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Achieving Customer Satisfaction
Through Robust Design

Awinning product has toconsistently outperform its rivals byproviding
value intoday's highly competitive markets. At the heartofconsistent value
is robust design - the process ofensuring thata product will perform well
despite variations inraw materials, components, manufacturing, and operat­
ingconditions. It consists ofsteps for identifying key parameters thataffect
the customer, analyzing to predict and improve robustness, and measuring
toconfirm performance. As it exists inAT&Ts Transmission Systems Busi­
ness Unit (TSBU) for hardware development, robust design isa real, effec­
tive process. It should be used toensure design robustness for all designs,
especially those intended for multi-use platforms.
Introduction

The robust design process is
expectedto improve the quality ofproduct
performance, reduce the number ofdevelop­
ment cyclesand life-cycle costs, and increase
revenuegrowth inAT&Ts1'5BU. Design
robustness is one ofmanyfactors that can
improve productperformance and factory
yield, and lowerfailure rates and field returns.
Other factors include manufacturing process
quality, componentquality, and trainingand
maintenance policies.

Our leapoffaith is that these benefits
will result, in varying degrees, but that the
principal benefitofrobust designwill be the
delightour customers take in the consistency
and valueofour products. The robust design
process not onlyleads to a design environ­
ment that is conducive to making products
that satisfy and delightcustomers,but also
provides a quantitative measure ofdesign
quality fromthe customer's perspective, as
wewill discusslater.

There havebeen overa dozenappli­
cationsofrobust designas a result of the
1'5BU'S Six-Sigma Robust Design (SSRD) pro­
ject.As more multi-use and reusabledesigns
are created, applications ofrobust designwill
increase. Robust designhas been applied at
the componentlevel, the circuit-board level,
and the equipmentlevel. Wecontinue to learn
howto evaluate, improve, and measure

mechanical, digita1-circuit, and analog-eircuit
design parameters.

Dataobtained fromthe 1'5BU l-in­
10,000 reliability projectindicate that design
has a strong influence on the rate ofproduct
return. Robust products that perform near
perfection "straightout of the box"are more
reliable and havea longer life than those that
are marginal. Robust designis alsoassociated
withother quality activities.

It is important for the robust design
process to be builton a concurrentengineer­
ing foundation, which combines processcon­
currencyand cross-functional teams (CITs).!
CITs are invaluable, in part,because the man­
ufacturing and testingfunctions are in-house
customers ofthe design. Manufacturing tests
need to be developed alongwithproduct
design,so that datacan be collected during
the early stages ofproductdevelopment, as
well as during production, to validate robust
design analyses. If a designis robust enough
to withstand manufacturing and testing
vagaries, it will alsoperform well in the end­
user environment.

Robust designis tied to the APEX2

(Achieving Process Excellence) interval
reductionprojectin the 1'5BU. (APEX is a
dynamic process management structure used
to identify and deploy leading-edge practices.)

Ultimately, robust designmust be
seamlessly integratedintothe whole
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Panel1. Abbreviations, Acronyms, andrenne

APEX - Achieving ProcessEXcellence
ATISIM - AT&T's min/maxdelay-ambiguity simula-

tor (MIDAS)
CAE - computer-aided engineering
CFT - cross-functional team
Cp - capability indexthatcompares tolerance to

natural spread (0)
Cpk - capability index that addresseslocation (bias)

andspread (0)
rrr - FunctionalTaskTeam
MBNQA - Malcolm Baldrige National Quality Award
QIS - quality improvement story
QPM - TSBU Quality Planning Matrix
QUEST - Quality, Engineering, Software, andTechno-

logies
RDDT - Robust Digital DesignTeam
RPDT - Robust Physical Design Team
SIN - signal-tc-noise ratio
SSQ - Six-Sigma Quality (Cp ~ 2 and Cpk~ 1.5)
SSRD - TSBU Six-Sigma Robust Design Project
TSBU - AT&TTransmission Systems Business Unit

development process. Product consistency, along with
market window, cost, schedule, features, and reliability,
mustdrive activities ineachphaseofdevelopment. The
types ofintegration needed to perform robustdesign are
inthe areasofcomputer-aided engineering (CAE), test
methodology, andcomponent sourcing.

