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20  include time-domain-reflectometry (TDR) and vernier linearity calibration.
Conventional TDR techniques generally involve determining a transmission
line length, and predicting the signal delay caused by the line. The length is often
calculated by driving a pulse down the open-ended line, detecting the reflection, and
measwring the relative timings between the two events. A more thorough explanation
25  of the conventional technique is found in U.S. Patent No. 5,321,632, to Otsuji.
Vernier linearity calibration refers to characterizing the actual edge timings of
a timing vernier in response to predefined delay settings. Conventionally, this was
done one channel at a time using a large control matrix of relays, ECL gates, etc., and
centrally controlled by mainframe-resident hardware. During the characterizing
30  process, data results for each channel were fed back to the hardware one-by-one.
While such a technique works well for its intended applications, the dramatic rise in
device pin counts (and tester channel bounts) renders such a sequential methodology
undesirable in terms of calibration process time and reliability.




19 OC7 2004 r WD 01/92904 PCTI US01/ 1780 What is needed and heret ofore
unavailable is a timng nmeasurenent unit and nethod for car r‘}/BnQCGu?ﬂﬂ

timng %‘ﬁ %g@?ts qui ckly and accurately. The wal king strobe calibration
apparat us "a & hod sati sfies these needs. 5 SUVWVARY OFPTHESHIIABI | ON The

timng neasurenment unit and associ ated nethods of the present invention
provi de high accuracy tester tim ng data acquisition and processing
Ilcatlons to mnimze calibration

especi ally usef tfor fﬁgéﬁ‘g atl
process tine. THi& SO 1'9“13 Vs’:‘é}f‘?l%lﬁ%mﬁmﬁﬁéﬁasll@me@tumtmd acy,
hi gh](car tesnahoqbémﬂcarmimgom Mgmmeé@nmqmmasmé&mﬁgemm or
manuf act ur or nt a the inventiof in one
formconprs?lrgggc;i% 1?0% ﬁ%a‘ttué d %%a ﬁef;ﬁﬁ%?%%gﬁng a sem conductor devi ce
and including a conputer wor kstation and pin electronics circuitry coupl ed
bet weeg the sem conduct or The pin electronics
circuitry includes a pl urgﬁmmgﬁﬁgg%m channel having timng
circuitry oper ﬁhﬁm&m@mmadéassoadtedma@mimmﬂhdprﬁﬂeﬁﬂmvéﬁﬁcﬁf mat i on,
driver/ cowﬁaégir Ghdudeh oy @iﬁﬂﬂ% uitr or vi ng
t est g or ag.%l a e?rl oderT g tlg|1ﬁ%1“<ljﬂaalt E%gm(é @\’/’ %{%'LB at a
beat peri ition 2 cawt%nﬂmmlﬁgc MBMSSMNTlﬁﬁhe timng
neasurenenbneupohdiln esuith BOhibker kdiCer a8EUrYE, iR

e (pEGY WEATISHE AR Doy | o

neas ng.,t ative t s of fhe sanpl&d ura

chan#—: ngeoS?)g S{oéset%lc d&%&ﬂl@%‘%ﬁwlawy real-tine timng neasurenent
data in paral | dlo.redlize sredibregoing advantiges, théliiﬁéﬁtidmnfbgﬁﬁéﬂﬁ&ﬁnﬁugegal -tine
results p tion. con ct r.tester pin
¢ ectroni %‘gsgﬁggﬁesf &%pr é?# eg%as% g agg%cgpducg?r Nyeaat @%?H@HP@E{ est
‘vavef or ms WREHH9D A0 piny mlgémtﬁdowedabmmammemicond%ﬂdamr The
real -ti rTEaﬂdeﬁllélcbﬁlpﬂ{epCﬁi‘eﬁgﬁ ele@@d,lﬂgseﬁr ]%H%sc%ﬂ%,cﬂgyéﬂg?q k I nput

anpl e

dat a val ues orm; at

for _receivin astrﬂamo
the Hé&at g‘d’ vingimige CREUEY, ppeIptivs insespomredo desiradprogremareddiminied to t he
i nput ci rm&Maﬁommmmﬁwnq@rhMmﬁjemmlwgﬂ%@%Wé kdpria to

