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LOW COST CMOS TESTER This invention relates generally to
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PCT/ US9644015 To make a tester which is the most useful, it is

desired that the tester be able to apply or check for any
value at any time at any pin of the device being tested.
Typically, a pattern is made up of a string of vectors.
Each vector contains information about the values to be

25 applied to or expected to be detected at each pin of the
device under test during one period of the tester's
operation. This information includes the data value,
timing information and format information.

Format information indicates at a minimum whether the

30 data is a value which should be driven or is a value
expected to be observed at the pin. In some testers,
format information also indicates the format which a valid
logic 1 or 0 should take. Examples of formats are return-
to-zero, nonreturn-to-zero and surround by complement.

35 Most testers allow the length of a period to be
programmed. The period is generally the same for signals
applied to all pins in the tester. The timing information

is programmed as a delay relative to the start of the
period.
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dedicated to turning on the drive voltage and one is

dedicated to turning off the drive voltage. Another is

dedicated to starting a comparison operation while another
25 to stopping the comparison operation.

The edges from all of the timing generators 116 are
passed to formatter 118. Formatters 118 contain the
drivers and comparators which actually provide or measure
the data. The time when each operates is controlled by the

30 edge signals. In this way, signals are driven to or
measured at the device under test 112.

For a tester which can test even a modestly
complicated part, there will be more than fifty and likely
more than one hundred channels 114. The channel circuitry,

35 thus, accounts for a large portion of the cost of tester
100. The cost can be particularly high because low cost
technologies, such as CMOS, are not suitable for the

. channel circuitry in many testers. Rather, ECL components
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described in US patent 4,231,104 to St.Clair and US patent
5,274,796 to Comner.
The difficulty with using CMOS for such an arrangement
25 1is that the delay of CMOS circuits varies as a function of
temperature of the devices. The delay of a CMOS circuit
changes approximately 0.3%/C° to 0.4%/C°. Such a large
change as a function temperature means that the same delay
programmed into a channel will produce different results
30 when operated at different temperatures. In addition, CMOS
components hdve large part-to-part variations. Delays
through parts which have been identically processed can
vary by as much as 20 or 30%.
One simple approach is to calibrate the tester each
35 time the operating temperature changes significantly. Many
calibration techniques are known. US patent 4,724,378 to
Murray et al. describes an external calibration device used
to compute timing correction values which are stored in the
tester memory. Other techniques are known for deriving the
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While such an approach can compensate for temperature
as well as part-to-part variation, it requires that the
CMOS chip run at an elevated temperature. Operation in

25 this condition can lead to reliability problems and also
requires greater power consumption.

A similar solution is described in US patents
4,902,986 and 5,345,186. 1In each of these patents, the
ring oscillator is incorporated into a phased locked loop

30 in which the frequency produced by the ring oscillator is
compared to a stable reference frequency to produce a
feedback signal. The feedback signal controls the supply
voltages of the components in the ring oscillator. As the
supply voltage is varied, the delay through the loop

35 changes. In this way, the frequency of the signal in the
ring oscillator is synchronized to the stable reference
frequency. As a result, the delay through the delay chain
is constant. The same supply voltage is used to provide
power to other devices in time critical paths on the chip.
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changes in operatl n freque ose a particul ar robI em in t he
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than the desired accuracy in programming edges. In
particular, we have recognized that these techniques are
25 primarily useful in adjusting for variations in ambient
temperature. They can not compensate well for the fact
that the operating temperature of CMOS components changes
as a function of operating frequency.
We have recognized that temperature changes due to
30 changes in operating frequency pose a particular problem in
the channel circuitry of a CMOS tester. In particular, a
tester usually operates in a "burst mode." When a device
to be tested is first connected to the tester, the channel
circuitry is not generating signals. It is essentially
35 operating at zero frequency and is generating very little
heat. When a device is tested, the signals in the channel
circuitry are being generated at a high frequency,
typically 50 MHz to 100 MHz. However, a test of one device
lasts only a matter of seconds. During that test or
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operate at varying frequencies during the burst and thus

with varying delays.

20 Traditional calibration techniques can not address the
problem of temperature transients during_a burst because
they can not be run during a burst. Using a resistive
heater controlled in response to a differential delay is
not fully effective at addressing this problem. There is a

25 lag between the time when heat generated by the CMOS part
changes and the time when the effect of changing the
resistance heater is observed. This lag is caused in part
by the time it takes for heat generated in the CMOS
circuitry to change the temperature of the ring oscillator.

30 The lag is also caused in part by the time it takes for the
change in heat generated by the resistive heater to
influence the temperature of the CMOS components in the
channel circuitry.

There is also a lag when compensation is provided by

35 controlling the supply voltage of elements in the ring
oscillator. Though the change in delay is faster than when
a heater is used, some time is still required for the heat
generated by the CMOS channel circuitry to influence the
delay in the ring oscillator. '
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SUWWARY OF THE | NVENTI ON Wth the foregoing background in mnd, it
i 5 an obj ecwo97/05898 t he i nvention to provide a CMOS tester mpéﬂmgﬂnﬂgﬁed
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ot her objects are achieved in a CMOS tester having a plurality of
channel circuits, each having ~ several timng paths. A frequency
control |l ed del ay conpensator is included in a portion of the timng

pat hs. As the frequency of the timng signals change and therefore 20
change the tenperature in the timng path, the del ay conpensat ors
adjust the delay in the path and therefore conpénsate for changes in
del ay due to tenperature. In a preferred enbodi nent, the
frequency controll ed del ay conpensators are resistive heaters which are
cycled 25 on and off. The-on cycle tinme, and hence the anount of heat
generated, varies inversely with the frequency of the signal in the
timng path. According to one enbodi nent, the resistive heaters
are sel ectively | ocated near high power d|SS|pat|on areas on a 30

chi p, such as output pads. I n other enbodi nents, the resistive
heaters are additionally or alternatively selectively | ocat ed near
circuitry which processes signals having a progranmabl e frequency. 35
According to another feature of the invention,: programuabl e del ays in
each timng path are generated by breaki ng the programmed delay into
an integer, and fractional number of clock pulses. Each clock pulse is
del ayed by the fractional anount. The integer nunber of
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cl ock pul ses are counted separately. The count of the | nt eger nunber of:
cl ock pul ses enables a circuit which passes the next clock pul se del ayed

by the fractigdmsaos anmount. In this way, the frequency of thersmisgsefoss i n
the 5 circuitry providing the fractional delays is uniformin al

channel's during a programred bgikarRy OF THE INVENTION
. With the foregoing background in mind, it is an object

of the invention to provide a CMOS tester with improved
timing accuracy.

5 It is also an object to proVide a CMOS tester with
temperature compensation in proportion to the operating
frequency in the channel circuitry.

It is also an object to provide a CMOS tester with
temperature compensation in each timing path in the channel

10 circuits which is responsive to the frequency of the
signals in the channel circuit.

It is also an object to reduce the number of CMOS
parts which are subject to signals of varying frequencies
in channel circuits of a tester.

15 The foregoing and other objects are achieved in a CMOS
tester having a plurality of channel circuits, each having
several timing paths. A frequency controlled delay
compensator is included in a portion of the timing paths.
As the frequency of the timing signals change and therefore

20 change the temperature in the timing path, the delay
compensators adjust the delay in the path and therefore
compensate for changes in delay due to temperature.

In a preferred embodiment, the frequency controlled
delay compensators are resistive heaters which are cycled

25 on and off. The on cycle time, and hence the amount of
heat generated, varies inversely with the frequency of the
signal in the timing path.

According to one embodiment, the resistive heaters are
selectively located near high power dissipation areas on a

30 chip, such as output pads.

In other embodiments, the resistive heaters are
additionally or alternatively selectively located near
circuitry which processes signals having a programmable
frequency.

35 According to another feature of the invention,
programmable delays in each timing path are generated by
breaking the programmed delay into an integer and
fractional number of clock pulses. Each clock pulse is
delayed by the fractional amount. The integer number of
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PCT/ US96/ 04015 BRI EF DESCRI PTI ON OF THE DRAW NGS
The i nvent vomomedabs be better understood by reference t oPCHAISHES4005\ ng
nore detail ed description and acconpanyi ng drawings in which 5

FIG 1 is a bleek shbgsanared coupited sephrh€sl9!l; The count RBIGtIRA is a

cenematic o SQLBNOn e WL AR, enpiyen e il Rbe o
FIG 2A; 10 passesFtlie Bt clocke palsel delaggdaby ofthe¢ hergataismeadet ect or

f FIG 2A 2D | h ' ' f fl t

ion FlG o 2mount. ﬁgh%[)iv&sairda Stzx%_ %'}%&h%g?gagka{% SP%"%% qgley stage

) emat c gram show e placenent of
15 5 cireuienytpyovidine they dreicsaonalr dedayonis qubdintithgn all
pads on a chiRanABfs during a grdgrathmed Bugechematic diagramof a preferred
enbodi nent of the edge rate conpénsator of the i nvention. 20



-
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PCT/ US96/ 04015 DESCRI PTI ON OF THE PREFERRED EMBODI MENT

A tester accwodmos9Bo the invention may use an overall arRCEN/USAGI040%8 as
depicted in FIG 1. However, the invention need not be limted to the

specific architecture shown. BRIEF DESCRRITION OFMTHENDRAWINGS110 is

fabricated using camerci.al | y,ayaj |l abl e, conponent.s nef l.y. | ow cost
CMOS conponent sr[:heag‘rﬁvﬁngﬁ8np¥'ilg¥ h?t ; eFﬁeﬁr%rr‘cg B t—Fdec'oc{) by eiree%e(%ﬁnﬁfnt ,
test system cdmwt rubld €olldb@ing horet dataibed adescrigrimey cird larcompanyihg

general pur POSE- SRR §L wil?ch In contrast to testers widely avail abl e
in the prior art, eéach tirmng generator 116 will be manufactured with

| ow cost CROS conpdi¥ént 3. i ai kgos diagyamsofichi RYERX i Xth testerye designs
presented in great girgleta i Pl SWhematic diafPifibdt nd 18ikisld Ydierdter
functions of the formatters 15 in the prior art. Because it processes
signals of  programet dhgetiesderi of Fifeqhéncy), its operating
temperature mght femet ul gsddr SeteMaliiESliadPatt bel 88 delay idtdde in
preferably inplenented wth %m circuitry in conjunction with edge
rate conpensation circuit¥S #2i20 described below in conjunction with FIG
4. Howevgo, bigmd .ar2c BisCiOschemather diagtamest athe shaswl ldetadctrbe

used for formatter 118, i, the prior art. Turning now to
FIG 2A, a block diagr arﬁ]tng@ez{Al'm ng generator 116 is shown. The CMOS

chip is manuf act ur RIIGv t2D 35 aa schematdcalisgrami dfbbee pfieesielay rstage
preferred enbodi rrentj,b%/sﬁgl}(%r ?A,ti m ng generators will be fabricated on

a single CMOS chip nade by m cron process, but_ the
FIG. 3 'is a schematic diagram showing the placement of

15 circuitry of the invention in relation to bonding
pads on a chip; and
FIG. 4 is a schematic diagram of a preferred
embodiment of the edge rate compensator of the
invention.
20

- 10 -



specific process used is not critical to the invention. The chip is
designed as a "sem -custont chip made according 30 to generally accepted
desi gn pr ocedmO®8%/05498 ‘A sem -custom chip is designed usiGTLEAHIS er
ai ded tools and a "cell library.” The cell library contains

nunerous cells, each of WEB@KIP@EG&SGF@H@ PREYERIOIRIEMBODIMENGENt . The
cell library |ncI udes standard cel |s such as 35 fl, |dg}flops and countgﬂrﬁ.

The conputer ai ded dedig§h eFoBFgordmgaF%otlé‘FIHW?’}Fel HiCofc B¥EY

cell's by speci fa)tldﬂg_tbh:eure asd&épiefjecﬂ nercmndact ofowervarsi sher $nvention
sonme i nstances he . o] f s{ructures

desi gner §]§eegl £° s Fh x&élé%{ go %Eeersc‘?)encnlecq c?ﬁ%%flttgﬁtﬁge hlgﬁd t he
- 11 - 5 WO OTe$48gstem controller 110 is fabricated using

PCT/ US96/ 04015 comex%ﬁﬁgigeévéiﬂﬁﬂléoééﬁp&%ﬁﬁé eﬂﬂ&e’r‘%ﬁa?&”ﬂ)‘woe \M%EtéM@s

f or mat whi ch 1's use y processing. equi pment oundry
the chip is nmageMpoReRtdesrgninobhs BRtPTaTods Ty @ weeferredinown in the

art and are wi @lﬁbﬁ%@h&abhést5s¥stem Jémftglmnqrm Qs Hh918eaLbah&Sal
pul se or timng al at f% C|f|ed thetlmn dat a i nput
|9

signal s. The tiSA"HEX Vsaé{aél?‘ﬁlf’ qssg FGrRuUt et ‘time del ay.
Once tim ngogener at an tbatrasenabl eéstefs w1d@1}6dix€éﬁ51am1e0&hpluhesbgmai:
whi ch is del ayed by thg&ﬁgeci fied 10 uI d .be, Elﬁt ed

del . |
that Fl G oA heEE it §éndfarfl Y6 witl e orghsRctita iR fo

use of enable @ognajcsst CMOSSs compbnénbsn | Tiniwey srdcuridoy é.saaphéeveéswlth

system conty erat o] di cating 15
that a new cycl e%of(féﬁ%é%g g}gpgggsgf L’? %@a%gfeq:a%.l %%gehlnnnl ng. Such a
signal night serve a@rﬂtw@t@méﬂé PRyharms thehiwrcions §ft w@edépwatﬁeéﬁval

provi ded bysti rﬂrﬂg:he prg%&eaetor BdBause it procB¥hdd Higaadat 8fi nput
signal s are generat test 20 ?gstegrlcontrol ler 110 in a known manner.
In sone testeré’rogra"l“ﬁé’ 18ePgyi0dl (st oL ERAYRNNN e d HSy CBEEREERH ng

gener at or Aenpretivriee thight pSl icthat & eduieizig waucmrsm st noadthalesspry

