METHOD AND APPARATUS FOR TESTI NG ELECTRI CAL CONNECTI ONS ON A PRI NTED
Cl RCU T BOARD BACKGROUND 1. Field of the Invention The invention rel ates
gener al | ywoaopwissd4ed circuit board testing, and nore parCirasbevloysiio
i dentifying open and shorted connections to conponents on a printed circuit
board. 2. Description of Related Art Detecting open sol der connections to
conponents such as integrated circuit devices, connectors, and sockets on
printed circuit board (PCB) assenblies continues to be a major chall enge on
today's manufacturing floor. Many PCBs are designed for testing by
connecting test pads to signal transm ssion paths on the board. These test
pads provide electrical contact points for test equipment. However,
connecting a teMEEMPéMDgﬁ?%?AﬁaWHPIﬁEMMN%E%Q%e el ectrical
characteristics of éQﬁEfE PONRAORN A PRINTED TTRCUIT BORH 9nal path caries
hi gh speed signals. Fl ?R |Fpustrat es an exanple o? a transm ssion path
to which a test pad 110 has been connected for use as a testing contact
point, In this exanple the transmnj ssi téforms a mcrostrip line 100
connetting a device 101 to a devirﬂcaé&&g%‘.oo[%\] IBillustrates a sinple
transm ssion |line nodel representing the electrical characteristics of the
mcrostrip 100 vriéld oftheEmbemash 110. The test pad 110 increases the
capacitance of the mcrostrip in this region, resulting in a substanti al
decrease in ti i npedance of the signal path near the. test. pad 110. That
s, the i mpedbislveRion el geuetally o prgtel Hrenl Foye iing A A1 y | ess t han
t he i mpegatie@arly o idehtsSMpesRnain RHortdiecdiinBétivhk td Borpdieentd orfa pridted< Zi ). For
hi gh speed signal s, such changes in inpedance can cause reflections or
ot her unéieddiitbiier® effects that interfere with reliable signal transnission.
Thus, test pads may |limt the signaling speed that may be reliably achi eved
on ajg ransm s3i qhespAbtiorofRelaeAtsggporary techni ques that do not require
test pads rely on onboard boundary scan devices to generate square wave
test signals @gtetpe trea}lnss 'essi oncga}lh%.coa her .int eqr al%{eedra%({gl%utit devi ces,
connectors and°SOeRePRECONTEEPRAFHE™S RSOPIPLRENT SUGTHH 1nteg

devices, connectors, and sockets on printed circuit board (PCB) assemblies continues to

be a major challenge on today’s manufacturing floor. Many PCBs are designed for

testing by connecting test pads to signal transmission paths on the board. These test pads

15  provide electrical contact points for test equipment.

However, connecting a test pad to signal path may undesirably change the
electrical characteristics of the signal path, particularly, if the signal path caries high
speed signals. FIG. 1A illustrates an example of a transmission path to which a test pad
110 has been connected for use as a testing contact point. In this example the

20 transmission path forms a microstrip line 100 connecting a device 101 to a device 103.

FIG. 1B illustrates a simple transmission line model representing the electrical
characteristics of the microstrip 100 with a test pad 110. The test pad 110 increases the
capacitance of the microstrip in this region, resulting in a substantial decrease in the
impedance of the signal path near the test pad 110. That is, the impedance, Z;, at the test

25  pad 110 may be substantially less than the impedance, Z,, elsewhere along the microstrip
line (i.e., Z; < Z)).

For high speed signals, such changes in impedance can cause reflections or other

undesirable effects that interfere with reliable signal transmission. Thus, test pads may

limit the signaling speed that may be reliably achieved on a transmission path.



path will receive the signal which is then capacitively coupled to a nearby
detector plate. Commercial applications of this opens test technol ogies
rely uponweppiousegsca periodic signal in a narrow range etrfusespuenaies for
perform ng opens neasurenents. The test frequency is typically near 10 KHz
because | ower frequencies generally result in | ower detected signal
anplitude, which will lower fault coverage. Frequencies in excess of 10 KHz
tend to couple into the detector plate fromthe PCB rather that the
conponent being tested, resulting in fal se passes. This narrow range of
useabl e frequ i { %ﬁ@ . i I i ng
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used, a selected output pin will toggle at exactly one half the TCK i nput
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typi c@l | Yeinp testedld rdsaltinghs falSEPAvkdsY The i nventor has recogni zed and
appreciated that with the grow ng use of higher speed signals, printed
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integrated circuit (IC) content and different number of scan cells, it is difficult for

suppliers to provide a stimulus frequency that is within the range of their hardware
operating envelope.
Some automatic test equipment (ATE) suppliers have promoted new boundary

20  scan commands inside the IC silicon design to make testing simpler. One such command
is called Extest_Toggle. When this command is used, a selected output pin will toggle at
exactly one half the TCK input clock frequency, thus eliminating the interdependence
between the output pin’s clock frequency and the scan chain length. However, this new
boundary scan command has not been widely implemented in semiconductor devices

25  typically mounted to PCBs.

SUMMARY

The inventor has recognized and appreciated that with the growing use of higher
speed signals, printed circuit board (PCB) designers can no longer tolerate the negative
30 transmission line effects of test pads that are used to gain electrical access during in-
circuit testing. An improved vectorless test method has been developed to address the

loss of test coverage on high speed signals that reside on contemporary printed circuit



In sonme enbodi ments, an integrated circuit (1C) device on a circuit
assenbly, such as a PCB, is configured as a virtual signal generator. The
vi rtual swgnralo/gesner at or generates a test signal on a siegmais2@abbsiconnect ed
to a pin of another conponent on the gircuit assenbly. A detector plate

| ocated proxinmal to the second |IC device acts as a pick up, coupling a
portion of the test signal. The transient characteristics of the coupled
signal are analyzed to determne if there is a good connection, or if the
test pin is opened or shorted. Any suitable formof tinme domain analysis

nmay be pgsdransRehbliEsr MRUHUB! Sstehld, SRIEHpRIHRRKFBIcRIy dnld@ffeetidlgd si gnal
received by the detector plate is cross-correlated with a reference signal.

The ref etdsntifying opeal andeshotied einmgetians to gempeneaty ema RCBrars propadddor ned on a
known "good" wnjt.. Th ross-correl atijion i. ared to.a threshold val ue,
whioh aso. mal i SRBef PR, ERmAAL Ry Ea ] TRRE i bl AR, ne
qual ity eifchtaie RCBIieconfifurédad Heirfalsigitd @endrg®t.. Thé virlial §igsdl gedérator
additional tests may be perforned to determ ne whether a taulty connection
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circuit assenbly; performng, ti, domai n anal ysi.s of .a second signal, the
second sPERAIETGUIGzed i deieringiiy Rt apof Fomicetien S8 ibia 1o Bifds oPeahe
probe; apdgopdicating a test result based on the tinme domain anal ysis of

the second signal. In another aspect, the invention relates to a nethod of
testithg a ci r Amytsudatde fdrinof tithe dombincmhalysispnaysles parforfiegu Fongxample s it

udade 1 sispuistsspasttieguFongxamlesio
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cor r espogthAGeferdrict sipindl. fTIRRefdiéndelsiml inky bebblaidedt dRing % lenPhafd a probe
adj acent a second component on the circuit assenbly, the second conponent

conpri si Beyfarmedona knoprnofgoodd unid phe srossrperrglationyisogwmanddoi threghold
capaci ti Q [ t .second. ¢ nent, to.the praob t he. anal yzi ng
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Cr 0S$5 Ccothegbahddign td thegie anderse@Ndf the fest fagls vaddetivralieb i niay 6 sdrfsaRd ect or
representative of an expected value of a signal of the plurality of
firstsigReiPaniag WhekET & SAuliycogpemtiontina ShQFhoLAPRSer ent pin of the second

component;  angh some aspects, the invention relates to a method of testing a circuit assembly.

The method comprises configuring a first component on the circuit assembly to generate
a first signal on a first pin of the first component; placing a probe adjacent a second

20  component on the circuit assembly; performing time domain analysis of a second signal,
the second signal being capacitively coupled from the second signal to the probe; and
indicating a test result based on the time domain analysis of the second signal.

In another aspect, the invention relates to a method of testing a circuit assembly.

The method comprises configuring a first component on the circuit assembly comprising

25  aplurality of first pins to generate a plurality of first signals, each first signal generated
on a corresponding first pin from the plurality of first pins; placing a probe adjacent a
second component on the circuit assembly, the second component comprising a plurality
of second pins; analyzing a second signal capacitively coupled from the second
component to the probe, the analyzing comprising, for each of a plurality of time

30  windows in the second signal, cross-correlating the second signal in the window with a

reference vector representative of an expected value of a signal of the plurality of first



indicating a test result based on the analyzing. In yet another aspect, the
invention relates to a conputer storage nedi um conpri sing conputer

execut ablwoinswosemstsi ons t hat, when executed on a test systraseéawisigo a
conputer, control the test systemto sest a circuit assenbly according to a
met hod. The nethod conprises configuring a first conponent on the circuit
assenbly to generate a first signal on a first pin of the first conponent;
pl aci ng a probe adjacent a second conponent on the circuit assenbly;
perform ng time domain anal ysis of a second signal, the second signal being
capaci ti yighyls eOMEER the PROYeNRroRBA ANMFS AR of the!S60rdf QfpondRE ah@di cating a
test result based on the tinme donain analysis of the second signal. BRIEF
DESCRI PTirdi¢atiig BRAY\IINCER bakesl omthemnalyrmingnd enbodi ments t hereof will be

better understood when the fqgll.ow detail ed description is.read in

conj unction wi&‘f h taﬂg&ﬁfzﬁ?ﬁﬁtaﬁlﬁ 1H§ergﬁme'ﬁ§5 f9 gGPBRUeT Hotags npdiiPes, el ement s
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multiple figures are identified by a |ike reference designation. In the
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havi ng a t 4 | C is an electrical. e f the

transm slsr%egﬁ)dl cl%%lg)%;%?si élj@?lrggﬁ gé; aidr{ al‘—‘ioép 9 5{;% (ﬁlt& c’ﬁglfl%gsgg?élgﬁogflffﬁteaaccor di ng
to some €imveignakst sfigt piohef the et icompondnt(pladng & peobcasljacet digecaad or di ng to
sone enbodi nents of the jnvention; FIG 4 is a plot of an experinental test

resul t i FPTBORERE Py Hhecdichit pssmppestormyedingdomamanalysispf @ seeondssignaly ow
3 D B _ s . S et
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val ue according to sone ment s; milTustrating
a neihodirfdicating atte¢st gesalt pased on the timid domale anilgsis oAthesecimigigmal sone

enbodi nents; FIG 7 is a plot of experinental test signals; FIG 8Ais a
conceptual plot of input and output signals during testing according to

some enbodi nents; FI Gs. SBREEFayESCRNEADN'GF PR AWINGES out put signal s during
testing according to

