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signals. These signals have features that are often not synchronized to the master clock of

the chip. Thus, to measure the timing of these signals, it is not adequate for ATE to
generate edges relative to a master clock. Rather, some ATE includes a time stamp
system.
A time stamp system generates a time tag that indicates when a particular signal
25  occurs relative to some reference time. A very simple time stamp system is a counter. A
reference signal starts the counter running. The event signal stops the counter. After the
counter stops, its value can be read out and indicates the amount of time between the start
and stop events.
The drawback of a simple counter is that it has limited resolution. Each count of
30 the counter reflects the passage of time that is one period of whatever clock signal is
running the counter. For example, if the counter is clocked by an 800MHz signal, each
count represents 1.25 nanoseconds. Regardless of the actual time being measured, a time
measurement system that uses such a counter will report time based on the number of
1.25 nanosecond increments that have passed. The counter reveals that the event
35  occurred in a time window 1.25 nanosecond long that is after a certain number of counts
and before the next count. However, there is no way to distinguish between signals that
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system. Much of a test system is built with CMOS circuitry. CMOS circuitry is small,

allowing for high levels of integration on a chip. ECL circuits are built using different

processes than CMOS and will likely be on a separate chip. The extra chip, as well as the
added space consumed by including I/O pads in the CMOS chips to connect to the ECL
25  chip increases cost and reduces the level of integration of the overall test system. These
problems are magnified in ATE because ATE generally consists of hundreds and
sometimes thousands of channels in which separate signals are generated. Therefore,
numerous copies of the chips will be required in each ATE system.
Further, ECL components consume relatively large amounts of power in
30  comparison to CMOS. High power consumption is a drawback for circuitry in ATE. In
ATE, it is desirable to get the circuits that must make accurate measurements physically
as close to the chip under test as possible. Time measurement is one such circuit.
However, if these circuits consume large amounts of power, they also generate large
amounts of heat. Packing such chips close together results in a high heat density, which
35  inturn creates a need for complicated cooling systems. Thus, using chips with higher
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20  configured to measure time. In what is sometimes called the “delay line” method, the
clock serves as the input to the delay line. The output of each of the taps is compared to
the signal being timed. The tap that coincides with the signal indicates the amount of
time after the clock pulse that the signal occurred
In the vernier method, two delay lines with different buffer delays are used.
25
Both of these methods can be implemented with a standard CMOS process. In the
delay line method, a higher resolution is obtained by utilizing more buffers so that the
delay of each buffer is smaller. In the vernier method, the minimum time that can be
measured is set up by buffer delay difference in the two DLL lines. However, greater
30 resolution is achieved with longer delay lines, too. A delay locked loop is used to
stabilize the value of buffer delay against process variation and ambient condition.
However, long delay lines have the undesired effect of creating a long re-fire time. And,
long delay lines also make the noise jitter worse along the line. The measurement
accuracy must be downgraded because of the jitter. For example, in a 400Mhz clock
35  system we need two N=256 delay stages line to achieve 10 ps timing resolution. A

further drawback of making a high resolution time measurement circuit is that the long
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stanp systemthat is | ow cost, conpact and | ow power. As will be described
bel ow, we have achi eved these goals using a CMOS tinme stanp system CMOS
time measurenent circuitry is known. Sone ATE uses CMOS to 10 i npl enent
timng generators. US Patent 6,073,259, which is hereby incorporated by
reference, describes ATE using CMOS circuitry for timng generation in an
ATE system However, that patent does not describe a tine stanp
incorporated into ATE. 4 WO 03/054565 PCT/ US02/ 39658




SUMMVARY COF THE | NVENTION Wth the foregoing background in mnd, it is an
object to provide a | ow cost, conpact tine stanp system It is also an
obj ect ofwDlg/0s4592Nt i on to provi de an ATE systemw th a tiPEE/UGSOABYSS8 5
system The foregoing and other objects are achieved with a time stanp
system 5 WO 03/054565 PCT/ US02/ 39658 BRI EF DESCRI PTI ON OF THE DRAW NGS
The invention will be better understood by reference to the follow ng nore
detail ed description and acconpan g drawings in which FIG 1 is a block

diagramillustrating a ti rr&UMMﬁvB\ t13HE INVBENFEPHt i ng the 5 invention;
FIG 2 shows ti0is &h @bfedd to pRENes 4 Byw €dst,cui t  of
FIG 1; FIG ﬂﬁh@%ﬁéﬁlg%w%ﬁ%&r%%l%g{mlﬂfn unfger standi ng operation of the
circuit efmpactiimeptang gYsteM-shows in greater detail a colum circuit of FIG
2; 10 FIG 5 it3s As®h@6kject Adicivaitioarto prdvidedn ATEegdternyetleatinastngor at i ng
time nmeasurenment circuits as shown in FIG 1. - 6 W) 03/054565
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applied to the system and the system produces a digital OUTPUT that
reflects the elapsed tine between the START and STOP signals. In the
illustrated 5 enbodi nent, the START signal is synchronized to the CLK2
signal, which is a digital clock. Upon activation of the START signal,
counter 112 begins to count pulses of CLK2. By way of illustration, CLK2
could be a 400MHz cl ock, such that each pulse represents the passage of
2.5 nsec. The nost significant bits of the QUTPUT signal are 10 derived
fromthe output of counter 112. For a 400MHz cl ock, the upper bits
represent a tinme that is the value in the counter nultiplied by 2.5 nsec.
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will be described in greater detail 15 below. In this way, the tinme stanp
circuit of FIG 1 can generate a tine stanp with greater resolution than
the CLK2. The STOP and START signals act as inputs to control logic 114. In
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operation. Control logic 35 114 issues an appropriate reset signal after a
measurenent is conpleted and the output value is read. 7 WD 03/054565
PCT/ US02/ 39658 The signals provided by control logic 114 are, in
accordance wth known design practices, formatted or |evel shifted by
control logic 114, as appropriate for the specific <circuit inplenentations
used. The signals are also correlated with the clock signals as
appropriate. In addition, control logic 114 can provide control signals to
counter 112 to 5 clear or enable it. Control signals mght be applied to
other circuit elenents to cause




themto accept inputs or provide outputs at the appropriate tinmes. However,
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shown. Th&Ow®awpsss of tine to digital converter 110 is proPCHasbor/seshcoder
118. As will be described in connection with FIG 2, the output of tine to
digital converter consists of 10 a series of codes. These codes nust be
translated to a tinme value. Encoder 118 translates the codes into a tine
measurenent. The tinme neasurenent val ues are then passed to calibrati on RAM

120. The tinme neas BESRERIPTHON(E dHERREHRREP EMBOIMENT s a noninal time

measurement . Igigr ?fs,h&ﬁwuntetsemt@@mmc btaﬁn%theelﬁﬁd‘nxﬁom @NSTARWiaAI n t he
circuit has time delggﬂllﬁg cteristi

o . .
speci f i catiQngignglarg Sy ﬁ%métpﬁl}ehsﬁ SO R C%%:%g}%ﬁ% @Wﬁh% ,SI o
parti cul a;eﬂectﬂmatp@écbmnabaﬂveen te START iapd STOR sidviats. Ao thecillustesita

glhg[]? terd i}'gcs?}{;,[‘ gﬁmggsal 1 %ﬁ%ﬁm@@m fgloryd 4, m@ﬁ;gagagt@gnaw

accurat e neasure
120 storeéoczk table that correlates the values generated by tine to digital

