18b sE oars npIcm otarior op
xr pie or plc aenta ca cc ryaga ti ug

at MO
CS rivs

gur 0a Ki urr 5i res ancc cc mc ice the un

ft en gft sc he 5rows irh tie crc of This clear ot

vi on ci

ing the chac and insertin an inverter to buffer rhi ryals bm chair Ic
gt dG en

auti oc

nu cokr Fnoloy sac fixer se 10/ Fk 19 .1

aci cci lisifF icia ci
rir cc pa as Cc de

Obsc ac an cite ci ac cc cputc the fur all ons

ll

rFf 11

C1 xcuG EP3G

C1 lkc cc valcncy group gencrat circuit of EQ 0.8 whil thc other outputs arc

the gi cute signals for smal er group Eu fing cimple buffer of ot ac

ods the carry chain be viewer as buffe and ft cc gray chis of ir rem vs anca
rc the car red

-onveitonalfo mFg 1020 itcanalsob ecr cc p1
scntt ifs

fotlcss iultile ccc pu do arc ga uwasda ussed her 4f
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Black Cell Gray Cell Buffer

k1/ k1J

ij

G5 G5 I_Gj Gj
G1t

G1

k1J

0. /-

k-1 -lm r1j ____________C1

1n

Cicuu Cc

Fgure O21 cows ester catr cha ii adder usrng valencv4 stages si rn

ar to the
carry ripple adder hut ises N/3 Stages

he or neal ath of sIrnchester Ca ry chain adder ivolsos

cs flea ro

the car pple ad er vhicl us majority gate or NDOR gate id bit ut

ii
ay

Cc too ui add rs Pie arr called cc bypa adder firt
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site tEe

ose propagate rsd gene ae gna as it Figure 10 and

so conLa ii 1utAD gata icr propaga sogral of
ice ii 305 4c th hr group skip mul plexer sekic do grond It pat corn ra

it ti gros upaga rue the ada.er asrryoa
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TI
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15141312111098765432 TTh

130 01 090 60 50 40 30 20 ID

Lan3 Chdl addergrpPGnetvoik

10P

Ur
Ce yskipJ

icxtthrceoits but hen ra piross icr.exttwo4btbook isa vi ins ppo

ouge fi aI block to od cc Ic IT II tc 23 The

rip cc be top of the dagrrr deter nine each group gerera us carr he

carry skip chair the midd of he diag am sdps across 4bst ocks Finally the hit

rpple chaim with the blue lines represent the same addeis that can produce carryo

when carryin is bypassed to Note that the Ira ANDOR and col 16 are not

strict necessary because C0 can cc computed in paralle with the sum XORs using LO
01

geresal Nb add ng nb gro us as delay of

tskap Sg2 -1tAo 10 14
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15 14 13 12 11 10
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ifl Hi
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of length as opposed to whch saves tsso levels of logic in 16-

bit adder

The hardware cost of carry-skip adder is equal to that of simple carry-ripple adder

plus multiplexers and input AND gates It is artracr ye when ripple-carry adders arc

too slow but the hardware cost must still be kept low For long adders you could use

multi-level skip approach to skip icross the skips great deal of research has gone into

choosing the best group size and number of levels Oldobdkia85 Guyot87

Chan9O Kantabutra9l although now parallel prefix adders are generally used for long

adders instead

might be tempting to replace cad skip multiplexer in Figure 10.22 and Figure

10.23 with an AND OR gate combinng the carry-nt of the n-bit adder or the oup

canv in and group propagate Indeed tin works for do im carry ski idders whcl

ovt is prccharged each cycle also work for cw lookahuad adder ii

ect addeu -he subse9 i- w- ovr r-odc snei y-g cut

l1ath te ai rdiiary carryskip adder Iniag sum nng 111 000 000

All of the oup ira gate ire .ev block wi Ot iii

carat-out Whet falls the all -a sy signa must ple ough al ause

igh ti addc T40 ski dde oi is

hrc

cb Ifec
ii 90 cha ed skip across nc

adc

lie caro lookahead addei CL crge

-Id us to the -a at do adder it -omputea gu up gencrat gnals as we gr op
agate signas in wa gfo ippetod mine ddfistgoupgcieatcsacarrv

ch an add si 10 as PC et 01 2/

sal hi wt gao ap
PG gna
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A15.13 613 A12.0 B12.9 A5 B55 A41 B4C5C4
16 12.3 S55 54

C1 ry ooka cad addei

16 15 14 13 12 11 10

Li
Li

__ ill
160 15O 140130120110 0090 90 7O 60 fO 40 30 20 10 0O

airy -h 2u acc PC vora

arC s/1a seac

Th LOiS

vhere Cc deL of ND OR AND OR IT grtc cisc

vaJenc -n generate sign Fhr is no better in the var able length carry sIT adder in
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the multiplexer to gray cell as shown in Figure 10.30 This is sometimes called carry
increment adder It uses short ripple chain of black cells to compute
the PG signals for bits within group The bits spanned by each group are annotated on
the diagram When the carry-out from the previous group becomes available the final

gray cells in each column determine the carry-out which is true if the group generates

carry or if the group propagates carry and the previous group generated carry The
carry-increment adder has about twice as many cells in the PG network as carry-ripple
adder Thc critical path delay is about the same as that of carry select aader because

mux and XOR are comparable but the area is smaller
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of each block the even-numbered columns based on the carry out of the lower half It

also computes the carry-out of the pair of bits Again this is done twice for both possibil

ides of carry in to the block In the block width rocy the adder again selects the sum for

the upper half hase on the carry out of the lower naif and finds the cair y-out of thu entire

block This process is repeated in subsequent rows until the 16-bit sum and the final carry

out are selected

The conditional sum adder involves nearly 2Nfull adders and 2Nlog2 multiplexers

As with carryselect the conditional-sum addei can be improved by factoring out the sum

XORs and using AND OR gates in place of maltiplexers This leads us to the Sklansky

tree adder discussed in the next section
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costs the Kogge-Stone tree is widely used in high-performance 32-bit and 64-bit adders

In summary Sldansky or Kogge-Stone tree adder reduces the critical path to

N1EAO 1020

An ideal tree adder would have log2Nlevels of logic fanout never exceeding and no
more than wiring track and P1 bundle between each row The basic tree architec

tures represent cases that approach the ideal but each differ in one respect Brent-Kong
has too many logic lea els Sklansky has too much fanout And Kogge-Stone has too many
wires Between these three extremes the Han-Carison Ladner-Fhcher and Knowles
trees fill out the design space with different compromises between number of stages
fanout and wire count

The Hsn-Garlson trees aie fami1 of netwo ks between Kogge- Stone and

Brent-Kung igure 034d shows such tree thai performs ogg Srnnr 1w the nd4
numbered bts and then uses one more stage to ripple into the even positions
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Tree adders can be merged with carry-select

adders to form hybrid with lowei dela or fewer gates The
carry

-select adder precom

putes the sum for th carries in of and for short groups or 16 hits Mean
while the tree add computes toe carry in to each group Fir ally multiplexer selects the

correct mm foi each group when the carry in becomes mailable Th oup length should

be balanced such that the carry-in and ptecomputed sums become available at about the

same time
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The 1of-3 hot version uses less logic
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plifring design and layout The group kill prefixes are the complements of the group gen
crates this is used in EQJ1O.24 to reduce the loading on each signal in the

sum XOR The 1-of-n hot technique can he useful for other domino applications such as

multiplexer select signals and shifter control signals it also reduces switching activity
and

power consumption Figure 10.41b shows how transistors can be shared between gates

Manchester carry chains can also generate both polarities of carries Figure 10.42

shows how the same type of carry chain can be used for both and carries as well as to

find the group propagate signal using of-3 hot encoding
The domino gates are fast but power hungry Figure 10.43 shows an interesting

static version of the same circuit using triple rail push-pull CPL to obtain nearly the

sane speed as domno at much lower power The UltraSpa uses this cell without Cl

and carry mverters for low-power Al
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ll
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stacks fir valcncy The Ling adder defines pseudo generute sometimcs caller

prude carry sigr
xl thats simple aough th tIe bitwise PC logc ca be cged into the

initial valencv-4 stage resu tang in only four evels of logic on the critical path xv actual
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na ly
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Meanwhile sc need to compute the generate signals for each bit within the 16-bit

block assuming pseudo-carries of both and into the 16-bit block This is done in two

steps First we use series of fast rpple gates to find the generate out of the third sev

erith elevrnth and fifteenth bits within the b1oc using EQ1ft34 0. .3 The criti

ca path gocs through the 11 bit The signal G1 indcatc whether the group

spanning bits 161 10 will geicrate carry if the pseudo-carry H1 into the kth 16

block is Observe how the 1-bit generate signals C166 can be folded in without add

ing to thc iumber of serbs transistors in the domino gates
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Finally we use carry select multiplexer to choose the appropriate carry into each bit

and an XOR to find the sum These two functions can be merged into another compound

domino gate using EQ1O.36 for blocks O.3 and bits 1l6 within each block

Figure 10.46 shows dualrail domino implementation of the sum function taking advan

tagc of the fact that The signals drive large fanout and thus are first buff

ered with pair of inverters

iz w-iG6- jhi6iiGiti 10.36
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sords nd odrcc iv-b output wcrds and

sCow ii nl0 1049Y The ru 5UI oat ofa
adder This is called carrysave redundautformat because tde carry outpu preseried

rather ar opaga ed 2o tie ddc ic dcrs in applcatio tc somcti flea

called counters or carry say adders CSA bmaus they am pt hr nputs pro
duce vo or tputs in carry- awe forr Wh wo saif al left his on posi

on be au da ubie sic ght and added die word wid ordl any

Ce rca It tere if do rh input word ir he to tIe ci 1Y save

-du dan wad sthaioh ICS saga cs in2 aar cave uidni

cc ult Such carry-save addition of four iumbers is illustratcd ii 1T 10 49c vhe

unde or tI carnytu its acne as re nird hat nh- mus fedle
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0001 0111 1101 0010

10111

Y4 L4 X3 Y3 X2 Y2 L2 X1 Z1

if j/ $/
0001 0111 1101 0010

04 04 02 0101 Lo
bt0A 010

tel Die LS

in lu flt Ufl th at ye en nu bets ran be semm

it CA ir ly cc aj proac be exp cc in Se 10 to apd1

IC it -ii ro

ca co

103

Dote all ls cc 0s on wide bit words requnes large fan in ND or NOR gates

ecali that by DeN organs AN NAN arc NOR are fundarnmtallv the

rae operation cept for possible inversions of the nputs and/or outputs You an build

iu 0i nut Id gate

Ii iv beer use path ha op so ges pen cr1 mm mum ogi effort is

cved cc alto
rig

arc re id parl log ai effo
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iog2v

5N4 523 10.38

rough estimate of the path delai driving path electrical effort of using static

CMOS gates is

log4 5F04 log4 0.415 log 10.39

where tFO4 is the fanout-of-4 inverter delay

If the word being checked has natural skew the arrival time of the outputs such

as at the output of ripple adder the designer might nsidcr mim king thc dder delay

in ftc dctcc tog es shown in Figure 10 50b Here he delay from the last changing output

so siige cilay

Ic ast cc uscs wuco nv OS ci dynami OR st tu to pcrfo

lie it OR
igu

Th nor nell ft nor 16

bits larger words gates can be split into 16b hunks to reduce th pa as tic

delay and oid prob ms subtlresfol kacigc

ftjal
A2 /1 ft

A3

A2 A0 nt
AJ cd

A3 aHones

aHzero

A2I AH A2

Lis
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1O4

magnitude comparator determines the larger of two binary numbers To compare two

unsigned numbers and compute 21 If there is carry-out

zero detector indicates that the numbers are equal Figure 1051 shows 4-bit unsigned

comparator built from carry-ripple adder and 2s complementer

The relative magnitude is determined from the carry-out and

zero signals according to Table 10.4 For wider inputs any of the

fastcr adder architcctures can be used AB
Comparing signed complement number is slightly more B3

complicatcd brr ause of the possibilit of overflow when subtractin5 A3

tw r3bers with different signs Instead of sic P1l evamnirg the 02AEcat out we must terminc if result is ncgative idica cd
A2

by sg ficar hit of the u1t id ov rf iws ang

of possible sig
ied numbe The overflow ignal is truc if the

np ts ha Ii Ore wns st sgnifl nt hi nd he output sig

Ii than he of he gn fOre

iu cc ps he go in ie
we lciOvJ gc 3cr ci sed

this cc rrected sign and the signl viwi moo Pc cc- aV

lB

AB
33NO -J

ID
11

An equality comparator determnes This can be done more simply

ap vitl 01 gates Sri ls detector Wii gure

Again this could be do with pieudo- uP OS or lynar vu ga in

the XOR us ttions were combired with wired OR cuat vnj 01
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Sometimes it is necessary to determine if For example the sum-addressed

memory described in Section 11.12.3 contains decoder that must match

against the sum of two numbers such as register base address and an immediate offset