The invention and embodiments thereof will be better understood when the
following detailed description is read in conjunction with the accompanying drawing
15  figures. In the figures, elements are not necessarily drawn to scale. In general, like

elements appearing in multiple figures are identified by a like reference designation. In

the drawings:
FIG. 1A is an illustration of a microstrip transmission line having a test access
pad; ,
20 FIG. 1B is an electrical model of the transmission line illustrated in FIG. 1A;
FIG. 2 is a test setup according to some embodiments of the invention;
FIG. 3 is a test setup according to some embodiments of the invention;
FIG. 4 is a plot of an experimental test result illustrating some features of some
embodiments; ‘
25 FIG. 5 is a flow diagram illustrating a method for obtainihg a learned signal and

reference value according to some embodiments;
FIG. 6 is a flow diagram illustrating a method for testing a pin in a unit under test
according to some embodiments;
FIG. 7 is a plot of experimental test signals;
30 FIG. 8A is a conceptual plot of input and output signals during testing according

to some embodiments;



sone enbodi nents; FIGs. 8F-8H are conceptual plots of the cross-correl ation
for a conceptual output signal and | earned signal during testing according
to sonme ewbaediomssdss; FIG 9 is a flow diagramill ustrat pag/us2e0eiobsado f or
determ ning whether a faulty connecti®n is a short or an open according to
sonme enbodi nents; and FI Gs. 10A-1CC are block diagrans illustrating exanple
test scenarios for identifying a type of defect. DETAI LED DESCRI PTI ON The

i nventor has recogni zed and appreciated the need for vectorless testing
techni ques that overcone limtations of the prior art. Systenms and net hods

for testing theGelsLRE iafloneORHIRIIbR S Bhtpht ggnﬂgdﬁﬁﬁé’féﬁﬁﬁg‘v‘%wr&h’g{b as an

integrated circuit (1C) device, connector, socket; to a circuit assenbly
are di scbopedmbdthmenysst em utilizes a conponent configured as a virtual

si gnal genera t nerate test .si | s. In some. enbodi nents, . the virtual
i onalgener afsos ST BE Ralely T alfls 3L BiSirorea R ORIOEE boreghatantft can
chai n f okighgisdnidNearAeFSEhA Hufihg Rskifig aéedr@ing t&behabmBbdiRaaat es fromthe
virtual signal generator along a transm ssion path to a cor’rgonent to be

gt!

testedd, such &SCahisllewdpegunilestrating e mashedior determiniegwhetheye Bwltgct or
plate ”eﬁén&e@ﬁoﬁé@s%ﬁ% aﬂ’?ﬂ@ﬁ pbdoidink 3o %’éxﬁé’e&%o@iﬁ?e%{s\’gn& he test signal as a
prng C €

result of capacitive cou 0 confluctorsin conponent under test.
The char act er iF$G$.d9A10C b KlotlpdiagrahSodarging iegadbleacs stédtioatirve of the
quality of the electrical connection of a pin on the conponent that should
be conneddedtitting @ ppeafggtact.path or of the presence of an electrical short
bet ween pins. The characteristics of the response signal are determ ned by
analysis in the tinme domain that includes conparing the response signal to
knowt0 r esponses. The anal ysi SDEFAHSEDDESCRIRIIMNat i on of whether there is
a fault associated with the pin. If the analysis indicates the connection

is faulty, additi t formed to identify the nat fth
{aul T, suth ad PR GRS as FORBTEed LR e d i eloel e A nos @

l'i kel i ho@ghhigaés Mate@EonRlimPARORSST thebGHeRt. 8SY s8Il hehBaNfR t&tigpal - As a
result, the tine domain analysis is resistant to random noi se, reducing

fal se repralectagal eppuncon af pingen@fcemneneigsych@s anupfegratedeincyit4He) bei ng
‘S’iogglugt gﬁS%{, fé8¥§éctorf BEsclek OBt PRI A0GNYT e FRACRE ey iFeh! Ve Y
15 component configured as a virtual signal generator to generate test signals. In some
embodiments, the virtual signal generator is a boundary scan device that utilizes a
boundary scan chain for testing a series of pins. A test signal propagates from the virtual
signal generator along a fransmission path to a component to be tested, such as another
IC device, a connector, or a socket. A detector plate near the component under test is
20  used to receive the test signal as a result of capacitive coupling to conductors in the
component under test. The characteristics of the coupled response signal are indicative
of the quality of the electrical connection of a pin on the component that should be
connected to the signal path or of the presence of an electrical short between pins.
The characteristics of the response signal are determined by analysis in the time
25  domain that includes comparing the response signal to known responses. The analysis
leads to a determination of whether there is a fault associated with the pin. If the
analysis indicates the connection is faulty, additional tests may be performed to identify
the nature of the fault, such as an open or short. The time domain analysis determines a
likelihood that a detected response matches a learned response signal. As a result, the
30  time domain analysis is resistant to random noise, reducing false reports of errors on a

manufacturing floor where tests are being conducted.



which is readily generated, in contrast to prior art approaches in which an
oscillating test signal was generated by a boundary scan part. Al so,
because twe wmaisemisgnal can be as sinple as a single sigoalusteanssiue on,
paranmeters of the test signal are noteéconstrained by the I ength of a scan
chain in the device acting as a virtual signal generator. FIG 2
Illustrates a test setup 200 for shorts or opens testing an electronic
assenbly. Such a setup nay be used as part of the manufacturing process for
circuit assenblies. As shown in FIG 2 test set up 200 is configured to

test a circui MRSSRERLY tidfddomdiR andipsi SERAHeFRAbn 'alrél‘dﬁ{ré@tsﬁﬂple 3ighgst signal

is introduced into circuit assenbly” 201 by controlling a device on circuit
assenbl ywheh iareadily gendrated; lgwantrw Mepmnmt appieaches invahich iag oadillgtensstesit or  may

0 0T Sl MR o GBI Db oSS e 0

connect eginiple & Nsingle sipHal @énsﬁﬁtfxﬁp%ﬁﬁfe@@ﬂﬁh@@&@b@n@lf ar€ hbCebnktr@insebPpl y 201 .
By sensing and analyzing the test signal reaching that conponent or

conpohenths length gfa seanphain ipdhe Q@I‘Pﬁa@@néfasﬁww‘tﬁbélgm%@ﬁfaﬁWe connecti ons of
t hat corrp_onenFIé)rz ﬁl‘i’x%’ﬁ@?@[e%t %e?u;;?@o §61Jts Z’r%g '%ﬁ&@&e&?&f gtion of the

virtual si gnal dgenerato e ‘varl S Oon

di f f er enhssembBuSuchia saafphﬁay be tded as Ipb.ﬁ@ﬂhe’olﬁﬁlﬁifbétynﬁg pﬂjcésisefoealtrcldevi ces nay
be controlled to act as a virtual signal generator at different tines.
Fur t her , 2833Bbleponent s at whi ch the test signal is sensed nmay al so vary so

that connect i ARSHAGHASPIC eeki dobH 50 RRBARkNeRY 1d3Pa ERSPEbseh B IR, 2 a
ener at or

sem conduct or Chl p is configured act as the virtual signa
210. 10rhelr the porbediment dhussrettdat teat sgmzd ncintteduaed id®Cirvnitrassettdy 261 by r cui t

assenbly 201, .such as a printed c it‘boar A sig th 220
oot Legiolle f fenie g Bhet SRerhbib ol o SOMAT {ikgissnialprad e

i 11 ust raElgHal greﬁ@rafo?%aysc%tdbﬂtrbﬁe&gﬁﬁﬁtgﬂfaﬁg téspe%lﬁﬁﬁmeﬁ‘trlo"g'eﬁéiﬁfe' tﬁé‘tes’?onnec'[ I on
bet ween the signal path 220 and a test pin on the 'second device 230.

Because SIBealmrﬁgnaémthpﬂ@ceégrmtyasb@nbls'é@1 fipassembledisiorretly, arcempesiedt and
each conponent on a t ass enbl test bed in c nnection
wth o skgreonPe §raolh RRRERFRY of R Ry Bile iy Sl il G e
underst ogshlyAiagd theitékt sipaehetifglthat EdmpdRar oCevimsuirhtssart dksbnieat agtbed in a
simlar fashion, at different tines,
made of the quality of the connections of that component or components to the circuit
assembly. The operation of the virtual signal generator may be varied to generate test
signals on different conductive paths in the circuit assembly or different devices may be
controlled to act as a virtual signal generator at different times. Further, the components
20  at which the test signal is sensed may also vary so that connections across the circuit
assembly may be tested. '
InFIG.2,a semiconductor chip is configured to act as the virtual signal generator
210. The response is sensed at a second device 230 mounted on a circuit assembly 201,
such as a printed circuit board (PCB). A signal path 220 connects the virtual signal
25  generator 210 and the second device 230. As illustrated, the test setup is configured to
test an electrical connection between the signal path 220 and a test pin 233 on the second
device 230. Because the same test process may be used for each pin on a component and
each component on a circuit assembly, testing is described in connection with a single
pin on a component for simplicity. However, it should be understood that pins
30 associated with other components could be tested in a similar fashion, at different times,
or where signals associated with testing of one component or pin will not interfere with

testing of others, such testing may be performed the same time.



or where signals associated with testing of one conponent or pin will not
interfere with testing of others, such testing nmay be perforned the sane

ti me. The webimossi4em 240 provi des control signals via cearruskooomsiecti on 2
11 to the virtual signal generator 210. If virtual signal generator 210 is
a boundary scan device (BSD), control connection 2 11 may connect to a test
access port (TAP). The control signals configure a conponent to act as the
virtual signal generator 210 so that it will output test signals on the
signal path 220. Any suitable signals nay be coupled through the test

access port. MOk (& SyHing 240 Rﬁ@d&l&ﬂﬁbﬁsl s ViR@6htrdl doRRdctdDh P lte tiONt 1 Ol
the device to generate the test signal at a specific pin or provide a test
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The test (250 ShhubForl@itEat PERtunRef Bedeiedn BN (PAPF CTR SRR Srncct 1 on

