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This invention relates generally to automatic test equipnent a HE’rF?
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manuf acture with automatic test equi pnent (ATE). To determ ne whether a
chipis properly functioning, it is inportant to know the val ues of
signals generated by the chip in response to various stinmulus signals. In
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20  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, if 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 occurredina 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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test syst _?/snl?em Rfucﬁ 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 sysiem. 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 comparisonto CMOS. High power consumption is a drawback for citcuitry 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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timng generators. US Patent 6,073,259, which is hereby incorporated by
reference, describes ATE using CMOS circuitry for timng generation in an
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i ncorporated into ATE. WD 03/ 054565 24 APR 2006 PCT/ US02/ 39658




SUMMARY COF THE | NVENTION Wth the foregoing background in mnd, it is an
object to prqﬂ)ﬁ@ a_low cost, conpact tine stanp system It is alLso,an

obj ect of the &t%n t o provi de an ATE systemw th a ti e st ) PR 2006
system The foregoing and ot her objects are achieved with a tine SEAnS
system WO 03/ 054565 24 APR 2006 PCTI US02/ 39658 BRI EF DESCRI PTI ON OF THE
DRAW NGS The invention will be better understood by reference to the

following nore detailed description and acconpanying drawi ngs in which 5
FIG | is a block diagramill §M§%%TM¥MO§&stem i ncorporating

the invention, Wik the fslguig bRclErAAISH nfisd 3l iebd {38,404 81 i t al
converter Cbélﬁ%écttﬁﬂ{esltﬂn%gls'g':l Cli@i3 igﬁa t %{ﬂsnahglﬁjggirtger%‘%‘f%&w\"ﬁpst
under st andi ng ‘oper ation PSR circuit of FIG 1 ;. FIG 4 shows in greater
detail a colum Eil$%1§¢tangbjeﬁldﬂtheﬁnvérﬁioﬁlt@pr&,idmrpgg%nqmraat%ggtgﬁln
automat i t@glengystem i ncorporating time measurenment” circuits as Swn i n
FIG 1. WD 03/054565 24 APR 2006 PCT/ US02/ 39658 DESCRI PTI ON OF THE
PREFERRED ENMBCDI regogng andgrikpnobjectsianeackievep vethes e 5tas@rspaE@t i ng the
invention. A START and STOP signal are applied to the systemand the
system produces a digital OUTPUT that reflects the el apsed 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 pul ses of

CLK2. By way of illustration, CLK2 could be a 400M+iz cl ock, such that each
pul se 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



time that is the value in the counter nmultiplied by 2.5 nsec. The | ower
order bits of the OUTPUT signal represent sone fraction of the erlod o
CLK1, al sowpdsmissed cl ock signal. The |l ower order bits areP

Time to Digital Converter 110, encoder 118 and RAM 120, as 2 658
described in greater detail 3-s below. In this way, the tinme stanp circuit
of FIG 1 can generate a tinme stanp with greater resolution than the CLK2.
The STOP and START signals act as inputs to control logic 114. In a
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signal. As will be des difd i{ below, time to digital
converter 110 enpl oys on ot1 gﬁ@%ﬁﬁ)%#%‘ge circuits latch val ues when
an i nput changes and generally hold the value until cleared. As wll be
appreci ated by one of skill in the art, circuits such as one-shots, |atches

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
measurenent is conpleted and the output value is read. - 7 WD 03/ 054565
24 APR 2006 PCT/ US02/ 39658 The signals provided by control logic 114 are,
in accordance with known design practices, formatted or |l evel shifted by
control logic 114, as appropriate for the specific <circuit ‘i nplenentations
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
el ements to cause themto accept inputs or provide outputs at the P
v

appropri at evbiopesessdiowever, such control operations are V\e{,éfb % 2006
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110 is provided to encoder 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
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are then passed cal i bration RAM 120. The ti nmeasur e roduced by
encoder 118 ref Fg%'t 1@3"”%8‘%%%@? ﬁ%sjt%m@ﬁ@ﬂ{éﬁh? ’chFIgfqne'rX g&A&ﬁ%as ur ed

val ue if eVEPY signahamappliedtothe dysteni arsithe system piodeced el digitat T ERITE thiast | CS
that 15 ma} ' | h b i : ' i.n.the art that
I nt egrat ed %?Eé@a%@@quﬁ%m?ﬁ%w&% raét_gt' 38@‘.’0?‘&‘8??“% ps,

exhi bi t° ac?‘?}g‘i’ Pfaglec%é%irgls@ﬂﬁléﬁ syaehraniged toitheiGlile2 signah whichaoadligital val ues,

