WD 2010/ 056346PCT/ US2009/ 006110 1 METHOD AND APPARATUS FOR TESTI NG

ELECTRI CAL CONNECTI ONS ON A PRI NTED Cl RCU T BOARD 5BACKGROUND 1. Field of

t he | nverwiDoe10fdsesdsnventi on rel ates generally to print edeGi/vsw0d/006nar d
testing, and nore particularly to idendtifying open and shorted connections
to conmponents on a printed circuit board. 102. Description of Related Art
Det ecti ng open sol der connections to conponents such as integrated circuit
devi ces, connectors, and sockets on printed circuit board (PCB) assenblies
continues to be a mgjor challenge 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 15provide electrical contact points for

test equi prent . MERHRP ANDABRARATHSRQR TESTINGHLEGTRIGAL may
undesirably change ¢6Rnetk N‘ﬁb I@ﬁ‘{ bétigé g@' gnal path,
particularly, if th(gbm gng‘lﬁgat (1:\};,??‘65 f%ﬁséspeeg?gi]%(?\a s. FIG IA
illustrates an exanple of a transm ssion path to which a test pad 110 has

been connected for use as a testi oint. In this exanple the 20
transfri ssion path forns a m crostﬁl‘gﬁﬁlﬁm connecting a device 101 to a
devi ce 103. FIG 1B illustrates a sinple transm ssion |ine nodel
representing therigldastihd GRentdigr acteri stics of the mcrostrip 100 with a

test pad 110. The test pad 110 increases the capacitance of the mcrostrip
in this regi oia?resul.t' Pstanti .decr.ease in the . inpedance of the

el “pac g iillion Bt S acherd i odind G RR ifing, a5 RE S0 C P et
25 pad 138+io@MriPeo plehftyRny i(:.ﬁéd ahd s%%&ia tzigr)[het:ﬁ@nd 1ORDHMORENts 63 a pRintRIVher e
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along the mcrostrip line (i.e., For hi gh speed signals,
such chafigast bagrd.npedance can cause reflections or other undesirable

effects that interfere with reliable signal transm ssion. Thus, test pads

may o mt the2sigartibiién sPREMidNRY may be reliably achi eved on a
transm ssi on path.

Detecting open solder connections to components such as integrated circuit
dévices, 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.



WO 2010/ 056346PCT/ US2009/ 006110 2 Some contenporary techni ques that
- do not require test pads rely on onboard boundary scan devices to generate
squar e wewe 20ud1sextiognal s on the transm ssion pat hs. O heCTVUR2ea/0a6a0
circuit devices, connectors and sockes connected to the transm ssion path
will receive the signal which is then capacitively coupled to a nearby
detector plate. 5Commercial applications of this opens test technol ogies
rely upon applying a periodic signal in a narrow range of frequencies for
perform ng opens neasurenents. The test frequency is typically near 10 KHz
because | ower _SBﬁﬁ%ﬁﬁﬁ%p%%ar?Q e tHa® a8 bt fegm'lré’%f p&ﬁtreﬁtcﬁ%n%bﬂﬂm
anplitude, which will lNowef fault coverage. Frequencies I'n excess of 10 KHz
tend to bowplasy sqandevices Wegenctaty squlacet wa¥e tesh sigralR@Bthe drahemissioatpathise

Obei ng. test ed, lting.in fal . Thi s.
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Ad
out put frequency on a boundary scan output pin is a function of the test
access port (tammergigl appliseionsrdithisfopensiesidyctnolagies reisuponcapplifit@e of scan

cells that.are. dn i . . W riety of
board tygéré&[vlmgP igﬂ%lalg%n%gr%%O%ﬁggggﬁg%ugﬁéﬁegf%}%ﬁo&mg ‘#prcf}lr}% Fj %f’%l%?&g%tg‘t ent and
di f f er enThawsbfequncg éayprally fearl 10 KHz Geéduse lowerfqusniiey gemetllyequlioni de a
sti mul us fre%;ency that 1s wthin the range of their hardware operating
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used]lOa beingdetstal, cestilpinp ipifalsevpdskes oggl e at exactly one half the TCK i nput
cl ock frequengy, thus elimpati Qgrﬁhe i nt er dependence bet ween the out put
pin's clock f Bhae phuseablrfreausngies kecgings p ghe whe benew boundary
scan commRdnRashaR sREERI2IRIoN H’Qa'oﬁﬂﬁ%ﬁ?,vr‘ééad dhafE MhEOR PUEHRE tayhaRs 25
typically nounted to PCBs. SUMVARY he 1 nventor has recognized and
appr eci atwasle phtput ficquench en grhowndayy sean oftpitipgh éya Spetion of thedes acqrss pord

circuit P Lghers can no,lopnger t.olerate the negat.i 30
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3 board @?@ﬁ | t'ﬁfp??wh/@ L Qf?ﬂﬁlussﬁ{eaihgﬁ%"r tthe d W{l@trgﬁ%g ?f thl hGidwarand

effective e yI ng open an connecti on 0 conponents on a PCB
ar e proviogadting 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 'ﬁr}a{mggggrator 5 generates a test signal on aP@I‘ﬁf@ﬂ%ﬂf’B% ho
connecte 0 a prn of another conponegt on the circuit assenbly. Al\ det ect or
plate |l ocated proximal to the second I C 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. 10Any suitable formof tinme donmain analysis

b formed. F e, | diments, t Led signal
o i ven by PETRIES MRt B bR wRRg fof SR AT PR RBIE ence oi gnal
The ref e{RAGKIT SRR andRYoRE] ARnREMAH 16 ebiBonditd 6RE POMAS rgadpr med on a

known "good" "unit. The cross-correlation ts conpared to_a threshold val ue,
whi ch al so naln $smeembedimentsdaniintégreed hizcuibdC) dprige en atcircuig essemblis t he

quality of,15t onnection,to th I.n_uynder tes lf . the test fajls,

addi t1 oo et O a0 CoTe Rty brs bl ti Bl BPRE vty msrel SebdEeytinect i on
s a SShogéne%tes?dltthpﬁ@al on a sigrlal pSABNACRAICIOS:. pith BE ahstH& donfdneRi i @s to a
met hod of testing a circuit assenbly. The nethod conprises configuring a

first copipdyeasserablyt Hedeipeterplatedoeatedhpipximalde tee secondi I deyee agtyase on a
first pip t | ; [ -ohe ' 0
corrponen?lcgtﬁlp t ﬂ)glp E:l%lé %éoﬁéﬂs)%;ﬁgpeﬁ nggérif (F)IfqJI ?n%rffgglg 1Ptr%1 Sﬂc%l?ﬁssaﬁfatﬁgg&g}ﬂ%f a
second siigndllare irutydae deteinipedl theed 9@ goap acnidciionyordbtheltesd pin Bopkhet second
signal to the probe; and indicating a test result based on the tine donmain
anal ysi sOp¥hoftRd second si gnal . I n anot her aspect, the invention

relajes to a b L{CAH I\ b i, Ses
cont 1Gur ng a 1y ot (iEebf e Rofilioly SRIRRTRL ferfieds Hob BRartRDEL

pl ural i t somé emhbodimeptsnthetcoupled eiguhkreacipedibpthictdetatorfplatetis srogmadrsglatedch

first signal ner at ed a carrespondin irst .pin.fromthe plurality of
[ rst pi HUh agPlResiog SEoph obte UHue NEA! BBE IR PULUIRAAHIE FTH=SY £ cui |
assenbl ypertdithed 90U hovAMARIBEN unft O TRE kRdsH8oReltish & donYpapdd HRCARAALSIANS;

anal yzing a second signal capacitively coupled fromthe second conponent to

t he pr obeglug,vehicinalsy maydecstabliskadndpringdhe kautpluise do gleterminetthe gpality o€ 30

w nd n the second si.gnal., .cross;correl.ating.the. second, si |_i,n the
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coupled to the probe through a different pin of the second conponent; and

i ndi cating a l¥me espasts. tha dukentian roldtentea Retheg of testipg i ciBit REFHPect , t he
I nventi ofyl ﬁleﬁ{oﬁ%ohﬂyrﬁeé: QJIB}QEﬁ%g %tfﬂ'gta&%lﬂﬁﬁgﬁt%ﬂ 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  a plurality 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



conpri sing conputer executable instructions that, when executed on a test
system having 5 a conputer, control the test systemto test a circuit
assenbl y WO21MI5A36t 0 a net hod. The net hod conpri ses corPdTgiE2DPoaL1DI 1 St
conponent on the circuit assenbly to denerate a first signal on a first pin
of the first conponent; placing a probe adjacent a second conponent on the
circuit assenbly; performng tine domain analysis of a second signal, the
second signal being capacitively coupled fromthe second signal to the
probe; and 10 indicating a test result based on the tinme domain anal ysis of
t he secoRigngls@bapled %EPr&%Sﬂ%ﬂﬁﬁ'a%ﬁ%n \YhieSecond confpéhenta@@t i on and
enbodi nents thereof will be better understood when the foll ow ng detailed
descri pt inshicating aded resyltdussd or theanalyizing. t he acconpanyi ng drawi ng 15fi gures.
In the figure I I ot _necessari| rawn . to scal e ...n general,

| Tke ol enant s Ty ePRRk SoeEC ROk PRARIRAe ¥ a ok BroFfiBimigd ke

r ef er enceompHsiggsbinpiiter bxecutabldingtthdides tHat, wvhdn/exesutad oh klted sybmdavig a
mcrostrip transm ssion |ine having a test access pad; 20FIG 1B is_an

el ect?i cAICOMPYIET, contrphilie tosh psiens 4¢ st # pineuit 3semblyaceerding tpjaanethad. Fhes 2 i s

atest s ' OF ' i WeJyl s a
Fest set (st o RS Db P e it BKEREL e £ 2 D) oy
of an ex[fiestisipanl @i a fiess pir efSthe firstlconpbnert] plgciag aprilseddizcent oteconde

enbodi nents; 25FI G, 5.is.a rovi/ diagramillustrating. a. nethod for obtaining
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FIG 6 1 ﬂmeasef:dnm"éigﬁeﬁi%ﬁ@‘cbbédiﬁ@él?%%e&ﬁﬂﬁit'ﬂ@gedcoﬁﬂ sigial {ode grdﬂe'ﬁ‘aﬁcﬂ_ a unit
under test according to sone enbodinents; FIG 7 isa plot of experinental
t est 18i gindieating@rtestresyi hiasedorcthedime derhaiplanalysis of thesecomtisigmalput si gnal s
during testing according to sone enbodi nents; WO