Eonver ter 110 Q. hk}é‘ﬂlo& ofthe §E}3§{W< 'Ptcéuntgpl fisﬁeg?ﬁs tG%ﬁIWp%IstGf RAMS i s
nown in ot her pplcalons n_the |brgﬁllaegn RAM 120 are

i
derived fGlA?.aBy wely ofdlusiation rﬁ@%wlcbbea AROYI5lgiclogk; spc €ad Pulsfhen t he
tine st a NBpresdnbihb g&é&@ od &f S Qskcl mh@tﬂlb@t@gﬂlﬁcaheﬁfts &Rl PRETHUT kighallaye new

val ues bratjon RA d h.t th

t est 1stt ﬁ‘\"?‘ggf”ﬂi‘rt %BUtPBBOPGPb‘nJé{Iem s e @mﬁ&ﬂ%nﬁ? ?@%ﬁgﬁ?geg’%egeélgu?? i ngeat
k{town ti regfe that ﬁtthe/ﬁﬁtt@1rﬁthSI@tEEfer2nﬂtlphghw2 Amsecapplied to the STOP tine
stanp circuit

bypassed. Thatﬁt?qf)wg gltdgl{%ﬂ%fﬁ%mlﬂggnﬁ% %J?%Sﬁ agggre%sdutg g Oﬁglémpljcgir ation
RAM 120. oAChhtlseddieal clackesignel. r Bietlowpherdersbitsiass ganerated e Tineg tooper at i on,

the out I%'%ngtf SRR f101<1:§cdd§r Pmaéﬂa I@&mzt)s ast Rl @éi@l:rs@ﬁﬁedtlﬁ Bakdrideill on RAM
120. The rate val'ue stored #@%Lﬁaﬁess i s read out a{td applied

as t B8 Oty Ingthisavase thsrigme étﬁtnlﬁrcérﬂ%ﬁ gpreralp MG RANREE™ n tine
stanp ci rg}éﬁt&rr@&ﬂutuﬁﬁth‘dhkﬂe(blﬂ@descrl bed in greater detail below, time to

digital conver d

provi de a fi xe@ggﬁtﬁ@ﬁ@ngs&% :§;gr(1a 2%%a%jlenlpa{gtt((§:fxr)rgﬁoi?(}gné ?lég?ﬂl\%}ﬂ&ﬁgzﬂe} o
Because cahbddimentotimBANniPGronit| 100 a&i]mpslcmémw a8 MEMQfeintegratodh sirquit el
operati onp tj, ogtcbrgf gﬁeg@%nbs&tmfeﬁfs fif %@g ihfeg fa?ed’b‘i’ﬁcuﬁ%ﬁ%@%hlé chﬂﬁt each

del ay el emen nom h exact However is desirable
for @fch wotaingptheepircuity fﬁ&xpéealw%vnatt%stt SyEeRy] Sueh b St f%m nal del ay.

8 example, described in US Patent 6,073,259, which is hereby incorporated by reference.
Control logic 114 also provides an ARM signal. The ARM signal prevents the
time to digital converter from responding to any changes in the STOP signal until after a
START signal is received. The ARM signal stays asserted until the time measurement is
25  completed and is then de-asserted until the next measurement.
Control logic 114 also provides a STOP signal to time to digital converter 110.
This signal causes the time to digital converter 110 to stop measuring time and output a
time value. The STOP signal provided by control logic 114 is correlated to the STOP

input to time stamp circuit 100.

30 Control logic 114 also provides a reset or clear signal. As will be described in
greater detail below, time to digital converter 110 employs one-shot circuits. These
circuits latch values when an input changes and generally hold the value until cleared. As
will be appreciated by one of skill in the art, circuits such as one-shots, latches and flip-
flops need to be cleared or reset before the circuit starts a new operation. Control logic

35 114 issues an appropriate reset signal after a measurement is completed and the output

value is read.



WD 03/ 054565 PCT/ US02/ 39658 As is known in the art, the swtching delay of
a transistor circuit, particularly a CMOS circuit, is influenced by the
current fwowswhseugh the transistor. Calibration nenory PRI/GSODE®WSS val ues
that are used to adjust current sources that provide current to the
transistors in the delay circuits. By neasuring the actual delay of each
circuit, the 5 current can be adjusted until the actual delay closely

appr oxi mates the nominal del ay of the delay . circuit. Calibration nenor
122 is | oaded The signelapresddesehsesonirablasterliee. a1 accardappar it knawp desige. A’

examl e _placflodlelinaBbd Sillbel 4ifR8 HOLOAESIoFON 14,0k apfropfiatsion i
6, 073, 258 a1 11 e Lo Cost VDR of shpropfiaetion the s

" which
i s her eb§irFHEERRIGMERY QWWSP‘gf TheHiens TS ews 41 a{Fﬂé?‘”ér%égfif P@%SICPQSLQW% aﬁec hani Is(r:n
i's not capwopdiatt ol ddlitiony eottrad rhogmdim sanbvidé vertivd signels ¢o cheer 1HArte her ,

many ot hei?seéreegll%gfe ¢! &‘Et:b rl%nﬁlg %glﬁtﬂe%l%g 1edt'3 o‘ﬁﬂar ' ﬁ%l%fn%gts 1§l t chip

are not & descy round connections are
not expr &ssi ip acheptinpusior m@ldgpu@mslattherﬁpﬂ?mﬂaﬁtlmﬁﬂ C&’tﬁﬁeééll ¢t eontioht such

el ements rﬁtloﬂﬁﬁé%ﬁ‘imoﬁﬁlﬂ_ﬂ{erﬁr%drb?é’\h&%xﬁeﬁl y Zhovi. e tO di gital converter
110 is shown in greater t ai I tal onver %10 |n udes a

del ay | ocked [Isputpupof timgée é‘ﬁltP]d‘@Ré‘Eftqréégls RBYEE f%en&f) lRaifs Wf del ay

stages 2%¢M@edcpibéd ﬁi\ﬁbhneéﬂdhcd&lﬂ’ﬁFEIl@ tf@ldﬁiput sf appltd 6@1tchoamert¢rr¢Dﬂi1sfs of t he
chain., CLK1.is glff ent chr.o

Accot i ngisgties ofgodes. S H&’IS@QF gw%g% tp §q5nedﬁ ]fl%r B0 i @ Faélﬁﬁget age.

have f outit dddas inte ﬁhﬁreentasaiemedm ay stages are nore accurate than single

ended stages. ’['I'%‘é@%{@asﬁh{r%e% ?ﬂhésaalr gﬁ%tﬁﬁs g'icfcalf?)%tlo?lrﬂ_/&. #o. t’ﬁlgtt

i nvention. The™ 0 ay stages 212, an 212N are
appl i ed mampmas@ro@wé@v/@nc@wlm&lg@s aapwanabiinemacasprsmsak St silestst put

o O pln R iy i A T
of char g@3inihe ?%milai dpags srecyicationsy iﬁg i@o‘f"ﬁn @3&8@%@%@%& ¢ H)§1 g::ll F ;
01;_ :Jtstssi @tglﬁigulaﬂlﬁ}gcmgsngt;gfaﬁemug ehipyaxhitifaciuml del@pbiRtersstignthat t hat
be Used ABPAEHan S AT TSt iR orRURRS Sy Slibafr aihe, SOMMRERT 0L ES ot e
when t he ackﬂir@ty nidaswegkntst caibstion RAMt1G0 ztpm aefqblmtbat@n@elp@s itlepavabigesCLK .
Thus,  thg A6l @Y v9inRAGNiitR c¥ivelteLBl (ProlbRGL iR8 nRbsurements.
20 Use of calibration RAMs is known in other applications. The values in the
calibration RAM 120 are derived from actual measurements and are periodically updated.
When the time stamp circuit 100 is used in automatic test equipment, likely new values
fpr the calibration RAM will be measured and loaded each time the test system is turned
on. To determine the values, the pulses occurring at known times relative to a START
25  signal are applied to the STOP time stamp circuit 100. The OUTPUT is recorded with
calibration RAM 120 bypassed. That value of the OUTPUT is used as an address to
calibration RAM 120. At that address, the correct time is stored. In actual operation, the
output of encoder 118 is again used as the address to calibration RAM 120. The
calibrated value stored at this address is read out and applied as the OUTPUT.
30 A second calibration feature is also included in time stamp circuit 100. As will be

described in greater detail below, time to digital converter 110 includes delay elements
(230, to 230y FIG. 2) that provide a fixed amount of delay. Each delay circuit has a
nominal delay. Because calibration RAM 120 will adjust for minor deviations in the
operation time to digital converter 110, it is not necessary that each delay element match
35  its nominal delay exactly. However, it is desirable for each delay element to have a delay

that is close to the nominal delay.



