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Abstract cated analog-digital interface issues. Resolving analog sig-
nal uncertainties, incorporating non-ideal analog behavior,
such as noise, clock spurs or non-linearity, while crossing
into the digital domain, reconstructing analog signals out of
a cluster of digital bits while crossing into the analog do-

Higher levels of integration, the need for test re-use, and
the mixed-signal nature of today’s SOC'’s necessitate hier-
archical test generation and system level test composition

to meet stringent market requirements. In this paper, & ain are examol f such complications. It is also n )
novel methodology for testing analog and digital compo- ain are examples of such compiications. Tt1S aiso neces
sary to be able to evaluate test translation in terms of more

nents in a signal path is discussed. Consequent testabilityt ditional i h ield and fault
analysis can be utilized to reduce DFT requirements, while raditional parameters such as yield an au_ .cove.rage..

test translation provides highly effective low cost test. The ~ The most common case of analog to digital signal in-
proposed approach seamlessly propagates test informatiorferface in a mixed-signal SOC is an analog front end con-
across the analog/digital divide. Experimental results sub- nected to a digital filter through an interface module such as

stantiate the effectiveness of the proposed mixed-signal testh ADC or a>A modulator. The output of the digital filter
synthesis methodology. usually goes into a signal processing core. The signal path

ends at this point since the correlation among signal bits is
not preserved in a generic signal processing logic.

. ) ) Traditionally, tests for analog modules and the digital fil-
Recent developments in semiconductor manufacturingier in 4 signal path are designed separately, without taking
enable integration of highly complex mixed-signal systems system level knowledge into account. On the analog side,

on one single chip. While systems-on-a-chip are the only ihese tests are applied through test point insertion. In ad-
viable solution to the increasingly stringent requirements of yiiiqn to creating noise and loading interconnects between

the market, they introduce new and challenging circuit test y,,qyjes, hence resulting in performance penalty, such a test
problems. Due to the complexity and mixed-signal nature maihqdology fails to examine interface and loading issues
of today’s systems, hierarchical approaches are required fop,ayeen analog modules. On the digital side, module level
test synthesis. In hierarchical test synthesis, a test set fofeis are applied through scan insertion or test busses. While
each module in the system is generated separately. Genelgh methodologies have large area overhead, scan insertion

ated module level tests can be applied through the use Ofjjs g exercise at-speed test and test busses increase 1/0 re-
DFT techniques such as scan insertion, test busses and teahirements and noise level in the system.

point insertion. However, as the number of modules in sys-

tems increases, the overhead of such costly DFT technique?n e'lt'g(l)sd([))%per lern:ZSEtlitnpr(;\I{:gllgg :2 dai?‘?g%g;ggqagéﬁeega;s d
becomes unpalatable. ay g 9

. digital filters in a signal path without resorting to expensive
Test translation schemes attempt to convert module level .
. g i DFT methods. Test signals for one module are propagated
tests into system level through the use of existing functional

signal paths in the system. In this way, DFT techniques areﬂ.1r0ugh other modules n the ;ystem. During propagation,
. signals are modeled with attributes so as to preserve test
applied only for tests that can not be translated and perfor- . : .
related information. The models for modules are simple
mance and hardware overhead can greatly be reduced. ) . .
. . . . enough to ensure computational effectiveness, but include
In a mixed-signal SOC, functional signal paths fre-

quently cross the boundary between analog and digital do_non—ideal pehavio'r to ensure correctne;s of test synthesis.
: ) ; .~ ~ The following section serves as an overview of the research
g::?:grsﬁe Inneg:ji foogée;(élgftoscig Se’I Zt\(/alzlr)gotezti t;zr;ilt?\trlgg ctivities in the area. Section 3 explains the methodology
digital modules and digital ?aat?er?\s througr? ar?alog mod-qJ iIiz_ed_ in test_synthes_is and section 4 discgsses test syn-
. . X thesis in detail. Section 5 presents experimental results

ules. Such propagation schemes require addressing compllén a typical communication system path. The paper con-
“This work was supported by grants from National Semiconductor, Ag- Cludes with a discussion of experimental results and future

ilent Technologies, and the University of California MICRO Program. research work.

