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Abstract—A practical approach to generate on-chip precise [ Glock Generator | — cexk
and slow analog ramps, intended for time-domain analog testing,
monotonicity and histogram-based tests of ADCs is proposed. DUT oy _
The technique uses an analog discrete-time adaptive scheme to " I >>15%  pnaiog Timer | Resu
calibrate the ramp generator. The lowest slope is 0.4 V/ms. Three 7y In St Reset  Ready
implementations are presented for different levels of accuracy Sampler out [ Y
and complexity. Measurement results show excellent accuracy Hold v
and programmability, up to only 0.6% of slope error and max- t
imum integral nonlinearity error of +175 pV. Experimental and Sample oot | Clock
theoretical results are in good agreement. , Controller

Index Terms—ADC self-test, built-in self-test (BIST), linearity,
ramp generation, time-domain test.

Fig. 1. Conceptual system for time-domain testing.

|. INTRODUCTION N .
authors present a self-calibration scheme for linear ramps, but

B UILT-IN self-test (BIST) and design for testability (DFT) the |inearity is not high enough for linearity test of ADCs. A

-J of analog circuits are important and necessary to produg&hnique very similar to ours is presented in [13], following a

highly reliable mixed-signal systems [1]. Due to the constagteyious publication from our group [14]. However, the former

increase of analog circuit density, the nature of analog faults, §gks not provide measurement results.

the embedding of analog functions within large digital systems, on-chip ramp generator (OCRG) is desirable to perform

the detggtion and isolation of faults in these circuits is becomiﬂﬁbnotonicity and histogram tests of ADCs. A novel application

more difficult. . of the OCRG is proposed in [15], which allows the ac test of a
Many research groups have suggested techniques to m@kea, circuit in time-domain using the ramp generator.

on-chip frequency-domain testing of mixed-signal circuits | this paper, we propose a unified approach at designing

and on-chip testing of _analo_g—digital converters (ADCSbCRGs using a discrete-time (DT) adaptive approach.

The goal of these techniques is to overcome the complexttion | describes the adaptive scheme used in all the imple-

of integrating a traditional ac characterization approach [Zhentations. Section Ill gives the details of two low-complexity

Well-defined techniques for reducing the size of the test Sgiplementations. Section IV describes the third OCRG version.

while maintaining high fault coverage have been reported [Hection Vv presents the measurement results and Section VI
[4]. Some ac BIST techniques inject optimized digital i”pUtéives the conclusions.

to a linear device under test (DUT) and extract a dc signature
[5], [6]. These approaches are simple, but their precision
is limited. On the other hand, Toner and Roberts [7] have Il. ADAPTIVE SCHEME FORON-CHIP RAMP GENERATION
proposed several methods to make frequency-domain tests . ) .
on sigma—delta converters by generating precise on-chip s .eApphcatlon of the OCRG to Time-Domain and ADC BIST
waves and analyzing the results with an on-chip digital signal Fig. 1 illustrates a conceptual system where an OCRG can be
processor (DSP), but the area overhead is large. Several tagded to perform time-domain ac BIST [15]. The goal is to ex-
nigues have been published to generate on-chip linear rantqagt several rise or fall time delay values from the DUT. A first
and perform ADC BIST [8]-[11], but the results either depenstep signal is sent to the DUT and the sampler is used to gen-
largely on the accuracy of the additional components in the teshte the target thresholds (for example, 10% and 90%) from
circuitry, or have not been proven experimentally. In [12], thihe steady-state value of the DUT. When a second step is sent
to the DUT and the response crosses the threshold, the timer
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ration, Hillsboro, OR 97124 USA (e-mail: benoit.provost@intel.com). has a rise time of 1@s (for a second-order low-pass filter with
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sanchez@ee.tamu.edu). 1% is needed, the clock frequency would need to be 10 MHz.
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Fig. 2. Basic principle of the ramp generation used in the analog timer. ramp

for a 10-MHz clock only to test the system would not be an ac-
ceptable solution. The analog timer is, in fact, a ramp generator
for which the start and stop times are controlled by the delay to
be measured. Once the ramp is stopped, the final analog value
(Voust) is directly proportional to the delay to be measured.
Therefore, an accurate OCRG is desirable. In the case where the