2010/ 056346PCT/ US2009/ 006110

BRIEF DESCRIPTION OF DRAWINGS

The invention and embodiments thereof will be better understood when the
following detailed description is read in conjunction with the accompanying drawing
15 figures. Inthe 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 obtaining 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;



5 FI Gs. 8B-8E are conceptual plots of output signals during testing
according to sone enbodi nents; FI Gs. 8F-8H are conceptual plots of
the crossg§9sfoRkadsson for a conceptual output signal angchrgraRBeshenal
during testing according to sone enboginments; 5FIG 9 is a flow diagram
illustrating a nmethod for determ ning whether a faulty connection is a

short or an open according to sone enbodi nents; and FI Gs. 10A-10C are
bl ock diagrans illustrating exanple test scenarios for identifying a type
of defect. 10DETAILED DESCRI PTI ON The inventor has recogni zed and

appreci ated t need for vectorl.ess testjng.technigue hat overcone

b Cat fons of [ohEERE e cenpertiy gt Bitponaiing oy febdf forgt R

el ectri calmeonBEditieats; of pins on a conponent, such as an integrated circuit
(1C) device, connector, or socket, to a circuit assenbly are disclosed. The
syst em uti | i zE¥Gs 88K erepeanseptualanots of theocrass-coriglationdpr 8 ceprgptugbodtput or to
generate .test sihgnals.. In sone.enbodinents, the yikrtwal signal generator is
o boundargndant Gt Eaend] ARTE FPBE SRR 1o Ao EkheB T or Teoti ng a
series of pingIGA 1seslowidiHprdm PhevRtAE Smdthai Tor deterhiringpivhethanafaugigner at or
along a transm ssion path to a conmponent to be tested, such as another IC
devi ce, ePmeaiiRstisE shogor anopek aecordingde seme pmppdimentioand t he conponent under
test is 20 us e e Je X itive
coupling to cgg(é%jgp([}r'g@%&tﬁg&c%ﬁ O@H?H%aégg e?%élﬁ&%esgéc%%r%gc eristics of
t he coupidedtify@ispange ofidgfeat. are indicative of the quality of the electrical
connection of a pin on the conponent that should be connected to the signal
path or of the presence of an electrical short between pins. The
charggteristics of the responsgraigRp DRSERALIHENT ned by analysis in the
time 25 domain that includes conparing the response signal to known
responses. The analysis |eads to a determ nation of whether there is a

faul t associ aflbd imientorthaergsognized andhappaeciatyd the need ifervestoriehptesbrmect i on i s

faulty, additional tests .be performed to identify,th ature of the
faul 1 sfenniabéhfane@iind BhinfoRSHORE Fhgr 4F 10hh e olbofSh e, o

l'i kel i hogt didvificad cHRIRELR S HRIS PARSRNPHNEAS Such ds@alinRdrat@baagIC) gnal . As a
result, the 30 time domain analysis is resistant to random noi se, reducing

fal se regevies copnesiqropsaghetatnmpizguitassembly ¢ diselogerer Ehe wystesmn ylilizesai ng
conduygt e 46 2 / : : r time
domai%r:] ag% ?ésﬁl%l %g%%i pgdrg?a %%yg&ggﬁégg%\]"g tcgg?%lperage é‘%%%‘gﬁmmﬂ}% $s readil y
gener i’:lt e gmbbdineemis, tl&&it)irthﬂ Sgﬁﬂa@gelﬁi”iwﬁﬁmmﬂﬁ? Aﬁcﬁn mgcéntﬁﬂuﬁiﬁzﬁb lal ati ng tes]c
si gha S generate y. a boundary scan part. Alsq, because t test .signa
can be a®oWrdapy %caascﬂamsf%@ﬁ*én%? §¥ias of Pinss i re@hf}l%aﬁrpa g s ifbuad

si gnal  agfnMencRibiaidHg arihnission 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.



5 the length of a scan chain in the device acting as a virtual signa
generator. FIG 2 illustrates a test setup 200 for shorts or opens testing
an el ect n¥Qi2010569¥Abl y. Such a setup may be used as par tPCEVUS209/006110

manuf acturing process for circuit assénblies. As shown in FIG 2 test set
up 200 is configured to test a circuit assenbly 201. 10 In the enbodi nent
illustrated, a test signal is introduced into circuit assenbly 201 by
controlling a device on circuit assenbly 201 a "virtual" signal generator.
The virtual signal generator may be controlled by automatic test equi pnent
to generate theoré@ek, thé GAR doviaif bBAlds P bseritB @h.a refativblyGithpleasgalibl y 201
is assenbl ed correctly, are connected to pins on one or nore other
conponentichfis egadidy igenesatsdnip| opniragt to prioxatapprgaches in whighanosriligting test est

signal r i n S nent made of
The qual ETLTE SrlBatRe B Haafl R TRAT AN peBRB BRAER Tty BV, [T
circuit siafbadd ysindlesignabtrandition, @hraintery of theabstsiggabiregonesmtaineddy be
varied to genera e test signhals aon different cqnductive paths in the

circutt Hhedength ol o pcam chain Biipe devire adingsy apdrtud Sl BRNer4i-act as a virtual
si gnal genera j i at which
the test si gngﬁg'i2:{1131%%‘@%%5%@S%Qgﬁ(\)/gd;&hé%ﬂs %ééagéé‘ﬁgiggtgg gggg&g%rgoss t he
circuit assmbhl \Suchy semiptmesy beltsed as partlof the Ban2factringpramasifortcocuichi p is
configured tg_act as the virtual signal generator 210. The response is
sensed af**&™" ]_é‘Esbnd devi ce 230 nounted on a circuit assembly 201, such as a
printed circuias sRO@hh FRED) testset hgDBb iPRfigdRdd 16 W & Ghreutt AseMibly 2gd. Si gnal
25generator 210 and the second device 230. "As illustrated, the test setup
i s cthfi futhe¢mbodinesnt illustratedc a tgst signalds indrodiesd ipta cieant askemblygi¥dIbypat h 220

and a test pin 233 on the:second vi e £230Q. .Because the s . process
mmy be ceeniRine £defile R SsRRC AR A Fitha kSRR Sopitiiar I B, D17}
assenbl y sigh@glehiitdr snAecidnbtled By aptontticiten cbibhent & falefutdibe tesn a
conponent, for sinplicity. However, it should be understood that pins 30
associ at signglionrsignahpaths thasoheieuit assemblyOltis assembled epreschy) afe cpprasicdn, at
different_ i tat. 1 ty conponent
or pin WI&”%I no‘?oflél)ére%g%%h\}é\%%"l %gﬁ?ﬁg%ﬁg%ﬁ@@%ﬁg@?ggﬁn élﬁ‘ay be

per f 0§ medndlyEing theredtisiphal red€hing 1yt 06HPSERECD ABRORENMS) @B bi@ssment may BRhe t est

system 240 Er? ides,coqr;urt{lol Si ’%nal s vja control connectian 2%11 to the
virtual Sgna ths aigliieltho genne HORA Qi3 cORPGRERt G SRBIPPERS KABEICY W houndar y
scan deVigembRBSOhe SRR ofSROVRAI] 8Bnd kindBior GRS arled 18 gbfsthtedstess port

(TAP). The control signals configure a conponent "'to act as the virtual
si gnal geigealapodiffrentsondhetive paths inthScisaitassemblytor siifferahtsdayices mepydteg nal

For - exantrioted G el gl B RABEEn AP Rk ShaBRETRE T

genep@t egﬁxhﬁch@%te&isggtﬁh'isadenﬁeme%hﬁsb a9 tBAt ohavitilas aciosstheddialt or ot her
timng signals. Such s&als may be specified in a format as known in the
art for B@GW&&?W%E&FFS ices or in any other suitable format. 10The test

system 240 al MR grf'g&i@onﬁﬁéﬁpaﬁﬁ i§ bHiHured @ deP 2OME Virnindl @%%%I g&ﬁaﬁﬁ- The
response connéection measures the response signal coupled to”a detector
pl at e 2321GeThe tebporse dosusetbat cwcadddeien?2iH) mdented bara qicaitasg&dbly 201,

configured to receive a, signal aci oupl fromdevice 230.
g such as aprlchted &rcuit bo%r(? (P&g)o ﬁ sgg%a patﬁ 288 connects the v?rtua% 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.



The test system 240 may perform signal processing of the response signal
before 15 providing the response signal to a conputer 250. The conputer 250
is confi rformfurther analysis of the respon i make a
deterningf?gﬁu%%%ﬁﬁ the electrical comnection between t%gTéF%ﬂghm%g?h 220
and a test pin 233. As shown, conputer 250 has a processing unit 255,
menory 253 and storage nedia 251, but this configuration is an exanple
only. Though illustrated as separate units, test system 240 20 and conputer
250 may be enbodi ed as a single device or inplenented in any other suitable

way. Cogput er 250 be.programred to .contral the ov |l test
brocess. For  ARAIST BoREB ARLPE IS GOREN Temin i SpEoHRERTer Aaee iS00 to
test ot hgfuai ﬂgnaﬁfgeﬁérﬁﬁ#Q‘lOﬁFﬁ\ﬁPEﬁMﬁiéﬁlgedefratﬁst@bo%ﬁ i fEAes a test
fails, additional tests may be perforned 25 to identify the cause of the

fai | ur e. (B%a), contpeltconnasion?dy maj ganmeetito artest abeess pord (TAPheTheeontrdlo an

out put devi ge uch_as_a.di spl ay, or. pri nter, or .,m end i nfa,mation
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setup in ich a single pinis tested, test setup 30 200 may be confi gured
to perf ofhgitest aeeess perta HYr examude, thosersignalynay spegdy Gest sigaak corttplitheissenbl y

201. Ml i ' [ ' 2 [ . i rtual
ai gnal gineEieaRERREE e bighist & SADRARD bty SRV o i SRSk BT L

on mul ti gibeals.\EudDsiGh4IS mhag GRGHEURD DO fRmA LS KhotdvinaRs aftdyr indasisedn The
conponents .on the cirguit ,a fe |y 201 may be configured and controlled to
gener at eSGHeFSAE AL AREC b?‘Bﬁi’ EMglest and response signals. For exanpl e,

duripg the teghb gy Qfstdnh D48 biso 5 X réPbnd &ﬂ%@bﬁrﬁﬁ@tnlﬁgf‘g@r%c&%zf‘i a

virtual signal generator to provide test signals to evi ces.
Si mi | ar | Yhe sespensecennepyion 2 18 eneiswmes thesesminga sigsalfcoupiedmd tidpteetor iptdtelal

signal g rataors. Further rol es of devi .ma lbtbe di fferent at

di ffer en??lgneeqr?im%efo %@%‘”%?ﬁ&?6%%@%%8%&3@52%3& gﬁx e‘{g FYBRs at sone
times, byenatcapddi§coipl¥8Trom 88WeE280.Si gnal s are nmeasured at those devices.
FIG 3 is a nore detailed view of conponents of the circuit assenbly 201

and test syst dhe esbsystan240 mypytpsrioomsignabpudcessingsof thewrespense|signal beforsd

exa e, b o] i.gnal .1 ths 22 nect the vi al _si.gnal, .gener at or
210 Lot RAGHEHE SuBRE s 8 s Kanfpbler 2800 15 cbmRuéh 250 Bipob b0 ey
connect pérforvi furthel asdlgnabf Be he¥ sifial @3 Make 8 Qviehfhaiod aBowdike 230- N.