The! cat a afceBE AT AR bR i ocilovetor Sbokpousd Titimg o1 he
ext r act ed™% PR A§minemeasyementinih  Theiimitg mensaremeademetsraonpléd refiRr ence
count.  St@FRERomphEHr birduify R Sfeabiding BY Mlative timings of the sampled data.
20 The plurality of channels cooperate to produce substantially real-time timing
measurement data in parallel,

In another form, the invention comprises a real-time results processor for
implementation in a semiconductor tester pin electronics channel for detecting actual
timing data relating to test waveforms having a period T generated by a seraiconductor

:) 25  tester. The real-time results processor includes input circuitry having a clock nput for
receiving a stream of data values sampled from the test waveforms at the beat period.
The processor also includes a data filter coupled to the input circuitry and having logic
responsive to preprogrammed criteria to extract data indicative of a timing event. A
counter operative to count the data values and generate a count representative of the
30 timing of the exiracted timing event data with respect to a predetermined reference
count. Storage circuitry stores the count.

In yet another form, the invention comprises a method of determining the
length of a transmission line. The method includes the steps of first driving a periodic
waveform of a predetermined magnitude along the transmission line at a

35 - predetermined period (T) to generate a periodic sequence of incidence edges and




In yet another form the invention conprises a nmethod of determning the
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"grqesent irnﬂmd wige de@ctiinGoi tb detwrmime thelength of kiediaagnmspogdinenat i ¢ of t he
timng nmeasurenent unit hardware according to one enbodi nent of the
present invention; FI.G_3 is a block diagram schematic of the real-tine
resullfs processor hIBRUE PESCRIFTION Ol THEDRAWINGY neasurenent unit of
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hardware according to one embodiment of the present invention;

FIG. 3 is a block diagram schematic of the real-time results processor
hardware associated with the timing measurement unit of Figure 1;
FIGs. 4 and 6 are graphical illustrations showing the operation of the timing
) B measurement unit hardware during TDR data collection;
FIGs. 5A and 5B are further graphical illustrations showing the data collection
and processing operations of the real-time results processor for TDR applications; and
FIG. 7 is a graphical illustration showing the operation of the timing
measurement unit hardware during vernier linearization data collection.
30
DETAILED DESCRIPTION OF THE INVENTION
Referring now to Figure 1, automatic test equipment 20 according to one form
of the present mvention includes a plurality of semiconductor tester channels CH1,
CH2 and CHN, for interfacing a tester computer workstation (not shown) to a
35  plurality of device-under-test (DUT) pins (not shown). Each tester channel includes
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20 tlmlng vernier characterization data. For purposes of clarity, only one comparator

(high) is shown, but preferably a dual comparator construction is employed, one high

and one low. One of the basic components of the TMU involves the use of a "beat
clock” 42 that is slightly offset from the measured waveform by, for example a
picosecond, resulting in the beat clock "walking" through the waveform over a
' ) 25  succession of cycles in picosecond increments.
For TDR applications, the TMU hardware further includes a first selector 44

that passes either the beat clock signal or a normal strobe signal to the strobe input 31
of the 'comparator 32. A second selector 45 passes the sampled TDR data to the "D"
input of an ouiput flip-flop 46 also clocked by the beat clock 42.

30 For timing vernier linearization data collection, a vernier selector 47 1s
employed to pass a vernier signal to the clock input of a first measurement flip-flop
48. A fixed rising edge reference is fed to the SET input of the flip-flop such that a
pulse is created at the output. The pulse is clocked through a second flip-flop 49 for
added timing stability, and in linearization mode, passed through to the output flip-

35 flop 46.




t hat passes either the beat clock signal or a normal strobe signal to the
strobe input 31 of the conparator 32. A second sel ector 45 ? sses the
sanpled TDR data to the "D' input of an output flip-flop 46 | 071288k ed
by the beat clock 42. 30 For timng vernier linearization data collection,
a vernier selector 47 is enployed to pass a vernier signal to the clock

