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System-Level Test Synthesis
for Mixed-Signal Designs

Sule Ozev and Alex OrailogliMMember, IEEE

Abstract—Hierarchical test approaches are a must for large five times larger than test application times if the test input is
designs due to the computational complexity and tight time-to- switched each time. Even though frequent switching can be ob-
market requirements. In hierarchical test synthesis, test design viated by multiplexing all the test inputs and outputs to the same

is conducted at a subsystem level where the design complexity is ¢ h hes in't tini d lexit d
manageable. For analog systems, tests are generally designed abOrt, Such approaches inturn resuitin increased compiexity an

the basic block level. This paper outlines a tool for translating Performance overhead.

basic block-level tests into system-level tests for large analog In order to decrease the burden of additional pins, the use of
systems. Computational effectiveness is achieved by the use ofnalog test buses has been proposed. The IEEE 1149.4 mixed-
high level models and by a pre-analysis of the system to identity g "test bus standard is aimed at providing /O access to

feasible translation paths. A method to compute the fault and h basic block with minimal additi | i . d
yield coverages of the resultant system-level tests is also provided®ach Pasic block with minimal additional pin requirements, an

in order to evaluate the translation. Experimental results show at standardizing the test access to each IC at the board level
that test translation reduces design for testability overhead [1]. However, with gigahertz range designs and high number

significantly while satisfying coverage requirements. of functional blocks in today’s systems, bus noise and loading
Index Terms—Mixed-signal systems, parameter tolerances, Still remain as important issues in terms of signal integrity and
probabilistic fault coverage, system-level test. performance overhead [2], [3].

Test translation schemes aim instead at minimizing DFT
overhead by utilizing existing functional signal paths in the
system, in order to obtain access to the inputs and outputs of
WH”-E digital test synthesis and associated design f@ghe modules. The complexity of today’s mixed-signal systems,

testability (DFT) tools have a long history, manual apang the need for repetitive application of test translation in
proaches have been the norm in the analog domain to date. Ehee of testability-improving system modifications, necessitate
main reason for this lag in analog test automation is that bagjGiomation of such test translation schemes. The presented
analog building blocks, such as filters, mixers, and DACs, hayg,k is analogous to test translation attempts in the digital
been traditionally fabricated as easily tested isolated elemenismain. However, not much hope can be drawn from a uti-
Yet, recent developments in fabrication technology enable ini-5tion of these methods in the analog domain, as the concept
gration of mixed-signal systems composed of several functiongl 5 single numeric value associated with a particular time
blocks onto a single chip. Designers and test engineers have@gn s not sufficient to capture all the relevant intricacies. The
cumulated knowledge as to hoyv individual functional bIOCkﬁroposed approach differs from the previous test generation
need to be tested so as to obtain adequate coverage. HOW%\ﬁSroaches by the level of abstraction, and in the use of
a system level composition of this test knowledge as a wholejisyary hased models for basic blocks in the system so as to
lacking. Instead, costly DFT methods such as test-point ins§(jsiq time consuming circuit simulations. Parameter tolerances
tion are typically utilized in order to achieve direct test access, incorporated through a probabilistic approach. Faults used

to each functional block. _ _ _ in this methodology are also of a probabilistic and continuous
As the number of analog basic blocks in a system increasgsyre as explained in [4]

the overhead of providing test access to each block in terms oqn this paper, a tool capable of translating basic block tests

/o, area aqd .performance becomes increasingly L'm.palatam?o system level tests is outlined. This novel tool constitutes a
The hlghly limited number of analo_g_ sources and digitizers irst attempt at test translation for the analog domain and at-
m|er—_S|gnaI testers poses an agd|t|onal problem compare e%pts to answer the needs of the increasingly important re-
the digital domain. The limitation in the number of analog port&ui ements of the mixed-signal core-based designs. The strin-

necessitates frgqugnt switching of analog sources an.d sink &ht requirements of ensuring fidelity of all system parameters
the tejs.t(.ar. Sgttllng times for analog source .r(.ala}ys QOmmate d t8btained through models of block level analog design and test
acquisition times, and the overhead for initialization is near@fehavior, while computational effectiveness is achieved through

early analysis and identification of feasible paths. The tool also
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tion methods utilized in the tool. The computation of fault and A
yield coverages is discussed in Section VI. Section VIl presents I
the architecture of the test translation tool. A sample of experi-

mental results on a two channel signal up-conversion systengis 1. Effect of parameter tolerances on controllability.
presented in Section VIII. The paper concludes with an evalua-
tion of the efficacy of the tool.

the complexity of systems increases, their computational com-
plexity precludes the utilization of these detailed approaches.
Il. PREVIOUS WORK Justification of the generated basic block tests at the system

. . . Level has not, as of yet, received attention commensurate to its
The need for hierarchical test generation stems from the - ! .
Inereasing importance in the analog domain.