In 1992, SSRD wasspecifically audited bythe
examiners for the Malcolm Baldrige National Quality
Award (MBNQA). Because robustdesign is considered a
leading-edge quality initiative, its activities generatecon­
siderable interestandfocus in the electronics industry.
like AT&T's TSBU, which won the MBNQA in 1992, other
MBNQA-winning companies, suchas Motorola," Texas
Instruments, and IBM, have robustdesign programs.

SSRD in the TSBU would nothave been possible
without the contributions from Motorola's Six-Sigma
Quality program, which ledto theirwinning the MBNQA
in 1988. The SSRD is patterned afterMotorola's program,
andthispaperprimarily dealswith our progressin mak­
ingSix-Sigma Quality (SSQ) realin the TSBU.

The TSBU Slx-5lgma Robust Design Project
SSRD has defined itsbrandofrobustdesign as

follows:
"Robust Design is oneofthe Quality Planning Matrix
projects deployed bythe TSBU to achieve highlevels of
customer satisfaction with the performance ofour
hardware projects. It is the disciplined practice ofvari­
ation reduction andperformance centering relative to
keycustomer requirements.

Robust Design requires that the variation inper­
formance forthose parameters that are keyto cus­
tomersatisfaction be determined during design and
manufacture. Capability indices, suchas C, andCpk,
are metrics which compare thisvariation to the
customer's limits ofacceptable performance. When
the capability indices equal or exceed 2 and 1.5,
respectively, the product is ofSix-Sigma Quality and
the design is considered to be robust."

Robust design has two objectives: first, to mini­
mize the product variance, so that product variation is
small with respectto customers' tolerance limits; and
second, to eliminate the product bias, so that the nominal
product is equal to the customers' ideal product. Predic­
tionand improvement are performed during develop­
ment, andthen measurement and anynecessary reme­
dial action are takenduring manufacturing, as shown in
Figure 1.

SSRD is principally concerned with keeping the
location andspreadofthe product parameters within the
customers' tolerance limits, ratherthaneliminating all
defects that have parameters outside theirlimits. SSRD
analyses do not require precise knowledge ofdistribu­
tions. The populations shown in Figure 1are for illustra­
tive purposes only, since robustdesign metrics canhan­
dlemany distribution types.

To predict andimprove the design, necessary
ingredients include:
- Knowing the extentofvariation inthe components,

processes, anduser environment,
- Being ableto experiment with eitherhardware or soft­

ware models,
- Having the appropriate metrics to evaluate the Quality

ofthe design, and
- Using effective andefficient optimization strategies.
To measure andacton products during manufacture, we
needthe ability to test the parameters ofcomponents
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Figure 1. Robust design Is used on any parameter that Is
key to customer satisfaction. First, the distributions of Its
major noise factors (component, process, and environment)
are estimated. Then the parameter's Input/output relation­
ship (f) Is evaluated to predict response variation. The
design Is analyzed and changed until Its quality level Is SSQ.
Next, actual parameter variation Is measured. If SSQIs not
confirmed, then remedial activities begin.

and productswhile they are subjected to stressful envi­
ronments, to collect and store statistics, and to retrieve
parametric data regularly for analysis and action.

The SSRD Process
SSRD is achieved by following a processof

planned robustdesignactivities. The robust designpro­
cess takes many forms, but allfollow several basicsteps.
Figure2 showsthe SSRD process,based on the seven
steps ofthe Quality Improvement Story (QIS),4 which is
widely used in the 1'58U.

In step 1, the CFT begins the robust designpro­
cess by discovering whatwill satisfy the customer. Step 1
and step 2,describedin the next paragraph, can be
accomplished usingan available quality function deploy­
ment (QFD) tool, which helps to ensure that customer
needs are included throughoutthe requirements, design,
and manufacturing stages ofproductdevelopment.