1. Introduction




2. Previous Work blocks. Therefore, in order to improve the efficiency of test
Automation of mixed-signal test generation is still in re- Propagation, we utilize multi-tone sine waves. Structural

search phase. As there are no current research efforts specifaults. stuck-at or delay, distort the output waveform, and
ically aimed at mixed-signal test, we outline in this section thus can be detected by observing the distortion in the out-
efforts in analog test and we briefly describe the state of thePUt Signal. Some of these faults manifest themselves as pe-
artin digital SOC's and functional hierarchical approaches. 110dic spikes in the waveform, resulting in harmonics in the

Until recently, analog test research efforts have focused onsSPectrum. Some faults result in intermodulation products.

test generation at the basic block level. An identification of Fi9Ure 1a shows the output response spectrum of the good

the effects of manufacturing defects on the output response-ircuit for a 16-tap filter, when the inputis a pure sine wave.
of the circuit under test using DC input stimuli only is at- A number of plots in Figure 1 show the output spectrum for
tempted in [4]. Automated generation of test stimuli is the 1€ Same circuit with faults at various locations.
aim of approaches outlined in [7, 6]. These approaches em- A multi-tone sine wave is capable of detecting a large
ploy output signal sensitivity, a conceptintroduced in [1], to Portion of faults in a digital filter. Fault simulations have
circuit parameters. In [7, 6], test inputs are defined as singleShown that even a pure sine wave has a fault coverage
tone sinusoidal signals with frequency as an unknown pa-Of 89.6%. The fault coverage of a two-tone sine wave is
rameter. The frequency at which the sensitivity of the out- 95-5%. Since a two tone sine wave exercises intermodula-
put voltage (voltage gain) of the circuit is highest to a given tion faults, it has higher fault coverage. Signals with higher
component is selected to test it. Evaluation of a given testhumber of tones slightly improve the fault coverage level.
set by computing determination accuracies of functional pa- Yet the complex and unpredictable behavior of analog cir-
rameters is outlined in [1]. cuits for multi-tone signals, under typically used simplified
In [2], the aim is to derive the pass/fail conditions of ba- modelsZ _prec_ludes their utilization. We theref(_)re in this
sic blocks in a system from the system level pass/fail con- WOrk utilize signals up to 2-tones. For 2-tone signals, the
ditions for DC voltages and currents. The system level re- frequency of both tones needs to be within the pass-band
quirements at output are back-propagated through a signaff the filter and the composite amplitude needs to be high
path to the output of each basic block in the system. The au-€nough to exercise a wide dynamic range in order to prevent
thors aim at reducing computational complexity by utilizing Sign-bit faults from escaping undetected. . _
1/0 look-up tables obtained through SPICE simulations. The desired sine waves to test digital filters in a signal
On the digital front, test generation tools and DFT path.can be propagated from primary mputs.through analog
methodologies have adequately matured so as to be capabf@nd interface modules. In the context of mixed-signal test
of handling system level test generation for moderate sizeSynthesis, one needs to pay attention to distortion in prop-
designs. However, the trend towards higher levels of in- @gated signals due to non-idealities in the analog and inter-
tegration by the introduction of core-based design method-face components. In the analog domain, components create
ologies for SOC’s has necessitated increased test reuse. TeSPMe level of noise and distortion which is tolerable from a
reuse is required to reduce time-to-market by cutting down System point of view. If the distortion created by a particular
test development as well as to protect core providers byfaultin the digital filter is below the noise level or it coin-
eliminating the need to expose design details. Both industry€ides with the distortion generated by an analog component,
and the research community, including P1500 standardizathat fault can not be detected through the propagated signal.
tion efforts [3], have been searching for ways to improve !n order to comput.e an ac;curate fault coverage, such non-
test reuse via test shells at the core level and dedicated ofd€al components in the signals must be known. Therefore,
shared test busses at the system level. While functional hi-during propagation of test inputs for a digital filter through
erarchical test approaches are developed to overcome tegflixed-signal components, amplitude and frequency of the
challenges of current designs, most of the research effortssignal, as well as noise level and harmonics in the signal
on SOC’s, including P1500, have ignored these functional Must be tracked.
approaches as well as the necessity to provide solutions to On the analog side, tests are targeted at measuring spec-

