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Abstract ternal logic testing equipment. Conventional test
This paper describes a practical test approach fotechniques have been appliecetobeddedd\DCs us-
analog-to-digital converters (ADCs) based on theing microcontrollerresources available on tlsame
oscillation-test strategy. The oscillation-test is ap-chip [3]-[5]. A digital BIST for a signal-to-noise-
plied to convert the ADC under test to an oscillator.ratio test of anover-sampledADC, based on an
The oscillation frequencies are able to monitor theavailable DSP core, has alsdeen presented [6].
ADC conversion rate, differential nonlinearity Each of theabove-mentionedBIST approaches is
(DNL) and integral nonlinearity (INL) ateach applicable to either a specific ADC type or a specific
guantization band edge (QBE). Using this methodapplication,which for example, guarantedse exis-
no analog stimulus should be supplied and thereforéence of extensive on-chip computational ability.
the need for a costly precision signal generator is This paper describes reew test approach, based
eliminated. Besides, as the oscillation frequency isn the oscillation-test strategy [7],[8dr all types of
evaluated using pure digital circuitry, test accuracyADCs. This testechnique issuitable for both on-
is increased. This test approach is not limited to achip and off-chip testing situations.
special kind of ADC. Simulations and practical The paper i®rganized as follows: Section 2 de-
implementation prove the efficiency of the proposedcribes ADC errordefinitions. The proposed test

test approach for ADCs. structure isintroduced in section 3. Section 4 pres-
ents ADC conversion-timeDNL and INLtesting
1 Introduction procedures. The practicimhplementation andome

Analog-to-digital converters (ADCsjre the most Fesults are presented in section 5.

frequently encountered mixed-sigmaicuits. ADCs o

are precision products and their test requirefer- 2 ADC Error Definition

ence circuits with at least twoorebits of resolution  Fig. 1 depicts the probability of the codgsandCi. 4,

than the circuit under te@EUT). Implementation of corresponding to the quantization interv&ls and

these reference circuitesults in significantarea  Q..; below and above a threshd&vel Vri.,, for an

overhead, whiclcalls into question the practicality ideal and areal ADC in a simplified fashion.

and reliability of on-chip method®r ADC testing. Threshold voltag&/fi.; is defined as thpoint where

Many methoddfor the on-chip testing of ADQsave C; and Ci,; exhibit the same probability @.5. In

been presented in tliterature. The digital-to-analog Fig. 1, V.2, (V,},) represents thactual (nominal)

converter (DAC) testing approach Hasen mapped yajye of the threshold voltage between codesd

to test ADCswhich use a DAC in their architecture j 1 Q*(QY and Q~,(Q") are the actual (nominal)

[1]. The built-in self-test (BIST) approaginesented A N

in [2] requires that both DAC and ADC be ava”ablequantlzatlon intervals below and above a threshold
oltageV,:, (V).

on the same chip and uses an off-chip DAC and ex’!
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\ Ideal— V] =(i-%)LSB (4)

; L Conversion-time isalso an important parameter
Ci 7 Cin for dataconverters, especially in applicationkere

’ high-speed operation sought. It isdefined as the
time requiredor an ADC to perform aomplete con-
version. It should be noteatiat conversion-time is
not necessarily the inverse of the maximum watd
of an ADC, for example in pipeline ADCs.
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R T A The heart of the test structure for ADCs feedback
Q VA, "t loop which forces theADC under test to oscillate
around a predetermined code or cod&be oscilla-
tion frequencies of the two least significaits of the
ADC under test correspond to important parameters
of the ADC, such asconversion-time andNL, as
will be explainedater in this paper. Fig. 2 illustrates
the block diagram of the testructurewhich is based
on a feedback approach. This test struatansiders
existence of error in a real ADC. the ADC under test as a blabkx, and therefore can
To obtain the ideatharacteristics of an ADC, the pe applied to any type of ADC. Thlevicemust be
nominal values of the threshold voltage and quantiz%perated in the free-runningode byestablishing a
tion band must be fourfdr each inputode yielding  proper connection between thEnd of conversion
the theoreticastaircase shape as a referenBevia- output andStart conversiorinput. In other words,
tion of the threshold levels from their theoretical valthe ADC is assumed to be contiguously converting its
ues causes different sizes of quantization intervalﬁiput voltage. However, to enswstart-upunder all
and this is called differential nonlinearity (DNL). possible conditions, Start conversiomulse is re-
The accumulation effect @NL errorschanges the quired at the beginning of thest procedure. Fig. 3
slope of thestaircaseover the full rangewhich is  jjystrates the oscillation of the ADC under test
characterized by gain error (£ and integral non- around two predetermined cod€andC, (C> C).
linearity (INL) error. All operationsare directed by a control logi¢CL)
DNL is defined interms of the ideal least- \hich continuously verifies thectual outputodeC,
Significant-bit (LSB) value of the data converter of theADC. If C, = ij the input of the integrator is

o

Fig. 1: Quantization banddge QBE) behavior of ideal
and realADCs. Nominal valuesare related to ideal
ADCs and actual values are related to real ADCs.