In step 2, the CFT begins to understandhowto
satisfy the customerby translating customerrequire­
mentsintomeasurable engineeringcharacteristics and
by assigning limits based on quantifiable customertoler­
ances. The CFT then identifies the major causes ofprod­
uctvariation and their patternsofbehavior at this time.
Last, the CFT pinpoints one or several designconfigura­
tionsthat will likely meet the features, cost, robustness,
reliability, safety, etc. requirementsof the design.
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In step 3, the CFT assesses the effects ofvariation
on the designconfigurations. The statistics ofcritical
parametersare evaluated in terms of Cp and Cpk (see
Panel 2).3 Ifa designis not up to SSQ standards, it is incre­
mentally improved in step 4 until SSQ is reached. Any com­
bination ofvariation analysis and designoptimization pack­
ages maybe used iteratively in steps 3 and 4.

One approach that can be used in steps 3 and 4
is called the Taguchi Method (see Panel 3).7,8 It offers
analysis and optimization usinga uniquedata transfor­
mation, called signal-to-noise ratio (SIN), and matrixed
orthogonal arrayexperiments. It is not,however, partof
any major CAE tool, so other cAE-accessible approaches
are often used. Monte Carlo, worst-case, random search,
sequential quadratic programming." and response sur­
face methodology 12 are examples ofanalysis and opti­
mization approaches found in CAE tools.

In step 5, the CFT confirms that the predictions
and improvements madein steps 3 and 4 correlate to
actual performance, by obtaining parametric measure­
ments from the factory and, possibly, the field. The
statistics are summarized in terms of Cpk and compared
with the designintent. Measured Cpk is a true indicator
ofdesignrobustness; our leapoffaith is that it leadsto
customersatisfaction.

In step 6, the CFT uses standardtest procedures
to ensure that the productcontinues to meet the robust­
ness goalofSSQ. The CFT alsoensures that its efforts can
be reused in similar products, bydocumenting its experi­
ence and including reusable findings in designguide­
linesandchecklists.

In step 7, project teamsforecast newproducts
that will be designed, and begin to plan for robustdesign
in those products. Through its experiences, SSRD has
found that projects not onlyneed to plan aheadforthe
robust designprocess,usingproject management to staff
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the appropriate errs, but alsoneed to supportand sched­
ule their robustdesign activities.

Historical Factors
The development and deployment ofthe SSRD

process have been influenced byhistorical factors from a
numberofsources. Among these are:
- Motorola's contribution ofSSQ metrics (seePanel 2);3
- Florida Power and Light's contribution ofthe Quality

Improvement Story (see Figure 2);4
- Taguchi's contribution ofvariation reduction using

designed experiments (see Panel 3);7
- Policy deployment approach usingthe TSBU quality

planning matrix (QPM) , which disseminates executive
policies throughthe entirebusinessunit; and

- Approaches forensuringproduct quality, such as
worst-case studyand defects analysis.

The lattertwo factors havea strongeffect on the direc­
tion and successofrobustdesign deployment, itsgoal

beingto transform the design process so that robust
design becomes an everyday partofbusiness.

First, there is no substitute fordirectinvolve­
mentbyexecutive leaders. QPM has worked extremely
well forthe TSBU as a deployment vehicle forquality pro­
jects. Fromthe president ofTSBU down, there is empow­
ermentand support forTSBU quality projects suchas
SSRD. QPM projects addressissuessuch as customer sat­
isfaction, customerfeedback, manufacturing processes,
financials, businessprocesses, product returns, software
quality, front-end processes, product realization, provi­
sioning, customer-support services, employee involve­
ment, leadership, and profitable growth.

Second, changesto deeply ingrained design tra­
ditions haveto be treatedwith sensitivity to encourage
grass rootssupport. Fromthe start ofthe project, great
effort has been madeto involve the users ofthe SSRD pro­
cess in its development. Engineers andmanagers from
allTSBU hardware projects are encouraged to participate
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fication limits:

.::\
Cp=3a

C - .::\-lbiasl_C (l K)
pk- 3a - p -

Motorola" determined that natural variation
cancausethe meanto deviate, onaverage, about1.5a
unitsfrom its target,i.e., bias equals 1.So.For a pro­
ductto be SSQ, i.e., .::\ equals 6a, it has to have Cp
greater thanor equal to 2.0, and Cpk greaterthan or
equal to 1.5.