213. ThesizasleeosfigEe BRE6MpbAcht 2d dctB A NiBSall Sighal SERINSL2F) §etat RNl ed to a
detector plate 231 near the second device 23 nce, detector 1tzrate 231 is

conf i Yur eBtPEbtepleignaleomthsisignal pathgae; ﬁyl)’ébmhléélgflﬁﬂémadém coapleddhroygk t est
system 24Q. .0 ¥1c9e‘§5 g&rt 54 %pl? rtﬂ&%ssgérﬂ%% Ry 5@@@ ?%g?gggl g rg&q%ef ore

provi di ng t response’ si uter

confi gur ddvm@top@n'émdmhﬁ est kighaloaalspedific pin drfpgovids pacss elosk @hathet timilke a
determ nati on u e el ectrical connectlon bet ween the signal path 220
and a t eSigng ang‘gBSlg S BRY Sp%fdﬁffmne% opmegt asnoxgp dhear ifogquflwzsam
menory Zg&lﬁ&%rqﬁgﬁyﬁlgﬁepgg{agle%h aout this configuration is an exanple
only. Thou il lustrated as separate units, test system 240 and conputer
250 iy be enfibditastsywenn240 algbmet&emesererspomsmi@uhnia&dspons@cgnmtﬂlmrzlsml tabl e

way. Co ter 250 ranmed to contral the rall, test process.
For_ exam 16 1 BOTE SOBRoc380 e JhoPatien MHegarmonts dEnt Spusled e JH6ebPREST ot her
pPi ns on 08T fskritheAseERPENi€DI30. F{&n&owe@tsfplaé%@% SIS @ rk&ste hai | s,
additional tests may be performed to identify the cause of the failure. The

corrputerSlggdm%m@mopnkedlfmdmwaw about the tests to an output device
a ou#}begef ects on

260, such as r|nter
o eurt nseontPEtEDiAer? 2a0 ) e ot sielRl e Edine e e Fbnee SBRH bt e o o
st ages oproviding tetresponse 51gnal to a computer 250. The computer 250 is configured to

perform further analysis of the response signal to make a determination about the
electrical connection between the signal path 220 and a test pin 233. As shown,
computer 250 has a processing unit 255, memory 253 and storage media 251, but this
configuration is an example only. Though illustrated as separate units, test system 240

20  and computer 250 may be embodied as a single device or implemented in any other
suitable way. .

Computer 250 may be programmed to control the overall test process. For
example, computer 250 may reconfigure the test setup 200 to test other pins on circuit
assembly 201. If computer 250 determines a test fails, additional tests may be performed

25  to identify the cause of the failure. The computer 250 may output information about the
tests to an output device 260, such as a display or printer, or may send information about
defects on circuit assembly 201 to other manufacturing equipment for use in subsequent
stages of manufacture.

Though FIG. 2 illustrates a test setup in which a single pin is tested, test setup

30 200 may be configured to perform tests for any number of test pins 233 on the circuit
assembly 201. Multiple devices on circuit assembly 201 may be configured as virtual

signal generators and multiple detector plates may be included so that pins on multiple



Though FIG 2 illustrates a test setup in which a single pinis tested,
test setup 200 may be configured to performtests for any nunber of test

pi ns 233 wo 2btvsedascui t assenbly 201. Multipl e devi ces eoTaisc@gioveiassenbl y
201 may be configured as virtual signa&l generators and nultiple detector

pl ates may be included so that pins on nultipl edevices may be tested. The
conponents on the circuit assenbly 201 may be configured and controlled to
generate and neasure appropriate test and response signals. For exanple,
during the testing of circuit assenbly 201 a single device may act as a
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virtual signal generator to other’ devices sone

enbodi nenomse tigiegialt apathbistiA2s) respengeesignadd ara nivagired pethdsbdsviaper ati ng at 3
gi gabits (GB) r,second or greater. For exanple, signal paths 220 nay be
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signal paths w thout the use of test pads that can di on those
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operate as Vvir Sj gn erator 210. Virtual .signal generator. 210 is
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traces to3ghiaal 290her devi ces shoul d be connected on a good board. Here,

that control is provided through a connection to virtual signal generator
210 that, in Hbsqmas cvpedimentsnsignalqiaths 220 asespartrbf § hizhispeeshbys apsraiinglat speed

signal s. 4l ' S Vi | .signa erator. 210.1s
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connect i &¥bodiment, dt i§ desizabls o tesiniprcopneqterdbto thosentignah paths without the use of

test pads that can disrupt signals on those paths.
As shown, a component on circuit assembly 201 is controlled to operate as virtual
signal generator 210. Virtual signal generator 210 is controlled by test system 240 to
20  generate one or more test signals on traces to which other devices should be connected
on a good board. Here, that control is provided through a connection to virtual signal
generator 210 that, in normal operation of circuit assembly 201, carries high speed
signals. In the example illustrated, virtual signal generator 210 is controlled through a
control connection 211. Control connection 211 may contain multiple lines to support
25  input and output of data and control signals and timing signals. Though, the specific
format of control connection 211 is not a limitation on the invention.
In the embodiment illustrated, the control connection 211 is connected to test port
217 of the virtual signal generator 210. In some embodiments, test port 217 may be a
test access port of a boundary scan device. As is known in the art, such a test access port
30  may be used to provide control signals to a boundary scan device to cause the device to
input test data to boundary scan registers incorporated in the device for boundary scan

testing. When desired test values are in the boundary scan registers, those values may be



In the enbodiment illustrated, the control connection 2 11 is connected to
test port 217 of the virtual signal generator 210. In sone enbodi nents,

t est portwdléiommysdbe a test access port of a boundary seemuiesiooes11hs is
known in the art, such a test access port nay be used to provide control
signals to a boundary scan device to cause the device to input test data to
boundary scan registers incorporated in the device for boundary scan
testing. When desired test values are in the boundary scan registers, those
val ues may betransferred fromthe boundary scan registers into operational
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controlled through test port” 217 to establish desired test conditions.
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connected to a signal path 220 to which a pin under test 233 of second
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As shown, output pin 215 is connected to a signal path 220 to which a pin under
test 233 of second device 230 should be connected in a properly manufactured circuit
20 assembly. The signals generated by tester 240 may change so that the test signal on
output pin 215 is a time varying signal that can capacitvely couple through second device
230 to a detector plate 231. Accordingly, the state of a connection of pin under test 233
to a signal path 220 may be tested by analyzing a signal capacitvely coupled to plate 231.
In some embodiments multiple detector plates 231 are positioned over the circuit
25  assembly 201, and hardware to condition the response signals is shared by multiplexing
the connections. The test system 240 may include a multiplexer board 242 configured
with a multiplexer 245. The response signals from each detector plate 231, 231-1, and
231-N may be buffered by a corresponding buffer 246 before connection to the
multiplexer 245. Buffer 246 may be any suitable buffer. In some embodiments the
30  detector plates 231 may contain an active buffer 246 which buffers the response signal

for the multiplexer 245.



assenbly 201, and hardware to condition the response signals is shared by
mul tipl exi ng the connections. The test system 240 may include a mul tipl exer
board 24Avoanfoogessed Wi th a nul tipl exer 245. The responeTaisgnalossiis om each
detector plate 231, 231-1, and 231-Nmway be buffered by a correspondi ng
buffer 246 before connection to the nultiplexer 245. Buffer 246 may be any
suitable buffer. In sonme enbodi nents the detector plates 231may contain an
active buffer 246 which buffers the response signal for the nultiplexer
245. Al t hough each detector plate 231, 231-1... 23 1-Nis illustrated with a

singl e correspifdigieRBRRGtFPIALE 232331 - 0EDSLINTs iRh a8 With a RRgIDE
configured in any suitable Wag(.) For ‘exanple, multiple detector plates 23
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fromthe virtual signal generator 210 onto a signal path 220 and each
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reference level i1s indicated by markers 4 11, 413, and )
be analyzed in a fashion that allows reliable detection of open or shorted pins.
Example test and response signals, which may be used in some embodiments, are
described with reference to plot 400 shown in FIG. 4. Plot 400 shows two test signals
401 and 402, each output from the virtual signal generator 210 onto a signal path 220 and
20  each corresponding to one of the pins 233 on the second device 210. A response signal
405 measured at detector plate 231 is also shown. Each signal is plotted as a function of
time (time axis 420) and amplitude (amplitude axis 410). The signals are offset on the
amplitude axis 410 for clarity. A reference level is indicated by markers 411, 413, and
415, for signals 401, 403, and 405, respectively.
25 In this example, the test signals are shown as pulses, each with a leading edge and
a trailing edge. In this example, test signal 401 is applied to an open pin, “pin 1,” and
test signal 403 is applied to a good pin, “pin 2.” The signals are coupled to a common
detector plate from which response signal 405 is measured. As can be seen in FIG. 4,
though test signals 401 and 403 have generally the same shape, the response signal is
30  different following application of a test signal to an open pin then to a good pin.
Further, as can seen from FIG. 4, the response to a test signal shaped as a digital

signal applied to a good pin contains relatively large swings. These large swings occur



415, for signals 401, 403, and 405, respectively. In this exanple, the test
signals are shown as pul ses, each with a | eading edge and a trailing edge.
In this ewerplomseisest signal 401 is applied to an open pcmusi@onodiid and
test signal 403 is applied to a good min, "pin 2." The signals are coupl ed
to a common detector plate fromwhich response signal 405 is neasured. As
can be seen in FIG 4, though test signals 401 and 403 have generally the
sanme shape, the response signal is different follow ng application of a
test signal to an open pin then to a good pin. Further, as can seen from
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response_shqf sentative of capacitive coupling of an edge of a test
si gnal mﬁ%r&%q’[sﬁﬁc Jegﬁésgdge occurs. In the enbodinent illustrated, the
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characteristic response is received at a tine associated with each of the
edges. may be a pattern of peaks, such as the two peaks shown in FIG. 4 associated with
transitions 425 and 427. Though, in other embodiments in which a test signal with
multiple edges is used, the characteristic response may be regarded as the response to
one edge signal. In such embodiments, the status of a pin under test may be assessed
20  based on the degree to which the characteristic response is received at a time associated
with each of the edges.
The specific characteristic response used in testing a pin on a circuit assembly
may be determined during a learn phase. During the learn phase, signal characteristics
associated with a known good pin may be learned. The learned signal for any pin on a
25  circuit assembly may be obtained from the response signal measured when a test signal
is applied to a corresponding pin on a known working circuit assembly. Though, in
some embodiments, the learned signal may be obtained computationally, for example, by
simulation using appropriate electrostatic modeling tools.
During the learn phase, a learned signal may be obtained for each pin on a board
30 to be tested during a subsequent production test phase. The learn phase is performed
with a good circuit assembly, such that each learned signal represents the response signal

when the corresponding pin has a good electrical connection to its signal path. Test