In some enbodi ments, , signal paths 220 are part of a high speed bus

oper at i n§legirical congegfiondeiwenn the signakpatly 220 arg 2 ipskpin 233 AsE9pme, si gnal

pat hs 22 t : I ' L QPL), or
Seri al A%Aﬁ?é&%%sa. &Fﬁ%gﬁlgﬁggnzsgx Sﬁfc’z’é??ﬁ?&?‘g“@&é’gd%% é%t% g !gest pi ns
connect edorfigurdtmmds an grahpleanhs Thdughulludtiatedsesepdrateasiitspasisysieat 240N

di srupt signals o hose, pat hs... . hown, .a conponent on circuit
Gsseilbl , BB GRY bR Sgotisd as e single Jvice b e GHEN LB PRBS” 510
Virtual giigiped wegnerator 210 is controlled by test system 240 to 20

generate one or nore test signals on traces to which other devices should
be connect ed &9MPUtEsES0magyr bk priogrammeditat contnt thelovemllgesspireteds.t Foough a

ci ot SRl S070R e ERTAR e bl ariynabn © e i eip G ARuR"
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connection 211, Control connection 211 may contain nmultiple lines to
suppdit toidentify 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



25i nput and out put of data and control signals and tim ng signals. Though,
the specific format of control connection 211 is not alimtation on the

i nvent i ortv0 2010/056346 t he enbodi ment illustrated, the contPCarUS2eNeetpon 211
is connected to test port 217 of the ¥irtual signal generator 210. |In sone
enbodi ments, 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
provi de control signals to a boundary scan device to cause the device to

i nput test data to boundary scan registers incorporated in the device for
boundar y deviaes eg be kgted\VItie cadagionests ba sie siffuitessaritdy 201 ity Yesndigupdscan
regi sters, .those values nmay he WO 2010/056346PCT/U82009/006110 9

transf er 289 contintiediie epraingangd r%e@aweraagnowéﬁesrestﬁ% r@p@@tﬁlw Eatrcuitry

withint ﬂ:‘ﬁ,]r%% olled
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connection$ testing, the oun ary scan functions can be used to cause
virtual somedimegeimganother Ghs.trosppnspsignals ammensturedtat iose dévie¢s: t ual si gnal
generator 210
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vi rtual 32320 generator via control connection 211 her than Configure
§

virt d@l erechthgrvintuad signal genstatory? 0o dharzeicornd device 23)0 dﬁddmcmabal
i | t h test
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connect ed30d Hid@38IN15 paths to which other devices being tested are
connected. In_the scenarjo illustrated, virtual signal generator 210 is

configured t hi®&efRe smbadinments signal pathyys20 arg part 0§4@1§a¢p@@%h@%@9?@ﬁ%@ to
t 215
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coupl e tfﬂé’@pﬂﬁ@ﬁ(@ﬁ@gﬂ@{ls@lam&gs@pﬂﬁg ector plate 231 Accordl ngly, the
state of a connection of pin under test 233 to a signal path 220 may be

tested by analAsabaynaa sompetent apsiceiy asspmbliu leid controlles to opgmte atvisivake
enbodi med S MRS 19 MARLEY siBlA bERer A3t 276 & RARLHLLEF sPYRlert B0 f FCUI

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



25 assenbly 201, and hardware to condition the response signals is shared
by multiplexing the connections. The test system 240 may i nclude a

mul tiple 42 configured with a nultipl exer 245. e
signal s ??%%?@2% 4éetector plate 231, 4231-1, and 231-N #Eyhﬁﬁ&ﬁﬁﬁggﬁed by a
correspondi ng buffer 246 before connection to the nmultiplexer 245. Buffer
246 may be any suitable buffer. In sone enbodi nents the 30 detector plates
231 may contain an active buffer 246 which buffers the response signal for
the mul tipl exer 245. WD 2010/ 056346PCT/1JS2009/ 006110 10 Al t hough

h det ect | at 1 31-1...231-N.is illustrated.wth i ngl.
Cor s pol T O AR RATTB1S, 90 S AER DR QPR A F IR B BRAPYEF e i n
any sui t gthg ,thé:éiite%fﬁigﬂe%cé%tﬂe%ﬁtrgﬂ’é@tﬁ%&fgh%z%}w@ﬁ 23 %0 SBpiblxh depl oyed

over a single device 230, a single detector plate may be depl oyed over

mul ti pl edestred test cargiitionsy Gomiversslys valoenfiomahe operbiddrial circuitry withén thel t i pl exer
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condi t1 NG ERPeilbied 1o e Resnda RS e crREpinm borafay 1
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digitized by an anal og-to-digital converter (ADC) 247 and then anal yzed by

conput er coamitiqus; ae thep outpnt thigygh test heut 2&7h dhpwaha far, connedtions testingrthp] ate i s
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boar ds 2é@pticpialof eisulbsighsl eaaaed 2p8r al | el i zat i on. Regar dl ess of the
nunber of devi celslqconfi gured _as virtual signal generators or the nunber of

det ect or pl at &8 Showp e 2prtddi/ i coppledio tegsysienm 249. (hegestsyaem 340gmagi gnal s
d j | i dth
and o "RARME %PE G?&%Peﬁ&t@fngféﬁ tésé elaﬂff)g{e g %’?%ﬁ&?@td@?érﬁtl lst%‘?qﬁgg?” the

response signals may be analyze owWs T e
det ect i otomirfol,clatmandrtirsingrsigrehlpiorthe virtual sighad gepérator @it comned] canpotise2k1.gnal s,

whi ch e used in sone empbodi,ments re described with reference to plot
400" snoalair BRECon L B Birtual o eaHHraemies 210 60T G e ierit esH AT
out put  f erA)teRRerdiok DYAL the bERAd] 288 A8HAS a@ﬂ@m@&%@@i%@gﬁo@ﬁw 220 and 20

each corresponding to one of the pins 233 on the second device 210. A
r espons ecaifigurg vinod signad genedatar 2 4@ teceutput sigralscorpBady eonaketed sheignal Each

si gn [ | ot function of tinme (tinme.axis 420) .a | tude
(ol ¢ ol 8 A BheP 9o 10 bl 85t algrobTeq T e SRER S MBRRY, “a%0 o
clarity. viftubedigiad geerhtoy 210 isSconfighfedttRbublY sighhK Peferdfed byddster 2400015, for
signal s 401, 403, and 405, respectively. 25In this exanple, the test

si gnal s em@ecliivg 140 gsneratess tesbggnakionpuiput e i%y edge and a trailing edge.
In this exanpl t. Sl 1 i ed . i " and
test signal 4&%@%@8&%’8%% %ﬁ%gsgdggﬂg%igdn{,o ,%éﬁal%.gth%og;}r }gﬁgﬁgﬁrglrl%deéoupl ed
to a conmsi2iBaifsetond devate3Drshouldttiecionnes@binsepropgimmadfacisedreiacuir ed. As

can pe seen in ELG .4, though jest signals 401 and 403 have generally the
sanefﬁs haﬁé?m%ﬂe %W?&@F by estsh 24 me,c mgcrseﬁbm#lﬁ&saﬂg{lﬁéau on of a
test sig i 5in 295 QPLAmB VA | I seen
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appl i ed 23t aydatectey plate @31 aAncordinight, itheadtate lofin genmacting ©f pifiasler test 333 swi ngs
occur

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.



WO 2010/ 056346PCT/ US2009/ 006110 11 at tinmes associated with the edges of

- the test signal for a good pin, but not an open. As shown, near the
transiti ONOt20MEES63MB1 and 423, very little of test signalPCIOIS2)9/0861pl ed to
the detector plate because pin 1 is ofen. Near tines 425 and 427 the
response signal 405 has | arge peaks, corresponding in tinme to the edges of
the test signal 403. 5The inventor has recogni zed and appreciated that,

t hough digital test signals, such as test signals 401 and 403, are not
generally used for capacitive testing, the response to such test signals in

a capaci tive Wggbugtgeshdetttdrilatd a3 s 1YL.ed3 N iiflustta®l Walaisthgl® provide a
highly reliable_and automatic detennination of the quality of connection of

each pi ncemmefepnding second dgvise Fa0cdeirstonnlaies 23k may be spahgwed inypy suitgbignal yzed
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enbodi neBo,id dinglé deteetdr plabe2Xlnmanbe depleyédoves snatiple desicas PHRlor kehe owed by
an exponentjal .decay.. Though, in other enbodi nents, the response to signal
appl i&d P@ménﬁﬁﬂﬂogﬁﬁhﬂay be in other forms. For exanple, in instances in
whi ch the { eStmd Snihgidl: #1378 BMiRIRdRREhEGilule SHORSselE b HEkoBATiddAT

w ndow, the characteristic response nay be a pattern of peaks, s as the
t wo peak $orsionditionimgrnGd.andlysis s fic sane embiodimentsahe rdspome sidial sebndRionedhough,

in other, e di ts,in ich.a test signal w.th gultiple edges is used,
he char BEAeHieE drbant eppiSe Ty TE TFunatanes fiediaed B oneats et ge
signal . LbonveeP(Anedinead &en%ﬂﬁyﬁé@ﬁﬂ@orﬁﬁu@rﬁd’(ﬂ@gﬂ. test may be assessed
20 based on the degree to which the characteristic response is received at

a tih® associ & samepther embodinfentsheachdigtestor plate is cgﬁgwdoﬁgh deditatedact e(r]I i stic
Gur . acP o bETbiefraRab hibiied i Vel Kihe SRRF ERaiiis sl Bl 26

associ at @fthwdes Puatile awtiglenst WardsTaP 16 alib®Fonedreaddibpdrgltdingdosi gnal for any
pin on a 25 circuit assenbly nay be obtained fromthe response signal