-~
LSL T I.l USL
I- ..I

2a

2a - Specification width
LSL ~ Lower specification limit
USL - Upper specification limit

T- Target value
I.l- Population mean
0" - Standard deviation

where:
2.::\ is the upperspecification limit minus the lower
specification limit
a is the standard deviation
bias is the absolute difference between the mean
andthe targetvalue
K is the ratio ofbias over.::\.

Panel 2. Slx-51gma Quality Metrics

Motorola, which won the MBNQA in 1988, has
pioneered Six-Sigma Quality as a goal, andcapability
indices (Cp and Cpk) as quality metrics.I Bymaking
two practical assumptions, that a typical product
parameter: (1) is normally distributed, and (2) has a
meanthat is shifted 1.5a unitsfrom its targetvalue,
Motorola showed that an SSQ designhas a defect rate
of3.4partsper million. Underthe sameassumptions,
a three-sigma design has a defect rate of66,810 parts
per million.

The robustness ofa design to natural variation
canbe increased 20,000 timesbyincreasing the qual­
ityofthe design from three-sigma to six-sigma. In
otherwords, afteraccidents from out-of-eontrol usage,
documentation, components, andmanufacturing
processes are eliminated, design robustness is a
major causeofdefects, and,hence,customer com­
plaints. Asdefect rates become smaller, product
defects mustbe designed, rather than inspected, out
ofproducts.

Rather thanfocus primarily on the tailsofthe
product distribution (i.e., the numberofdefects), SSRD
focuses on the performance ofthe main product distri­
bution. This is whererobustdesign is mostvaluable.
Is the product population thatgoes to the customer
tightly centeredaboutthe targetvalue? To answer
that question, SSRD uses the quality metrics ofCp and
Cpk, as recommended by Motorola. Statisticians have
examined many forms ofthese indices, in depth, as
well as theirproperties, advantages, andappropriate
usage.5,6 The simplest forms are defined forparame­
ters witha normal distribution andbilateral speci-

in the three robustdesign steeringcommittees:
- The Functional TaskTeam (FIT),
- The Robust Digital Design Team (RDDT) , and
- The Robust Physical Design Team (RPDT),
which have corememberships representing overa
dozen development organizations. These teams will be
discussed later.

SSRD Project Beginnings
The SSRD project beganwithout muchfanfare

around mid-1990, as a directresultofthe leadership pro­
vided by PeteFenner, president of1'5BU at that time. He

andhis executive management teamstartedthe QPM and
the 1'5BU quality program. Oneof25individual projects
in the QPM, robustdesign had,as its fundamental objec­
tive, "enhancing ourquality."

The influence from Motorola's SSQ program
undoubtedly wasa keyfactor. Before the advent ofthe
business-unit-wide effort to support robustdesign, there
wereonly isolated instances ofrobustdesign studies in
the1'5BU. These used design ofexperiments, e.g., ona
circuit-board connector mating problem from the Satel­
liteCommunications Laboratory. A rapid change was
needed, from individual robustdesign experiments to
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Panel3. Howa Taguchl Experiment Works

During the 1980s, Taguchi experiments heavily
influenced the development ofrobustdesign inAT&T,
especially in integrated circuit process development
andmanufacturing process improvements.9,10 Tens of
experiments wererun eachyear, many ofwhich were
leading-edge studies that explored new areasofappli­
cations.8,9 Inparticular, product design applications
increased in the late1980s.

Since 1980, Taguchi practitioners, including
Taguchi, havehad major changes in their thinking. For
example, the ideaofsimulating the noise regime using
orthogonal arrays has given way to the morepractical
ideaofcompounding many noise factors. In essence, a
Taguchi optimization experiment isa relatively quick
way ofsystematically evaluating many design configur­
ations underseveral worst-case conditions.

