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Moreover, the need exists for an analog clock that maintains a relatively stable
35 calibration, and automatically calibrates. Additionally, the need exists for such an

analog clock having independent adjustable controls to manipulate the analog
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wo oona3eo p ~ APR 2003 PCTNS991 72901 digital waveform of a pr edeOd{ BPRe AU
sequency amwDe@o2i34ect - di gi tal -synthesizer. The synthesi zer 9# to
receive the digital waveformand is operative to generate the resultan
anal og waveform Prediction logic is coupled to the digital clock source
and the synthesizer for determning the relative phase relationships 5
between the digital waveform and the anal og waveform The prediction |ogic
is responsive to a prediction clock having a clock frequency approxi mating
that of saidoakiwith a¢spettdoithesdigitalelockt Ade ahaleg cdoek nadilecofithe pregent of t he
present i nVﬁ%ﬁHs%%ﬁcs%es@%sem fromthe follow ng detail ed description
when read in conjunction wt he 1 o acconpanying draw ngs. .-~;,--- :
~ . -5 wo oon~0 O 4 APR 2003 pcrnrs~na9ot BRI EF DESCRI PTI ON CF THE
DRAWNGS FIG | is a block diagramof a m xed signal tester according to
one enbodi nent of the present invention; FIG 2 is a block diagramof the
"anal og control interface shown in Figure 5 1; FIG 3 is a block diagram of
t he anal og cl ock nodul e shown in Figure 2; FIG 4 is a functional block
diagramillustrating the prediction |ogic and sequencing enployed in the
anal og clock nodule of Figure 3; FIG 5A is a block diagramof the

cali bration loogic associated with the 10 analog clock of Figure 3; FIG 5B
is a block diagram of an optional automatic calibration circuit for -) use
with the analog clock of Figure 3; FIG 6 is a block diagram of the opcode
| ogi ¢ and processing that utilizes the output of the anal og clock nodul e of
Figure 3; 15 FIG 7 is a functional diagramillustrating steps enployed in
the prediction nethod of the present invention; FIG 8 is a functional
’dyagran1lllustrat|ng steps enpl oyed in the calibration method of the
present invention; and




FIG 9 is a functional diagramillustrating steps enployed in the (elghPR 2003
al i gnment ¥002830hr oni zati on net hod of the present inventi operusedhaog O 4
APR 2003 WO 00/ 28340 PGIT/ US99I ZI 901 DETAI LED DESCRI PTI ON OF THE | NVENTI ON
Referring now to Figure I) a m xed signal tester according to one

enbodi nent of the present invention, generally designated 20, generates and
receives analog and digital test S|gnals to and froma DCTT 22 for fault 5
determ nation. The tester ane test controller 24)
such as a conputer, for cS&¥MARX and processing of test
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Figure 2, bardyagrso StS@nétmamvctmedr preforpanceepeat abl e
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the contro 4 0 R romthe
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est abl i shegjoak B dtt}ic lgﬁvgﬁﬂsqugﬁg,ﬁgﬂrﬁ dat abus

45 and the controQ cont o
i nst r drfe eﬂm@@&m amené thezmeloz .y gic i gnal s for
the anal Ogrdspaismrwatprw@toﬁtdﬁ&hawig aﬁﬂ@él@ﬁecﬁieﬁé}}(amdﬁn@u@rtﬂaﬁdﬁ anal og

I nstrunent c rds artlcular reference to Figure 3, the anal og cl ock
nodul e 50 3 enbodlnent) i ncludes a
direct-digital kgmmﬂmfmthdjb@ntﬁvﬁmmpghcmalmlmamrmef ormfroma

digital cl I adh accurate
predicti onﬁgp%gﬁggé??g %%Egﬁ}oht%ﬁﬁ%%é%e di gi ta and anal og cl ocks
in a &0 aipred vtm fregrengyand & directdigl mth%ﬁlz"hﬁmﬁé‘rc?‘é‘f’@?ﬂ‘rqg to Figure
3, the DDSreeéivethel &lavair%nwzmdl hthédize lid6erdtiveds geherat 4 drlog Nput

sourcetoaf rty- ccu tor c tor C ntlnually
adds an i nE’F &E{h K@Mpfﬁtﬁ'?&lg}{‘? 8&1"{7@8"% omt he
digital mparhmetenmputs A DSS processor 58 receives an increnmentally sumed

fozt X\Sg ggf) glt ngﬁ@@%‘ @%@%@@aﬁ%ﬁ%ﬁator anhﬂ-#ﬁ C esEtrhfaRgttEpﬁfS)

