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Abstract
This paperinitially researches the use of available

low-cost analogue CMOS macros to perform simple on-

chip tests on thénalogue toDigital Converter macro.
The results are evaluated for these tesiad then
further fuller tests are undertakehe technique of

transient response testing is then applied to three
CMOS analogue and mixed submacros to provide more

comprehensive test results.

Introduction

An innovative approach to solving probleassociated
with the testing of mixed ASICdevices has been
developed byhe author. The frequently mentioned range
of problems include(i) the cost and time of adapting
external test equipment to accommodatiged circuits,
(ii) the formulation of tests and generationtbé separate
signals for the digital Analoguesections(iii) thelack of
a simple functional test fadhe complete systenPrevious
investigations bythe author[1] have focussed on
applying functional mixed ghal testing to ASIGlevices.
The novelty of thispproach ighe application of on-chip
signal generation macros testing of ADCmacros at a
simple functionallevel. More recently thigechnique has
been extended tthe generation and evaluation ofixed
signal signaturegrom sub-macros othe ADC macro,
notably aswitched capacitontegrator macrousing the
transient respongechnique. Thenajor benefit of this is
in: (i) avoiding the need for a long test vector
development time(ii) providing a single set ofmixed
circuit test vectors and (iii) providing faulty chip
diagnosis at a functional macro level.

This paper describethe researchbackground to the
investigation beforeconcentrating on thevaluation of
resultsfrom thethree main areas: (a) analogue macros
for on-chiptestingfor testingsimple ADC macros, (b)
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full testing ofthe ADC macro toits specificationusing
on-chip structures, andc) transient responstesting for
submacros of the ADC macro. Finally, a bsemmary of
the work undertaken to date is presergad some further
developments outlined.

Research Background

In recent approaches ttesting mixed customised
circuits byFasang [2], Ohletf3] andPritchard et a[4],
the mixed system ipartitionedinto digital and analogue
sections. These approaches trévsd AnalogueSection
Under Test (ASUT) aghe Analogue tdigital Converter
(ADC) macro,the Digital to AnalogueConverter (DAC)
macro andhe other analogue macroshe digital section
includes scan architecture, #tat thetest data for the
analogue section can be scanned in via scan shiteegy
and the response monitored and capturethererialtest
bus via ADC macros . The converter madersl to use a
larger area of siliconthan purely analogue macros.
Therefore there is high probability that mostfaults will
occur inthe converters othe ASUT. More importantly
detailed fault analysis ofthe ADC and DACmacros
measure their transféunction. This measurement can be
used duringthe final complete ASUT test, to self-
calibrate the ADC / DAC macros and formulate the

required compensation in the remaining analogue macros.

An alternative approach tmixed system testing by
Wagner andVilliams [5] involvesthe use ofthe internal
digital signalprocessor, t@ontrol the synchronisation of

tests and analysis of results from the ASUT. Extra on-chip
analogue multiplexers, analogue buffers and transmission

gatesare also requiredThe system modellingpproach
adopted by Souders at [&]] requires repeatetdsting of
several devices dhe samealesign tocreate aunctional
model for the mixed system. Thanalysis ofthe test
results reveal a critical number of variableghia system.
The required input signature waveform foe system can



then bedecomposed intthe sum ofseparatenveighted
waveforms , whichare simpler t@enerate. As an
example a 13 bit ADC device had over 8000 tests applied
to 50 differentdevices.The analysis revealed set of 18
critical parameters, which related to a final set of only 18
critical tests to evaluatéhe nonlinearity ofthe design.

The US patent taken out By T. & T. [7] describes the
technique of usindpuilt-in self test circuits t@enerate a
ramp voltage to test the monotonicity of an AD@jlst a
state machine monitors the output. This approach has been
adopted for initial ADC macro testing.

An alternative approach by Evans & ShepH&ijdand
Taylor et al[9] is toapply transient response analysis to
the embedded analogue sections by considéregixed
signal IC as arentity. More recentlytestingapproaches
by Binns & Taylor [10] and Arguelles et al [11] have
adopted the use of dynamic current testing to detect faults
in embedded analogue macros amged signaldevices.

The reference papers citedave demonstrated their
testing technique usingxamples ofCMOS andbipolar
mixed signal circuits but not those of a switchagacitor
nature.

Analogue macros for on-chip testing of
mixed ASICs

Initial research into low cost analogue macros
consideredhe devices available The selected Snicron
CMOS gate array basedmixed systemscould be
fabricated on low-cost devices approximately 5000
transistors.The analoguenacros inthe macro library
included voltage referencesyrrentmirrors, operational
amplifiers, voltageand currentomparatorspscillators,
ADCs and DACs. Aselection of the macros were
analysed at functional anttansistor level. The main
performance parameters were identified in each case. The
specification of these macrosvere also studied.
Subsequently, example analogue macroctéigs enabled
a moredetailed investigation ofthe macros and their
suitability for on-chip testingThe testresultsconfirmed
the operation of the analoguenacros within their
specification limits.