Hereis a simple illustration ofhow aTaguchi
experiment works. The following accircuit, with a
resistorandinductor in series, needsto have its out­
putcurrentoptimized. (Other goals andconstraints
forthiscircuit are notconsidered here.) Its engineer­
ingequation canbe derived from Ohm's Law:

R
'\/\I'v~~-

The customer requirements call fora target
value of10amperes anda tolerance of2.5 amperes.
The power sourcehas a voltage of100 VAC with a
tolerance of10percent, anda tightly toleranced fre­
quency ofeither50or 60hertz. The resistorand induc­
tor are initially selected as 1O-percent tolerance parts
with nominal values of5 Ohms(0) and0.02 Henry
(H), respectively. The nominal values ofthe resistor
andinductor canbe adjusted to make the circuit more
robust. Temperature anddegradation effects have
beenincluded inthe component tolerances.

Since the circuit equation is explicitly known,
wecanactually optimize thiscircuit without aTaguchi
experiment. Bymaking somepractical assumptions,
that the component parameters are statistically
independent andhave their limits at three standard
deviations from theirnominal values, wecansolve the
following variance equation:

[ ]2 []2 []2 []22 aJ 2 aJ 2 aJ 2 aJ 2
Of = aE c °E + aR c OR + af c Or + aL c °L

where ais the partial derivative and Cis the evaluation
at nominal values.

To minimize variance andmaintain a typical
currentof10amperes, the optimal values ofRand L
tum outto be 80 and0.017H, respectively. Its
corresponding capability index, Cp, is 1.9. Atthispoint,
adjacent standard R andLvalues may be selected. Addi­
tional stepsinclude considering alternative design con­
figurations that may be more robust, or doing
economic tradeoffs byreducing oneor several com­
ponent tolerances, while possibly increasing the toler­
anceofanothercomponent

The partial derivatives in the variance equation
are called sensitivity coefficients. Design robustness is
notcostly whenthesecoefficients are small. Taguchi
experiments work primarily because theycanreduce
mostofthese coefficients without having to know or
solve explicit engineering equations. Thistypeofsitua­
tionoccursinmany design problems, so11 set ofTagu­
chiexperiments canbe an inexpensive way to minimize
variance andstill achieve the targetvalue.

Assuming the engineering equation forthisac
circuit is unknown, this is howaTaguchi experiment
would be done: A priori engineering knowledge pro­
vides a starting point forthe experiment. An orthogonal
arraythatyields ninecombinations ofnominal resistor
andinductor values is selected (itis actually a full fac­
torial, since there are only two parameters). Each com­
bination is then subjected toa minimum oftwo worst­
casenoise conditions (more noise conditions, e.g.,
using an orthogonal array, are necessary when more
accurate statistical analysis is desired).

The two datapoints foreachcombination are
transformed intoestimates ofamean (thesignal) and
anerror variance (thenoise). The mostimportant sum­
mary statistic is the S/N.7,8 The orthogonality property
allows analysis ofmeans (ANOM) tobe done onthe nine
SIN values, so that the main effect ofeachparameter on
SIN canbe independently assessed. The parameters
thathavelargeeffects on SIN will have theirvalues
adjusted so that SIN is maximized. Thenthe parameters
thathavesmall effects on SIN andlargeeffects onthe
signal will have theirvalues adjusted so thatthe overall
mean is on target.

In somecases, as with thiscircuit, it may not
be clearwhich parameter should be usedtoadjust the
mean rather than SIN, because alldesign parameters
affect SIN almost equally. Another issueto watch outfor
is the possibility that two or more parameters affect SIN
dependently, that is, the value ofoneparameter con­
trolsanotherparameter's main effect on SIN.
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Figure 3. The SSRD project started as a single FIT made up
of hardware department heads who volunteered to apply
robust design to their products. Soon, focus teams were
needed to address eastH»f-use Issues, such as tools, data,
and metrlcs for circuit and physical designs. A critical suc­
cess factor for the teams has been the coordination and gui­
dance from QUEST robust design specialists. Engineers con­
ducting Individual applications can go to these teams for
training, coaching, and support.

integration of robust designinto the design process.
InJuly 1990, afterhardware departmentheads

wereasked to develop and deploy a processfor designof
robust products, they met to forman FTI that conformed
with the policy deployment management structure, now
known as the TSBU robustdesign FTI. At this first meet­
ing,QUEST robust designspecialists describedmetrics
definitions, statistical techniques, processchanges,and
teamfacilitation, allofwhich would be necessaryto get
the SSRD project started and deployed.