I nput of a first nmeasurenent flip-flop 48. A fixed rising edge reference
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cl ock2@ul dats thirvegh arqgists &7 fordetectnegoragh i the storage registesd8s Thydates t hat
input of the memory couples to the output of the counter circuit 80 that monitors the
number of beat clock pulses from a preset reference. The counter includes inputs that
receive the beat signal clock and a programmed "rollover” threshold from the
mainframe computer to reset the counter in TDR measurement applications. The
) 25  storage registers take the form of a limited depth count stack that maintains a running
sum location SUM, and respective minimum and maximum value locations MIN and
MAX.
In operation, the timing measurement unit 40 for each channel may be used, in
one application, to carry out a time-domain-reflectometry (TDR) measurement to
30  determine the length of the channel transmisston line with very high accuracy.
Generally, as illustrated in Figure 1 for channel 1 CHN1, the measurement technique
involves driving an incident edge from the output of the driver 30 directly to the
comparator 32 along a first switching path 90. The edge also propagates from the
driver output along the transmission line 34. The open-ended line causes the incident

35 edge to reflect and propagate as a reflected edge along a third path 94 to one of the
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scale. However, since it takes a finite time to move the comparator threshold from
25% to 75%, the relative counts are useful only if they're referenced to the same
reference point. Rather than reference the events to the same point in time, the
inventor has referenced the events to the same relative point on each waveform, with
) 25 the counter rolling over at the same point on each waveform cycle. Consequently, the
' difference in count values between A and B indicates the propagation time attributable
to the transmission line length. With this information, the tester can calibrate the
delay due to transmission line distance out during actual device testing.
During operation, edge detection of the respective incident and reflected edges
30  is accomplished by the operation of the real-time resuits processor 50. Generally, as
shown in Figures SA and 5B, the processor acquires sampled data from the TDR'ed
waveform at, for example only, one-picosecond increments to allow a real-time
statistical analysis of where the edge lies. Due to metastability, or jitter, involved
with, for example the set-up time of the comparator 32, the data acquisition process
35  provides a highly accurate way of determining the edge. The user defines criteria that



20 scale, while count Bis the strobe count with the conparator threshold
at 75% full- scale. However, since it takes a finite tinme to nove the
conparator threshold from 25%to 75% the relative counts ar1e9u6§$—u? [ﬁnly
if they're referenced to the sane reference point. Rather than e Qe ce
the events to the sane point in time, the inventor has referenced the
events to the sane relative point on each waveform wth 25 the counter

rolling over _at the sane point on each wavefqrmcycl e, Consequently, the
di f f er encdatisically ipdicares e sreseisaeban %fg&n%}‘%a? %ﬁﬁ%ﬂ%ﬁ‘tgh%mpar gation tinme
?t t { i but ghbg tlhé gpldﬁﬁecbh@ﬂﬁ:gérﬁﬁit ﬁgta Isirfwnj. emgtekiteris lhbefl Iy shd efnerolted i oni t he
ester cap calibrate elay due to tr si.on |ine distance ou
during a?ﬁdﬁ@%&ﬁ?ﬁ&'@ﬁﬁi??ﬁ@&a‘)&iﬂu%orwﬁgﬁgﬁm&‘go@e@&e& _Xg}ﬁ of the
respecti u@ol%iﬁgzagdﬁmaat;amle_aneﬂtmghleﬁe BlFgess 1rﬂ€spest1\&d'®mﬁﬂwsls'h‘§dﬂllzyﬂ?®ﬁ _
operation. the real-tine results pro ' " er al s shown in
Fi gur 8s §lg?%#&a%(§fs q[aeﬁ% %f%cégggéhpgavggﬂ?_‘%éggvlgfétrr%?%l&%g%taggﬁr%enﬂ?he TDR ed
wavef or mnadnitofing (shownph €igABY., Ooerethp cutesie ¢osatisfiads theredge may beal | ow a

real -ti e, n@&&&i s&eie%ﬁeld..anal ysis of where the edge lies. Due to

met ast abi“l} y, or Jitter, involved wth, for example the set-up tinme of
t he conpar at oSirggitanepes igdbexdate geguisitiony theymeduepsecdnd jncssmedd siephiagh| y
accur at e JugiePby ARIEHHR Sdudter 8080 BHIGte WhGe UR GinclfkleBgSliGMWillefdspecthat 1 9
OCT 2004 statls){lcal_ly i ndi cates the presense of _an_ edge, su,% h'.as four

| ogi &8l mgrré‘elmceapwaw“ewwrﬁl% n e‘ﬁﬂﬁ’é‘g‘gé‘éﬁeﬁo‘ﬁ&@ﬁé IStﬁfétg"E}lePean). The
criteri atheSpro&@sbrieyitdriads eazfie®|Witdn the Brelietenififed Aimlidiof ikbps it remd-