DUT can be approximated by a first- or second-order system, Target Output
simple relations between time-domain and frequency-domain (Vour)
can be used by an external computer or tester to compute the fre- (b)

quency'domainCharaCte_riStin@ Q, “)O/Q) [16] and/ordiag' Fig. 3. Blockdiagram of the adaptive approach. (a) Conceptual block diagram.
nose a fault. Further arbitrary rise and fall delay tests can al®pDetails of a typical LMS block.

be performed that do not necessarily have a frequency-domain
relation. These test results can be used as signature of the Daffthe extremely small current source required to test a typical
be compared to a predefined signature of a fault-free circuit, aAdDC becomes a challenge. Moreover, the process variation af-
a go/no-go signal can be generated. The measurements canfelsting the absolute value of the current source and on-chip ca-
be sent to an external diagnosis system. pacitor ¢20%) would result in significant slope errors.

In the case of ADC testing, the practical implementation of
the monotonicity test [17] is usually complicated by the pre&:- Adaptive Scheme
ence of digital noise on the ADC output codes. However, simple The proposed solution is an adaptive scheme [14]. The advan-
digital signal processing can be used to reduce the effect of thgje of this approach is that a precise and process-independent
noise and extract the monotonicity behavior of the ADC. If gurrent reference is not needed since the adaptive scheme will
very linear ramp is available on chip, linearity measuremenggnerate the proper value automatically to satisfy the least mean
based on histogram testing can be computed on chip with digisgjuare (LMS) condition [18]. Fig. 3(a) shows the general block
circuitry. Simple self-testing mechanisms to trace a calibrati@flagram of the adaptive scheme.
failure can be added to the technique to ensure that the OCRGhe discrete adaptive calibration procedure is based on two
is functioning properly before using it. reference values: thdocksignal and a reference voltage used as
a target. The calibration procedure consists of letting the output
ramp during a constant delay,,,, (which, in this case, is de-

The principle of the basic ramp generator is to charge a gared from the clock, and is not the delay under test) then com-
pacitor with a constant current source. In the circuit of Fig. paring Vo, with the target dc levella,get). The LMS block
Voutt = tramp(Lc/Cramp) = Mramptramp and is directly pro- uses this information to vary the control voltayg,; of the
portional to the pulsewidth of the step signal. In the case ofirrent source. This process of ramping and adjusting the con-
time-domain testing as shown in Fig. fh.m, would be the trol voltage is repeated untl, .. becomes exactly the same
delay under test. To achieve the required performance (smaslV;....c. Once the calibration is completed, we can use the
slope and linear ramp in the case of ADC testing, and precisalave ramp generator to measure delays in the DUT. In the case
known slope in the case of time-domain testing), we need a cof-ADC testing, we can discard the slave ramp generator and
rent source with a near-infinite output impedance that sourceseV,,,; as the Ramp output. Referring to a typical LMS block
a very small current and a very large capacitor. Both have to ffég. 3(b)], our input signal i,amp and the output i9/ye¢.
precise and constant. For most ADC tests, we haygr = Mult, is the ramp generator. As will be seen, Muk not nec-
2NTsHPC, wheretrggr is the ramping time and represent®ssary in our case.
the longest portion of the ADC tedflPC is the number of hits  Fig. 4 illustrates the basic current source used in the first im-
per code used for the histograd,is the number of bits of the plementation. Modifications will be made to this current source
ADC, andT5 is the ADC sampling period. If we want to usein the following implementations, but its characteristics, as far
an on-chip ramping capacitor in the range of 10 pF, the desiga the adaptive scheme is concerned, remain the safmés

B. Inaccuracies in the Basic Ramp Generator
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Fig. 4. Schematic of the basic current source of first analog ramp generator.
Fig. 5. Block diagram of the first OCRG implementation.