SSRD has the detailed objective of improving
hardware quality and reliability by improving keydesign
processes. The goalset by the FTI was, and is, to achieve
SSQ on newhardware designsby the end of 1996. To
reach this goal, the FTI set two earlymilestones, pivotal
to the success ofSSRD, both ofwhich wereachieved.

First,SSRD met its goalofperforming and docu­
menting a half-dozen pilot robust designapplications by
1992. The pilots demonstrated the usefulness of robust
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design, but at the same timeshowed the current difficul­
ties ofperforming it full-scale. Simple time-saving meth­
ods and toolsare needed to makerobustdesignan
everyday designpractice, rather than a specialized effort.
Robust designcurrently does not come"outofthe box"
readyto use.

This theme wascommon in allsixpilot applica­
tions, two beingmechanical designofcircuit-board inser­
tionintoequipment shelves, two beingthe designof
microelectronic components, and two beingthe design
ofelectronic circuits- one analog and one digital. Tagu­
chi optimization methodswerenot used in anyofthese
pilots. Instead, these pilots led directly to the formation
of two robust designfocus teams,RDDT and the RPDT,
both ofwhich act as the voices for their respective TSBU
robust designuser communities.

Second, SSRD began partial robustdesigndeploy­
ment in the TSBU duringmid-1992 byengaging allits
hardware development organizations ina learn-by-doing
phase, in which the goalofreachingthe SSQ objective
becamesecondary to learningthe meansbywhich
designquality can be asses.sed and improved. Robust
designdeployment wasassigned duringan SSRD kick-off
meeting, called andchairedbySSRD'S coordinating exec­
utive, at which alldepartment heads with hardware
development responsibility were represented.

Duringthis timeoflearning, the FTI leadership
directeda QIS team ofkey SSRD people to analyze the
pilotexperiences. The QIS team identified user issues
that needed to be resolved between 1992 and 1996 to
meet the goaloffully deploying the robustdesignpro­
cess.To ensure successful and complete deployment,
the FTI set the following countermeasures:
- Top-down management commitment, involvement,

accountability, and follow-through;
- Proofofvalue ("worth the effort") in economic terms;
- Ease ofuse in methodology, CAE tools, factory data

collection, and component dataavailability; and
- Integration intothe development processusingthe

APEX project. 2

To accelerate effective and practical robustdesign
deployment, SSRD activities are now geared to address
these measuresfully.

SSRDProject Progress
Today, Greg Hughes, presidentofTSBU, provides

leadership for the entireTSBU quality program that Pete
Fenner initiated. SSRD continues to be managed as



thoughit werea development project, with tracking of
milestones, goals, resources, and staffing. Figure 3
shows the SSRO project structure. Many engineers and
managers who wereinvolved in the pilots are now the
pro-active core ofthe SSRO project teamstructure. In
response to the finding by the QISteamthat factory and
component dataare crucial to the processofmaking
designs robust, manufacturing managers have joined the
robustdesignteams.

The FIT, which in 1993 contained three TSBU
hardware department heads, three manufacturing man­
agers,and two QUEST robustdesign specialists, provides
overall leadership for the project. It works within the pol­
icydeployment process, which starts at the top levels of
the TSBU. The FIT negotiates QPM objectives, and,each
year, establishes detailed project milestones to ensure
that those objectives will be met.Onesuch milestone is
to get 100-percent participation from hardware develop­
mentorganizations. This activity is now beingcarried
throughthe hardware development organizations using
a policy deployment approach, in which each person
negotiates andcommits to activities that support the
commitments madeby their leaders. The FIT helpsby
bringing attention to the SSRO project and bycoaching
their colleagues.

Development projects that apply robustdesign
techniques canget supportthroughthe ROOT forcircuit
robustdesign, and throughthe RPOT formechanical
robustdesign (seeFigure 3).These teamshave represen­
tatives from acrossmany development projects, and mem­
bershipcontinues to include development and manufac­
turingengineers from newapplications. The primary
responsibilities ofthese two teamsare to work with devel­
opment projects to makerobustdesign easier to use
acrossproduct lines, increase manufacturing involvement,
and helpthe TSBU build the robustdesign infrastructure.

