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Chi w.Yau Since 1990, an important change inelectronic design and test methodolo­
James Beauung gieshasbeen under way. Thechange is facilitated byANSI/IEEE 1149.1,

F. Edward Crane, III which isknown as theTest-Access Port and Boundary-Scan Architecture
Najml T. Jarwala standard. AT&T Bell Laboratories played a major role inthe promulgation

Rodham E. Tullo.. ofthis standard, and AT&T design and manufacturing engineers have been
implementing itsprovisions for several years. Thispaper reports onthe
ways inwhich the standard hasbeen employed indeveloping AT&T prod­
ucts, thebenefits thathave been achieved, and the future opportunities
available using the technology it details.
Introduction

There existsa challenge oftestingin
the product-realization process (PRP), which
is defined as the development, building, and
maintenance ofproducts. The PRP rangesin
scopefrom the definition ofcustomer require­
ments, specification ofproduct architecture,
and the design ofsystemfunctions, to the
decomposition ofthe design intoa hierarchy
ofinterconnected units. The PRP continues
with the building and "debugging" offirst
models, to the verification that the design
meetsstated requirements. The focus ofthe
PRP then shiftsto manufacturing, whereprod­
uctsare fabricated, assembled, and intercon­
nectedintosystemsfor delivery to customers.
The PRP also includes field maintenance,
ensuring that customer requirements are met
throughout a system's life cycle.

Although progressin structured
design techniques andautomation have mini­
mized process errors, defects canoccurdur­
ingdesign and manufacturing, andservice
disruptions are stillpossible due to system
failures. Testingidentifies failed unitsand iso­
lates the causesoffailure in repairable units.
The better the ability to diagnose product
difficulties, the morelikely that downtime will
be short andthat failure-mode analysis (FMA)
will leadexpeditiously to constantly improv­
ingquality.

Test development canbe time con­
suming. Tests are requiredforeachlevel of
the assembly hierarchy-ehip, multichip
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module (MCM) , board, subsystem, and
system-and for installation andservicing.

In recentyears, board testing
required accessto allcircuit nodeson the
printed wiring board (PWB). Access was
gained bymeansofspring-loaded nails built
intoa complex test fixture. The test fixture
wasmounted on automatic test equipment
(ATE), known as an in-eircuit tester.Once
again, the methodology wascompletely lim­
itedto only one level ofthe assembly hierar­
chy. Moreover, becauseATE tests required a
significant amount oftimeand money to
develop, theywereseldom usedto debugini­
tialmodels. Asa result, valuable development
time wasspentmanually correcting defects
due to manufacturing problems, instead of
proving-in the product at the design stage.
High-density interconnecting andpackaging,
such as the chip-on-board and dual-sided
surface-mount techniques, have madein­
circuit testing (lCT) a verydifficult methodol­
ogyto implement.

In systemtesting, the general rule
wasto relyon complex software programs to
diagnose andverify system functionality.
These programs could not always locate and
define a circuit-pack-level fault with the
desiredaccuracy. None ofthe effort on
lower-level test development was reused.

In order to addresssomeofthese
issuesandconcerns, the ANSI/IEEE Standard
1149.1, Test-Access PortandBoundary-Scan
Architecture, waspromulgated.1



Panel 1. Abbreviations, Acronyms, and Terms

ANSI/IEEE 1149.1 - the Test-Access Portand
Boundary-Scan Architecture standard, which
details specific and recentchangesin electronic
designand test methodologies

ATE- automatic test equipment
BIST - built-in self-test
BSR - boundary-scan register
OFT - designfor test
oSP - digital signal processor
EST- environmental stress testing
FMA - failure-mode analysis
FRU - field-replaceable unit
IC - integrated circuit
Ief - in-eircuit testing
I/O - input!output
MCM - multichip module
PRP - product-realization process
PWB - printed wiring board
scratchprobing - a test method in which a fine probe

is scratched along the sideofa device inan
attempt to isolate defects to a pin

TAP - test-access port

Introducing Boundary-5can Architecture
Conceptually, boundary-scan architecture, shown

in Figure 1, is quitesimple. At the integrated-eircuit (IC)
level, it is a collection oftest circuitry consisting of:
- Atest-access port (TAP), comprised offour or (option­

ally) five pinson a chip, which includes the serialdata
input (TDI) and output (TOO) pins, a dedicated test­
clock pin (TCK) , a control pin (TMS) , andan optional
pinthat resets the test logic ofthe device (TRST).

. - Aprotocol forcommunicating with the test logic over
the TAP.

- Agroupofshiftregisters (Figure 2), connected in par­
allel between the test-data input/output (I/o) anda
control mechanism forselecting the active register.