computational complexity of the test generation problem an
the complexity of modern very large scale integration designs.
The digital domain has encountered these complexity problems
and several hierarchical test generation schemes have been pré-technique such as test translation fundamentally attempts
posed, such as [5]-[7]. In [5], the goal is to identify transparetd provide an answer to the problem of efficient test generation
channels in the modules, through which test vectors and outpithout resorting to costly and design-altering test additions. It
responses of other modules can be propagated. In [6], the gaethieves its goals by raising the level of abstraction, thus pro-
is to propagate pre-computed test stimuli and output responsggting a possible solution in the case of large, complex circuits.
of a module by utilizing only transparency and inverse mod&et its benefits come at the expense, fundamentally, of some in-
of other modules. In [7], system level constraints are identififdrmation loss that can result in reduced possibilities in setting
on modules before module-level test generation is conducte@ppropriate controllability and observability characteristics.
Automation of the analog test generation process is still in Such controllability and observability concerns are not only
the research phase. The continuous feature of the analog donpagvalent, but may possibly be of increased importance in the
further complicates modeling and detecting faults and failuresntext of analog test translation. The situation is exacerbated as
[8]. An identification of the effects of manufacturing defectsiot only distinct values, but also attributes with complex charac-
on the output response of the circuit under test using dc ingetistics need to be modeled in order to ascertain correct primary
stimuli only is attempted in [9]. In this work, effects of procesinput and expected primary output behavior. One such charac-
parameter tolerances are modeled through the sensitivity &istic of analog circuits is parameter tolerances. Parameters of
proach. Output signal sensitivities to process parameters are algefect-free circuit can vary within a range specified by the
tained through circuit simulations. system designer. As a result, when only primary inputs are con-
Automated generation of test stimuli is the aim of approachéslled and primary outputs are observed, it is not possible to
outlined in [10]-{12], which employ output signal sensitivitydetermine the exact values of signal attributes at any point in the
a concept introduced in [13], to circuit parameters. In [11] argystem. As an example, consider a two block system in Fig. 1.
[12], testinputs are defined as single tone sinusoidal signals w@ince gain(7, of the amplifier can assume any value in a speci-
frequency as an unknown parameter. The frequency at which fleel range, the exact value of signal amplitude at pdiciinnot
sensitivity of the output voltage (voltage gain) of the circuit ibe determined. Such indeterminism in signals introduces a new
highest to a given component is selected to test it. Sensitivitisd challenging controllability problem in the context of analog
are determined by manual analysis in [11] and by circuit simtest translation. Therefore, parameter tolerances and their resul-
lations and the use of the adjoint network method in [12].  tant effects on controllability and observability of basic blocks
Evaluation of a given test set by computing determination aewst be incorporated into an analog test translation scheme to
curacies of functional parameters is outlined in [13]. The inaensure correctness.
curacy in determining a parameter stems from the dependenciodeling basic blocks is another important step in signal
of several system parameters and their tolerances. The wprkpagation. Detailed models for basic blocks are often non-
outlined in [14] aims at identifying groups of interdependeriinear. In a test translation scheme, nonlinear models are not de-
parameters in the system to evaluate testability and presentdrable as they resultin unacceptable computational complexity,
method to locate an error in the parameters. In [15], analog o&specially when backward justification is needed. However, suf-
cuitry is assumed to be placed between an ADC and a DAC, diadent information must be contained in basic block models in
is tested through a signature analysis, where the random, dig@ader to relate signals at the inputs and outputs. Moreover, in the
input to the DAC has a noise-like effect and the cross correlatitest translation context, nonideal responses of a basic block such
between the input and output patterns is used to approximatedisenoise and spurious response must be included in the models
impulse response of the analog circuit. An overview of researtthavoid degeneration of information.
activities in the analog and mixed-signal test area, which de-In the analog domain, most tests are defined as a range rather
lineates the traditional analog test emphasis on generating tlesin a single vector. For example, the gain of a filter needs to
vectors at the basic block level, can be found in [16]. be tested within the frequency passband and amplitude dynamic
In most of the aforementioned approaches, circuits ar@nge. A subset of atestrange may be out of the operation ranges
studied at resistor-transistor level and most approaches relyadrall possible paths leading to primary inputs and outputs. In
a detailed circuit simulator, such as SPICE. While such tesise the controllability and observability ranges do not overlap
generation approaches can be utilized at the basic block levelndih a test range for a basic block, the test is not translatable to

I1l. M OTIVATION
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the system level. A subset of such untranslatable tests may be re- and dc levels. In most cases, the circuit parameters are

dundant for the system and therefore may be pruned away. The given in the form of a nominal value, together with some

attributes of a test vector for a particular test must be set within  tolerance. In the proposed scheme, the signal attributes are

a range where controllability and observability ranges overlap  determined using the nominal values of the circuit param-

with the given test range for a viable test translation scheme. eters, together with an accuracy inherited from parameter

This requirement necessitates identification of system level con- tolerances.

straints on the controllability and observability of a basic block.

The problem is further complicated by a variety of factors, sudh Classification of Block-Level Tests at the System Level

as parameter tolerances and noise, impacting controllability andn a test translation context, basic block-level test vectors

observability at any point in the system. need to be classified into three categories at the system level so
as to enable a reasoning on the methodology of test translation

[V. FUNDAMENTAL ISSUES INANALOG TEST TRANSLATION and a pruning away of untranslatable tests.

In an analog test translation scheme, test input stimuli for al) Untranslatable Tests Due to Amplitude and Frequency

targeted block are propagated from the primary inputs thrmﬁﬂnget[)?ﬁtﬂencyﬁpte (rjange((jj(-;fined for atest m?y completelyf
other functional blocks. Similarly, the test response of the taf~ out of the amplitude and frequency operation ranges o

geted block is propagated through other functional blocks to tﬁg paths leading to primary inputs and outputs. Such tests are

primary outputs. Modeling issues related to signals, basic blocwgytranslatable to the system level through the use of existing

and parameter tolerances are briefly outlined in [17]. In this setdn@l Paths. However, if these tests are within the operation

tion, a detailed explanation of these fundamental concepts ?é_t?e tzlj\rgelt?d :)e:m bIOCk’l thefy mf;:y b; Sngtt'ttUtetd _fO{hby da
lated to signal propagation and test translation is provided. system leveltest. An exampie of such redundant tests is the dy-
namic-range test defined for a basic block. While a certain block