nmeasur ed whenRggardiess of e ammbsr ahdeviess configured s sypwhsigny gsneratss ar gown

wor ki ng ¢ | | | | ) si gnal
101 K410, B BRI o TIONH oo SPRE BRI TS Dl S LEAAR S

appr d)lbr i ateasé)mé eas%)omtségn:cats. rfi‘metﬁstrs_igrialsohsy Eﬂhagag ghdthehel req:trdns?kigags neayl ear ned
si gna oht.ai neq.for e in on a boar 0 be tested during a
sgbsequgﬁ%/ %aﬁts%fglefl adrehierihar il rehple detgeion pbeRen & sg%‘??‘ﬁplﬁéd with a good
circuit assemphympRUes ah3spBRs b A, MY BE uSEPIERER snbdBmERSPRESE
signal when the corresponding pin has a good electrical connection to its

si gnal pdederibgéwith referaage 6 P60 FIEMUBIOICH A0 (dat 4P 01shows 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 frailing 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



setup 200 may be used in any of these phases. In sonme instances, the sane
equi pnent nmay be used in establishing the test setup for both the learn
phase an ction test phase. However, the sane k& not

r equi redq‘éélg@imralg%?ﬁer enbodi nents, thg different phases&)?rgéusgggggﬁlflgr med at
different tinmes and in different places wwth 5 different equipnent. During
the test phase, a circuit assenbly of unknown quality is tested to identify
good and faulty pins. For each tested pin, the response signal is analyzed
using the | earned signal obtained during the | earn phase. A conparison

bet ween the response, si | and e | earned_signal, ray be used to generate
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i | 1 ust r giresidp diglds ir¢liabld@aid AAymbEc feeiminatch 6ithe qoaltylofebniteieg oind FIG 9
20 illustrates a process for determning a fault type. Test setup 200 nay

be conf | ¢k 8 wyleptsst.or m met hod 500 during the | earn phase, nethod 600

duri t he tegt H,Ea%ﬁz : FJO.BI ..a faulty
pi nsl%?ai I ure.eﬁll\?gt 0 Oocgl?l gl% bm%qgsggg%{lgﬁv?lgf%nﬁfﬁeﬁﬁggt?&% &%g&ger%fgtc hod for
obt ai ni ngspdnee sigaalrepresergatizte afivdpacitied esupliag of ah adge dietesefignamdenval ue i s
used to determ.ne the hreshql ds for th es} phase.to distinguish
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Though, 1 n sone”instances, mu NS in a circuit asse ave
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to perform nethod 500. Though, the steps illustrated in FIG 5 nay be

per f or meléansifions ¢23 and 4B37.c Thoughp ibpther embpdioeotsia sdudperst 98pdovitino6110 13
Met hod 5 ' . [ | ' { st
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pf zp%@r | zbaéF‘il Bﬁl’l F}deetglFFé tglé%@e@ 316 %ﬁlacggisg'g ESpons% is recetved af & tirc 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



5 connecting control connections 211 to appropriate test ports 217,

© connecting response connections 213 to the detector plates 231, and the

like. WO 2810/656846 505, boundary scan operation is enalR@EdUS2009/638vi ce on
the board to operate as a virtual sigHal generator for the pin. That device
is controlled, using boundary scan commands as are known in the art, to
generate test signals on the 10 appropriate output pins 215 of a BSD
virtual signal generator 210. In enbodinents in which virtual signal
generator 210 is not a boundary scan device, step 505 is perforned by

initiati gemp ZDOWgadaus%ﬁﬁ&N SOthERPHABSES . In 96mE itt@intks eheinsd difhiprentvi r t ual
signal generator 210 to output appropriate voltages and test signals to its
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i | . i | be. djti d i hni inth
ot or 1 K6 BB BrperSfe ke BE PetiRiidh A el o 1L Da1 "y
be buff eilpsbirhies ArbEs R4 AetchRmisoE Bhtybh 0Talt sty 200 rhiy besadidavedtof i | t er

244. Filter 244 may be a | ow pass or band pass filter adapted to pass

si gnal s Prepae methadnd0dusingthel leeasphase.cnethgh 800 durieg theupstebass, ghdl 10 al so
may be a i {4 ARt itable anplifier may be
used. mﬂ&ck‘t%sbt%%dbus,%Eﬂrggﬁl?aéé‘gsgnifgqg@&gﬁgF@H%{"'gi tized. For exanple, the
response si gnalethed 506 sHowh tak 2 dlbvbyhatin FI1G7 5, ilaymatod &dd obtsiaiipltke r at e and
quanti zati on may be used. The, sanpl ed si gnal e used as a | earned
signal , i@ﬁ&#ﬁlw&?mﬁj g (f%%’@&ﬁ?e}ﬁlu‘ﬁr Eederenepnyalig st gqt%ufleéf&onse si gnal
I's appli etedidld ToRiHedER phidedh dNtingHAh beRitehQood 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.



determne a threshold value to use when conparing a response signal duri ng’
a test to the learned signal. In sone enbodi nents, the autocorrel ation

function a de-nornmalized autocorrel ation functjQr or zero
time shi W@X?IH@?%SQ%I = 0. Representing;the successive sairﬁb)?gysszo?ﬂ%ﬁé&

response signal by the vector with the entries, x" the de- 20 nornalized

autocorrelation of )7 for d = 0is R(0) = E(x, -mazy, (1) where p x is the

average value of the entries of Y . Optionally at step 513, steps 505

through 511 are repeated for a total of n tinmes, including the initial

Iteration. By repeating the test, an average of the al:égg'correl aéi on 25 may
P

be used as a MsthodrA0dbegims ag stenvdi dgripinAnfhe cpuit psse MR Ga nay by

used as Elﬂﬁw{ i g1 . 14 | o pat et her
the test con g‘gt{ffrkg%ugr?g %%blyeg%gl%19%@0%&%%%&Edgo%at gbi Eel'irée}?u t SE?@(’:"“h t hat
it woul d5G3omay irclide, forexample, emnting tiel drenit tassembdy 2601 @ & fixfure esmeately under

test. The punber of tipes the test is perforne be deterygned in any
sui t abl etodas teSERsta WQ‘BF@HeP@PFﬁR%é]@W%ﬂ@%W cli ected or may

be da or i @RARLE Aldneobianer 19 BproBRIR Ihst pEHUSFT SHEEERS Gohter at i ons.
WO 2010/ 056346PCT/ US2009/ 006110 15 At step 515, the standard

devi at i oepnnagticpis 2(1Bdo thet detextorgilates 231, med the Bke. R(0), for the n iterations is
det er m ned. tep.,517, it is.determ.n i f . the standard deviation
s accept abl eAt#gp SDaIERAEY e bpadirls SHRVPS forch o TeTE SR o o
predet er gpcfd a¥ ahvirualBigall JER¥radc for SRR NTRAWeIke 3 WoritbifedNistngray. | f the
standard deviation is I'ess than the predeterm ned value, it is acceptable.

| f the sbennderscarvpmmapds asarddnewniin gt arb to genpnaie seshsigbals ondkep 519 is

Phe OL1 citmaeprifih SSPRTHEe 2L B ABSLT R e BEpf 210 BLARRARR NI my not
be test alghizhusitig s%?gﬂl gasedtdEd ik @st a bOuntahhadn dERieyOdlep S0ispefforagd not  be

testable with the vice selected at step 505 to be the virtual signal
gener at oPY ImBlAtinga PegTany SXeHItDS foprmaKls: drarthgrasecausiag ghegrtyahsignala)  sj gnal

gener at Oéet}eﬁz‘ﬁﬁ%ﬂi ﬁﬁuﬁ%ugtgﬁﬁ}ggﬁ%@'vg’gages E‘Q’éstg af¥&h ﬁ@%uﬁ;%@gﬁ@‘iﬁ?g aft er

step 519; pro ertorne 0 identli not her virtual
si gnal gener a’Amy soitatde tishsigndle atayrbg cagant oatie dutput ipire2 5. nln sb@onver sel y, i f

U S N T R TN LT AN
det er m Ngfal g FonGHRe M BRiduced I'§icANEORAPE 1BIHQGRY difibRht PAltdgs 1&RPUt ed to
be the reference value. Note that the average autocorrelation nay have been
cal cul at sy &ansition thesguiputinin eng oepoiatinies batwieen agolitdgs represeiting thefirsit i on at
step 515stg{gzdanidta \}o?tagg %ep(l;ersiertltiilgga etsgc?otndtsrt]aete.sﬁ"ﬁg (S:ir(puelt 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.



20 perfornmed in the order illustrated. Hi gh and | ow threshol ds may be
determ ned as a percentage of the reference auto-correlation value. For
exanpl e, wa:28wossm@nbodi nents the high threshold is set PETIXBIOOD6HIHe

ref erence auto-correlation value and ¥he |ow threshold is set to 75% of the
reference auto-correlation value. In sone enbodinents the reference signals
of the n tests may be suitably cross-correlated to determ ne a reference
25val ue and/ or threshol ds. A threshold condition may be defined for
each threshold. The threshold condition specifies whether a test val ue

compared to 1t ige blipRchel éﬂglmi,mgmemohg sRXGERAS 200 & thelcerBgionding fis | ess

than the threshol d. For eXxanp when a single threshold is defined the

t hr eshol @3k ofihieseeond dewige @é@c ﬂ’hy tesh signal is then cppaaitivaly seupad tasthe dpisctvp
th hol d t h d |
7SSl A et RO S SRR 1 o

may specify thaktepl307] 186 respofftadighal $¢ condrRadd! Resdmyembodisfeaty] and be | ess

than the h| h threshold in order to pass. W) 2010/ 056346PC]J/ US2009/ 006110
gmditioning mpelndes hatferdng, rf%@ngggﬁmor@ﬁwhfmsrtb%épwre §ignal elhehen

recorded of a test
pl an for Eﬁe g r%ﬂﬁgéoglgﬁb%%%gst%%ar neq ol gna+%&n§}ugalggrn%ned in any
suitabl e 1 Boraaxpingl tltwddtaaﬁ dteD3¢ mady behuffiered & (bufferﬂ@ﬁs Thee
responsesfmewv\hose au ecor o i/ ely Sema%,ches t ver age
aut ocorr@‘i"éf’??‘ﬁﬂg’("‘}l may be r?‘é gﬂi‘?éz%rl ﬁ%‘“ 2‘?% r l@ﬂbﬁ?&?ﬂﬁ  P¥he n

r esponsefﬁbmhedg&ga&es Sid by %’ﬁé%ﬁg&t&&é@rﬁ@ SighliL ViR dRplcaadml gnal .