soneti.mes &gela significant amount. To nake nore accurate neasurenents,

calibration RAM.120 st or.es t hat .correl ates the val ues_ generated by
time to digi taMJB%@%’rv‘é?n ﬁﬁ%eggJAjﬁ ﬂ&’?alt‘ioﬁﬁte L?s}t‘:ﬁ%‘h‘séﬁt"@‘.mtw%@f of

ca: ! Er a': ! oﬂLRAIVBylmﬂ@foﬂustnapothtIfd{z aqpd ?ERFOMZ clitR, siath ¥R chéh pllse

cal i brati ag,RAY wal.- measur emen are

peri odi caﬁ%{}_ u é%@g&%s%%ggf;igﬁgect ?ﬁnghl ?gtasﬁ%u@?apgﬁﬁ gfn?ﬁ%biﬁ@ﬁgw afut omat i ¢
test &Qui piasived fomdae puipetwicaunies 112. pForavi 0L toel, itlrmgpedvbits feprdsentmeasur ed

and | oadedjgaght sieviieid®s L it on. To determ ne the
val ues, the pulf}re%ooccurri n E?;lltﬁjbf nombl'??&nlg;sﬂﬁgf%five to a START 25 si gnal

are applied to weicpder i of theQUd PR signal presstesomeragtion of the periodd wi t h
cal i brat i af CRAM, hRO ahligies SRk sbAal MhalloWerfrdértits QTR atedl BiSEtheds an
addr ess tci)i q?allét%lrvatl ORAM &2 .8At H}@{{ dress,, the corréct tine is
stored. | N B UaTVSEE L0 Barodend 8 and ’@n‘@i}dﬁ egeptberldn gepater defald as
the adlir edslave lndhishyayt fhertinRAtthip Oircdihel FIGal ichn gérechty atine stdngs ®gthat this
addr ess i?é#&%ﬁmqﬁgﬂ BldL%b as the OQUTPUT. 30 A second calibration

al s cl uded | S
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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. '
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 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
(2301 1o 230m 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 maich
35  its nominal delay exactly. However, it is desirable for each delay element to have a delay
that is close to the nominal delay. ' |
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del ay | oc K& p 210. In the illustrated enbodinent, the fraction is 1/M

of 't h&5del ay DTumtieg sowito FIG 2 tinRGodigitabeomvbrtetel 18)is ShaWeRt freRSQUetail.

Pr ef er abl yy b - £} i n ref.er nmbodi nent ,
1 is 16, Dt bt Ren 3R 1TH hdilel a Qi1 205 Iy A8, B FISElckeigy ot

0/ 16D, 1/ S@sists ofiag@dmin in%ﬁﬂfﬁﬂes 21hdo dpamat Chovksignal GBKi ds abpdied ak awonver t er
m ght be pgut @rthélgggast ood by reference 30 to FIG 3. FIG 3 shows the

outputs of thr f, t del tages 212. The outputs of dela
P et is ar&?ffercnt@f c:lsocl(é1 %1gnal that is synchronizgd to CLK2. Accg)/rdingly,

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 212y:;. 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 2 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.
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E in Fl G gg @il Soprédiatt NBohdh #3t 2 e, the output of DELAY6. The
STOP signal that %:gpty ari’sef)técl)j’the o%?g%%t%é?l%LAYG t heref ore nust have

occurred bef or &2¢th geweingludesa dele plement 230me 286uéiometimes also called a
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 beiter understood by reference
30 toFIG. 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+] represent the outputs of three consecutive delay stages 212;.,, 212;, 21241.
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 outpuis of the delays 230;...230y. At some time, the STOP
- signal will be asserted. As long as the ARM signal is active, one shot 218 will produce

- 10 -
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| nser ti NGseRRtAGH 3bndgle e 'r%g:ﬁe?bi?é Afth%‘ﬁactﬁin&ﬁﬁméhﬁaﬁlrénen?hus, the actual

circuit used in the tine asurenent .systemm g%t _gave del ays that are not
e By
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MHz and N=16, D=2.5 nsec /16 = 156 psec.