The specific characteristic response used in testing a pin on a circuit
assenbly may be determ ned during a | earn phase. During the |earn phase,

si gnal chaoactwasssbi cs associated with a known good pi npomyusbeoloeanmed. The
| earned signal for any pin on a circui2t assenbly may be obtained fromthe
response signal neasured when a test signal is applied to a corresponding
pin on a known working circuit assenbly. Though, in sonme enbodi nents, the

| earned signal nay be obtained conputationally, for exanple, by sinulation
using appropriate electrostatic nodeling tools. During the | earn phase, a
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t he response signal is al.yzed using the | earned signal obtained during
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t he response signal 1 ncludes the |earn g response oflomnng appfication of
t he 1@st whidnthe respomsesignabinchnles Herledraed maspense dollving @pplication®f thr testhol ds
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shorted to structures other than the signal path intended to carry a signal
to that [iamedresponseséhie pinean be dpiermined ¢mbefanity| The piramay be danltyneitherar ned
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shorts FkignalToitlsat id. | IaWithBévient fthereppaiee svll dbvihteBom Bite lamkasipadl. during a
| earn phase, FIG 6 illustrates processing that may be perfornmed during a
test pha®&caadaytiygin ¢ detected, subsequent testing may be performed to determine the
nature of that fault, such as whether it is an open or a short.
FIG. 5 is a flow chart of a process that may be performed during a learn phase,
FIG. 6 illustrates processing that may be performed during a test phase and FIG. 9
20  illustrates a process for determining a fault type. Test setup 200 may be configured to
perform method 500 during the learn phase, method 600 during the test phase, and
method 900 for determining the cause of a faulty pins failure.
Method 500, shown as a flow chart in FIG. 5, is a method for obtaining the
learned signal and a reference value. The reference value is used to determine the
25  thresholds for the test phase to distinguish between good and faulty pins. Method 500
may be performed for each pin to be tested such that each pin has its own learned signal
and threshold. Though, in some instances, multiple pins in a circuit assembly may have
similar structures and a learned signal and/or thresholds determined for one pin may be
used for multiple pins. In some embodiments, computer-executable instructions are
30 recorded on storage media 251 of computer 250 and executed by processing unit 255 to

control test system 240 to perform method 500. Though, the steps illustrated in FIG. 5

may be performed by any suitable equipment.



Illustrates a process for determning a fault type. Test setup 200 may be
configured to perform nmethod 500 during the | earn phase, nethod 600 during
t he test wbasm/osesad net hod 900 for determ ning the causecwfusaoavdiiy pins
failure. Method 500, shown as a flowmshart in FIG 5, is a nethod for
obtaining the | earned signal and a reference value. The reference value is
used to determine the thresholds for the test phase to distinguish between
good and faulty pins. Method 500 may be performed for each pin to be tested
such that each pin has its own |earned signal and threshold. Though, in

sonme instance ' ol ' ' i | €044 Aar
structures angdeédﬁiﬁe%ng%eglr%igﬁgrgggﬁ l:)é ﬁf#h%netgﬁgﬁg@{ %sg?@}ﬁ%?%tﬁst?doéﬂjoﬁe pi n
may be ubkeawi goodeitduitdssemblp201 linplaceteinghd tedi seeupt 200 FdOp L2 &d Bx Step abl e

i nstructi.Qns are [ §C rded o stor? e .nmedi a. 251 qf ut er, 250 and gxecut ed
by procedds Ry dpsttdes i xampls, Fropmifie the wusebitasseahly 2T s i pRmieisd so0.
Though, {d'@e $dse gyﬁstérﬁ by/RAdvAL BPtht @nﬂ)x@geﬁy HRYhiRE R QidFHflatby 23y suitabl e
equi pment . Met hod 500 begins at step 501 for a pin on the circuit assenbly.
At step SoBegtingenntroloerneetionsidlil taappropripteest pods gl Acwdnéatingiiespoasst  set up

200 (FIGs.. .2 and L. Step 503 Lacl u for exanple, nounting the
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may transjtion the output pin one or nore tinmes between a volt a?e
r epr esenvirtigl sigeal generator that produces a digital output using two different voltage levels
may transition the output pin one or more times between a voltage representing the first
state and a voltage representing the second state. The circuit assembly and test system
may be controlled such that signals on signal paths other than those connected to output
20  pin 215 are held at a constant voltage while the test signal on output pin 215 is generated.
For example, the virtual signal generator may hold output pins, connected to pins of the
second device not being tested, at ground. Though for some circuit assemblies it may be
possible to test pins connected on different nets on the circuit assembly simultaneously.
In that scenario, it may be possible to also generate learned signals for those pins
25  simultaneously.
The test signal may be an impulsive on other rapidly changing signal that will
generate a discernable transient response. In some embodiments, the test signal includes
an “edge” at which a rapid change in voltage occurs. In some embodiments, the test
signal is a “pulse” having two edges. The pulse is marked by a rapid change in voltage,
30 followed by another rapid change in voltage, typically a return to the original voltage
level. Any suitable dwell time between the leading and trailing edges of the pulse may

be used.



state and a voltage representing the second state. The circuit assenbly and
test system may be controlled such that signals on signal paths other than
t hose comnweebmbstzmsout put pin 215 are held at a constantcraisc@geose | e t he
test signal on output pin 215 is genedated. For exanple, the virtual signal
generator may hold output pins, connected to pins of the second device not
being tested, at ground. Though for sone circuit assenblies it may be
possible to test pins connected on different nets on the circuit assenbly
si mul taneously. In that scenario, it nmay be possible to also generate
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in voltage, foltkRpsSd7bihe 2:PbAKY sigmiPicondAidaed.! Th 36Phd @ABedi¢Riscal |y a return
to the original voltage level. Any suitable dwell tine between the |eading

and t¥ai Fonthitiendag mchides huffering diligripg.rad(ps emplifieng theygspanse sigaalg idie

pr opagat es_ al I : t nr Qndi n [ 3 t he second
devi ce 2%‘%?%@g?":és‘iqﬂgbé‘%gﬁ‘g’in?%?%I‘Féigqué g%%%?ﬁ“@%;}“ gbeu%F gllciltﬁta(%§t%}ggrdet ect or

pl at e 233uitableewsy.gPéd examiphd, €t detedtdiepl stle R8¢ ntiy HY Wifferédsby beffercBpoTde si gnal .
At step 507, the respaonse signal is conditioned. In sonme enbodi nents,

condi t i ofPyRied Hignalaeay be filtezed by a fiter 244 Kidter 24thmay b aleWmpshHer Bawd nagsponse

si gnal . i I g j L Gy i n the
art or i BNEr el to PR imaRAbod AIRE el LR SR, TR OGRS, "y
be buf f enlsd nizy Heuiimified4y. anfpidiec @dp) though gryasuitably abwpliffiet trewyébd usyd.a filter
244. Filter 244 may he.a | ow pass or hand s filter adapted to pass
signal s shape té@Pﬁﬂg, téﬁﬁees@f’ﬁ% ?@?8&@8“‘5?@@?2“ ?%él?Fp‘ie. ’?F@W&E‘aal so may
be anpl i iﬂag%ewgiam by ABIC 248, Ah{ QUEHBI A pit AR EqdBLid drfhay BY ub&, used.

At step 509, the response signal”i1s digitized. For exanple, the response

si gnal may beTht gampleddighgl mEprbe ased ssmyleamed sigha, depeptingromt subsgyent
quanti zation may be used. The sanpled signal may be used as a | earned
si gnal , Bgﬁgﬁding on subsequent process. At step 511, the response signal

is applied toARRtepS OCHE k&ipdhdeighall CAppHBd tPan autocorrelation function to

determine a threshold value to use when comparing a response signal during a test to the

learned signal. In some embodiments, the autocorrelation function may be to a de-
normalized autocorrelation function, R(d), for zero time shift, i.e., d = 0. Representing
the successive samples of the response signal by the vector X with the entries, x;, the de-

20  normalized autocorrelation of x for d =0 is
HOEDNEEYS i 1)

where ., is the average value of the entries of x .

Optionally at step 513, steps 505 through 511 are repeated for a total of » times,
including the initial iteration. By repeating the test, an average of the autocorrelation
25  may be used as a threshold and/or averaged values of the response signal may by used as
the learned signal. Additionally, repetition may indicate whether the test configuration
for the pin produces a repeatable result such that it would constitute a useful test
configuration on a circuit assembly under test. The number of times the test is
performed may be determined in any suitable way. For example, a predetermined value
30  may be selected or may be determined dynamically based on agreement between

successive iterations.



determ ne a threshold value to use when conparing a response signal during

a test to the learned signal. In sone enbodi nents, the autocorrel ation
functi on wayolmstzaca denormal i zed autocorrel ati on funct ipomusRidppsti®or zero
time shift, i.e., d = 0. Representinglsthe successive sanples of the

response signal by the vector Jc with the entries, X1, the denornmalized
autocorrelation of x for d "0 is RO = (X1 - x )2, (1) where nx is the
average value of the entries of x . Optionally at step 513, steps 505
through 5 11 are repeated for a total of n tines, including the initial

iteration. Byag ‘é‘#%?%%,“tﬂe%ﬁﬁd&rﬁ%evia Bn,a%‘%f‘&% aﬂEOﬁBH‘é‘laﬁHﬁ P&, &

@5 iggn may be
used as a threshold and/or averaged val ues of e response Si énél may by

used as thee iterationsds detgmained. Addi tional |y, repetition may indicate whether
the test configuratign for the pj.n _produces a.repeatable result such that
it woul d constA‘lgts'ﬁPé 1 ’_‘Elése eﬁqmg&ﬁ&%ﬁ%i@qv&ﬁl%sy@p@iﬁf# 9&§§%W*_Brey under
test. TheheRwmagd d¥vidtiodBsay Biecdnfiftred ® PHredQEMMEeduOH/HiE AhFbeed in any
sui tabl e way. For exanple, a predeterm ned value may be selected or may be

det erfri néeferaminedrincany spitable evhyodf thgrstamderd daviatinednlessithen dlud predétemmiaed ons. At
step 515 St deviation, s , of the autocorrelation results, RO,
for the V]all{l%lgtrlgta?%g)gbﬁ% determ ned. At step 517, it is determned if the