120. | h test f f.o the t
genera’?o?gclm erspcrﬁgﬁﬁgbg&o%wgﬂ Orn@?éo"{'lloﬂﬁgfqaiénﬁg%tg f‘gstla;n "
operation in V\ktamljmdtemwwhcbdggerabe competrt&athlop ‘cimgudthgr asest er s, _
the del ay Bbov'élees%é%t%e%‘g;'élow %xﬁbﬂ?uﬂ@@f&?t rtﬂ Fd.0ned p'awa vegdi ster in

advance of are nore tirmng signals channel
than will be usl@(PQlﬁIan)Bl&ﬂ@Scyc‘l etbﬁrthmlm@a@mtcp@ﬂd also be used

for formatter 118, as in the prior art.
Turning now to FIG. 2A, a block diagram of one timing
generator 116 is shown. The CMOS chip is manufactured with
25 a commercially available process. 1In a preferred
embodiment, several timing generators will be fabricated on
a single CMOS chip made by a 0.8 micron process, but the
specific process used is not critical to the invention.
The chip is designed as a "semi-custom" chip made according
30 to generally accepted design procedures. '
A semi-custom chip is designed using computer aided
tools and a "cell library." The cell library contains
numerous cells, each of which represents a functional
. element. The cell library includes standard cells such as
35 flip-flops and counters. The computer aided design tools
also allow the creation of custom cells by specifying the
desired interconnect of transistors or, in some instances,
even the layout of structures on the chip. The designer
specifies the desired interconnection of the cells and the

- 11 -~



30 "and each is programred to generate a tinming signal at a different -

time. These signals nake up what is known as a "timng palette.”
Signals arewD omsdd at different tines in different cycPEE/USP6/R49LT er
operation by selecting a different one of the timng signals for use in

t he channel Séompluuteﬂganh‘léd s Q:mipa&eoi:hbe:iheormaetamlmto a format
shoul d al so beh ted that,i.n a_tester. wit

e
di fferences i N the %)?o%sé%%tkf FROSRESof9 equj‘gf“gﬁgl éntﬁlt’]ougﬁ'll %;E%rfe%
channel s. To kbepchipi hg made. siSgpedl slelsugeac;bo&hannél neYheds caare sl
process calle . : :1abl WO 97/ 05498
PCT/ US96/ 04015 "™ lnd%%?(eﬁtnfnq sargf twéﬁiel}gegvai'%g cﬁannel s are deskewed by
del ayi ng the si gnaFimingageneratinrelllyy oanexadest awpudfe or ﬁb@%@gprOV|de

each channel E&&Haihét%@W&ﬂ%‘gﬁafﬁfﬁHE the tlmlﬁgnéétﬂﬁﬁmmﬁ§3ke“ﬂng i's
performed by i ncrea5| n\%rthe val ue of, the timn The

i nvention canShenaled wi &Hins qarﬁ?sést 9‘pélgltagy¥?i\’r§ SPRGLFARE @ of how
the timng datamgalig®ayar Once tatigipiRterbtorhelenbeden@ieghoiy in FI G

2A, the timn data is i.tal .val ye. havi 16 RQi These bi
enresent t hobFedEPPaanerusPi Sisha SriEm ThoBR1aved R iene Sesited e
timng datta hdelap.integer portion and a fractional portion. In the

enbodi nent shown i Rth%ugé 17e notl.)éé Stl?at{ IE d%%gn}m{:hgxégigggiy

portion. Bits 0 thifo represen rac Ironal “por
timng edge i shgwnenaeeeﬂobey shgr@tl -pr dhweivieg ,athe useacfi emalbly sitdnglsl

cl ock signal. %hﬁeiiaﬁﬁbﬁﬂaiﬂ>%he artel aye % rLoq)lbs GSEtV§9 P del aying the

ref erence cl oc anpunt proportiona e value o |ts O to 7 of
t he tim nsoaslfall?ﬁelmtr@gféft aﬁqqr@ﬁeoﬁ pﬁéSﬁfinﬁhgn@ht ndicabingsed to

produce agat tnatsagﬁah cydle ¢RidHY dpedadlionSof tegegerapedignce the
I nt eger nunbe

cl,ock Pg ri.ods has ssed. The n fr i onal |
bl ooed oloorbeBinkings PSSR it bRl §hwe Re Ehe: rRsle S humdL:
An inportant wtient agaraé the dellahangaidiial priokdtdehby2bimingcui try which

A

provi des the int eg 5'5 ifé/ and the fractional delay are always cl ocked
at the referedC8SERGRR frequency, regardl ess of the progranmmed del ay
interval. In pahei tihing datkel fnpuntsdogmnld engegenkeaatedeby| be&tperi od

|5, QT Len 5 OL3ERRA LBLOrBLIES Pl0 Sfh W' ndhlienBRlRS . 2 8n ongopeLpL ey ot @
a ock

rate lower th e reference c requency. Even the t
generator of khe dgAay values to be provided by each timing generator

are specified as part of the test pattern stored in memory
120. In such testers, the timing information for each of
the timing generators 116 might change from one cycle to
25 the next of tester operation in what is termed a change "on
the fly." In other testers, the delay provided by each
timing generator is stored in a register in advance of a
test pattern. There are more timing signals per channel
than will be used in any one cycle of the tester operation
30 and each is programmed to generate a timing signal at a
different time. These signals make up what is known as a
"timing palette." Signals are produced at different times
in different cycles of tester operation by selecting a
different one of the timing signals for use in the channel
35 during different cycles of tester operation.

It should also be noted that in a tester with many
channels there are differences in the propagation time of
signals through each of the channels. To keep timing
signals in each channel synchronized, a process called

- 12 -



gener at es tini ng signals at a |lower frequency than the " ref erence

¢lock, the circuitry of tinming generator 116 operates at the reference
cl ock frequavmyrosdperati on at a 35 single clock frequency i BCEASB6/Q49K8 f or
timng accuracy in CMOS circuitry since the power dissipation, and

hence the  «gd@dwigperid FtehnNabeasesTik! Bnéfeglente dskdRdest
gener at ed mc&g segéﬁt e del ayi wll ¢

ange. .

C 13 - @lgnal in each channel by an amount which

PCT/ US96/ 0401%ould provideClarpeshannde| @yshdtke t Samdgnggmgat icdmdelay .
temerat ure cOAPERORET o e danied LroResrartrd Blnpence ol the'Wlus
necessari 5y hafetheftining dadonse tinme. Thus, if 5 there is a rapid
change 1n heat 9engral it FuniRN Wbl witnORRY At KhddeRiafiey changes,

there will be sonme Interva uring which the conpensationl ags behi nd
the tinming SYeremgestedarsessr efphoduEhagtinigme Pdatmcaiuas ére These

i naccuraci es géRep¥OEded Bf A dichBolidmbhe SRAYGALIRFRY. K, anwySdiveni ng
the timng generator at_the reference cl oc

.ock .frequency. _ . I G
shows the nmj SRtRelfs2 RS VRd ipgpifgbits. geﬁ'éﬁ"%/ﬁ $1616. Tining
generatg%g(li?répﬁdisld@sz(l &@?e@v\tﬁﬁeﬁl‘ledelagﬂﬂ fetias s UPE of ﬂmdiéﬁ;jdifa!clldﬁkay
st ages Wi are-descri in greater ail in
contunct i on WTREEE e it M3 BarcRS! 1PESeef MRS o phase
det ect or 214, fnhctionsl eqtt@ianed iIm gheaembodiément shown irmc@EIJANEA,0on with
FIG 2C bel ow,: Jhego 2L, r : Leeds, I
216. The out \S%tla-%fecﬁ%%ge ’%'Id) purrg: H’g ?gkggggbgc J’f‘%)r?'eacszl%1 o{hfﬁgﬁﬁggﬂ%
st ages 213 (represant the fyasdional: per§éray of each stage.

These_ conmppnents, ﬂe_tﬂﬂ[izhé Nedgel Gis RfEas-adelie sl 0ri2dd ﬁ)rod@élﬂ-@f@rge punmp
216, inpl emen(;j what is sorrcftl nmes (@.I?I ?(g a "del ay_1| ocked | qop." The
input to the GERGYLPBRKEY 99)GYSS SAockysignatenctlei BACHBWRIIA by test

system cont r ofkkayédOclock iFlderilied Thedeaawingf ehencefertaitde il qukelagr abl y
provi ded to each timng generator so.that _the various, tim

gener ators caﬁmﬁgngyﬂf?ﬁ%'f%&ﬁ ?ﬁ?ettgﬂeo R1pg agng?'téﬁtaaéi ?9157 Ofmtg%y known
fashi on, suchtamiby dataystTle dsitiddeat porthion36f pheftimietdy eldiediirent s, the
cl ock ha f epgy . 0 a nr.efser:abl y about
100MHz. ?b(aev{elrg,gat Eé ppg&‘}l{?ee\;e%nt?q%&rllqgs%&ggégl'Mr%%%r@%e%% gil“. ne fl%gquency of
t he r ef er ogneratedkonce the integer number of clock periods has

2A

passed. The next fractionally delayed clock signal is
gated through and is the timing edge output.
An important advantage of this arrangement is that the

25 circuitry which provides the integer delay and the
fractional delay are always clocked at the reference clock
frequency, regardless of the programmed delay interval. In
particular, a delay interval longer than one clock period
is often programmed into a tester so that the edges are

30 generated at a rate lower than the reference clock
frequency. Even if the timing generator of FIG. 2A
generates timing signals at a lower frequency than the
reference clock, the circuitry of timing generator 116
operates at the reference clock frequency. Operation at a

35 single clock frequency is important for timing accuracy in
CMOS circuitry since the power dissipation, and hence the
heat generated, increases with frequencyl As the heat
generated increases, the delays will change.

- 13 -



In a'preferfed enbodi nent, the reference clock 35 operates at a fixed

frequency. However, the circuit of the i nvention will operate if the
ref erence clwole7fosedguency is vari abl e. The del ay | ock | oopcTAses468 i t
i s feedback controlled, will adjust to the clock operating frequency.

HO\ivéelver_ , after the Chéh@éfe@ﬂﬁi AN d IRMIS LHahgeBaRfiedlock frequency
PCT/ US96/ 0401525 pa%’e‘i‘glaﬁ%lya L fifdiqulfe gy 2F6PURReIOE aSVERHPERop t o
adj ust to taupemttnte)odoxrfpeimaﬂjm is used. Eéﬁpefétﬁh@womﬂﬂ@ﬁs&mn

f | tihal clo f kP, d
L T ockN. § o Gibfufts, neddeed il v o Einith, EBeRRNES Pide, " HhdE, A"
differenti &l SFW ipa a;anmmeﬂ@IQe dint henef gepemated, dsddlerantwlan dtiay
| Usi d | d
el ays of S si e iagind! DUSRAIY Hanges (LREEELLE bE Ao oAU ! 200
desi gned to def@¥ingevkiciithg gwalpensatwnaﬂ}aaﬁobﬁhm@u@hetmmeg peri od of
the reference ehades, trdiHFIre E&&fo@uc(iﬁbahhhﬁge%&c A&s. S'iﬁié‘%ede' ay

stages 212. Thus, each, dela]l_y sta rovides , a aéa one nt h
of the period PPATHEFIFIRY aXks FU9 ceprehpgito Ghe imventiomybwf a CMOS

circuit cag bealwaysasgthing the ivigrieas b@ﬁekbeoﬁaaﬁctﬁénﬁ@fﬁeﬂ&? Sigal
pat h. Many ot hFre design techni ques for adjusting delay are known. The

nunber of del ay s%g%csy'in the delay line is not critical to t he
invention, but is prEGerZiblshawspdier mefjorveel28 used toloNRYBEmenE Coligne|

variability |ng&1;&(.‘£§§g ng gof Cflm geﬁ@r@ﬁo@s x\gl n@fu égsgls?at‘#%?{] of.. .del ays
S

caused by tenperature fluctua b
del ay stage 21Qnade M R/\@fslmdé-wlé’e@lt Id@laﬁqata@dSo%l%lyl)Raimclﬁeach

del ay stags 2lzhide!aiete qebcsaWPlin @%hté@ déES{faﬁ& r@ox?ﬁméé‘foﬁ’ thtqge on

the VC i nput I\,%é es the .delay through th
FIG 2A the &H mHé!ga?eneraé:f’ﬁgéésZi%?‘l)1nC:E‘1¢1%-°:L6‘=) L&?EESQ:onnect ed

toget her and adetquatdr 214,0%whdcheadbask1honed Iﬂgreai@&d@éﬁ%m#%fﬁd t|0 y
one peri1od oO e clocC

cpoure el cofS NS0 ot bihe 0o g
214 and char gedghegra @14 Haedsdet ehhmrg}:eZ%:émpemaﬁ Vv esThes ouztfzuml%ﬂ %\Atﬁigﬁ
gﬁgﬁlrgnggz Llogg/ by on?&ﬁq}%ﬁ%}}gg : ggh %kagléea%?fe gsret conpares the
phase of these2}dpollsi giRliZ(16) to adjust the delay of each stage.
These components, delay line 210, phase detector 214
and charge pump 216, implemenf what is sometimes called a
"delay locked loop." The input to the delay locked loop is
25 a reference clock provided by test system controller 110
(FIG. 1). The same reference clock is preferably provided
to each timing generator so that the various timing
generators can be synchronized. The clock is generated in
any known fashion, such as by a crystal oscillator. 1In
30 preferred embodiments, the clock has a frequency between 20
and 200MHz, and more preferably about 100MHz. However, the
invention is useful regardless of the frequency of the
reference clock. '
In a preferred embodiment, the reference clock
35 operates at a fixed frequency. However, the circuit of the
invention will operate if the reference clock frequency is
variable. The delay lock loop, because it is feedback
controlled, will adjust to the clock operating frequency.
However, after the clock operating frequency is changed,
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and bnoduceé a pulse on its punpdn output when the clock is ahead of
the del ayed cl ock. This condition indicates that delay line 210 is

provi di ng a wleloagses nore than one cl ock cycl e. Phase de@@gﬁ@@@@&ﬂs
produces a negative going pul se