Remarkably this comparison can be done faster than computing because no carry

propagation is necessary The key is that if you know and you also know what the

carry into each bit must be if Therefore you only need to check

adjacent pairs
of bits to verify that the previous bit produces the carry required by the cur

rent bit and then use ls detector to check that the condition is true for all pairs Spe
cifically if Table 10.5 lists what the carry-in c1 must have been for this to be

true and what the carry-out will be for each bit position

0010
3blc he ed

th produced by bi

ESL 1x A1 10 41

gu 10 53 shiws one bitsi cc of crcu tu perform iFir if The XNO
gite is used to make sure that the required carry matches the oroduced carri at each bit

stion that the AND gae ci clii the cndi on is satisfed for all hts
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Produced

reII Equa

Prrduced

AB Kcoosparao

on us yrse of us are bra ycoz nie rid linefeiback dift regis/cs

iv nit mnary cournc sequer cci 00 puts il uaS 1iff

ire Fr na ease vitF Nbi ira ccdba sh ft gster sequri

through up to 21 outputs in pseudo rasdori ordei has shoit mu no cycle uric

indcp dart so it useful or wit cr dy fast Ouiters as well asp eudo andom

suibe iTt

ida in cii be dli urg an aid or sV bt

it an rn tiy to re Fr tr rcachi 14 11/ car hr pro0ra uruable

irs is

Th mp cit bi sa cou Fr rchro was ripple orr counter sin lgLre

is no uposci of egisters en nnectrd toggle cor figuration wherc the falling trar si

non of cad egistci
clocks the subseque it egister Therefore the delay can br quite long

It has no resct sign making it extremely difficul ta test general asynchronous cii

cu its introduce whole assortment of problcms so the ripplwiLarry cou stc is shown

ran for historlcal itr cit ard would lint hr cco un idcd fo commeicid des go
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general synchronous up/down counter shown in Figure 10 55a It uses

Q3 resettable
register and full adder for each bit position The cycle time is limited

by the ripple-carry delay and can be improved using any of the faster adder

techniques dscussed in Section 10.22 If unli an up couflter also called an

incrementer is required the full adder degenerates into half adder shown in

Figure 10.55b Including an input multiplexer allows the counter to load an

initialization value clock enable is also often provided to each register for

ntmg

00

conditional con

TO dk TO cRo

Asy ctice is

02

nope cony courteo

rw re

yC

eta ost
st sot Sc the of

rcginter
shows ig lie 10 56 bit LFSR tEe reg ters mus

elk is ax to ci us patt of ts fm
LE SR is slowi in fable lOe

Tb5 ITR an earn of inczmo7/ it iglh sh rcg ste because

pu eq ces th ougl all -1 rnbinati ns excluding all 051 II inputs fed

to the XOR aie called the
tap sequence

and ire often specified with ch rio teristic

polynomial For example his FSR las tie atacte istic polyno nor
SR

ecaun the tan ome afte the seco id as ti inn registers
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7W
lepeats forcvcr

ac outp Yfo lo vs the scqucnce 1100 his is an example of api ado-

is air bit aejuc car spcctr an SR aigf

speed -unters and pseudo- ando number generatois TIe pseudo-randoix scquences

as ha it soil-test lie er atc testing in comm mca is They

1ads to mar tn icha San2C 19P

or the co relati mu pa pc nake us os look ike cues sac cd so so

sm po non us so axima cog

TSR iro rtan 1ength mo Ia twa taps may requ red many va ues of

ci flea ngtl Sks bser

at Ic cy ic mc by eg ster an APR de1as sidependent 01 IV 1o omb6
th rat sea eedfack slif reg er

Itx
1a

1x4
16 1xix xx
24

a3

ii fl532
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Sketch an 8-bit linear-feedback shift
register How long is the pseudo-random bit

sequence that it produces

IflflUTT Figure 10.57 shows an 8-bit LFSR using the frnir taps after the first

sixth seventh and eighth bits as given in Table 10.7 It produces sequence of

2--1 255 bits before repeating

cftk

Q3Qt4lQQf6Q7Q8
bt1FSR

06

Bo ei it cci ng ir

shown in Fiire 10.58 Table 10.8 shows how the inputs are asishned to parfor
al ii it By oviding ff vi rho cc

sucn as ANORA or OTA 1rithmcEic
ogic

Urn ALU rcqu rcs oth ar

metic add subti act and can log ca ope atio as You car ci ivu tiplex hetw
adder and Boolean unit or merge the Boolean unit nto the adder as classic

18 ALU Weste9dl

ol

PAB
ORAB
XORAB
NANDAB
NORAB

Jo

Frror-detectng at error core ug xles corn ian ly uscd no au rcliabd

itg Memory arrays part cular suscept bic to soft errors caused by pU particles or



10.7 C0DNG

cosmic rays flipping bit Such errors can be detected or even corrected by adding few

extra check bits to each word in the
array

Codes are also used to reduce the bit error rate in

communication links

The simplest form of error detecting code is parity whiLh detects single-bit errors

More elaborate eriorcorrecting coclec ECC aie capable of
single-error correcting and dou

ble error detecting SECDED Gray codes are another useftil alternative to the standard

binary codes All of the codes are heavily based on the XOR function so we will examine

variety
of CMOS XOR designs

parity bit can be addd to an hit word to ndicate vhether the number of ls in the

rord even or odd even irity th cx ht is the XO of ftc ther bits vhicl

ensures the Nsl-bit oded word has an even mber of ls

kITY A1 A2 04 1042

Fgire vs co en na plemcrtat on ulti-inputXOh

on cc ii tseOl aedi cc

Jane ng dist etwc pa of ix in her

Thvi wci 11 ThJ UIL
A1 AL

fo adataw se 56 Sc tcdb gds inc of

ore irg ad bit to he ate ord at se rn run ii

nec iords ii case in en fa code

ctn yr

ii igi Id id sr cc 11 cc

ed on ha he rune di tnce bconn al ords si gle- ut crrc as

be id 01

su err caca oico

tvo hi car dete ted bun not corrected lithe orobabi
ty

of bs er lo sad

corn ate ne ne Li cnuFir ft codes eat ree cc he overa

err rate At systc
.La get amisg stances ip or the sic

xc cf so esekbA

ge esu su Ct staic Iusming cod ii lengtb sit che lc

bits ard 2sul data hts LAVa erlyOO using isipIe proce lure tM uts are ably

be ed fior to cae P7 ftc of2 series ci

iluc of the check is chosen to ohmic even parft for lb ts with in he ai 05
11 Ic it

hi arc idit xl conga is con on lid eck

sho no 1nire
10 60b Ihe sir ct is cal ed apautycheck mx ad each ebeck

cx be co spu ed XO of he Al ghned data bits
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C0

C1 D3 0T D2 10A3

C2 D6BD2eD-

Bit Position Bit Position765432 7653421
111 110 101 100 011 010 001 111 110 101 011 100 010 001

Check Bits Data RI ck Bi

rro nec ing dcc do evamirn Cc tc th ci par ho

wo to rr ii ci cc

cc ic tic iidro

pc ho

he correct result

Suppose tlu 1001 were to ha ansmitt using its tance 4ainnung
otto WI the che bha ha tab ts crc shin oto 01 dun tra is

cxia cv omcs nd Os data von ho corrcc

Axn hog FCJ1O 43 Cc bits ciou 10 co pondry
toctcosrii dacrc 00 ci 10 ado
11 od die kb aah cc

Ths ast Onis ilippad to produc cc irccnd wo ol 100 100 and thc

tlieck ts si ndecl prrdna ad 1001

ry re Is pioddc tens vc vi on to var ety of error-corocting coda or

example cc in8 SwaeaeiO2

Cray cods aa ned fo Fr ask Gray who prtcntd as or af den LC ay53
hos ai cfil on Ii tcon tad nu iffc ha oi oat hi 1ost WI he ti cv
are mans pots bic Gray codes on of the mplest Fe hznaiprefinted ray as/c that
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generated by starting with all bits zero and successively flipping the rightmost bit that pro

duces nest string Table 10.9 compares 3bit binary and binaryreflected Gray codes

Finite state machines that typically move through consecutive states can save power by

Gray coding the states to reduce the number of transitions Then counter value must be

synchronized across clock domains it can be Gray-coded so that the synchronizer is certain

to receive either the current or previous value because only one hit changes each cycle

000 000

ii 001 001

hO 011

01 010

10 11

101 11

11 101

er cci bit hi ard v- Ace ed -ay dc ia Fib

oc

Pu z- ny irr

B5 C5 1044

VO ii ies or an

nv-p me XOR or OR gate Fugu 10.61 hrws rumber co stun statc sirg

rail 2input XO crigns- OR dsg are similar ara 061 and igur

10.61b show gate level mplcmentations the hrst is cute but the second is slightly moic

efticiert Figure 10 61 slows coup eme ns CMOS gat Figure .6 ghtly

inupro es the gate by oi tin iF out two co utiet- is smonly used indzrd 11

design Fiti ire 10 61e shows tar asnussion gate design Figure 10 61f is the 6-transis-

tot mv rtible unverter design he iA is tue uransinissor gate turns on is

aaned to the ou put Vhen is the input powers pair of transistors hat ins ert

eoinpac bu nonrest ii ig hone switel level ir ulato such as IRS \1 can

dlc this unconvcnior design igure 1ft61g is eo npact and it ia Sn

to pars-gate desige but does no ng rail to rail
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AcA A-acA AoA AAAHL BHr BH
AHL AH AH A1

BHHL
Ii

put at no sa aste

de at 10 it to CI /0
and Ti 62b i4 ipu XOPXN0

gi 20 sF ci

CV XOR
rca istora As men ior eU in Chap FL no erfoim cU loii voltage

na iii XORs p0 rob err iso oth tra cci leme it cv inn its art

required violar op the monotoncity ii The common so uti ns mentioned anon
22 are thor ush X0V to tIe ear chai Ion no and lu id it

/1 at ial do he dcii

in or co3O

BA

8H0 BJ -d
AH C1H

AJHI BH
DJL1Jij

LC1
DHr

X3dgn
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1O8

There are several commonly used shifters

Logical shifter Shifts the number to the left or right and fills empty spots with On

Specified by or in Verilog

Example 1011 LSR 0101 1011 LSL 0110

Arithmetic shifter Same as logical shifter but on right shifts fills the most signifi

cant bits with copies of the sign bit to properly sign extend 2s complement num
bers when using right shift by for division by 2k Specified by cc or in

Verilog

Example 1011 ASR 01 1011 ASh 0110

Barrel shfler rotator Rote tes numbers in circle such that empty spo are filled

witF hits sh Nd off the other inc

Exampicu 01ROR11l0110 1ROL 0111

chili nv 50 ree such erat ons

cost two Isp SC CC bit ubficld as

gut 53 abic 10 ii ts ap to _____ _____

cm 1-ft or niht shf of an N-bit word by bits Generating the

of iv nt-u ct on If Offset -- ffse

powe fur nd sh tter car farther
siirp

itseci accepting

21sl bit mpu an aki the co in sic it bi

wise inversion1 of the shift amount fo left shifts as shown in lable

10 he funr shif ci can support Ill types of sifts and rota es by

do ng ui iv cd sri pa ul

ts

Logical Righ .0 Aw A0

Log cal Left A0 0. Nk
cithnietic Right A1 AN .A0

ign exter sion

krithw etic ft Aa A0

Rota Righ Aw A0

Rotate eft A5 A0 Nk
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Logical Right AN1 .A0