standard devi Hlth©gtahdarddeeiptiaisedetdrineda BeludacdepRibie, aeg 319 idsattcidean may
be conpared to .a predeterm ned val ue which may be determ ned i n any

sui t abl elfiggcessing reaehes sieniad % na dearagd Bignal és stersd fortha seleeted pindf @prmi ned
val ue, i{..} X . Qgﬁr | .abhon .l e ) to be
unaccept gag*ngfl§£gt‘?1§glts§§§é&li,stﬂé;see:l%kgerd%§ f&ﬁ(rgg\ééesg%}:lengmirlégh%h&eeg&é e@gg%w, no
| ear tied siethod! Theugth, ohepinfroay fdtdbesestatiié adthphddevite sededtebatrsagh F5godke i S
stored, the.selected pin may not gg testabl e using the described test

met hod. PEIUGHR Sienal %ﬁnﬁf‘%{ygﬁ%{l% testablenyigh gpatherideuicgasedes auirgal ed at
, j ! ed
step 505501 RendrA@r ViAktdtalngdy, glg@gh%@eF%g%s t@%etﬂ@%ﬁ@@ e’&ﬁﬁﬁ% ?’R&estt# t

anot her device used as a virt si gnal generator. Accor ugh FI G
5 shows §Hb funthen prodsSingmdy bg paffoemedstoddeBify anbthet Vietualsigiead genergtonay be

performed to identify another wvirtual signal generator or another testing
appr oac ha:*o(tgl}e ttohsing iaR}Xroagh I’or%he pin.
15 Conversely, if the standard deviation is determined to be acceptable, step 521 is

performed. At step 521, the reference value and/or thresholds are determined. In some
embodiments, the average autocorrelation is computed to be the reference value. Note
that the average autocorrelation may have been calculated as an intermediate step in
determining the standard deviation at step 515 and it is not critical that the steps be

20  performed in the order illustrated. High and low thresholds may be determined as a
percentage of the reference auto-correlation value. For example, in some embodiments
the high threshold is set to 125% of the reference auto-correlation value and the low
threshold is set to 75% of the reference auto-correlation value. In some embodiments the
reference signals of the » tests may be suitably cross-correlated to determine a reference

25  value and/or thresholds.

A threshold condition may be defined for each threshold. The threshold
condition specifies whether a test value compared to the threshold passes when it
exceeds the threshold or is less than the threshold. For example, when a single threshold
is defined the threshold conditions may specify that a test value must exceed the

30  threshold in order to pass. As another example, when a high and low threshold are used
to define a threshold window the threshold conditions may specify that the test signal
must exceed the low threshold and be less than the high threshold in order to pass.



Conversely, if the standard deviation is determ ned to be acceptable, step
521 is perfornmed. At step 521, the reference value and/or thresholds are
det er m newo 2bn/s63w8 enbodi nents, the average autocorr el atiras2009/06amput ed to
be the reference value. Note that theléaverage autocorrel ati on may have been
calculated as an internediate step in determ ning the standard devi ati on at
step 515 and it is not critical that the steps be perforned in the order
illustrated. Hi gh and | ow threshol ds may be determ ned as a percentage of
the reference auto-correlation value. For exanple, in sonme enbodinents the
hi gh t hreshol é'a%?cé) - [ val ue and
the low thres ?gg,’s{gtglt Sé?} a;lgﬁ%ée%rrg %&%m@%gﬁﬁ aftgllnon value. In
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(i.e., SOPERdLASERRAS: I n ot her enbodi rrents the n response signals
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digital vectors for the n response signals may e ave ag at each point
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525. The nethod 500 may be repeated for another test pin or may be
per f or mesignal applied to a single pin under test. In some embodiments, the boundary scan

operation initiated in step 505 may generate a test signal that propagates along a
boundary scan chain in the BSD virtual signal generator 210 to be applied to successive
outputs of the virtual signal generator in successive intervals of a test clock applied the

20  virtual signal generator. However, test signals for different pins may be generated in any
suitable order. In fact, method 500 poses no limitation on the number of scan cells in the
boundary scan chain within the virtual signal generator. Significant flexibility is possible
in selecting which outputs of the virtual signal generator are used to generate test signals
and the order and frequency with which test signals appear on those outputs.

25 In some embodiments, when a test signal contains multiple edges, those edges are
spaced in time so that during the time between edges, test signals may be applied to other
pins under test. For example, a leading edge portion of each test signal may be applied
to each pin under test before the trailing edge portion is applied to any. In this way the
leading and trailing edges of a test pulse may be substantially spaced apart in time from

30  each other with other pins being tested during the time between the edges. . When other
pins are tested during this time, the portions of the response signal corresponding to the

leading and trailing edges for a single pin under test may be analyzed independently.



simul taneously for nmultiple test pins. Test signals, and particularly the
"edges" thereof, provided to pins adjacent a common detector plate nay be
spaced i nwoi20m/056346hat any transient features in the regponseomiogsilad nay be
associ ated, based on tine, with a test7 signal applied to a single pin under
test. In sonme enbodi nents, the boundary scan operation initiated in step
505 may generate a test signal that propagates along a boundary scan chain
in the BSD virtual signal generator 210 to be applied to successive outputs
of the virtual signal generator in successive intervals of a test clock

applied the Vg {31 ebSdiAlenBER Kbl sighdPWRY £ low hikBhighitaeaiold hry di f ferent
pins may be generated in any suitable order. In fact, nethod 500 poses no
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the virtual, signal generatar ignificant, flexiRili i S.possible in

el ect | nf PHIFFioghed SRSA O et sy B8 dsiramingd ot B et

gener at eahBdr 16drfeBignaRdd threskyl@edet@tfindd R URNEM NG EdpeMTredtidgeSleadingnal s
appear on those outputs. In sonme enbodi nents, when a test signal contains

nul t i pl eardigaiting edgnsef radspeas twioseppatedestisignalsneach avithadifferent depragde ti ne

" | isdest _ i
camp o, FAPRaE oY be RO K0 e O00 o il Be Al LR MRERS; 3 "Chen

exanpl e,
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response,
manufacture. As part of the manufacturing process, a production test phase is performed

for circuit assemblies with unknown characteristics. The test phase may be performed
20  after soldering of components to a printed circuit board and may be performed to
determine whether solder joints are good or faulty. This information may then be used to
appropriately route the circuit assembly in subsequent stages of the manufacturing
operation. A faulty circuit assembly, for example, may be routed for rework. A good
circuit assembly, on the other hand, may be routed to other stages in the manufacturing
25  operation, such as where the circuit assembly may be packaged for shipment.
The production test phase may be performed according to method 600, shown as
a flow diagram in FIG. 6. In some embodiments, computer-executable instructions are
recorded on storage media 251 of computer 250 and executed by processing unit 255 to
control test system 240 and perform method 500.
30 The flow diagram of method 600 begins at step 601. The method may performed
once for each pin under test, though multiple pins may be tested in parallel or in any

suitable order.



I ncluding the response to both the | eading and trailing edges. Wen net hod
500 is being performed for nultiple pins, the test system 240 and conputer
250 may bwoeonfisgased to track the pin under test to whipchusbemonesponse
signal corresponds at a given tine. I® this way, |earned signals and

t hreshol ds may be properly determ ned. Regardl ess of the nunber and type of
test signals determned for each pin to be tested, once all |earned signals
are avail able, they may be used for testing boards during nanufacture. As
part of the manufacturing process, a production test phase is performed for

circuit assenlisRp 6081 e YHPPWRnANRNEGIR D184 E&rﬁrﬁm to§3heBras@ st Ehabe

performed after soldering of conponents to a printed citcuit board and may
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on the other hand, may be routed to other stages in thé nmanufacturing
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The prod | ] e rfor rdi tQ meth 600,, shown
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I nst r uct testsgreal @sgdefoptitadst@in dludighe l¢iealpAaséd1l of conputer 250 and executed
by processing unit 255 tq control test system 240 and perform net hod 500.

The flow di agfhMeBO0nhe deteeionpistsytisis placed adiagmmt to theeseeandiisyicgedpOper f or med
once for TRAGRRhAY HBRAE 4 49 b Gl in
paral | el or F:R aﬂly sfgll t gi)ﬁ%g&go? der&g yrsﬂthg%)ll %%tg?%t e Vvir tog-gelrggl?%zal gener at or
210 16 cowethaginabstirdaturgenerate a test signal for the pin under test. In sone
enbodi nents, the vi al signal generat.or 0. may be g BSD configured by
connecting t hé‘t g@n?bé}to&aﬁg&%&mémﬂ) ‘FGnébjqukﬁn%? telsh%g’@illf aPFWSdg‘bH’reopr i ate
ATE di gi igpropHdtey Siitpuisin 218%f B'BNIY @mdahﬁ%f{élr Héthto? 2908 the %gﬁfoﬁigfe timd Of
otherwi se control the virtual signal generator 210 to output test signals
at the alpityalisignal genawmtor 230d$ sotabboundary sces tlewigstep 607 thay bepafated has
t he sane slhat]loagi and anpl I tude .as the atnﬁst si,gnal used fgr the 1t est. pin
duri ng t PetyHating 4mgee™m. R%‘?"é’f‘@% cgenands, or giierwiss cajising theyarual sighal, - o
ad] arent génerdidie? 1966 @thutl @ st Sigd@Go one or more of its output pins 215.
At step 609, the response signal capacitively coupled to the detector plate is
conditioned. Conditioning may include, for example, buffering, filtering, and amplifying
as described above with reference to the test setup 200 (FIG. 3) and step 507 of method
500 (FIG. 5).
20 At step 611, the response signal is digitized. For example, the response signal
may be digitized by ADC 247. Any suitable sample rate and quantization may be used
to digitize the signal.
At step 613, time domain analysis is performed on the response signal. In
‘embodiments in which a test signal contains multiple impulsive features, the response
25  signal may be partitioned into time windows corresponding to each impulsive feature
and the response to each such feature may be analyzed separately. Though, if a test
signal contain multiple impulsive features, the time window may be selected to
encompass a transient response to all of the impulsive features.
In some embodiments, time domain analysis is performed by comparing the
30  response to be learned signal. The comparison may be made by calculating a correlation

of the response and the learned signals. In some embodiments, the correlation may be a

de-normalized cross-correlation of the response signal and the learned signal. For each