As shownfor a real ADC in Fig. lthe V., is
displaced from itmominal value,V,Y,, due to the

o - Q" switched to acurrentl, and the input voltage of the
€i1= '—N () ADC under tesWy increases until the contrégic
Q detectsC, = Ci, whereupon the switch is changed to

| position I; ramping down the ADC input voltage.
A" The switchS passeshe current; until the ADC re-
producescode C;, and the procedure is repeated.

in whichQ" is equal to 1 LSB. INL error can be ¢
culated by accumulating the various different DNLs

e =Ve. ) Neglecf[ing the o_per_atio_n d_elay of the control logic,
o the period of oscillation is given by
INL error at transitiorlevel can be measured di- V1 =VA:0)C (VA =V 25:1) C
rectly using the following relationship: T= : + : +4t. (5)

|2 Il
g =Vir — Vg (3)  wheretc is the conversion-time of thaDC under
test. Consideringl =I, =I,, the oscillation frequency

where is
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Fig. 2. ADC test configurationSC Start conversion,
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Fig. 3: ADC inputvoltage oscillation betwee¥, and
Vrj+1 transition thresholds.

+ 4t H (6)

It is necessary to notbat inthe speciatondition

fosc = /%N Pk —IVATj+1) C [l

k = j+1, the proposed testructure approaches a

classic testtechnique called the servo-loopethod
[9]. The servo-loop method, whichvgll known for

its high degree of accuracy, is used to detect the AD
transition voltages. The main differerfoetween the

cannot be provided iBIST solutions. In our test
technique, the objective is not to directly measure the
transition voltages. Ifact, weonly evaluate the os-
cillation frequency and deduct the important ADC
parameters. Therefore, reference DAC or ADC is
necessary and practicah-chip implementation is
possible. Furthermore, otechnique is more com-
prehensive and is used to measureide range of
ADC characteristics.

4 ADC Testing

In this section, the details of measuring different
characteristics of the ADC under test by observing an
oscillation frequencywregiven. Areal 8-bit succes-
sive approximation and flashDCs havebeen used

to validate the proposed tasiethodology. A3-bit

full flash ADC hasbeenalsodesigned using the 0.8
pm BiCMOS technology parameters of Northern
Telecom Electronics to investigate tiaeilt detection
ability and verify the various different test phases
proposed.

A. Conversion-Time Testing

The test set-ughown inFig. 4 can be used for de-
termining the conversion-time of the ADC under
test for each possible outpemde. To measure the
conversion-time of a giveoutput code, i.e.Cy, the
ADC input islocked to VT’; using the feedbadkop

which forces théDC output to oscillatbetweenCy
and C,;. The control logic selects thmurrentl,,
which results in increasing/,y, and compares the
output ofthe ADC with thepredetermined codé,.
Whenvm reaches thé/T’;, afterthe ADCconversion-

time tc within which theVy continues increasing, the

servo-loop methodnd our testechnique in this spe- Outputcode of theADC will change toC,, and con-

cial condition is the following.

In the servo-loop Sequently theurrentl, is selected and traurrentl,,

technique, the detectédnsition voltage is filtered to 1S disabled to ramdown theViy. Asl, is supposed
eliminate the oscillations around the transition voltagéo be equal td; it also takesc for Viy to equalVy,

and is then compared with a reference voltage preind anothetc to change the output of the ADCGg

duced by aDAC having at least twmore bits of

resolution. Sometimes thansition voltage obtained

is directly converted to digital, using a muctore
accurataeferenceADC, andthe ADCs'outputcodes
are compared for each transitiomoltage [10]. The
conventional servo-loop method therefoeguires a
filter and an accurateeference DAC or ADGvhich

1 By detecting th€,.,, the control logic changes the
switch position to select the currdptand disablé;.
This process is repeated to oscillate ¥he around

V%, and ADC output code betwe€pandC...
From Fig. 4 théoscis found to be



f o= i 7 must be forced to oscillate betwggnandC,.,. Con-
osc 4t (7) sequentlyViy oscillatesbetween/; and Using

Tk-1°
which is a special condition of equatif#) where the ~€quation (6), the oscillation frequency is described by

two different transition voltageare similar. The A \JA
ADC conversion-time is therefore given by f.= / @Q(V Tk IV Tk—l)C+ 4tc§ )
1
©~ 4t ®) |01 O
os¢ Q =V -V = > Elf— - 4tCE (10)