Logical Left .4
Arithmetic Right

Arithmetic Left AN .A0 0.0

Rotate Right AN 2...A0141 1...A0

Rotate Left .A0A A1
Left nveerscoder

The simplest funnel shifter design coi sists of an array of P1 /V nput

itiplexers accep ing -of-N hot select signals ore ul iplexe fo
each outpu bit Such ai

aria1
sI ifte is shown Figure 10 64 using

rMOS piss trans ste L0 4-hit hifter The shft fount co or

at od to ci led its

the array Thc outputs are taken hon Italy Fach roy ot tri isistors

atta itps ti tlex its ic

pir 11 if
onc tar sit on thc array at

er iold 02 hi o1 ii cd b\ ha 1i
ity noel

th outputs doi he V2ln 164 iTrci ik 96 ii ng ft

ft CtC

The ay hif er no ks reaoi ab

well to tied cry itl

tor 1ev
esigr

hut has gF parasitic
cc itan lar9cr lift it

aodarc des 10
66 sh hi at

eaci ii er ml tacit

ad it

V/2 nrd 157/4 iid so fo

unt tte final Cvii slitts by Wi

structure no decoder ie essary he
XOR gates or the nt ol input ondi

onally Invert the shift amo nt for lcf

shifts harakan92 descrihe/ domino

Vp ne tion us ng 3l rn it cxcrs

ci CCtI

Othe sh top 1015 ruludirir of

Arise ei la ftre1l 14 WI Olin Acs t-re eisa and in hang
scL fagrirn ci somet it cs equ rid Thea are also bud
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from appropriate combinations of multiplexers The speed of an N-bit shifter is propon

tional to log so shifting can be fast operation multiplexers work well in larger

shifters to reduce the number of logic levels

1og

Multiplication is less common operation than addition but is stifl
11 00 12

essential for microprocessors digital signal processors and graphics oo1
engines Multiplication algorithms will be used to illustrate methods J00
of designing different cells so that they fit into la ges structu 0000
TI most basic fore of iltipi

ation mists of fo ming tIe od

oC ii si6ned posiLv nary numUms iau be ao
plsacd tl rougi tIe trd7o techniq ie taugh in Mary sd EQ

imp ed bae For cv mp tIc hip ication sic pos rc

biiarv integers l2 oceeds as aovm in CU

10

STe tien mpk

Ii eta cob wd
ati

ii ND
tion efo 6ererat pa tial oducts cons ats the og cii ie

of mu er multiplicand Lc ou luc mus ti ci

cd it

ut ri as
and the multi 11cr as xv

rsgnu itpcai cpodu 10

IC hf rids rrn nfpartal procucts in bit no tip1 cr

at 4S

Yi

14 V3 12 10

xiys x0y4 x0y3 x0y2 x0y1 x0y0

x1y5 x1y3 x1y2

x2y5 x2y4 x2y3 X2y2 X71 X2y0

xJy x3y4 x3y3 x3y2 x3y1 x3y0

x4y5 x4y4 3rY3 4t3 X43

15y5 10104 10103 oY xY x5 ______

P0 P9 P8 P- p5 04 p3 02

Sa Ja puoducs
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Large multiplications can be more conveniently illustrated using dot diagrams Figure
1069 shows dot diagram for simple 16 16 multiplier Each dot represents place-
holder for single bit that can be or The

partial products are represented by hori
zontal boxed row of dots shifted according to their weight The multiplier bits used to

generate the partial products are shown on thc right
There are number of techniques that can be used to perform multiplication in gen

eral the choice is based upon factors such as latency throughput area and design corn
plexi An obous approach is to use an M1-bit carry-propagate adder CPA to add the
first vo partial products then another CPA to add the third partial product to the run

fling sum and so forth Such an approach requires CPAs and is slow even if fast

CPA is employed More cfficicnt parallcl approaches use some sort of
array or tree of full

adders to sum the partial products We begin with simple array for unsigned multipliers
and then modi the ar ay handic gncd 2s couplement nu ibers usirg tui Laugh
Woole algorthw The number of part al prouucts suiv arm be rcduced using Booth
cncodrg id the imbcr 0110 el cc lui ti ocrfi rn thc sun ma io cai be
reduccd vii \Va lace trecs itortuna Va lace tr ar ir Ii

long irregular so Fr array/tree structu my mor ictive VOi complctc
rc sVd set al ci hip orci tecture vas once pcp ar ci en csw

cs
ip cr ie se

ta 00

___urJ_s.._
Partul Products ___________ _L i2FE

14_
-l

__.F1
Jul

__
f.o-i io jj___- _____

_____ -____ ______ ____

Dot lagrarn

Fast tiplier use ca ry se sd ers CSA5 see Sect or to sum he
paitial

od CS2 del
or te

pa Ca prodart vbilc en pro agate idde CP tends to haze del of 4-
P04 tc dc crd

ig Os the Vd iiteci cc and cu fairily Figure
hows at ay riult pl er for uusigpVd nvbe sing an arra of CSAs Each cell
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contains 2-input AND gate that forms partial product and fi11 adder GSA to add

the partial product into the running sum The first row converts the first partial product

into carry-save redundant form Each later row uses the GSA to add the corresponding

partial product to the carry-save redundant result of the previous row and generate carry

save redundant result The least significant output bits are available as sum outputs

directly
from CSAs The most significant output bits arrive in carry-save redundant form

and require an M-bit carry-propagate adder to convert into regular binary form In the fig

ure the CPA is implemented as carry-ripple adder The array
is regular in stmcture and

uses single type of cell so it is easy to design and lay out Assuming the carry output is

faster than the sum output in GSA the critical path through the array is marked on the

figure with dashed line The adder can easily
be pipelined with the placement of registers

heveen rows In practice circuits are assigned rec angular blocks in the floorplan so the

parallelogram shape wastes space igurc 71 shows the same ad er as ed to fit

crangular olock

iT

PP6
AB

C0t

Ui TU
SOUl

oui

Ailal mul lie
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key element of the design is compact GSA This not

only benefits area but so helps performance because it leads to

_____ ______ short wires with low wire capacitance An ideal GSA design has

approximately equ sum and carry delays because the greater of

these two delays limits performance Note that the first row of

______ ______
CSAs adds the first partial product to pair of Us This leads to

regular structure but is inefficient At slight cost to regular

ity the first row of CSAs can he used to add the first three par
tial products together This reduces the number of rows by two

K2 and correspondingl reduces the adder propagation delay It is

also possible to use the first row of CSAs to add one or two
other inputs with no extra delay For example digital signs pro-

cessing chips frequently offer multiply-a cumulate units

___
MACs that marpute Ys kcv perat ufl for 1h1s
and transfbrms Yet enoti er way mprove the

multiplier arm

performance is to repla the roar th taster Cf
sue lookahead or tee adder hr si in nary the crit cal ath

of may raul plic yes CS an CPA
tect rr ij

ca Ic lh Lu
iii hsr

nput th cx stage vth lo ver capa cc erland99j

Nltiphe io of 2s omplcmcnt numbers at first glat seem ci hecausc so

parti products arc negative and nust be subtrscted Recl that the most significant bit of
2s coupler it rumber has negative neight lenec the product is

Yw v.2 i2

12

06
if

At V- it fT IAXN vn iY2
/0

Ir EQ1046 two of toe partial roaucts have neba ire weigf and us shoul be sub
tracted rather than add TI Bough Woo/ut Baughi multiplier algorithm handles ub
traction by takng the 2s comple nent of the rcrr be ubt acted ie in cr1 the bits

and adding one gi 10 shows the
partial products that must be soar ned Phe upper

parallek go represents tile unsarned multiplca or all hut the mos fic irs

he np its The neaL on is le bit corresponding te he product fl or rig
uficart

bits lie ex tw pairs of rows are the inversions of tile terms to be subtracted ad term

as impliL lard ng and trailing Us vh eh are inverted to ceding and trailng is is

most be added in the least sior 6can cluir hec aAn the Bc coarp V1CP
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Y9 Y1 Y3 Y2 Y1 Y9

X5 X4 X3 X2 X1 X0

xy1 X2Y3 Xy. X1Y X5I0

x1y4 x1y3 x1y2 x1y1 x1y3

x2y4 x2y3 x2y2 x2y1 x2y0

x3y4 x3y3 x3y2 x3y1 x3y5

x4y4 x4y3 x4y2 x4y1

y9

Ui P9 P5 p0 p2 P1

su ll dperds oc the eumber par produc rows be so imed

y.ie
by compu the use of 01 ta ls and rushing so rse of tEe terms yard

cx aol igurc so ss as gci sit ha ara 0h ped

en gain sq sasf secta as 10 aing dcsg

ri dee ci
tip ga cp

he is as addc olare 09 at few of

uets La ipr ends sigred arrays are sos in las that single array car be used or

Ld on te

11 3d

Y3 y9

X3 Y3 X2 X1 X9

x0y4 x0y3 x0y2 x0y x0y0

x.y4 x1y3 x1y2

y2y4 y3 x2y2 x2y x2y0

x3y4 X3/2 c3y1 X3y0

Xy Yy2

P1 P9 P9 P11 P3 P0 P2 ri

op adsc ir cup mertu ip ai
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The array multipliers in the previous sections compute the partial products in radix

manner ie by observing one bit of the multiplier at time Radix 21 multipliers produce

N/r partial products each of which depend on bits of the multiplier Fewer partial prod

nets leads to smaller and faster CSA array For example

radix4 multiplier produces N/2 partial products Each par
Y0

tial product is or 3Y depending on pair
of bits of

Computing 2Yis simple shift but 3Yis hard multiple

/// requiring slow carry-propagate addition of 2Y before

partial product generation begins

Booth encoding was originally proposed to accelerate

P0 serial mu dpI caf on i1/Jodified Booth encoding

al ows higher radix paralle eration vi lou

generating the hare cv If plc instoad using iegative

pirtia piodo cts Observ at an 21 41 21

in ii ad
eqs

sa cut

the next ow of array that carries tour times the ig it

al se aPe of

ao ci

ci os ii cviou pa cc

ddcd odu ci

ign anP hcur entpa is tue the nice aria

is incremer ted Tab 10l2 shows how the par alp odicts

areselced hasedonbiso tiemsltp eg vrta

Mod heci Baugri Wooley 2s products are generated by taking the 2s comp eme at th

conp eeOl mud cm
dtip ic ossib Pt shifted ore LO umn

2Y

21

-00
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In radix-4 Booth-encoded multipliei each group of three bits pair along with the

most significant hit of the previous pair is decoded into several select lines 2X and

given in the rightmost columns of Table 10.12 and driven across the partial product

row as shown in Figure 10.75 The multiplier Yis distributed to all the rows The select

lines control Booth selectors that choose the appropriate multiple of for each partial

product The Booth selectors substitute for the AND gates of simple array multiplier

Figure 1075 shows conventional Booth selector design that computes the jth partial

product bit of the ith partial product If the partial product has mag
nitude of y4 is selected If it has magnitude of 2Yy is selected If it is negative thc

multiple is inverted and is added to the least significant column elsewhere in the array

to form the 2s complcn cut Exercise 10.18 cxplorcs an alternative Booth encoding that

simplifies the encoder logic

Eren uus gncd ultiplier negative partial pronucts must be sic i-c tcndcd to be

summed correcty ig1rc .Th si vs bit radix Booth eartia product ray for an

sg icd mul
ip cc ing if dot diagram notation ad dot thc Booth en odcd ul

fpc sp dud aBroh ccci ratle ha asm bNDgte crcaf aitial

product the
sign

14 is for
iegat ye multiples hose in the bottm haifa

or posifve multiples Obsc vc how an extra is added lb cas

text ray ii ar icnt iegativ
mult Ic osert thc

11 ie

ic Ilc lot i.i

aauavs or bccause a16 aid arc

_______

__Gi

uru op or
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..
1_............