the period of CLK1L - that fraction being 1/N. Preferably, Nwll be a
multiple of 2 and in a preferred enbodi nent is 16. The CONTROL signal may
al so be wedspsssegul ate delay in other circuits wthin Poa/usaseshi p t hat
contains delay |ocked | oop 210. - 9 WD 03/054565 PCT/US02/ 39658 The

out put of each of the delay stages 2121 to 212N is sonetines referred to as
a "tap." Each tap feeds a colum circuit 214, ...214N. Each columm circuit
is described in greater detail in connection with FIG 3. The control
inputs to tinAstiokativgi irethe eonthe swisching deleyof mgartsiston drshitrpsirticudaylea 114 5

are indi 6%&(2%6{'1‘&11 %eﬁ‘&q héb\aﬁdre?l'tﬁ | throth, %’l?ﬁf% SRRk SCafikafied to AND

gate 216 ensu cir does not respond to a STOP

si gnal umleawsy Hqi?estﬁ\wvablieaﬂtﬂ alies}ls%f%@édilk?&lcumﬁ'éS%?%?Jhatﬂo‘ﬂﬂif‘ﬁ&né 216 is

fed to opg (AGKtoflB: thd BElaf efrelis. By'rﬁ&sﬁ!h ﬂhe fata ddlk@&)fc‘ehai c@duit?thet r y i's
preferably |ess f"of cloc oy or eff | ve

timnmy i AEETRER B%a@FSt?‘%‘uEn%%EﬁmaﬁgF ‘élyé‘ﬂ eﬁ BRI&H 81 &(ifput of
AND 216. the/&ela@rcn@ﬁﬁ shtibrafidf megndry ﬂzﬂgerleaﬂed Iw:l’chS\ta;k;es dasmineddutingal tine to

di gi t al ter 110
S Ihg:ma bC %rbongqrcqg%cﬁ ?&n g{@ﬁ@e 5‘}‘ a &aﬁfacrlrcﬁirt 8E1ﬁg %rgr&ﬁ'}n?olqag’h i eei(gr gz sly
used. ThpatenttG@i3,259, on‘etle;thom€0$t§M@8 Testen Witht H@h (élmpmlfl?@mtzﬁ ovhigduf f er

anpl i fief 1220, 1&?0%@1‘3§:d reli&@csi gnal to a plurality of rows. Buffer
arrpllflers are nused in circuits whereﬁne oyt put drlc\{es nul tiple

i nput®. Buf f edhaapacifiq ealibration echanisRadymeterenialde the 1getiopdad isthe circuits
descri bed; hiRf BédRribbUt F@kiRr Qﬁhﬂ}I(ﬁHerdedméﬂtmhﬂ b wnvemenabin akinltégratad the art

Wil appreC| ate, t hou tha used. ch of ncl udes
" del ay ErGHarED st S AvseOi e ants 51 a6t guds cbpsitSrk  or )
Al'l the delsxyraklgnhots, but ohe néskikhimihemrt willeppreeiatt thbi Juck ebnithtan@ control
from del ar}/lldoaked | oop 210 as descri bed above for elenents in Delay Locked
Loop 2108 % descri bed above. The del ay elenments are set to have nom nal
val uss that dilufning hewrie FEach timetedigitpl eorveren § 18rs showmin greafer defaihy . D, of

SEEOS?LZ‘?&@& t@&% %%lgcg??elﬁ&: 1219 ihQedesd d%&?(lg%cikgé ®opla10t Redélhy m{ci@bagS "
of del ay cRsisibpfachamo ‘#—"f & %?%?6@5 tﬂlr&a/?]ﬁ*ll gji g@ﬁ@aﬁ@w&% gpg} f‘sﬁﬂdnrn ?Le
preferreghppeodeBaih, it is 16. Thus, the delays of each delay 230, ...230M
have a delay (HLIQII is thfﬁl‘renP ell:f 'clock signal that is synchronized to CLK2. Accordingly,
20 each of the delay stages is a differential delay stage. We have found that differential
delay stages are more accurate than single ended stages. However, differential stages are
not critical to the invention.
The output of the first and N™ delay stages 212; and 212y are applied to a phase
detector 214. Phase detector 214 produces an output signal that has a polarity that
25  depends on which signal arrives first. The output of phase detector 214 is applied to
charge pump 216.
The output of charge pump 216 increases or decreases in accordance with the
polarity of its input. The output of charge pump 216 is a CONTROL signal that adjusts
the delay in each delay stage 212¢ to 212x+1. Known techniques may be used for this
30 adjustment. The delay locked loop comes to steady state when the delay through stages
212, to 212y equals one period of CLK1. Thus, the delay of each tap will be a fraction of
the period of CLK1 — that fraction being 1/N. Preferably, N will be a multiple of 2 and in
a preferred embodiment is 16. The CONTROL signal may also be used to regulate delay
in other circuits within the same chip that contains delay locked loop 210.



2/ 16D, ... 15/16D. The operation of tinme to digital converter m ght be
better understood by reference 30 to FIG 3. FIG 3 shows the outputs of

t hree of wbasdeisey stages 212. The outputs of delay stag@sTiusoa3wed ay

| ocked | oop are sonetines referred to as TAPs. Thus, TAPi -1, TAPi and

TAPi +1 represent the outputs of three consecutive delay stages 212; 1, 212;
, 212; +, The signal on each of the taps has the same shape, just shifted
intinme by D, the delay of one delay stage. 35 FIG 3 also shows the

out putsdof t h&@hd elrgys 0280h of the2RbiVIstages 3ldo 217wels semetiggsapiereddpas awi | | be
asserted. I Bins oduce -
o W0 03705 LR S 21 B e e e

bef ore tﬁeeasr@ﬁaﬂlngﬁ@mneah@l%h@l@eﬁ after it. This signal is fanned out to

?ﬁghsogngre d?ﬂl@%z%nt?é‘l ut% toztirngB di il%)gn?éiﬁz iég@d@nglgcfﬁir@yontm%§@114 efl ects
[ of on 0 adds fraction
of D &and %8 ]B@ES&‘?S ? | Sd%}él il S{grqgls ‘h@dﬁéﬁ@ﬁ g%te%éﬁAYl j ust
sl i ght | y AdaD ayrd162nEaedibaf the bizculederg siot respandrio prSIiR signal nin]esiethei ARM
signal, del %ly.ed sl |(ght |y nore. DELAYM is delayed by an anount D relative

to the escri bed above, counter 112 (FIG 1) neasures tine in
count's of a clTheloutpsit ghAND Fiterd16 is fed o angishebihbe The puipatRulscwidih Famas o

fractionyof sﬁ&%u@ﬁftﬂgqg g@ferﬁﬂ?tlesg kiRgkhalf o-f@%k fpéﬁ&l tcﬂﬁo@lﬁ@ fheflebgught of as

agai n having t

ol qried o g intpaoBal e RAPROR QT TP D LA OuEt 280 LR IR | cul ar

Sﬂegay el @Ii’%‘i‘bn@gﬁb‘c 218 is ‘&fg@@ﬂed;l?f stﬁ?s)w@e rtad UntiGidhettb digitabevmvert®HIAYL . .. DELAY
pan uration t hat i t f

TAPI . ThﬁLeare%Agrvaf a re§ %‘13? e pgt Genar gt féjd‘sifebhggrﬁegé% %ﬂﬁ% gltg%gﬁr@}i; Pgt(::t |Oonal

time rreamudmudthaﬂ'ﬂmyanhgmbglwedng rise to the TAPi signal is delayed by i

del ay st ages SIlh@%%‘qult 6F of ?‘fé%ot 393 E% fo é(‘@ﬁférréﬁﬁﬁ iff %922619819?@& O})ﬂﬁ%& mE12.

Thus, selectlng ? 0ses e occurrence of nal all ows
a nmedSur émsraut dfe signal to apluradity @ﬁm&’sc PBoéfer paplileds aive eﬁﬁ‘§?d Berciied to the

time measiadofyotAkthRes llfr:liﬂl 1d thpitst Bfet Smplifidrs Bewlabe @sdd inwtled i nt eger,

this neasurenent has, a re f

clock 15 m@onwﬂmcm acn”beé%é‘rg?wcar? 9%1%92 PBuTiofg o Bar it o
time neashy aowiil aﬁﬁambxe tiladgh, that bheg\neighigreastér resol uti on by using the
outputs of de'E’%h o% f1050 row 1&%19des adelag%%men{rfﬁ) SPER) f(%&ngtﬁhé’syalﬁ Gigh ot hat i's

asserted
20  “fine vernier”) All the delay elements in fine vernier line are stabilized by the control

from delay locked loop 210 as described above for elements in Delay Locked Loop 210,
as described above. The delay elements are set to have nominal values that differ from
each other by a fraction of the time delay, D, of one delay stage 212 in delay locked loop
210. In the illustrated embodiment, the fraction is 1/M of the delay D, where M is the

25  number of delay elements 230.
Preferably, M will be some multiple of 2 and in the preferred embodiment, it is16.