WD 97/ 05498 th s a slight delay for the dela RELAUPAEL0¢8134 st
its punmpupb outp()alj:e @hen thegdelaee clock is ahegh of éhe c? % ThIS

condi tion i ndit@at PRY: cderkyt ??GR@QEN} is providing a delay of |ess
than one clock perirFgd. 2a shows Ih&tpuﬁ@lmwd@m%kslﬁnal s are provided

to charge 5 a 216 sources curre t n there_is a

pul se og t he Eﬁ%% ﬁﬁnFﬂﬁgh ﬁﬁcg, e WrePtt RefdoF B anda pGf eekiin
t he punpdn5llﬁegn§ﬂe whiipht apé tmauQﬁirnnmpxlm&nts ans €ommeohed to a | ow
pass Ti1ter (ellechau)a1"Bighatan S61ay 158l Mhy LIPLAERRERISILLD

capacitor. Such a capaC|tor 'S y externa cﬁlp on which
timng genera@dtE erenE}91|§elﬁ$Ib#@h{edkﬁé&adbéf@renheaépamgnalsapai|tor

takes up Qﬁf@e&@hﬁlal circuitfPELRPYER &G4 nO@er§ggH#yahgplenented
as i s known i,n the art, with tranS|stors acting as swtc The 15

out put of chaﬁﬁélﬁﬂﬁpsiﬁﬁai§ a signal which increases when t he del ayed
si gnal isldel ayed hDﬁﬂagsilhhaﬂlonﬁstéEi@rI&T it delayaRBedBEbERSESgHAEN the

d d I t han e cl period. The output of
char o purp 27 o0 SHBUEE 8hAl oFo cneRRIerhcE ChRAFPFBRSMGRCTRTRy | | no
210 20 provi desigmadel afient, edaTiy yl e lem@onrtafihed51xteen deldy é bed
above, the output o&gﬁgzr gg Rugglaza;%tldisg% Pr°§”~(f§85 gﬁigﬁgggck si gna

adj ust t he' del"ay “of %unn1ng
anplifier 218 SlXteeS@ﬂmpﬁgthﬁm)elleﬂ @¥l 8 hes cdprkonaAsahd ksowsefh ttheadd an

25 offset150 he, f%ﬁgba%&a§'8@aé MO diGeMi @gnfBgdgélt:‘;{léeasedsb},gna'I 'S

provided as an input _to each of e delay stages The
fractionally &&05%61€905R35¢W1¢@% (ﬂfud}él@ sjonal dathy |Mamy Xither

mul tipl exer 2%esiga @eehﬁgqgggagbf|g§5d§g$%§39e139 afef kR delpye St ages

222(1) to 222 h st age I|n 10 |ncludes an
out E)u% DO Be&’é’%]‘?@r %Q iﬁyd%‘F%gﬁ%tHgé%ﬁ@}éﬁ I]rénél beknat el tigal /b of
a cl ock p&heodnvbhelenc0366|i§3pnﬁﬂaﬁdblgfad@bﬁ¥r56ﬁ9@ﬁ0212(1)

del a 35,1/16_of a clock

ver i o L6 bi o dosE¥eher PauebaF gt raniad 1Yoy Suctrdtessing or s Bo
out put of eaclchdplsapsswedd as variatiesh asf delayputatifeduby i pémpyeratindts
whi ch sel ects sQRRt@btions, it will not be possible to make a delay stage
which always provides the required delay. Rather, each
delay stage 212 includes a control input VC. Increasing
25 the voltage on the VC input increases the delay through the
delay stage. As shown in FIG. 2A, the VC inputs of delay
stages 212(1)...212(16) are connected together and are part
of a feedback loop. Thus, feedback is used to ensure that
delay line 210 provides a delay of one period of the clock
30 signal.
The feedback signal VC is produced by phase detector
214 and charge pump 216. Phase detector 214 receives as
inputs the reference clock signal and the output of delay
stage 212(16), which should be delayed by one full period.
35 Phase detector 214 compares the phase of these two signals
and produces a pulse on its pumpdn output when the clock is
ahead of the delayed clock. This condition indicates that
delay line 210 is providing a delay of more than one clock
cycle. Phase detector 214 produces a negative going pulse
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The control woeigsded 0 nmul tipl exer. 220 are bits 4 t hr ough péTafs9b1s
timng data. These are the upper bits of the fractional part of the

del ay. These Bht %t%pﬁi‘z}nb)ﬁpﬁ out;taﬁﬁ’a&ﬁéh é‘ydélrhyé?i (3 ok 1/s1§hafadao§| ock

period. Thus, by 5_ using o_control nultiplexer 220, they select a
del ayed cl ock téegRAPCH t hTPhé eondibion oirdicatdn that; delaysidne 248 st ed

that the dat aprawaanwanubnaplsfeleggot@a& one é:mc@ Py del ayed in
i ncrenents of 1/ 16 a cl oc eri tar at 1/ 16 %r‘?% si ng

successivel y to 10 TRfsPEEPYP ﬁ@deP{"p o%k e REPled 9§ the
upper foursbi pampf 2tlee f chakrgenpumpazie ofolteed Idnn‘rgarrtaMen thetrer fisak O

d to 15/ 16. of K. | ti I
a0 1101252 BALEORRE binbgb%hSa Shehinge A yHBHE LR 18
beyond what is p&lsspenl thedpbgtpdhelimm ngrisateutpuiowsy @harge pempl aﬂléd
above, the o e3hgle c't% desl angwt;ga§§“€{g€d% {r{Bvﬂe Samaa' %h':.Phe?:

channel with a prog ram*re relative
in each tim nglg@lefr amﬂ-euéets,eﬂowlthpac«cama@tor r dush \aecapaszyt@ﬂrdlaoes

not introgiyce RREJRRIGUREErnd? to the TORIS! G Katsi A& mdin bhgbp%ra%bect ed

coarse delay is paSsed frommultiplexer 220 to the input o fine
del ay | i ndLfadé &H‘Péﬁmﬁpﬁéddbﬁﬁ?us? adksthe gpace aZ?EPlQ)'-'ltOEa@ﬁkes fine
del ay stage 22 bh &0cRdp(2) introduces a del ay V\:hl ch I ncreases a set

"horease 1 cach siGBEH Dumd QLB ERBPe FHMik: LR CURHAA 35 e Jaowh
wei ght ed sequémcehe art, withStagrs220¢ds adcimases switdieisay trjnell 32 of a
per i 0. SHoge Him, W cPR268) phiiE' 85508 3 S A it hcesBes wnbRICT
stage 222( 1) ither sedeyed §ldea&ylbydelayed_/12561eﬁs dharocnepedocl. peraoli t
dara. e ||t FRases WAEA, AL BRLAGeY Shonal Sh*%. E%e% ?’2 “‘E’?sé,'eé” "o
222(1)...222(4hars onge icdeckaperinddel &9eb9utmta% |ed by the
| over order bidetafed Rt acktanay aaat:eOéondltlérbenﬁéﬂﬂdaa@auanemqoe wi I
be sone f ed offse i.nt roduce wever nment, oped above, the
fixed del § provdé%ss Fo&lfyal SﬁaFﬁE(Y)a‘é’B%r%Jc?Fsk only the relative
del ays bet ween chameldedcxribEgabanie, the output of charge pump 216 is .
used as a feedback signal to adjust the delay of delay line
210. It is fed back through summing amplifier 218.
Surmming amplifier 218 is optional and is used to add an
25 offset to the feedback signal. The resulting feedback
signal is provided as an input to each of the delay stages
212.
The fractionally delayed clock signal is produced by
delay line 210, multiplexer 220 and a fine delay line made
30 up of fined delay -st:ages 222(1) to 222(4). Each delay
stage 212 of delay line 210 includes an output DO. Because
each delay stage delays the clock signal by 1/16 of a clock
period, the successive outputs of delay stages 212(1),
212(2), 212(3), etc. represent the clock signal delay by
35 1/16 of a clock period, 2/16 of a clock period, 3/16 of a
clock period, etc. The DO output of each delay stage is
fed as an input to multiplexer 220, which selects one of
the delayed clock signals.
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PCT/ US96/ 04015 The output of fine delay stage 222(4) is passed to
di fferenti avorsgesigger 224. As is known in the art, a di fREIEIN6/04015
signal is converted to a single ended signal by a differenti al

(rjef:el vler Di ff%enrmalcmw S.n@iiﬁsutedmﬁltnplbﬁéh 22® oot f: ne

elay lines. es rg 2Cross.couple el izm nate
timng in I&E?H | e %ﬁthcen t&gﬁngc 'gﬁm%g‘%ee (ejtn gﬂ%%gébﬁ%s 8fgnal s.
The rise and tla¢ | fraateisonfl uiwtsalfetﬁwoseéa]arreni‘hese hjcrerspdoifyi faf er. By
having a diff I h,gi ag&l-t' n S pzAuUses
both a risi ng@éﬁﬁéé aéeﬂﬁ% f}%f‘ |dr?g'%gd%g 1;?'_%8 of ﬂgﬁaoc%ﬁs no (?(ff e?lg\r{%g | ?{adel ay
for p&ssi weing rthemd e qpRtyeds H‘@lélpéﬁ?‘ﬁﬁgz%@igeﬂbﬁiﬁ splagted

accuracy is aghigyed. ciaélé es&«aﬁtallak«&arreaeeebﬁre@@dcms@@elay usag for the
I nvention, but can_provide better ccur ross coupled

feedback is sFRALG P IRgtesh thaty atPn%‘EPPE? 2 ’H]é'o“lﬁ iSeH A2 0n@d€ with

a p-channel téﬁ:ﬁéé§§wely de]rayaaa i1@S inkcikrbmant 8- ehan 8 dff andlvck bet ween
t he supply nd.,.The_gates_of the two transi,st rs are
connect ed tog@?ﬁ%‘? tfaf’ﬁ'}‘ r%pl#‘ ﬂolt-gh n%Eng?ﬂ%es%esoﬂuﬁh € taken at
t he poi ntl0of tonhémromndoeﬁuMercltdmk period. tﬁantshetmmar,&tamieaﬂ:)e st at e,

one of the tr | St ] n off
When the i npuﬁ&gé}§ %&f—i\l%,’hjt% eiz‘nannepgflur)ié%]s‘ o? (\?\nfvwlﬂéoeﬁg“r#g ectl ng
t he out pustantgaoufhdand:camzme@aey suskessivelynputli sl @F tah@1|oc1<25

channel transpaipequ | indle, G agNAREE Yot HeuBYE PHiIRYdUS an — SUPD!Y

vol t age. sition e Input fromLOtQ H or tog LO

causes a conp?@ﬁ%ﬁ%%?lﬂﬁ‘ﬂ}é% lt/ﬁé &t BuFlOBEcE%%’e“i keyond d@’r?d:uéisance in
t he n-chamel spécgfﬁé&%ytﬂ?él tilrmltﬂ@edﬁtaSO HeWavee| d¢ anditsicied HBOVRYL put
tranS|t|on S g n#lngtrl cad N he out t can,go fromH to LOhfaster
t han t E8f §BSFPontE oS aHed to geners %rB%’&l DUprERA b &€

equal i zes theshahnanswiu;lors programmesp eedandgvepdébsy L O Addikg tu’rmwssatueon To
provi de cross upl ed. feed .back.. an_ad a $isStor S
connected in pa?'cgﬁilé?f‘a\fthn %acl} E{::inpng gﬁﬁ%ﬁékg?ré%éé)sl g,{‘oaﬂm‘?,{p e control
i nput of the setahilve-detameind does sO6r ingroduce camy enaaturamhe out put of
a conpl ergnitary i nyget 8iockOignal wHHRNS stiRcEEE080aFsS NG} {4 ansi stor

of inverter 240A
passed from multiplexer 220 to the input of a fine delay

line made up of fine delay stages 222(1)...222(4). Each
fine delay stage 222(1) to 222(2) introduces a delay which
increases a set amount when its Bit control input is

25 asserted. The amount of delay increase in each stage is
different, in what is termed a binary weighted sequence.

Stage 222(4) increases its delay by 1/32 of a clock

period. Stage 222(3) increases its delay by 1/64 of a
clock period. Stage 222(2) increases its delay by 1/128 of

30 a clock period and stage 222(1) increases its delay by
1/256 of a clock period. The bit inputs to these stages
are routed to bits 3, 2, 1 and 0 of the timing data. The
cumulative effect of the delay through fine delay stages
222(1)...222(4) is an increase in delay by the amount

35 . specified by the lower order bits of the fractional part of
the timing data. There will be some fixed offset
introduced. However, as mentioned above, the fixed delay
does not impact on the accuracy, because only the relative
delays between channels is important.
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PCT/ US96/ 04015 I's connected to the output of inverter 240B. Because
Fnverters 2W#omo3des240B are conpl enentary, whenever, the POUMUSH6/04015
inverter 240B is going fromH to LO whenever the out put. of inverter

240A is going frommh@ batphit of fine dé’Ea;ﬂEmia{gmmzamOv&s phesHd te LO
transition of I nvert 240B te to be .fast t Ran e to H
transition of @ﬁ&&F?EElﬁioﬁec%‘&% Wh@ﬁs tlhgei(r)lg’!t""%’utl?i F}’Q kllghvgrter 240B
starts to go H@fféhen&ddltsngm&l pxsrmmsérted tlor ansiiggde endedveigral 240A

I's turned on. The oI t hr. r n
transistors i %I %S? Jl‘%hog&f% rncrlg?s;g(}glegln ggpggéﬁ‘lalg %Eé ﬁ%le?o HI
transitiorb of mnberctxelth24o¢ar§heala@dfin©r@lapﬂ diimesel Theser ghrruids in

i nverter 240BggiAl, p Qﬁdﬁ&: 1ikinktanshiifR of inverter

240B. The tran5|t|gﬁ{:%:¥rsr§sgg1?%1% ft eref%?teo r‘raué,L J'rrrlt)re qE‘a § The
out put of dif fi@pesuracipscehieh ¢om eacyr HiHd @mgleeﬁaé&ds%ﬁ&

representing tdigmbnacti enal J:yséeéﬁaeﬁlapi 0§1Knes of the kaaet cRngl bYesehayed
clock is used to cI k flip flop

. | o i.s.a D:type flip
flop. When t1 SBIBL Bt Lara cPs T Tisis ShFanebeial GRifw LB go
hi gh. 10 huseacﬂhelgnhmutraﬁsitimfihpa;%&:a/uéds thmthyac rd sdihgeentioa t he
fractionally eled clock ,'}Ege specific. ulsed
fl

%f e nfra?tlo ally
del ayed cl ock =581 &ge& P10 %% 1 &&reﬁﬁ SedPpFelR¥ §8Fput of
counter 236 arp;hs;amgr ammd1ﬁ5 edgeayer9ss a Thalddng edget andngueatenat t he

pul se of the aceifrt! hanakhyedshavste FLACK: S8 Chplohcl hBek ABL280 15

t he fractlona he require
i nt eger nunmberussd Ocrclthsemﬁa@thae, padE egAn mlq%@ettersépééFQEYpul se is

del ayed bysthe reqw&éfo@sea%pmeab%eaﬁaéﬂ i¢| MdwrPulrs xRN 3. he gaegui red
fractional part of a clock To ensure sel ectign of the

correct pul se igvanter is FF&@%FbﬁBﬂ}Yd@‘?ﬁ/e‘EFtdhlasé’ tspnedr traBsistPEaded

\_M:h bits o ih ]Eéé&?iwkwlihoégt he?haﬁheg @l@é:esls“ﬁms%ewe%nr QhEaGSQﬁbl?he 33
I nteger nunoer Cl oC erio (0] e requir a prererre
enbod ment | COATS P8 GrPBReneRIE ORESs of LS 1 traBasatetshrre

register type c:mnniceued Sogkthernasr Ehe inpan tr.me:rmi dmyeraelri.ghTheock rate
wth [ ttbﬁ dg \ﬁ:)but is taken at the point of connection bje%ween the two
transistors. At steady state, one of the transistors will .

be turned on and one will be turned off. When the input is
HI, the n-channel transistor will be on, connecting the
output to ground. Conversely, when the input is LO, the p-

25 channel transistor will be on, connecting the output to the
supply voltage.