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
DELAY®6 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;...230y, 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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20 The colum circuits 214, ...214N determ ne the coi ncidence of the signals

from delays 230,...230M and the signals fromthe taps of dela Réﬁb
As W |1 bgydess: 45ged in greater detail in conjunction W|t 54%658 6

col um ci rcwt receives a signal from one of the taps of e ine 210
and all of the signals fromdelays 230, ... 230m The colum CI rcwt
out puts a code indicating coincidence of these signals. 25 Referring to
FIG 4, the details of a colum circuit are shown. Columl Circuit is
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out put s ofthefelighplsei rcuits 5 2301...230M because the STOP signal occurred
a]ftgrl TAP; _I. ﬂti\g izlieacmal@fb@ﬁtlﬁa@rdtﬁgﬁme\méahm?ﬁieﬁt t?ﬁﬂéﬁfrhi 0hafe deha@sout putsd
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si gnab ocamromdtdxhﬂmmtﬂe&oﬁﬁfa%nghaﬂmganaﬁﬁaltdmtmleanumnb:my i dentifying
the delay circ uces an
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signal s rmeshelge capturéd. Each colum circuit produces this

20 The column circuits 214;...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,...412y. 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;...412p comes from one of the
delay circuits 230;...230y;. 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 230;...230y,
If there is coincidence as reflected by the output of one of the AND gates

35  412;...412, then the correspondmg RS latch circuit 414,...414y latches to capture that
event.
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data for one TAP signal and it is reflected in the outputs of the one- shot

circuits 15 414 ... 414m These outputs can be encoded to red Iﬁ
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mght be omtted entirely. 20 The outputs of all of the colum circuits
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measur erreﬁ?t W%P%ﬁﬁﬁi@%p e]?ﬁgﬂér%{rrﬁr]jn& 236 W‘tﬁéﬁ’ﬁ% %Eﬁk above,

t hesel reapwdecaeran oufpiub overtappingtthe THE: sighals IDeHG: 8, DELANGais ¢he longestdgiay

devi ation 4 N%%TXPJMﬁéxt In this way, the | ow order bits of the
QUTPUT o &thtﬂm) eﬁ% asurenent circuit is generav@gﬁ:SS Th asurerrent

out put can be Thwtq makem{imgapeasurepent data indicating wiuch ofthe E?IP»X/S in
aut omat i Co{RR seaulowwwmeiﬁgms%@nm e@UEQIRIohanst eB¢uispredsses th1§.3 WO

03/ 054565 .24 Q2/ 39655.500. ic t t ATE) 500
is of theddfy %Sg@%ﬂg‘t%{l He%ﬁ@g&@?oﬁé\%sg@é %ﬂffﬁfﬁ’écl‘?ﬁﬁs?m (ATE
manufigct udbly. A 4ex Theeeugfutscantbeantadet ts ysiuenthesutriver if7dbta BudsadebdedTer adyne,
Inc. In u?eﬁgctﬁggg\% ?g{f oﬁ%‘n&%ﬁ%&% ¥§e§ data ¥ F V1 Bs ﬁ?so%s r are

connect ed ener es a measur.es test s for

DUT 510. Bymbaofhits wgthotttelorﬁszfsufoeuatmng ey codesisederdy cbeﬁetaétyf the\TE 500 can
det er m ne,uhe{el embbifnert buk 8thePIRRB oF ¥ndodiHpldo@Il Heised, or the encoding might
be omitted entirely.

20 The outputs of all of the column circuiis 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 }, there is a unique pattern of bits. Encoder 118 maps the paitern 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

- 13 -



One type of neasurenent that m ght be nade on DUT 510 is a tine
nmeasurenment. For exanple, a neasurenent m ght be nmade to det egkﬁ ﬁgr
sig

DUT 510 progy Yshsisgn 10 out put signal an appropriate anou a
certain input 1s applied. If the input is synchronized to

that drives time neasurenent circuit 100, the input can be used as the
START signal shown in FIG 1. The output of DUT 510 canthen be wused as the
STOP signal and tine nmeasurenent circuit will indicate the el apsed tine

bet ween t kgoi RRtEmARAes u?swﬁ (ATBNS0Gs off thel thpd ired $6 peedemiapdesondévigst he

CLOOK <1 qiaries B AR o AB R POt P S S S ot by

circuits IO couI d be used to nmake the neasurenent. FIG 5 shovvs an A and

a Btinme st arrpgg'% %@t gplﬁ&q %ﬁ]ﬁ@bﬁhuctgpdc@?ég Jﬁdﬂ:ét asnB@‘WI% nReldy tine

stanp circuit ven t he 'sane TART S%ﬂ?a Int I s case,
t he ST&z\RthsAaﬁaﬂwz@k%@O@gmatwna maepFwrenitest signapseor PAHC G dpy eoseiiring e

stanp ci f%:hee@uféa@.@azsﬁb%ﬁ SchANRleh f KTE 50\ cHPAtEnliRS FhatBedSUT 530 % OP
signal the signal from DUT % indicating the start of the time interval
to be nea®MPEHY MCHENEEanp circuit B would receive as its STOP signal the

si gnal from DUDne ddidnéa@ﬁﬂeﬁ@nﬁﬂiﬁtrﬁigﬂtwmh@rﬁoﬂ DI 510k etingd measuteeent.