Thus, the delays of each delay 230;...230y have a delay of 0/16D, 1/16D,

2/16D,...15/16D.
The operation of time to digital converter might be better understood by reference
30 to FIG. 3. FIG. 3 shows the outputs of three of the delay stages 212. The outputs of delay
stages in a delay locked loop are sometimes referred to as TAPs. Thus, TAPi-1, TAPi
and TAPi+1 represent the outputs of three consecutive delay stages 212;.1, 2125, 212;41.
The signal on each of the taps has the same shape, just shifted in time by D, the delay of

one delay stage.
35 FIG. 3 also shows the outputs of the delays 230,...230p. At some time, the STOP

signal will be asserted. As long as the ARM signal is active, one shot 218 will produce
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I medi ately after the TAPi signal is identified at Ein FIG 3 and is, in
the illustrated exanple, the output of DELAY6. The STOP signal that gave
rise to twooss4sed of DELAY6 therefore nust have occurre@Chafsor/aeshe edge
E by an anount of tine equal to 25 the delay of DELAY6. This infornmation
can be used to adjust the fractional tinme neasurenent derived from
selecting a TAPi. It is desirable to have a maxi numdelay difference R
bet ween the m ni num del ay el enent 230land t he maxi num del ay el ement 230M

whi ch i s agrossnus signplthaigp degesgried beforedhel ST signg] syl assertadaafter ftndhist age. Thi s
: Rzgégze s%ééﬁl’i% ﬁ%ﬂeh d%@tdelérhrc}é lraplc}@sielalymxo]e J30g]. Dahy mh@ﬁo Hélﬁj’c‘%n&@bCh

n our X
b'< $oe’ seeord P pnal g1 OF O ligt L Aoty 2 gd ae%ﬂ@ft%se AR SR o by
corr gl gt lsag)EmeYcMeﬂu&ts a@fgnhlhelﬂdﬁieaymb chdpechs [DEIA P1LQuantghthedeldetiay s 230
o t t v
fracti m C yg 1%{&&%8%313? P&%&ﬁc@%gg equg{Bé 9%4151%@[1?3@ écbgﬁ@l f/\/ngr e R
is gr eat s d@lh}Sﬂlﬂ lt}ralaqnmmwbre[atlﬁqoll)he DEIJAY IWD 03/ 054565 PCT/ US02/ 39658
where j is t heﬁ&ﬁéﬁﬁﬁﬁbob@%oﬂ%ﬂl?@% n%/}eg Bale 1ﬁ95151ﬁ5 @f ;?élo)f‘kt h an

out put of one "ement s resul rom t
equat i on siggk B t digial ﬁﬁnVeﬁtﬁlt ’@Pa%lf%ﬁln%f‘eascﬁ frastign OfWﬁ’lRS‘ﬁlo 9 QlabﬁlRP]ﬁg

fgggf \e/redlﬁh%t frl&ib?]nca%lfbe%{g%t%fa%t ai%t}ﬁ?% twetpwcb@gm@@fecéme &Jéa?e&b nal is
l er tine € o a
Cour SB° 1t CaibSidentend Siehladnmhe bmeauaRer a5/ag bt Bas 00 anl ?@ﬁe% o

this c ou rdetryrebaneit @80N1. 280w eAs shovat i HGChthetsegnadsiir A entDBEAY M sphmpsed

time. aﬂtg%;ib& S RRBh 7 1A kB e HORL & {ﬁ%hgmpﬁfs YA OHfusOBABYR 11 Lhe

CIFCUItS rocess r éren i sone ‘casés, these
del ays musskectsd t@ genpeats drearppet bifs dfihe fiectivoalpimameanrementot her cases, the

effect of the T’&'e@%@ %&gﬁ&@lthmmfﬁgm@ys ée@ayeawﬁaaagsﬁgm&tdw& del ays
into the circult i none rel atlvet? ot her

1 gnabe  RlSORISBmIAn Gin IFTGRI}I2) uHCLISEHE R B FACCRLP B QCPREFTRP oL he
ot her si gh@RTOP BRI alldves Dalebkakensdnt Ofithie fragtion ofa ¢lbek périvel thmtasust doe nt system
ol ' nat G958 GRS Bresm Y S0P RRpl (o A B B e ifger ©
conput at ithissndasadinegt has aareiqhutajn afi Drelnrmmmhmse, whieteetha anpug elogk is 4005 houl d
be appr eqiralefq Ak, Hisathdeh@ys1ddhpdle circuits can be
20 The fractional time measurement can be made with even greater resolution by
using the outputs of delay elements 230;...230y, The specific delay signal that is asserted
immediately after the TAPI signal is identified at E in FIG. 3 and is, in the illustrated
example, the output of DELAY6. The STOP signal that gave rise to the output of
DELAY6 therefore must have occurred before the edge E by an amount of time equal to
25  the delay of DELAY6. This information can be used to adjust the fractional time
measurement derived from selecting a TAPi. It is desirable to have a maximum delay
difference R between the minimum delay element 230,and the maximum delay element
230y which is greater than or equal to the delay a single delay line stage. This insures
there will be no “holes” in the field of sampled times which increase the potential error in
30 the time measurement. In our example, if D = 156 psec, then R must be greater than or
equal to D.
In particular, by correlating the outputs of the delay locked loop 210 and the
delays 230;...230p;, an accurate time measurement can be made. In particular, the
fractional time could be computed from the equation
35 i*D-j*R/M, where R is greater than or equal to D EQ(1)
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conpensated for using calibration RAM 120 or encoder 118. Atine
nmeasurenent that has been inpacted by a delay within the circuitry can be
mapped t ove oslosaseval ue without the delay. 20 The col unm @CTA02/39658
2141... 214N determ ne the coincidence of the signals from del ays
230,...230M and the signals fromthe taps of delay |ine 210. As will be
described in greater det ai | in conjunction with FI G 4, each colum

circuit receives a,si naI of the _taps eI ay.line 210 and all
of the signal SVAs@iisdhg 3%1111@ 03@’033401 b ﬁ?ﬁ’l I GoRse %@?WL@“&H?%P a code
:j nfll c?t l ﬂ?e@@tﬁtcde@e@ﬁ&ﬁn@ﬁst Ths ﬁuﬁlﬁgﬂl@btﬂtmgﬁoﬂ&hﬁI’e@hﬁtgmt@pﬂéb@ﬁs eﬂum]gehe
etails of, a co t.ar own shown for

11 st r acitisha DBlat OhrERar Which 1P IRE Cormyt T TG f Sy 1 R8¢ i s
connect ecotntinghwhén ﬂlslSTlQi’ps@rﬁal Bled Oed, Valge irmthesoyntat times thopeead 60 a
plurakity~ t A out

ci rcu!”:'t mﬂ&%ﬁgﬂga?% aﬁﬁ%%éjtg% Ut 1S hot t AE&V\%@T{ @m{l%qoﬁ{g ik 18%‘351:151?]‘{‘

ci rcui ts tafkis geyrpe mn@ﬁnrﬁmernth@s amtore ageuHe meawEergent 9f the etl@secbemeof t he AND

gates 412, ... {dMIOEHridincd Saethefe dolRI bedhidus Bélhfsuh e dArtQits that 230M
Thus, each of the, AND gates 412, 412M has ﬁin O%etl%ﬁ that is asserted
Sk dush 06 6

when' t herfEogess thiting MetuEerpent Fighals o [0 somepases, PIypEnsaie o ne of
t he deI dyr B the UorhputzBéh. In.othe? 38, thé effbe Ibéthe&del}{ys nai beelorinated bef | ect ed by

t he put_of one of the 1 r espondi ng
L1e, 2B PP g 1S 09, AL % 80 B PO OB e SR 50
03/ 054565e1|@tiv¢ tosamrsms cande nompdlsatwedlfo@y msertmg an piual delayingd alf th@ out put s

of the dgj Leuits 230,...230M mi ght coincide with the output of a

parti cul ar ta si gnal . For exarrple TAP; +1 overlaps wth: all of. outputs of
the del ay ci rcThll‘Ssth%@?ual citeyt preskiadhe ime mcagqr@pegq sypism mighthavedlelayet or e

TAP; +1. |tHat(é@é\hcb’téb'i res Bhavin. 0OUE [de RS miéHt fbe @ﬁﬂ@a@éd Byh@ldaigt grsubtradiindel ay
CII’CUItS 230, %(éause |t1 %8%’ h}gf 1ﬁxccurred aft T TAPi _1. The
R i e N A R e o
230, ... 230M Alterdatoatsyi, itgghbldtbe tahpreSiticR thailfgmdldehys:mrthedlmws@am ban a tine D
before t h urred
bef ore t%@%&m‘% ﬁpﬁ%m%&?qb&{&;t{'}‘ Igfr){n%dnéelg%g é%t tﬂéﬁeﬁéﬁﬂaﬁ&} glgﬁm rcuit
230, . . . 23oNbesnt llmlftaht@d by agietry mﬂlla@qmpluy@apﬂoemgd @@@ yakue sitophppi ng

t he TAP Rt @aa).- In FIG 3, DELAY6 is the |ongest delay

20 The column circuits 2144...214y determine the coincidence of the signals from
delays 230;...230y; and the signals from the taps of delay line 210. As will be described
in greater detail in conjunction with FIG. 4, each column circuit receives a signal from
one of the taps of delay line 210 and all of the signals from delays 230;...230y. The
column circuit outputs a code indicating coincidence of these signals.