The countermeasure to improve ease ofuse is
beingworked on,as evidenced by recent ROOT and RPOT
activities. Forexample, the ROOT has developed a robust
design tool fordigital timing design that is integrated
with a CAE circuit-simulation environment (seePanel 4).
Similarly, the RPOT has evaluated commercially available
simulation tools formechanical design that canbe used
"as is"or adapted forSSRO.

Another example ofa countermeasure to make
robustdesign easier to use is the work to addressavail­
ability ofcomponent parameterdata, such as typical (aver­
age) values, minimum and maximum limits, distributions,

andapplication-specific characteristic curves. Early sup­
plierinvolvement is essential. Robust design evaluation
andoptimization canbe drastically affected ifkeynoise
factors are grossly misrepresented. Therefore, subteams
ofboth teamsare seekingpractical ways to obtain or
inferstatistical datafrom suppliers andthe factory to
facilitate robustdesign analyses. Robust design requires
that the CFThas, or cancollect, information on the behav­
iorofnoise factors, and then is ableto confirm in the fac­
torywhetherthe design requirements are beingmet.

Asthe learning phasetails offand moreinte­
grated robustdesignapplications become the norm, the
TSBU QPMwill revise the SSRO project goals to focus on
designing the SSQ product, instead ofparticipating in
and learning aboutthe SSRO project. This shift to
customer-focused goalswill be gradual. Forexample,
the ROOT and RPOT are beginning to coach newSSRO
applications that are evaluating and improving the capa­
bility indices on keyparameters, as well as making
robustdesigneasier to use.

SSRD Project Futur.
SSRO has changed overthe past two years, and

will evolve moreas 1996 draws nearer. The SSRO project
has already overcome many problems. Acommon met­
ric, called the capability index, was adopted from
Motorola forevaluating design quality. Adigita1-circuit
timing design tool has beendeveloped. Most hardware
development departments have participated in SSRO.
Tens ofTSBU robustdesign applications have beendoc­
umented. Concurrent engineering teams are more
interested than everin robustdesign. The TSBU Wired
Equipment Team, which is developing common equip­
mentforuse acrossthe TSBU, plans to use robust
design on allmulti-use platforms.

The SSRO project has a numberofremaining
challenges to meet. Oneis the difficulty oftranslating
supplier specifications intoa robustdesign context. The
belief that a design is robusthingeson how well the CFT
understands the major sourcesofvariation andtheir
distribution limits. Acomponent parameter defined bya
minimum value and a maximum value canhave very dif­
ferent distributions, depending on its suppliers and
their processes. In addition, mostlimiting values are
specified to include effects ofthermal variation, lifetime
degradation, andengineering safety factors. Therefore,
early involvement ofcritical component suppliers in the
development process- anotherbasic element of
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Panel 4. A Tool for Robust DIgItal nmlng Design

Robust design ofdigitaltiming margin is usually
straightforward, because its response is linearly
related to its components' timing parameters. How­
ever, complexity isadded when factors suchas tem­
perature, degradation over time, andcorrelation of
gatesinthe same device have tobe independently
addressed inthe analyses.

Otherissues also encumber digitalrobust
design analyses, suchas the large number ofdevices
andnetsonmost boards, the difficultyoftranslating
device specifications into robustdesign terms, andthe
need to iterate until SSQ isachieved.

Following TSBU robustdesign needsandQUEST
specifications, theSystem SimulationTools Group of
the CQJ:QPUtepAide4 DesigrumlTestLaboratory in
AT&T MiQoQelectronics hasdeveloped acomputer­
aided design feature called K-Sigma, which isflexible
enough tohandle theseproblems. It is available in the
ATISIM simulation product scheduled forproduction
release inmid-1994.