Atthe boardlevel, the simplicity ofthe concept
continues, as shown in Figure 3.TCK, TMS, andTRST are
broadcast to allboundary-scan ICs. TOO ofonechip'sTAP
is connected to the TDI ofanotherchip'sTAP, so that a
chainis formed. In the simplest approach, the TAP leads

appear at the boardedge.The power ofthe boundary­
scanarchitecture is that a standard interface is available
for testingat the chip, board, and system levels. With
this simple structure, a wide rangeoftest andnontest
functions is available. ICs from different vendors canbe
utilized, cooperatively, to achieve a test objective at any
level ofa product's hierarchy.

Figure 2 shows the device logic that the stan­
dardmandates. Three ofthe parallel registers have man­
datedforms andfunctions. The single-bit bypass register
provides a short cut througha device, so that the num­
ber ofcellsin the board-level boundary-scan chain canbe
minimized to optimize test throughput.

The instruction registerprovides the means for
selecting the active registerbetween TDI andTOO. It can
also initiate self-test, a capability that iswidely used
within AT&T. Finally, the registercanalso extend the
ANSI/IEEE standard foruser-defined functions.

The boundary-scan register (BSR) provides con­
trollability andobservability at an IC'S signal I/O. This
controllability and observability is usedto test the inter­
connect at the board/module level.

ANSI/IEEE standard 1149.1 defines otheroptional
functions to aidin device identification, as well as ICT and
clustertesting. The standard canalso support in-circuit
emulation andother nontestfunctions. 1.2

Common Dn Framework for End-to-End Testing
With the boundary-scan standard, there is now a

unifying design-for-test (OFT) framework forcontrolling
end-to-end design and testingcostsalong two orthogonal
dimensions: space, defined as the assembly hierarchy
shown in Figure 4; and time, defined as the product life
cycle. This section briefly discusses the merits ofthe
boundary-scan architecture, as a newOFT framework,
from the perspectives ofthese two dimensions.

Assembly-Hierarchy Perspective. Boundary-scan
testingcanhelprealize significant costsavings across all
three product-assembly levels: device, circuit-pack, and
system. Compared to traditional adhoc OFT techniques,
boundary-scan testingoffers three important advantages:
- The boundary-scan architecture andTAP provide a

standard gateway foraccessing test resources
throughout the assembly hierarchy. For instance, the
circuitry forinterconnect testingcanbe accessed as
easily at the boardlevel as at the system level, with
minimal hardware overhead. The sameis true for

AT&TTECHNICALJOURNAL. MARCH/APRIL 1994 41



Figure 1. This drawing depicts a boundary-scan
device. It has four additional pins (TDI, TDO, TMS,
and TCK) that are required by the ANSI/IEEE

1149.1 standard, and an optional fifth pin, TRST.
It also includes some testability logic. The
device's core logic is self testing. It has been

partitioned into regular structures and random
logic. Each logic block has been made self test­
ing, using techniques specific to their structure.

Control and access Is by means of the TAP.
As a result, the testability features within the
device can be reused at all levels of the product
hierarchy.

Signal
I/O

TOI TMS TCK TRST TOO

built-in self-test (BIST) circuitry.
- Greaterdiagnostic accuracy at the board-test level

results infewer inaccurate device tests. Sometimes,
gooddevices are removed anddiscarded simply
becausethey are not soldered correctly to a PWB. As
device complexity andcostcontinue to increase, diag­
nostic accuracy becomes moreimportant.

- DFT circuitry and test vectors developed at one level of
assembly canbe reused at anotherlevel, thereby
reducing total product cost.

Product Life-Cycle Perspective. Boundary scancan
playa major rolein reducing the totalinterval fordesign­
ingand testingwithin the PRP, resulting infastertime-to­
market. Boundary scancontributes significantly to short­
eningthe design-and-test interval by:
- Facilitating implementation as a simple, standard

framework for designing an up-front DFT architecture.
This avoids many potential test-related problems,
wherethe timeinterval required forcorrection would
be toolongandthe cost toohigh.

- Supporting the concept ofconcurrentengineering,
which merges two traditionally separate and sequen­
tialprocesses-designing andtesting-into a tightly
integrated process. Forexample, while the boundary­
scanarchitecture cangreatly simplify production test­
ing, it canalsosupportsuch non-test-related activities
as in-circuit emulation andfirst-model debugging.