This step may include placing on assenbly under test in a fixture or other
sui tabl e nmechani cal structure. At step 607, boundary scan operation is
enabl ed amog 2a100086346si gnal is applied to the appropri at e powtysRéoopdd11®15 of a
BSD virtual signal generator 210 at tfe appropriate time. If virtual signa
generator 210 is not a boundary scan device, step 607 may be perforned by
initiating a program executing conmands, or otherw se causing the virtual
signal generator 210 to output a test signal to one or nore of its output
pins 215. At step 609, the response signal capacitively coupled to the

det ect or pi 13dted {h%_sﬁﬁﬂfgdtrg%ge m%elﬁ Gh tHeQBicDeht TYe Wittdowfay be repERe.

buffering, filtering, and anpli ng as described above Wth reference to

t he testbygédewecRd(y With@ntdgs, sndhe tleposalizedl crossfeodelation pFth@ responseAt step 6
11, the response signal is digitized. For exanple, the response signal may
be di git Fig8dl, By angdthedgarned\signaly iXt, Jpavebeseatgilated agcording t‘hﬂﬁnf-i zation may be
used to digitize the signal. At s 613, tine dqmain analysis is perforned
on the response signal. In e%é?j'ﬁ:ig’ﬁsﬂ‘ Xoki) ctiyd t est signal cont &hns

mul tiple inpulsive features, the response signal may be partitioned into
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and the | earned signal. For eachpin tested the sanpl’ed response signal in

t he 1@l evrabbdditiens the netooys ey zdre padiede e petednizyothéreemirclimenty, the vectengr i es,
y,. The de-normalized cross-correlation of the response signal, y , and the
| ear ned bisgHdiently longreglating toa¥ saitkat E{dalor oMl déasgnabde Fejue of dR(ay)be=a (x - nxi

y{ .d) -car%(l}l téé) In EqQ. 2, nmy is the average value of the entries of y . In
Eq. 2 it 4€Suned that the | earned signal and reference signal are

digitized at Ihenkaembedifich®, 4 Ab8nalizbd thes-861@¢1atién is also calculated. The
normalized cross-correlation may be used when an interference signal is synchronous

15  with the test signal. For example, for some boundary scan devices, in order to generate a
test signal from a boundary scan device, the test access port is clocked with a clock,
called TCK (FIG. 3). The clock, TCK, may couple to the second device, via one or more
signal paths. The test signal being applied to the pin under test may mix constructively
or destructively with the TCK signal, which may alter the response signal.

20 Plot 700, shown in FIG. 7 illustrates such an example. Plot 700 and plot 400
(FIG. 4) are formatted similarly. The TCK clock signal 701 interferes constructively at
times 721 and 725 With the test signal 703 and interferes destructively at time 723. The
response signal 705 is very small at time 723.

The de-normalized cross-correlation may be used to detect an open pin at the

25  reinforcing edge (times 721 and 725) without ambiguity because an open pin will display
a signal about half the size of the learned signal. However, the cancellation edge (time
723) will produce a learned de-normalized cross-correlation that is nearly zero yielding a
small value for both good pins and faulty pins.

The ambiguity may be eliminated by considering both the de-normalized cross-

30  correlation (Eq. 2) and the normalized cross-correlation,



are sanpled at different rates, interpolation may be used. If nultiple
tests are perfornmed for the sane test pin, Rd) may be cal cul ated for each.
The i ndexw0,20m036338 restricted to a range such that i amrdt/us2008/0da18@x
entries in x and y , respectively. Imosone other enbodi nents the vectors
are zero padded. In yet sone other enbodinents, the vector y is
sufficiently long relative to 3c so that K(d) for all reasonable value of d
may be cal cul ated. In sone enbodi nents, a normalized cross-correlation is
al so cal cul ated. The normalized cross-correlation may be used when an
interference signal is synchronouwtbﬂt tes )$i gnal . For exanple, for
some boundary scan devices, in order to”gerefat’®’a test signal froma
boundary scan device, the R&d) =3 S poGL TT'U'Cfed with a clockGkalled
TCK (FIG 3). The clock, TCK, _ uTol”e)  1\He-&econd device, via one or
nore signal paths. The test signal being dpplied to the pin under test may
m x consiq Betd ¥ ¢ %sAhed Bl {Hé%éﬁﬂﬁd i ghAltad réfRrehE igha%é digffivelly tRY al ter

t he response signal. Plot 700, s owﬁ in FIG 7 |F ustrat L§s such an exanpl e.
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t he ar [ 1nd i [WelP: o . sanpl e
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cross-correlation, allows faulty pins to be distingu rom good pins
even response signal.

15 Regardless of the specific processing performed at step 613, the process proceeds
to step 615 where the result of the time domain analysis in step 613 is compared to one
or more thresholds. If time domain analysis is performed using the de-normalized cross-
correlation, the value of R(d) may be compared to these thresholds. For example, in
some embodiments it is determined if R(d) is within a threshold window defined by a

20  low threshold and a high threshold. In some other embodiments R(d) is compared to a
single threshold. If a given threshold was not determined in step 521 of method 500, the
thresholds may be based on the reference value recorded in step 523. In some
embodiments, the thresholds may be a percentage of the reference value,.for example,
75% and 125% for the low and high thresholds, respectively.

25 If time domain analysis is performed using the normalized cross-correlation, the
maximum value of the normalized cross-correlation may be compared to a
predetermined threshold, for example, 0.75.

If the peak to peak distance is calculated in step 613, it is compared against a
threshold to determine the quality of the electrical connection to a pin under test. For

30  example, a percentage of the peak to peak distance of the learned signal may be used.



If interference occurs. In yet sone other enbodi nents, the difference

bet ween the positive and negative peak values of the response signal are
consi der egtoasiogpssiscof the anal ysis of a response signal pcrausenasghe, data
poi nts near the peak negative value aft the response signal may be averaged,
and subtracted fromthe average of data points near the peak positive

val ue. This conputed val ue reduces the effect of any DC offset that nay be
present in the response signal. Regardl ess of the specific processing
performed at step 6 13, the process proceeds to step 615 where the result
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A e e R AT RN R TN
of eash pinFRsadiRdybedidlel Dr providedh SRPRIeRfte 260. The method 600 then ends
at step 619.

If the magnitude of the indication does not meet all of the threshold conditions, at
step 621 it is determined the pin fails, and a fault is indicated. For example, if the
magnitude of the indication does not fall within a threshold window as defined by a low

20  and high threshold. At step 623 additional steps to determine the nature of the fault may
optionally be performed. These steps are subsequently described with reference to
method 900. The method 600 then ends at step 625. Regardless of how the test ends,
method 600 may be repeated to test other pins on the circuit assembly.

FIGs. 8A-8H illustrates conceptually input signals and response signals according

25  to some embodiments of method 600. FIG. 8A illustrates a plot 800, which is formatted
similarly as plot 400 (FIG. 4). Time is shown in units of clock cycles. In this example,
clock signal 801 is provided for reference and is not connected to the second device 230
but may be, for example, a test clock. Test signals 802, 803, and 804 are output from a
suitable virtual signal generator 210 onto signal paths 220 whose connection to test pins

30 1,2, and 3, respectively, on a second device 230, are being tested. Here each of the test

signals has a single edge. The test signals are each sufficiently spaced such that the



to the corresponding threshold or threshold wi ndow. The results may be
conbi ned to produce a decision for step 615 in any suitable way. Regardl ess
of how t hwormidispdse features are conbined, the result i eca/uspeatddiadi ve

i ndication of the |ikelihood that the2l earned signal is included in the
response. |If the magnitude of that indication neets all of the threshold
conditions, at step 617 it is determ ned that the pin under test passes.
For exanple, if the indication is within a threshold window it is

determ ned that the pin under test passes. An indication that the pin

passed MpkpBifie SR Rhctidi iddabs Q0cidit! BidtmAPY 651220 undfiBighBlilgd 600 then

ends at step 61 t he magni tude of 'the indication does not neet all of
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may be, for exa test clock. Test si gnals are
out pld f neadin SEplﬁﬂé.thfﬁleYhOttﬁm tosiegmmlinegi€ adesh pinr paB4el onfiaits the ¢psal Fgrat hs 220

whose connec tio 0 1, and 3, ectivel cond device
230, are® B@‘ﬁﬂy’&e@:‘r éé‘ ﬁF@Faé Setgﬁtl‘ﬁlﬁ?mfﬁr@t{aﬁg‘{ Béli‘FaT‘aén é? gr}g?ngﬁ%é"eéfﬁrge The
test si gaahSifffy @ﬁ@@aaﬁfé‘ré&lseﬂ&ﬁdhe&ﬁ%&lét&@%lwat theresponse signals to
each edge do not overlap and nay be anal yzed unanbi guously. Signal 805 is

the response Ergnight B0 5epr€§eo®§-ln ptat 808 1$ ansodaed ivdth shieme vasdow an whicht | on of
cmpod noneacTRed Tendt Hetheifeh "B SRR 1Rt PR R S R IrE
respofisearisd Yakltiné aatdome. 821082 %a018D 8. THaeRAddPRs hieltterfifided hiavd b8 t
relatively | ow value, may be omtted fromthe cross correlation or other
time the virtual signal génerator is controlled to output a test signal on a signal path that
should be coupled to that pin. In this example, each pin passes or fails based on whether
the cross-correlation peaks within the threshold window during its time window. The
threshold window is defined by the low threshold 830 and a high threshold 83 1. During
20 the time windows 821 and 823, corresponding to pins 1 and 3, respectively, the cross-
correlation peaks above the low threshold 830. The cross correlation peaks in time
window 821 below the high threshold 831. However, the cross correlation peaks above
the high threshold 831 in window 823. In window 822 the cross correlation 806 never
exceeds the low threshold 830. Accordingly, pin 1 pasees because the cross correlation
25 806 peaks within the threshold window defined by the low threshold 830 and the high
threshold 831. Pin 2 fails because it never exceeds the low threshold 830. Similarly,
pin 3 fails because it exceeds the high threshold 831. Neither pin 2 or pin 3 peak within

their respective windows.
In another embodiment, the response signal is partitioned into a vector y for
30  each test pin prior to cross-correlating. The partitions may correspond to the same time
windows as above. The windowed signals for pins 1, 2, and 3, are shown in FIGs. 8C-

8E, respectively. The response signal data in each window is cross-correlated with a



anal ysis. Note that the de-normalized cross-correlation R(d) is generally
of a different unit than the other signals. For exanple, if the |earned and
response wogoalweabe in volts, the de-nornalized cross- eornsb@wiosdiie s i n
vol ts-squared. The threshold 830 is ti3e val ue used in step 615 of nethod
600 to determne if a test pin passes or fails the test. For sinplicity,
FIG 8BAillustrates that all pins are tested with the sane threshol ds.
However, each pin may have a different set of one or nore threshol ds. Each
test pin represented in plot 800 is associated with a tinme w ndow i n whi ch
the resppisge

w ndows IOf or S;%%ggﬁﬁéuch%s%‘?%gf?%ﬁ@??&]ﬁ& ﬁmp%grlffe}%g%é&gﬁ&% e hese

W ndows ased fdearalymm@&cqudebmcxtobscdmremticbrtseR(d)rareusiiovm @rfdng&ih&Hd’oor is

trolled tput a t at.h_t hat ld b | ed
Tt hat B 15 Prtdnt tesBsighe  TEE DN BresholedBn Pt aihu thledifer nor ¢ he
Cross- CO{Ha@‘FﬁaE llqﬁs@@@m} VB‘F? hem 3 Elﬂd 8G5 2R bfh y\(mdp\amlﬁll B&ahiesthéj/ m wi ndow.