. : may have a wider dynamic range than the path it is serving in,
A. Signal Attributes nonetheless, testing for the dynamic range of the path may be
During propagation, the signals must contain sufficient infogdequate in terms of guaranteeing correct operation.
mation to compute circuit parameters. Frequency, amplitude Tests that fall out of the operation range of the signal path
and phase are basic attributes that define a dynamic analedicate a testability problem and are reported by the tool. An
signal. However, in a realistic signal propagation schemgxample is the test for the cutoff frequency of a filter. If the
additional attributes for signals are needed to model the effegést range defined for the cutoff frequency is not controllable
of parameter tolerances, noise, and bias levels as they ngaybservable, no system level test can be applied for testing it.
degenerate test signals. The following signal attributes are) Tests That Are Not Translatable Through Signal Propaga-
identified to model important aspects of the analog domain. tion Due to Noise or Inadequate Accuracinaccuracy in basic
« Amplitude:ln most cases, the signal amplitude at the inpsignal attributes, dc level, frequency and amplitude, are due to
and output of a basic block is needed for the computatidolerances of basic block parameters. Inaccuracy in signal am-
of parameters, such as gain, cutoff frequency, and offgditudes, which is caused by tolerances of basic block gains, is
error. One also needs to know the amplitude of a signile most frequently encountered problem in a test translation
that is to be propagated through a basic block to enswseheme that utilizes signal paths through basic blocks. Tests that
that the operation range of that block is not exceeded. utilize the ratios of input and output signal amplitudes are tar-
» FrequencyThe majority of circuit parameters are definedyeted at measuring the gain of a basic block. Individual gains of
in the frequency domain. Moreover, the frequency of basic blocks with errors within tolerance cannot be determined
signal needs to be known in order to decide on the saimdependent of each other in a signal path. However, a com-
pling rate, or to ensure that the operation range of a blopksite variable, the path gain, can be measured with some error.
on the path is not exceeded. Measuring the path gain alone is not sufficient to ensure correct
» Phase:Phase information is needed to enable switchingperation at the edges of the amplitude operation range of the
between time and frequency domains. In addition, sons@nal path. A large positive gain deviation in a basic block may
circuit parameters, such as group delay are given in terseturate the succeeding basic block at high signal amplitudes,
of the phase difference between the input and output sigut may be masked by the gain variations of other basic blocks
nals. in the path when signal amplitude is low. Similarly, a large neg-
DC Level:The dc component of a signal is important foative gain deviation in a basic block may cause the signal to
basic blocks that are input biased and for data converdisappear into the noise floor at low signal amplitudes, but may
blocks. In some cases, the dc component of a signal miagy masked by gain variations of other basic blocks in the path
be up-converted to a dynamic signal, where the dc lewshen the signal amplitude is high. Once the signal is corrupted
becomes the signal amplitude. by saturation or noise, it cannot be recovered in the path. Two
» Noise Floor: Noise is an undesired, yet always existerddditional SNR tests at minimum and maximum signal ampli-
attribute of an analog signal. The noise level at any poitudes for the path need to be employed to detect such errors.
in the system must be known to determine the minimum Signals small in amplitude might disappear in the noise floor
detectable signal level and signal-to-noise ratio (SNR). if several blocks are cascaded. Such signals are out of the dy-
Accuracy:Inability to identify the exact values of circuit namic range of the path and are not of interest during the normal
parameters results in indeterminism in signal amplitudeperational mode. However, basic block-level tests may require
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signals that are smaller in amplitude than the system noise level. A B C
Typical examples are tests that target dynamic range, offset er-

: : ropagatable signals ropagatable signals
rors and code checks for mixed-signal components, ADCs and ?’Op%d.” © signa’s propagatable signals
rom primary input from primary output
DACs. For a subset of such tests, the targeted parametercanbe — —  ~ = -
tested at the system level as a composition of individual basic F: 0-500kHz F: 0-10MHz
block parameters. Dynamic range is an example of such parame-  A: 0-3V A: 0-300mV
ters as its test for a single basic block would require signals close ~ Noise: 2mV Noise: ImV

to the noise level of that block. Since cascaded blocks add M@[g > opservability and controllability constraints.
noise on top, dynamic range measurement responses are most
likely to be buried in the system noise floor. Instead of testinn
the dynamic range of each block, the SNR of the path with mi
imum and maximum signal amplitudes might be measured. v
the dynamic range of one block deviates from the nominal valt in \ ——
such that it would change the system behavior, the SNR eithe
the maximum or at the minimum signal level will deviate fron ¢ & f.. G
the desired value. Maximum and minimum operation signal at
plitudes are determined from the given block parameters.

3) Directly Translatable TestsAmong tests targeted for a
basic block, a subset which satisfies the following conditions
directly translatable to system level.

» Frequency and amplitude of the desired stimulus and t
output response fall into the available signal ranges for tl
basic block.

» The accuracy of computation is higher than the give| p,..meters G, forsVinmans
threshold. Vingins NEF, DR and associated tolerances

» Amplitudes of the stimulus and output response are high
than the noise level and within the dynamic range of the
path. Fig. 3. Model of a SC low-pass filter.

If there are multiple paths that can be utilized for translation, the
path that results in the highest test accuracy should be selegiggiity and observability constraints. In such an analysis, the

Vout

Model Vour =G+ Vi if f < f. and
Vour = unde fined otherwise

Spurious Response | at &k * fox

as the best path to conduct the translation. noise level at any point in the system also needs to be computed
to determine minimum detectable signal levels.

C. Controllability and Observability Constraints on Basic Such test constraints on the basic blocks may be utilized to

Blocks evaluate testability of the system and to identify test bottlenecks.

In the analog domain, test inputs are defined as stimuli sat‘_gthe_ testability of the system needs_ to be_z _mcreased, DFT modi-
fying certain conditions. For example, testing the gain of an ar{ﬂgatlons should concentrate on the identified bottlenecks so that

plifier requires a test stimulus of an in-band input signal with af12Nges to system topology are minimal.
amplitude around the midscale. If the test signal attributes are )
set without the system level knowledge, the resulting test vectdr Basic Block Models
may not be propagatable through the neighboring blocks everin order to keep the computational cost manageable during
though there may exist a propagatable test satisfying the safm&vard and backward propagation, and to ensure applicability
conditions. of the tool at early design stages, basic block models need to
During signal propagation, the behavior and parametersintlude simple I/O relations that can be expressed with high
each traversed basic block imposes restrictions on the attaindbleel parameters.
signal attributes. In forward propagation, such restrictions Even though analog circuits are highly nonlinear, the be-
constitute controllability constraints whereas in backwairgavior of most circuits can be expressed with linear relations
propagation they constitute observability constraints. As avithin a given operating region. The proposed tool takes
example, the controllability constraints fé@lockB in Fig. 2 advantage of this fact and utilizes operating regions of basic
are imposed by the operating range and behaviaBlet:k A, blocks for signal propagation. However, the utilized linear 1/0
whereas constraints fdglock C are determined bylocksA relations are approximations of real behavior. Nonlinearity
and B. The whole output range is observable Block C. of analog circuits may cause unwanted signals even within
However, the output aBlock B is constrained by the operatingthe operating range. In order to account for the effect of such
range and behavior @lock C. Fig. 2 also shows the constraintsonlinear behavior, the tool keeps track of unwanted signal
for BlockB. components such as clock spurs, harmonics or noise during
An analog test translation scheme needs to include a psiggnal propagation. To enable this analysis, expected nonideal
analysis that identifies ranges of signals that can be propagabethavior of basic blocks also needs to be included in the
through a path to a basic block in order to reason about controledels.
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Fig. 4. State variable filter architecture.