- Reducing the tendency to "reinvent the wheel." The
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standard DFT framework, basedonboundary-scan
architecture, encourages extensive reuse ofproven
andeffective DFT concepts, algorithms, andcircuit
blocks. Suchreuse provides additional timefordesign­
ers and test engineers to meetproduct-specific chal­
lenges. The design methodology forboundary-scan
cellsis relatively mature, as is the design ofthe
boundary-scan/BIST interface. Tools now existforthe
automatic insertion ofboundary-scan circuitry into a
pre-existing logic design. And, AT&TTapdance" soft­
ware provides a thorough checkon a logic design's
conformance to the ANSI/IEEE standard.

- Automating test-program generation andtest­
information transferacrossthe design-to-manufacture
boundary, which resultsfrom standardization. The
extensive use oftest-automation tools canreduce test­
development timebytwo orders ofmagnitude. Such
tools also minimize the probability oferrors that can
be introduced by manual testing, especially at the
stagesofnew-product introduction or design-to­
manufacture hand-off. Toolsforautomatic generation
ofcomplete, board-level, boundary-sean-based tests
are available from multiple vendors. Also, an appendix
to the ANSI/IEEE standardis now beingdeveloped. It
provides a common language fortransferring the
description ofa device's boundary-scan circuitry
between automated design andtestingtools. The
appendix should be completed andavailable soon.



Test-data registers

TOI
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Application Across the PRP
The Test-Access PortandBoundary-Scan Archi­

tecturestandard, ANSI/IEEE 1149.1, canbe applied to the
PRP at five levels or stages. Briefdiscussions ofeachof
these levels follow.

Device Test. Atthe device level, boundary-scan
architecture provides a serialchannel foraccessing the
internal logic ofa device, forboth test andnontestpur­
poses. The mostsignificant contribution that boundary­
scanarchitecture has madein this area is the definition
ofthe optional RUNBIST instruction, which is a standard­
izedmethod for initiating BIST within a device andobtain­
ingits result. The TAP canalsobe used to accessother
device-test features, such as internal scanchains.
Devices in several major products, produced bythe
AT&T Transmission andSwitching Systems divisions,
have RUNBIST-compatible BIST.

Aboundary-scan device canbe used to simplify
functional testing. Its ability to accessinternal, user­
defined registersalso servesseveral other purposes­
including initializing complex, finite-state machines and
internal memory. Furthermore, boundary-scan access
canbe extended to provide complete in-eircuit emulation
capability, which is the approach takenbythe Dsp16XX
family ofAT&T digital signal processors (DSPs).

Many interesting applications ofthe boundary­
scanarchitecture remain to be explored. The BSR canbe
used to partition the testingofdigital andanalog

D Boundary-scan cell

Figure 2. This Illustration shows the logic that must be
included in each device in order for the device to claim con­
formance. The TAP controller is a 16-state, f1nite-state
machine that controls the operation of the test logic syn­
chronously with TCK. The instruction register determines the
register that Is connected between TDI and TDO. Boundary
scan Is the key register in this architecture, providing direct
controllability and observablllty over the entire signal I/O.
The one-bit bypass register Is used to "short-cIrcuit" a
device and reduce the length of a board-level boundary-scan
chain, thereby optimizing test throughput. The optional
device ID register identifies the device's function and
manufacturer. User-deflned registers can extend the archi­
tecture Into other applications, such as In-circuit emulation.

portions, usingtraditional test approaches, rather than
testinga mixed-signal device as onelargecircuit. For
MCMs, boundary-scan testingcanbe usedto verify the
alignment andbonding ofdevice I/O padsto substrates.
The ANSI/IEEE boundary-scan standard also provides a
simple mechanism to checka device's immunity to
simultaneous switching ofI/O buffers, andformeasuring
I/O speedcharacteristics.

Lab Debugging. Usersreportthat a major advan­
tage ofthe boundary-scan architecture is the dramatic
reduction oftime required forproving-in firstmodels in
the laboratory. There are several reasons forthis. Asdis­
cussedearlier, AT&T DSPs haveextensive, in-eircuit
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Circuit board with BIST and boundary scan

TOI
TOI

TOO
TMS

TCK
TCK

TRST
TRST

TOO

Figure 3. A typical application of boundary scan at the board
level is shown. A realistic scenario is depicted where there
are both boundary-scan and non-boundary-scan devices.
Starting from the edge of the board TDO, one device Is con­
nected to the TDI of the next board, until all the devices are
connected In a daisy chain. TMS, TCK, and TRST are broad­
cast to all the devices. At the board level, boundary scan
can be used to test all the nets of type N1, N2, and N3
without any in-clrcult access. Non-boundary-scan devices
require either ICT access or testing as a cluster, using the
boundary-scan access provided by the neighboring devices.
Finally, devices that have BIST controlled by means of the
TAP can be easily tested by Invoking the self-test function
and scanning the signature.