For exanple ftalcvect 0 or t n response signals nay be averaged
at edch piso maylb@caatmlrﬁedmy a:iqdlﬁ&fé.’ﬂar&loughmﬂmabbfmbltﬁgm nhayaeiesgdsi gnal
Aver agi ng nma nate var.i ati.ons. du o rand oise. The n

t ypi cgl |3 de%:/ Legé%b Fgegp?nsemgn%%dlg}uqe@r o&ﬁ(@;ﬁ%stﬁgre&go%&l%{? OCI at ed
t hreshol gha g%talgxt@asbm@t@ RAy 561%4M16 8k ratb aRd §dantizitién iRy RGN0 ends
at step 52 thod 500 may be repeated for another test pin or
may be perfor he S@nnhﬂtsmebmgysaemdmkemeé signel, dgpenslingren subsegieat s, and
parti cul %1: oYsg the "edges" thereof, provided to pins adjacent a comon

det ect or Ppi‘ate may be spaced in time so that any 15 transient features in

t he nssponse S‘ltgﬁa@|5llrﬁmeb&p@amgﬂdléﬂapﬂ)ﬁdﬁda@auﬁobﬁﬁelamﬁ Rimgtibesd  si gnal

applied to a si ngtlb‘g under tewg In sonme enbodi ments, .the bounda % scan
oper at i oACHeHNNE gt Slilqidé’ﬁ QY5 RGN GURBIINGA IESPUSE S&H@héﬂlﬂqaq%te%ﬁoc}b gat es

along a houpday aFCﬂ{'soﬁJfkaéerédi he ﬁ@QuwcbﬁHﬁhoﬁﬁ%Eﬁane%oi de210 to be

applied to successive outputs o the virtual signal generator in successive
i nt er val soofalized estocatrdetiornfipictien, KB, R0 zeiortimabhif geal =gﬂan&:}art’:sﬁrntlngiowever

t est S|g s for. differe i ns ra sui.t.abl e or
fact, noRHoNCRsE S swaRlen Bt I rIRER o TOHES e Wi MSTReiE s U EEhe
bOU”Q@Wnéﬁﬁélizﬁﬁ'ﬁhthMrélﬂﬁéh b i yUpls signal gener at or. Significant
flexibility is possible in selecting which outputs of the virtual signal

generator are used to generate tg@@)éE L g’qd the order and frequéncy
with which test signals appear on thoSe out puts 25l n sonme enbodi nent s,
when a test signal contains nultiple edges, those edges are spaced in ti me
so that &Herngx ﬂ%‘é‘etﬂb’?@g%&i‘%@ﬁﬂ&%@é%‘%e’ét signals may be applied to other

ey bo. appl | BRI e halees SO IRRMLYD B sl ton Rk Rirehon | <

appl i ed @ @iNg tHeNndial ﬁer\éﬁantb§r &%ﬂhgﬁn@c@ﬁ i MNdrigilofatle astotbrdati@st pul se
may be substan%l ally spaced art from 30 each other with other

pi ns2bei mpythestsed asiay tlmgnoimm pmaveragedaalies héﬂ@crgwnswsnalomeby psadsasar e
(212 bt a0 B A2 SRIRR 41 SPp BB RRO" 0
anal yzed forle pRisteaiides 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.



WO 2010/ 056346PCT/ US2009/ 006110 17 I n sone enbodi nents, a |earned signal
and a | ow and high threshold are determ ned for each inpul sive feature of

the test yohah@lossfzpr exanple, if the test signal is a pylgasholedaped
signal and thresholds may be determ ngd for the |eading edge, and another

| earned signal and thresholds determned for the trailing edge. Treating a
|l eading 5 and trailing edge of pulse as two separate test signals, each
with a different | earned response, nmay be useful, for exanple, if test
signals are applied to other test pins between the |eading and falling

edges. I n. yet ot her .enbpodi nents,_ the response to. al eatures of
the test signaf gtﬁ? éig’ﬁg? 5@P§?Ifiéigglag§7nsaas PE@G@UF%SFEE‘HOE TesHiss é{ﬁ& or

t hr eshol g » iRgRidhs id'SdtBmihBe exanpl e of a 10 pul se, a | earned signal and
t hreshol ds may be used to characterize the entire response, including the

response to bftstep Ré7)ibmdleteymimed if the stimigrdedigydation is accepitbdén Foatexempk)0 i s

bei ng pexf for. oul tipl,e pins e test system 240.and copputer 250 may
be confitgﬁ(rg{ggs d e_‘r’g‘gﬁn _ lfﬁ‘%%:%‘i%tae@?a?tﬁméﬂpiﬁalfﬁ&m%%ﬁﬁgg si gnal

cor r &s podeigmihedindinyenithbleBvay! 1Tf tHai staniadd, ddvedionesl1eas fagRe predetthhi@sdol ds
may be properly 15 determ ned. Regar dl ess of the nunber and type of

test si gYiRes itdaeesepiabdel for each pin to be tested, once all |earned signals

are avail abl J . eSd boar d urjn nuf act ur.e. As
part of the nibips SkodiBY dBRMSES deblriBl i BRebRele. RSP e 1 or
circui t HpsmetdingseashdsbtepdIons Ikt e isdtbed forlthe stiRsled PAASHE nory be
performed 20 after. sol dering. of caonponents to a printed circuit board and
may be pErmsT mgnalis seed tha rleckideninanaysant be tesiahlensing the deseribesitestaul t y.

Thi s nf [ d ' t ' it

assenpl y ArBL; MHoBRY (h0R e MR AP RIBNN Bbilbd sl Qb slh SU5 Bkl
circuit thsyatial yignilarenevatorpbwt, maple testableuvitit afaherdewtvelosedPagootnel r cui t
assenbly, on the other hand royted tqQ ot her stages in_the

manuf act%g’faﬂémfgat%egﬁ?qrgﬁg% %ﬁlgg& I@hgrs OYh eémtgaql.ﬁb(ggg AB R8P pe
packageds o0 furftfal BFRBEs ! med
accordi ng fo met_Eod §'69(1318g mg%gakgggﬁg&ﬁbg&éméiﬁ%e?ﬁﬁéﬁg@%@%@%&g@fﬁgf

enbodi nmeanother ¢estipg approastefoutlshpia. i nstructi ons are recorded on storage nedia

251 qf conputgr . 250 angd.execuyt ed, b rocessing unit 255 to contrgl .test
systlcegm 240 an o%?éer??e%r’gﬁf Wgﬁﬁgg%ﬂ%%%@%ﬁ#%‘éﬁﬁc@wﬁﬁ peR Sggﬁg begi ns
at step @@formédie ATelepGa1 MY réfefdn0t VEldle @AE/Br fIREshBRBRArPHEteHiBd. 1eSdme t hough
multiple pins may be tested in parallel or in any suitable order. WO

2010/ 056Rdmenis e gy eraga awocorrelation 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 anothet 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.



18 At step 603, the virtual signal generator 210 is configured to
generate a test signal for the pin under test. In sone enbodi nents, the
virtual sworealo/ggesseér at or 210 may be a BSD confi gured by PEOWFR2009%06¢110 he
control connection 211 to a TAP of th® BSD. The appropriate ATE digital
drivers 241 may programthe virtual signal generator 210 or 5 otherw se
control the virtual signal generator 210 to output test signals at the
appropriate tines. Preferably the test signal to be generated has the sane
shape and anplitude as the test signal used for the test pin during the

| earn phase. Al s&h303508 ledri&d 48hA%GhATefBleRtEvaid atethéll RESMIe@dorcent to the
second devi ce 230. This step may i nclude placing on assenbly under test
in a fi xexamplerondthhetorage medih @51 ¢FK® ) as par bf 8 testiplanfer the circuit Assembbyp 607,

appr opr | PE AT RE oy 18 PR R iy Sulileninal Symimibape B, ' [he
appropri gigaltrhd{Ebe ddlectdd 4Bk réspBna! sigitl Whakoiutéddirdlftiohdhost digdendary scan

device, step 607 nmay be perforimed by initiating a program executing
comehds magphepthedvafage autegerrelgtion 6.4 the teferen¢egyedne)l n gthes embedingents. t o

out put a ' of,.: e i ' : At step
609, t hetl{regg%(%ﬁdsnggg#%%%l%%%?@@ea{v%a%ggcf gsgéqqghtﬂﬁéeﬁglén[%ég%%l F‘d P Bte is
condi t i oeednpléahe digitahvagors®yr the ¢l rasioinsd sipnaix aripbe,avbtagé & ut exgh pbidtt eri ng,
and anplifying as described above with reference to the test setup 200
(FI G 3) logatiorsindhe yectorsito gatahlished doe lepmed sigpal. 2yygraging gnayihelp ehinags ponse
signal | Lo E | I ; ' ey Lgi tized by
ADC 247, Y RRE HEERy ohmSERED fhe doi (AR Al e THE OB e ve
t he $0 gn#liresholds and Assostatqal thte3holdi coadidiomne nrayaitsel hesiesoridsd pestép22dTia t he
response_si -~ I n emhodiments in which a test signal contains nultiple
aep AP ands STy

I mpul si v onse 25 signal may be partitioned into tine

Wi ndows Corre?’ﬁ@ﬂi@ﬂﬂﬂi56!)1%@?%&&3&5&8%&&0%?&%5%%&1{5%& Sit¢sR to each
such feature may be anal yzed separately. Thougrg, IT atest signal contain

mul ti pl esimybtahedusly foe atultiple test pmnst Tiest signadioan igulaglyitbe testges vthereobnpass a
transient_re nse ta.all of the imu] si features. .l.n _sonme enbodi nents,
e domBiBATe P dien vosm b Bl tel s mRE b Eisd i SBHTRERSThe

| ear ped srhaiiét fealii@s GOMRRREpHALE EIBYal heay RORstated| tadedbh fithed withrd testat i on of
the response and the |earned signals, In sone enbodi nents, thelcorrelation

may be asigealifpplied fotinglein updsriestaln symeembedimeatsplishoundggranind t he
| carned shggal e Alen Y2 290 QRBERIGRETIISPAQOLA0OLIR, 28npl" Lested the

sanpl ed résponse sign evant ti e represented
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.



by the vector Y with entries, y,. The de-normalized cross-correlation of
the response signal, y, and the | earned signal, , nmay be cal cul at ed
accordin

R(d) =
-Px)(Yo_ggég%%}(%ggﬁ% In Eq. 2, py is tfze average val ue o?eif esz%og{(}?sllég of y .