In the analog domain, a transition range could exist outside
the operating range wherein the circuit behavior is unpre-
dictable. The variations in filter gains are much higher between 15
the cutoff frequency and the stopband region. The output signal
attributes are high process and lower level implementation
dependent in transition regions. For this reason, the tool
assumes that unwanted signal components such as clock spurs
or harmonics are not suppressed, whereas desired signals are
suppressed in transition regions. This pessimistic approach
ensures the correctness of the test translation even though
it may result in unnecessary rejection of some tests. As an
example, the high level model of a switched capacitor low-pass
filter (LPF) is shown in Fig. 3. 5 e pe e .

Transfer functions are the most commonly used models Frequency(Hz)
for basic blocks for behavioral simulation during the design (@)
process. A transfer function provides detailed information -0
about the circuit behavior through the complete input spectrum,
such as the exact value of gain or phase at any frequency point.
However, in the analog domain, the variations in circuit pa-
rameters result in variations in the circuit response. A possible
way of predicting circuit behavior under parameter variations
is to run several circuit simulations with random variations in
parameters. The results of Monte Carlo simulations for the state
variable filter shown in Fig. 4 is given in Fig. 5(a). Since it is
impossible to determine the exact value of circuit components
in a high level environment, it is impossible to determine the =
exact value of gain at a given frequency point. One can only
guarantee that the gain of the fault-free filter will be within a
given tolerance window as shown in Fig. 5(b). Therefore, some
of the information that the transfer function provides will be
lost due to process variations. ,

As another example, consider two different filter responség
as given in Figs. 6(a) and 7(a). Monte Carlo simulations which

model the effect of parameter variations result in variations int basic block t h in. The tests for the first
bothfilterapproximationsasshowninFigs.6(b)and7(b).Whé'ﬂ0 asic block parameters, such as gain. the tests for the irs

the minimum and maximum variations are computed in bog{ogtp nezd o be ctonductec; |nd|V|duaII3:jw:1tehreas t?e telsts lfor
responses, the resulting envelopes shown in Figs. 6(c) and -P(%égl loned paramelers can be composed at the System Ievel.
PP : asic block parameters that result from partitioning system
exhibit similar behavior. .
level parameters can be viewed as a composed parameter. Dy-

namic range, gain, and noise figure are common examples of
such parameters. In a typical system, the tolerances associated

Basic block parameters stem either from direct projections with basic block gains are close in value. In such cases, the indi-
system level requirements on basic blocks, such as cutoff fieédual gains of modules cannot be determined with the desired
qguency of a filter, or from partitioning a system level paramet@ccuracy. However, a composite parameter, the path gain, can be

Gain(dB)

Gain (dB)

-3 ] ’2
10 10

1(;“ 10
Frequency (Hz)
(b)

. 5. Response of a state variable filter under process variations. (a) Monte
rlo simulations. (b) Min—Max response.

V. TRANSLATION METHODS
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Fig. 6. Fourth-order Butterworth response under process variations. (a) Nominal. (b) Monte Carlo simulations. (c) Min—Max response.
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Fig. 7. Fourth-order Chebyshev response under process variations. (a) Nominal. (b) Monte Carlo simulations. (c) Min—Max response.
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Frequency(Hz)

/v test these parameters, required test signals and resultant output
M /\f /\f responses of corresponding basic blocks must be propagated
— A B ¢ = through other basic blocks in the path.

Fig. 8. Gain error resulting in saturation. A. Test Time Impact

If all the tests are translated through signal propagation, the
measured with a high accuracy. If composed parameters sucRd@ber of system level tests will be the same as the number of
path gain are measured, boundary conditions must be checkdgck-level tests. Whenever applicable, translation by composi-
Consider a simple system given in Fig. 8. The path gain for tHi&n is advantageous in terms of test time since it decreases the
system is typically measured around the mid point of the ampfiimber of required tests and keeps the test application method-
tude operation range. A positive gain errorBiock A may be ology constant. This first level of analysis shows that test trans-
masked by gain deviation @locksB andC. However, when a lation overall cannot result in an increase in test time.
high signal amplitude is applied, the outputifock A may sat- It could be argued that longer signal paths can cause some
urateBlockB. Such a distortion cannot be masked by any othéglay in test application and thus result in longer test times.
basic block in the path and results in failure. Similarly, a neddowever, the use of the functional signal path obviates test con-
ative gain error inBlockA may be masked by gain deviationdrol delays for the chip and channel switching delays for the
of BlocksB andC at the midpoint of the amplitude operatiorfester which are typically much higher than the path delay for
range. In case of small signal amplitudes, this error may resaftalog systems. Savings in test start-up times make up for the
in signal loss, thus resulting in a system failure. path latency; thus, it can be shown, even under this more detailed