25 Referring to FIG. 4, the details of a column circuit are shown. Columnl Circuit is
shown for illustration, but preferably all the column circuits will be similar. It is
connected to the first tap of DLL210. The tap signal is routed to a plurality of AND gates
412;...4120. A buffer amplifier or other fan out circuit might be required, but is not
shown for simplicity, as such circuits are well known in the art.

30 The second input to each of the AND gates 412;...412); comes from one of the
delay circuits 230;...230p;. Thus, each of the AND gates 412;...412y has an output that is
asserted when there is coincidence between a tap of DLL 210 and an output of one of the
delay circuits 2304...230y,

If there is coincidence as reflected by the output of one of the AND gates
35  412;...412y;, then the corresponding RS latch circuit 414;...414y latches to capture that

event.
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that still overlaps with the TAP; output. Thus, to nmake a time neasurenent,
data indicating which of the delay signals overlaps each of the TAP

si gnal s muetoslossseapt ured. Each colum circuit produces thiP€T/U$ar/30680r one
TAP signal and it is reflected in the outputs of the one-shot circuits 15
414, ... 414m These outputs can be encoded to reduce the nunber of data

| ines needed to reflect the data. Gray code encoder 416 corrpresses t he
data fromMbits to sone snaller ’rgger of bhits_ w.thout

f
i nformation. AAgretyd BUHS- dnBwie pres of Featpws ot the dﬁ'@&“@?‘i@%%@gbgap%e nt,
but ot hermio@f eFinQfle Rivaard &ﬁp@tcdﬂaqoabcﬁsulﬁ@ﬂ) sigialt Rer exaapit, Te\Pyi; ghdrlapbe

omtted entlir uts t.he co [ t 1 th
requi red Wik QITHE%GBWSPE& a‘{éiqplcilr@uﬁ%%\gddr e%@ﬂtbecaf‘ﬁ% her?];(gﬁr) F’ll%ﬂ%ﬂ Q%C@g%glngr at :d
by al | ofbefdie Tod;ymin conteasi, TAR. akemnlaps withinose of ﬁhdlou‘alugsof\;d@la@r@lw and whi ch

DELAY Co'yi}&)ﬂl d%% QM%E&uEQ@e %]i%?’ ﬁgﬁleﬂ %l:curfe'a atft]aPTAP,[ ef”ﬂ{erleng %fgﬁ%ﬂé@@f;

circuPtr conv tern t he
out put ofwidachly eglogihon of the gilﬁpu’tS@féela& ceuitsedPes. 83\9M>ﬁ@dlﬁatif}grfﬁatr¥h%1§apg nent .

ng {)lnt tshle’s1$rlah U%u%fl‘f&s%%tﬂ?ﬁbef&@%h&TAPUdléﬂay that converts the pat tern

1). Referring T %&‘?‘%‘E’ ’élrgsteag%lléep%r‘s% rreas‘a{]l&e pre ﬂf‘*ﬁi nggg °th %ut(aFl ¢
ga’a t er{l O&etéihﬁnlged ‘tﬁﬂd@@tﬁ’y{[nglﬁe d&l@ﬁmfduﬁ 2681.t.880y oith thx lbagdsodelenthiat val ue of |
n 0 a nunber ec
7 360ns BERT B B oBRb A TR R TR HPRERYSP PR ff 20
neasur enethat stlzlals:szlartapsgwmlhthedlé‘k]éwuahmnent s within the ti me nmeasurenent
circurt operat easxﬁ%@ﬁsdatﬁﬁmcﬁ&%ﬁ%%% FHRY 8slay ﬁ%ﬁ%}
en I ations

measur ement va ue’s can sted to t
fromthe %@ﬂﬁmacbézfd@sTA]i’ SigRplp @% > capppgeq. g@i“%‘r‘;&&nﬂb?@éﬂd?arg &S BYTPUT of
Lgﬁ E)'e”ﬁsmﬁ)‘l' LRETAP $ibriat dhd 1t|1§reﬂ@6t8di ai e oﬁ@u’fﬁhﬁ"ﬂl&d ore- smasmmﬁaﬁe nt out put

rcu iC t
Co O, IS % BB AL i
FCT / UsS02/ r%ﬁ&g&he &408). (}fayt-@niatenoodeeéw syspresses m‘élﬁ}ataﬁbt&mll\é bis$ to Jomet sppadletised t o

est sem conduc

fest systBHRTE O %ﬁns &qg?s Cp%ﬁfo atEchle'}{ gﬁ?fQUB@&chH@r is ot @Mhe of such a

n use, one or nore
sem condugtferred embodisnenit, it @ﬁleeﬂ)rmg Of)EnCOQIHg cogldbeispgh e% flggencoding might

be omitted entirely.

20 The outputs of all of the column circuits contain the required data needed for a
time measurement. The pattern of bits generated by all of the column circuits taken
together indicates which TAP and which DELAY coincides with the STOP signal. In the
preferred embodiment, circuitry within time stamp circuitry converts the pattern of bits at
the output of each column circuit to a value representing a time measurement.

25 In the illustrated embodiment, the circuitry that converts the pattern of bits into a
value representing a time measurement is encoder 118 (FIG. 1). Referring to Eq(1), for
every value of i and j, there is a unique pattern of bits. Encoder 118 maps the pattern of
bits for each value of i and j to a number reflecting the results of Eq(1) for that value of i
and j.

30 As described above, encoder 118 maps the pattern of bits to a time measurement
assuming all delay elements within the time measurement circuit operate at the nominal
values. As described above, these measurement values can then be adjusted to calibrate
out any deviations from the nominal values. In this way, the low order bits of the
OUTPUT of the time measurement circuit is generated

35 The time measurement output can be used in many ways. The circuit is
particularly useful in automatic test equipment. FIG. 5 shows an automatic test system
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5 to ATE 500. ATE 500 generates and neasures test signals for DUT 510. By
conparing the neasured signals to expected val ues, ATE 500 can determ ne
whet her DWO 03084563 properly functioning. One type of neaoTarsensssshat

m ght be nade on DUT 510 is a time neasurenent. For exanple, a measurement
m ght be nade to detern ne whether DUT 510 produces an 10 output signal an
appropriate anount of tinme after a certain input is applied. If the input

is synchronized to the CLOCK signal .th dri ti t Ci i
100t he S0puutomalic e EEM (A2 ) RAD Eroirehe P e QHONATHROMHEIOr LeVIBRRE ot put

of DUT 51fyngRhdif@iniiBetukés eth atnigleofSUoR asésysatenaiictht IT60 sukbisuTendynte,
circuit Il "indicate the elapsed tine between the input and out put

si gnal s. _% If the signal representing the beginning of the interval to be
measur ed i s ndh ussyne lor anire sanivdriducton deibdCdgiatpdals DUT b aneemmeeiadnt s

m ght _sti || de- I I |
measup oA THER T “ETE 0 cchlls el ith Lan S RuaRTD 0P BIT P AERIC _ 3¢
make a.tithemeeswed sges to dxpetted vataess AdkpS 00cqap daterming viisthes P e gi ven

the same 3l Sha@line | N this case, the START signal 20 would act as a
common tife"Téference 1

h time, ' ' ad B, Ti
ciroult A woul@ne GeepgEcaITSH drbmighgraradens L5 4P+ Biresutstht
IC Imri IC c at [ Brlgarteﬁfﬂgﬁkﬁé fne_aiurérhaat_tﬂtngnt @I_dmwmlde’feﬁnhe wihestten DAHT 510 pedstesmp