55 SS
le ss éifJgj

Radix Booth encoded partial products for signed roul iplica icr

3Yriultiple as shown in Table 10J3 Although thic requires CPA before partial product

generation it can be just fied the reduction in arras SI/c and delay Iighcr-radix Booth

oding is possible but ger erafir the other hard muiriples appeais not to be worthwhile

fo ci l6pFeis cc tI an 64 bits Sn Iioues appl cr0r
eat ndng ghcr

xc fp sers oro her proach dx xi ti stoner ate partly
edundant mu tiple thus mosding the ard rru ripi Ii oxides peed

ares as power adrartagc cradix 4Bar
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Observe that CSA is effectively ls counter that adds the number of ls on the

and inputs and encodes them on the sum and carry outputs as summarized in Table

10i4 CSA is therefore also known as 32 counter because it converts

three inputs into count encoded in two outputs The carry out is passed to the next more

significant column while corresponding carrydn is received from the previous column

Therefore for simplicity carry is represented as being passed directly down the columm

Figure 1ft80 shows dot diagram of an array multiplier column that sums partial prod

ucts sequentially using N-2 CSAs The output is produced in carrysave redundant form

suitable for the final CPA

ftSa

iII

Ouput

up in
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The column addition is slow because only one CSA is

active at time Another way to speed the column addition is

to sum partial products in parallel
rather than sequentially

Redundant

Output
Figure l08l shows Wallace tree using this approach

The Wallace tree requires

levels of 32 counters to reduce inputs down to carry

save redundant form outputs Unfortunately the routing

between levels becomes much more complicated The longer

______________
wires have greater woe capacitance and the irregular tree is

difficult to la out

eaoar we lice /al2Jcornjreoorc can be used in binary iee in produce

nuch moe ege out if an Figur 10 82

Weinbe rcr8 ote ro89 mpre set kcs ir

in mts of equal weght and proc ores two outp car be constri cted from vo

coun as shoarn in
ig

iO 83a beg the wa ge icra es an intel ed ate car

ad cam cu

regu ar out and routing also make he hint tree attract ac gore 83b so vs

pu of ho9 hIli us cc

issues in cc multipi er

eau

jCe b4

Gary

Ca

no ug tar

me 421 np



109 MUL11PUCA11ON

Arrays offer regular layout but many let els of CSAs Trees ofter fewer levels of CSAs but

less regular layout and some long wires number of hybrids have been proposed that

offer tradeoffs between these two extremes These include add/even
arrays IHenncssy9O

ariays of arrays
balanced delay trees LZurasb6j and overt urncdstaircase trees

They can achieve nearly as few levels of logic as the Wallace tree while offering

mote regular and faster wiring

Man algorithms particularil in dgital signal processing require computing
AThsle this can be done with multiplier and idder it is much faster to use ajziced

an plvadd it tihich is simply an sidinaiy multiplier modified to take another partial

rduct alhe nez par
rid psuu it eases die drlay ofat rrr mulfpl jest oi

extra SA

yr 11 pFers suite lube alit cm situ be

xw It
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shift register will contain the final product Figure 10.84b demonstrates multiplying

Ti
100 xOlOl 00111100 The vertical bar separates the running product from the remain

ing hits of

The cycle time of word-serial multiplication is set by the Mbit carry propagate addi

tion on each step This CPA delay can be shortened to CSA delay by maintaining the

partial prodmt in carry-save redundant form The cost is doubling the number of registers

to hold the redundant partial product and final CPA to convert the redundant result into

2s complement number at the end of the multiplication
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1010 PARALLEL PREFIX COMPUTATIONS

A1 bitwise precomputation

X17 X5.1 group logic 1O48
X1

Li output logic

kny of the group networks e.g ripple skip lookahead select increment tree dis

cus5ed in the addition section can be used to build the group logic to calculate the X10 pre
fixes Short

priority
encoders use the ripple structure Medium4ength encoders may use

skip lookahead select or increment structure Long encoders use prefix trees to obtain log

delay Figure 10.86 shows four 8-bit priority encoders illustrating the different group

Rippe Lookahead

A8 A7 A8 A6 A4 A7 A1 A8 8v A5 A4 A3 A2

xxx
Jx5 XiiJUUAA

y7

xe 1ikais

A6

A61
y5

A8%6A AAI
6y7y

y8 y7 y5

cc1
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logic Each design uses an initial row of invarters for the precomputation and final

row of AND gates for the output logic In between ripple lookahead increment and

Sklansky networks form the prefixes with various tradeoffs between gate count and delay

Compare thase trees to Jigure 10J6 Figure 10 27 Figure 10.30 and gure 10.34b

respectively Delgado-Frias0O HuangO2 descrbe variety of priority encoder

implementations

An iocrementer can be constructed in similar way Adding to an input word con

dsts of finding the least significant in the word and inverting all the bits up to this point

The prefix plays the role of the propagate signal in an adder Again any of the prefix

re vorks con be used with varyirg area-speed tradeoffs
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is good enough Modern synthesis tools draw on good library of adders and multipliers

with various area/speed tradeoffs that are sufficient to cover wide range of applications

For systems with the most stringent requirements on performance or densit custom

design at the scheonatiL level still provides an advantage Domino panilleftpreflx trees pm
vide the fastest adders when the high power consumption can be tolerated Domino CSAs

are also used in fast multipliers HoweveA in multiplier design the wiring capacitance is

paramount and multiplier with compact cells and short wires can be fast as well as small

and low in power

10 Design fast Sbit adde he inputs av drive ro more an 30 oft ansistor

width each the output must dftve 20/10 inverter mu ate the adder

detet 00 ts do
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EXERO ES

10.7 Sketch the PG network for modified 16bit S1dansI adder with fanout of 11
rather than Use buffers to prevent the less-significant hits from load

ing the critical path

10.8 iCigure 10.34 shows PG networks for various 16-bit adders and Figure 10.35 illus

trates how these networks can he classified as the intersection of the

plane with the face of cube The plane also intersects one point inside the cube at

if Sketch the PG network for this 16-bit adder

10.9 Sketch diagram of the group PG tree for 32 bit Ladner-Fischer adder

10.10 U/site Boolean expression for G0 in the circuit shown Figure 106b Sim

plifv
the equation to prove that the pass-transistor circuits do indeed compute the

majorir fuiction

10 11 Pros 3Q10 28 rom EQ10.27 and EQ 029

tO lIke ci dsigi for conspara or compu agA-B
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linea co on of XOR
gates

witl tree routing channel

gr
de fir st ming codes Eur

Sket e- ye ementa ion

10 15 ow check is arc requ ed or ad stance Huvming code for data

word keteh oar iv Pck isrite ions Ca

ed it refi -red ole iF nSers

Ies dcd gc each ycle

Ic 13 12 Be it cd ic ig using

ad in ci ding ii to usc P0 NEC and OUB Os is tru

mu ftp ci ii true fi nu tIes Yand 2Y DOUBLE is

is1

ap if or ode gic of EQ .50 cc cc hot utp
CO or rg Fe ft th is inpu St ng

10.iO 8k 16 tp ior ty odci usirg Kogg prefia ets or

10.2 Usc ogcal ffort to estimate the delay of th priorit encoder from Exercise 10 20
ftssume the path electrical effort is

10 Vr te equations for
prefix omputation that determ nes the second location in

vi te cii ii itst ng or

retir 010000



Array

Subsystems

it

\Iemory arrays
often accos nt for the majority of transistors in CMOS sterm-onchip

\irays mLy be divded into
stegor es as shown ii Figure Programmable ogh Array

PLAs perform logic ratf er than storage frmnctions but are also discussed in thL chapter

Random ccs mary is accessed is ith an Id ems 2nd has latencl indepenc ent of the

address In contnist erzal aicen memorhs air accessed sequentially so no address is neces
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Random access memory is commonly classified as read-only memory ROl\/1 or iead/

write memory confusingly called RAM Even the term RUM is misleading because many

RUMs can be written as well more useful classification is volatile vs nonvolatile mem
ory Volatile memory retains its data as long as power applied vshile nonvolatile memory
will hold data indefinitely RAIl/I is synonymous with volatile memory while RUM is syn

onymous with nonvolatile memory
Like sequencing elements the memory cells used in volatile memories can furtha ha

divided into static structures and dynamic structures Static cells use some form of feedback

to maintain their state while dynamic cells use charge stored on floating capacitor

through sn access transistor Charge will leak away through the access transistor even

while the transistor is OFF so dynamic cells must be periodically read and rewritten to

refresf thair state Static RAMs SRAY1s laster and less troublesome but requre

iv ore ea pa hi han their d1 namic counterparts DR\A
Son onvoUtile memories are indeed read-only The mutants of mask T0 ma

hardwired dur ng fabri ton and innot be hanged But man nonvolat le memories an

hewn fey bt more liowly than their volat le ount rpasts og ammoblc RO
ROM aai ha prograriman cc altar fabr ca ion bow cg cup is sue

al igi pro0rari ltagc rasab/eprogccmruablc RUM OM ap
ivi Ft mu rsw
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bit Throughout this chapter wordlines will be highlighted in blue The

nMOS access transistors are best at passing Us For reads the bitlines

are initially precharged high and one is pulled down by the SRAM cell

through the access transistor For writes the bitline or its cotnplcnieri is

actively driven low and this low value tverpowers the cell to wi te the

new value Careful choice of transistor sizes is necmsary for con ect oper

atson as will be examined in Section 112J The 6T cell achieves its

compactness at the expense of more complex peripheral ercuirry for

reading and writing the cells This is good tradeoff in large RAM
arrays where the cell size dominates the arta The small cell size also

offers shorter wires and hen lower power ons imption

SRAI cell requ re clever layout ach eve good dee sits 7gurc

iso vs stickd agram ofa ry al esignTs clis desig to
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Figure 11.7 shows SRAM cell being read The hitlines are both initially floating high
Without loss of generality assume is initially and thus is initially A_b and

bit_b both should remain When the wordline is raised bit should be pulled down

through transistors A1 and N2 At the same time bit is being pulled down node tends

to rise is held low by Ni but raised by current flowing in from 1V2 Hence Ni must be

stronger than N2 Specifically the transistors must be ratioed such that node remains

below the switching threshold of the P2/N3 inverter This constraint is called read stability

Waveforms for the read operation are shown in Figure 11.7b as is read onto bit

Observe that momentarily rises but does not glitch badly enough to flip the cell

Figure 11.8 shows the same cell in the context of full column from the SRAM
During phase the bitlines are precharged I- gh The wordhne only rises dur ng phase

hence can be viewed as _ql qualified clock Many SRAIVI cells share he same iiflin

pci which acts as distributed dual rail bodes namic molt plcxer TI capac tar of

the entire bt inc must he scharged through he access trans tor The utput

risc by HI cc

verters delay can be reduced at the cxpense of noise na gin Thc outputs ic due iail

onotonical
risisg signa do rnno nat

3hrsoi

Vore

Cc

oetb ar outr

_______
IOU 200 300 40i 00 uo

ne pe 00 VII
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The waveforms of Figure 1L9 show the SRAM cell being writ-

ten Again assume is mit ally and that we wish to write --

into the cell bit is predharged high and left floating biLh is pulled

low by write drivci \e iniow on accoiti of the teod staoiliiv cOo

ti-a rt that bit will be unable to force high through N2 Hence the bit

cell must be written by forcing Ab low through iW P2 opposes this

operation thus P2 must be weaker than N4 so that can be

pulled Has enough This constraint called writeabili/3 Once

falls low Ni turns OFF and P1 turns ON pulling high as desired

iguic 1110a again shows the ccli in the context of full coi-

umn from the Sl1A During phase the bitlines are precharged 100 iii 300 400 680 600 TiO

high Write dialers pull the bidinc or it complemer lox during
i-me ps

phase as ti cc The dat cit ct of au of

eope s4c
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decoder The second implementation shown in Figure 1111b uses pseudo nMOS
NOR gate buffered with two invertcrs The NOR gate transistors can be made minimum
size and the mverters can be scaled appropriately to drive the wordline

The layout of Lhc decoder must be pitch-matched tu the memory drray the

height of each decoder gate must match the height of the row it drives This can he tricky

for SRAM and even harder for ROMs and other
arrays

with small memory cells Figure

11J2a shows layout of conventional standard-cell style approach The minimum-

sized transistors in the NAND gate drive larger buffer inverter The decoder height

grows with the number of inputs The AND gates are easily programmed by connecting

the polysilicon inputs to the appropriate address inputs Figure 11.12b shows layout on

pitch that is tighter arid independent of the number of inputs The decoder is pro

grammed by placement of transistors and metal straps this is best done with scripting

sofare that generates layout as ffscussed Se tic polys licor addrcs 1k es

slinulcl he si ippcd with metal to rejuce their rcdciae 5u ih me.l2 lef or of 14

1lure for readabilsy TI-c decoder tch is tracks or 40 every othe row is mirror

to share rnd GND the pitch ca be reduced traci 32

Decod siF ir US an fo ndfron aialeo

rrr cx re lah

\flLD
OrnlJ I2H8____
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Many NAND gates share exactly the same inputs and are thus redundant The decoder

area can be improved by factoring these common NANDs or as shown in Figure

1L13b This technique is called prcdccoding It does not change the path effort of the

decoder but does improve area In general blocks of address bits can be predccoded into

of-2-hot predecoded lines that serve as inputs to the final stage
decoder For example

Figure 11 13b shows ap bit design that decodes each pair of address bits into 1-of

4hot code

The wordline generally must be qualified ssith the clock for proper bitline timing