A transition of the input from LO to HI or HI to LO
causes a complementary change at the output. Because the
conductance in the n-channel is greater than in the p-

30 channel transistor, the output transition is not
symmetrical. The output can go from HI to LO faster than
it can go from LO to HI.

Cross coupled feedback equalizes these transitions by
speeding up the LO to HI transition. To provide cross

35 coupled feed back, an additional p-channel transistor is
connected in parallel with the first p-channel transistor.
The control input of the second p-channel transistor is
connected to the output of a complementary inverter. For
example, the second p-channel transistor of inverter 240A
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However, any counter operating at a suitable speed could be used.
Count er 226 wa9nésagked by the reference clock input. Her BCTAUS26/04015
reference clock is shown as a single ended 5 signal. A counter accepting

a di fferentlallsswﬁaéceealeo the BSutHAd ofﬁlwe%tewghms t hgedhhier enti al
reference cl ogk ég be converted to a | e ended S|gnal u3|ng a

differenti al F@H@FG@FS R 209 RAPBIRR R cqxqp Hﬁéég' afbenever nthe nyl se
when t he requbne@unuabeinoértcé@czqqmmm@aﬂm@vErbﬂl Hpasselo whenever the

out put pul se fr upter 226 i sed ta ay 228. Program
del ay 228 ensurg? gdggua?ges%?ﬁ 18 g%&%d tBrﬁ%rded at the D

i nput of f%ip flopA23@ehtioned abovelelthe il u:@sl@f tthesm:aoni ofial | y del ayed
clock 15 inveie@rasuhf fedy «2d satadiuabeat Al ey ux! ) the

illustrated enbodinent, It |s a aﬁl I ne |'ike g I ne 210. It is
not used to géﬁé‘ﬂ&ﬁélant Phi Haverter 24QA | s Howevgzedwhanythe ewtdut afat t he

out put of couAh¢er2d® R30B staPPdies do 11d,| RHE QadZEQoﬂhl hpl &gt Opri ate
setup and 20 _hold.tinme around the clock |nput flip flop 230 even

though the cl GERPPASEPT 4R H‘é??@'ée{l ﬁrso&ug °Eont'i”6? combinggdr ef ore,

pr ogr anmetid dekcayr2a8 dhesugiot tie gshra0l e @S-chann%QCufahgléﬁoféﬂemie' ays used
to generate fracti naI hév@ téhdel ayed cl ock. rmabl e deJa(S\y 228 need

not, for 25 é‘f?é’ﬁﬁ (fﬁﬁ &7 ruPeFtB%r U@ Hhd
process vari attn:ansl(:ttbnugﬁ Enredrr e | 340K, |S[‘hesaddun1bhal p-clpsredie) r ed

gggfdinent SO Egﬁ%y, Bt 0 rannﬁ%fééy %ﬁﬂu§%§l¥ésﬁggd§ éﬁeq&5q¥>llne

Al ternative efent’ed Sinply
as a bi nary wiIghragsibionephyinyempter 24013 Then transétion ntises AR m ng

Dat a does1®ot tg2aE6r8NmiifE more fédualPr 0gr anmabl e del ay 228 m ght not be
needed. It is, ver esi rabl e when Ti m ng Data _changes on the fly.

For exanpl e, duri n&thQuEPBEkoﬁeﬁi’f-gme#‘?PW]cWeﬂ%vﬁﬁ Baflaissa siRges, it
is possible t maeﬁmldﬁhayﬁébﬁé@@ﬁ:iﬁghihebiractlﬁﬁhﬁﬁrede &l digdiexer
o,

cor r espondi ng 15 ChECRERTOb T ctetaveq Ui HerBsda Bp S18RE KL R 1y by
t hose edges, i280. Fhlopl flpp 2RReisrm ivtypeedlipotihop. Al Weemattsvedy, even
i f 20 input and clock inputs are %&,' its output will go high.
Thus, the output of £1ip flop 230 will be synchronized to
the fractionally delayed clock. The specific pulse of the
fractionally delayed clock selected by flip flop 230 is
determined by the output of counter 236 and programmed
25 delay 238. These elements ensure that the pulse of the
fractionally delayed clock selected by flip flop 230 is the
fractionally delayed pulse which occurs after the required
integer number of clock periods has passed. Thus, the
selected pulse is delayed by the required integer number of

30 clock pulses and the required fractional part of a clock
period.

To ensure selection of the correct pulse of the
fractionally delayed pulse, counter 226 is loaded with bits
8 through 15 of the timing data. These bits represent the
35 integer number of clock periods of the required delay. In
a preferred embodiment, counter 226 is implemented as a
linear feedback shift register type counter. Such counters
can operate at a high clock rate with little delay.
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arrangenent shown in FIG 2A if counter 226 produced its output in the
sanme cl ock merpmuasapthat two pul ses were produced by mnul ti PCFASI/AMAS an
erroneous edge signal m ght al so be produced. 5 Flip flop 230
thus producesHawpwkge ahyt Béunesptidwilating id®e .a Isuitabdel apeddbygouhd be
specified int e%egil nunmber of cl ock periods and the specified fractional
number of cl o&R€" periods. FIG 2A does not explicitly show a reset
circuit, but i Coanpesf 326 ells enbocked vy fthe HefgrezRe icdocksdnpatter 10

one half cloc ri e { ' l0R ;1 239 L§ a timng
pul se. This pﬁigg'i gﬂSaggg?%%é%oc%%sf ;Q;thJx.{ I%Llsflg I%I é eﬁngﬁ used in
the genera®i ofighadest 3 gAuntensaccepting e Gififgregtial signal coulding

now to FIG 2Be -ask8Rr eASREAhAYBYEB) AV alE ferentlidll $e¥BOBACENCYHER! €T

detail. Each del ay stage 212 has an in and an . inb_inpyt lines. These
lines represefPU4d be sPRYyPEtef(fRramingle ghsted SigRasi N81PE Buffered by
an i nver t @i £F248At0A12488eivEs s tdesdnibeth @bow@nongtt prog@@des ant 0

ke i t 240A 240 ized & L.d 0, del whi,ch, _t aki
"t o account PREBEGRPRORE MReD LS GHGHRaT SR, &, ALCosPFRLpTECRReEng

conditions) hpassed. nom nal value slightly |less than the required del ay
of the st age. e ' h ' i th C i nput ,
whi ch can change tﬁg’ea%t%dgﬁkaﬁ%%g %foﬁhcgw;;%{sd 1\er é’%&?&@ CaPrPER +/ -
30% dellayi 328t ePyoguam delthy P8 ansures sidequateasatup and _
| mpl ement ed Whoh o Rife §53BR0918E8 atl hd 'RHAIOGE HFgp £105085hIEEED Wi th
cross coupl ed feed back to | nprove edge = symretry. e out put
of inverter 223A Bedewevadues, of Hehe ngreﬁft‘é’@nanYo@eééﬁ’?dTﬁéoébt-put li ne has

connectedigo it Frmg%taﬂined deié?&@@ﬁ&%@@dﬁ[s&% &&B@C' t@n 2AdA can
be forned .using a transjstor with, both source and dranélidti,
ground and thél&é‘lsgr?ﬁﬁgt ofgHBeRbc ot F ¢t dinendiks de BYcLiBe.

For the exanpkaoval uesigsadtheseéd o agarpdfaid & timindavialgea vatugsof S576FF
was used. ate_or co&tlrol

Connected Yo PREY/ERLEnEPoE PRER: Cdheis (ORI s CHRESg 226 15°
resi st or - capaeippdiedREp fatibh £dogr23Mdyivihiie sippropriiate setup and
- 21 - 20 hold time around the clock input to flip flop 230 even
though the clock input can change under programmed control.
Therefore, programmed delay 228 does not need to be as
accurate as the delays used to generate fractionally
delayed clock. Programmable delay 228 need not, for
25 example, have a VC input to correct for temperature and
process variations (though such an input is used in the
preferred embodiment so that programmed delay 228 can be
the same as delay line 210). Alternatively, programmable
delay 228 can be implemented simply as a binary weighted
30 delay line.

In testers in which Timing Data does not change on the
fly, programmable delay 228 might not be needed. It is,
however, desirable when Timing Data changes on the fly.
For example, during the clock period in which Timing Data

35 changes, it is possible that two delayed edges might be
selected by multiplexer 220: one corresponding to the old
Timing Data value and one corresponding to the new value.
If counter 226 were clocked directly by those edges, it
would produce an incorrect count. Alternatively, even if
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propagation tinme through the delay stage 212. The resi stance through

transi stor XRéy0sa6d €S in proportion to t he val ue of t heperaked/ s
Thus, the value of the RC path and hence the delay in the stage varies

in Proportionke Sridiesetabie HowlCin rrg, 2a, The EUMr Ofz¢ URIARIGPA0B i s

| i kewi'se connected to a , transi stor 242B and capacitor 244B. These
components  1CHreVFRRE 2%ithe Samgecdpckoperhed Rk G pulses were fj g 2B

al so shows t herodtedasy ahilyiplfex@ 2RO, eXar e#PoRdOus Mdidré B RHR(1 24QHLS a
di stributed rrujeti pllﬁelxer.él Eac del ay stage 212 contains a pair of
tri-state buffef? R OMCEEHd 246B connected to common bus and busb i nes,
respectivél y. WhenFeipbflop 230 -ttt erodiukessa2fdhsanat the 2d&piixasts t he

del ayed signalsfrom b : | The
enabl e i nput 2&%%&{ r ifttéf%tae(?%lu ferg)ytzgg\g géﬁégﬁg%gm%% {}ﬁ%&)ﬁroé)gt her and
come from oneCdPck eemipdritand ide specifigdcfraet agal mhanker oft atlodkuf f er s

246A and 246Bpat£o88Ch Fig. iredddd RoteRAHALE] LiPesibw decalas b3 cor der,
such t hat ZOBIc)ieI ay stage 2e12(1 i's ti?edEI%% the 0DOO out put ; e%&dg{igde

212(2) is tielau’f'oi/?r% et fmboddpgptsfidm Blop B30 sis resgtegfitent he

0010 output; &#€.half clock pEidddIPutrhugl €RECEEEpLHSArEl Y tlidy 539f the
timng data. _In, this y, the_ value_on the bus %md busb |1 nés 25
represents th\bsc?o'&%mr‘?'ﬂ)tﬁm‘%ﬁegnalq‘%i PH1se 38| BgesehPmrto formalher

speci fied by b18s(HIG. di) tér isEddndgha. géherdvson of atsbthusilyrdiressare
t he out put Ofiﬂu{ﬁé%ffﬁnaé%q (FIG 2A). FIG 2C shows a

schematic of a crrc i coul d be used to inplenment phase detector
214. Phase det ect oFupningmewriiaiRLS .di2B, er enrepresentavive &Sy atthg?50B,

which  1gonyest;shendal e a@eQChe%aﬁEheEQEhadﬁgaf'%e 212

respectively, into single ended signals Ich are_t puts o st he
phase det ect 0?2 FRAY I FUtFRDANRsd ines. joTheserlines Jepresanfna punpupb

and punpdn. VgD npiphedntdeas ingut .t heagHt Pithe Of s dhiaFia-daimy 246 (FI G
2B) will .inclgggl;sle.u\!/&g% gn oes high, the qutput of charge punp
216 will decrtR¥E rg% JEEEPEEFIYeLY} nd é%oqﬂqquogl%z
which is tc| nake dibyertthers e4drcand 2hoBkardheifed npitprfviidd @ f 1 op
- 22 - 0 elw v?tygr?,“'q.gakin into account fluctuations in
PCT/ US96/2401% g
temperature and variations in processing conditions, has a
nominal value slightly less than the required delay of the
stage. The actual delay is then adjusted with the VC
input, which can change the actual amount of the delay
25 preferably at least +/- 30%.

The inverters 240A and 240B are, as shown, each
implemented with three transistors. The transistors are
configured with cross coupled feed back to improve edge
symmetry.

30 The output of inverter 240A becomes outb, the inverted
output. The output line has connected to it transistor
2427 and capacitor 244A. Capacitor 244A can be formed
using a transistor with both source and drain tied to
ground and the gate input as the second electrode of the

35 capacitor. For the example values used herein, a capacitor
having a value of 576FF was used.

