EARLY CAPTURE FOR BOUNDARY SCAN TIMING MEASUREMENTS

Keith Lofstrom

KLIC

5290 s.w. EIm Ave.
Beaverton, Oregon 97005
(503) 520-1993

Abstract

Analog waveform@&anddelayscan be measured
using a simple extension of the IEEE 1149.x
standards. Early capture samples data on a falling
edge of TMS during the Update-DR state.
Experiments  suggest sub-nanosecontiming
resolution.

Introduction

The IEEE 1149.1 Boundary Scan Test Standard
[1,2] has found wide acceptance irthe test
community. Boundary scan islowly gaining
converts among the circuit designetisat often
control the introduction ohew features intsystem
design. Unfortunately, growthasbeen slowethan
it might, as circuit designef®cused onshort term
cost and complexity issues mayot seethe total
system benefits ofcan test. The standard is of
limited applicability to some ofthe tesproblems
facing test engineers. While IEEE 1149rbvides
many excellent capabilities, litas provediifficult to
use for high speed testingmargin testing, and
testing of mixed-signal systems [3].

The proposed P1149gtandard [4,5hddresses
mixed-signal and pin parametrissues that the
purely digitallEEE 1149.1 standard cannot address.
By measuring the impedances of drivingffers, for
example,and inferring the threshold ofceiving
devices, a P1149.4 system should be abléinb
many of the chip-to-chip faults that may slow down a
board or system. Unfortunately, P1149.4 also suffers
from speedlimitations, and many of the signal
integrity questionghat arise inhigh speed systems
go unanswered.

Techniques involving system clockkew or
frequency modification may address some of these
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timing issues [6], butmay bring other problems.
Designandtest engineers may need to praiitical
circuits with oscilloscopes todetermine what is
really happening -- or what happens with the
parasitic load of alscilloscope probdisturbing the
node.

The current 1149.5nd P1149.4 standards do
not address these timingsues. Signals change on
boundary netsluring theUpdate-DR stateand the
Test AccessPort must pass through ttgelect-DR
statebeforeentering the Capture-DR state to capture
the results of the update. There are at least 2.5
clock cycles between the update edgd thecapture
edge,and theclock cycles may baeed to be long if
there areslow parts anywhere on the scahnain. In
systems where fractions of a nanosecond may be
critical, this is clearly inadequate. @Some tests
attempt to synchronize the optionéddAMPLE
instruction to the runningsystem clock but such
high-speed synchronization is difficult with most
scan test systems.

This paper presents an alternative technique,
which can be used as a private extension of either the
1149.1 or P1149.4 standards.

Early Capture for Digital Signals

“Early Capture” is a simplavay toacquire
capture inputs orselectedpins during theUpdate-
DR state. The captureay occur beforejuring, or
after the leadingdge ofthe Update-DR pulseynder
the control of an external tester. While capturing
data at times oth@éhanCapture-DR doenot strictly
follow the 1149.1 standard, this user instructioes
not interfere with normal EXTESEBnd SAMPLE
operations. Hopefully, this user instruction may
become anoptional public instruction in future
versions of the 1149.x family of standards.
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The early capture techniqueay be used with
the variable-reference comparator permitted as a
digitizing receiver in the emerging P1149.4
standard. By controlling both the comparator
reference voltagand the timing of thearly capture
itself, it is possible tmot only measure delays, but to
digitize complete waveformsThe ability to extract
waveforms may prove a powerful incentivectap
and board designers otherwise unenthusiaabout
the 1149.x standards.

The Update-DR state is entered ¢ime rising
edge of TCK,and theUpdate-DR pulse is asserted
on the fallingedge of TCK. Entering Update-DR,
the TMS signal is a logic one. If the next state is
Select-DR,the testus controller leaves TMS as a
logic one. If the next state is Run-Test-Idle, tibst
bus controller drops TMS to zero, approximately
around the fallingedge of TCK. TMS is ignored
exceptduring thesetupand holdtimes around the
rising edge of TCK [1].

Assumethe next state is Run-Test-ldle. As
long as the TMS signal is stable around easimg
edge of TCKthe standardllowsthe test controller
to put the fallingedge of TMS anywheraround the
falling edge of TCK. The early capture technique
usesthis falling edge of TMS to definéghe sample
time forthe early capture latches, ahead of or behind
the falling TCK edge as desiredThe 114%us may
be clocked irregularly or arbitrarily slowly to
accommodate sloparts. Therefore, abpdate-DR
state period containing thiskewed TMS edge may
be arbitrarily stretched to insure adequatays
betweenthe Updateand Early Capture edged-his
still allows plenty of setumnd hold margirior all
components in the scan chain.