This is often performed with another AND gate after the decoder or with an extra elk

input to the final
stage

of decoding

The logical effort of decoder can be seduced by obsersing

it onis one the ou puts wil be high so ie pMO3 transis ors cas ha ed amo

man outputs so gite puiss efhce th thio
gi paralic1 tiai SthtOr Cut

A3 A3 A2 A2 Al Al AO AQ GND V00

NP2

aRj

NA Bifer ec

VDD

GND

NAND Gate Buffer nverte

Hic da at oftsc decider ayoutc



CHAPTER 11 ARRAY SUBSYSTEMS

A3 A2 Al AO

--
BD

JAI nes



11.2 SRAM

has poor logical effort because the output is pulled high through wide series transistors

The Lvon-Schediwy decoder can be viewed as n-input NOR gates sharing pMOS pull-

ups as shown in Figure 1114 for 38 decoder The cost of the wide transistors is amor

tized across many outputs Relative transistor widths ate chosen to present the same

capicitance to each input vshilc providing current drive equal to unit inverter The logical

effort of each input is only 3.51 1.5 per wordline output as compared to 7/3 for

an ordinary NOR3 see Exercise 11.4

Decoders typically have high electrical and branching effort Therefore they need

many stages so the fastest design is the one that minimizes the logical effort tree of 2-

and 3-input NAND gates and inverters offers the lowest logical effort to build igh fan-in

gates in static CMOS Sutherland99j Dynamic gates are attractive for fast decoders

becausc they have lower logical effort

A2 Al AU A2 Al AU

Ht
If 171

l4fi

VU iccod

imato the deLays of 8256 dccoders using static CMOS and footed domino

gates lasume the decoder has an electrical effort of 10 and that both true and

cc mple stary inputs are available

docod corsists of 256 8-rputAND It Ia arching

effor nIB 256/2 128 because ca-h of the true puts it each of the comple

mentary inputs are used by half the gates Assuming the logical effort of the path

is close to the pat effort is GBIJ 1280 and the best number of stages
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log4F 5.16 Let us consider sixstage design using three levels of 2input AND
gates each constructed from R-input NAND and an mi erter

The static CMOS design has logical effort of 64/27

Therefore the
stage

cffort is 3034.The
parasitic delay isP 9.Thc

total delay is NF115 31 or 6.4 P04 inverter delays

The footed domino design using IlLokew inverters has logical effort of
5/6J 125/256 and

stage effort of 625 The parasitic delay is 4/3 5/6

6.5 The total delay is 4.8 P04 inverter delays In general domino decoders are

about 33% faster than static CMOS

najor problem th tradit or al domiro decode is the high powe consumption

cxamp aen though only one of tEe 256 nordlines he or us example II use

on eaR cycle 256 RN st echarge so the ckl ad extrewe ar

ci owe app oac esci no ly ic

wo Ne hat evalua id Section 24 describes sane of these sclfres ng ga es and

trOl so El og

ans ii

sc ac
ca co aaodyi lc stu

Ac Non puts 1w hare as cc yr As next ne Uric go 0510

is got ss OR
based in imr rotor hnicues escribed in Sec 5on 54 or example Agure ii

ons no xv orown cal
ip utput si ac

ruture 98 technique is ightly faster ian do nino roe but

pate sore ov ca ate he samic ole mm pre

BH CHL

pLi

Uyna1ic NOR Domino Euffer

rpu P\D ran grace eased 04

ry mcroproccssor instruction sc udc

addressing ides in whirl the effec ado eas is th sum wr Un surf

sddress an of ext over ond SRvL used as cches the tm sal es must irt be
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added and then the result decoded to determine the cache wordhne access latency

needs to be minimized these two steps can be combined into one in sum-addressed mem

cry

Recall from Section lft43 diet ci ruking if is 5ater than -ctua1H comput

ki because carry propagation iced occur sum addressed decoder for an N-word

memory accepts two inputs and In simple form it contains comparators driving

the Nwordhnen The first checks ifA The second checks ifA and so

forth The comparators contain redundant logic repeated across wordlines

shows hon to reduce the area by factoring out common terms in predecoder

bft bttb

The bitlinc condit irg circi itry used to echarc he sithnes igh befo oar

ation mpie condt oncr insists of pbs of pT OS transisto ho vn

ilso ross mnstruct pseudo-n lOS yr ik

tra isist rs ace of thc eharg ansis irs igurc 16b to oak

ula cc ss
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in no duc na ns eq sire
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rx ft1ssin ft

gir life base on as og if ii arcs cures no cit

al as Il se

ssei Sect owevei if si cuit as sumes gnihearit
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sen ci ii bt

sac ia sic enee ckss ii

lifter fe twO

rI
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ur eat en isp/s/er detect diffeiential currer ther

ma lt ge vii are another ra ii te hn VVichtOlJ

ocr se amp ry cci
ib ffe en acme se

tin her use they dete su lvii ag ifferences fb hnes

pree aged ccci ph us ci es rn Fnes Ito Ic say amse as
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ous read may cause pattern dependent failure An equalizer transistor Fig
ure 1t18a can bc added to the bitline conditioning circuits to reduce the

required precharge time b1 ensuring that bit and bit are at nearly equal

blib voltage levels even if they have not precharged quite all the way to DD Cou

pling from transitioning bitlines in neighboring cells may al introduce

bO bO b-i bI b2 b2b b3 b3b noise The bitliries can be twisted or transposed to cause equal coupling onto

both the bitline and its complement as shown in Figure 11.18b For exam

ple careful inspection shows that bi couples to bfVb for the fIrst quarter of its

length b2 for the next quarter b2 for the third quarter and 40 for the final

quarter hi also couples to erch of these four aggiessors fos quarter of its

length so the coupling will be the same onto both lines

TI sensc arnplificr offset voltage is the drffetential nput voltoge bit

necessary to pnduc aLto dfferential output oltagc srnse se in

fl/i is cff nd t- P2 ftc sen amcr will ideally hay

lire cc cc cro ofF ol age pi icticc the offse vol apr cro fcc sc ft stau

CC id
ira dopint fiuctuatio ft affect se fftrertial rput mrs substan

sLL
iallt excee thc offset vcltage to be sc iscd sell bl yp cal ulget for

offic roltage utu 00 IT Ic late the th uho aria

cf
Lgr off

age mi

Cl cked se 1C up ihers sit -ated ati ft vfrc is ear

thc inn say not hare de opcd cr nipl vo sgc
ffcren-c to ope atc el oh

at sri

match the delay of the dccodcr irordline tImes his di to of

ch
ig

cl pc1 Ii cu ct sin of

nverters do so irk dcla of tI cc 01 on or sri

cc ic is

rehab operorior corner ti thc as inc

bitines to noire vtra Fr access crc asp Ynru 90 den ibm

lbSV dcc

ca rh edt coeaeni ace Fe

est cc access

gene is ul
pl is ay cc irrc to cx ict ron tic

ach ow Tl iu pl xc ci ic rcr or trcc dnoc ci 01

require separate Un- di oft to guiemote se cci xnal guir 11 slor

column multiplexes using tree decoder he data is routed through nss transistors

enab cd by thc olumn addrcss lines The add en de odir is in essence distiibutrd

Dc odi.rs for both
polarities of ft heIst at sho alth ugh one of ftcse can ft or ted

or sirglc cnded reac oc ions lie read csua esser ripo tan rvrite pera
newl It cia ass cc v1

dcd lot in mux usng arc col iv ecod hr is ip cxcr faster because

data ftc the bit ii inst propaga or gh oil se se nc tran sto co tic

decodi ig takcs place paralle rv iow decoding so it dues of npa delay In both
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80 Bi 82 B3 B4 85 B6 B7 80 81 82 83 84 85 86 87

To Sense Amps and Wnte Cecuits

moder colux mu ip cx

BO

Co In tiplexer wti cepat Le ecuae

se thu outp ts na1 need to be rc ha ged becau ily iMOS pass transisto arc

used o1umn multiplexers can also use thU transm1sso gates pMOS pass tuns stors car

be ge ear

tiguec 11 21 ahows etc rae ts md asoated Co umn cui a2wa

Ut plex ShAh he output of the nMOS only rmulbp cxc ra ged hig Bo

the write dfvers and the read ng inve ter are connec ed to tEe multiplexer urpu
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More More

CeUs Cells

AO
writeOo HL

\7write

data vi

Cy rn

ii xi he beas se tcl of ah mn
that it can he difficult to lay out sense amplifr for each column After mm mlexng

flu en rc ti rer oi

ing sense ampliliers after the cots rr Tiultipi yen reduces the number of powet ho mg

amplifle requimci in the ar av

gist files ge mera ly ale SIfihs silt multiile re and sin nor

supcrscalar mscr psocess fiten cqus multiple ports to andle sultqhc vu tancous

id

omp ua aA se wos sl

brow tzS buch cell can perform two reads or on write in each cycle he mdi are

pci Ic cd id cndc ii sele tin diffc ens is ni the sin iv adlin

bt
Read becm me nglc uded

01
at Cr read tp cam on alt the othc

ppears in ompIerrcntarv form on Pit oi eva nplc aiim ing ordA an

woadB reads the th rd word onto bit and the complement the seventf onto

hrtb Write still
requires both bit aid bit so onli

single nmne can occur Tith
catcall tim ng accesses man be performed cash half-cycle pen ittirg tw read

the fi phase and ite in the second phase as commons nqumred for pipelined

ro sir

von ge meral milt jmr ed SRAM ii th altec ste po an1 four read

so psr.ecm poit is shewi in guic 11 23 Merely scdmng rmor ace is tn lusts SC USC5 1rob

RTW ems for read stability wEen mi Itiple ports attempt to read the same cell because all



11.2 SRAM

bAbBbC bDbEbFbG

ITTI

Wte
l3acutts

Crc ti

La uS

the ac ston ng II higl is ti ci cd on

1tR sb iroaitse sic
ti ei tn ts ad shy risi al side

ci er par nd it omi eraent to the ot crst oats and perfori

ear neiTtie stcsa

ci ss for cii noces tea ri vim bee

xarr ac tense processor issues to sia nteger astruct ons ir cycle each of

vhich reouxes vo iou cc egisters
cad destnati at eg cr die equires mo

wi ports ate che data retu ne cads ag to total of 12 ad ts and otis

reaO2J Tb ci of tIe large e3istr hal is rn sated by the nch dv ordircs ad bst

mci augh rule fo estimating multiport SRAI cell area to count the number of tracks

for the wordlines and bitlines cud then add three in each dimensuo for internal win ag he

raber bi lines can be reduced perforu ii
ig angle-ended read operatio Sinila1a

ate can use local inverter placed in nptv space under the wires oily one her han

ir lb oat he tau ni- tee see th C1 01

ye dices by tine nultiplexing readirg in one df ycic
cud len

ig
th er

usa ag Pu se on the no lies and ealdOO show other desga fr the
arge

regis er dies of ti-c dMD Athlo and Sun UdiaSpaic III rmpectveh



CHAPTER 11 ARRAY SUBSYSTEMS

singleended register file with 16 read ports and write ports has cell size of 23

23 tracks or about 184 184k 33856 XkThe area can be improved partitioning thc

register file into two parts each with read ports and write ports Vrite operations

update both register files so the data remains consistent hut half the reads use one register

file and half use the other The cell size is now 15 15 tracks with an area of 14400 h2 pcr

file or 28800 Id all together The partitioned register file is not only smaller but also factci

because of the shorter bitlines and wordlines

Phe critical path in static RAId read cycle includes the clock to address delay time the

row address dfiver time row decode time biti ne sense time and the setup im to any

data
register

The wri opt ra ion is usualil faster- than the ad cycle her auce the ti ne

are acti tely iven hr large nsh on Howe ci the bitfn nay ha to Fe all wed to

recov to ti cit qur see values bef re an more access Lycles take plac

or rras been ries ge Fe dlirc bi bce ra

lie cc gi cinac iv lead ti mdc as SC or
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This model is clearly an oversimplification The ninput AND gate is usually con
strutted out of chain of low fanit ga es but this only slightly improves its logical effort