d. .To det th ‘
out put of TP st dsnsestadthed SERE i alB 00BN, pHBnd T A0BGRc 20
Wi | el@ tbutpuhﬁgtmllanap}umpnate@mouniaﬁmmﬁewb@dﬂ&bmt tﬂcawphecbelf theppp#dnt ed in

nal

s i nt SostfUo diCLOER SRR 4eS iR hAufnF Rt U0, TR a5 @
r eI ati vel gau ‘Pftlﬁeé abﬂlﬁeﬂTARﬁé%%Ieﬁhowwqﬁés Th%?“@P‘a?iﬂgpgggp ﬁ@gﬁ’eused in

tine measysnRhe STOP lsigtnal @ﬁqaﬂ@me&ﬁrémt dietiywithindlegie tﬁwspsedrum t

el enents ¢an vary .w del fabrication conditions and operating
t enper at uﬁ%twe%ﬁéml?‘{tapé"&&’?l?f’lg?ﬂgﬁ to nake accurate neasurement circuits

usi NgLEMOS.  AsIftthe siphdl ecpratzatieg thelheghithggdfler inteseal o bomeasvkedsisgotall that is

o0 used TRREATAY Salithe FABCK K5, Bhe SEpH norkEtoicti 3 B8 ltt {emgscﬂ cui t
i s accur atimestaoyytirduits 106 gould bansedip Sllwéiﬁﬁhe merpuranprat. F1G §i shoyra gn dhan

advant age, enguah! et S o sasy Y o
03/ 054565° 4“‘%%@%‘8%%/ US02/ 392?5 ik dOBH fhe

f th d
chi p t hat CiraligS a1d B gyauld be giverHesame S %%rﬁt‘géglgﬁ?he case,%eeg’iﬁk% Clai cutt

20  would act as a common time reference for each time stamp circuit A 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 subiracted from the output of time stamp B.

While a time measurement circuit as described 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 systerns.
And, the circuit has the advantage of being small enough that it could be implemented as
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signals of one channel of the test system In sone test systems signal s

for nultiple channels are generated on a single chip. In that Hbﬁﬁe
m ght be tygQolbdfBesStamp circuits per chip. O course, gg
e

stanp ci rcwts per channel s would 5 depend on the |ntende use o ATE.
In conparison to a traditional approach of using a long delay line to

I ncrease the accuracy of the neasurenent, the above circuit has a fast
refire tine. In the traditional approach, two delay lines are provided,

one of ‘(’j"hb% oflgtlf:%%ﬁe‘it%ﬂggtﬁﬂe?%ﬁctﬁﬂ«?ﬁﬁ fft Hélﬂ@élrcétﬁ@ 23 eﬂ%‘aﬁé’kﬁ' r@é@ﬁgb@tggt .
measur e el e s on the clock pa ave an e
del ay el eﬁ%ﬁﬁ% og %gﬂ}%ﬁﬁﬁﬁy%%eweﬁtﬁ é\%‘ﬂf‘ &W I§§7"’l{~’§teage t he
clock pathundels@atd genafaeedmeﬁsmgle thip. t:tmakcasa,ptherearhgm Heatvoltinamsiathpe edge
pat h outputs re tJ.e age in the
del ay patﬁ %ué% pﬁ%‘*ﬂgeg £ cgﬁlﬁié]%e Itdgﬁi%l%f%e%%ﬁ}é%%cgﬁ%g&%%f%?#%oﬁgnpar ed to
"~ the previ depend badhs inkinded ze ofdlas AVE| npl ementable in  CMOS. However, the
del ay through thg, IIIIPLIESOQQ{) ﬁﬂa#if'hﬂﬁal‘a?p%lacﬁr&ﬂ Ui Tz?l‘oﬁéliela?[m@ﬁf m@t%a@‘tﬁmﬂ e 16

tinmes the clock %d he refire
time (tin@CoHErye ﬂteneeasw‘?eeph#f? AOR¥e HECU éd”&str fPHﬂ’g m‘e 01% cl ock
cycl eséI aﬁﬂ)rbatbﬁ nﬁd&m@h@étmmﬂoﬁue@ o@tewmaﬁmtmmeldtdcmanannb stheer supply
noi se duri r.e 0