Prior to thisrelease, ATISIM usedminimum and
maximum component delays toaccumulate ambiguity
regions, which arebounded bythe earliest andlatest
times thatthesignal can chwe value. Though com­
mon ambiguities thatariseas paths reconverge are
taken into account, results canoften be pessimistic
and, sometimes, optimistic, depending onthenumber
ofcomponents thatcontribute variation to the paths
andthecorrelation between components.

With the K-Sigma feature, ATISIM accumulates
themean andvariance ofsignal transition times at each
componentUsiIlg the distribution parameters, ATISIM.
computes the sigma quality metric (Q=3Cp) foreach
timingconstraint, andaudits it against a specified value,
6,bydefault, which corresponds to SSQ.

Themaximum andminimum component delay
values areassumed tobe ±30 from the mean value,
unless the userredefines the assumption. Given these

concurrent engineering - is essential forrobustdesign
to work well.

Another challenge is the availability anduse of
testing equipment andstaffing inthe factory to sample
andanalyze the parameters ofdata. New testing infra-
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maximum andminimum delay values, ATISIM calcu­
latesthe

mean = (min ;,max) and

(max-min)
0= 6

forthe component delay distribution.
During simulation, ATISIM adds themean

component delay to themean ofthe input signal distri­
bution to obtain the mean ofthe output signal distribu­
tion. 'rhe sigma forthe output distribution iscalcu­
lated as the square rootofthe sumofthesquares of
the input sigma andthe sigma ofthecomponent dis­
tribution. Theoutput sigma is adjusted if thereis
correlation between the component andany com­
ponents inthe input signal path. Forexample, when
two gatesarecompletely positive-correlated, twice the
product ofthegates'sigmas are subtracted from the
output sigma. Common ambiguity is treated asa spe­
cial caseofcorrelation inwhich the same component
contributes twice to the output sigma. Similar pro­
cedures arefollowed when timingconstraints between
signals areaudited.

TheQvalue iscomputed andchecked when­
evera timing constraint check isperformed, andwhen
checking forspikes andglitches oncombinational ele­
ments. IfQis lessthank,as specified bythe- k
option, thentheviolation is shown onOutput Display
And Analysis (ODAN) windows anda report iswritten
into a K-Sigmaauditfile. The reports, used-for debug­
ging, give theamount ofsigma thateachcomponent
inthepathhasadded to the signal transition time.

All uniquely computed Qvalues arethenused
togenerate a K-Sigma histogram report fortheoverall
design. Adesign with mostQvalues between 6and10
canbe expected tobe consistent andcost-effective. •

structuresneedto be developed, including methodol­
ogies, possible equipment changes, andmodifications of
staff assignments. Along with this,an organized system
needsto be developed forstoring and retrieving para­
metric dataduringproduct development Weneedto



move away from the established processof"testing-in"
quality, and toward a processof"designing-in" quality.

These challenges are currently beingdealtwith
on a case-by-ease basis. In the future, applications will be
richer, in depthas well as breadth.Because ofthe SSRD
supportstructure,wewill find common elements inwhat
mayseem to be different applications. This knowledge
will helpus to resolve these challenges moreeasily, and
will satisfy the increasing needfor robust designs as
multi-use and reusable platforms become the develop­
ment norm. By1996, weexpectrobustdesignto be inte­
grated intothe TSBU development process. Thiscan only
be accomplished by usingglobal design procedures and
rules that cut acrossproductlines.

Conclusion
To achieve consistency andvalue inAT&Ts

products, the TSBU is committed to real, effective, and
practical applications ofrobustdesignduringproduct
development. Our SSRD project is developing the frame­
workneededto makeproductsthat meet the SSQ stan­
dards. Pieces of the framework include tools, methods,
processsteps,and applications benchmarks. Wehave
found that the successfactors ofsuch an undertaking are
a high-quality blending ofmanagement, teams, data,
pilot, and deployment activities.

Although our story is notcomplete, wehopethat
this paperwill encourage greater use ofrobustdesign
within the TSBU, acrossother AT&T businessunits, and
in other companies. Muchmorecan be doneto move
from isolated applications to a structured, reusable pro­
cess.With executive commitment to an integrated robust
designdevelopment process, wecanovercome cultural
resistance, the pressures of tight schedules, and short­
term thinking aboutproductquality.
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