the challenging problem of mixed-signal SOC’s. ified parameters for mixed-signal modules. Some parame-
ter computations require knowledge of only the frequency

and amplitude of the input and output signals. Cut-off fre-
3. Methodology qguency, 3rd order interceptiP3), and mixer isolation are
Any signal can be represented as a composition of sineexamples of such parameters. However, some parameters
waves at certain frequencies. Even though the shape of theequire information about phase and DC level of signals as
input signal does not effect simulation times for digital cir- well as amplitude and frequency. Offset and group delay
cuits, a pure or composite sine signal can be propagatedneasurements are examples of such tests. While propagat-
through analog circuits more easily. ing test signals for a module, the necessary information to
The patterns utilized to test the digital filters are propa- compute the parameters needs to be preserved. In addition,
gated to the inputs of the digital circuitry through the analog noise level and harmonic components in the signal must be



a. Fault-free Response b. Fault in the Multiplier in Tap2 c. Faultin an Adder in Tap5 d. Fault in Tap7 Output

Figure 1. Response:Fault-free and with several Stuck-at Faults

known since they may degenerate test signals. 4. Test Synthesis

Another fundamental challenge in mixed-signal test  apajog and digital domains have distinct requirements
propagation is incorporation of parameter tolerances intofq; test synthesis for a mixed-signal SOC. Whereas absolute
test synthesis. The parameters of a defect-free analog modympjitude and frequency of the test signal have insignificant
ule can vary within a range specified by the system designeregfect on fault coverage, the same signal attributes are used
As a result, while propagating signals through functional ;4 compute parameters in the analog domain. In this sec-

blocks, it is not possible to compute the exact values of 4oy important challenges in both domains and proposed
certain signal attributes. This indeterminism in signal val- ¢ utions are discussed in detail.

ues produces a corresponding indeterminism in computed
parameter values. In some cases, it is possible to adjusf 1, Test for Digital Filters
the parameter computations through previous system level In current digital test methodologies, simple fault mod-
measurements and decreage the Iev_el of uncertaintyin COMgs, approximating defect behavior, are utilized with well
puted parameters. Measuring the signal path gain and Usyefined inputs and expected outputs. Utilization of the func-
ing this value rather than. nominal gain in the computation tional paths in the analog circuitry in order to propagate the
of the 1P for a module is an example of such an adap- (ot patterns to the inputs of the digital filter eliminates the
tive test strategy. The remaining uncertainty in parameterpreciSe knowledge of input patterns. While costly DFT so-
computation causes some loss in fault and yield coveragey ions, such as observability point insertion may help, a
As an example, consider the distribution of a module level |o5q ¢ty solution is attained by importing methods from
parameter, as shown in Figure 2. The parameter has a Celthe analog domain, such as spectrum analysis. The non-
tain gccep.table tolerance, and is_ con;idered faylty if 'it falls idealities due to gain variance and varying offset of ana-
outside this tolerance. Uncertainty in computing this pa- |, circuitry can be eliminated through spectral analysis [5].
rameter may cause either some faulty parts to pass or SOmey, yever, the perturbations caused by noise and non-linear
good parts to'falllthe test. In order tg ensure correc.tn'ess ,Ofbehavior of analog domain need to be analyzed precisely in
test propagation in the analog domain, the indeterminism in 5 ye 1 gifferentiate these effects from the fault effects due
signal attributes needs to be known, and the resulting faulty, e gigital filter. While the faults with small magnitude
coverage and yield losses need to be computed. effect at the digital filter may be buried in the noise floor
Test response of mixed-signal modules can easily be 0b-yanerated by the analog circuitry, the non-random behavior
served through a digital filter, since the digital filter can be ¢ o,ch fault activation events causes fault effects to stand
modeled as an analog filter, with cut-off frequency depen- g +in the output spectrum.
‘?'e”t on the _d|g|tal clock rate, and no added noise or NON- e jevel of total noise at the inputs of the digital filter is
linear distortion. estimated through spectral analysis of the input patterns [5].
Spectral analysis instead of path analysis is utilized for test
of digital filters, since the latter analysis produces higher
noise levels. The higher the level of noise estimated, the
more will faults with low magnitude be lost. Though in
practice the noise may exceed the level of estimated noise,
the level may be adjusted by trading off fault coverage loss
to yield loss.