docunent g@%ﬁ%h‘?ﬁg P18 Hbeés%%‘ga[?é éj%q‘y e(‘?t’éelt %‘9@?%0[%@ aﬁ:telgang raeltaﬁy onal
arrayLoof richthe delap klenspntd centbeedge inputdavedealay T2t Ateavhxiclaystagel thy cleck t hr ough
the circ %&th oﬁtﬁgﬁ:sa?]e Q@'{btiﬁeﬁo%ﬁwﬂ%f PARhARE i EEEﬂJro%r:ﬁ ehigd i eef ore

much bett and nol se 1 ssues_conseguent ess. . Having
descri bedDonIelt@iﬁﬂwda nilhemeaphstage %ﬂ?éﬁhﬁ@ﬁ%@hﬁ@éﬁdﬁﬁm@s‘&eau}%@l ati ons

hmght be &l?iféfenfé;@tt‘TmrHta}rﬁmddttoth% %\ho 55[:]3)’31EE§§11 tbnsbtﬁlta?YeﬁI erns*ntI
ave a value that exa 5 a e nom na
val ues of CMRS.ddPw§vase 251‘3]@@5 5‘@52@5@3? 5(%“? lﬁ\r{[g T@t‘ﬁi%hﬂs fh can
conparssat gakiple Wﬂnﬁ@ﬁi@aﬂ(bdkl]ﬁnbﬂ]%]lﬂf@—'rl ¥eld16 &f 84, This Iﬂélmslthb tofire

bl ai nod P CHRD BCT B piibsAn Sk SppOTE Lo, It P oBOPYRASTna 3,

subt r act edgnd ammmlatemmdsmtoadtdnynépmr@ipﬁd ﬂleg quring héentietisigt put of a
tap of deldipal e el detortlod i1kl d8Bhufight Géidl trlese Atled bAtduSE BPhe 4 f be
y a on

construct ay into t eta out put s, suchthqtltheAs
anot her ethe o éHDGItSIOSIﬁb@T%’ qf dimegepipling gemsa Saﬁslatf@ﬁ‘gﬁﬂ?%ﬁﬂm 18 udes a

st age 021 2Nisheh B citchit19les§s AN GIRE ﬁeﬁo@dﬁﬂdﬁh@&ﬁr&rﬁm‘é istha@fore smphdstal to

ensure that, fach t of .the del a sees the sane | oad. Keeping all
| oads t hefnd %?Tsaﬁ‘ﬁé@lsteﬁ%ﬁ‘e%%?&lﬁe%@n@fn@@se has the same del ay. Additi onal

stages m ght bdavidgdekctibed e éntbpdimedt, tunserced alterdative 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 230;...230y 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 info the tap
outputs, such that the
As another example, it should be noted that delay locked loop 210 includes a
stage 212y 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.
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either to insert a fixed delay or to also equalize the input |oads of each
del ay stage. - 15 WD 03/054565 24 APR 2006 PCT/ US02/ 39658 Furfhe F\;aé

shoul d be\@(p%fs(ig%t ed that sone parts of the circuit V\ere&e‘;ﬁ%}‘g}éﬁg 006
bei ng i nplene with | evel sensitive conponents. It i s poOSSI Bat the
circuits could be inplenented with edge sensitive conponents. The circuit

woul d still function according to the concepts defined herein. However,
the precise details of timng of 5 specific signals would differ. Also, it

shoul d be apprﬁﬁﬁﬁ&q@sho%&d E@Mediaﬂeﬂh@t soBie }Bdﬂt@foftﬁemﬂ‘éﬁﬂ “@&L&e\é&mal dshe

s tad S 3B comranrsl irherel i e SLBAS A=AV
However , b&ﬁs;ﬂembﬁ%b@th&ﬂge semsitive admaporientsh dliseicuic wdekitstill fihdiogoal is to

i dent i fy t heﬁff@é@tt@ul Fﬁtg%%dtﬂégeﬁwﬁ;g 8l p&!ls% dePatt of S¢ state near

t he chang®*f Sigha dges n5|t|ve cl reul s ni ght be
used fsor speikdicignabswoulddiffnf t ware or circuitry that exam nes the outputs

of AND gates 4Lgy it %&ﬁ%é S6REA 1R sHOWE & FIG. %rﬁaﬁltHdugﬂﬁEmmlﬁheto LO
out put could be " Use