\Ve also neglect the effor of the clock gating to drive the wordlincs on the clock edge We

assume the 12A\ is small enough that sense riplihers are not sed ard that the wire

resistance is negligible The pull down tiansistos nude tF SliAh ccli may be largr hat

the access ttansistor Nevertheless the model offers irisghts into the number of stages
that

the memory should use and its approximate delay For example it shows that without

sense amplifiers putting too many words on bitline causes excessive parasitic delay

tur00 models the delay of large SRA1VIs usmg kgical effort in substantially

more detail than can be repeated here The erall delay ncludes compox ts contributed

by both th
gates

aid the wit RC In veIl-designed SRAM if sng ate

CMOS decoders the gate lay component approxima eli 04 niertet

de
ays

Ii or fat rc oders us ig niT in -ha 1\ Vi fit
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113

Ce Dynemic RAMs DRA1VIs store their contents as charge on capacitor

rather than in feedback loop Thus the basic cell is substantially smaller

bt than SRAM but the ccli must be periodically road and refreshed so that its

contents do not leak away Commercial DRAMa -ire built in specialized pro-

ceases optimized for dense capacitor structures They offer an order of mag
nitude gieater density bits/cm2 than highperformance SRAM built in

_____--_--_-_______ standard logic process but they also have much higher latencp DRAA cir

cuit design is avery specialized art and is the topic of excellent books such as

12 2W aetliOlJ his section provides an oversiew of the general technique

Ut -tran istor iT dvnarsic RAA ccli con sts of trans stor and

pa tor as sho is gore Ii 25n ceased by

asc gthea ne ccxnc ti ap cto totfcbitisc Oi eadthc

tlnc it pr rgc hen SW or ii

ci Ci ii ig
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Like SRAMs described in Section 11 large DRAJVIs are divided into multiple subar

rays The subarray size represents tradeoff between density and performance Larger

subarravs amortize the decoders and sense amplifiers across more cells and thus achieve

better density But they also are slow and have small bitlinc sas ings because of the high

wordline and bitlinc capacitance typical subarray size is 256 words by 512 bits as

shown Figure 1128
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ii
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li
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foatirga scicfc cvi tagc Thear sac sue Hey ic OSC ha died

area ore tfan the other ivi appear as differential oise at th se scan-p fir

aura 1taFi vaii it ro rYgh DRA\
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igi
11 30 ihi ctu

cot cc to on 11 as ny aLec are rgai
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The column circuitry
in DRAM includes the sense amplifiers write drivers column

multiplexing and bitline conditioning circuits In folded or twisted bitline architecture

the column circuitry is placed on both sides of the array so that it can be laid out

on four times the pitch of single column as was shown in Figure 11.31 Part ot

the circuitry can be shared between two adjacent subarrays

Figure 1132a shows basic sense amplifier built from cross coupled invert

ers with supplies tied to control voltages Initially the two bitlines hit and bitt are

precharged to VDD/2 the bottom voltage is at and the top voltage is

at so all of the transistors in the amplifier are OFF During read one 01 the bit

bt
Vn bt lines will change ha small amount while the other floats at V/2 is then

pulled low As it falls to hreshold voltage below the higher of the two bid no

aol ges tI oupled MOS ansstors gin Ic the lower bitlina
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CMOS logic requires low-threshold transistors and many metal layers not avail-

able in conventional DNM process dding these process steps
increases the

manufacturing cost If cost-effective solutions can be found DM may become
btl

Subarray
btl

an important technology for tric CMOS ctesigncr rhafldrakasanO1

-VI2
CD

1t4

Rwd only Memory ROM cells cai be built with only one transistor pet bt of

torage RON is nonvolatile memory structure in that the state is retas ied

indefinitel1 crc vithout poner ROM airay is commonly mplcincn as
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Row decoders for ROIS are similar to those for RAJ\/ls except that they are usually

very constrained by the ROM wordlinc pitch Figure 1L38 shows how each output of

24 decoder can shochorned into single horizontal track using vertical polysilicon true

and complementary add vii lnIc and me La suppiy linev Colunhri decode -s for kiMs are

usually simpler than tEose for RA\Is because single-ended sensing is corn nonlv

employed

Figure 1139 shows complete pseudo nI\IOS ROM including row decoder cell

array MOb pull-ups id output nivertcrs
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shift iegs stcr iS commonly used in signal processing applications to store and dela1 data

Figure 11.43a shows simple 4-stage 8-bit shift
register

constructed from 32 flip-flops

As there is no logic between the registers particular care must be taken that hold times are

satisfied Flip-flops are rather big so large dense shift registers use dual-port RAhvls

instead The RAM is configured as circular buffer with pair of counters specifying

where the data is read and written The read counter is initialized to the first entry and the

write counter to the last entry on reset as shown in Figure 11.43b Alternately the

cou iters in an stage shift register can use two 1-of-N hot registers to track which

entries should be read and writte Again one is initialized to point to the fi st entrr rn

the other to the last try These registers me diirc thi wordline rect dt out th

need for senarcie decoder as shown in Figuic 1143c
One variant of shift register is tapped delay line that offers variab numbe of

stacs of delay Figu 11 44 shov 64-ssagc tap de tha could be cd

cideo processing ytcr Delay blocks are bui lion

ters hu1tipl crs mrol as around of the delan bh prov Ic the appro nat

os

ccc

elk

_______________

readadd

w
ra

c
a
d
d

Resat
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Dout

deay5 deay4 delay3 deay2 delayl delayO

Taupedoc ayline

knother variant is serial/parallel memory Figure 11A5a shows 4-stage Serial In

Parallel Out SIPO memory and Figure 11 45b shows 4-stage Parallel In Serial Out

PISO memory TI esc are also often iseful in sig processing ar communications
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Last In First Out LIFO queues also known as stacks are used in applications such as

subroutine or interrupt stacks in microcontroilers The LIFO uses single pointer for both

read and write On reset the pointer is initialized to the first element and the LIFO is

EMPTY On write the pointer is incrementect If it reaches the last element the LIFO

is FULL On read the pointer is decremented If it reaches the first element the LIFO

is EMPTY again

1t6

Figure 11.47 shows the symbol for content-addressable memory CALl
edr data/key

etsch92 Sch z9r Jkhiya akeOl.I hc cAM acts as an ordinary

SPA IV ha car be erd er writen gmen adr and data but atso percons
______

eatchiny operations Mat hing asserts match/inc output for each word of

he Cz5M that contjins spec key cad
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by setting both bit and bit_b low Figure 11 SO shows layout of this cell in 56 43

area CAMs generally have about twice the area of SRAM cells Figure 11A9b shows

another CAM cell design with one fewer transistor Ni and N2 perform an XOR of the

key and cell data If the values disagree N3 is turned on to pull down the wordline ow

ever the gate of N3 sees degraded high logic level

Figure 1L51 shows complete CAM array Like an SRAM it consists of an

array of cells decodeD and column circuitry However each row also produces dynamic
matchline The matdhhines are precharged with the clocked pMOS transistors The mm
signal is produced with distributed pseudo-nIVIOS NOR

Then the matchlirics are used to access RAM the mo otonicity problem mus be

cons dereii Initially all the matdhlines are high Dufng CAM operation the lines pull

dosso leavh most one line asser ci to sod cate which row ontains the he1 owever
tIe RAM requ res monoton ca risirg wordfne gir 11 a2 ef igu 1148
ti st 0bH gat dr1n he usuhncs as eary oossible aLte thc atchhnes

ha se he trobe erd hat
rei rruc

the sa ye vs tlat sense di fo Sl cd cit ii

As sua tu narg su ded ii si ir mi pirat cur acro

CS%i CO

ND btt bt GND

rate 5/

II TIT IC LtiOT cc Co au rt uer
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CAM CeH
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rnchO

match1
__ match2

match3
readiwdte

4x 4CAM allay

Addm

Jes adr

va

__
fhyv Addrmn

pa ii iri dir

Large CAI\ can use many of the samc techniques as large RAMs includ ug sense

ar ifiers id multiple subarrays hey tend to consume relatively large amounts of powe

because the iitlines and matchitnes may transition during pirallel search

Mi1 atakeOl describas design of mid sived CAM usng pMOS match line drive to

re lu the swing ofhe mtchlines and save power
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11J

programmable logic array PLA provides regular structure for implementing combina

tional logic specified in sum-ofproducts canonicalform If outputs are fd back to inputs

through registers PLAs also can form finite state machines PLAs were most popular in

the early days of VLSI when two-level logic minimization was well understood but mul
tilevel logic optimizers were still immature They are dense and fast ways to implement

simple functions and with suitable CAD support are very easy
to change when logic bugs

are discovered For more complex functions modern logic nthesis often produces faster

and more compact circuits so PLAs are now used less frequently Moreover pseudo
nMOS PLAs dissipate static power and may be particularly slow pulling up while

dynamic PLAs require careful design of timing chains

Any log 1k arson can be expressed in sum-of-producs fo wherc esch output

the OR sum of the ANDs products of true and complementary ir puts nputs

and their ompl ments are called literals TI Fe AND of set of htcrals is ca led api oduct or

minterm he outouts are ORs of minterms The co sts of an AND plane to -o ii

pute the mute is ar OR plane to co pu tpu

NOR gates are parties larly efficiert pse 51VOS and dy ir log beeai

use illel ye ss ne pl

c5sND NTlR

AND PVrc

be

abe

-- abc

alA

bl

coat

NOA/NOR represe itaion of PtA
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Write the equations for full addor in sum of-products form Sketch 3-mput 2-

output PLk implnwuting log

Figure 1134 shows the PLA The logic equations are

ahcabc dbcabc

c0abbcac

AND Pane OR Piaie

be

Ta

\/

ra cvi te represent the T3LA with dot gram cLown ii

ur bse tha ROIP and PLA are er ti at it lorm O\1 decod is

cauit aid to plate gene at all nit err The ROM aria

Pane ng the tput

ft cia Sf Th ber
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The most straightforward PLA design uses pseudo-nMOS NOR gate Figure

11.57 shows the circuit diagram for the full adder PLA Design of the pseudo-nMOS

NOR gates should follow the guidelines given in Section 6.2.2 Advantages of this PLA

include simplicity and small size Dii advantages include the static power dissipation of the

NOR
gates

and slow pull-up response
docked register can be added ii desired Figure

1138 shows layout for the pseudo nMOS PLA The transistor gates are run in polysili

con and could be strapped with metal2 Observe how ground lines can be shared between

pairs of minterms and outputs so that each minterm and output can be placed on 1.5

track pitch he inverters require careful layout to fit the tight pitch You can see how the

layout could be assembled by tiling the various cells listed in Table 11

Dynamic PLks eliminate the contention current and are slightly faster than their

pseudo-nh1OS counterparts Figure 1159a shows PTA usirg fcoted dynamic NORs
foi both the AND and OR places Unfortunately the AND plane tru drire tic OR

ph cc dirartly violating mon hty The OR pianc must rak ciock phase that

delayed ntil the minterms adcquatcl discharge to on Thu ock often

di ic delay dat is go cad he io as ci dan the utuinterm

pla ae oreover the OR acre uutputs must be ptured before the kND plane

reel arg iso th rcsu ts ic ocr ptcd accwnp isF tic irav be 5UN

Os ncsossrlt

AND Jaw O7Paie

at

abc

ate

bc

HJ
Cia COST -lair
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Figure 11.59c shows self-timed dynamic PLA using two dummy rows as replica

delay lines Assume that the inputs arrive from flip-flops and settle shortly after the rising

edge of the clock The clocked circuitry acts as pulse generator producing low-going

precharge pulse on shortly after the clock edge The width of the pulse is equal to the

1ay of dummy AND row plus two inverters and should be great enough to fttlly pre

charge all of the real ANT rows Thus the loading on the dummy AND row is chosen to

equal or exceed the worst loading of any real row This worst loading consists of one

nMOS drain for each input and one gate for each output In this figure the size of the

inverter loading the AND line can be selected to contribute the desired gate load Once

the AND plane enters evaluation the second dummy AND row starts to discharge

thr ugh single transistor Again this row is loaded to equal or exceed the delay of the

vorst real AND row The three inverters provide some selfturing nargin to ensure that