the current driverM;—M, form a cascode current mirror and

Cramp IS the charging capacitab/s is used for stopping the cur- since the gain will be set by a constant. It can be shown that the
rent source whestepis at logic 1.M7 is used to reset'.mp.  same approximation is valid i¥/; operates in weak inversion.
If the output impedance of the current source is negledfggd;

is approximately given by D. Error Sources and Performance Criteria
Ictramp K ) There are a number of error sources that can affect the
Voutt = Cramp = Cramp (Vetrt = Von) “tramp -~ (1) performance of the circuit both at system and implementation

levels. The closed-loop system will compensate for the inac-
where K = uC. W/2L and I is the current from the cur- curacy of on-chip capacitor and current source. The linearity
rent source. From control-system theory, the power of the erfrthe ramp depends on the output impedance of the current
signal isJ = (Vtarget—Voutf)z/Z,which means that i¥, ;s = source and the intrinsic capacitor linearity. In the case of
Viarget, the error power is minimized=( 0). This error is the ADC testing, the chosen process should offer capacitors with
result of the capacitor imprecision as well as the current impriearity higher than the ADC under test. In a typical process
cision. The latter includes process variations affecling and such as the AMI 0.5:m from MOSIS, linearity of 15-16 bits
K. Therefore, the technique compensates for these process it be obtained for on-chip poly—poly capacitors [19]. Offsets
ations. The steepest descent algorithm is used to ensure thattke affect the precision and stability of the generated ramp.
system minimizes the error. An offset at the input of the LMS block (on the subtractor) will
cause a slope error. Any other constant offset in the adaptive
Ve - —a dJ 2) loop (gain stages, current source) will be compensated by the
dt AVetr adaptive scheme. Offsets caused by charge injection on the
basic ramp generator (Fig. 4) will cause start and stop errors on
htge ramp. Considering the time period range of interegig1
system has only one weight, representedVby,. It can be for ti.m.e-domain testin_g, 1 ms for ADC BIST), clock jitter is
shown that by writing the right part of (2) a&//dVw — negligible. The matching between the master and slave ramp

(dJ/dViust) - (dViuet/dVern) and assumings (in Fig. 4) is generators [see Fig. 3(a)] is also a source of error. Careful layout
alwaysoilr; saturat(i)gtn WeCtorbtain ’ ' techniques (especially for the matching of the current sources

and the capacitors) can reduce the slope mismatch below 0.5%,
Veert = (Vetrio — Vo) which is acceptaple for our gppl_ication. Performance _c.riteria
OK at t also include stability, calibration time, and programmability of
~exp<% / (Viarget — Voutt) dt) +Vry (3) the slope.

ramp /0 We have identified four application categories, each of which
whereV,.jo is the control voltage at time= 0. Equation (3) de- necessitates different _performance_ levels from the_ ramp gener-
scribes the functionality needed for the LMS block in Fig. 3(afitor (see Table I). The implementations presented in Sections i
Since the implementation of an exponential function is comple&nd 1V can be used to fulfill any requirement in Table | at min-
it was decided to simplify this task by implementing a first-ordefal area and complexity costs.
Taylor approximation of (3)

where the usual constanthas been replaced by the variable
so that no confusion is made with the electron mobility. T

[ll. L ow-CoMPLEXITY OCRG MPLEMENTATIONS
ot

Vetrl = G/ (Viarget — Voutt) dt 4+ Vetrio (4) A. First Implementation: Continuous-Time Integrator
J0

The first OCRG implementation is shown in Fig. 5. An opera-
whereG = 2aKtramp(Vetrio — Vrwv)/Cramp. The gain of the tional transconductance amplifier-capacitor (OTA-C) integrator
integrator will define the speed and stability of the system. Waecording to (4) now replaces the LMS block. allows for
can also see that the gain should be affected by the initial valdT integration to be realized (the error must be integrated
of the integrator. This effect will not be implemented in our casenly once the ramp has finished) and ensures@hat,, does
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TABLE |
IMPORTANCE OF PERFORMANCE CRITERIA FOR DIFFERENT APPLICATIONS