If the next state iSelect-DR,there will be a
one on TMS at the nexising edge of TCK, with no
naturaldownward transition. Early captuneay be
performed by pulsing the TMS linggturning it to a
one before it issampled at the end dpdate-DR.
The Update-DR state must be additionally stretched
by the TMS pulse width.

TCK provides the Update or stimulus edge, and
TMS providesthe Capture or measuremeulge.
These are botldownward edges, fronthe same
controller, to an often equal number of identical
loads. Whatever offsetswiring delays, and
parasiticsaffect onesignal shouldaffect the other
equally, so relative delays shoutdck togethewvell
(and experimentshow that they do, as will be
shown later). How can theséwo edges be used in a
standard-friendly way?
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To maintain strict adherence to tHg49.1
standard, alboundary cells must be able to capture
input data on the risingdge of TCK athe end of
the Capture-DR state. Early captunedifies some
boundary cells, but in way thatdoesnot affecttheir
use by normal EXTEST or SAMPLE.

The early capture technique adds an additional
level-sensitivelatch to selected capturéenputs as
shown in figure 1a, with typicalaveforms shown in
figure 1b. Level-sensitive latchese the kind that
pass data straight through when the clock is one, and
hold data when thelock goeszero. These early
capture latches are normally in passthrougbde,
with the early capturelock one, unlesshe early
capture instruction is selectedhe latches are
transparent during normal 1149.1 operation.
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Figure l1a - Early Capture Latch
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Figure 1b - Early Capture Timing

The early capture instructiobehaves much
like the traditional EXTEST operatiorgxcept for
clocking the early capture latches into a hold state at
specified times. The instruction makes thearly
capture clock drop from one to zero when TMS falls
during theUpdate-DR state.This latches allearly
capture latches, sampling the state of the latch inputs
at the falling TMS edge. The early captuleck
stays lowthrough the Capture-DR statnd returns
to one during Shift-DR.
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With careful design, the propagatiodelay
through the TesfccessPort can be made theame
for the early capturelock and theUpdate-DR pulse.
Thus, thedelay forthe two paths can be matched
from the test controller through the TAP to the
boundary cell. This allows tight control of the
relative spacing of thewo edges, even the edges
themselves are quite slamdpropagation delays are
long. There will be thermaioise causindgiming
jitter between théwo paths, buthis can beaveraged
out with repeated measurements. Residual
mismatches caused by processl design variations
may prove difficult tonull out, but will usually be a
small fraction of the normatlelays inthe device
under test. Faster parts will tend to have smaller
variations.

The initiating updatesvent may be caused by
TCK to one component, and the capturing event may
occur onanother component separated by a large
physical distance or by many gate delayhis may
cause somextra jitter in the captured signal and
someerror in thedelay measurement.However,
what usually matters in a propagatiodelay
measurement is the relative arrival times of signals
at a componentand not their relation tsome
arbitrary “absolute” time. Many signalsmay be

captured at the target component at the same time.

Early capture can be used to measure their relation to
each othereven iftheir relation tasome global time
clock is less precisely measurablelitter in the
arriving signal is in itself valuable test information.

Designers may choose update latchedearly
capture latches with opposite polarity clock$his
makes the openingdge ofthe update latch go in the
same direction as the closingdge of the early
capture latch, allowing equal gatelays from TCK
and TMS. Delay errors can be made arbitrarily
small with careful attention from the chip and
systemdesigners, without the neddr excessively
fast parts or fast scan clocks.

Controlling Edges for TCK and TMS

Early capture requires accurate control of the
relative timingbetweenthe TCKand TMS signals
generated by thbus controller. This is noproblem
for powerful test systems, but it iseyond the
abilities of small 1149.x controllerand currently
available busmaster componentsThis work uses
the parallel port of &©0S-compatible PC to drive
the test setup. Parallel ports have a tintegplution
of two microseconds -- clearlynadequate for
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accurate timing. However, asmall amount of
external circuitry can help generate adequate edges.

The test setup, shown in figureuses a simple
opamp basedamp generator. The parallel port of
the PC generates TDhnd theprecursor signals
TMS* and TCK*. An additional signaECGATE,
starts the timing ramp generator. The ramp
generator driveswo comparatorsfollowed by two
AND gates to producéhe TMSand TCK signals
thatdrive the scarthain. The ramp generator, and
the reference levels of the comparators, are driven by
three outputs from a quad 12 bit DAC (Analog
Devices DAC8420). The PC test controllgulses
the ECGATE signal durindJpdate-DR,starting a
ramp thatpasseshe thresholds of the TCK-EC and
TMS-EC comparators in sequence. The DiAut
to the ramp generateetsthe slewrate, and thus the
number of comparator DAC steps per microsecond..
A ramp rate of 0.61Vijusec, or 500 steps per
microsecond, was chosen for this experiment.