Measurement of signal-to noise ratio at minimum and magaodel, that the overall test time for the system is not increased.
imum signal amplitudes is necessary in case the gains of several .
basic blocks are measured as one composed parameter. In detdiMProving Accuracy
tion to prevention of test point insertion, composition of param- Inaccuracy in signal attributes results in error in a measured
eters also decreases the number of required tests in case marameter. In some cases, this inaccuracy can greatly be reduced
than two basic blocks are cascaded. by adjusting parameter computation with respect to previously
Translation by Propagation:Some tests are targeted at specomputed, more accurate parameters.
cific basic block parameters that have no direct or easy-to-ex-As an example, consider tHd P; measurement for a mixer
tract correspondence at the system level. The third order in-a signal path, as in Fig. 9. When the measurement is con-
tercept point {IP;) of a mixer, or the cutoff frequency of averted to system level I P; of the mixer is computed through
filter, are examples of such basic block parameters. In ordert@asuring the 1st and 3rd order harmonic power at the primary
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X = 1st harmonic P(IIP, = X)

@ Y = 3rd harmonic

GM
II1P; = 33=13Cu

@) i

Faulty components in this region
may be accepted

it G A> GA_nom

_Ig, ® 6, L
X = 1st harmonic

X
GM Y = 3rd harmonic - -
IIP; = 3X2_y _ (GM + GB) min-err  min
IIPy = 332X — (Gran, — Ga) Fig. 10. Impact of error on fault detection.
(b)

Fig. 9. Improving accuracy o_f mgasurementsf(blj’g computation in case of £ f H H H’ H’
full access. (bY I P; computation in case of no access. 12 3 ] 1’3
output rather than the output of the mixer. Whereas it is possible ‘® I
to use nominal gains of the mixer adtlock B, during thel I P; 1P, G,

computation, the accuracy of this computation will be affected
by the gain tolerances both @lockB and of the mixer. It iS Fig. 11. Propagation of signal attributes.
also possible to computd P; using the path gain and the gain

gf BlockA. %lnqehpr?thhga|n IS a syst(;er?] level parameter, it Cafine computation and propagation of signal attributes. The dif-
? mea?““;f wit i blg haccgraql/ andt gBﬂcomzutaFon daccur@gpénce between the real and nominal values of the parameters
of I1.73 is affected by the gain tolerance StockA only. lden- that are used in requirement computation causes misclassifica-

tifying tests that result in increased accuracy helps in rEdUC'Hgn. While such misclassification is unavoidable whenever tol-

yield and fault coverage losses. erance and noise effects apply, we proceed to show an estima-
tion method for identifying the extent of such misclassification
VI. FAULT AND YIELD COVERAGE COMPUTATION in order to provide an evaluation of the translated tests.

Even though the error in parameter computation can be redn a test translation scheme, the yield 1035{) and fault
duced by an adaptive test methodology, as described in the pieverage £'C) due to translation can be defined as follows:
vious section, 100% accuracy cannot be invariably achieved.
This error in parameter computation may cause some good parts =
to fail the test, which results in yield loss, or some bad parts to
pass the test, which results in fault coverage loss. If test sype—1— i
thesis results in unacceptable fault coverage and yield loss, a number of faulty circuits

DFT technique needs to be utilized to decrease the amount@fe continuity of parameters in the analog domain forces the

error. Therefore, at the end of test translation, yield loss aagtinction between good and faulty circuits to be made with

fault coverage loss need to be computed to evaluate the desr'ggloect to the parameter tolerance given by the design specifi-
in terms of testability. cations

Testing a parameter consists of computing the parameter ang, ¢t and yield coverage computation, our goal is to com-
comparing |t.aga'unst pr'e-deflned bounds. COnsmi_er]tth pute the probability of misclassification of the given tests. For
computation in Fig. 9, given by the following equation: a specific parametep, a fault-free chip is rejected if the vari-

3X _V ations in other parameters result in the translated parameter,
11P; = — - (Gpatn — G 4)- being out of the given tolerance. Therefore the probability of re-
jecting a chip with a fault free is

The test for this parameter consists of comparing it to a min-
imum value. If thel I P; is h@gher than this mipimum, the part Pp = P(pmin < P < Pmax) (PO < pamin) + PO > Pmax))
passes the test. The error in theP; computation stems from Y,
the tolerance of7 4. If the actual gain oBlock A is lower than
the nominal value, some parts with an unacceptahlé will be
accepted as in Fig. 10. Conversely, if the actual gaiBlafkk A
is highgr than @ts nominal gain, some parts with an acceptable ~ P(pmin > p) + P(p > Prnax) )
I1P; will be rejected. Pa= T “P(Pwin <7 < Pumax)-

While translating the test for a particular parameter, addi- P
tional module-level parameters may be used for computing pri-In the above equationg}r corresponds to the loss in yield
mary input and output signal attributes. Since the exact valuesiofe to translation¥( L), and P, corresponds to the loss in fault
these parameters are not known, their nominal values are usederage 1 — F'C).

number of good circuits that fail the translated test

number of good circuits
number of faulty circuits that pass the translated test

whereY), is the yield of the parametey, Similarly, the proba-
bility of accepting a faulty is
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Fig. 12. Implementation overview.
As an example, consider the mix&f Ps as in Fig. 11. This VII. | MPLEMENTATION OVERVIEW

parameter is computed at the output of the mixer with Fig. 12 shows three components that compose the outlined

SH. _ H approach and their interactions. The “availability analysis” com-
1 — il13 . . . .
IIP; = ———— — Gy ponent consists of computing ranges of signal attributes that can
2 be propagated through the functional blocks in the system, re-
When this requirement is propagated to the primary output,f@red to as “available signals.” The available signals for a basic
becomes block are compared with its test needs by the “pattern matching”
engine. The tests for each basic block are classified into three
groups: directly translatable tests, untranslatable tests due to
range deficiency, and untranslatable tests due to noise or inade-
quate accuracy. The “test translation” engine computes system
level stimuli and output response for directly translatable tests
and attempts to identify test sets for tests untranslatable due to
noise or inadequate accuracy.