Slo e SergStop 0 Programmability’
s h s ,stabiIl)iEt:y Cahhratm:txmg offs'etéig o ::Lmeanty - of thefslof)ﬂe]?,a
Low frequency time-
domain BIST high medium medium low high
(several KHz range)
Medium frequency Low
time-domain BIST high (fast slope= fast high low high
(100K-1MHz range) calibration)
Monotonicity BIST low low low Medium (less low
for ADC than ADC)
LmeanXID BCIST for medium medium low High gzll)r%:e)r than low
Voo 2C,,
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Fig. 7. Second implementation of the LMS integrator.

VSS

Fig. 6. Detailed schematic of the OTA. (Fig. 4) was modified by removingy/s and placing it as a switch
between the drain d¥/4 andC'amp. This allows the elimination

not discharge through the output impedance of OTA1 while tif& the resistor in Fig. 4 and the switchsandsS;; in Fig. 5. The.

timers are ramping. Becau$g,; is not a continuous function, OTAs are |_dent|cal tp the one used in the first OCRG version.
The charging capacitda?., is 14.9 pF. Leakage current in the

we have to use a DT implementation of the adaptive scheme' "™ "
switches [20] causes the stored voltage on the capacitor to de-

oo -t crease as
chtrl > @ Z |:/ (‘/target - Voutﬁ) dt + ‘/ctrl() (5)
i=1 Lt-At
Iea
_ o . Veap(t) = Veapo = =5 £ (6)
whereAt defines the delay during which the integration of the C

grrc;lj SpeIEI:])irtT:g Itééliggeoc-)ré-c (Cci)r?ttczotlridr?s;iltosrvggiﬂt}es whereV,.,(t) is the capacitor voltagé/..,o is the initial ca-
2 3 integr 6 ; H .
in Fig. 4. The gainG must be set so that the feedback gain is Io@,aCItor voltage Jic.y. is the leakage current of the switch, and

enough to guarantee stability. The delsymust be setinsucha . Is the capacitor used to store the cqntrol voltage of thg adgp-
. . tive loop. The leakage current of a wide (20/0.6) transistor in
way that the rise or fall ov,;,; from one time step to the other

. AMI 0.5-um technol is | han 2.5 p#h, which i
are converging. In order to guarantee convergence, each OﬂI]E 0.5 t_ec ology s less tha 5. ' cnis
very conservative value for our small switches. The use of

is made of a differential input stage with long channel Iengt%ansmission gates and the fact that some capacitors are con-

pMOS_drlvers to ensure log, (0'7“'0.‘/\/) and a gascode CU™ hected to two switches (Fig. 7) raises the leakage current to 10
rent-mirror output stage to ensure high output impedance (s%/ m. Using a 15-0F capacitor and a 1-ms delav results in a
Fig. 6). At was set to lus. PATEM. g P b ; ay

maximum voltage drop of 0.67 mV. This has virtually no ef-
fect on the output current charging the ramping capacitor, and
is smaller than the clock feedthrough and charge injection error
sources.

When the calibration delas,,,, becomes large (for mono- The second OCRG implementation shows significant
tonicity or histogram tests of ADCs) and the ramping capacitonprovement on the precision of long ramps with on-chip
is on chip, the control voltage has to be very precise. The secarapacitors. Fig. 8 shows a simulation of the calibration process
implementation of the LMS integrator (Fig. 7) uses an error-cafer a ramp ranging from 0 to 2 V within 1 ms. Fig. 9 shows a
cellation approach with two single-ended integrators to reduc®re detailed view (zoom) of the ramp once calibrated, along
the effect of charge injection. Also, the basic ramp generateith the integral nonlinearity (INL) of the ramp.

B. Second Implementation: Error-Cancellation LMS
Integrator
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Fig. 8. Simulation of the calibration process. Upper trace shows the ramp being calibrated. Lower trace shows the control voltage.
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Fig. 9. Detailed view of a calibrated ramp and INL. Upper trace shows the calibrated ramp. Lower trace shows the ramp INL.