et’erm ne, coi nel C l e of a
possi bl e ﬂmﬂéhthel@tﬁééswmgwempmeﬁwgﬂg’ §§‘? ?15%%3@%&3?1 'E’?‘%ul d be
i mpl errfnfj PELAY 58 hg{b@ft@:} atftbé s@ﬂa’dt:imb ¢hat mpmsdmdr mmvemmesemgmm?r_el 18t )
converte i {.S.0f..e ol u in e
time of t lé@l%’?(t?’% fidetity, @a%‘m& @ﬁﬁh} F%ﬁuﬁ{er natlvie)%fL ave geen
per f aome dsigmmlsthit cv]mnges stdte kmmﬂwhaagdw@htaoﬁﬂlb d9d4 sigapli didge |S@1$1‘W\S@s
descr heCuraiit gt HRGPRA tﬁlgpgghgeer%pmés&mmmmw &1&}% ayl d

al so have een anot her éxa scri bed

that a dedfANDmaRsd1Loodite inerder tp@e’@éh%ﬁéﬁsﬂquféom?ﬁﬁ tQ i@]‘é‘ﬁgu"w r, a
phase | oclgdd gaamqhgmm@ihgﬁhebe enpl oyed. As a further exarrpl e, FIG 3

I ndicates that th I me of event I S determ ne t DELAY6
i s coi nci dent W?’F’P Hex e‘g@d’t‘?é?EblelﬁEEﬂW 8%%?";&% logﬁ {lées?:]ﬁb%d; & OTAP;
Slhgrl@JS ;&gﬁﬁifﬂd&m Smta::itdd ﬁtlasltoétdvalrel For@xafiplei it was dpsmbecbﬂ:mt ervatert HE eﬁge DE]IC_ .
the TAP Sl W e

si gnal s. %Y ?’ﬁ%‘f tEO? MOE% ﬁ&‘f‘”}‘@‘%gjé‘ﬁlr S ﬁ}%ttﬁgg@fg@és and t he
DELAY 6 sS'E{ﬂHIsgnaK:lehe(sramerfwtmmgﬂﬂ altemetively haves! l;eebaelﬂ@mdmlﬁ

sel ecting 4 bg; llf%dﬁh&rb%%edb&%mﬁﬁﬁ Wa d8R3ibed. rbﬁﬁ@dﬁacuo&%%aeﬁdaﬂbwn

si gnal . recl ated tha t vari ous processing
circuits tmg/m@am;ements could also have been applied in so

- 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 DELAYG is coincident with the TAPi signal. DELAY6 occurs first after
the TAP; 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 necessatily
_ 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.
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[E£fZhhem Thus, coi nci deQﬂeAﬁ?fgo()G

R SR Ypietsin Nt el -,JS|mJItaneoust For “exanp
- one or the other of the signals mght be offset in tinme in nmake up for
~delay in other circuit elenents. Therefore, the invention should be Iimted
only by the spirit and scope of the appended clains. 24 APR 2006 What is
claimed is i 1. Atinme measurenment circuit of the type having a clock input
(CLKI), a first 2 circuit (210) having an input coupled to the clock and .a
first plural ivpa pfelomdddyts, 3 each representing the clock del ayed by a
different amgunt and a STOP | CHARACTERI t th
measur emert ¢t r cufEIEARRR ‘\W&{F“&?ﬁwt@ééw%% g( ‘t%ﬁﬁk t (2301 23
Om having an i nputcutt(;’ijﬁ)lw:nganiﬂputcﬁﬁﬁl@dtqibmclﬂckﬁlndmdimmmcfwMI ity of
gﬁ; pgt E) %atcﬂligpéaﬁﬁﬁﬂ&hdﬁﬁn @.@ﬁ?@x@%%;@ﬁﬁﬁ%@&&ﬂéﬁ E‘E‘”é ufgﬁggt .
the fi rst 9 ci rcMh i’é‘é@ﬁgméﬁ’ Ft © %@d&% GICPHWHWHQ a ._
digital odtput 108)conraesndcircaitii?if.alsbw) mwn@anmpmauphcbqgm‘ﬁmp mpiinci dence
bet ween oge of the Itandaéeaéncmwmybrmﬂhs,%amedreeﬁﬁ}%:@@sr@mnbbﬁ second
plurality_of signals. ;13%&#]3: ?ﬁ"’%‘? rr$a %ﬁrrent circuit of claiml wherein:
2 a) the first circuif Ve %@ ain havi'ng an input connected to
the 3 clé&ck inpu®, tn&l’d@ra\yt@mﬂlﬂa»mwﬂagmmww?mmaéﬂmﬁm enent s