TDO [* TDO
TDI TDI
TMS*
T™S
TCK*

TCK
Compare

DAC>

Test

Controller - S
(DOS PC P1149.4
parallel @ A gﬁmo
por) | [pacy P
ECGATE >°

Ramp Generator Waveform Gen

Figure 2: Waveform Measurement Test Setup

This primitive setup appears to be capable of 2
nanosecond resolution, starting withicrosecond
“tester” time resolution. Resolutions of tens of
picoseconds should be possible with custom
integration [6].

Measuring Propagation Delay

Early capture will normally be used as a
production go/nogo test. The TMSge drops at the
maximum acceptable propagatiatelay after the
TCK edge,andtoo-slow paths will return incorrect
results. Large groups of signals, such as data or
address linesmay beall measured with a single
early capture operation. Minimum hold time testing
is done in a similar way.
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Beyond these simple tests, many modern
systems require the actual measurement of
propagation delay, not justminimums and
maximums. For examplesome components have
bus outputs purposely skewed iielation to each
other to minimize groundounce How doesthe test
engineer verify the designer’s
intentions” havebeen met on garticular device
under test? Onway is tomeasure the propagation
delay of each output directland early capture can
be used to measure propagation delay.

Databook-style propagation delays, which are

often measured to yand V_, cannot be measured
with a purely digital early capture latch with a single
threshold. However, inmost cases a measurement
taken at the inputogic threshold voltagenay be
adequate. The propagatidalay may be found with
a binary search, shifting the TMS early captedge
andlooking to see ithe data changeccurs or not.
This will require a tester obus master that can
easily change this delay between test passes.

The early capture TMSedge may be
synchronized to an external cloadgdused in early
capture SAMPLE mode. However, digital signal
early capture offers no advantages over TCK
synchronization of a normal SAMPLE capture.

Analog Early Capture

This work was done aspart of the
demonstration chip fothe P1149.4 mixed-signal
extension of IEEE 1149.1P1149.4-style interfaces
on digital pins, with the variable threshold
comparators permitted by P1149.4, can helpwsd
the (Mw/ViL) quibble about propagatiordelay
measurement. A more interesting application of

early capture uses analog comparators to perform

waveform extraction, rathethan thesimple delay
measurements available for pure 1149.1 systems.

Given a repetitive signal synchronized with
Update-DR,and atrobed comparator with control
over boththreshold angample time, it ipossible to
build an equivalent-time waveformdigitizer. An
experimental demonstration will be described.

Each boundary module orthe demonstration
chip includes a zero-static-power CMOS differential
comparator, taking thdifference betweerthe pin
and anexternally provided Compare voltage. The

output of this comparator drives an otherwise unused

capture bit in the module.
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Figure 3 -Early Capture Comparator
in P1149.4 Boundary Cell

The Comparevoltage is driven via a separate
pin by the fourth output of thpreviously mentioned
external quad 12 bit DAC. Thiltage is normally
provided through the AT1 or AT2 pins of the
P1149.4 test interface.

The two to threecycle delay betweethe early
capture edgand the actuaCapture-DR edge proved
useful in this design toallow time for metastable
comparator outputs to resolve. lihear comparator
with adjustable threshold, resolving withinsatup
time before the Capture-DR edgsuffers from
metastabilityand requires considerable static power.
Early capture allows a simpler and cheaper design.

The early capture comparator is srmaald uses
low dynamic power,and thiscauses offsets and
linearity errors. However, these errorsmay be
measure@nd nulledut. An error plofor a typical
comparator is shown in figure 4.
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Figure 4 - Comparator Offset

The plot shows the maximum measured
deviation (over twenty samples) in black, the
standard deviation in gragnd the mean iblack.
The systematic offsetand extranoise at higher
common mode voltage may leinimized with a
redesign of the cell.
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Using the early capturetiming circuitry
previously describedind avariable threshold driven
via the Compare input, the sample time of dagly
capture comparator is incremented past the update
edge. At each sample time, a binary search
performs twelve measurements to determine the
voltage. Thus, a 500 point measurement can be
made with 500 x 12 scans of the boundary, which for
the demonstration chizvas 45 bitdong. If the
initiating event is driven directly by Update-DR,
twice as many scans may be required.