Probability, P(x)

Yield loss
‘ 4.2. Test for Mixed-Signal Modules

L ‘ In the analog domain, tests are targeted at measuring pa-

min rom mex rameters specified by the designer. Some of these param-

Figure 2. Probability Distribution of a Parame- eters are direct ramifications of system level requirements.

ter and its Effect on Fault and Yield Coverage The cut-off frequency and stop-band gain of a filter result

'\ | Parameter value
X




directly from blocking requirements in a communications /v /v /v
signal path. Some other parameters result from partitioning AvA A [ s | [ . }_
a system level parameter. For example, the required gain L | ‘ |
is partitioned as gains of basic blocks in a signal path. A Figure 3. Gain Error Resulting in Saturation
third group of parameters results from non-idealities in ana-
log components such as 1dB compression point for a mixer
or integral non-linearity (INL) of an ADC. In the context

‘ating range. As an example, consider a switched capacitor
) low-pass filter (LPF). Although using the transfer function
of test translation, these parameter measurements need 9 5 model requires complex computations, such as numeric
be converted to measurements at the system level. In Oryiterentiation or integration, a simple linear model can be
der to enable this conversion, important challenges must be iilized in the frequency domain if the frequency of opera-
addressed such as modeling signals and basic blocks, comy,, js below the cut-off frequency of the filter. Moreover,
putation of system level tests and the effect on yield and e spurious components in the output waveform due to the
fault coverage of measured parameters. clock input can be represented as tones at the integer multi-

Modeling Signals: During test translation, necessary in- Ples of the clock frequency.

formation needs to be preserved in order to compute Circ“itMixed-SignaI Translation Methods: Basic block parame-
parameters. Most parameters are com.puted from freque.ncyi,ers stem either from direct projections of system level re-
amplitude, phase, and DC level of the input and output sig- 4 irements on basic blocks, such as cut-off frequency of a
nals. In order to compute parameters that specify noise perijiar or from partitioning a system level parameter into ba-

formance such as dynamic range and signal-to-noise ratiogjc piock parameters, such as gain. The tests for the first
(SNR), the noise level at any point in the system must also g4,y need to be conducted separately whereas the tests for
be known. Noise level also determines the minimum de- 54 iioned parameters can be composed at the system level.
te;ctable signal level |n.the system. Tests that require smallerBy identifying some of the composable parameters, the pro-
signal power than noise level may become untranslatable,oseq scheme utilizes two methods for test translation.
through signal propagation.

Parameters of a defect-free mixed-signal circuit can vary Translation by Composition: Basic block parameters that
within a range specified by the system designer. As a resultresult from partitioning system level parameters can be
when only primary inputs are controlled and primary out- viewed as a composed parameter. Dynamic range, gain, and
puts are observed, it is not possible to determine the exactoise figure are common examples of such parameters. In
values of signal attributes at any point in the system. Sucha typical system, the tolerances associated with basic block
indeterminism in signals introduces a new and challenginggains are close in value. In such cases, the individual gains
controllability problem. Therefore, parameter tolerances of modules can not be determined with the desired accu-
and their resultant effects on controllability and observabil- racy. However, a composite parameter, the path gain, can
ity of basic blocks must be incorporated into a mixed-signal be measured with high accuracy. If composed parameters
test translation scheme to ensure correctness. such as path gain are measured, boundary conditions must

In the proposed test translation scheme, signal propa-be checked. Consider a simple system given in Figure 3.
gation is enabled through tracking amplitude, frequency, The path gain for this system is typically measured around
phase, DC level, noise level, and accuracy of signals asthe mid-point of the amplitude operation range. A positive
modules are traversed. gain error in Block A may be masked by gain deviation of

i i ) ) ) Blocks B and C. However, when a high signal amplitude is
Modeling Mixed-Signal Modules: Mixed-signal block  5h5jieq the output of Block A may saturate Block B. Such a
models to be utilized in signal propagation have to be as yistortion can not be masked by any other basic block in the
simple as possible to keep the computational cost low, yetsath and resuilts in failure. Similarly, a negative gain error in
accurate er_10ugh to ensure correct test translatlc_)n. To reasog|ock A may be masked by gain deviations of Blocks B and
about the signals being propagated through basic blocks, thes o the mid-point of amplitude operation range. In case of
models should include input-outputrelations, circuit param- o)) signal amplitudes, this error may result in signal loss,
eters together with their tolerances, and expected non-ideaj}, ;o resulting in a system failure.
behaviors such as spurious response or noise figure. Measurement of SNR at minimum and maximum signal