[N

a @%rt@ﬁ%@@ ka@PWGH ‘Pfcm’ uaing a digitakwaveforan phak- up val ue is then
fed to a tm& ,@Whﬁﬁﬁg%t@m(@AC) 62 which
out puts ste Si s of . freguencies.within the ran abo t 16MHz to
25 M al oG lagthaﬁ@@%‘wfa%%r SS2ES OPEEAHE 1 6 % {0 Figure

3, in or demtdomf@pm&lpesmmtmuwispneludemnbyﬂahmmnhg tlibAC 62, a signal
condi ti one ﬁ}ﬁﬁ* HEFES S
enpl oyed a %Ee %ﬂb £5 Z%’Iﬁ#%'n&& gnaMaﬁﬂhgl oneE% udes a
bandpa®s filt erA&ﬂhﬂrfm gfthg inventipn comprises pniapalog conirel-exgensiised at t he
DAC out put ailriféa&ﬁ‘ﬁl qﬁﬁ:ﬁ% {d¥Rixel Aforal hitBnatie tésrt&quency
shoul d be f%ttad‘{te- ourt O% oc0 freq_ule}ncy .n order t
og control extension apparatus includes a mainframie distribution module
havmg respective inputs and outputs to and from the tester, and a control vector
module coupled to the mainframe distribution module. An analog clock apparatus

35  isresponsive to the control vector module for generating a resultant analog clock

signal. The analog clock apparatus includes a digital clock source for producing a
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.elimnate the'/. and 1/3 cl ock harnonics fromthe output. NbreO\[)e{',A[il%eztm
out put of wQod/2834¢ i | ter shoul d have a sharp cutoff at 25 MBCT/US29/$2901 er ed
anal og output feeds a clipping anplifier 66 to increase the edge rate of
‘the clock to an acceptable speed. Additionally, the anplifier converts 15
t he anal og signal level to an emtter-coupled-logic (ECL) clock level for
input to a phase-I|ocked-loop (PLL) nultiplier 68. The phase-I|ocked-|oop
(PLL) multiplier 68 plays an inportant role in the present invention and

coupl es tmgmmemwhmmmpuﬁgumlmda@esﬁdﬂ%mwt he anal og

Toowre,  adns syt il WikRfe B RiE “?Fg’?t%‘s”“a?ﬁ?‘ﬁ on%gé?%g from
t

* which to @emmmemummlwmvefpm mﬂ %E’r&l“b‘i? h respect

to the dl%gF?I Qg ﬂﬁﬁﬂﬂ“‘ phasearebtiogshipst er cl ock

(AMC) and Ves & Jdi V] 70 duc requency to
W&tﬁeaﬁ PaEfRR ﬁ'ﬁf ngét‘f“c?@v!bﬁqt’;

" a desﬁedbletew@nthhdls@dtwcif ut 32. 5

An i npor t ?& Sneroeﬁﬁﬂvhn A ¢tk ifiequérkytapproxampating thay obf
predlctlng e re at ve hases of the analog clock 32 and the 100 MHz

di gital clssigidi a cost-effective and accurate manner. Once
predicted, ti rmﬁmmﬂmsoﬁmmqsmmnmﬂMMn of whet her
a parti cul ar fhe& edge of an

anal og cl cf&!né& &@nﬁ%% Q%E%%%ﬁ}?}e@ggdtvmtlo properly passing
opcodgofr@guﬁhpmﬁhqunwwng& analog domain to control the anal og instrunents.
Further referring, tQ -Figure to realize the prediction feature of the

present invention, one output "of the divider 70 is fed to the prediction
“Nyogi ¢ 72 that also receives respective outputs fromthe accunul ator 56 and

he PLL 68. The 3 5 accunul ator value is conbined with the state of the
out put divider by the prediction processor to produce an event signal

indicator ACLK. - g _ 0 4 APR 2D0 WD 00l 28340 PCT/ US99~72901 To nore
fully understand the prediction |ogic 72 and associ ated processing, Figure
4 illustrates a bl ock diagram segnented according to cycle 7 shifts from