The demonstration experiment measures a
damped sinusoid from a unity-gain-connected
opamp. Because of phase delays in the oparigst a
edge results in 1MHenging, making an interesting
signal to sample. Thedge is generated from one of
the digital outputs of the demonstration chip. No
effort is made tanatch pathdelays. Nonetheless, a
cleanwaveformresults, as is shown in figure 5. The
horizontal axis is approximately 500 nanoseconds
per division, but is not precisely calibrated.

A\

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 45 50

Time in mcroseconds

Figure 5 - Early Capture Waveform

The DAC8420’s are serial input, and are driven
by TCK and TDI from the PC tester; this adds to the
test time. The PC usingréicroseconds to generate
two TCK edgesand make one sample of TDO for
every“1149 clock.With additional time tesave and
display data, the entire waveform capture takes about
5 seconds. Howevewith a 10 MHz 1149clock,
separate DACsand a200 bit boundaryength in a
production test system, complete 500 point 12 bit
waveforms can  be generated in around 250
milliseconds. This should be adequttegathering
complete waveforms for analysis. Production
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“waveform envelope” testsan be made with just a
few “corner samples,” perhaps for mapyns at
once; such tests will be rapid.

The next test is more ambitious, using a gated 3
stage ECL 10Kring oscillator, with an oscillation
frequency of approximately 80MHz. Analog Devices
9501 8 hit programmable delay circuits were used for
the timing generator, with a fulicale delay of 50
nanoseconds fdhis experiment. The output of this
circuit was captured with the BQiln, and isshown
below. Notethe highfrequency artifactaround 30
nanoseconds, which show a bandwidthtfar early
capture comparator well in excess of 100MHz. The
overshoot inthe waveform is due to mismatched
terminationoverthe 15 cntwisted pair connecting
the test chip to the ECL circuit. A similaraveform
appears on a 350ps sampliogcilloscope. Times
are approximately nanoseconds, but pogcisely
calibrated.
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Figure 6 - ECL Ring Oscillator Startup

Yet another early capture experiment was
performed with the digital early capture latches. A
binary output doesnot vyield an interesting
waveform, sadhe ones probability is plotted instead.
The time resolutiorfor this graph is 8@icoseconds
per sample pointand theprobability step is quite
sharp, indicating a timing jittewell under 100
picoseconds. Figure 7 showsree sample points.
The first is the output of an update latch, seeond
is the pinwaveform,and the third is theutput of an
external 74HCO04 invertdied back to aligital input
pin. Times are in approximate nanoseconds.
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Figure 7 - Digital Waveforms

The sampling control signals pass through
external gatesand longwires, and theabsolute
delays may vary. Howevethe timedifferences
between reference waveforns@e repeatable and
should allow accurate time measurementhéftest
system has accurate timing generators.

The waveform capturéime may be shortened
by building a non-standard one bit data regigert
simply reads outthe result of oneelected
comparator. This shortens readout time to the
number of BYPASSedchips followingthe targeted
chip in the scan chain. This addsmplexity more
than time savings. Such complexityjay be better
used for separate per-pin or per-chip digitizers [7].

How fast can the analog comparatmd early
capturego? Thedemochip usesl.5 micron CMOS,
and is assembled in a slow 4@in dual-inline
package,yet itsamples waveform features well in
excess of 100MHz. Fasterodern processes should
result in equivalently faster timing measurement.

Compatibility

Early capture may be added as a private
instruction to existing 1149.1 or P1149.4 chips with
no detectable effect oourrent tests. Thesarly
capture test instructiomnd the manipulation of the
TMS edge, should have raffect onexisting chips.

A system may be constructed of both early capture
capable chipsand traditional chips, with thearly
capture capabilityturned ononly for the desired
chips. There should be complete forward and
backward compatibility witithe existing standards
and proposed extensions.

Conclusion

Digital early capturecan perform precision
time measurement witbnly oneadditional latch per
pin. Analog early capture measures waveforms with
a simple analog comparatdhat is already an
optionalpart of theproposed P1149gtandard. The

15.3 Early Capture for Boundary Scan...

page 6

P1149.4 bus, along with early capturean beused

as an “analog measurement superhighway” for other
on-chip instruments, such as samplers, carrier
detectors, temperature sensors, and so forth.

Hopefully, theseadditional capabilities, added
to the pins of analog ICs, will make the additional
cost of boundaryscan palatable to engineers
otherwise unconcerned about production test.
Certainly they will providethe test engineer with
data to design better testnd thetools with which
to implement them.
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