The gate or control input of transistor 242A is
connected to the VC control input. These components make a
resistor-capacitor (RC) path to ground, which slows the
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252 is connected to the output of the l|ast delay stage of delay line
210. When delay line 210 provides a del ay of nore than one cl ock peri od,
t he referenceoet/ossls signal will go H before the del ayed ®#CIuUssio¢al .
Thus, when flip 5 flop 252 is clocked, the Dinput will be LO and the @

output Wil berbpagadiBantnk! tHLollh athd QI AP dthyeOher.  Thei Nputs to AND
gate 256 are alsq HI. The ot her t nputs, t o .AND %ate 256 gre
deri ved fronlreSlFﬁganfEPEHB%hCFﬁﬁﬁs%ﬁq%ﬁxf%éénﬂfﬁigﬁeﬁgygﬁ POFELER 5P the

10 referencethleosalpeodiiceHebyigna®r v ng Tialsy theneralb® ofl the RCFp&Eh2C

wred inser shd Hehce® cRAHILD, 1R URR LRI Shapien Bl ReoptEEd R e the
out put of % nvéhe vgluel af MCne will, after a delay go from15 H to LO

During the pertod ahlghdpycl ggU?HvePeéP 5008 1o FHRGS QGIhREEAKo &

del ayed through invertin I ne be H.
Thus, for a pérP&§istori w2RB| andneapaciePN$4B6 fhigse compengntsand t he

F‘ﬁ”‘“ﬂ? ou]g put p\ﬁUdildéel?HbimIlﬂ%a§ aaiwtfﬁl%he%%&%ﬂggmalagai {1, thgulgh, F_nce :
e reference cl ock sign ropagat es. t hrough i nverting .delay line
258, sendi ng punpdfiG- %@Oa%?f?uﬁm&/ﬁeghgh%m%}%%@@g”t% F‘lé‘rlgﬁ@é ck is
iaheadh me tzlze)l.del»mmgpabﬂek, zzhgi@wmttsh | st igned e?d gm}mﬂi@a@xuhr.. TRach

ength of the se I.s de m_ne t he | ength of, Lbn 25 i ting
dol 3y 1 ne. 256 Lo0 FtPRE" At A PR Cate et RATEPT CHinAtate RULESHG AP « ne
pul se is bet waskd 24&6Bd cénneeted to commor\ inesand/ ebuph Adnesl,se is simlarly
produced at t b u ver. .4 | f thecnef nce
clock is bespﬁ§t$#§3 Has@ﬂéﬁ %ﬂ%?géfhs%ﬁl2$§§%§2$5%%I% ?ﬁ4§h§§ 30

case, the Q o#4$R ngssf the- fpdpyedosigeal Hiragydtagami2ld jonto thepbus to

NAND gat 1254 F By ahiaesl y H . In this way, phase detector 214
produces contr ol I gnal, faor charge gunp 216 which adjust the contro
Bf L¥t

si g Q
vol t age VC to ddimaignablendnpHise ghakr dulfnus 2464 RediediPed 35
clock signal qiHe &fi deltayethadicand2€dfie - from one offlthe ddtpheV3ineki Be

del tage 222. Fj | tage 222 | di t] | t d
Uher o1 or o has G5e0dsin Aden! Fha L2t CRERCRARHEETTDAAGH A A6 aAdS! PORT b

to out. Cansdard rg sepeyatkelpaéhof rdecoder @48itim order,nputh that
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T Usos B018°18Y AERR12(1). is tied o the 0000 ourput;cdelay, stage,
of 212(2) is tied to the 0001 output; delay stage 212(3) is .

tied to the 0010 output; etc.
The inputs of decoder 248 are bits 4-7 of the timing
data. In this way, the value on the bus and busb lines
25 represents the clock input signal which is delayed by an
amount specified by bits 4-7 of the timing data. The bus
and busb lines are the output of multiplexer 220 (FIG. 23A).
FIG. 2C shows a schematic of a circuit which could be
used to implement phase detector 214. Phase detector 214
30 contains differential receivers 250A and 250B, which
convert the reference clock and the delayed clock,
respectively, into single ended signals which are the
inputs of the phase detector. The outputs of phase
detector 214 are a signal pumpupb and pumpdn. When pumpupb
35 goes low, the output of charge pump 216 (FIG. 2B) will
increase. When pumpdn goes high, the output of charge pump
216 will decrease.
Phase detector 214 includes flip flop 252 which is
clocked by the reference clock. The D input of flip flop
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inverter 260A is the outb signal. The output of inverter 260A is

coupl ed to capacitors 264A and 266A through transfer gate 268A.
Capaci t or 2@40/7Bs5498 connected to ground and capacitor 266A iRCT/gSH6@eeIsd t 0
the supply voltage. Wien transfer gate 268A is turned on, or opened, by

the Bl Th sigeal2, J.Qap:a:nniactédZﬁéﬁtwéld)LﬂﬁﬁB: of thie Ilak;eadewy Stagdt opf
rom i b vo Ssiebrailt.eticnthdf aeray IRy ohbriges, a FHRRI0E] 0"
signals are a@lrgy@,hanhene cleckepamnmmdt .the referenfeechovknsighel delbly in
the fine del a | : BIT ne, L pends on
the size of % %g:aggglgt%%r ghEGQ%félg%%?l%% %%1266@1{1%‘ Wh&%e&)
capacitor3 2@4%352665| alegkedstthe D2nput willobe(k9 amd the ddfferent .

The size of 2PaE 11 0bei 81 ChOS@RbAP vfirlq_V'gQﬁHI ast hen§! 88T ¥ndesGhLL ngs Of
del ay as desc.rl d above In the exanpl e FIG 2A"those del ays

correspond t ¢PPUSSe to1 AlDggabe 2%5 e flsp 51{5 of a clock period. Thus,
each fi nﬁ del ay ThelsmglérZQQODi.ﬂytéﬁ@St@d}dfﬁi Yatehizcls bﬁéraéﬁﬁedinff&ﬁpoﬂse
to the BI] _signals a erive om_t ata gs shown
n FiG oa - the BRI ERR R SR and el ke st Shrof okt 1 ho 28
i nvent i ok0i s reffemenceThéocknpeodatedbiciinventingadelay leser2®®ed ahove is
useful for c Ngat is Q.

FHREN9e 1?198;9&%'@&9&5? 1ihe is @ﬁ%%b Oggp }d&éy anc?l ci pating

processi ng var.iations accur acy can
and adj usti nditd fivecNANBegates opired iing searhesrat ure based on changes in

30 operating freqﬂﬁﬂpkhe reference ¢ {ocld goWSro 18 B5hRFBLLGef OrmaL, a
CMOS chi p 300 n _whi ch several_timng generators 116_are | npl ement ed.

The nunber of"‘ttPﬁhtn&fgéHXF’é’Eb?% @écllir{?n"‘ﬁ dpoafsey a delay i1 HFomesign
choi ce ah8l WHI theLdi.ct Buein®ytid perivd &F #Hdlaps SHelighs béeh nugder of

t/ out put h tors. . Apluraljty of edge rat
compensat or s 30 Ped, tbg E10k QA rmover ipvaehiadfelad indrors o

heat generati2%$ will botbubé Blenent in response to the frequency of its

I nput 9 549
PCT/ US96/ 04015 sus' for isp?ﬁlo?r%%u%lr%%/?aéﬁ tlﬁlgultrsl E %ﬁ%n%gl ncﬁaases,
the ampunt ofPenh&dt Qé\%eﬁihﬁeﬁuwdmk@lmgewﬁﬂeb@oMens’ahm outpiel reebkks.

Thus, asz¢he deeabowdapaial eehdigh Neortdd GHid W reference clock signal
propagates through inverting delay line 258, sending pumpdn
LO. Thus, when the phase of the reference clock is ahead
of the delayed clock, the pumpdn signal is pulsed HI. The
length of the pulse is determined by the length of delay in
25 inverting delay line 258. For the example values given
here, the length of the pulse is between 2 and 3 nsec.

A negative going pulse is similarly produced at the
pbumpupb output whenever the phase of the reference clock is
behind the phase of the delayed clock signal. In that

30 case, the Q output of flip-flop 252 goes HI such that all
inputs to NAND gate 254 are temporarily HI.

In this way. phase detector 214 produces control
signal for charge pump 216 which adjust the control voltage
VC to equalize the phase of reference clock and the delayed

35 clock signal out of delay stage 212(16).

FIG. 2D shows a fine delay stage 222. Fine delay
stage 222 is a differential delay stage and therefore has
two identical signal paths from in to outb and from inb to
out. Considering only the path from in to outb, the input
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processing the timing signal increases, the heat genérated 5 by the edge -

rate conpensator decreases. In this way, the overal |l tenperature of
chip 300 stayeowosassg ant in response to changes i n oper at ipQF/GSISQIEERCY .
FIG 3 shows that the output of each timng generator 116 runs to an

out put pad 312igRHlipil Pagst dbur &SNP Wi v tepersoa. at Thel atitpet yohi gh
power ‘| evel s. ,Even mheg A .relativeé% | ow vol t age out put pads, such as
those with a TAVEEHET\EPPASIF nthe LEER PN 1 e ati vel y hi gh percentage of

the total change i Theeautpenheofitinventéh 2606 uencpuplled he capadi&ors

changes in th at _ge t b ) S 2 Th L 3 ws
t hat edge ratgeggmgg%sgg é?sggﬁ%‘x%lgé% 18%%%@ I%on ;/2 slk%'cg%ggﬁg#?gﬁ %\Aé?%
si gnal s provi dedcoonegtpdt tpagisound B1P capacitor 2648hisi apnyegbadrbeor 116

has associ at edyw EBP%?XSGSItagQQQQWﬁ@ﬂet %%Qﬁ_gégA {BechiALaYog! gnal

or "edge" 20 fromt eneTator 116 1s al so provi as an _input to
edge rate conPEnSRepedz1by the BIThusignaldg@nagidors 264ApandalbfB310 runs

to a dummy outRull padd3the dGEPELBY inveridpdWesopad tﬁéﬁeﬁ?niﬁ@rééﬁﬁ@m as
out put pad 312 ussggto carry an edge. However, its only purpose Is to

generate a 25 r P¥-amount of heat and the signal on dummy output pad
314 is natoot herw Thelusédnah pashefrd@Oifbl€d dyt includes ideatical

configuration _shown,in FlI s the_advant age of ngt ,requyi ring

changss to (nEIRERST 8P Fhatohgu s it 8 Wgrdie are " ARAREH FhEY o ng

standard 1/ O ce@mes ambonever, 30 it has the di sadvantage of requiring extra

out put pads be S ' nees lLCybbry whi ch
put p -I‘ﬁ%e%mobﬂltei!ﬂﬁi h&féﬂlfﬁ.th%kfu?e[“#eéﬂﬁapn%é:%b%f ghbry

can be pl aced on a sing C Imte

I'S
avai | abl e out pRCXFa8es WheRhbhe @ET%urr%i%cj@, CepegRe on thet shae of

desirabl e840 WspariteRar 858APUDPUS, PRE6RSar] AHEN. 3Fhaukpye Bad solely to
gener ate heat.

. [nstead, .heat generatin I nts m.ght. be
i ncor por at ed ﬁ?@&%&@ﬁ-‘soa?gu‘fm ato g1 %‘?l'ér qge\lilzéﬁ) .. 'gkﬁzpc?'?cuit
el ements whi cfaigef@erem:le hehé 8igetobetivddetbacitdro ighichodefl Beapreaidie
3;;8?}0228831%héAﬁithyewé?¥h£9ngs of delay as desc5é?FGS§gPU&0151n_t§g )
gener at e heat eéxampiliehcn¥IGogRa ghose odelays emiimaspondgébed /256, havlRag, a

rel ati vel yol angadiaian 17981 8aRCE1oMRePet 16 03ithus,  chEn' $ifEIaBRayt e | 2R
heat generated in the drain, resistance wl| increase an en the gate
i s turned of f stRaeh@2@epapyidgshaadehny| witkeh cnpreases in response to

the BIT signals, which are derived from the timing data as
shown in FIG. 2A.
Turning now to FIG. 3, an additional feature of the
25 invention is shown. The compensation circuitry as
described above is useful for compensating for changes in
average temperature and processing variations. Greater
accuracy can be obtained by anticipating and adjusting to
changes in operating temperature based on changes in
30 operating frequency.
FIG. 3 shows, in a schematic format, a CMOS chip 300
on which several timing generators 116 are implemented.
The number of timing generators on each chip 300 is a
matter of design choice and will be dictated by
35 considerations such as the number of input/output pins or
other factors.
A plurality of edge rate compensators 310 are used.
Each edge rate compensator 310 controls a heat generating
circuit element in response to the frequency of its input
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Al so, it should be appreciated that FIG 3 shows that - edge rate
conpensators 310 are used only near output pads 312. Edge rate
conpensat or Wa#iMsd98%e used i n conjunction wi th any ot her pCinUsed/ 4015
el ement which generates a 10 significant amount of heat. Wen used with

ot her circuitsignalel ementthe &r&@ﬁéh@?eoﬂeﬁﬁé NChri e EERnal lihckeakeguyi red.