In EqQ. 2 it is assuned that the | earned signal and reference signal are
digitized at the sane sanple rate. If the signals are sanpled at different
rates, interpolation may be used. If nultiple tests are performed for the
sane test pin, R(d) may be cal cul ated for each. The index i, may be

restricted to,_a range, sych that i and | - | ndex, entrjes, in 37 and 57,
respect i vel y. 1N §P&HRb W@Ptsﬂﬁi%ﬁﬁgﬂ%@%l@”mmgﬁg@@@%% padded. In
yet song | : [ fif G : isye to |
Lot hat b iER oR ety RARKE BF e et oipral forexBblel if e st RAIN P
sonme enbopulseatlearned signateind2besholds mag be deteanined fostha leading¢dpel andd. The

Cymanr o SRl 2 el B Al SO S et S
devi Ges, addrAilife Edé@ofﬁﬂ[ﬁéra%ttﬁoa%eﬁﬁﬁk 184t ApRhlsf SRAWALDP SR 18R devi ce,.

the test access port i's clocked wWwth a clock, called TCK (FIG 3). The
cl ock, TeErponsaymaybensefalofartexampls tidesisignels arg ppplisddo otherdgstpiisgnal pat hs.

The test, §j 99‘] | 4 ' he pin under test may m x constructively
or destrﬁ‘%%vlgve ?q{%{({ﬁ%%ﬁdgﬂl@%%@a ial , which may alter the response signal.
20Pl ot 700, shpyét sbie btifer etbollimiéits, ahefespotb tanll B6aPs 6f thelie sigpal 48d pl ot
400 (FIG,  4) are formatted simlarly. The TCK clock sjignal 701 interferes

constr ucfhamﬁiﬁzéfl bﬁiwlvmi%aﬂﬁl flﬁes_chﬁ@st dgain i“@%lth"ie@%ﬂﬁ of At erferes
destidict hted. % 184mbd YEndiZid tlAShdIESRRDBE uldHMITharklRri® MY irS BRPOnG! L1 MTE
e | Z a may be used to

723. e-norma cross-correlation etect” an dpen pin
at the 2mcheiny the cespgnsedgdofit ideadi] amhihilidd gdgest hout anbi guity because an

open pin wll_displa al aboyt half the size of the |ear si gnal .
However, the wiheeanitied a0 s prtnemed fyr Pl piga b tes f)@éﬁnaggg and
de- nor M4z GdeCI AEHaf BE E@Aﬁ%d;@&‘p}&n 12&11( ths pﬂﬁﬁ{dleb’te_éi_ﬁtgoglﬁgﬁ'ﬂfﬂ feBpchse g%lélhl val ue

for both good pins and faul lguity may
el i m nat eatrdspomdsrat agdvenriimbolmthisteay) dearoedisignaleandthoesboRiS mayr beprapedn ( Eq.
2) an tQ nar rr(;l i zed cross-correlation, W) 2010/ 056346PCT/ US2009/ 006110
20 Exi “SIRe%y(t-d)) Rn(d) = (3) 4E (xt Px6it yy

Regardless of the number and type of test signals determined for each pin to be

tested, once all learned signals are available, they may be used for testing boards during
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 mantifacturing
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.



In EqQ. 3 it is assuned that the | earned signal and reference signal are
digitized at the sane sanple rate. If the signals are sanpled at different
rates, i rnwerpul/esion may be used. While on the cancel | atiCi2depaoctithe
de-nornmal i zed cross-correlation is cl#¥se to zero for 5 both good and faulty
pins, the normalized cross-correlation is large only for a good pin. Thus,
using the normalized cross-correlation, either alone or in conbination with
the de-nornalized cross-correlation, allows faulty pins to be distinguished
fromgood pins even if interference occurs. In yet some other enbodi nents,
the di f f er encatRRpWBHHe Re-nRA SighhVgneRtorAgal b&xﬁiéﬁe@ﬁ?ﬁ%n&ﬁ'té@&s@éigﬁd?e

response signal are considered as part of the analysis 0f a response

si gnal . Furtheriammmder testatln spoeemboduaents, ke pictaik] sigupd generaton R U@ may belae

r esponse % I be avera and subtract fro e..aver of data
poi nt's n%ﬁ@gggeﬁkbypc@ﬁl?ﬂf%etgﬁF .OITFRP%GC?BH%E} é‘ﬁajjﬁy%ﬁﬁ%%éi)ggnﬁe ef f ect
of any Depmbpist ATRAigiBYddDrPLESKAY prdpramehd SFfaNSend igoidhtor 2bdgpar dl ess
of the specifjc processing performed at step 613, the process proceeds to

st ep B150tEBYise eondral e yirtual signpd generator 3 hRutaouiput tystisignals a theprpprgriate
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of net hod SSO%yrtﬁ%%mtchrgﬂu% G%bﬁr{mgé;e{f)‘gr base%jfégtrll\ﬂlt e reegﬁ(g%%pgﬂ%lhe recor ded
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Cr 0SS- COEppRbRXiAte ButphhSin TSI FFAB YD hitfual SfenhRnBRkIFE 1028 thedpRSr 2@ f@kat i on
may be conpared to a predeterm ned threshold, for exagg)l e, 0.75. If the
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t hr eshol . erm ality of the ectrical. connecti.on to a pin
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the I®ar pasraoglHl tororypura teks eiknal 10ne G A4d26 68146 BGIpLtSA9095 006110 21

In some enbodinents, the test signal has nultiple inpulsive features. For

exanpl e, a pufd&tcRE%the gespppsy denpd cepagitively eaupladgodbrydetogipiplagds ve as
features 3 ti e i.0 . irzed by a
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conbi ned, . t.he: .1 kS a quantitative indication of the likelihood that
t he Iear%’e%glgﬁzéggﬁ%%%al’i ncluded in the response. |If the magnitude of that

i ndi cati on neat stepl6ll 3 aimé demuli #ahsisds perfeiniddsitthe dbspdh&Psifdal, h 1S

‘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



determ ned that the pin under test passes. For exanple, if the indication
is wthin a threshold window it is determ ned that the pin under test
passes. Lndi pon that the 15 pin passed nmay be stor i.ded on
out put d%ggﬂ%@‘kﬁe met hod 600 thepy ends at step 619.P%%[%0®{0§%11ﬂe
magni tude of the indication does not neet all of the threshold conditions,
at step 621 it is determined the pin fails, and a fault is indicated. For
exanple, if the magnitude of the indication does not fall within a

t hreshol d wi ndow as defined by a |ow 20 and high threshold. At step 623

additional ste to determ ne the nature of the fault may.optionally be
per f or mekin tesiibe spwpled £pepontis sighal dn e e lsant HIBE NG TR PEERIERME ot hod
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met hod e’repeated f0 test other pins on the circuit assenbly.
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units of clock cycles. In this ex I'e,” €I"'0ck si’gnal 801 is provided for
reference and i s not connected to the secgond device 230 but mag be, for
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may be omtted fromthe cross correlation or other analysis. 'Note that the
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the oth igpals. F le. if the | d. i,gnal i
volte: the aolhesmPnbeiiERBsS hetmallaed ero PEotRoY & S0 adeet e © C "
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if a test pin passes or fails the test. For sinplicity, 8A illustrates
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for pins 1, 2 15 and 3 are tinme wndows 821, 822, and 823. These w ndows
are det efignaldathsaddg test signal bangapniied e the pin uaderiast manBRRtRsTRCtivebnt r of | ed

t t b ey | ' ; | ed to that
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The thre w ndow i 5 def.i ned | qw .t hr ald 830 and a..high
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t hreshol d 830. The cross correl ation Eeaks in tine wi ndow 821 bel ow t he
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excoeds the | i CRPRERHiAT s BRRI AR (o 0 SBBe SR e Cr oes
corr g4 at kéMiforcing 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,



25 806 peaks within the threshold w ndow defned by the | ow threshold 830
and the high threshold 831. Pin 2 fails because it never exceeds the | ow

t hr eshol dwB2010/8s3m6l arly, pin 3 fails because it exceedeanmEs2moostibr eshol d
831. Neither pin 2 or pin 3 peak withton their respective w ndows. In

anot her enbodi nent, the response signal is partitioned into a vector y for
30 each test pin prior to cross-correlating. The partitions may correspond
to the sane tinme wi ndows as above. The w ndowed signals for pins 1, 2, and
3, are shown in FIGs. 8C-8E, respectively. The response signal data in each
w ndow i s cross-correlated with a 911 0563 CT/ US2009/ 006110 23

| ear ned signal such as si gﬁ 840 G 8 "“’)Tho h, a different |earned
signal may be used for an 32’9

[ -correl ations, d) are
shown in FIGs. 8F-8H for pins 1 Xandt3, 2&peévively. The | ow threshol d
830 and high threshold 831 indi c te t hat p ns 1 passes (FIG 8F). Pin 2
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900. Met hidtepRfEno@ycdwes.used, for exanple, to determ ne the nature of the

fault on output and bi-di rectlonal | C pins. Method 900 ma not readily
i dentify shor f&YgtSome ofigriemhodynents, the differqpse hstesodhepesitive and aeeaivel. At
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appropriate test signa ener at or igured to
out put t exgnalsiKgnakample, dlatwpbmtd rmarmerpeahdegmwewaluewfehesmpmtemgml mitae

second pins may J nc nple I ns.on the sa coppone as the
failed pPRavGagsd ‘ilw%!’(rjbﬁﬁf"i‘?aff Btage ot ot SPOFYR nFALPh,Re b vaye ‘step
905, theﬂ@%@umm@eeu&stm@éﬁ&x of By Y Stk tiat B IbeGRERNAIhe Al SteEp
907, the response signal coupled to the detector plate i's measured,

appropri éstsem}seéchm tioned, and digitized. Conditioning may include
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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.



25 step 609 of method 600. At step 909, a signal magnitude of the
response signal is determ ned using tinme domai n anal ysi s. At step 911, the
signal nggh 4,6 conpared to a suitable threshold. |

magni t ude .%@?@%?2@ by nore than the fhreshold amunt a ove tﬁbﬂgghvalue
measured with a test signal applied to just the failed pin, it is

determ ned at step 913 that the test pin is shorted to at | east one of the
second pins being driven along with the failed pin. Method 900 is
optionally repeated using. a series of subsets of the WO

2010/ 056346P 1J820 9/ 006110 24 rpu of s Hﬁ@ﬂ’@% dete I ne whi ch of
the second pi py. the t 3 u%‘f Pt the group
of SecongaRiphs wge%aaalmgedg%ﬂd%mtmgédgte\tﬁt-,ﬁtsa%ea&t@atmfe@etﬁecond pi n

is shorted to that second pin. 915, an output is provided
i ndi cat i angire teep@@stto mﬁe$t§lghbmaed:e cﬁem@ma bea smglehlesmnsg signakwyhich

pI’OVI ded _an out devi ce FI G al | ft he second pin or pins
i's sHSFt”éHZ“t dcog}psaB dp%’ %‘?)éhrr?éﬁ)ﬂgﬁr}tsﬁeé# nds at step 917.