ui wou eceive as its > t i | . .
i ndi &t | rft}ltl?‘ﬁél%lﬁfjm’offppf‘t‘i’é”% ?%EO““:%REE Gaferye r%?nrr@{ggﬂl?é‘ﬁlgﬁ"%? I%é{gé‘?# fe the
el apsed tsymenrbeizedenthe G2.QCK signgrthitsirivesitimg Sneasurpmenisfircuit80sthampul coul d
be subtr accahg)@ ufséd)%g tgg'%ﬂlﬁ"le’s%nzﬁgh%dvﬁﬁ] F]‘ltﬁﬂpTﬁe ot 6t BUT 518 catPheH be ment

escril pe u e

circuit as above c0 e Inplenmnented_I.n_ na i fferent ways,
the aboveusgéasthefdORggnymnd @medn??éwembﬁ&wtéﬂﬂégdlaat@:%qaﬁsﬁ& BFat ed
%rcw t c@@eeﬂ@ﬁ%@b%@@i@a&heag and consune relatively little power.
wever, CMOS has no raditj.on .been ed in ti ne re t circuits
becadse 30 t hetd Ségnaé ﬁ?pc‘i‘iﬁﬂuﬁ&lbélp'&l&gt‘#ﬁﬁeé%ﬁvtayogk%nm\e/% (e 821 v based on
fa::()rl cat i ginclaonided ivithshe 600K sipals, nignd meperentantsemighhsid] be mafe Bwpficult to
make accurate neasur i i [ I DLL 210
gonr at os° SEP U ET B By bied o HEAR MRt TR0 S A
del ays. GCaBitimastamp cippwit pértchanmed Ep sunke sdine weasyraprans Poth HPe stadp) del ays. As

a resul . citdis ACRRI DRAICHE BYe the SafiE SYNNTE BROU B hiYase) s STARTEIEMS! ene.
And, the circuit has the advantage ?f b%{n Smal | .enDLAgh t]}DQat it could be
i npl &fent wauldgct as a common time reference for each time stamp circuit and B.

Time stamp circuit A would receive as its STOP signal the signal from DUT 510
indicating the start of the time interval to be measured. Time stamp circuit B would
receive as its STOP signal the signal from DUT 510 indicating the end of the time
interval to be measured. To determine the elapsed time between the two signals, the

25  output of time stamp A could be subtracted from the output of time stamp B.

While a time measurement circuit as desctibed above could be implemented in
many different ways, the above-described design could be implemented as a CMOS
integrated circuit chip. CMOS circuits are cheap and consume relatively little power.
However, CMOS has not traditionally been used in time measurement circuits because

30 the delay through CMOS circuit elements can vary widely based on fabrication conditions
and operating temperature. Thus, it is difficult to make accurate measurement circuits
using CMOS.

As described above, DLL 210 generates a control signal that is used to
compensate for many types of delays. Calibration circuits are also used to compensate for

35  delays. As aresult, the described circuit is accurate enough for use in ATE systems.
And, the circuit has the advantage of being small enough that it could be implemented as
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- 14 WD 03/054565 PCT/ US02/ 39658 part of the same integrated circuit chip
that holds circuitry to generate or neasure test signals of one channel of
the test WoIBeMs63 n some test systems, signals for multiplPeT/ushzbiess s are
generated on a single chip. In that case, there mght be two time stanp
circuits per chip. O course, the nunber of time stanp circuits per
chagpe! S vvloul d 5 depend on the intended use of the ATE. In conparison to a
tradi tional approach of using a |ong delay line to increase the accurac
of the maasiof drevame intearasaskriecuiichipihet holds ciropiiiyio BERGTaiE Of IFESMF ist he ’
E L 2d 1: lt l) grka;{ﬂganﬁhs%gﬁh@@ﬁﬁt i nef H%hléifésﬁéysie?ﬂ% s8ine tcﬁ;t oystetied sighale fafmuibieh del ays

e ot her el ayl ng. e I n ured,. The del a
el ement s channeleare ReRaratsd PR aﬁ’a\éi:p ‘g\éﬁ"g@tﬁ%%i‘ﬁ’ ﬁ?‘?&g Pﬁgﬁgr‘%hg}e@ s gn t he
te_dgg | npuirchi@élﬁr@ﬁipawﬂ'&;u]{s@:tﬂlemh]bdeb]%tynesktagp,cirbhs @ obdnnelsavduldut put s are
e o the clock inpu acliat and the edge path outputs are tied to
t he E i e qnt&xﬁérr&?%ciegﬁl'se%g%%.h stage in the delay path can be used to
measure a.ti meln ainffagisemtren waditfonal approsghanfasings loreddrelinoiodnaeggdhe This is
easily i @E@g@%ﬁ?& gle'aé].;rer%m, he HOYRVE cuithi€a 68t R¥ird iMheuttthehRditishhl del ay
line is Ti | k/ (T2-T1), or for 15 exa{r@,e é6t| stpe gloc eriod Tclk
i f T2- T1 appropeh,gwedelry linph s mievided, oReot which delayy the ctacik s B SPE"! he
; | mest ?rrtaep@ihghﬁe E@LSRAg InSadutsilg Thetdelagafimehts @l the klock phidshavadelay i@ si gnal
ccunul ate

errors due to jitter.an 0 ' ' ' [
o e L0parrgdie S g o il dEh A AR Rl GER ThsrIR 4y bt Lok TOC! T
because qfatlt etpuis ereotied tbhles ¢lock thpnteofsi letohkndtheaydgo pathiomtputearp Liphtp @Fement s.
As a res%'(tijn L BEm ékﬂu?h&%a@{ s%ge QH&Q%EQE C%Ill bEHidd th SndaS@S althi@n 2 cl ock
peri ods an e FeriTe tine 1's erefore ch better. .and the jitter and
noi se i sslifferesenefStirdhcoyphisd o theayeviersetager ilbisds ey dmplsan € Mpymer ous
‘31): e;}ggte ggxrcﬁmy I hgytkf@{geg}tﬁe Qéela% ﬁﬁg&g%{[th@ RAF] 614} Tindie Tfraliak/(Ttmrle,)«arf?ﬂ e, it is

' . n . .
(he Ao ramrapl Lfetmes U fock et APl 1al Lisd/b St 13- BRmeR Bartala 1y
fs!oacgd. Al%é tt_[ntaé bﬁ’ﬁrelnﬁagimesth&@ @abe canpdris king, dtdeashitiycldelv cydésomsd thhat ar e
i xed. SO, it s e eGi t i : [

i o1t al  cupipb preapEertis AP fodfle? AR ph I b sORE U Bilnt: Bidel 7T 10
el enent s @30d. The degamiessribehbinrthistdedument areids thepeispies basauge plithg usepkct ed

si gnal ”tﬂ@‘t&?ﬁi&#ﬁ{%g& S ayriar Qfnphel adnlehie Ao, 3R hiigiinoadlng circuit
could alternatively be constructed by, addlthon del ay into the ta
20 through the circuit is less than 2 clock periods and the refire time i therefore much Bebter

and the jitter and noise issues consequently less.
Having described one embodiment, numerous alternative embodiments or
variations might be made. For example, it is not necessary that each delay element have a
value that exactly matches the nominal value or that the nominal values of the delay be
25  equally spaced. Calibration memory 120 can compensate for any deviations that are
fixed.
Also, it should be appreciated that the operation of the time to digital converter
was explained in which the output of one of the delay elements 2301...230wm is subtracted
from a time measured by a selected signal from the output of a tap of delay line 210. A
30 functioning circuit could alternatively be constructed by additional delay into the tap
outputs, such that the
As another example, it should be noted that delay locked loop 210 includes a
stage 21241 that is not connected to anything. This stage is present to ensure that each
tap of the delay line sees the same load. Keeping all loads the same ensures that each
35  stage has the same delay. Additional stages might be added to the input of the delay line,
either to insert a fixed delay or to also equalize the input loads of each delay stage.