Pr ef bl t heat W t.hi ni crons of those
C|r (racﬁlrfl elyerrerhe Y o %ﬁaﬁegfaﬁﬁgagﬁ sta?%res‘g% JRtCacoBPEBsatay
additionally Adrmmasws er Taisvehy oheyheat cgjmexmnecbrbwtw& e:uﬁ:te;mtryl erren} S
whi ch fiva f c C S K ers

par 1 cul ar - g g cnl ihifls BEGHEN I UERES e ne3ECBRbRERSRT

al | ow Ti nPng kDét%het cdgeargée Compénsﬁh@rfdgcreétm%usénswhﬁ weier the
necessarily igwdruia %Qen@erravaukeyotheﬁlﬁrmss%?@ss'&J&'tém\ehaféhr%gshﬂs&ha“ge

in frequency during.a burst Turni'ng now t
schemati c of %P GHANESS iR OReratipgnfEeau@RtY 1o i npl enent edge rate

conpensat or 310 I&“IG Shtwws thatedpe bagpht SdP&dcH &1@%@ g@naiaeaﬁ | nput
to 25 exclusi 4 at.e 412. The edg& @gﬁnal i s al so appI| t he

second i nput o]T LA 8 PUGREE P ARG, pads °§ePa§M@$eﬁ€hﬁ’ 410.
At st ead}lOst apsratee atuelatafredychigh viowsr glaﬁmelé;lZ Evenvv]:vhénbe HI .
However , es e ut ut., of exc|usive-or
gate w11 "go Tty d%8, FogPaye  RtHEE pdde, Bheh a8 bpl5erHibhoh
inverting delene VA& z:a_mng, are usedhea m}:a.nmﬁflyeinlghspeeeentggq*aeoﬁlz i s

the input tothe d¥R193MANGL4in! Hﬁét'eg ﬁ#lof%ltthFégg%%Efl Wa

represents a heatl ng_ el ement . out put o | ustve-or gate
412 stays H S4hdi% C\kiaﬂgeﬁeleuF%nbe%rﬁeneraqgﬂ oysputapads gdh2r at i ng

heat in L8si SHafs 4mcand sRo&Rthat &d¢é& ik dﬂﬂib%\ﬁ%to%eﬁlbh&re%é’éﬁ of

i ve- [l be virtual no current sunk
g;cl\jgls?l ve-or &al J.n conjung?:?.csanl'gltlghg{gna\.l\is g;‘ov:Lded tov\g%gpylgmg@s
PCT/ US96/ 04018.2. gate 414 and therefore virtually no heat generated by

amount Cof i « nasT S5 achRRRERE LEd it SRR RS Thus,
t he anount cﬁGQGEaﬂBG@n@pmpedsahore31@tchhe tiatidgwistignady; yornvedget y in
proportigp t Cfrtcﬂr? fﬁlﬁﬁﬂﬁnﬁgngf_‘ator ite sd9g %’i%kridZﬁeaBVQB"iﬁﬂ:&@ algty
constant will edéﬂjrate compensator 310. The output of edge rate
compensator 310 runs to a dummy output pad 314. The dummy
output pad 314 can be the same as output pad 312 used to
carry an edge. However, its only purpose is to generate a

25 wvariable amount of heat and the signal on dummy output pad
314 is not otherwise used in tester 100 (FIG. 1).

The configuration shown in FIG. 3 has the advantage of
not requiring changes to the design of the output pads,
which are implemented using standard I/O cells. However,

30 it has the disadvantage of requiring extra output pads be
used. In some instances, the amount of circuitry which can
be placed on a single chip is limited by the number of
available output pads. In those circumstances, it might
not be desirable to use a separate output pad as a dummy

35 output pad solely to generate heat.

Instead, heat generating elements might be
incorporated into each output pad 312. Alternatively,
other circuit elements which generate heat might be added
to chip 300 near each output pad 312. A simple way to
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in part on the del ay introduced by inverting del ay eTEﬁent 410. Longer :

del ays increase the proportionality constant. 10 The exact val ue of
t he del ay 'r eqoi97848498n i nverting del ay el ement 410 will dePenysoa04aEany
factors and nmay be best determ ned enpirically. In the enbodi nent of
FIG 4, t heenletftye dleatelidy wvalkdmanl, 338ikSge8dadbr ol hectidyof gates

t hrough three |nvert|n odi nent_of FI.G 4, the
heat generating: g:ré'rﬁa'gﬁ selghg\?lﬁggsd?%%{’sfﬁ?l% TGy NERETY e éﬁLatFe The
heat generati mgsethamd orar ¢lEhawR heat gbaephbed bhetibaitdrain of edge rate
conpensation cj | e hys hosen only
for ease of i IC]IL%%%%# wj?%‘mq'\l"[%rr;egts%r gFerva'gFX k’ﬁ g‘Jf"%e € eﬁlelh es&ge €rati ng
the heat, 5 thej sgenemd el yldéséereaSecat ed as close as possible

to the circuit elengpss, V!t‘tlcéhdﬁ a%fﬂ%&i%h@ﬁ Eﬁé{: FfG ?1 MNEEELn

proportion to the frequency of e edg e entlre edg
rate conpensat§e qulwqowwprﬁ& ] aﬁﬁab}é@dl ﬂnlaYd;*,%alprQ}J&DﬁtI yads t he

ot her el enments3ishe f@&d rate W@a@ar@ e881§ Bé%?@dsﬁp%&{ﬁﬁ ﬂﬁi the
a

other circuit el enents shgwn i.n FLG t the

heat generati AR RN O racucuﬂ-&sPéﬁﬁﬁnﬁlﬂhlﬂhr%@%%ﬁem be
i npl enent agd i r‘sfgxﬁ\fﬁza}hi Rrdinthp £t habsi. St Whéni Asé@i with hered &ireuit

connectedtothf | Al ternati elé, ilnce all.circuit el enents have

resi stance, r\7\831'?'1 %hSteRat %&X’ég belABeRE WH L (hR T eBLEDr 416 be

a separately iReeferalbt,e tdieheatinghelembatebs pradced anctchin 200 sone

other circuit & a se. 35 - For exanple, in FIG
el SPRM J‘tho‘f‘s{ %19&%1% @eﬂggee

3, the inherent resistance o S~ 314 provides the resistance
illustrated by resi Bdge rate @I@ensators mlght@laOShgmsm@k@maﬂw red

with all af iteridPtésnativelsPRRAG 86 EBH?EH@ElOMQ@t&%% éﬁ\é?lt%ct' ng

as a
PCT/ US96/ 04015"2ich pyqgass isigdads ofFvearvinghEvequeney a sHeh |a~9f nput NOR

gate | S UsEshecats® SN InCastibulhl! 8K PR¥E SMHp&Hatdid are @
simpl e, standard ceII %_}rive.rter Howev nvert with a_large

current sink chpat Stersy W lSPeﬁ%L?WSTW%hD@F‘?lk%O changf
response to a 'Oazmttrlmé ilnput eaaludebeuch taseerSnwéésarlly include was

compensat 3¢ 315t AR L B HHockesE i na e‘f’hﬁiﬁﬁig?h?%%cqﬁainrat%dge
signal . The frequency during a burst.

Turning now to FIG. 4, a schematic of a circuit which
can be used to implement edge rate compensator 310 is
shown. The edge input signal is applied as one input to

25 exclusive-or gate 412. The edge signal is also applied to
the second input of exclusive-or gate through inverting
delay element 410.

At steady state, the output of exclusive-or gate 412

will be HI. However, whenever the edge signal changes, the
30 output of exclusive-or gate will go LO fér a length of time
equal to the delay through inverting delay line 410.

The output of exclusive-or gate 412 is the input to
NOR gate 414. 1In the circuit of FIG. 4, NOR gate 414
represents a heating element. As long as the output of

35 exclusive-or gate 412 stays HI, there will be current sunk
by NOR gate 414, generating heat in resistor 414 and in NOR
gate 414. However, when the output of exclusive-or gate 412
goes LO, there will be virtually no current sunk by NOR
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10 proportionality constant is influenced by the |ength of del ay

I ntroduced by delay elenment 410. It is also I nfl uenced by the anount of
current sunkwdy/0s@ gate 414 and al so the size of resi stRET/HIB/04Py or
all of these val ues can be adjusted to provide the desired heat which

15 varies inygeselys dd dHAYRAFQY vietaallieho baban cgeri@@ted byhi ch
varies di rectré With f‘#séluency. Even though it will be desirable

in sone casesTEBSEOT | Hthease the heat generated by edge rate conpensator
310, si nk currrset thanf rsdudiecyt of eheeddgebstigaal | inciéaseghttie 20
necessary to resist.or tern o_¢hi cOf Hnent
limted suppl %%S%n e%% ‘?Jhee gﬁnek 08%#3}1&?%138%8%‘9%%‘% 6Qa%%€ep‘taiasbng ﬁ":ai\}e , such
as 25 mA. 5 increaspyi fthuiss dtieh@thoont efbbdpbeaeneraied ot resiateat i ve

enbodi ment s Oﬁlg%igii% rﬂrﬁ}grsléqmﬂeprigﬁfnréiaﬁpt&tﬁ@efx%'ﬁuéﬂé@‘%ff of

bits in the timng data, serves as an ustration. Any nunber of bits

mi ght be usedth@nedoengignal nyfhe ryrPertdonalikyngerstane widdg&emendount er
226, the Lengahe 0bn deh@)adlaie it odndetinby! engéht Dig tdeidy 8 GRindy

i ne should bg ﬁhazged acc I‘ldl ngl.y. 30 O her varlag.t# ons to.the
described cirébPt nFgRgehLelay Tease ERSnBFEPOET NI Oh FRNSHANF one
counter 236 per Thei ekagt geaibleatal .thdlldelplye requiited siz 2tnveghinde used
o) t hat | tiple,edge. sjgnhal.s cauld be generated at_ spacjinas | ess
than the nunodr st el AR R Hertndt ol HEhT: P Bid W, JY be

Al so, sunmi ngbeapl determxid i gnpihtigaldy .opThothel gmbodimenddiofy BIG .oféf,set to.
t he VC signal h S g_%ﬁ, preteYs I3 | | | is
gener at ed ensﬁpgsafzé? ?? (\!}\n @i él\}:er?tlgahgyg@eltstml Egﬁl%/%%lgafequi red

val ue. Fbmevéh?oﬁaﬁiﬁbree inverting stages. - 28 -

\Nq 95/05493 _ I In the 3mbodi$$nt of FIG. 4, the Redt £HE¥ﬁbt] a
calibration signal can reduce the required.dyna ange o] e out put
of charge pur’rﬁgflfﬁpt is shown /s 4 e§ tﬁ’r'ogllg Bﬁg‘nﬁi)édg‘%%%t“ﬁﬁ Té’i@ shows

t hat the heaCupkhyrabindg ¢lashmes dreachownahkyrdehayethert clersdntays 5
operates at the frequen f the referen o re of the
val ue of the tO?me §gd§?§¥ CQI?N erfssat?lr?%cgﬁtcrﬁéggf ?lé‘%oa gﬁéﬂ%‘g%\s/en?}eonal
arrangenent i physichlt hecauignutismfchomen enlg2éor eage | Hllatstation.

ety ko ENe ekl S apie el cnarRBtRiET O LD
caused by chaig€dstor #%Gob@r%%f&r%qm#%ﬁeﬁ BReChRP YR RAYFHAR i nt 0
to the circuit elements which will be generating heat in
direct proportion to the frequency of the edge signal.
Where the entire edge rate compensation circuit can not be
25 placed in close proximity to the other elements, the heat
generating element can be separated from the other circuit
elements shown in FIG. 4.
FIG. 4 shows that the heat generating element is a
resistor 416. A resistor may be implemented in a CMOS chip
30 by transistors in which the gate is connected to the drain.
Alternatively, since all circuit elements have resistance,
it will not in all cases be necessary that resistor 416 be
a separately identifiable element. The inherent resistance
of some other circuit element may serve the same purpose.
35 For example, in FIG. 3, the inherent resistance of dummy
pads 314 provides the resistance illustrated by resistor
416. | .
FIG. 4 shows NOR gate 414 wired with all of its inputs
connected together. NOR gate 414 is thus acting as a
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counter 226 changes. However, the conventional met hod of generating

fractional delay could also be used with other el emrents of the
invention. MO9Sl e, if the fractional 15 delay circuitr PCIAIS26/8403%
rate dependent, an edge rate conpensation circuit as shown in FIG 4

coul d be usedsWwmplle inveéheef[ acki®nal difdvay tHatCa multi-input NOR gate
preferred enboedi nent,, . the reference clock wl.l, . aduring._t tpye tine
Phat tester 106 NS, BrAFRRE Shel ot CLER burind ikl ParB)chaFefE) bhin"
circuitry of El 6impAe, BEvandard ¢élbliginvdrtdr.actiowexeky del apwdrteock
signal is al r 0, e..sl i a al.e ter
220 s ety FAPE, hfEent b PRIty o BEREHALEEURLCRTeREHE
gener at e azcumiieht sinkg shgrert iR |responge £q ifeCrRLred ivgut| FeRidnpe
condition at {hedkarile?i.a pattern burst. Thi s arrangenent provides
greater timng accuracy, hut _  other benefits of the invention m ght be
obt ai ned without It #@ssdeggribed above that gheagountyefghgasuracy is

al so provi dedgeheiri®edbBycedfe £8561dRRSeEIH A0 ikhiavabskhg use of
differenti al circuit eIeneEts wi th cross_coupl ed feid b%ﬁk to i npl enent
the fractionaPT@RCLF1OPALFP  Fhe SFremienty &F qu%uﬁp?a . §ht be used

i nst ead 110t hprapdrtionalityntcogstactrbcyinfluencadbyr ehei LedgtRSof

Al so, it should.be apprecgi at th the pri r tester, _architecture
shown in FIG.d%%ag &éggpéugﬁgdby §%+$%§?#%ﬁé%ﬁ:a He Fﬁvéﬁt?gﬁonight be used
for the accuréméluencegebgrapEOum@mntimﬁrqpnﬁqptﬂsun$$bngDamgabet4t4rcuitry
Inar tesbiia ahANYnar chbbest Es: JhSr B, Clakip bl KTl 88! cRbEE

PCT/ US96/ 04015alues ganybedafijustedrtapprecids die desisedoheasswhieher ation
of aceylr akRyr IR0 nYerBbl ¢ ith ngré@%ﬁ"éys i dRfitiere®alance heatAS an

exanpl e of another variatiqgn, FIG 2A Shows that counter 226 is clocked
by the refereftdd) YeFIgSdILiREAtLY W1 th FXRFHSACYdel ay is used to position

t he out put pul se ofEven thugheht?w1iobesaadl rdfldir onld aaiseenabl vy
del ayed cl ock., nallg delgyed cl ock coul d be us%d aﬁlbhe
gF 310,

Th ti
clock i npUtEsass,ihe, B99E. SPRSTRGRS d SI9R TREL SOTREPER
counter 226 wailnk mirirdeatedgn notpbé ingredsead rbiitrgrily.gedér might1hbe.

oneuery 405, RIS, O Lol ars exSUSLEar JERUSR e b e
changes on theurrerny \iimited supply to keep the sink current below an .
acceptable level, such as 25 mA.