gag? fhhavlh ngdan ont paﬁ-cu&raddaiefs@ﬁndi&m&ﬂeth@uﬁzﬁmrmﬂfhaeagh errent and
e . third circui 4 ) a

pl urali tyﬁ]of 6 i nput Fs:on?ag%'}g a oupﬁ' ﬁf‘mﬁlﬁ r%fenﬁ%&kﬂgﬁccm g@egog%%il&ﬁ

pluralitylof inputs, ﬁ’%&'ﬁﬁ*@’(ﬂﬁﬁ‘ﬁ@ﬁswqﬂﬁé ﬁﬁecpmyr@@ algality of

out puts of the second s circuit, and an output, the out put represent| ng the

coi nci denge netmmzauﬂmmeaﬁlrﬁmntdﬁﬁmitapslamﬂwhﬁanof the outputs of the second
plurality,of del g 1R 'FR B corh yﬁ@la ﬁ%ﬁ nﬁéceﬁ% of claim

2 wherein_the coihci delné(e Cléﬁu SE@:%B ﬁl@ ﬂfto

circuits,®each havi ng®o% iput ’E‘ et e%’ﬁ‘ét s and a '
second set of inputs, hmhnbumotnmdaﬁwtmmmﬁem&rhlmdqmmsmﬂ t he second

pluralitysof del % el SRR éat&uﬂldgﬁc@'bﬁ‘édﬁaﬁvﬁhalﬂ?ﬂbﬁmhtyof

cireul ts( é 121.. M in §t§,%gchhc%¥ﬁlg 10 onfe %ig ﬁ:e !tapé) and a second plurality of inpyuts,
7 each coupled to the one the second plurality of owtputs of the second
8 circuit, and an output, the output representing the coincidence between one
) of the taps and one of the outputs of the second plurality of delay
10 elements.

3, The time measurement circuit of claim 2 wherein the coincidence circuit

|
2 comprises 2 plurality of column circuits, each having:
3 )  aninput connected to ong of the taps and a second set of inputs, each
4 comnected to one of the outputs of the second plurality of delay elements;
5 and ‘
5 b) a phurality of logic cirenits(412;,.,412y), each having a first input
7 connected to said tap and 2 second input, connected one of the outputs of
8 the secand plurality of delay elements, and am output reflecting
) coincidence of the inputs,
1 4, The time measwrement civeuit of claim 3 wherein each of the column circuits
2 additionally comprises an encoder cironit (416), the encoder clrouit having a

7




h itk 7onnect ed one of t f
g secohid  pfurality of del ay eremeRts: an out put reflec??’népgpmé)
. coincidence of the inputs. 1 4. The tine nmeasurenent circuit of claim3
wherein each of the colum circuits 2 additionally conprises an encoder
circuit (416), the encoder circuit having a 17 0 ~v & a L1107-2003 24 APR
. 2006 3 plurality of inputs, each connected to the output of a logic circuit
and an output, 4 reflecting coincidence of each of the taps and one of the
out puts of the sdtBHEYahiBpH sichegaseted i thy owpd R fogic cireait and (RS Ur enent
ci rcgit of cl ?i Mréficediey e@indidefe ofﬁﬁch'dfﬂielta}ﬁia?d mrmb m%mﬁmg eglmrsaédnay 2 01;]
encoders {416), . ' pattern o its fornme y conputing the 3
| ogi cal AND bet m@gﬁﬁéﬁﬁgﬁﬁg%'grst plurality of outputs and each of the
second 4 plurality of outputs. 1 6. The tine measurenment circuit according
to ag_y of1 }rﬁi8|)or Ghe thicigrefiens cimsuiz ofdidint 1 winadih theakirdvifeait B@%is&?@ﬁl&mfligf
encodi ng t ; : Lncide repr esent
a nom nalz( neasur Bg%cmey;@g)héﬁ%cgaﬁé %%?ftﬁﬁégﬁn%gsfg?ge@é’mmﬁﬁﬁ%t@eoof claim®
addi tionally con%’rgi"éigﬁné’e@@m%&fﬁﬁ plurakisy of puiputs andieach ofghesseondout
reflectidg the nphralifst oftontmaismeasur enent coupled 3 to the encoder: circuit
and an output reflecting the calibrated tine. f S. The tinme nmeasurenent
circuit of any of the preceding clains additionally 2 conprising a counter
(112) having a count input (START) coupled to said counter 3 and an input