the multiplied PLL signal. The logic generally includes a plurality of
adders 74, 75 and 77 that are inplenented in the accumul ator 56. The adders
5 provide convenient inputs to allow i ndependent adjustable control of the
time and phase adjustnent at 67, the residue and calibration values, at 69
and 71, and the increnental phase value at 73. The summed inputs are fed to
a multiplexer 79 driven by an alignnment command at 81, that outputs a

mul ti pl exed value to an accunul ator register 83. The output of the

accunul ator register is fed back to 10 provide a sunmed input in
conbination with the increnental phase value at the adder 77. In order to
make the handoff fromthe digital clock source logic to the anal og cl ock
dormain, the prediction logic 72 identifies when the data may be updated by
defining a wndow in which there is a guarantee of no coincident 15 anal og
qﬁge This is sinply the wi ndow when ACLK is not true. Since the paraneters
of the "wi ndow' nust be defined accurately, calibration hardware 80 (Figure
5A) is required to generate the calibration signal CAL to nore accurately
align the analog clock edge with the digital clock edge. For the opcode
handoff the anal og instrunents, this calibration is in terns of 2 0 the
edges at the point of handoff and applied at the inputs of the accunul ator
adder 74. Referring nowto Figure 5A, the clock calibration hardware 80
conprises a nete state hard flip-flop register 82 that is resettable at SET
froma databus (not shown). The register enploys a digital clock source
CLK100 divided by a 2-16K 2 5 digital clock divider 84. The output of the
divider is ANDed with a sanpled detection signal DETECT OQUT by an AND gate
86. The data for the register conprises an anal og cl ock out put 88 divided
by a 2-16K anal og cl ock divider 90. The |ogic surrounding the register 82
“is such that it latches Iow once it has clocked in a |ow input. The anal og
frequency, analog divide ratio, and digital 3 0 divide ratio are chosen so
that the output of the analog divider and digital divider are identical in
frequency. When a user prograns an anal og cl ock frequency, there are two
conponents of the anal og clock frequency that nust be placed in registers:
the divide ratio and the anal og master clock AMC (undivided PLL output)

| adder. 3 5 Additionally, the appropriatg AMC frequency dependent

cali bration values for offset and range checking nmust be placed in a

| ook-up CAL table.
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optional fwatooressef the present invention provides an auto ,g
calibration adjustnent nodule 92 for automatically adjusting the opco e

of fset constant and range check values. This is especially beneficial in
situations where fine tuning of the relationship between the digital and
analog 5 edges is not required. Referring now to Figure 5B, the auto-adjust
nodul e 92 i ncl udes a dat abus regl ster 94 and an aut o-cal nenory 96
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provi des Gedﬂ?: n an anal og cl ock edge falls within a
parti cul a?%ﬁdmgﬁg% per| o The_output of the prediction |ogic
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regi sters 102 and next-instructionpending (NIP) registers 104. The out put
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that vector blocks can be abutted and the frequency noved around whil e
predi ctabl e operation is maintained. Overflow errors are reported if too
many digital instructions are presented due to clock rate differences.
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"sane fre t edge
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coincidés with the rising-edge of an analog clock period. This is important with
30  respect to properly passing opcode from the digital to analog domain to control
the analog instruments.
Further referring to Figure 3, to realize the prediction feature of the present
invention, one output of the divider 70 is fed to the prediction logic 72 that also
receives respective outputs from the accumulator 56 and the PLL 68. The
35  accumulator value is combined with the state of the output divider by the
prediction processor to produce an event signal indicator ACLK.
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15 analog edge. This is simply the window when ACLK is not true.

Since the parameters of the “window” must be defined accurately,
calibration hardware 80 (Figure 5A) is required to generate the calibration signal
CAL to more accurately align the analog clock edge with the digital clock edge.
For the opcode handoff to the analog instruments, this calibration is in terms of

20 the edges at the point of handoff, and applied at the inputs of the accumulator
adder 74.

Referring now to Figure 5A, the clock calibration hardware 80 comprises a
meta-state hard flip-flop register 82 that is resettable at SET from a databus (not
shown). The register employs a digital clock source CLK100 divided by a 2-16K

) 25  digital clock divider 84. The output of the divider is ANDed with a sampled
detection signal DETECT OUT by an AND gate 86. The data for the register
comprises an analog clock output 88 divided by a 2-16K analog clock divider 90.
The logic surrounding the register 82 is such that it latches low once it has
clocked in a low input. The analog frequency, analog divide ratio, and digital
30 divide ratio are chosen so that the output of the analog divider and digital divider
are identical in frequency.