A gate array devicewas fabricated containing the
CMOS based duatlope ADC macro o250 gates and
approximately 1000 transistors, aBown in Figure 1.
Additional on-chip macrowereimplemented tcelf-test
hte ADC macro. The analogue section of the testing macro
had anoverhead of 152 transistorBhe digital section of
the testingmacro needed 484 transistoksowever the
digital test structures couldlso beused to tesfurther
digital areas of a mixed chip.
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Figure 1. The ADC circuit macro

The ADC macro was partitionedthe functionalevel.
The test signals were then applied at the partitions and the
signals at each block measured on-chip wipassible.
The problem of testing the mixed circuit then becomes one
of verifying the operation of the partitioned macros within
the system.Three ranges of testere possiblausing the
testing macros added :-

* Step and ramp inputs applied to the analogue sections
* Monitoring of the digital output of the digital sections
* Simple compressed tests of the mixed system

These testprovide aquick check of the AD®@peration.
Details of the tests are as follows :-

Analogue test results

The step input macro produced voltage steps of 0, 0.59,
0.96, 1.41, 1.8and 2.5 volts. This gave measured
integrator fall time of 2.6, 2.2, 1.9, 1.2, 0.8, and 0.1 mSec.
The ramp signal generator varied from 0 to 2.5 \aley
a 1 Sec period, allowing time for @measurements at
200mSec intervals. If themgas againerror inthe ADC,
which was compensated by a gain errahe ramp input,
there will be no indication of an error at the output.

Digital test results

The conversion time forthe control logic was
specified as a maximum of 5.6 mSec. The counter macro
wasrun at100 kHz clock speed asecommended. The
measured time difference in fall time waspi®ec.This
represented 10minput for each incrementeslitput
code change.



Compressed test results

The built-in self test macroswvere configured to
perform a quick functional test ahe ADC by
compressingthe digital output signature from the
consecutive application of the DC step input values. The
integratoroutput was alsoconnected tdhe DClevel
sensor, which comparedhe analoguegrl to
thresholds of 1.9 voltand 3.6 volts.Input to the ADC
was then ramped andhe maximumintegrator voltage
signalwascompressedhto a 2bit code. Thisanalogue
sighature gave expected results on all chips.

A batch of 10 dvices werefabricated. These
comprisedthe built-in self test macroslescribed and
the ADC systemAll devices passethe analogue,
digital and compressed testhe resultsfrom the quick
on-chip tests confirmetthe basicoperation ofthe ADC
circuit without a catastrophic failure.

Full testing of the ADC macro

The main ADC specification parameterare the
guantisation error, zero offsetrer, gain error, Integral
Non Linearity (INL) and Differential Non Linearity
(DNL). In the context of the AD@arameters, the
operation of the dual slog&DC designwasinvestigated.
The switched capacitolintegrator sectionprovides a
positive or negative ramp dependingpon its switch
control. Inthe ADCmacro, faults inthe comparator
submacro will contribute tdhe offset error and gain
error. The integrator submacro faultsll waffect the
linearity errors, the gairerror and theoffset error.
Counter submacro faultsill show inthe INL or DNL
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Figure 2. ADC Differential Non Linearity results

Technique details

A transient stimulusvector, propagating in amixed
signal circuit,can bedescribed ashe applied stimulus
vector, convolved withthe impulse response,(t) of
each circuit block, from which it has propagated. The
work by Evans, Al-Qutayrand Shepherd], considers
the case of arelementary mixed-signaircuit, composed
of a single analogue blodkllowed by a digital block.
The transientesponse y(t) athe composite circuit to the
applied stimulus vectox(t) will be the convolution of
x(t) with theimpulse response h(t) die analogue block
and that of the digital block z(t):

y® =[ x@®* h®) * z(t)]

where *' represents the convolution operator.

In a general mixed-signalevice with several external
nodes and multiple sectiorteeresponse othe system to
the stimulusvector set Xt) - x,(t) is the transient signal

error or as regular missed codes. Faults in the output latch Y(t), which is a logic amplitude signal.

submacro will manifest as multiplencorrect output
codes. Finally control circuitfaults will stop the
conversion process. Afull manual test of ADC
conversionwas alggerformed.The ADC macro had a
specification of: Max Clock rate ofLO0kHz, Zero offset
error <0.3 Least Significant Bit (LSB), Gaierror < 0.5
LSB, INL < 1LSB ,andDNL < 1LSB. Theresultsfrom
the initial characterisation othe ADCmacro gave an
overall Gain error of +/- 0.5 LSB,and an Zero oftsebr
of < 0.2LSB. Howevertherewas amaximum INLerror
value of 1.3LSB and amaximum DNLerror of 1.2 LSB,
which is shown in Figure 2.