4ioa will not rise until kND plare ia fully esa uated The outpu of the OR plare

amp1 into flp-fiops he next rsng dge vi be viort scrveys vrity

of other designs

ANL Pane OR Ian

ANr

be

ci

HrI bc

Hci Hi

\I
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Dvr smic ccherna ic continues
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ccause ariays ocuov large trac ion of the die are of if ant em bir id mc

processor designs tF
ey St ongly influence the retail chip yiJd and ref ability Fortunately

their regular structure makes easy to enhance the design fo better eld and re abil ty

sing dJect logic circuits is ill usually render the entire chip useless he el

of me nones en be nproved by adding redundant and dummy wordlines and bitlines
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to eliminate the bad lines and substitute the redundant lines or can be configured at start

up using built-in self-test Large memories add entue redundant subarrays to replace sub-

arrays with defective decoders or excessive numbers of defects For example some

microprocessors have many banks in set-associative cachc processor cart be manufac

tured with banks and sold with the guarantee that at icast arc operatioral The bid

ones are located during manufacturing test and disabled with flise

Memories are also prone to soft errors that spontaneously flip bit stored in one of

thc cells as discussed in Section Error-detecting and correcting codes ECC are

commonly used to recover from such errors as discussed in Section 10.7.2 For example

addi check btb to 64-bit word in memory is sufflcient to correct any error in the

word and tect any pair
of errors FCC supplements edundant bitlines to dramatically

oreyicldaswdil
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circuitry was eventually adopted to save power Other improvements addressed the signal-

to-noise ratio bandwidth ad latency power consumption and test time

1rw_

kb 1970s 12 3T or 4T MOS technology
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SUMMARY

Arrays repeat basic cell in two dimensions The cell is carefully optimized to provide very

high density For performance or density reasons the nodes within the array do not always

swing from rail to rail Periphery circuitry restores the output swings to full digital logic

levels

The static RAM is very widely used in CMOS systems The ubiquitous 6T cell con

sists of cross-coupled inverter
pair to hold the state and two access transistors for differ

ential reads and writes The bitliries are first preconditioned to known value decoder

asserts one of the wordlines That word is read onto the bitlines and sensed column

multiplexer may select only subset of the bits as outputs SRAMs are used in caches and

other embedded memories Multi-ported SRAMs arc used in rgister files

Civ tent address ibic memories are similar to SRAIIvIs Powever hey also de

lockup mdc iv ch key placed or se bitli see and each word thit con ha key

asse matchi me AMs are mpo ant for loong up addresses in ranslation look

ad idoewo
vnarnic FlAb1s store information on capacitor using single access transistor

th
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11.1 An embedded SRAIvI contains 2048 8-hit words Tflt is physically arianged in

square fashion how many inputs does each column multiplexer require

1L2 Estimate the dimensions of the SRA2VI array in Exercise 111 using the SRA2/

cell from Figure 116b assuming periphery circuitry adds 10% to each dimension

of the core

L3 Sketch designs for 664 decoder with and without predecodirig Comment on the

pros and cons of predecoding

11.4 Sketch 416 on-Schediwv Decoder Label transistor sizes so each input sees

tho same ospacitan Comput the logic effort and brar ching effort seen by he

decoder

Esti ma thc rhni mu de ay of 10 024 decoder drirang ar ectr cal effort of

/- 2Oosi

static VIOS gates

oo on ae
11 Ne

gr 00 in 10 do oder Ii Lam me .55 so rmott

dam no ho ml Sic rd amp
pulses zith durat on of F04 inverter and car each dfv 48 ofpte width

at ii eli

11.7 Deve op model of wordline decoder delay for RAM with row and

Ic ent pur Pie ii

caparta eq Ps Ic cc of roof Ft on is se ta

ON cm esul or is of

Np ti CO cc an tw ted no dy nam
RAM ra

ag 10 ga
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section describes some of the types of packages commonly available and how they remove

heat from the chip

Table 12J lists variety of common integrated circuit packages Figure 12 shows photo

graphs of these packages The /0 count includes connections fo both signals at power
I/O spacing is typically specified in the archaic unit of mils mil 000l itch 254

pm Packages come in both ceramic and plastic varieties plastic is cheaper but cannot

remove as much heat Older packages tended to use tIli ough-hole pins which pass through

holes in printed circuit board and are soldered from beloan The pins contribute induc

tance and the size of the holes limits the density of the pins Surface mount SMT pack

ages are soldered to the surface of pinted cirwt board to alleviate these problems Dial

nine Packages DIP Pin id ra PGA ai Plati Lcadless Claij Carrier

LCC packages are easy to inser ir low cost sockets so they are cons en nt foi com

p0 tnt tf at mig the removed ep og sting or relac me Array

packag tI ef cd ayp fo art

rn n-her of high-bandwidth signals in corn cc form factor Package design ran dlv

ad erg fiel wprckag sick ptcd each

vsasog -i sig
Package DIP 2840 64 -s Peer chp and co icr pin

Pin C-id aa 6a 391 1rray oft ough sole as on 100 miT centers oss her naT rein an and

G4 nta

Si 810 vo ic

parts
tF lab oi

288 ooioh pinordao Sn etrsn

ad es 29 68 1cd to

hip 84 ye yen so ke ng
P1 CC
Quad Flat Pa 44240 SMT pins on al four sides or 15 -50 mil centers High densy fl/C

QFP Available in thin TQFP erd SC tIm VQF forms as this as rn

Ba Cr Ar 49 2000 kr ay of SIP solder bills on Ic bide if iv kape 50

Gb Extremely high density of I/Oi wib low parasincs Ream ci spec al aed

asic soc qi ipr to tab iv

orrtedcic be1

lip-Gb Many corn ctro of enip to prrnte ci board iF igh so der ha top

tie allay oi ch hat higher I/O densiy and ower paIasiti
that BGA
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Conventionally chips have been connected to their packages through thin 25 gm gold

wires bonded to metal pads The pads are organized into ring around the periphery of

the chip called pad frarnn The minimum pitch of the pads is limited by the bonding

machine to approximately 100200 gnu Thus cm2 chip is limited to several hundred

1/Os Chips with large numbers of I/Os sometimes arepad limited anng that the chip

size is determined by the pad frame rather than by the logic within the chip Figure 61

showed an example of pad-limited chip in 40-pm pad frame Some chips have used

second ring of pads but this approach results in longer bond wires and greater risk that the

wires will accidentally touch

The bond wircs connect to metal lead frame in the package This lead frame distrib

tee the I/Os to the per phery of thc pack ge and bent to form the pins th package

M2ny pack ge also ccl at sprea let to hcl ibute the fro ii the die acro

the package ai ultimate out the hct nk tigu 113 shovs uts say
di

line ci ag hoving cotter chip with sr it es conret rg to cc ne

aFlfa it ac ln
cance to their eighbors Vlore advar ccd pa kaue nter salk rcse Pc ported Ci it

pe artsgsais dnov nh aicst dsib ct

it

cc th lct 00s ra act ic ci lij hi con

oloy sloo call ole pe Tp
the 1960s at has bmr used he mai me hr 1ecade flp leo li

fcof led
balls are bonded hose pa is ii ocess op waJh bumping Ii Cli

flip
doe coot ctec pan kagi ci nt

The bonding requir ca efu inment hut surface ten ior Iron the sold help pu the

Ep cad or

cadia

itattay iewo ha aaLkaie EL 9B
12 102
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chip into place The chip is in nearly direct contact with the package eliminating the

inductance associated with the bond wires The bumps can be placed on pitch of 200 pm
or iess offering thousands of connections between the die and package Flip-chip technol

ogy introduces new testing problems because the top level metal wires are no longer

accessib for probing during debug

Figure 12 shows model of an integrated circuit package The bond wires and lead

frame contribute
parasitic inductance to the signal traces They also have some mutual

inductive and capacitive coupling to nearbt signal traces potentially causing crosstalk

when multiple signals switch The VDu and GND wires also have inductance from both

bond isires and the cad frame MoreoveC they have nonzero re istanc whch becomci

important for Fps drawing la ge supph current High perforuancc packagc oftcr

rclude bypass capartors betweci VDD and GND we wi see ir Section 123 the

bypass capacitors have eir wr Cc i-es stance ano do cc th hr if fife

crrt gI

Boid Wir ad rame

ackaqe

ii Lf ci

Chip ___ Board

GND coca \/5t iooc

viatti it bulb las as rface area ofabou 120 cci and is toe to irS con

parison the Itanium
issipates 130 Vf on cm resulting in power dci sitv 60

tr as ea Cle cmi sing feat from
sips najor cl all rig fo packagc

he heat acncratrd by chip os from the trans sto ocr cto where is generated

roig bstac indpackagc can cspeadz ssa tsn an thcr

swiy ir igh ic ai by scans of cnvectio s.Just as current So cc Lrln ed o1tag
difference zoo electrical resistan eat by de ermine mpclatu Sift ic cc
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and thermal resistance Thus the temperature difference AT between the tiansistor June

tions and the ambient air is

AT OP 12

where is the thermal resistance in CAV between the junction and amhent and is

the power consumption of the chip The thermal resistance in turn can be modeled as the

series resistance from the die to the package and from the package to the air

e0 1L2

For most low cost ad
ige fit

lominates the res siance Stil air can traasfer aboet

00 \/cr Thus path-ages it am hoe area of 11 cii Fm tFcr

mat san 0r iP at ch package ci not nat tie ups iss1
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eat ti at
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123

The power dstribjtir subsstem of chip consists ometa1 wires or planes on the chip

in the package and on the printed circuit board It also includes bypass capacitors to sup
ply the instantaneous current requirements of the system An ideal power distribution net

work has the following properties

Maintains stable voltage with little noise

Provides average and peak power demands

Provides current return paths for
signals

Avoids wearo it from ectromig aton and self heat ng

Corsumcs itfe chip area rn win

Is easy ola cit

Rca networks must ba acer these competng demands eeting targets of noise and

re as lnLxpemive as pcssib TI Fe one goal cally 5% 0% fo exam

pe st cc ii 8V yg it cia sv
dem iough ad cro ii ea cm

Sc vidacuc Sc di as Ov
supply no me are JR drops and di/dt noise

gi
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ck

Aeraga Is
Mr

flme

linac penden p0 or concerap on of miceoproceso
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the large clock loads switch VVhen the processor becomes idle clock gating turns off the

clock to unused units driving thc power down significantly ks the supply voltage is nearly

constant the supply current also called is proportional to the instantaneous power

demand As this current flows through the resistance 11 of the power distribution network

it causes voltage droop proportional to JR Moreover as the changing current flows

through the inductance of the printed circuit board and package it also causes toltage

drop proportional to the rate of change di/dt

This section begins by examining the physical design of power distribution network

It then discusses JR drops and di1dt noise The key to controlling noise from current

spikes is to provide adequate bypass capacitance on and off the chip to provide low supply

impedance at all frequencies The powei network is complicated enough that manual anal

ysis is inadequate nstead typically must be modeled in fini element simulation The

po vet network also providm return pads for current flowing in signal wires The geome

ry of th ncs ork affects the inductance en rip signals in-c tical ores its such

rhase- ckec
lops

nd analog lo ks re lures sup ls for good perforn- ance RC fi

te ic or In ci eel

substrate is also impoitant For other introduction powcr distrihutior subsy en cc

doll Am v98 ak aX MezhbaOlJ

Ic In eon st if po or ci hi

ill on ire cor recti ill lost cdli ta ir ten po SI

ste ot ii saX

to prov de lower res tanee and better eleetromigration immun Pa example Figure

ed ii se

uc ted evc dj een lit abume Standard 11 eag datapaths

vi cc and gr Cs

ira ra vr design tfese tort an ralpc ooethcrv th

ye cal err rs fige 12 6c Am it tiact ci this trapp ng
or th

si cxa iii lO IL su

oir ha in so spas
bet seer aXe wel not problem odein oee set

outing is ca done ver the cell in icr level chrc ci

paeled ci og her am ccl
SI 8ii he ad ng n-na

err ci be arrrsred fl pped upside down that the weAm of adjacent

abut as shown in Figure 12.6b
Tn larger or higl power dcsig Sc risistance of the hoc zon al power and ground

usscs routed on thin low eve metal will cause too nuch JR drop Instead the bulk of

the eec ent si or id re n-ed on gr of de ard thick uppe tel netal 3d na

11 cur Cr ta he

ect len ins Ii Id ed to ry re cc rt ire 12 rows sr ci

or he on grid it let eta vith urn lls Ike 03
met 12 we be se it iii Fe Am Noelce n-s the all line shari cal tracks
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Cell Row
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UR Vr
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tb

frtra cc

conserve metal resoarces TV utah dow not form sigrificar par of thc ne york

eU wt Jc hgur
The power grid extends acrocs the entire cEip Ultimately must cornect to the

package through the I/O pads When pad ir is mcd thc cit ucctsons arc all nc thc

periphery of he cip Thus thc biggest IR ups oc or near hc center of the chip wher
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The resistance of the power supply network includes the resistance of the on-chip wires

and vias the resistance of the bond wires or solder humps to the package the reshtance of

the package planes or traces and the resistance of the printed circuit hoard places Bectuse

the package and printed circuit board typically use copper that is much thicker and wider

than on chip wires the chip network dominates the resistive drop
JR drops aiise fm si both average and instantaneous current requirementsThe instan

taneous current may be ii uch larger than the average drop because current draw tends to

locally spike near the clock edge when many registers and gates switch simultaneousip