emulation capabilities, which are accessible viathe TAP.
Thisfeature canbe used to develop anddebugan appli­
cation veryquickly. Also, the functional test support that
boundary-scan architecture provides canbe used to
accelerate designvalidation. Finally, a boundary-scan
device canbe used to ensure that the structural integrity
ofa circuit packis notcompromised as it goes through
the modifications that are an inevitable part ofdebug-
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and-design prove-in.
Another potential laboratory application ofthe

boundary-scan architecture is ensuringthat a design is
robust. This is accomplished by providing the means for
extensive model operation andtestingunderenviron­
mental stresses.The operating and testingparameters
can also be reusedfor environmental stress testingdur­
ingmanufacture. The laboratory application ofboundary
scanis currently beingrefined and implemented, on a
prototype basis, for someAT&T products.

Factory Test Development and Application. Separa­
tion offunction from structureis oneofthe mostimpor­
tant contributions ofboundary scan. Thispermits devel­
opment oftestingwithout regard to the function ofa unit
undertest, which cangreatly accelerate prove-in andtest
development throughextensive automation.

Fora systemhaving a boundary-scan device, test
development canbeginas soonas design datais available.
There is no need to wait for the development ofmodel
devices andcircuit packs, andno need to relyon device­
level functional tests with complex timing. Assoonas the
firstmodels are available, test prove-in cantypically be
completed inhours or days-as opposed to the several



Boundary-scan test: producthierarchy

System

TOI
TOO
TMS
TCK

TRST

Boards

Figure 4. This
diagram depicts a
typical assembly
hierarchy of a pro­
duct. Devices, mul­
tichip modules,
boards, and systems
are illustrated. Boun­
dary scan can be
usedas the basis for
a test-and-diagnosis
architecture that
ensures test reuse,
highfault coverage,
and diagnostic accu­
racy and resolution at
each level in the pro­
duct hierarchy. This
approach ensures
maximum return on
investment in testing,
because the pay-back
occursat each level
in the PRP and over
the product's life
cycle.

Device

TOI TMS TCK TRSTTOO

weeks required priorto implementation ofthe ANSI/IEEE
standard. The shortenedprove-in interval allows a model
shopor factory to havefully tested firstmodels in the
handsofdesign engineers-ready to begindesign

Multlchlp module

validation-within one to two daysofassembly.
The Head-Start Program at the AT&T Global

Information Solutions division in Columbia, North Car­
olina, strives fora 48-hour interval. The average time
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now requiredto "bringup"a boundary-scan boardina
major AT&T productis two days. This performance
improvement has cut several weeks from development
schedules andgreatly improved time-to-market. Similar
reductions in test development timehavebeen reported
inotherAT&T products.

Benefits continue to accrue whena product
enters the manufacturing stage. Today's factory tests are
now morerobust, reliable, andcomplete. Theyhave
higherfault coverage, as well as better diagnostic accu­
racyand resolution. Suchenhancements greatly improve
repairand FMA procedures, providing high-quality feed­
backforthe assembly process. In addition, repairproce­
dures are moreprecise-greatly reducing the costly and
time-consuming replacement ofdevices that are incor­
rectly identified as faulty. Reliance on add-on diagnostic
techniques, such as scratch probing, is alsoeliminated.
(Scratch probing is a testingmethod inwhich a fine
probe is scratched along the sideofa device in an
attempt to isolate defects to a pin.)

Asmoreexperience is gained with boundary
scan, there are other benefits that canbe realized. The
mostimportant is the relaxation ofDFf rules that require
accessto everynet on a board. Netstested byboundary
scanneednothavesuch access. Thus, newandhighly
integrated products canutilize existing ATEhardware
without costly upgrades. Asimpler test fixture, with
fewer spring-loaded contacts, meanslower fixture costs,
reduced maintenance, andhigheryields. For someprod­
ucts,a fixture may no longerbe required. For others,
use ofa fixture may notbe possible, such as whentest­
ingMCMs. Edge-connector testingbymeansofboundary
scanprovides allthe accessneeded. In such cases, sim­
ple, low-eost testers become viable alternatives to the
capital-intensive ATEcommonly used.

Reliability Testing. Environmental stress testing
(ESf) is a tool ofgrowing andcritical significance to the
PRP. Testingunder stress provides increased assurance
that products with latentdefects are detected. Suchtest­
inghelpseliminate early failures in the field. Typically,
ESf subjects a product to thermal cycling, vibration, and
other crucial stress factors. 3

Oneproblem with ESf is that defects detected
whena product is thermally stressedwill notbe detected
at roomtemperature. Simply stressinga product ther­
mally and retestingit at roomtemperature will not satisfy
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alltestingrequirements. Neitherwill it suffice to run a
high-level, functional test that may detect-but cannot
diagnose-a failure. Conducting boundary-scan tests
while a productis beingstressedprovides the samehigh
fault coverage anddiagnostic accuracy available during
post-assembly testing.