H{| — H!
Iip; = M

—(Gum +Ga).
Due to the variations id7 4 andG 5y, some faults in/ 7 P will
be masked. This loss in fault coverage is given by

FCloss = PIIPy < IIP; )-PUIIP,>IIP; o _
b /0 (1P uin) - PP Boin) A. Availability Analysis
The availability analysis engine utilizes a forward path tra-
Hersal algorithm to compute the attributes of signals that can be
propagated to the inputs of each basic block through existing
/oo paths. At the primary inputs, available signals correspond to the
FC=1-20

wherelT P} denotes the computed P at the primary output.
Fault and yield coverages are given by the following relatio

PUIPs=11P; , — ) P(G>Guom+ ) -dr  ranges supplied by the tester. If tester information is not avail-
able, 100% accuracy and infinite ranges are assumed. As each
o basic block is traversed, the constraints on signal attributes on its
/ PIIP;=IIP; . + ) P(G<Guom— x)-d ~ OUtpUtare computed using the operating range, parameters and
YO =1—70 the behavior of the basic block. Noise and nonideal behavior
Yirp, such as harmonic components are also included in this analysis.
The frequency of the nonideal components will be input fre-
guency dependent and therefore are recorded symbolically.
Backward traversal starts from the primary outputs. The in-
finite observability range at the primary outputs is degraded as
each basic block is traversed, as the observable signals at its

In the above equations, the third harmonic is assumed 10 36+ are constrained by the operating range, parameters and

aboye the noise Ievgl for simplicity. The d'St”_bUt'on_ of f[he COM5ehavior. Utilizing this information, signal attribute ranges that
posite parameter7, is computed out of the given d'St”bummscan be propagated from the output of each functional block to
of G andGy the primary outputs are computed in addition to harmonic com-
ponents which are also recorded as observability constraints.
Ha = pGa + Hay In the analog domain, multiple paths are rarely encountered.
oG =0G, T 06, However, some components may have control inputs to adjust
gain and frequency. These control inputs are modeled as sep-
wherey defines the mean andthe standard deviation of a givenarate paths through the component. If a basic block has mul-
distribution. tiple paths through it, the ranges for separate paths are recorded

1—-Yrrp,

where:

G=Gy+Ga.
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:e\/t;:bleSignuls=AS computed similarly through traversing the identified path for-
ward. For each test, exactly one forward and one backward path
need to be traversed.

For directly translatable tests, fault coverage and yield loss
need to be computed in order to assess the quality of the trans-
lated test. During availability analysis, accuracy of signal at-
tributes is tracked in order to prune away the tests that lead to

N significantly reduced accuracy. However, this is only a coarse
approximation and reflects the worst case scenario. In fact, pa-
rameters exhibit a Gaussian-like probability distribution rather
than the uniform distribution utilized during availability anal-
ysis. In order to enable the computation of fault coverage and
N yield loss, additional circuit parameters that are used in transla-
tion are recorded. The computation of fault coverage and yield
loss is the most computationally expensive but essential step in
test translation.

AT < { Aas

S

U Trvoreat Method Use Composition Method A large portion of functional tests requires a measurement
Test Uni of basic block gains. Automated tools that generate tests at the
Fig. 13. Classification of tests for a basic block. basic block level, such as [12], generate tests targeted at gain

measurements at different frequencies. However, as indicated

ut:farlier, computation of a basic block gain through a signal path

. o . : with an error within its tolerance is not possible, because of de-

when identifying the test path during translation. . ; ; .
r1Daendenmes of gain parameters in a path. Such gain measure-

The availability analysis engine traverses all forward a ments of individual basic blocks are combined into a set of

backward paths in the system exactly once, thus providingsa .
. . . 2 L stem level tests that guarantee correct operation throughout
computationally effective way of identifying feasible test path?file dynamic range Hom?ever the tool also oEtputs the accSracy

of separate basic block gains for evaluation of the translation.
The composition of gain and dynamic range tests constitutes
an additional method employed by the test translation engine.
In order to determine the translation method and exclude teals Composed tests are at the system level, there is no need to
that are untranslatable due to the nature of the analog syst@@mpute fault coverage and yield. However, the tool also re-
test needs for each basic block are compared with the availagifts which parameters have composed tests. If the individual
signals at its inputs and outputs. The pattern matching engiigameters of basic blocks need to be tested from a system level
thus classifies tests for each basic block into three groups. Nerspective, DFT modifications are needed. Therefore, the tool

system level stimuli can be substituted for untranslatable tegigo reports which test translation methodology is utilized for
due to range deficiency. DFT techniques are required to apphé translated tests.

such tests. System level tests corresponding to directly trans-
latable tests are identified by the same path traversal algorithBis Computational Complexity

that are utilized in the availability analysis. If a test can be trans— In the analog domain, signal paths usually span a large portion
lated through multiple paths, the path that leads to maximufe circuit. Therefore, a large number of traversal paths is un-
accuracy is selected. , . usual. The basic challenge in implementation is keeping track
Inadequate accuracy for translation of some tests is likely ¢ \he necessary information to enable classification of trans-
be caused by parameter tolerances, parameter dependenciegagd tests, path selection and coverage computation. All signal
noise in the system. Whereas it is not possible to determine gy, tes are recorded for controllability and observability at

parameters of individual blocks with the required accuracy, dbh, intermediate point in the system. Noise level is computed
may be possible to combine some tests into a set of system l§¥elyhe \whole path. A separate list is reserved for harmonic

tests that guarantees correct operation. Such a knowledge-b bonents. During availability analysis, the frequency and the

methodology identifies several parameters such as path gain, dmpher of tones of the desired test signal are not known. There-

namic range and noise to be used by the tool. The classificatighs harmonics are expressed in terms of input frequencies until
algorithm employed by the pattern matching engine is given {Re actual test translation step.

Fig. 13.

together with the path information. This is particularly usef

B. Test Pattern Matching and Determination of Best
Propagation Path

Computation of coverages is the most computationally ex-
pensive step in the tool. Misclassification probabilities are com-
puted utilizing a Gaussian distribution model for the circuit pa-

The translation engine uses two methods to identify systeameters. 1000 points from each distribution are taken to com-
level tests for the given basic block-level tests. Test stimuli f@ute probability levels numerically. A single coverage compu-
directly translatable tests are computed by traversing backwaation is sufficient for each translated test, resulting in a linear
the best path identified by the pattern matching engine and wtemputational complexity of this step in terms of the number of
lizing the 1/O relations of the basic blocks. Output responses dests.