Having described one embodiment, numerous alternative
embodiments or variations might be made. For example, the

25 number of bits in the timing data serves as an
illustration. Any number of bits might be used. When the
number of bits is changed, the range of counter 226, the
length of delay line 210 and the length of the fine delay
line should be changed accordingly.

30 Other variations to the described circuit might be
made. For example, FIG. 2A shows only one counter 226 per
timing generator. Multiple counters 226 might be used so
that multiple edge signals could be generated at spacings
less than the number of clock cycles programmed into

35 counter 226.

Also, summing amplifier 218 is shown as optionally
adding an offset to the VC signal. The closed loop manner
in which the W signal is generated ensures that it will
eventually settle into its required value. However, adding
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"FIG 2A also shows that programmable delay 228 has 15 timng inputs which
are the sane as the inputs to mul tipl exer 220. The timng inputs m ght
be gener at edo 97/0588parately for each of these circuits to alRGAUSRCHAMIST
flexibility in operation. Al'so, it was described that edge rate

conpensat i on 2Q1GHrE#ibn359gARET 84ESréduds Y irdidui rad apaBmlieopahgshi on.
The héat generated in the cgnpensatlon CI£C it is proportional to
frequency of ¥héhen PREPYtgRAI ChARIE WP oportionality constant is fixed

by the circuit el exid,s it shewgd. b&hfopedpehidt EEd i A Ghiesisanhani ghe be

varied wth 25 _ feedback.t royide closed. |l o C rol dn.r S o]

changes in fr%ﬁﬁﬁﬁ#%fy Whith BES ﬂgeﬁn%%$ﬁ§1Q§f§%ﬁ1gg%Fggdvg}P§?P§2Wg¥% i's

shown thab opedfates del dhesfaggeell? of ethmiraftjnesiced clasbdregaritesc

signal. such adlidid REle WeRkheDEIAPHS Af¥a O7 SIS 130 1nAEEHERSKE o a
Wt 4 eat

I n conjunction _ , It is noted that generate I' S _changed
in response t¥TRRIgENaln arRangergREny Wrich thesiqutpus ofheorRkAEe22A heat
generated by iheiadgRd e the FraCEPERASAl Molrt.| OGRIdZ a8 herangklefbanged
i n propagation 35 del %}é In girguitry near that circuit el enments_ processing
the varying ¥ VIS gRxpetiph & oBF?P?Q?%MFb&kﬁﬁﬁtthr°ugpeﬁB§rature i s

used to iodi rieeddiidiril delagebaycult hehich woulkl M saugedoblr ehadgegy m ght
al so be used jn an edge r%te co enﬁgtor. For exanple,. an _edge rate
conpensat or rﬁﬁﬂﬁpera ng Irequency when the value progr ed into VWO

97/ 05498 counter 226 changes. However, the cdfVENHISNa04MEEhod ofir oduce
a control signal l.ike VC.sigha I ¢h uld t-hen .be.proyided as a
control i nput??e%errac%lrﬁﬂt % cvmlgh‘ggt h%#%} g%%n r%llsol r?ﬁutués, dt-gl'?'hexgﬁgléui try

| ocat ed ar oureflemmntsiqf ther invepbhponsafor exampe.r df gbeafrdccadonay. 5

Theref or g5 1t N1y &AM t3OWettePBabL M4 EE QPohddht,Nen eadR! khteand scope
of the appended cl ai ns. ,
compensation circuit as shown in FIG. 4 could be used with
the fractional delay circuit.
In a preferred embodiment, the reference clock will,
during the entire time that tester 100 is operating, be

20 applied to the fractional delay circuitry of FIG. 2A. Even
though the fractionally delayed clock signal is always
generated, no edge signal is generated unless counter 226
is enabled. This will ensure that the circuitry used to
generate accurate timing signals will be at a thermal

25 equilibrium condition at the start of a pattern burst.

This arrangement provides greater timing accuracy, but
other benefits of the invention might be obtained without
this feature.

Greater timing accuracy is also provided in the above

30 described embodiment through the use of differential
circuit elements with cross coupled feed back to implement
the fractional delay circuitry. Single ended circuitry
might be used instead if the additional timing accuracy is
not required.

35 Also, it should be appreciated that the prior art
tester architecture shown in FIG. 1 is merely an
illustration. The invention might be used for the accurate
generation of timing signals using low cost circuitry in a
tester of any architecture. The same circuitry might also
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be used in other applications where Low cost genération of
accurate, programmable timing signals is required.

As an example of another variation, FIG. 2A shows that
counter 226 is clocked by the reference clock and then an
alignment delay is used to position the output pulse of
counter 226 for sampling by the fractionally delayed clock.
The fractionally delayed clock could be used as the clock
input to counter 226. In that case the output pulse of
counter 226 would be the edge output signal of timing
generator 116. However, the embodiment of FIG. 2A is
preferred because the timing of the edge signal is more
predictable, particularly if the Timing Data changes on the
fly.

FIG. 2A also shows that programmable delay 228 has
timing inputs which are the same as the inputs to
multiplexer 220. The timing inputs might be generated
separately for each of these circuits to allow greater
flexibility in operation.

Also, it was described that edge rate compensation
circuit 310 operates in essentially an open loop fashion.
The heat generated in the compensation circuit is
proportional to frequency of the input signal and the
proportionality constant is fixed by the circuit elements
used. The proportionality constant might be varied with
feedback to provide closed loop control in response to
changes in frequency.

As another example of a variation, it is shown that
fine delay stages 222 are not adjusted based on the VC
signal. Such adjustments might be made for greater
accuracy.

In conjunction with FIG. 4, it is noted that generated
heat is changed in response to changes in the frequency of
signals. The change in heat generated by the edge rate
compensator is localized to avoid changed in propagation
delay in circuitry near that circuit elements processing
the varying frequency signals. It should be noted that
temperature is used to indirectly control delay. Other
methods to control delay might also be used in an edge rate

compensator. For example, an edge rate cbmpensator might
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What is claimed is 1 1. An automatic test apparatus conprising a

plurality of 2 timing generators (116) on an integrated circuit
chip 3 wO(0208ip8 4 wherei n each tim ng gener &mvusesoaises a
5 plurality of timng signals having respective 6 ~ frequencies,
7 : prf wmﬁemtﬁ:e&pssgna:e iil@éluﬂi@ymaééﬁd@ﬁl\{a%‘i@h8would (tjw_ a
control progr or_the automatic test, apparatus, . Characterized in
that: 10" o2 Hher’be Peaitalil ng e GRas oL Hibts sk asybiner wi thi other

circuit (118, Ribrolardpi®s, to the cireattry ilbdureti @gradunds thenedgked to
an input of a t n r {310) ,for conpensating a
del ay 14 I}&ﬁﬁn%%T ﬁnfﬁgg?i%gtggﬁgggffiﬁ%%Fé%ﬁgﬁéga?o the 15
respective>frequend@hesiefoxen thei Agvenghen. should he liMig¢eduonint by thet
apparat us of gl andddicbpenat! ¥hé appena&®rditig 3 _ a .
signal path on the integrated circuit 8%|p for 4 carrying each timng
signal, and 5 a power path on the integrated circuit chip, 6
wherein the edge rate conpensator conprises 7 a resistive

el ement (416) having a first 8 connection point connected to the
power path and a 9 second connection -point, and 10 a
swtching circuit (410, 412, 414) having an 11 i nput connected to
the input of the edge rate 12 conpensat or and an output connected to
t he second 13 connection point, wherein the switching circuit sinks
14 current in an anmount inversely proportional to the 15

frequency of a signal at its input. 1 3. The autonatic test apparatus
of claim2, wherein the 2 switching circuit conprises

- 32 - AVENDED
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3 - a logic gate (414) havi pg—a—control-ingut and a 4

current sinking input connected to theTHECS8HEBEBHAS BEENClonnecti on poi nt of
the resistiweolosgsnt, wherein the 6 REPUACEDat e sl nks BOTUSHE/04015
response to a first logic 7 | evet—at—Tts—contTot i nput, and 8

a logic Circuit (4¢RatH)chidd® @ 1 nput 9 - connected to the input
of the switching circuit and an 10 out put connected to the control

i nput of the logic 11 gate, wherein the logic circuit produces the
first 12 |l ogic level for a predetermned tine follow ng the 13
transition of the signal at its input. 1 4. The automatic test
apparatus of claim3, wherein the 2 | ogic circui't conprises 3

a second logic circuit (412) having a first 4 i nput, a second input,
and an out put, wherein the 5 output is connected to the output of the
logic 6 circuit, and wherein the logic gate produces the first 7

| ogi c | evel when respective signals at the first input 8 and the
second i nput have different |ogic values, and 9 a delay line
(410) connected between the input of 10 the logic circuit and the
second i nput of the second 11 logic circuit. 1 5. The automatic
test apparatus of claim4, wherein the 2 second logic circuit
conprises an exclusive OR gate. 1 6. The autonmatic test apparatus of
claim2, wherein the 2 - resistive elenent conprises a resistor. 1

7. The automatic test apparatus of claim2, 2 wherein the
integrated circuit chip has a 3 plurality of I/0O pads (312, 314), and 4
wherein the resistive el enment conprises circuitry 5 wi thin one of the
plurality of 1/0 pads. -

This Sheet
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1 8. The automatic test apparatus of clai m 2 2 wherein the

|ntegrated circuit chip has an 1/0 3 4) 4
wherein one wO sthstopl urality of tim J%Yéﬁ‘é{f COPOEIISI604005 t he
|/ O pad, and 6 vvherelnt e res is within 200 7

m crons The automatic test appar atus of claim 2,
addi ti 'onm"mm l"j"”ﬂﬁﬁm“ Si ng 3 a plurality of signal paths,

each si gnal carrying one of the plurality of timng signals,

and 5 -a plurality of edge rate conpensators, each edge 6
rate conpepsatior b@m@m&l&e%gd appaﬂ&t@si,téfleuf?e tlype déln'é}%g:: H‘éo%; | |S'yggal
at hs 1., 10. Th natl test apparatus of .clai , a

Eonprl si ng®3 Luta 1§Y58%oﬁam&{190§?—$n§ 5 gvitdy A td-l’f‘lpﬁegieﬁﬁé'afiai-’eﬂn4

circuit chdp adj acemt inceghmatedr sﬁ.rcuicucmp 9in which the fwbquenayt EQ eﬂse
t r mensat.in rou
{he secondber roui t Ay i10R8T edn be var i W aznreL: Petgenty o Een

timng 8 5 si graitomatic test abpanatesmtdamprstingpparatus of claim 1, 2

heat 1 n refation t ok nou emalopatATBh £68 Mackarated BAHM e Ry C  gnal
1 12. Thé automatic té@FTQBBSr&h@stémlégaﬁhgqii 2 wherein the
edge rate gonpensat)r CQpoweeSpatd on the ﬁﬁ%@ngé}{ecﬂ%l%fc%fl'tf‘@hﬁgat aha
relatlont the 4 res ctlvefre uency of each timn
The agt omat i ¢ Yest 3pFH08: Hetsr ceppeRsabion circuit ha"lng an lnput
- 34 - 10 connected to the signal path, comprising:
11 i) a resistive element having a first connection
12 point and a second connection point, the first
13 connection point being connected to the power
14 path; and
15 ii) a switching circuit having an input connected
16 to the input of the edge rate compensator and
17 an output connected to the second connection
18 point of the resistive element, the switching
19 circuit sinking current in an amount inversely
20 proportional to the frequency of the signal at
21 its input.
1 2. The automatic test apparatus of claim 1 wherein the
2 switching circuit of the edge rate compensation circuit
3 comprises:
4 a) a logic gate having a control input and a current
5 sinking input connected to the second input of the
6 resistive element, the logic gate sinking current
7 in response to a first logic level signal at its
8 control input;
9 b) a logic circuit, having an input connected to the
10 input of the switching circuit and an output
11 connected to the control input of the logic gate,
12 which produces the first logic level signal for a
13 predetermined time following a tran51t10n of the
14 signal at its input.
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2 wherein the integrated circuit chip-is—a 3 chi p.

1 14. The automatic test apparatus quslmEEﬂ’HASZBEEN . wherein the
first circuwbgrmsesportion of the 3 REPIAGEDgENer at or, BOTIUS96/04015
wherein the.automatic test apparatus conprises 6

a format circuit 11 having at | east one 7 i nt ernal signal—path -
connected to the plurality of 8 timng generators, iﬂmluﬂ

a second edge rate conpensator having an input 10 M ,il m)&m}at
| east one internal signal path, 11 for conpensating*a de

the format circuit in 12 response to a frequency of a S|gnal in the
at | east 13 ne inter nal__path e ,aut oymat.i.c test
appar at us?[of ¥ ai n'ﬁ'i rke‘?"@r%ﬁ’ %%bgap arat}lfsn?ﬁg g%h‘&rgt%*? SIS 3

a progran@abl e delkygic neidcdi® RBPprizedcl), 4 222(2), 222(3) 222(4)
having ansout p“t apf an 'Qé)égnét]hoeglc UG Fxgvggg:{;ifggr&% £hoghqand a

contr ol |nput Sherern gt anmab I ne produceés on its
7 odét put a del ayemmtrssuandcﬁn tdué:pu@r ettbecoutbutkbeing he outputhe
anount of gt he del ay beigg qpnt E¢speihe d logfantLel

a counter (226) operating at t]hdﬁlfrec%uer‘llcy o%al og 5 b?(grence CETock,
havi ng anbout put and a Ef%tk logig level S19néénW§§FeHh?os%%@al%f%¢éﬁvé
clock and7a control inpgirsd3input anth@hRl BektbAdCoHPhLr hass el Sraraiwnal at
its output, .14 after countjng the nunber of periods of the clock 15
input speified by the to%ts ofa%Yefit, and 16 gating circuitry

230 havi ngI anlgut o) Sa}‘d:dsm’liedt?lon dbetviemua:héoanpﬁtedft@hé hﬁo@iﬁ Rﬁiréﬁiﬁ he
progra e el ay. ne ang _a.se u nected.to t e ou put
mrg@ the counter® é\l/n%rtle 8% ARG gﬁ ré%"f’?é S?ﬂ?’e% Eitdule? it

c) a delay line connected between the input of the
12 logic circuit and the second input of the second
13 logic circuit.
4. The automatic test apparatus of claim 3 wherein the
2 second logic circuit comprises an exclusive OR gate.
5. The automatic test apparatus of claim 1 wherein the
2 resistive element comprises a resistor.
1 6. The automatic test apparatus of claim 1 wherein the
2 integrated circuit chip has I/0 pads and the resistive

element comprises circuitry within an I/0 pad.