. Lran'nglr fuknc;uonbs f;l]re the Impst fot,mmg”'y “Stﬁd (rjnoqelsamplitudes is necessary in case the gains of several basic
Or basic blocks for behavioral Simulation during th€ AesIgN 40k are measured as one composed parameter. In ad-

process. However, as transfer functions model the behavyjiion to prevention of test point insertion, composition of
ior of the circuit through the complete frequency domain, (garameters also decreases the number of required tests in

the resultap_t representation is quite co_mplex. The propose ase three or more basic blocks are cascaded.
scheme utilizes the fact that the behavior of most of the ba-

sic blocks used in the design of mixed-signal circuits can Translation by Propagation: Some tests are targeted at
be accurately defined with simple terms within some oper- specific basic block parameters that have no direct or easy-



X = 1st harmonic and comparing it against pre-defined bounds. Consider the
Y = 3rd harmonic [1P3 computation in Figure 4:

G

i Py = 2 =Y G
11P3 = 3X7\£+GM 3= path+ (A
a. [IP3 computation in case of full access The test for this parameter consists of comparing it to a min-
imum value. If thellP3 is higher than this minimum, the
G, @ G, part passes the test, otherwise it fails the test. The error in
s X = 1t harmonic this computation stems from the tolerance3f. If the ac-

M Y = 3rd harmonic tual gain of Block A is lower than the nominal value, some
1Pz = 3XT‘Y — (Gm +Gg) parts with an unacceptabliP3 will be accepted as in Fig-
NPa= XY G .+ G ure 5. S_imilarly if the actual gajn of Block A is higher than

3= 72 path ™ A its nominal gain, some parts with an acceptdbia will be
b. IIP3 computation in case of no access rejected.

Depending on how strict the specification is, fault cover-
age loss can be traded off with yield loss by adjusting the
. minimum required value. If the minimum required value is
to-extract correspondence at the system level. The third or-gecreased, yield loss decreases, but fault coverage loss in-
der intercept point of a mixer or the cut-off frequency of & ¢reases. Fault coverage and yield losses are computed using

filter are examples of such basic block parameters. In or-ihe expected distribution of the parameter and the computa-
der to test these parameters, required test signals and resufiopy error. Expected distribution of the parameter is either

tant output responses of corre_sponding_basic blocks must bg ptained through Monte-Carlo simulations during the de-
propagated through other basic blocks in the path. sign process or predicted from past distributions of similar
Improving Accuracy: Inaccuracy in signal attributes re- module parameters implemented with the same process.
sults in error in a measured parameter. In some cases, this
inaccuracy can greatly be reduced by adjusting paramete®. Experimental Results
computation with respect to previously computed, more ac-  The experimental set-up consists of a communications
curate parameters. signal path as shown in Figure 6. The incoming signal
As an example, consider théP3 measurement for a is amplified and down-converted, and the lower frequency
mixer in a signal path, as in Figure 4. When the measure-component of the resulting signal is selected by the low-
ment is converted to system levHIP; of the mixer is com-  pass filter, which is then digitized by the ADC. The digital
puted through measuring 1st and 3rd order harmonic powerfilter provides finer channel selectivity.
at the primary output rather than the output of the mixer.  Tests for mixed-signal modules are designed to measure
Whereas it is possible to use nominal gains of the mixer specified module parameters as listed in Table 1. Gain,
and Block B, during thélP3 computation, accuracy of this  dynamic range and noise figure tests are composed at the
computation will be affected by the gain tolerances both of system level. For parameters that can not be composed at
Block B and of the mixer. Itis also possible to complites the system level, module level tests need to be converted
using the path gain and the gain of Block A. Since path gain to system level through signal propagation. In computation
is a system level parameter, it can be measured with highof such parameters, some error is encountered due to sig-
accuracy and the computation accuracyl®t is affected  nal inaccuracies. The adaptive test strategy is utilized by
by the gain tolerance of Block A only. Identifying tests that measuring path gain and LO frequency first and using these
result in less accuracy loss helps in reducing yield and faultmeasurements to decrease error in computation of other
coverage losses. module level parameters. The remaining measurement er-
Even though error in parameter computation can be re-ror and resulting fault coverage and yield losses are com-
duced by an adaptive test methodology as described inputed. Test signals are applied at the primary input and test
the previous section, 100% accuracy can not be invariably
achieved. This error in parameter computation may cause PUIR =X)
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 synthesis results in unacceptable fault
coverage and yield loss, a DFT technique needs to be uti-
lized to decrease the amount of error. Therefore, at the end
of test translation, yield loss and fault coverage loss need to
be computed to evaluate the design in terms of testability.
Testing a parameter consists of computing the parameter