If ats step 91h sonie dt’ﬁel(B?ﬁlﬁfdiﬂnBﬁl@ &Bﬁatttﬂaen&waat héRBtch ¢HaratteE&RSES by

l ess than the threshold when the failed pinis driven along with at | east

one secondensndenthhia the lreerphase derearned signalsnd pge opmose Bpedwblsi t i s

determ e d ed at
tep o1orieerordli & GGeBES ERERIMBLIRp il EShaip i lmd RS, 52
where t he theedrraspomﬁpgatreﬂmm bhthéestibldf windotv. SBeqBehlRintss be combinéd td t S
determ ned at s ?qrthat there are not nore pins to test, it is

i ndi cat d¥oggce i§tep &1 éénﬁ&YFWbé?Wa}’s an open pin. The net hod then
endsjgat ste ggg/@«%rw nal I'y
repeatl ng tﬁeﬁ%?t or stﬁgﬁn @ﬁ[gfé 1%as és}g@ @hg@%@?eggﬁo gﬁalgﬂ%%&st ep
915. indichiiaisof the Akelidqalr thad the lenxmatdignat mastuﬂect indthroesponst. i ifighesone
enbodi nment s . of thod 00, and 900. ac exa Ie, vi,rtual signal
gener at g @_’Eﬁlng gatignapeets %'Eeg ﬁ@% ‘%g ﬁ)'&tlﬁs 220A,
2208, anthigaifed HAONSHANHR b PaGeinEGlob o] tﬁhgman%ﬁ%ew,wa 233C of

t he second device 230. The electrical 20 cofnéction between the pin and the
corres pdhthSh@jdsMgdaW ibigtdetermirieddhatdhe din liﬂdesEs'@easml eﬂsn indication that theow | t

or oo PRE P Yo S A3 GnfitEhuReRRol iR maBOTROL s 7P

further a@t@rm\gned V\/m ch pin 233B is shorted to. It is assuned that test
signal s i nput on all three pins_are coupled to a conmon detector plate (not

shown) . 25| n Mty magnitydepf: e%eoadg%@tea@éw o€ the tbfﬂﬁh@‘étcpﬁﬂlfltoasasﬁtgnal
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signals © e vir genera 0 test
nunber anangde |0|ﬁ tliléahtlmaﬁomﬂmestnos tﬁattmmthﬂﬂsthtdfmhoidnpmﬁom egrﬂeﬁaedibyl adowvput

result. is used for, the test sign and gr ound
o Moy 2 bk Prediofo fttﬁ}‘ép B2 fiinal AlFPs i Setgpriing bare ph ulThay
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



30 used. If an appropriate pass criterion has been established and the

met hod i s conducted successfully pin 233B passes. In this exanple, the
response wogeal/ose®i6anal yzed by cross-correlating it w tPCT/US200906118i gnal
and conparing the result to a threshotd w ndow WO

2010/ 056346PCT/ US2009/ 006110 25 defined by a | ow and high threshold. The
threshol ds nay be determned fromthe | earned signal. Table 1 Test # |nput
Qut put Pin 233A Pin 233B Pin 233C Response Conclusion 1 ground pul se
ground Low< R(d)<Hi gh threshold

response signals to each edge do not overlap and may be analyzed unambiguously.
Signal 803 is the response signal 805.
Cross-correlation 806 is the cross-correlation of the response signal 805 with the
learned signal 840 (FIG. 8B). In some embodiments the learned signal 840 may be
5  cropped to only include the response signals feature. For example, dashed portions 841,
having a relatively low value, may be omitted from the cross correlation or other
analysis. Note that the de-normalized cross-correlation R(d) is generally of a different
unit than the other signals. For example, if the learned and response signals are in volts,
the de-normalized cross-correlation is in volts-squared. The threshold 830 is the value
10  used in step 615 of method 600 to determine if a test pin passes or fails the test. For
simplicity, FIG. 8A illustrates that all pins are tested with the same thresholds. However,
each pin may have a different set of one or more thresholds.
Each test pin represented in plot 800 is associated with a time window in which
the response signal is associated with that pin. The respective time windows for pins 1, 2
15 and 3 are time windows 821, 822, and 823. These windows are determined based on the
time the virtual signal generator 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 831. 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 pasées 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 ¥ 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



Pass 5Wth reference to Table 2 and FIG 10B, the test pin 233B is open
and is not shorted to the other pins. Wien nethod 600 is perforned as above

with ref ﬁ@g@%ﬁg&‘gl G 10A, the signal analysis will i nghgﬁfszoogmgéézﬁ v be
S y

failure unmper 1). Prior to perjformng nethod 900, netho

performed for all the pins test pin 233B may be shorted to, in this case
pi ns 233A and 233C. This alone may be sufficient to 10 determ ne pin 233B
is open. If other pins have fail ed, however, sonme anbiguity may remain and
met hod 900 nay be perforned to determ ne the cause of the failure. However,

met hod 900 y. addi tjonal ly be rformed to further verify this cqncl usion.
Pins 2338Ad Sienaksuchas sigabh 40 & a&Bhothavehet diEEey aﬁlﬁ%ﬁ.lgqﬂématy number

2 o2 1o SRl R ESThOBoSeERaRiR R0 ke St s, e gugel o o
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case t natebibheaser OFR W5, P A (5. SE)RRT efch Y B Gt Serui i il

det ergmi nRdnédide BwhreiBSR &Bﬁiti%ﬁ%ﬁd%@hi??&h@ﬂf&l& B6hditl6S tredpabipRy.3 1S

performed simlarly, with the same resul't. Having exhausted all” the
possi bl e pi nslfithg penfiormangd Bf metiiod GHO resudis ima defermination that the tdgtpdm i ned t est
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fault (step 623). FIG. 9 illustrates a method 900 that may be performed to complete step
623. In some embodiments, method 900 is postponed until all pins to be tested

10  according to method 600 have been tested. In some cases the performing method 900
may be obviated by doing so. For example, if a test pin fails and all pins it may be
shorted to pass, it may be determined the test pin is open without performing method
900. Method 900 may be used, for example, to determine the nature of the fault on
output and bi-directional IC pins. Method 900 may not readily identify shorts to IC

15 input pins. 7 _

Method 900 begins at step 901. At step 903, the virtual sigﬁal generator is
configured to apply the appropriate test signals. The virtual signal generator 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
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group of second pins to determine which of the second pins the test pin is shorted to
(dashed path 914). It the group of second pins contains only one pin, it is determined
that the second pin is shorted to that second pin.

At step 915, an output is provided indicating the fest pin is shorted. For example,
the output may be provided on output device 260 (FIG. 2). Optionally, the second pin or
pins it is shorted to is also provided. The method then ends at step 917.

If at step 911, it is determined that the signal magnitude increases by less than the
threshold when the failed pin is driven along with at least one second pin, the process
branches to step 919. At step 919 it is determined if there are more second pins to test.

If it is determined at step 919 that there are more pins to test, the method
continues to step 921 where the test is repeated with a different second pins.

If it is determined at step 919 that there are not more pins to test, it is indicated at
step 923 that the failed pin is an open pin. The method then ends at step 925. However,
if step 919 is performed as part of optionally repeating the method for step 919, dashed
path 920 is followed to step 915.

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 233 A, 233B, and 233C of the second device 230. The electrical
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).

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
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



Wth reference to Table 3 and FIG 10C,
signal path 2203 but

the test pin 233B is connected to

Is also shorted to pin 233C. Wien nethod 600 is

per f or megv(f) 510058548333, the cross correlation will fall ppghR¥dofestheW

t hreshol d. te that this is the samggresult as for an open pin (see test

nunber 1 in Table 2). If nmethod 600 is perfornmed for pins 233A and 233C it
W ll determ ne pin 233A passes and pin 233C fails. However, anbiguity

remai ns as to whether pins 233B and 233C are shorted or both open. In test
nunber 2, test signals are applied to pins 233B and 233C sinul taneously. A

response, si | conpar.abl.e.in 'tutglcfe either pin lLearned response
G gnal o by 2 BRERa Ve gt bR e fesholof it e Rt AT hoy ar e
short ed.ledmedbhant i al |y | arge response signal may be evidence that both
pins are connected to their respective signal paths. For exanple, the

r esponsel: al may be conparable to the sumof the | earned signals for
bot h pips—Tayte—S3 Test# i rmput—Response—Pr—233APr—233B—FPrm233C
Respons e'fest # Input Output
Pin 233A | Pin 233B | Pin 233C Response Conclusion
1 ground pulse ground Low< R(d)<High | Pass
threshold
5 With reference to Table 2 and FIG. 10B, the test pin 233B is open and is not

shorted to the other pins. When method 600 is performed as above with reference to
FIG. 10A, the signal analysis will indicate a test failure (test ﬁumber 1). Prior to
performing method 900, method 600 may be performed for all the pins test pin 233B
may be shorted to, in this case pins 233A and 233C. This alone may be sufficient to
10 determine pin 233B is open. If other pins have failed, however, some ambiguity may
remain and method 900 may be performed to determine fhe cause of the failure.
However, method 900 may additionally be performed to further verify this conclusion.
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 233A and 233B, while
15  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,
20 it is determined test pin 233B is open.