Transient response testing

The second technique of transieggponsedestingwill
be described followed by its applicationttwee example
circuits and the test results.

After consideration othe frequency domaior the
signal y(t), it can be sedhat possibleminor changes to
the signal spectrum indicative of circuit faultscan be
detected inthe presence othe composite noise signal
yn(t) by correlating the transient signal y(t) with the
specific correlationignal p(t), whichwas derivedrom
the applied smulus vector set xt), where n is the
number of input signalsThis operation produces a
correlation function R(y,p) that isidentical to the
composite impulse response tifie ICsignal path
currently propagating the stimulus vector.

Example circuits

The transientesponse analystechniquewas applied
to three example CMOS circuits, which were
implemented in 5 micron technology. Tist circuit was
a CMOSbased operational amplifier circuit (OP1) of 13



transistors, which isshown in Figure 3. The input
stimulus was a pseudo dim binary sequence of bis

with a step size of 2535 and amplitude of Ov or 5v.
Faults were introduced atthe transistor level using
voltage generators, which could produce a “stuck-at-0" or
“stuck-at-1" fault signal on the three transistor nodes.
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Figure 3. CMOS Operational Amplifier circuit

The HSPICE simulatowas used to simulate the
transientoutput vectors forthe fault-free circuit. Single
separatdaults wereimposed athe major nodes 4,5,7,8
and 3. Double fault&sereimposed separately at nodes 8
to 9, nodes 5 to 8 and nodes 4 to 6, which approximated
to bridging faults acrosthe MOStransistors.The 16
faulty circuits were then simulated transiently. In a second
approach taesting mixedsignal circuits,HSPICE was
used to determinthe poles, zerosand constants for the
transfer functions of thefault-free circuit and faulty
circuits. Matricesverethencreated in Matlab to provide
a state-space representation of both fault-fresfaulty
circuits. The impulse response of these circuit
representationswas determined and compared. The
second circuitexample of 28transistors contained a
switched capacitointegratorfollowed by a comparator,
which were both modelledusing OP1 in Figure 3. The
switched capacitomtegrator used two non-overlapping
clocks withperiods of §iS and thecircuit function was
simulated for 2mS. In the z domain notation,ititegrator
was designed for a response:

Hz) = 2

Vout(z) = 68 [1-7 ]

Vin(z)

The integratoroutput signal was compared to a 0.64v
reference athe comparator.The impulseesponse of
circuit 2 was compared for separate singlstuck-at”
faults at the switchedapacitorintegrator nodes 4, 5, 7, 8
and 9 andseparatéridging faults on nodes 6 to 7 and
nodes 5 to 8 ofhe integrator. A third circuit of the

switched capacitor alone, whiclntained 15 transistors,
was also simulated.

Transient response results

The normalised cross-correlation between the input and
output signals forthe fault-free circuit 1and for the
selected 16 faulty circuits were plotted. The percentage of
detection instances dfie faultyresultsare compared in
Figure 4.
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Figure 4. Detection instances for faulty circuits

Under the second testisgproachtheimpulse respnses

of the fault-free examplecircuits 2and 3 and their 12
faulty circuitswere alsoplotted sothat thepercentage of
detection instances can loerived, asshown also in
Figure 4. The3rd circuit ofthe switch capacitor
integrator shows detection instancesooly 70% for
some faults. However, all plots show a significant number
of time instances when detection is likely during the
testing sequence.

Conclusions and Future Developments

The design ofsimple signal generatiomnd signal
measuremenimacros for anADC macrohave been
described. These on-chip testingnacros have been
applied to arexample ADC macro to tettte function of
its submacrosThe technique of transiergsponse testing
for analogue andmixed signal submacros has been
described,which has beerapplied tothree example
analogue CMO&gircuits. The results fromthe technique
have been comparesing thethree exampleircuits and
selected faults. Both techniques revealed sufficient
detection instances tfe faultycircuits tojustify the use
of the transient responstechnique formixed signal
circuit fault detection.

The design of on-chip functional testingeros is under
further investigatiorfor largerfull-custom ADC devices



designed with sigma-delta modulation architecture, where
the switched capacitor integrator forms a major part of the
circuit. This work will be complemented by the
development of more comprehensive test patterns for
fault diagnosis designed to a specific ADC architecture.
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