7. The automatic test apparatus of claim 1 wherein the
integrated circuit chip has an I/0 pad and the timing
signal is connected to the I/0 pad and the resistive
element is within 200 microns of the I/O pad.

B W N e

8. The automatic test apparatus of claim 1 additionally
comprising:
a) a plﬁrality of signal paths, each carrying one of
the plurality of timing signals; and
b) a plurality of edge rate compensation circuits, each

A U bW R

connected to one of the signal paths.
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20 - through to its output the next pulse at its first 21 i nput
when the signal at its second input is asserted. 1 16. The automatic

t'est appar at WO 9%05¢98ai m 15. 2 ’ h 1 aut oneERCTYUSISA4015
appar atus executes a 3 t est pa{“f‘@ra}”g?;égﬁgkg@,and 4
wherein the respective frequency of}each EP si gnal ca][\ bF o
changed 1 17. he automatic test apparatus of claim
15. g HIH"”HIW“HUHMB"L each timng signal can be generated at 3
mdependently Br oér afmet frequenci es. 1 18. The automatic test _
apparatus of claim 15 2 wherein the programuabl e delay |ine
corrprl ses g 3

4 sel ect?ng tﬁ‘é ?r‘iﬁs o %Trat lur?u‘f&% E{}p%]ii&?%%a%a rreans for

response t& a fi rstpterabitymﬁ r_tgm:mt lsabnbﬂ.ssmthla Limind tgermtadront |:un .
test apparatus of c e Wt [ te
di rect Fs tg;tth 3 Jl"ﬁ'}ughlé?erzfernei: r’Icalc Rt tﬂ% Esgﬂn&ﬂ%l&?ut o(’er%{a HQ:Q t\}(;a%{i%%c
apparatus & clai m B, acontrol prograghdesi fhehauspweki¢ ngest @pRaratasunt er
is 3 gonnect egoﬁlﬁrgsgﬁiayed ver ion of the reference clock 1 21.
The automatjc test apparat of cJaim 15, wherein the
programmabl®% del ay f1ne ?nﬁ%%‘és"’a‘-"%‘lt procg§§&§1g| sakggtiming (walzlzand

216) . 1 22. Thebaut of@aRE, tmnﬁyoraatf ah@&tOEoﬁhatﬁéaStoZthe timing

3’?%?%?42& P ATl e SEL, 1407 SBRGES BeSaetay, Bt e TS

22, circuit in response to the frequency of the t1m1ng
10 signal.
1 10. The automatic test apparatus of claim 9 wherein the
2 timing generator is on an integrated circuit chip and
3 additionally comprising a second circuit on the
4 integrated circuit chip adjacent the first circuit and
5 wherein the means for adjusting the delay through the
6 first circuit also comprises means for adjusting the
7 delay through the second circuit in response to the .
8 frequency of the timing signal.
1 11. The automatic test apparatus of claim 9 wherein the
2 means for adjusting delay comprises a means for
3 generating heat in relation to the frequency of the
4 timing signal.
1 12. The automatic test apparatus of claim 10 wherein the
2 means for adjusting delay comprises a means for
3 generating heat in relation to the frequency of the
4 timing signal.
5
13. The automatic test apparatus of claim 12 wherein the
2 integrated circuit chip is a CMOS chip.

1 14. The automatic test apparatus of claim 9:
This Sheet Has Been Replac
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2 ' wherein the differential stages are caﬁfigured 3 wWth'
cross-coupl ed feedback. 1 24. The U{Eﬁfl €r4ﬁ§t 3rratus of claim15,

2 WO 9@d498i onal |y conpri si ng % Eﬁu' tr coupP€ryUs96/0401s t o
the control input of the programrabl e dela)BPL for generating
control inputs to the programmable 5 delay line in ?

control program6 specifying a required frequency. m[m m i ,‘Ig
automatic test apparatus of claim15, 2 addi ti dnaklycc

a second programmabl e 3 delay line (228) connected between the
counter arpd the 4 a) wheteg €heé CEitdty, cwolintg iana pottiodnofuthet, and a
5 cantrol input, @hereln t he |n ut oﬂithe second 6 pr ogr ammabl e
delay lin€ is connected %ml?%eg%ﬁﬁfﬁﬁ ot 3" the counter, and wherein
t he out put4 of the bécondd@itionally ogprepmieire:del ay |ine is connected to

Lhe Second 8 ol TPUL)S! BhEoBkLNOL SLOFE] Uit a1y oh® AULOHBYIC

test apparatus of clai

second prd&grammabl e del ay Ilﬁégp§289atbnn@Qmm§Fth tO th@eﬂmsamgthe count er
and the gating circuitry, haybA@rator: an@n | NPUt, an output, and a control
I nput, wherein the 6 i nput  of _t he second progranmabl e delay line is 7
connected & 0 the out put &} tﬁe3869ﬁ@e¥lea%erléﬁwftg1@18 input cegnggtegds tehe

second pragranmmabl e del ay ||Eﬁe'§1§nal patl ONFGE taY Ut ilde t3RC @R aynput  of
t he gatlnq)C|rCU|try1 10 wherein the control input is connected

to the 18 first set thFPHQHgtE%nF?EWa%l?%FCU1PL1HQFESRRH§@tﬁ@dtbﬁ
operatingiia programuabl e t esEragiahs{yUst 2the sigrhalviity thd isligh@lggaehat or
(1161 operating at a first 3 cl ock frequency for generating an edge
signal at a 4 programmabl e frequency, conprising the steps of:
1 15. Programmable test apparatus of the type having a timing
2 generator operating at a reference clock frequency and
3 which generates timing signals at a programmable
4 frequency, comprising:
5 a) a programmable delay line having an output and an
6 input connected to the reference clock and a
7 control input, the delay line producing on its _
8 output a delayed version of the reference clock
9 signal with the amount of the delay being
10 controlled by the control input;
11 b) a counter, operating at the reference clock
12 frequency, having an output and a clock input
13 coupled to the reference clock signal and a control
14 input, the counter asserting a signal at its output
15 after counting the number of periods of the clock
16 input specified by the control input; and
17 c) gating circuitry having an output, a first input
18 connected to the output of the programmable delay
19 line and a second input connected to the output of
20 the counter, the gating circuitry gating through to
21 its output the next pulse at its first input when
22 the signal at its second input is asserted.
23

Y ARNL YL -T R
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5 . | (a) providing timng data indicating a pefiod of 6 t he
edge signal, wherein the timng data specifies the 7 period in terns
of an integdYO WM of periods and a T SH[E* 'H‘i‘.(S[éE%?@ par PC'SFJS&"%QF? od

at the first clock 9 frequehcy; ) del aying a

referen irst clock 11 RERLAGEBNCY bl the fractional -
part of ﬂlmmlmmn Hﬂ”l(ij (c) counting the specified integer nunber
ods;s an (d) producing a tim ng edge

c0| I’ICI dent W|th the 15 first edge of the del ayed reference clock that
occurs 16 1 16.af thive appacetmsi 0f chabtmelb (Wherneinc dipgl desy. apparapas The
met hod of glaim 27-ex%cutes tesBV\BgﬁeéPntﬁ? apw&maml 2hieBlogRafnas .S
executes 3 a test pat tern ur st wherein tThe dela ying in
step (b) i3 perforf@@guensy of thg pimirg signal,iqan Peo chapged, auring a

222(2), 222(3), 6 purst.222 (4)), and 7 wherein the digital
circuit Is clocked at the 8 first clock frequency during the entire
bur st . 1 29. The method of claim28, 2 wherein the digital

circuit isicl aaked Te bippa¥atus off claimcl®okhdredmiahey timing bighapsi mayt o

Gigital cifcuit b FoaERetPhEpal SRR Bhporsil EReBuRNibC Lo

28 2 vvherelnthe digital circuit is aCIVDSC|rCU|t 1 31
The net hod, of ai e ‘?'_R:_H_Igl Eéiﬁgl: h SES
3 L Cécl) coun r?é:aﬁafség E? {&He re erencr{eq.' Q 18786127
(c2) produding a gating comprisesanddelay linguhavding ﬁh@lplrééaevngf Bapsep
(d) conpriges and a means for selecting the output of one ofRERRAEENS

4 in response to a first set of timing control bits.

1 19. The apparatus of claim 15 wherein the counter is
2 directly connected directly to the reference clock
3 signal.

1 20. The apparatus of claim 15 wherein the clock input of the
2 counter is connected to a delayed version of the
3 reference clock signal.

1 21. The apparatus of claim 15 wherein the programmable delay
2 lines includes a delay locked loop. '

1 22. The apparatus of claim 15 wherein the programmable delay
line comprises a plurality of stages of differential

3 circuitry.

4 23. The apparatus of claim:22- wherein differential stages

2 are configured with cross-coupled feedback.
1 24. The apparatus of claim 15 -additionally comprising
2 control circuitry, coupled to the control input of the
3 programmable delay line, the control means for
4 generating control inputs to the delay line in response
5 to a program specifying a required frequency.
Sheet Has Been Replaced
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6 ) (dl') delaying the gating signal in proportion to 7 at'
| east a portion of the bits of the fractional 8 portion of the timng
data, and 9 WO97/05498 (d2) produci ng_a_tinm ng edge—synchr oriCAEESR04HS 10
the f+st-edge—ofthe delayed ref er enderHts GHEET S BEEN occurs after

the de at i si gnal 1 32. The neppPRId\OED clain 31, 2
wher ei mﬁ ﬂm mﬂum;peratl ng a prograrrabteS test apparatus is
succes generating 4 a plurality of timng edges.

1 33. The net hod of “claim 32, 2 . wherein the providing in step
(a) during the 3 generation of at ‘least one of the plurality of edge

4 Shgnalss Cofﬁlé'aiﬁ%g%r&‘ﬁ& f”%ltahﬁ‘ 29 Q&éfti@ﬁéli;f é_bmprls:hx@fferem

fromthe timng data provi ener dti on of
precedi ng 2i ni ng edggsond Pr%m‘"“ﬂhger@?%hl b@vwﬂuwwp% an output and

wherein thg nethod Hfcargiaat Ilm@u% Piogr Qeaahhepﬁogramaﬁwtd@mgﬁrﬁéﬁ@
performed|naCIVDS|ntcg:d?§§1 circuit. ?IH% he net hod of
claim34, % conne ebween, thenFPHRERE %h%;%tfl%ﬁhw%e 3
heat genergted by avigh tite igfputheonnkeegedt €6 ehécuutpxﬂt of the Idhtrpﬁﬁ:p@fse

fo3gh? avegage fre%"i'?ncc_youcx){tetrhe %l Y4 %l Iohgput conneclf:eé to r&g dsgeconcfl input

7 of the gating circuit.

1 26. The apparatus of claim 18 additionally comprising a

2 second programmable delay having an input an output and
3 a control input, the second programmable delay being

4 connected between the counter and the gating circuit

5 with its input connected to the output of the output of
6 the counter and its output connected to the second input
7 of the gating circuit and its control inputs being

8 connected to the first set of bits controlling the means
9 for selecting a tap of the delay line.

1 27. A method of operating a programmable test apparatus

2 having a timing generator operating at a first clock

3 frequency to generate an edge signal at a programmable

4 frequency, comprising the steps of:

S a) providing timing data indicating the period of the
6 edge signal, said timing data specifying the period
7 in termms of an integer number of periods and the

8 fractional part of a period at the first clock

S frequency;. i
10 b) delaying a reference clock at the first clock
11 frequency signal by the fractional part of a
12 period;
13 c) counting the specified integer number of pulses of
14 a signal at the first clock frequency; and
15 d) producing a timing edge coincident with the first
16 edge of the delayed clock which occurs after the
17 step of counting is completed.. - --
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1 28. The method of claim 27 wheréin the programmable test

2 apparatus exequteé a test pattern burst and the step of

3 delaying is performed in a digital circuit which is

4 clocked at the first clock frequency during the entire

5 burst.

1 29. The metho@ of claim 28 wherein the step of delaying is

2 performed in a digital circuit which is clocked at the

3 first clock frequency for a time prior to burst

4 sufficient to allow the circuit to reach thermal

5 equilibrium.

1 30 The method of claim 28 wherein the digital circuit is a

2 CMOS circuit.

1 31.. The method of claim 27 wherein:

2 a) the step of step of counting comprises counting

3 pulses of the reference clock and then producing‘a

4 gating signal; and

5 b) the step of producing a timing edge comprises:

6 i) delaying the gating signal in proportion to at

7 least a portion of the bits of the fractional

8 portion of the timing data;

9 ii) producing a timing edge synchronized with the
10 first edge of the delayed clock which occurs
11 after the delayed gating signal.

12

1 32. The method of claim 31 comprising the steps of
successively repeating the method of generating a timing
3 edge to generate a plurality of timing edges.

1 33. The method of claim 32 wherein the step of providing
2 timing data during the generation of at least one of the
“3_ - plurality edges comprises providing timing data that is

This Sheet Has Been Replaced

- 39 -




40 -

WO 97/05498

THis SHEET HAS BEEN PCT/US96/04015

AT

(93]

B W N

34.

35.

REPLACED

different than the timing data provided during the
generation of the preceding timing edge.

The method of claim 33 wherein the step of generating
the plurality of timing edges is performed in a CMOS
integrated c1rcu1t

The method of claim 34 additionally comprising varying
the heat éenerated by a portion of the integrated
circuit in response to the average frequency of the
plurality of timing edges.
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