The threshold w ndow i s i ned | ow t hreshol d" 830 and a high

t hr eshol & Beetthe lgwthﬁgshpwecqndﬁQmmnddm\hlgbzmeamd solitiom respsplovedy-ng to pi ns

1 and 3, resp v th ation | Qw. t hr eshol d
530 oo o ool b Bl of BRIl 3 3 BERF B BREN il M et b

t hr eshol ¢u83 al stepbmvaﬂﬂmdnhletemngs@ayz Bé pédféinicdto PR miRAY Satufteofthgh
threshold 83 1 in wi ndow 823. In wi ndow 822 the cross correlati on 806 never

exceeds fa (FlEVO2R) ddfioPdllasimtesacmethar 190 that pay benesfossed reampletestercr os's
correl at | i he | ow

t hr eshol 83%1 H%?’E@%éﬁﬂs{}ﬁ%@%gpg%&g%h& %ﬁﬂg@%gﬁﬁb Eﬁ)eseject%sg it never
exceetls adverdingvtd imethod @00 hdB8Obecti tastédir Inysonya dasé thaipkfolning wsethod 9@X ceeds
the high threshold Neither pin 2 or pin 3 pea thin their
respect i TRYRER Ekﬂgedaqyn‘}%%ﬁ eﬁ%@@i‘%{éﬁ% te ttm%%?lgﬁ’gr?yé’lgﬁ Y ay ges

par ti ti ogegheig Basd, ¥ 95 Ye detdRin&ARD tés?érfél iPbPerPiiBbu RrfhAi ahbE! ati ng.

The partitions may correspond to the sa W ndo as above. The
wi ndowed9€0.gMettedfa90 maynise dsed or axaingle, tardetesminarthe materGof the Caulsén
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| ear ped gipaingins. ey be used for anal yzing each pin. The cr oss-correl ations,
R(d) are shown in FIGs. 8F-8H for pins 1, 2, and 3, resFectlver The Iow
t hreshol d 830Matkpd9Qhbaginseas KisPP033 Atisteni W3t thervirual signel gensraterds (FI G 8F) .

Pin 2 ( Fk&ﬁg%@d t%%ﬂpﬂf' te %p;g l)g"ate 8 sfcggllls. Lf’ﬁg dhnsal gl@%Xl generlator may be

configured to output test signals to the failed pin and one or more second pins. The

second pins may include, for example, any pins on the same component as the failed pin
20  or other pins to which the test pin may be shorted.

At step 905, the test signals are output by the virtual signal generator.

At step 907, the response signal coupled to the detector plate is measured,
appropriately conditioned, and digitized. Conditioning may include buffering, filtering,
and/or amplifying. Conditioning may be performed as in step 507 of method 500 and/or

25  step 609 of method 600.

At step 909, a signal magnitude of the response signal is determined using time
domain analysis.

At step 911, the signal magnitude is compared to a suitable threshold.

If the signal magnitude increases by more than the threshold amount above the

30  value measured with a test signal applied to just the failed pin, it is determined at
step 913 that the test pin is shorted to at least one of the second pins being driven along
with the failed pin. Method 900 is optionally repeated using a series of subsets of the



to neet the low threshold condition and the high threshold condition,
respectively. If the performance of nethod 600 results in a determ nation
t hat t he web1oistssss faulty at step 621, additional testicmgsowy/obaio
performed to determ ne the nature of Mhe fault (step 623). FIG 9
illustrates a nmethod 900 that may be perfornmed to conplete step 623. In
sone enbodi nents, nethod 900 is postponed until all pins to be tested
according to nmethod 600 have been tested. In sone cases the performng
met hod 900 nay be obvi ated by doing so. For exanple, if a test pin fails
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FIGs. 10A-10C provide example cases for demonstrating some embodiments of
method 600 and method 900. In each example, a virtual signal generator 210 is
connected to a second device 230 by signal paths 220A, 220B, and 220C. The signal
paths connect to pins 233A, 233B, and 233C of the second device 230. The electrical
20  connection between the pin and the corresponding signal path is indicated. These
examples illustrate how it may be determined that pin 233B has a good electrical
connection, an open, or a short according to methods 600 and 900. In the case of a short,
it is further determined which pin 233B is shorted to. It is assumed that test signals input
on all three pins are coupled to a common detector plate (not shown).
25 In FIG. 10A pin 233B has a good electrical connection to signal path 220B and is
not shorted. When method 600 is performed for pin 233B the signals output by the
virtual signal generator may correspond to test number 1 shown in Table 1 which
summarizes the input signals and output result. In these examples, a “pulse” is used for
the test signal and ground is used as a fixed voltage, however any suitable signals may be
30 used. If an appropriate pass criterion has been established and the method is conducted
successfully pin 233B passes. In this example, the response signal is analyzed by cross-

correlating it with a learned signal and comparing the result to a threshold window



that the second pin is shorted to that second pin.
is provided indicating the test pin is shorted. For exanple,
be provi deo 20n/@e34put device 260 (FIG 2).
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However, method 900 may additionally be performed to further verify this conclusion.
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Pins 233 A and 233C are identified as potential second pins. For test number 2, pin 233A

is identified as the second pin and test signals are applied to pins 233 A and 233B, while

pin 233C is held at ground. Time domain analysis may be performed, for example, by

simply looking for a large response signal as compared to the learned response for pin

233A. In this case the response signal will not be sufficiently large and it is determined

that pins 233A and 233B are not shorted. Test number 3 is performed similarly, with the

same result. Having exhausted all the possible pins test pin 233B could be shorted with,

it is determined test pin 233B is open.

Table 2
Test # Input Response
Pin 233A | Pin 233B | Pin 233C Response Conclusion
1 ground |pulse ground R(d)< Low Fail
threshold
2 pulse pulse ground |<Low threshold [Not Shorted
to pin 233A
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to pin 233C., Wen t.hod 600 .i rforned for Bi n 233B,.the crpss
A I il T s b

corr el at PRALGOMPaFak(q injazeniude Py lsamed respRpesignghindiqaies that af ne sane

resuld amraétQnedPin RBROAnAIEH ArkPBaf B altWhbRE. 1AIsObstaktlafly Targe késpoRiQehH00 is
performed for pins 233A and 233C it wll determne pin 233A passes and pin

233C f ai Mgy brigvisieaee thanbsith pinsyare eonuiepied 4athet rodnseties signal pathe3Boand 233C are
shorted In.t n r 2 si gna re applied.to pins
2095 and e An@RSPond bidiiPhal W38 hpRebte i InE LN B e Wesin@P RIS A, DTS

ei t her pbethlpi@r ned response signal indicates that at |east one pinis
connected and that they are shorted. A substantially |arge response signal
may be eddllgdce that both pins are connected to their respective signal

paths. FeEsry Input Response
- |Pin 233A | Pin 233B | Pin 233C Response Conclusion
1 ground |pulse ground |R(d)<Low Fail
threshold
2 ground |pulse pulse > High threshold |Shorted to
pin 233C
15

Generally the steps of methods 500, 600, and 900 may be performed in any
suitable order. In as much as a step is independent of another step, it may be performed
before, after or during the performance of the step.

Having thus described at least one illustrative embodiment of the invention,

20  various alterations, modifications, and improvements will readily occur to those skilled
in the art. Such alterations, modifications, and improvements are intended to be within
the scope of the invention. Accordingly, the foregoing description is by way of example
only and is not intended as limiting. The invention is limited only as defined in the
following claims and the equivalents thereto.

25 What is claimed is:



exanpl e, the response signal may be conparable to the sumof the |earned
signals for both pins. Table 3 Generally the steps of nethods 500, 600, and
900 may bwoperdmsswed in any suitable order. In as nuch 28TAIS3608D06130

i ndependent of another step, it may hw perforned before, after or during

t he performance of the step. Having thus described at | east one
illustrative enbodi nent of the invention, various alterations,

nodi fications, and i nprovenents will readily occur to those skilled in the
art. Such alterations, nodifications, and i nprovenents are intended to be
wi thin the scope of the invention. Accordingly, the foregoing description
is by way of exanple only and is not intended as |imting. The invention is
limted only as defined in the fol | 6MAIYIZI| ai ns and t he equival ents
thereto. What is clainmed is:CLAIMS 1. A nethod of testing a circuit
assenbly, the nethod conprising: configuring a first conmponent on the
circuit assenplpethed getestind & cicdit A5bmblyJ AR m&Rod cdmpasingl N of the first
conponent; placing a probe adjacent a second conponent on the circuit
assenbl y; per fOHEUNGE @i fiFst eporpangnietathy §ir§ulbassamggc@rgyngﬁamﬁrst sigaalgwc ond

si gnal begi L, tel |ed fromthe second signal to the probe; and
ingicati%gﬁgpﬁg@?ﬁ%gﬁ%ﬁbxﬁggég’on the time donain analysis of the second
signal . 2. Thelaoiglagiobd adjhckinia $econiebmipond@nfthd Sitcuitaspanily; i s a boundary
scan device. 3. The nethod of claim?2, wherein the configuring@ponprises

control Iing tRefAiRgEmE domain aralyieof ascsaphsignalethe sgeandssignabPeings. The
t hod | S4: | Giti 7l T he second signal prior to
ggr : gr mpﬁaéﬁ%:@llvmyﬁ:gﬁgﬁéa R Ffe%l%ﬂdsgl 14 ﬂx'eg;‘rr@e” nd g P

I me I'n analysis on e sec dignal. 5. The nethod of
clai b 1, wher sidicatihg apest tesultibased omthe diomeadomain ahalgsis of thepecarissignal.
cross-correlating the second signal with a reference vector. 6. The nethod
of claimb5, further conprising determ ning the reference vector

experi ept al | YhoWmeHRRAVIAM 1, eI Wt fidf cnplAf BRI RLar @ed to a
capacitive
3. The method of claim 2, wherein the configuring comprises controlling the

15  boundary scan device through a test access port.