C. Translation
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Fig. 14. Mixed-signal up-conversion path.

TABLE | To prevent any harmonic interference from the second channel,
SET OF PARAMETERS TOBE TESTED the inputs for that channel are kept at zero.
DAC | DNL, Dynamic Range (DR), Full Scale SNR, Offset Error Table Il shows the test requirements for the mixers. The gain
LPF | Gpuss—band: Gstop—band, fe, DR test is composed at the system level. Th@ Isolation test
Mixer | 1-dB Compression Point, IIP;, NF, G, LO Isolation cannot be translated to the system level through propagation, as
BPF | Gpass—bands Gstop—band; fers fez, DR the dc level in the signal that propagates through the DAC can
Adder | G1,G3, G1/Ga, 11P3 exceed 10 mV. Since there is no other component with a sim-

ilar parameter in the path, the test for this parameter cannot be
composed either.
There are 22 module level tests required for each channel,

The proposed method has been applied to a typic%\? of which were translated to the system level. The remaining

two-channel up-conversion path shown in Fig. 14, in whic even tests are untranslatable and require application of some

two-channel modulated data is up-converted through the mixerET technique. The bottlenecks for these untranslatable tests

. re given in Table Il
that operate 90 degrees out of phase. The outputs are f||tere8tgor these untranslatable tests, a DFT technique such as test

suppress harmonic components and are added to each other for

further up-conversion to the RF frequency that is performed o‘&?!”t insertion may need to be applied. In this example, two test

of this path. Fig. 14 shows the available signals at the inputsp?IntS at _th_e outputs of the LPF’s are sufficient to translate all
each basic block obtained through availability analysis. the remaining tests.

A list of parameters to be tested for each basic block is pro- i
vided in Table I. Additional parameters for the blocks, such 4s Evaluation of the System Level Tests
clock frequencies, and maximum and minimum signal ampli- In order to evaluate the system level tests, fault and yield
tudes, are utilized to conduct the availability analysis. Test vegeverages corresponding to the propagated tests are computed.
tors for each basic block are determined manually with respdetble IV shows the system level tests and corresponding
to the functionality and parameters of the basic blocks. In masiverages for the mixer parameters. Fault and yield coverages
cases, test vectors are specified as generic vectors with certaim computed utilizing the probabilistic approach detailed
properties. in Section VI. For parameter distributions, the tolerances

After the availability analysis, the required test stimuli fogiven to the parameters are assumed to be aRtheoints,
each block are compared with the available signal ranges at togresponding to a 95% yield. In reality, some parameters have
inputs and outputs of that block. If a match is found, the transla-much better yield which will decrease losses in fault and yield
tion is conducted through paths to the primary input and outpgbverages. However, as the distribution data is not available,
As an example, to measure the third order intercd@tP§), of this pessimistic approach is taken.
the mixer, a two-tone waveform is required such that the tonesThe coverage for thél P; is impacted by the gain tolerance
and the third order intermodulation term fall within the passand nonlinear distortion of the components in the path IEé%
band of the filter with a peak amplitude 3 dB below the fultomputation, the path gain and the gain of LPF is used instead of
scale. Moreover, with the given specification for thePs, the the gains of the BPF and adder. This improvesftiieandY C
third order term to be measured must be above the noise flooresults as the path gain can be measured with a high accuracy
the system so that it can be detected at the primary output. Givaerd the tolerance of LPF gain is smaller than the combined tol-
the availability analysis results, this test can be conducted usiergnce of BPF and adder gains. The nonlinear distortion of the
the primary input and output only. The input stimulus is propwixer is substantially higher compared to the distortion of other
agated through the DAC and the LPF with the same frequencgmponents in the path. Therefore, the third order harmonics,

VIIl. EXPERIMENTAL RESULTS
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TABLE I
TEST REQUIREMENTS FOR THEMIXER
Parameter Requirement Input Capture | Tol
G G =8dB fin < 250kHz, Amp 2%
V < Vpp <2V
1IP; IIP; > 6 dBm fin, < 300kHz, fin, < 300kHz, FFT NA
12fin, = fin| < 300kHz,
Vin > -12 dBm
Pigp Pigg > -3.5dBm 50mV < Vg < 200mV, f < 200kHz, Amp NA
300mV pp, f < 200kHz
NF NF < 20dB 50mV < Vpp < 200mV, f < 200kHz (cold) | Y-factor | NA
50mV < Vpp < 200mV, f < 200kHz (hot)
LO Isolation | Isolation > 40 dB DC < 10mV FFT NA

TABLE I
UNTRANSLATABLE TESTS

the primary inputs and observing the responses at the primary
outputs to avoid test point insertion wherever possible.

Test

Bottleneck

Mixer LO Isolation

Avresponse < Noise

DAC Offset Error

Aresponse < Noise

DAC DNL Apresponse < Noise
LPF Gsb f ¢favailable
LPF fc f ¢favailable

LPF Group delay Acc < 1- tol
BPF Gy Aresponse < Noise
TABLE IV

SYSTEM LEVEL TESTS AND CORRESPONDINGCOVERAGES FOR
THE MIXER PARAMETERS

To enable the translation, first a set of attributes associated
with signals that keep the relevant information is identified.
Simplified frequency-domain models for most common basic
blocks are defined within an operation range and a translation al-
gorithm that fits with the basic block models and signal attributes
is developed. A two-channel signal up-conversion system is
utilized to evaluate the efficacy of the tool. The promising
experimental results indicate that block-level test translation
in the analog domain is not only necessary to meet increasing
complexity levels but also sufficiently powerful to meet coverage
requirements, and thus constitutes a viable methodology for

Parameter Input FC YC Output
I11P; 700mV (100kHz, 200kHz) | 93.2% | 96.1% FFT
Pygp 1Vpp (100kHz) 98.1% | 99.3% | Amp
3Vpp (100kHz) "
NF TVpp (100kHz) (cold) | 95.4% | 97.7% | Y-factor (1
1Vpp (100kHz) (hot) 2]

resulting from the filters and the adder in the path, do not de-3
grade the coverage for the mixef ’; measurement.