The oscillation frequency isonverted to a

digital number and compared \_/vith a referenc% which the term % has alreadybeen measured
number to evaluatéhe conversion-time. It iS gyring conversion-time testing. The oscillation fre-
obviousthatfosc does notdepend on the capaci- quency is converted to a number usigC and is
tor C and currentaluesl, butthey mustoe cho-  then compared with a predetermined numikich
sen to keep Viv between V7 _ andVj, or represents the nominal value of the oscillation fre-
guency. Thigechniguehasbeen applied to the suc-
cessive-approximation ADC to obtain an erpdot

for DNL data. The obtained frequendgr eachcode
was subtracted from eeference frequency and di-
vided by the same frequency to obtainEiéL_ error.
Note that the reference frequency representsSB.

Fig. 5 shows a sample of simulations carried out to
test the DNL error of the 3-bit ADC.

It./C < LSB. In other words, the pick to pick ampli-

tude of oscillationviy must be smaller than 2 LSB.
The inferior amplitude limit ol is determined by
the equivalenRMS input noise of theADC under
test.

Measuring the conversion-time at maij@nstion
codes is normally sufficierfor testing thislynamic
parameter.

We have measured the conversion-time of two re , .
ADCs (successive approximation and flash) in pracaé' INL and Gain Error Testing
tice. The results (5fs and1.6 ps) agree with the INL error can be calculated by accumulating DNL

values reported on the data sheets. errors, aslefined in equatiof2). At aspecificcode
C« the control logic measures ti¥NL error and

ADC Output Code thenadds this DNL error (respecting &&gn) to the

Ces C Ca1 C Ca G previous INL error, calculated f@@.;, to obtain the

VA INL error for C. The INL error forthe most signifi-

The1] Vin cant codeC, = (11 ... 1) is called gain error.
% y The INL at agiven codeCy can be evaluated di-
A rectly by forcing the ADC input to oscillateetween
; Vik Co (00 ... 0)andCyy. Consequentlyy oscillates
5 betweel," and V.%,,. Using equatioi(6), the oscil-
éVﬁm- lation frequency is found to be
A _\/A
ottt ottt bttt fosc = %(V rer1 =V 1)C+4tc§ (11)
0 ; I
Time
Fig. 4: ADC inputvoltage oscillation irthe vicinity of £, = (\/ATk+l —VA1) - (VNTk+1_ N 1) (12)

V1 to measure the ADC conversion-tige
using equation (4 "1 —-V"1 =k x LSB.
B. DNL Testing Therefore, the oscillation frequency represents the
In order to measure DNL atspecified codeC,, us- actual value of k LSBhat isthe ideal inputoltage
ing thetest configuration in Fig. 2, the ADC output © the outputcode G.  The INL error can thus be



evaluated by comparing this oscillatidrequency [9] Corcoran, J.J., T. Horna&nd P.B. Skov, "A High-
with its nominal frequency valusyhich represents k ResolutionError Plotter for Analog-to-Digital Con-
LSB. As INL data can bebtained from DNLdata verters,"|IEEE Trans. on Instrumentation & Meas-

and viceversa,they can beconsidered as redundant ___UrémentVol. 24,1975, pp. 370-374.
data. Ingeneral, if DNL is tested for apossible [10] Souders, T.MandD.R. Flach, "An Automated Test

. . L Set for High-Resolution Analog-to-Digital and
output codes, testing INL abmecritical point is Digital-to-Analog Converters,TEEE Trans. on In-

sufficient to characterize the ADC under test [1]. strumentation and Measuremetol. 28, 1979, pp.
239-244.
Conclusion

A new testtechniquefor complete andiccurate test-

ing of ADC hasbeenproposed. This teshethod is

capable of measurif@NL, INL and conversion-time ~ For the Fig. 5, please refer to thard copy of our
of the ADC under test without applying a tetinu-  Paper.

lus. As novoltage or currentneasurement iseces-

sary, the performance degradation problem and the

needfor ahigh precisionDAC or ADC areelimi- Fig. 5: The oscillation of { between Vk.1=_ 1.79 V and
nated. As a digital-output tesiethod, itcan be eas- VT 2:51 V to test th®NL errorfor a 3-bit flash ADC
ily integrated with theest methods dedicated to the \('é'tlrg;u;ngaylltdo) The ADC's output oscillatebetween
digital part ofthe chip undetest. The validity of the '

proposed testechniquehas been verified through

extensive simulations angractical discrete realiza-

tion. The oscillation-test can be also applied to

structuraltesting of ADCs tespeed up théest proc-

ess forthe applicationsvhere very small test-time is

required.
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