accunul aﬁ‘((P)r. Htﬁlﬁt 70. This is done generally by 1ooking at the data

“sy ream t HBW)HP&E e FIFO 66 in respective "windows." Wth a FIFO 5 eight

~“l‘ocat i ons deejn ameffom oy maxintizentde wcoutew of theadegitedledga tyebmentingzeghei | abl e f or

noni tori Liw El b | | vSf 4 e edge may
e const ety Wit sbhthes® G the Ikt bl i AFLER IfereC?
one- pp codlwceenatsi Acruaningisum afttbg)connts” frempacle sparph is maintaipghia thetiier 80 to

i ndi fat e rl}d@aﬁéﬁsgm aldnﬁ"ggg ih? nﬁﬂﬂ&rgiaﬁéléi&k{;ﬁhrﬁ @&QEG&lﬁesliQ m@re?pécﬁﬁgg ence
poi nt . e count_is erm ned an red i. . reqi,sters en the
processoﬂo"é??‘fma?é i Y AYErBHAER F@C‘ﬁ?‘é‘gé‘f‘&#ﬁ@ aﬁfﬁ% Y28 st eps i n
a row = throghoat Thigs)but bne exungflé of 4 suitablduwriveresdalgamtbortacy of t he

det ect ed ;edge. t 47 Rl ms: ; i y he edge

| ocat i ondgEF gmf)lg?ﬁ%o_erdr%gd ﬁmﬁ&g%&rgﬁ P %ﬁ?ﬂ%@%gﬁ%&é%@%lfgﬁ?ﬁ%ﬁc nt ‘%TSOIEA runni ng
sum 2 the "c&thenstmplenemiios e TeBragthoddeseribrdabaes) optimpmaesiihardcat i on SUM

al ong W Lt Ra vy sehdtHE bl vh INBREMRUNAVE R (riviRk Y8 Sc)] AlloWWisy thesReetdnne
to reflect from the open end of the transmission line, and letting the reflection settle
out to around ten round trips. Then, send out a falling edge, and let the edge reflect.
Again allowing-the edge reflection time to settle out. If a TDR with the falling edge
) 25  wont be carried out, the settling time for the incident edge may be redpced to a single
round trip.
For automatic test equipment that employs a thousand channels or more, the
TDR method described above allows for real-time processing of timing measurement
data for multiple channels in parallel. This greatly reduces the data acquisition time,
30  and correspondingly reducing the process time to carry out timing calibrations.
Referring now to Figure 7, the timing measurement unit 40 is also useful for
acquiring timing linearity measurements with high accuracy. Generally, the method
involves capturing edge data from a plurality of timing vemier steps, and determining
the relative times between each step in an effort to characterize the vernier over a

35  range of delay values.
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values thrown out. This is but one exanple of a suitable | ow overhead
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20  afforded by the present invention. Of particular importance are the real-time parallel
processing capabilities that allow the timing measurements for multiple channels to be
carried out simultancously. Moreover, by taking advantage of the "beat frequency”
theory, highly accurate data collection is realized, contributing significantly to the
high degree of accuracy obtainable for high speed and high accuracy semiconductor

)} 25  testoperations.




verni er delays in response to the changing settings. Any non-linearities
can then be conpensated for by the tester through known calibration
procedures. 15 O course, since each tester channel enpl oys']idgs [rom
hardware to carry out the timng linearity neasurenents as esQ: 4
above, all of the tester channels can performthe |Iinearization
nmeasurenents in parallel, significantly mnim zing data collection tine.
Those skilled in the art will appreciate the nany benefits and advant ages
20 af f or AMHAY IS L AMER®S: | nvention. O particular inportance are the
real -tinme parallel processing capabilities that allow the timng
measurenments for multiple channels to be carried oqut sinultaneously.
Mor eover, by t hki ngAatbnzaticdest cofipmpet 29far tesiingpierugonducir deyice. sighi v
accurate G (Mot ' kQRdIdTioBlethaed |y to the
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automatic test _e&w_prre_nt, i ncl ydi a conput er wor kst.at.i gn angm%lgra
el ect roni ekanneljipclyding fimppe GIraHTY, BFF2UYS 13 TERAPESR GG PO T8 %and sai d
conput er WRMiSinfdrination, aadideiveldongaetsr dieuity (30,32 coupled tockiddimmga plural ity
of channels (CH. -, .CH each.5 channel . [ g 1.i 41 iLGuitry (24)
oper at i ve®{H %%MB’Q%“MF@E'BS BT ]H%L&l%"#ﬁ lr% ({Hrﬁn%?ﬁriré%l Flon and
dri ver/ compeefainar atai beatperiog T80 At, 32 antupdtisdest equipinentoheiaatgrized B¥sui t r y for
driving test wavefo . | . i id
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waveforms at a beat per ] _sard tomatic tﬁst eg}uigﬁlrtent