IV. THIRD IMPLEMENTATION: SC RULLY A. Improvement of Ramp Stability

DIFFERENTIAL LMS INTEGRATOR In order to perform ADC histogram testing, a very stable low-

current source with high power-supply rejection ratio (PSRR) is

. . needed. We decided to use the self-biased Widlar current source
The purpose of the third version of the OCRG was 10 a1 shown in Fig. 103, operating in triode region, is added

semble a BIST scheme for pipeline ADCs. The design cofs control the current. Also, by using additional design variables
straints were to improve the linearity and stability of the ram@uch as the relative sizes 8f; and Mo, as well as the sizes

at the cost of a slightly more complex circuitry, as well as tgf Ms and R;), the G,,, of the current source can be lowered,
convert it to a fully differential topology. In the case of an ADGyhich reduces the OCRG loop gain and, thus, decreases the sen-
histogram test, the maximum INL of the input ramp should bstivity to noise and leakage on the charging capacitor. By using
INLpax < FSR/(2YHPC), whereFSR is the full-scale range the change of variable? = I,, we havel; = I, = I,y = 0

of the ADC under test is the number of bits of the ADC, and and (7), shown at the bottom of the next page, wheaads are

HPC is the number of desired hits per code. The linearity preke current mirror ratio$;—I, andl,..—I», respectively. When
vided by the previous implementations is insufficient for typicalV..,,— Vrn) becomes large, the whole equation becomes a con-
ADC histogram tests. stant. Fig. 11 shows a plot of this function for typical component
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Fig. 10.  Self-biased Widlar current source. Fig. 11. Typical output current from the self-biased Widlar current source in

function of V..
values. Proving that this current source can be used in an adap-
tive scheme such as Fig. 3(a) involves solving (2) and (7), which ) ) )
is quite complex. Instead, we will take advantage of the fact thit/ 1S the final voltage of the ideal ramp (witR, = oc) and
with the proper choice of components, the shape (curvature)'ef = Voo + I1,. If we want to test a 12-b ADC with'SR. =
the relation described by (7) becomes fairly linear in the range¥ @nd make a 16 hits per code histogram, (8) predicts that we
of interest. In that case, we halig,, ~ K (Vi1 — Vrn), Where need an output impedance of about 30Q.®lote that this is
K incorporates the effect of the choice of components. It is ndi¢ output impedance. Still, this is a very large value and it is
easy to show that the control voltage is given, according to tHglikely that we can achieve such a high value in a low-voltage
LMS algorithm, by the same equation as (4). Moreover, it h@socess. The present current source (Fig. 10) has a dc output
been found from behavioral and transistor-level simulations thiapedance of 19 @, based on simulation results.
the adaptive scheme gives very good results in the case wherA reduction on the effect oR?, can be achieved by keeping
the I,.; versusV, relation of the current source is not linear.the capacitor node constant, which is done by using an opera-

) ) tional amplifier (opamp) in feedback of the charging capacitor
B. Improvement on Ramp Linearity as shown in Fig. 13. It can be shown that for an opamp gain of
In the simplified ramp generator Fig. 12(a)],, a1 repre- A, the maximum error is now given by

sents the real capacitor voltage, including the effect of the output
impedanceR, of the current source. An output-dependent offset emax = INLmax

current will flow throughR, and add to the nominal currenht _ (Veg = Ves)te max v

causing nonlinearity on the output ramp. The capacitor is reset o tramp o

to V.s on ¢o (which corresponds to6 = 0 in the following Ve _

analysis). Fig. 12(b) shows the Thevenin equivalent, which sim- -4 [(V + A ) e~ temax/RoC(A+41) _ Va:| (10)

plifies the analysis. It can be shown that the maximum error in
the ramp is given by

tS max = ln
chf - chs)te max

tramp

ROC DG V) 40

tramp (‘/cs + AVa)