When a user programs an analog clock frequency, there are two
components of the analog clock frequency that must be placed in registers: the
divide ratio and the analog master clock AMC (undivided PLL output) ladder.

35  Additionally, the appropriate AMC frequency dependent calibration values for
offset and range checking must be placed in a look-up CAL table.
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20
AMC DDS OUTPUT DDS PERIOD LOOKUP
FREQUENCY FREQUENCY ADDER OFFSET BITS

(approx) (approx) 28:24
62.50 MHz 15.63 MHz 0x2800 000 bin01000
64.06 MHz 16.02 MH2z 0x2900 000 bin01001
) 65.62 MHz 16.40 MHz 0x2a00 000 bin01010
73.48 MHz 18.36 MHz 0x2f00 000 bin01111
75.00 MHz 18.75 MHz 0x3000 000 bin10000
76.56 MHz 19.14 MHz 0x3100 000 bin 10001
96.88 MHz 24.22 MHz 0x3e00 000 binl11110
98.52 MHz 24.63 MHz 0x3f00 000 binl1111
100 MHz 25.00 MHz 0x4000 000 bin00000
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i ncl udi ng: comprise the analog clock module, such as the DSS 52, the prediction logic 72,
the calibration registers and clock dividers, may be formed on a single
application-specific-integrated-circuit (ASIC). Not only does this allow for
25 relatively inexpensive component costs, but many of the elements of skew
between the analog and digital logic may be eliminated or included in the
) calibration process. Moreover, logic gate delays are matched to track drifts in
delay between clock circuits.
In operation, the analog clock module of the present invention utilizes the
30 prediction logic, the calibration logic, and the opcode passing circuitry to carry out
a plurality of prediction, calibration, and synchronization methods, as described
below.
Referring now to Figure 7, during operation of the analog clock module,
the prediction logic 72 first determines the accumulator value that corresponds to
35 the rising edge of the AMC clock, at step 200. The CAL value is then set, at step
202, to the accumulator value that corresponds to the AMC rising (active) edge.
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20 are maintained at a logical one at step 238. The above steps are repeated over a

range of calibration values, and for the range of frequencies represented by the
entries in the auto-cal memory tables. This generates a map of the regions for
which the circuit is CALIBRATED at each frequency.
The operation of the hardware also allows for the convenient independent
25 adjustment of a variety of parameters associated with the analog clock module.
For instance, to align the DDS, a command is issued that controls the accumulator
period adder inputs in a synchronous fashion. For one cycle, a new value is
multiplexed which comprises the algebraic addition of the 1) digital residue of the
command; and 2) an edge cal constant. When the values are added together, a
30 “one-time” period adder is formulated that has the effect of syncing it to the
digital residue, and adding in a calibration constant (the difference between the
analog and digital edges).
However, the alignment of the digital and analog edges following the
alignment command resets the expected offset of the AMC. This introduces a
35 phase-shift into the analog frequency, and changes the number of clock counts
available for production of an output analog clock by the clock divide circuitry.
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edge prediction, significant cost savings are realized from the minimal hardware
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35  and calibration steps necessary to maintain the hardware operating accurately.
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determine the edge comcldence opcode tossing from the digital to analog domain

5  may occur in a deterministic and repetitive manner.
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1. An analog clock apparatus including:
a digital clock source for producing a digital waveform of a
predetermined frequency;
a direct-digital-synthesizer having an input to receive said digital
5 waveform and operative to generate a resultant analog waveform; and
prediction logic coupled to said digital clock source and said
synthesizer for determining the relative phase relationships between said digital
waveform and said analog waveform, said prcdicu'oﬁ logic responsive to a
) prediction clock having a clock frequency approximating that of said digital clock
10  source.

2. An analog clock apparatus according to claim 1 wherein said

direct-digital-synthesizer includes:

a counter for receiving said input digital clock and establishing a
numerical value, said counter operative to incrementally increase said numerical

S value in response to continued input of said clock;

a converter disposed at the output of said counter for transforming
said incremental numerical value into a sinusoidal waveform; and

a signal conditioner coupled to said converter for manipulating said
sinusoidal waveform into a desired analog clock signal.

) .3 An analog clock apparatus according to claim 2 wherein said
counter comprises an accurnulator.