Bypass capacitance near the switching gates can supply much of thu instantaneouc cur

rent so well-bypassed power supply network only ds low enouah resistance to deliver

the aserage cu rent de nand not necessar It the eak

Si pp se ro repea s1 arc nmon al tI cI

Figure l26a The bus is 320 gin long and gm wide The iretal2 has sheet

sens ar cfO 05 Q/ If he eeatcrs dn 04 pFs1re lo ds dotS 200 ans ion

ci ra pp so pe tot or ron in

of RI

acS repeater draws urrcnt of approximatelt

I-C 04pl-36mA
20 js

do posse giourd uss cacf hay length of 320 squares and thus ru

cc ii he of isi suscd the 64 ci

64 R/ 85 os yore wh ch obv ou im ossil cad

tI pot er ssçp begin roop the çeate li crIes cv nt edu he

utnca le

gd bit ac ft
tical vir at an cha ng the igle or 700tal re nt of he

sodotave 0d nwgh gire 12 shos F11 JO ol do

epeaters It co npares the tivo pows bus ayouts When all the repeaters share

igle power wire the power supply droops by flea ly 3090 ond tl propagation

ddb4 is ma hat doubled \Vhn each epeater wn power wire so the sup

ply noise negligible the tput much ersper

contmuss
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di/dt noise is becoming enough of problem that some high-power systems must

resort to microarchitccturaii solutions that prevent the chip from transitioning between
minimum and maximum power in single cycle For example pipeline may enter or exit

idle mode one stage at hr rather than all at once to spread the current change over

mar cycles

As we have seen chips need substantial amount of capacitance between power and ground
to provide the instantaneous current demands of the chip This is called

bypass or decoupling

capacitance The bypass capacitance is distributed across the chip so that local spike in cur
rent can be supplied from nearby bypass capacitance rather than through the resistance of

the overall power grid It also greatly ed ices the di/dt dray from the package

on so ss cipac -e eded upph idder cur sp 30

for is with no more than 200 mY supply droop

IC 200th
Be 2V

rt nhcic get ta Ic

urthcant amount of synthioti bypass citance Dally9P for exam he gure
ar ir rt driv anoti The ga to-s rci caoac nees of rh

cr are ci cxi cit and nig rg
mi ir hei II up Ic Fa goJ

ap be ci ci Ider ds

bill is
cc cc act

kelv be sw hing ygive tine flea Ia bal th tr gate

paLl ice on he clip wul serve as ci pa itance

In most In id medium-power chps this symbioti ca acitance orov des lequate
bi

passir
ft ter nstantaneous JR drops and di/dt one In big i-power clips ad

tional arp ic capacitance is so ret mes necessary he Ii IeetrL available san
ocess to ompaet higl -eapac tanci structures is ga oxde so the

extra bypass capacitan is commonly It vi at lOS tta us ft the

rdthe urce id ci in 1O
ceo

ig capa or layott sho rraxirn cc eapacitaanc it area The ar

stor length is ide II br as possb so that most the area devo ed to gale oxid
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Estimate the symbiotic bypass capacitance per square millimeter for chip with fea

ture sizefif gate capacitance is J/pm of transistor width and transistor gates

occupy 9% of chip area

The capacitance density of gm wide transistor oflengthfis 2/ffF/

sam At 9% utilization this corresponds to ftlS/fnF/mm2 Half of that or 0M9/f

nE/mm2 serves as symbiotic by pass capacitance on average In anf 180 nm pro

ess this rseans the symbiotic bypass capacitance is approximately OS nF/mm2

capac tar ra her an contacts However the
ig gre

the resistance of the

ON nsistor iUCS os rep or se air ietfcctivc pass ia so i97 In practice

er gt
of 12 es rsur acccptable Figure 12 0b affle you
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As gate oxide becomes thinner and tunneling increases thin oxide capacitors may
become undesirable because of their high leakage This may force process engi ieers to

offer an extra mask
step to build specialired decoupling capacitors using either medium

thickness oxide or more exotic material with higher dielectric constant

Figure 12J1 shows lumped model of the power distribution network for system

including the voltage regialator the printed circuit board planes the package and the chip
The network also includes bypass capacitors near the voltage regulato near the chip pack
age possibly inside the chip package and

definitely on chip The external capacitors are

modeled as an ideal capacitor with an effect ye series resistance ESR and effective series

inductance ESI represenfng he paws ti of the capacitor ackagc get cauacit

ax kggc eff ct Sc CS inducta ices

Vi Itage Pen ad cud Package older

ego at 3o Is ci na pa

\tayw

Sri ackage

pa ii oh 011

JII

Poye distubut or sys rr rn cc
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oc ci in vi iU es st at

di Near ftc go et
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aga contr itc Cs Sta and turF ictarcc t-Iigl re IUCfl packages cite cortai anal

capac tots inside the ckage hr furthe decoupling FT aallv the chip con ects the

kage through so der bumps bond wires with additional esistance ard inductance

he dy iam sta current demands of tha chip are modeled as irable cu en

ource wit avfto rr that mght reset bE on-clip pass ca ircitance

onsi ts sym otic cap it nce nd pos bly sin- plicit co ph ig car
actancc
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the distribution network would consist of only the resistance and inductance so it would

have an impedance of jaiL This impedance increases with frequency to and

becomes unacceptably high for most systems by about MHz
The bypass capacitors in parallel with the supply provide alternative by imped

ance path at higher frequencies An ideal capacitor has impedance that decreases with fre

quency 1/jaiC Unfortunately the effective series inductance of the capacitors limits

the useful frequency range of the real capacitor impedance of capacitor with

effective series resistance and inductance is

ZRjwL 123
jaiC

his aupeusnee has innmun fL Rat the qeo

Jrco 12

igu
oteic tO

cci ol cc
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ntel st Also ai
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02aiH

10
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and ceramic capacitors are most effective over the 110 MHz range Capacitors in the

package tend to be useful in the 10200 MHz range Above few hundred MHz the

inductance of the solder bumps or bond wires renders all but the onchip decoupling

capacitors itseffectice Figure 1213 plots an idealiLcd supply impedauce vs frequency oi

log-log scale for the complete power network model showing multiple resonances

Cs

F-requency Hz

Jif

bypass csr acitors so reson te with ti series uctar cc ii pickage sol

urips cs ac csi glow mpcdance acios ill feoue ci di ficult Sore

ai hem 00

ich esc iarcs Th is be ow lie clock freouency riany ips Power suppiy ione

ccl alcr

ors at he res un frctu tic Ihis ifayhe likely to occur by accdcnt but raises the

it Iv or lin al it cu inc ci id

nit cwr ati

not to thi ok abou he seed fur nearby bypass capact ance la to iv
gte

tc nd to og cur

ic pp it

current its to ip ow bound this delay is the red of ligist thcr lire

is 0atc etc the oltige reg ihti iot knur bor cc en until omctimt

if lie trar ti us to plete TI urre it to chargi th bad rr ri ti

searS pass pac tori rather than the voltage regulat This cause small droop on

the posaer supply Somewhat later this droop wil propagate to the regulator which will

boo its cu cot and recharge he bypass capacitors

TI model premnted so fa lumi ed

pp ati fl it or ittes in abo hip

behav or Ch desig en also are nec ned rho it the variation in pply voltage nero

tIc clip hi requs ci dis nibuted mdcl vhih cai aopr iiya ricoh of
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an AC ground because highfrequency alternating current can flow

readily between power and ground through the capacitors Therefore
GND

both VDD and GND grids sees as possible signal return paths regard

less of whether the signal nOi or li
As discussed in Section 455 the induc ance of signal wire is

proportional to the area of its current loop This inductance could

increase delay or cause noise if it is too large so good power network

provides return paths near all of the signal paths to keep the area of the

current loops small Signals sharing overlapping loop areas also couple

onto each other through their mutual inductance

Figure 12 15 shows circuit with pathologically large current

loop covering large fraction of the chip aiea The power and ground
Fingered paws netwo ti

n- rks use finge layout hnson93 Suppos Fe on put of
long irrent ii oa ii

gateA rises Sonic cirrerr Tic dralArn Irou the VLw cepplj ti charge un
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The body terminal of bulk CMOS transistor is connected to the substrate or well The

p-type substrate for an nMOS transistor is normally connected to GND and the well

for pMOS transistor is normally connected to VDD lhe connection is made through

relatively high-resistance substrate or well contact Current flow in the substrate causes

noise on the body terminal This current may come from capacitive coupling through the

reverse-biased source/drain to substrate diodes or from impact ionization as current flows

through an ON transistor The substrate noise modulates tFreshold voltages by means of

the body effect

Substrate noise is also problem for mixed-signal designs where separate power sup

plies are used for noisy digital circuits and quiet analog circuits The large number of rap
id switcf ing digital circuits creates noise on the digital ground tI at propagates to the

sensitive anaio cit via se common substra

he substrate we shou use plenty of contacts to guarante low-resistance

to the power ictwr Gear igs desnibcd Sec en wrvde some pr tec

ag sc cc b1 .slog cc
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pad consists of square of top-level metal of approximately 100 jam on side that is

either soldered to bond wire connecting to the package or coated with lead solder ball

The term pad sometimes refers to just the metal square and other times to the complete

cell containing the metal JfSD protection circuitry and I/O ransistors Input and output

pads usually contain builtin receiver and driver circuits to perform level conversion and

amplification Section 12.4.1 addresses some of these basic circuits along with their ESD
and overvoltage protection circuits Section 12.4.2 examines the MOSIS P6 jam I/O pad
to illustrate basic pad design

Basic I/O pads include VDD and GND digital input output and bidirectional pads and

analog pads This seef on is maf concerned with simple digital pads at operate or

ale mire lOS voltage levels as the

Power and ground pads 1mply square of meta con
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transm he nsients cause the drain-to-body diodes
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diodes turn on if the pad voltage becomes greater than about 01 or Diode

less than 01 The resistor limits the peak current that flows into these Clamps

diodes preventing burnout Resistor values anywhere om 100 to k1 are

used This resistance in conjunction with an input capacttancc will lead to PAD
an RC time constant that can he important for high-speed circuits The resis

tors are sometimes made from several squares of unsilicided diffusion in an
Current Thin

well Clamping diodes are formed using nt diffusion to the substrate and Umt0ng Gate

diffusia to n-welL As with output transistors these diodes should be Resistor Oxides

double guard-ringed so that they do not inject charge into the substrate and

ause latchup Some piocesses ffer extra mask steps to build transistors with Input protection ci cutti7

thicke oxides TFcsc thi wide transistors ire mote robust againt LSD and
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Many pad libraries provide only bidirectional pad By hardwiring the enable signal

to or the pad can be used as an output or input

Analog inputs and outputs connect to simple netal pads and

then dire tly to the on-chip analog circuitry
without any dgital buffer or dr icr nalog

pads still require protection circuitry The protection circuitry must be carefully designed

so it does not degrade the bandwidth or signal integrity of the analog components This is

achieved by minimizing the protction diode area RF pads are extremel demanding
because any extra load can compromise performarce

Figure 12 shows iryort of bdi ectona ad or the MOSIS servce Vt gin
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The term clock skew has been used informally in many ways We will define skew pre

cisely as the difference between the nominal and actxal interarri val time of pair ofphysical

clocks For example Figure 1226a shows system with two flip-flops Both should

re eive the logca1 clock c/k wth zeo interarriaal time but they actually receive physical

clocks c/k and c/k2 Because of differences in the delay of the clock distribution wires and

the local clock buffers c/k1 arrives 25 ps before c/k2 Therefore we say the clock skew is 25

ps Figure 1226b shows system with three transparent latches The latches use corn

pleme itarv logical clocks and 42 with nominal interarrival time of 7/2 between rising

edges hey actually receive physical clocks 4m and We see the clock skews are
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ra the dock skew account for unntendonal differences in clock arrival mes

Clock skew ala be riessured between different edge of he clock or between

Ic eat cycles example igure 12 27 ii ows two physical clock wavefonir in whic the

edges differ from their nuns rinsing clock skews are ddfincd based or th edge

g/Ji ig the iumbe of re ng cycles as well as lie phy scal ci ck
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