- 15 -



out puts, such that the As another exanple, it should be noted that del ay

| ocked | oop 210 includes a stage 212N+l that is not connected to anything.
Thi s st agwoiog/oprsesent to ensure that each tap of the del ¢TIUSam3®ees t he
sane | oad. Keeping all |oads the sane ensures that each 35 stage has the
same del ay. Additional stages m ght be added to the input of the delay
I;ne, hehtrer to insert a fixed delay or to also equalize the input |oads
of eac elay stage. - 15 WO 03/054565 PCT/ USO2/ 39658 Further, (it should
be appreci at edurthay, itshaaldheraparesriadibatspme prrts Qethe CHEWE WeAPsdPed i ng

Li”lr)l:ﬁi”fgtbgglg}a&ﬁﬂr%ﬁ&y&i \lvﬁﬁ wtet @ae‘{l@i_ti?ﬁ a@gp@reh&. I i possifflosigit Mevifchig cduié

el epent ed .wi edge, sensitive c nts. The circuit
woul d st !bp|unpf§ﬁgqx¢q§n£}t)lag%sgpﬁavq %On?l?f’é’%]&tﬁn 5%%@9@@‘%%&3}1%0?18? However ,

t he preciageordiigan ki @hcéptrileftnedtheteins pawever, the grealss deteils df dinffeerf. Al so,

it should be.appreci . shown in FIG 3, that, though DELAY6 is th
Si gnag tﬁB?CIﬁ%gﬁﬁéﬁégpcgg%gei ng coincident_ with TAPi, tge si_gnal | SI5ELA$1
through DELAVSIsaritshwsikbe anpregiateches shaven in e 84fhet, thapgh P@Ié&‘g@}sttgﬁ.
dent 1 1y T e B BB R hanees st ate
si gn
oY A ULty SISl e PEFAYEIE SLORR! bl fRDABRaRhgL e Do
u fs ei NfD or I{ohtakzﬂgtr B@%ig&&ﬁnﬁ’bf’fh%’o@l Bnto tdentifyi the partibalhr encaofithe PELAEY out put s
0 gat es in agrder to e RS L I H to LO
out pa cc?&ﬁn&lsﬁéat ‘iﬁ‘g%%?stsgat‘?jlé? ﬁ?ﬁcﬁlgn %eolfl(r%ga&%(gﬁggi%ﬁ&gh%f ?\ﬁgfgg g%r%%lee of Oa
possi bl e chanitaighn be sserkfonthis herpbsen (1 sofisvarreercitchisty thfwemings thaphputpe
| mpl ement o\ L%%%%Wf@f.?ﬂf@ﬁ}}%@ﬂ@ ldtect 4 trifRRiFHERGH B0 L TRbuBMCRURT bel 18

convert ed out’p its of each colum circuits into a nunber reflecting the
time of tusedtcsiwrrgn@%aml_dw; same function could alternatively have been
performed in sgf iMAR&E exataple@PasRssible Rafistiv, eorhaseitie taldtibnadésoribstbebove

et e Bl S e I P £ P LA g TR TRFRMAIPY® 20 €
t E:ts eaI géﬂoa_yeliteggdmpt}tlbﬁtt@ pf F&hu&hdnﬁ cilrcgmn émtaauniber reflagting tha tine. offlenever, a
"nd: cat oo THRCIERe T e By okl vy e pech BETORITR Swiler 2 ave
i s coi ncildkewiswj 4 hardwere barid eliradipn woEdpspeberd bt eorfactians tarhetlr caliRgater Ap;
tSIhgn'?'lAiD HOWE ¥R b sur@Rentd 9HA80LEH Hale FleFapplied t sofiwBRSSi bl e that the edge of
20 As another example, it is described that a delay locked loop is used to generate the
TAP signals. However, a phase locked loop might also be employed.
As a further example, FIG. 3 indicates that the time of event E is determined by
declaring that DELAY®6 is coincident with the TAPi signal. DELAY®6 occurs first after
the TAPi signal. However, as indicated in FIG. 3, it is possible that the edge of the TAP
25  signal will fall between two adjacent of the edges of the DELAY signals. In the example,
TAPi actually occurs between the DELAY 5 and the DELAY 6 signals. Coincidence
might alternatively be determined by selecting the DELAY signal that occurs most
recently before the TAPi signal.
Further, it should be appreciated that the various processing circuits may have
30  various amounts of delay associated with them. Thus, coincidence does not necessarily
mean that the signals occur simultaneously. For example, one or the other of the signals
might be offset in time in make up for delay in other circuit elements.
Therefore, the invention should be limited only by the spirit and scope of the

appended claims.

- 16 -



25 signal wll fall between two adjacent of the edges of the DELAY signals.
In the exanple, TAPi actually occurs between the DELAY 5 and t he DELAY 6
si gnal s. woimosdence mght alternatively be determ ned bycyaisersicsy) t he
DELAY signal that occurs nost recently before the TAPi signal. Further, it
shoul d be appreciated that the various processing circuits may have 30
various anmounts of delay associated with them Thus, coincidence does not
necessarily nean that the signals occur simnul t aneousl| y. For exanple, one-
or the other oVhatigclsimerhiss ni ght be offset in tine in make up for del ay
in Otfer]plrCq&hnﬁHﬁaﬁﬁkﬁwnmﬁﬁmﬁh@ﬁgmmﬁle invention should be limted only
by the spirit and scqg‘g of the appended clains. - 16 WO 03/054565

PCT/ U02/ 39658 CI0PWimed is 1 1. A tinme measurenment circuit
conprising: d)a) a dﬁla;cdhamiwing a311hﬁ>uta:odméc$aﬁ totlag clodiainpuiy therdelayphain
connected to the cliock i ﬁ%g& i of

del aygel enents eac ﬁlaﬁh\% nlggiﬂllalm{)ut pu gsaétag% hﬁwﬁ?ﬁ%@&gﬂoﬂdﬁjﬁbg}ﬁ bh(Ea:ach

del ay5el ement ; 6 c)owpwpOradhrdslay.clemety; a second plurality of del ay

el enept s, eacQ havingrép ik ut and an output 8 and each providing a del ay
bet ween t he |géut and &%% the 9 | ut of each of the s cond
plurality of delay 9% P]é‘railhéy %"ff{f’gé}yeeéler’cl%’tﬁ [¥8C atylwnpﬂtﬁ?fi 1e) a
coi ncgdence circui tanh%ucmgromdﬁmg@ﬂelwbwtezbeﬁmeoﬁputamwpuemhrmthpl ed to one

o7 Olgthe tane 2nd Aan g She Sdohd pRlalp By SREGEMRNERALO e out Pt

of 13 one the sec enent-s t put
out pub 14 representST(ngtmlt(mdnm dence between one of the taps and one of

the .15 out put O tg aﬁnagafeg qgm Wﬁwlﬁg ¥ ik pRBAIRY oP nBBNRh ca,upaed fohenet i e

measUfenent CI erein _the_colnti dence c ri ses
a plaRality of col mﬁih@:tapéaml%secea@ﬁluﬁ%w AEInRHLS; "rﬂ?ﬁt"(’%?é\ t#{%Hmtpb}t e of 3
the % aps and a SeCOcBHétﬁ@bec@ﬁdpmwitﬁof@a@ﬁelemaﬁe%edmtommnah@butpme out put's
of t e4second pIuralltR/ ay e ge

representing the com 1dence {Ween one of the taps and one of the

15 outputs of the second plurality of delay elements.

2. The time measurement circuit of claim 1 wherein the coincidence circuit
comprises a plurality of column circuits, each having an input connected to one of
the taps and a second set of inputs, each connected to one of the outputs of the

B W N R

second plurality of delay elements.

3. The time measurement circuit of claim 2 wherein each of the column circuit
comprises a plurality of logic circuits, each having a first input connected to said
tap and a second input, connected one of the outputs of the second plurality of

S S

delay elements, and an output reflecting coincidence of the inputs.