""'g‘ﬁar arq er Fizedtrp(30, 32} formegsuriagshe welasive timings qfson sayplsr datay Rredimigs

driver/ Coﬁﬁaﬁ’lﬁéﬂém vhR ifdid b Foal-6i3R restlts pldtessOREOthdigal tideresultsi ve ti mi ngs
of said sanpled ., the timng neasurenent unit including a real-tine

results pP@é’éﬁgﬁg%gﬁ‘}g, the real-tine results processor including input
circuitry (52) having a iipacéirduitpugs2] 42)ingaalotlethphof2) adapsidfong a beat
ek R B bRl i i P SR iRt L
coupl B8l t samspledifrompaid testrwayieforys aherid beat perioty . | ogic (66, 68, 70, 72)
responsive to preprogr anyggiaGiiet E94) RoteEdlsariGhmd @irduitf dné addhwding of a
tmng ev?orlgtic; (66, 68, 70, 72) responsive to preprogrammed criteria to extract data indicative
of a timing event;
a counter (80) having an input coupled to said beat clock and
20  operative to count said data values and generate a count representative of the timing of
said extracted timing event data with respect to a predetermined reference count, the
counter including a rollover input set to roll said counter over at a rate where said beat
) clock period T +/- At and said waveform period T coincide; and
memory (78) for storing said count,
25 said plurality of channels cooperating to produce substantially real-

time timing measurement data in parallel.

2. A method of determining the length of a transmission line, said method

characterized by the steps of: |
driving a periodic waveform of a predetermined magnitude along said

transmission line at a predetermined period (T) to generate a periodic sequence of

5 incidence edges and reflected edges;



a.counter (80) having an input coupled to said beat clock and 20 operative
to count said data values and generate a count representative of the timng
of said extracted timng event data with respect to a predetermﬁﬁ'ﬂ'
reference count, the counter including a rollover input %9 06T A0 said
counter over at a rate where said beat clock period T +1- At and said
waveform period T coincide; and nmenory (78) for storing said count, 25 said
plurality of channel s cooperating to produce substantially real- time
timng measurenent WHINE 4 ¢ommaraion detection thiesheldws @ specibied levelitaidaiget he | engt h
of a trangfi Hgidefcd ddgs; said method characterized by the steps of: driving
a periodic waveform of 'a predeterm ned rrg‘%ni tude along said_  transm ssion
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edge1i5n_ aremqu@ﬁt search and recording a count of the number of strobes
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20 poi nt coHpt AAhgyraber Of FiERPes H9B T BRY T IHACHPOIS QLTS | ength of
aid traksktiespoint;lande. 5 3. A nmethod according to claim2 wherein said

detecting steps eacer\]raluating the relative counts between said incidence edge detection

20 point and said reflected edge detection point to determine the length of said
transmission line.

3. A method according to claim 2 wherein said detecting steps each
include the steps of:
processing a data stream of logical data values generated by said
comparator strobe period;
5 , establishing a statistical criteria for said data stream representing where
said incidence/reflected edge lies; and

idéntifying said edge when said criteria is satisfied.

4, A method according to claim 3 wherein said processing step includes
the step of filtering said logical data values.

5. A method according to claim 3 wherein said evaluating step includes

the step of real-time averaging of a plurality of searches to identify said incidence
edge detection point and said reflected edge detection point.

10



include the steps of processing a data stream of |ogical data val ues
generated by said conparator strobe period; establishing a statistical
criteria for said data streamrepresenting where said incif iﬁ{g@}ected
edge lies; and identifying said edge when said criteriais sat

met hod according to claim3 wherein said processing step includes the step
of filtering said |ogical data values. 5. A nethod according to claim3
wherein said evaluating step includes the step of real-tinme averaging of a
plurality of searches to identifyABSTRAIOEiI dence edge detection point and
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