Table 2

Test #

Input

Response

Pin 233A

Pin 233B

Pin 233C

Response

Conclusion

ground

pulse

ground

R(d)< Low
threshold

Fail

pulse

pulse

ground

< Low threshold

Not Shorted
to pin 233A




Concl usion | ground pul se ground R(d)< Low threshold Fail 2 ground pul se
pul se > High threshold Shorted to pin 233C Generally the steps of
met hods 580,20808¢6346nd 900 nay be perfornmed in any suit a0/ EH20/00611H as
much as a step is independent of anot¥er step, it may be perfornmed before,
after or during the performance of the step. Having thus described at |east
one illustrative enbodi nent of the invention, 20 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 tfhe SCOPfgRhind Ne[pulee NT 110 ACC I @ thtesholf T[@pRFO!I NG descThi ption
I's by y of exanple only and ils not jntended as |imlting, The_inveéntion is

limted bnly as defined in the foll ow ng clainms and the equival ents
thereto. 25Whaith sefereacemedlabie 3 and FIG. 10C, the test pin 233B is connected to signal

path 220B but is also shorted to pin 233C. When method 600 is performed for pin 233B,
the cross correlation will fall below the low threshold. Note that this is the same result as
5  for an open pin (see test number 1 in Table 2). If method 600 is performed for pins
233A and 233C it will determine pin 233A passes and pin 233C fails. However,
ambiguity remains as to whether pins 233B and 233C are shorted or both open. In test
number 2, test signals are applied to pins 233B and 233C simultaneously. A response
signal comparable in magnitude to either pin learned response signal indicates that at
10  least one pin is connected and that they are shorted. A substantially large response signal
may be evidence that both pins are connected to their respective signal paths. For
example, the response signal may be comparable to the sum of the learned signals for
both pins.
Table 3
Test #

Input Response

Pin 233A

Pin 233B

Pin 233C

Response

Conclusion

ground

pulse

ground

R(d)< Low
threshold

Fail

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:



WO 2010/ 056346PCT/ US2009/ 006110 27 CLAI M5 1. A method of testing a
circuit assenbly, the nmethod conprising: 5configuring a first conmponent on
t he ci rc%éz‘ﬁﬁ;ﬁ?&&y to generate a first signal on a fi i '2{&}?%61%@ first
conponent’; pracing a probe adjacenf, a second conponent on e Circuit
assenbly; performng tine domain analysis of a second signal, the second
signal being capacitively coupled fromthe second signal to the probe; and
10indicating a test result based on the tine domain analysis of the second
signal. 2. The nethod of claim1l, wherein the first conponent is a boundary
scan devi ce. 3. The method of claim2, wherein the configuring
conprises controlling the 15 boundary scan device through a test access
port. 4. The nethod of claim1l, fugihgisgonprising digitizing the second
signal prior to performng time domain anal ysis on the second signal. 20
5. The nethod of claim1, wherein the performng tinme dormain anal ysis
conprises cross-correlating the .second signal w,th a.eference vector.
e bt hodASTe R P ERImE s PRF SSGRBS LIETActEs EPRPHFRG t ho ref o ence
vect gr experiaﬁ,ﬁ?ah'{, r&m' r i oupl ed
to a capacitive 25 pggggs'tfrom abfli(]pr‘\ocgiv\dn%eSg’g%w(é:%?@&il}tama%e?gfﬁb%%ﬁrﬁ?%B%ihoerprret hod
of cl ai ra Brst pirafiibe firshepmpengny; det ermi ni ng the reference vector by
cal cul ati on. . he ;nethod of claim 5, wherei when a ni tude of the
cross-correl aﬁg%ﬁgllgr%lfﬁ%‘ﬁ%fgn af??P&QﬁB?’BOW'ﬁ(?B\#E%‘éWWe%SW >| ow t hr eshol d
and a hi gh t hsextdilish tifnBQohiaih S@dlyigof DeechbB® bighfls tHelse6HINi g8 Deingdi cating a
fault. WD 2010/ 056346PCT/ US2009/ 006110 28 '

capacitively coupled from the second signal to the probe; and

10 indicating a test result based on the time domain analysis of the second signal.
2. The method of claim 1, wherein the first component is a boundary scan device.
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.



9. The nethod of claim8, wherein, when a fault is detected, the magnitude
- of the cross-correlation is a first nagnitude; the nethod further conprises
reconf i guwior)14/688346i r st conponent to generate the 5 fi reaT/Bs2g0vedosan t he
first pin and at | east one second pin2®f the first conponent and again
performng |ime domain anal ysis of the second signal to conpute a second

magni t ude; and indicating the fault is a short when the second
magni t ude exceeds the first magnitude by a threshold anmount. 10 10. The
met hod of claim9, wherein the nmethod further conprises: repeati ng

the act of reconfiguring the first conponent to generate the first signal
on the first pin and at | east one second pin of the first conponent and

agai n per% or mhyg methed dbetainm 8awhergisi, swheh atfhlt isaletastedsi gnal to conpute a
second magni t yge aWi‘gﬂ ir}tﬁach 15 régetiii 8 dif.ferent pin of the first
conmponent use %E‘ESW da?tol S EPSHRUTE YK TR Mg fen the acts of

reconfi guri ng tadghefd farthém@ntri¥es &@M%\xﬁ@ﬁh&ﬁm caimpon&ieapeskritetheeach pin
in a predetermned group without identifying a repetition in which the

;seg_oné meflyph signad on dheclamgtpinmadef lesst anggaeandaun pf therfirst spmeramentrngrasain |
| ndi cat | g%d%ﬂﬂﬁlgttﬁﬁe 33‘“@.?’%@)’?’% o?ﬂ?ensﬁcglgd sié%avlvtér E(r?rggﬁ% Pzgsgccgﬁd I%Ll%gmdg

further nprisi-ng conpu e high and as a rceht age of
t he aut oamdrel ati on of reference vector. 12. The nethod of claim1,
wherein the fi,rgt signal, comprises a pul se having. a, 25| eadi ng .edge and a

trailing edge.ndi

ieatingiite Tt 1 aher vheaithe SEONGAASEITIS Seoes e F ng time
firat ol o nyde G ARECSRN 2l | “ 00 of poi nis ropresenting a posi tive
extrdfire portion of the second signal; '
10.  The method of claimn 9, wherein the method further comprises:
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 a.nd 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;



WO 2010/ 056346PCT/ US2009/ 006110 29 conputing a second wei ght ed
average of a second set of points representing a negative extrene portion
of the s | | ; and conparing the differenc first
wei ght ed%g%glé’?gg%ﬁd the second wei ghjeed average to at ?ggﬁ%@%@o?]ﬁ?eshol d.
5 14. The nmethod of claim1l, wherein the test result indicates a quality
of a signal path between the first conponent and the second conponent.

15. The method of claim 14, wherein the signal path is at |least a portion
~of a bus 10 configured to operate at 3GB/sec or greater. 16. The method of

claim 15, wherein the bus is an ne of PCl ress bus, a serial ATA
(SATA) bus.  oPOHPERER AP MeaMieE veregeiqh 2 speonl h el PRIPHIAPEISHERE o 1

wher ei n ﬁ:e%%ﬁg@@hrélﬁ@P@ﬂﬁgryﬁHggéagn& léigniliéxﬁ pin to the second conponent is
substantially free of test access pads. 18.The nmethod of claim11, further
conpri sing: coomppiring the diff¢rengeshetwedrothe Hiestiwaighted avgrageand thasecond
20synchroni zj a data capture circuit to the test system wherein the
configurWﬁ’@ﬁt‘%%yﬂaggéoEbﬁ%t(ﬁ’lnfeiﬂi’fﬁs}iox first conponent fromthe test system
and performng tinme domain anal ysis conprises capturing the second signal

wth the data capture circuit. 25 19. The nmethod of claim1, wherein the
per f or ni b t i ke dsthadelpkaim kiwhereimthe tostreadt indidatasagiualihoofrresizna gath

Cross-co i B[Hjll i I }()\4@ ref erence vector and
determ nﬁ%@e?@%&gg{cﬁo&%m osé-sg%)?lfié: a ?3%“'0f t he second signal with the
reference vector. WD 2010/ 056346PCM52009/ 006110 30 20. A nethod of

manuf acturing_a circuit_assenbly, the nethod conprising: .
15. " The method of claim 14, wherein the signal path is at least a portion of a bus

10  configured to operate at 3GB/sec or greater.

16.  The method of claim 15 , wherein the bus is any one of 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.



testing the circuit assenbly in accordance with the nethod of claim1, the
circuit assenbly being tested after a first portion of a manufacturing
process hwe 2exossper f or med; and 5sel ecting steps in a secavibzp@vodsnan of the
manuf act uri ng process based on the in#i cated test result. 21. A nethod of
testing a circuit assenbly, the method conpri sing: configuring a
first conponent on the circuit assenbly conprising a plurality of 10first
pins to generate a plurality of first signals, each first signal generated
on a corresponding first pin fromthe plurality of first pins;

pl aci ng QOPVOkem@ﬁxbﬁ%?ﬂ{anﬁfa%g.&g{éda&ﬁﬁg%ﬁgéf}ﬁlgg,cﬂg% tﬁc'scré‘dﬂ% | enbly, the

second conponent conprising ur a pI ns; ing a second
si gnal capaci tastisg theainepitasseinbdynin Azosdanondrithahpmedwid df ¢ldimel, the praiite, t he

anal yzi ng conprising, for, each of a plurality of tinme windows in the second
si gnal , g’?%%’ﬁ%%ﬁ‘?%%ﬁ?ﬁﬁ&"fﬁ&‘%@ﬂﬂ? iagrﬂﬁq‘“fgwq%pwcﬁﬁchﬁs th a reference
vector rapfGeRat atd ve of an expected value of a signal of the plurality of
first signals coupled to the probe through a different pin of the second
conpohent ; ané&eleetuigetersng a secondtpordouof tho avmifagturidgepracess pasedgpn the 22, The
met hod o;ndcl %"12? 2(1 erein the first conponent is a boundary scan based
devi ce. 1categiyes ‘fFl thod of claim 22, wherein the configuring conprises
controlling the 25 boundary scan device through a test access port. 24.
The met hod of claim 23, wherein the plurality of first signals conprises
time shifled vemsthodof gsting peirevis agsembily. she withed compuisagt epr esent ati on of

the reference _fJ . S i jialkly.. shi dary scan
chai n. v 2000 kiR BBt BE e st Settgl chip e p BIAAR,

wher ¢ n Gest Ipirfsito genedatgngiluationgsl filsesighals, @hth firsvbighal gehesit@h@l 8 conpri ses a
feature and each first signal's feature occurs at a different tinme than
every ot R&fespPRAURpE §irsy pin frgmy thg plyrlity 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
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
representaﬁve of an expécted 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



5 26. A conputer storage medi um conprising conputer executable instructions
t hat, when executed on a test system having a conputer, control the test

system t%b%&fo{o%sﬁk“”i t assenbly according to a net hOdeﬁ“m%%o@t E&gofi r

configuring ™a trrst conponent on the gircuit assenbly to ‘genéra st
signal on a first pin of the first conponent; 10placing a probe adjacent a
second conponent on the circuit assenbly; performng tinme domain
anal ysis of a second signal, the second signal being capacitively coupled
fromthe second signal to the probe; and indicating a test result based on
the tinme domain analysis of the second_signal. .

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.

5 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;
10 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.