for disalilifg coUiiimegmesupinent cirouit dveci8igho amymfithe precding blairhd me nmeasur enment
circuit gccordin L | ' ks : puts of
the fi rs{2 ci rcuiﬁ%%%@%%%&ﬁgﬁgﬁﬁ?ggg{ at ,IF@r E@ﬁ%&ﬁgﬁéﬁ%{%ﬁm%&?) and

the différence bHEYREAEACTRLPFSHYa2omine] moasyr imsyaWeor t est del ay i ntroduced

by 4 the second circuit exceeds D. 10. The tine neasurement circuit
accordi ng t 9. anyTifiinidReRireGal ciHhiCdfRianm cHigiakaly coBfridild Slaliblafieh)i t

i ncl ud del  The .t t t di
o any of the praead (irohRifined iy ariubs R oSERRne Bememerkcowf Uyt | o
i pl enenfed as dotogegdst e subrneiotn rafleetinigghe calibrated time,

8. The time measuroment ¢ircuit of any of the preceding claims additionally
comprising a counter (112) having 2 count input (START) coupled to s2id counter
and an input for disabling counting coupled to the STOP input,

S. The time measuremnent circuit according to any of the preceding claims wherein
the ouiputs of the first circuit have nominal delays that differ by an amount, D,
and the difference between the longest delay and the shortest delay introduced by
the secand circuit exceeds D,

N - T NN

10.  The time measurement circuit according to any of the precediﬁg claims wherein
2 the first cirouit includes a delay locked loop,

11.  The time measurement circuit according to any of the preceding claims wherain
2 the time tmeasuretnent circuit is implemented as a CMOS integrated cirouit chip.

12, The time measurement eirenit of elaim 11, wherein the CMOS integrated eireuit
2 is adapted for use in automatic test equipment having a plurality of channel

18
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#, wherein the CMOS integrated

LB 8 e LB dapt ed for use in atdond gt equi prent havi ng a 24 WRRi 2006
of channel is 11- 072003] 24 APR 2006 3 circuits (5141...514M and the

integrated circuit chip additionally conprises at 4 Ieast one of the

channel circuits. 1 13. The tinme measurenment circuit according to any of

the preceding clainms wherein: 2 a) the test equipment (500) additionally

conprises a second tine 3 neasurenent circuit as inclaiml; 4 b) the tinme

measur enent  Ci r gl 914 tbﬁlﬁmﬂéimid RRASLIH BIditoakNabupriessst 5
connected to a conmbn ‘E \g’ e? c) the STOP input of the tine
measur effent ci rl?ﬂ?t“n? B a signal 7 that indicates that start

of an interval to be neasured and the STOP input a of the second tine

measur enenty3Ci r%ﬁm&& SRRRARGE Bduit Socbidf aéaiymum%mdaatngataﬁﬁswm@nd of an
interval to be an tional
5"(“5@2‘}”’“’8&@%8@%@ {‘ C‘1"lriird1<aasureme%t circuit

conpri s& a cont oII
and theassecond ti me messwmemtwirtuitssivelim & hat 12 out puts a tine val ue
reflectijng the gy ff %@ﬂ&eme&&dﬂé&tmmmmoﬂdhﬁnaﬁmmaﬂ cirkuitare
rreasurerrent circuit and F{ fi asurenent circuit. 1 14. The tinme
measur effent circuit ‘i?fm‘ﬁ' ~ai 'fl he time measurenent ¢ircuit 2 and
the secend ti nec)neasthcS'ﬁ@hﬁnpmdmwm@ewemﬁﬁpmwsan@m@rasmm 3

Clonnectl gd \Mt1 o the fﬁr&ﬁt@nﬁéml&assmafmﬂmamEmeasumaﬁem@mmtgmttcu rcuit of
claim erein e me n I me
measur effent circuit r@?@gﬁ@%ﬂ@ &&mtiﬁcgrar%‘%&qéé Qﬁnﬁﬁﬁ CMOS chip. 19

1.1-07- 2003 indicates the end of an interval to be measum and
10 d) the test cquipment additionally comprises a controller (512), connected to
11 the time measurement circuit and the second time measurement cirenit that
12 : outputs a time value reflecting the difference in time measured by the
13 second time measaremernt circuit and the first time measurement circuit.

14.  The time measurement ¢irouit of claim 13 wherein the time measurement circuit
and the second tine measurement circuits each includes a counter (112)
3 connected to the commen clock signal. '

1 15. The time measurement cirouit of elaim 14 wherein the time measurement circuit
and the second time meastrement circuit and said conniers are implemented on a
CMOS chip.
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