Figure 4. Improving Accuracy

Faulty components in this region
may be accepted
if G A > Ga_nom

i
;
min-err min

Figure 5. Impact of Error on Fault Detection



Amp | Gain,lIP3, DC Offset, 3rd Order Harmoni¢ The results indicate that the fault coverage for the 2-
Mixer | Gain,lIP3, LO Isolation,NF, tone input signal, assuming that the exact inputs to the filter
1dB Compression PoinPldB) are known, is 95.5%. When noise and non-linearity from
LO Frequency Error, Phase Noise analog components are incorporated, the spurious-free dy-
LPF Gpass-band; Gstop-band, fc,DR namic range (SFDR) of the filter input signal is 62dB, and
ADC | Offset ErrorINL,DNLNF,DR SNR is 70dB. Spectral analysis of fault simulations pro-

vides a coverage level of 80.1% for 4096 patterns. Analysis

Table 1. Set of Parameters to be Tested of the remaining faults list verifies that undetected faults

Thr. = Toi Thr. = Tol-Err I Thr. = Tol<Err are scattered within the 5 least significant bits, accounting
ECL T YL ECL | YL ECL 1 YL for a perturbation of less than 1% at the output. The novel

P1dB | 12% | 0.8% || 0.0% | 1.9% | 20.0% | 0.0% fault simulation method for the digital filter is repeated with
P3| 8.5% | 0.6% || 0.0% | 1.5% || 15.0% | 0.0% 8192 patterns for the remaining faults. 7.1% of the remain-
fe 6.1% | 0.6% || 0.0% | 1.9% || 9.1% | 0.0% ing faults are detected to increase the fault coverage level
) to 81.4%. The increased number of patterns magnifies the
Table 2. Fault Coverage and Yield Losses effect of the fault at specific frequencies as a periodic input

responses are computed at the digital filter output. Mixed- signal produces a periodic fault activation.
signal testers digitize analog signals in order to make mea- .
surements. 6. Conclusion

Table 2 shows fault coverage losses (FCL) and yield ~ The increasingly important problem of testing Systems-
losses (YL) for various choices of parameter thresholds. If ©n-Chip with mixed analog/digital components requires
the specification for a parameter is tight, fault coverage lossCost effective answers. In this paper, we propose a method-
may not be tolerable. Similarly, if the specification for a ©logy that enables the generation and propagation of test
parameter is loose, some loss in fault coverage is tolerable S€amlessly across the analog/digital divide. Not only is the
Thus, the threshold may be adjusted such that either yieldnecessity for a large number of test points for analog test
loss or fault coverage loss is minimal. The specified fault thus obviated but furthermore no specific test generation
coverage losses are in terms of soft faults, i.e. slight devi-hardware is necessary for digital test. The proposed ap-
ations in parameter values. There is no fault coverage lossProach is substantiated through an application to a mixed-
for catastrophic faults, as measurements with slight errorsSignal communication chip, which shows a precipitous re-
are still capable of detecting large deviations in parameterduction in DFT requirements for the analog part and high
values. Therefore, the actual fault coverage is higher whenfault coverages in the digital side for faults above the sys-
catastrophic faults are considered. tem noise level.
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Figure 6. Experimental Set-Up
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