4. The method of claim 1, further comprising digitizing the second signal prior to

performing time domain analysis on the second signal.

20 5. The method of claim 1, wherein the performing time domain analysis comprises

cross-correlating the second signal with a reference vector.

6. The method of claim 5, further comprising determining the reference vector
experimentally by measuring the amount of a reference signal coupled to a capacitive

25  probe from a known good circuit assembly.

7. The method of claim 5, further comprising determining the reference vector by
calculation.
30 8. The method of claim 5, wherein, when a magnitude of the cross-correlation is

outside a threshold window defined by a low threshold and a high threshold, the

indicating the test result comprises indicating a fault.



probe froma known good circuit assenbly. 7. The nethod of claimb5, further
conprising determning the reference vector by calculation. 8 The nethod
of cl ai mwo 20hvarse348, When a nmagni tude of the cross-corr ecatisesmiossiout si de a
t hreshol d wi ndow defined by a | ow thr®shold and a high threshold, the
indicating the test result conprises indicating a fault.9. The nethod of
claim8, wherein, when a fault is detected, the magnitude of the
cross-correlation is a first magnitude; the nmethod further conprises
reconfiguring the first conponent to generate the first signal on the first
pin and at | east one second pin of the first conponent and again perform ng
time domain analysis of the second signhal to conpute a second nagnitude;
and i ndi &at i ndhe meethedoficlaimn &, wherein, whema fadt isdetsn@dmagni t ude exceeds t he
first magnitu?qe bg a thr? hol d ampunt. 10. .The rretttl11 d of claim9, wherein
the net hod furFHEBPEREBIS T LsCrogsaepireiation it g Sirst pagiituies. on i guring the first
conmponent to @eNAE@bE fldleer cbinplisss OO figdRnk e filst Sdmpdrenpidthedbrate@st one
second pin of the first conponent and again performng tine domain analysis

of thé séedstensl gnte firgt pinapd etdeast oae sgr@ndpimof the irstwpmponent aad Bgzispet i t i on
a differ i t N n S I ne.second pin;
and V\henggﬁ%&ggg g}f‘“&f&?‘é%}é%ﬁ%@%ggﬁg‘ggﬁ%‘m@eﬁ?@ 3??% ‘%1031? RlIR%T% Sg%’%gin%aga%htgg sis are
repeat edahdr each pin in a predeterm ned group without identifying a

repetition in which the second nmagni tude exceeds the first thma%ni tude by the

threshol d anoifificatingdhe fauftisa shert Whee theaggrend magnitudg sxceeds t et hod of
claim 8, nia‘éﬁ%tu@é’be)%)fmééhﬁi Goffputing the high and low thresholds as a
th

per centage o autocorrelation of reference vector. 12. The nethod of
claiml, wherein the first signal conprises a pulse having a | eadi ng edge

ond o LT IpL Pt e T ol B Sl BaR, dhereLn (e perform ng
repeating the act of reconfiguring the first component to generate the first signal
on the first pin and at least one second pin of the first component and again performing
time domain analysis of the second signal to compute a second magnitude, with in each
15  repetition a different pin of the first component used as the at least one second pin; and
when the acts of reconfiguring and performing time domain analysis are repeated
for each pin in a predetermined group without identifying a repetition in which the
second magnitude exceeds the first magnitude by the threshold amount, indicating that
the fault is an open.
20
11.  The method of claim 8, further comprising computing the high and low

thresholds as a percentage of the autocorrelation of reference vector.

12.  The method of claim 1, wherein the first signal comprises a pulse having a

25 leading edge and a trailing edge.

13.  The method of claim 12, wherein the performing time domain analysis
comprises:
digitizing the second signal;
30 computing a first weighted average of a first set of points representing a positive

extreme portion of the second signal;



conputing a first weighted average of a first set of points representing a
positive extrenme portion of the second signal;conputing a second wei ghted
aver age ovoaomase3d set of points representing a negati yeTasteomss1p@rti on
of the second signal; and conparing tie difference between the first

wei ght ed average and the second wei ghted average to at | east one threshol d.
14. The nmethod of claiml, wherein the test result indicates a quality of a
signal path between the first conponent and the second conponent. 15. The
met hod of claim 14, wherein the signal path is at |east a portion of a bus

configured to f : JIRishOstentinh @l m 15,
wherein the bﬁ%ﬂﬁgﬁagﬁ?%gﬁg%e%ﬁ%%%vegggﬁfgg e%(fjng Seggfse%rl al a%\‘eI'A (l TA) bus,
or a Qui okgative extcamepaitiog @Pitbe setdnd Jipealpmidhod of claim 1, wherein a signal

trace connecting the firs in to the second.gonmponent i ubstantially
froe of oot SUBREUERE LTI RRBGRR o HromeifiarhEr g ATRHE SRR | oi ng:
coupl i NgwRidhestaveisl e hi Radtbge thrksHolgonMponent ; and synchroni zing a data
capture circuit to the test system wherein the configuring conprises

contrdlling the first conponent fromthe test systemand perfornmng time

cirouit - To” " PR SRERA A TiSEr Mg i EraRRR et p Repbliny i Wbl 2 - ©

anal ysi s beivept iteefirsti@ingiotieni 4id the B&on@lcbmponent.0ss- correl ati on of the second
signal with a reference vector and determning a de-nornalized

cross-correlation of the second signal with the reference vector.20. A

nmet hod of, s man | C] i i ORI oS4 hig testing
t he ci rc]:lus't ag@g%ﬁ@@%@%@o{‘ﬁﬁ@% %‘ﬁaépg“n@ﬁ%%‘%%%&%m m(ii,sd ltr)\gse circuit
assetl ychdiguged esipechtaat iB/Maed or geatpor ti on of a manuf acturing process has
been performed; and selecting steps in a second portion of the

manuf acturing process based on the indicated test result. 21. A nethod of

testing 36Ci I GHk neARRESIIMm 19)SVHERLABE KiRTPAhySdMESf a PCI Express bus, a serial
ATA (SATA) bus, or a Quick Interconnect (QPI).

15 17.  The method of claim 1, wherein a signal trace connecting the first pin to the

second component is substantially free of test access pads.

18.  The method of claim 1, further comprising:
coupling a test system to the first component; and
20 synchronizing a data capture circuit to the test system,;
wherein the configuring comprises controlling the first component from the test system
and performing time domain analysis comprises capturing the second signal with the

data capture circuit.

25 19.  The method of claim 1, wherein the performing time domain analysis comprises
determining a normalized cross-correlation of the second signal with a reference vector
and determining a de-normalized cross-correlation of the second signal with the

reference vector.



configuring a first conponent on the circuit assenbly conprising a
plurality of first pins to generate a plurality of first signals, each
first sigweal2opanessat ed on a correspondi ng first pin fromcrhs2@owoahe ty of
first pins; placing a probe adjacent 3 second conponent on the circuit
assenbly, the second conponent conprising a plurality of second pins;

anal yzing a second signal capacitively coupled fromthe second conponent to
t he probe, the analyzing conprising, for each of a plurality of tine

wi ndows in the second signal, cross-correlating the second signal in the

W ndow whgh aar . . ' val ue of a

si gnal \(l)\?b't heApI?E{rﬁg???gmﬁ Fﬁ‘?‘é‘?e‘g{“gﬁg%&%@ﬁ%ﬁ%“‘?ﬁ°ﬁ)@ Broglg'through a

di f f erent pi ntesfing the csreuid askenttp onacbrdaacewith dieciatthod oficlagntl, thesuitcuitbased
on the analyzjng. 22. The nmethod of claim2 1, wherein the first conponent
"5 = hoursplsiiking Gated ARalh FE podion OFRIIRAHHIRE POPEs BDYC M ner o 't ho
confi gurbé}gorﬁgapgﬂcges controlling the boundary scan device through a test
access port. 24. The nethod of claim 23, wherein the plurality of first

si gnal s conpr pedestingistaps éha Seaondpertiinefthe maaufacfusing peecess based sndhaal and a
repr esen}n%%ci PeEI oft ésh reference first signal is sequentially shifted

t hrough a u cfg%)f d¢an chain. 25. The method of claim 21, wherein each
first signal anmong the plurality of first signals conprises a feature and
each first signal's feature occurs at a different tine than every other
first sighal' & methodpbtesting a pirgwitpisermblys thermefbodeermprisiagnpr i si ng conmput er
executable in 1 e l a
comput or, _conte i Eerg T Php IR LB E QB! S lBL PRI E, D ¢ &
met howl cfirgp pinsitegenecata hiphuralitypfdirkt sigials; eaglofeniigadl gehierardrioni t assenbly to
generate a first signal on a fiyst pin_of the first conponent; placing a
probe adfYtEReD n%gg%ﬁb]’ oRibaR alHﬁ"?ﬁé“é’msé:uit assenmbly; perforning tine
domai n anal ysj i i . i C itively
coupl od 1 om PRe e BERe At 4B ontSORpRRERYH it ARGl AR ARIE M
based oncerhportenteonpmsangia phality iof sedfont ipenssecond si gnal .

analyzing a second signal capacitively coupled from the second component to the

15  probe, the analyzing comprising, for each of a plurality of time windows in the second
signal, cross-correlating the second signal in the window with a reference vector
representative of an expected value of a signal of the plurality of first signals coupled to
the probe through a different pin of the second component; and

indicating a test result based on the analyzing.

20

22.  The method of claim 21, wherein the first component is a boundary scan based

device.

23.  The method of claim 22, wherein the configuring comprises controlling the

25  boundary scan device through a test access port.

24.  The method of claim 23, wherein the plurality of first signals comprises time
shifted versions of a reference first signal and a representation of the reference first
signal is sequentially shifted through a boundary scan chain.

30
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25.  The method of claim 21, wherein each first signal among the plurality of first
signals comprises a feature and each first signal’s feature occurs at a different time than

every other first signal’s feature.

26. A computer storage medium comprising computer executable instructions that,
when executed on a test system having a computer, control the test system to test a
circuit assembly according to a method comprising:

configuring a first component on the circuit assembly to generate a first signal on
a first pin of the first component;

placing a probe adjacent a second component on the circuit assembly;

performing time domain analysis of a second signal, the second signal being
capacitively coupled from the second signal to the probe; and

indicating a test result based on the time domain analysis of the second signal.