The coverage for the 1-dB compression point of the mixer, (4]
Py gp, is impacted only by the nonlinearity in the remaining s
blocks. Even though the test for this parameter involves gain
measurements, the difference between gains measured at tV\fg]
different input powers is dependent mostly on whether the mixer
saturates and compresses the gain or not. Thereforé the
measurement for the mixer can be conducted with sufficient ac{’]
curacy even though the measurement of the mixer gain by itself
results in inadequate coverages. [8l

Although the Noise Figure{ ') measurement for the mixer q
is impacted by the noise added by other components in the patf{
the N F' measurement for the mixer can still be conducted at théL0]
system level with adequate accuracy as the mixer is the domi-
nating component in terms of noise figure in the path. [11]

IX. CONCLUSION [12]

The complexity of today’s designs and the limitations of
test generation methods enforce a hierarchical test generati
scheme wherein tests are defined at the basic block level
and then translated into system level. In this paper, a tool for
translation of basic block-level tests into system level testéml
is presented. The utilized method aims at applying stimuli at

dealing with the ever increasing mixed-signal test challenge.

REFERENCES

A. Cron, “IEEE P1149.4—AlImost a standard,” Rroc. Int. Test Conf.
1997, pp. 174-182.

J. B. Brockman and S. W. Director, “Predictive subset testing: Opti-
mizing IC parametric performance testing for quality, cost and yield,”
IEEE Trans. Semiconduct. Manufaatol. 2, pp. 104-113, Aug. 1989.

S. Sunter, “The P1149.4 mixed-signal test bus: Costs and benefits,” in
Proc. Int. Test Conf.1995, pp. 444-450.

S. Sunter and N. Nagi, “Test metrics for analog parametric faults,” in
Proc. 1999 IEEE VLSI Test Sympp. 226-234.

Y. Makris and A. Orailoglu, “RTL test justification and propagation anal-
ysis for modular designs,J. Electron. Test.: Theory Applol. 13, no.

2, pp. 105-120, 1998.

B. T. Murray and J. P. Hayes, “Hierarchical test generation using pre-
computed tests for modulesEEE Trans. Computer-Aided Desigrol.

9, pp. 594603, June 1991.

J. Lee and J. Patel, “Hierarchical test generation under architectural con-
straints,”|IEEE Trans. Computer-Aided Desigrol. 15, pp. 1144-1151,
Sept. 1996.

M. Soma, “Challenges in analog and mixed-signal fault mod¢ZE
Circuits Devices Mag.vol. 12, pp. 16-19, Jan. 1996.

L. Milor and V. Visvanathan, “Efficient Go/No-Go testing of analog cir-
cuits,” in Proc. Int. Symp. Circuits and Systeri987, pp. 414-417.

M. Slamani and B. Kaminska, “Analog circuit fault diagnosis based on
sensitivity computation and functional testintfEE Design Test Com-
puters vol. 9, no. 1, pp. 30-39, Mar. 1992.

—, “Multifrequency testability analysis for analog circuits,” voc.
IEEE VLSI Test Sympl1994, pp. 54-59.

K. Saab, D. Marche, N. Hamida, and B. Kaminska, “LIMSoft: Auto-
mated tool for sensitivity analysis and test vector generatiéngt.
IEE—Circuits, Devices and Systemasl. 143, no. 6, pp. 386-392, Dec.
1996.

] G. J. Hemink, B. W. Meijer, and H. G. Kerkhoff, “Testability analysis

of analog systems,|[EEE Trans. Computer-Aided Desigwol. 9, pp.
573-583, June 1990.

E. Liu, W. Kao, E. Felt, and A. Sangiovanni-Vincentelli, “Analog testa-
bility analysis and fault diagnosis using behavioral modeling Piac.
Custom Integrated Circuits Confl994, pp. 413-416.



OZEV AND ORAILOGLU: SYSTEM-LEVEL TEST SYNTHESIS FOR MIXED-SIGNAL DESIGNS

[15] C.Y. Pan and K. T. Cheng, “Implicit functional testing for analog cir-
cuits,” in Proc. IEEE VLSI Test SymA.996, pp. 489-494.

[16] L. Milor, “Atutorial introduction to research on analog and mixed-signa
circuit testing,”|EEE Trans. Circuits Syst. |ivol. 45, pp. 1389-1407,
Oct. 1998.

[17] S. Ozev and A. Orailoglu, “Block-based test integration for analog i
tegrated circuits,” irProc. IEEE Latin American Test Workshddar.
2000, pp. 101-109.

test, high level test approaches, and test access
mechanisms for SOCs.

599

Alex Orailoglu (M'84) received the S.B. degree
in applied mathematicécum laude)from Harvard
University, Cambridge, MA, and the M.S. and Ph.D.
degrees in computer science from the University of
lllinois, Urbana-Champaign.

From 1983 to 1987, he was a senior member
of technical staff at Gould Research Laboratories,
Rolling Meadows, Il. In 1987, he joined the
University of California at San Diego, where he
is currently a professor in the Computer Science
and Engineering Department. His research interests

Sule Ozevreceived the B.S. degree from Bogazicijq|,de digital and analog test, fault tolerant computing and embedded systems.
University, Turkey, in electrical and electronics engi-  prof. Orajloglu serves on numerous committees, including the International
neering, and the M.S. degree in computer engineeringost Conference and the Very Large Scale Integration (VLSI) Test Symposium.
from the University of California at San Diego, La ye has served as the Technical Program Chair of the 1998 High Level Design
Jolla, in 1995 and 1998, respectively. She is currently,jigation and Test (HLDVT) Workshop and as the General Chair of HLDVT
working toward the Ph.D. degree in computer engi-gg He is also a member of the IEEE Test Technology Technical Council
neering at the University of California at San Diego. 171¢) Executive Committee and currently serves as Technical Activities
Her research interests include mixed-signaommittee Chair and Planning Co-Chair of TTTC.