System and Field Testing. Reusing product­
manufacturing andfield-testing techniques upthrough
the system-development stageensures the greatest
return on the testability investment. Boundary-scan test­
ingandBISf canprovide high, in-system fault coverage.
This results in rapid, accurate diagnosis, down to the
smallest field-replaceable unit (FRU). Logging the diagno­
sis information in the productitself canaidthe factory in
FMA and repair. Systematic use ofboundary scan, BISf,
andan intelligent boundary-scan controller device! pro­
vides a board-level self-test capability that canalso be
implemented at the systemlevel. These capabilities have
been successfully implemented in two major AT&T
switching-system products.!

Boundary scancanalso be usedfor remotely
configuring a systemandforother maintenance func­
tions. An AT&T wireless productuses boundary scanto
program DSPs remotely, altering user functionality.

Finally, boundary scancanfacilitate the predic­
tionand remediation offailures before a product or sys­
tem reachesa customer. Boundary scancanalso intro­
ducetemporary, intentional systemdefects inorder to
evaluate fault-tolerance andrecovery mechanisms. This
ability automates a processthat canbe timeand resource
consuming whendonemanually.

Guidelines
Aswith allemerging technologies, issuesof

adoption, implementation, andbenefit realization sur­
roundboundary-scan deployment.

Deciding on Boundary Scan. Based on a detailed
cost-benefit analysis, those who adopted boundary scan
early found the technology difficult to justify. Costs, par­
ticularly at the device level, are easyto compute. The
benefits, especially without experience, canbe more
difficult to quantify because theyaccrue overseveral
stagesofthe PRP and throughout a product's life cycle.
According to managers ofseveral early AT&T projects,
boundary scanis an important technology today. Still, it
is likely to become evenmoreimportant tomorrow, when



designed intofutureproducts that use high-density inter­
connect andpackaging technology.

Another issue is that boundary scanrepresents
a realshiftin the traditional designand test paradigm.
Consequently, the historical dataandassumptions on
which a cost-benefit analysis could be basedmayno
longerbe valid.

Engin_ring with the Technology. Boundary-scan
technology manifests itselfas a device-design standard.
Atendency is to use the standard as a "cookie cutler"­
producing compliant device designs, and relying on com­
modity toolsfor testing. This approach fails to consider
crucial designinsights that reducedevice cost, improve
performance, and increase circuit-pack and systemtest
coverage. Moreimportantly, the essenceofthe
boundary-scan paradigm is lost. The standard doesnot
pre-empt sound, inventive engineering. It provides a
framework that equipsdevices, circuit packs, and sys­
temswith a test architecture that can interruptnormal­
mode operation, and operateconcurrently with it.Appli­
cations are not limited to testing, and opportunities for
innovation are immense.

An Integrated Infrastructure Is Evolving. Early
adopters recognized that an infrastructure is neededfor
boundary scanto realize its full potential. Suchan infras­
tructureintegrates boundary scanwith existing exper­
tise, processes, and tools. Until a broadspectrum ofcom­
merciallogic-device replacements is available, designers
mustdedicate someboardspaceto test points. Increas­
ingly robustcomputer-aided engineering tools are being
developed at AT&T Bell Laboratories, and theyare
appearing in the marketplace to:
- Support the different kindsoftests used duringdiffer­

ent PRP phases;
- Integrate IEEE Standard 1149.1 with proposed,

circuit-pack, and system-level standards;
- Transferdesignand test datafrom the laboratory to

the factory; and,
- Integrate boundary-scan testingwith factory automa­

tionsystems.

Conclusions
Boundary-scan technology offers significant

advantages throughoutthe PRP. It increases overall qual­
ity, reducescosts,and shortenstime-to-market. Bound­
aryscanhas applications at the device, board, and

systemlevels, and is already providing significant
savings by reducing intervals andeliminating rework
and repair.

Perhapsevenmoreimportant is the fact that
boundary scancreates the foundation onwhich to build
newtechnologies. Ball-grid arrays, MCMS, fine-pitch (15
mils andbelow) surface mounting, andmicrominiaturiza­
tionwill allserveimportant functions in next-generation
wireless products. Boundary scanwill helpmake these
technologies economically viable, thus creating a strate­
gicmarketplace advantage for its users.
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