4. The time measurement circuit of claim 3 wherein each of the column circuits
additionally comprises an encoder circuit, the encoder circuit having a plurality of

inputs, each connected to the output of a logic circuit and an output, reflecting

s W N R

coincidence of each of the

5. The time measurement circuit of claim 2 wherein each of the coincidence circuits
comprises an encoder and the output of each column circuit has fewer bits than
the number of inputs in the second set of inputs.
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1 3. The tine neasurenent circuit of claim2 wherein each of the colum
circuit 2 conprises a plurality of logic circuits, each having a first
i nput corwewBesistd said 3 tap and a second input, connecP€d/usnz3wEs t he
outputs of the second plurality of 4 delay el enments, and an out put
refl ecting coincidence of the inputs. 1 4. The tinme nmeasurenment circuit of
claim3 wherein each of the colum circuits 2 additionally conprises an
encoder ci.rcui t.he encoder circuit having a plurality of ., 3.inputs, each
connect ed®t o théeaﬁieﬁmasaﬁemgnt cigpui of e VeI ghe iRgidance fiketiect i ng 4
\(/:\ﬁi ncizdencehof ;;@fﬁpﬂise@fcirbﬁi&érlarcﬁuciﬁlga firstnpuratigsefisersi inteinieditité sigﬁalgleada}m ﬁ
erein each of .the coincidence circui.ts .2 COMMLISes, an _encoder t he
outputs of each 4 5F TG ER s ot bund BB BB SRERPEE A, L e 1
t he setond set plfalitypfiinputs ahd eadh®0B¢ gdabplurtTy oS0pN89658 1 6. The tine
measurenent circuit of claiml wherein the coincidence circuit 2 conprises
circuitry producing a first plurality of sets of internediate signals, each
3 set bf nt er ABeliBcancasyisment ¢iesyitod elaim fgvharaindly ¢pinddsnee ch@tiheen one of

the figst 4 pl BddtibdallyQ@omiphibesth cabeded 3 EuiPhavikEing61s @BahdtddIta kel tsaff | nput s.
1 7. The tine ngasurenent irc It%ﬁg c%%%g16 erelq t he 08%n0|d nce
circuit 2 addi MEIREARE TERAl WK pe themomipalmspswgd g P8 onnect ed

to the sets of 3 internediate signals and an output reflecting the nom nal
rrea_su_rled F&' e “fﬁé Hﬁre.méas&rem-gpfa ifclugf.%f @Bgﬁ"?raﬁﬁﬁf&tnaw &ﬁ%ﬁsil?fg a&hi%%amoﬁ .
additi'onally conprising a ca [ Bra ion 2 nmenory, havi arr 1nput reflecting
the nchinal ti memeshderageninmsugilestng hempminag tisreopenshregiont equplegid thm

out puts ref | ect bngath@rdaflah@aabathut tefBetink e calltRatbd fIemeasur enent circuit of
claiml additionally conprising a counter having 2 a count input coupled
to said counter and an input for disabling counting coupled 3 to the STOP
input.11 90. TiMRe tindEndiRasticaEuitof cRithtl adblitiohallyecmpiniies ot havihgt he
elements in the 2 (%eIaLf{ cheiigd‘l has, a nt%m' n(fll delfaﬁ% { 1?3 and tthe dif[eﬁrence
bet weeh the | of GRET TR SGUPIS 104G SR BY FLPYY 5§ SPhtEoaie e By tHe
second pl ur al i tosthefST@H iaputel enments 4 exceeds D. 1 11. The time neasurenent
circuit of claiml wherein the delay chain is part of a delay 2 |ocked

| oop.

1 10.  The time measurement circuit of claim 1 wherein each of the elements in the
2 delay chain has a nominal delay of D and the difference between the longest delay
3 and the shortest delay introduced by the second plurality of delay elements
4 exceeds D.
11.  The time measurement circuit of claim 1 wherein the delay chain is part of a delay
locked loop.
1 12. A time measurement circuit, comprising:
2 a) a clock input;
3 b) a first circuit having an input coupled to the clock and a first plurality of
4 outputs, each representing the clock delayed by a different amount;
5 c) a STOP input;
6 d) a second circuit having an input coupled to the STOP input and a second
7 plurality of outputs, each representing the STOP input delayed by a
8 different amount;
9 e) a third circuit accepting as inputs the outputs of the first circuit and the
10 second circuit, the third circuit having a digital output containing a

- 18 -



1 12. Atime neasurenent circuit, conprising: 2 a) a clock input; 3 b) a
first circuit having an input coupled to the clock and a first plurality of
4 out put swodaokssepr esenti ng the cl ock del ayed by a diffePEmtusansssst ; 5 c)
a STOP input; 6 d) a second circuit having an input coupled to the STOP

i nput and a second 7 plurality of outputs, each representing the STOP

i nput delayed by a 8 different anmount; 9 e) a third circuit accepting as
inputs the outputs of the first circuit and the 10 second circuit, the
thirdlcircuit havi rjuelisi of hitsithas gensesentcesincidenc jetieen one ohipe ftst 054565

PCT/ Y502/ 39658 11 mliafify bft¥grfs dakilone bhfde sé@ﬁﬁ?ﬁtﬁﬁh‘cyﬁﬁlsfgﬁhﬁence bet ween one
of the first 12 pIurallty of signals and one of the second plurality of
signals. 1 13. The tine nmeasurenment circuit of claim 12 wherein the first
circuit cipri El&smae niaslebmyntlcixckie df ¢leinp12 Wharkin thedirsteasuit eomepitisesiar cui t  of
claim12 mhere qudg circuit conprises a 2 plurality of encoders,
each @ncodlng %’pa ‘of bits fornmed by conputing the 3 logical AND
bet ween one of the first plurality of outputs and each of the second 4

pl uraki ty %ﬂ&a?surelﬂejﬂ@mraﬂ@oftdlﬂﬁ 1@@%&1@1”&%‘&111@' dil@uit ko Enﬁs%i m 12
mhereln t e third circult_ additional|l IH%¢ éigl ratlon menory. 1
16. TRe tine rRluslieofesmeodss.cash el’tﬁ?f)dlt‘}géli‘erﬁaftﬁ S GO UHE ement

circuint is 2 JopihEAN indwaesh eheGfie finst gluratityect cmtpu:tmaﬁd edeh jpf thik steondT he tine
measur enent CIFC4$y9ﬁ%ﬁ%%In116 wherein the CMOS integrated circuit is 2
adapt éd for usR {tf'c test equiprment having a plurality of channel
circuits 3 and the integrated circuit chip additionally conprises at |east
one of, the chappel:,. e%kﬁrgﬁi%ﬁt%lrc&t %@claM?Z Wh%lﬂ@ﬁsthﬁ@@fﬁﬁﬁt é&ﬁftﬁhﬁbﬂy of claim
12 used mnthln aut oma test equi pnent 2 wherein: a) the test

equi pent add|@mMH§P$9°@dﬁﬁmﬁ§@®n@NSecond time neasurenent 4 circuit as in
claim12;

16. The time measurement circuit of claim 12 wherein the time measurement circuit is
implemented as a CMOS integrated circuit chip.

1 17.  The time measurement circuit of claim 16, wherein the CMOS integrated circuit is
2 adapted for use in automatic test equipment having a plurality of channel circuits
3 and the integrated circuit chip additionally comprises at least one of the channel
4 circuits.
1 18.  The time measurement circuit of claim 12 used within automatic test equipment,
2 wherein:
3 a) the test equipment additionally comprises a second time measurement
4 circuit as in claim 12;
5 b) the time measurement circuit and the second time measurement circuit are
6 connected to a common clock; and
7 c) the STOP input of the time measurement circuit is connected to a signal
8 that indicates that start of an interval to be measured and the STOP input
9 of the second time measurement circuit is connected to signal that
10 indicates the end of an interval to be measured; and
11 d) the test equipment additionally comprises a controller, connected to the
12 time measurement circuit and the second time measurement circuit that
13 outputs a time value reflecting the difference in time measured by the
14 second time measurement circuit and the first time measurement circuit.
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5 b) the time neasurenent circuit and the second tinme neasurenent circuit
are 6 connected to a common clock; and 7 c¢) the STOP input of the tine
measur enewWD 08i0s4s68 t i s connected to a signal 8 that indi earasor/smss st art
of an interval to be neasured and the STOP input 9 of the second tine
measurenent circuit is connected to signal that 10 indicates the end of an
interval to be neasured; and 11 d) the test equi pnent additionally
conprises a controller, connected to the 12 tine nmeasurenent circuit and
the second tinme measurenent circuit that 13 outputs a tinme val ue
reflegting t hergl fithe hﬁgﬁﬁﬁmé?t_tdixﬁ’&it Gealaini €8l wihirdidihe tibde Besarendni oicuit
measurenent circujit and.t.he first ti asurenent circujt. -

03/ 054565 PCT/3980 ?%Qg%tfmf myegsusppignt gt F‘rﬁ%"é’d@}“}%"ﬁta QT nng%t%‘cl |t‘§e/1\iom 18
wher e3n t he tithe comasmrddodrsignal.rcuit 2 and the second tine nmeasurenent
circuits each includes a counter connected to 3 the conmmon cl ock signal.

20. The tinme neasurenment circuit of claim 19 wherein the tinme neasurenent
circuit &% tHehednongasureraenhsiawil ehelpim £ phgicin tha YMSANLASHSTIFRESIECUST o

i npl enent ed on ,34 tH\Borid ie ntea®fPement circuit and said counters are implemented on a
CMOS chip.
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