4, An analog clock apparatus according to claim 2 wherein said
converter comprises:
a sinusoid look-up table;
and a digital-to-analog converter for generating said sinusoidal
5 waveform from said look-up table.
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5 a clipping amplifier having an input for receiving said filtered
signal and operative to increase the edge rate of said filtered signal;
a frequency multiplier coupled to the output of said clipping
amplifier for multiplying said filtered signal a predetermined integer multiple; and
a divider connected to the output of said multiplier for reducing
10 said multiplied frequency to a desired frequency.

) 6. An analog clock apparatus according to claim 5 wherein:
said filter éomprises a bandpass filter.

7. An analog clock apparatus according to claim 5 wherein:
said frequency multiplier comprises a phase-locked-loop
multiplier.

8. An analog clock apparatus according to claim 1 wherein:
said prediction clock comprises a phase-locked-loop multiplier
disposed at the output of said digital synthesizer to generate an intermediate
analog waveform having a plurality of PLL rising-edges, said resultant analog
5 waveform having an edge coincident with one of said plurality of PLL edges; and
\ said prediction logic includes edge-detection circuitry to analyze
) said PLL edges and determine the particular digital clock period that includes said
resultant analog waveform edge.

9. An analog clock apparatus according to claim 1 and further
including:
calibration logic coupled to said digital clock source and said
synthesizer for aligning said analog waveform with said digital clock source.

10.  An analog clock apparatus according to claim 9 wherein said
calibration logic includes:
a waveform aligner responsive to said prediction logic to initially
align the respective edges of said digital and analog waveforms.
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a digital clock source for producing a dxgltal waveform of a
predetermined frequency;

a direct-digital-synthesizer having a clock input to receive said

5 digital waveform and operative to generate a resultant analog waveform, said

synthesizer further including a plurality of independently adjustable waveform
parameter inputs.

) 14.  An analog clock apparatus according to claim 13 wherein said
plurality of independently adjustable waveform parameter inputs are responsive to
input signals within the group comprising calibration phase-offset signals, residue
signals, and time displacement signals.

15.  An analog clock apparatus including:
a digital clock source for producing a digital waveform of a
predetermined frequency;
a direct-digital-synthesizer having an input to receive said digital
5  waveform and operative to generate a resultant analog waveform; and
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clock source.

)

17.  An analog clock apparatus according to claim 16 wherein said
opcode passing circuitry includes:
an opcode order processing module for organizing ordered pairs of
instruction signals;

5 opcode state logic coupled to said order processing module, said
opcode state Jogic including a plurality of registers for storing current-instruction -
signals and next-instruction signals, said opcode state logic responsive to said
prediction logic to present said opcode signals for execution.

18.  An analog control extension apparatus for interfacing analog
instruments to a mixed-signal automatic tester, said apparatus including:
a mainframe distribution module having respective inputs and
) outputs to and from said tester;
5 a control vector module coupled to said mainframe distribution
module; and
an analog clock apparatus responsive to said control vector module
for generating an analog clock signal, said analog clock apparatus including
a digital clock source for producing a digital waveform of a
10 predetermined frequency,
a direct-digital-synthesizer having an input to receive said
digital waveform and operative to generate a resultant analog waveform and
prediction logic coupled to said digital clock source and
said synthesizer for determining the relative phase relationships between said
15  digital waveform and said analog waveform, said prediction logic responsivetoa -
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) 20.  An analog clock apparatus according to claim 18 amd further
including:
calibration logic coupled to said digital clock source and said
synthesizer for aligning said analog waveform with said digital waveform.

21.  An analog clock apparatus according to claim 20 wherein said
calibration logic includes:
a waveform aligner responsive to said prediction logic to initially
align the respective edges of said digital and analog waveforms.

22.  An analog clock apparatus according to claim 18 and further
including:
) opcode passing circuitry responsive to said prediction logic to
synchronize the deterministic handoff of opcode from the digital domain to the
5 analog domain.

23.  An analog clock apparatus according to claim 22 wherein said

opcode passing circuitry includes:

an opcode order processing module for organizing ordered pairs of
instruction signals;

5 opcode state logic coupled to said order processing module, said opcode state
logic including a plurality of registers for storing current-instruction signals and
next-instruction signals, said opcode state logic responsive to said prediction logic
- to present said opcode signals for execution.
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