€max = I1\ILmax = ( + chs - Va
e JRC The linearity improvement is in the order df The slope of
+(Va = Ves)eT om0 (8)  the curve is given by the derivative & .1 with respect to

where time and is

ROC(‘/Cf B ‘/CS) ~HeC d‘/c real _e_t/ROC(A+1)
te max = 1 T TN . 9 t) = : = AVa — ‘/(13 . 12
! (tmmp(Va — Vo) ®) mt) = — RoCATT) | a2

OlLlLQ
WiW,

26aKpn(Ws/L3)?(Venn — Vo )? (OéLl/W1 -2 + L2/W2)

()

Iout =

W 2
Ri1Kpn I (Vetrr — Vrn) +1



PROVOST AND SANCHEZ-SINENCIO: ON-CHIP RAMP GENERATORS FOR MIXED-SIGNAL BIST AND ADC SELF-TEST 269

(@) (b)

Fig. 12. Simplified circuit of the ramp generator with current source output impedance. (a) Original circuit. (b) Thevenin equivalent to sengalitpthtions.

Voo The simulation result from a transistor-level implementation
TR of the current source with the feedback opamp is shown in
g Fig. 14. The INL error is now only:27 V. This precision
|Q> J is sufficient to test the 12-b ADC with a 2-V input range and
’ I 16 HPC described earlier.
|(
_ ' I\ . . .
Ve Eﬁ c Vc,real C. Implementation of the Third Version

n Allthe internal signals of the third version, except for the con-

_H trol signal, are fully differential in order to reduce the effect of
¢, offsets and the noise in the system and because the ADC under
= test has a differential input. We now have one target voltage for
= each ramp. The input range of the ADC is from 0.75to 1.25V
and the power supply is 1.8 V (see Fig. 15).
The fully differential opamp is a two-stage topology with a
Hopita|tglescopic cascode input stage (see Fig. 16). It was decided not
to put the cascode on the output stage so that the output swing
would be large enough. Since the ramping phase is long, the
—Vpp — IRy (13) opamp contains a continuous-time common-mode feedback cir-
RoC cuit in addition to the reset of its input nodesWtp,, at every
I . : clock cycle. The common-mode feedback circuit is a simple dif-
V\ih'Ch sa constant for agiven currentThis proves tha.t the ferential pair with diode-connected loads. The dc gain of the
slope is constant at all times and, thus_, that the curve is Ilne%amp is 104 dB and the gain bandwidth is 46 MHz. The phase
AISO’ whenA becomes large, the end pomtof_the curve be_com rgin is 738. The linear-gain output swing is 0.55-1.5 V. The
independent ofl. We can set., andV,.; and find the required it and feedback capacitors of the LMS integrator are 0.5 and
nominal value for in Fig. 13 4 pF, respectively (gain of 1/8). The differential-to-single-ended
1 [1 (Ve — Vegetramp/BoC(A+1) block is used to convert the differential output of the LMS in-
I= B [Z ( oty [F0CCATT) ) - VDD:| . (14) tegrator to the single-ended input of the current source in the
° ) ) ramp generator. The topology is a simple differential stage with
A systematic methodology can now be used to define tiode-connected active loads and a gain around unity.
value of A needed for a particular application where a ramp is The clocking necessary for this system is made of three
needed to go fron¥,, to V. in a delay oft; .., with @ max- nonoverlapping phases. The first phage is the ramping
imum INL = INL;.:. phase and lasts for 1.024 ms. The two other phaseand ¢,
1) Start with a small value aofl. For exampleA = 10. (integration and reset phases, respectively), last fos ach.
2) Choose a design value fdt, such that its associated!n addition to these basic phases, we also need their inverse
offset current will never get higher than the tofa), = and their delayed version for bottom-plate sampling. The clock
I + I'x needed. We already know that we ndad.; = generator is a three-flip-flop state machine and a counter to

C(Vi — Vis)/tramp: therefore.Ry > Vpp/ligeal = create the 1.024-ms delay an.
VbDtramp/C(Ver—Ves). This will set a design constraint
on the current source.

3) Find the nominal value of needed with (14).

4) Find the resultingNL,,.x With (10). INLyjay > INLiest All three versions of the OCRG implementations have been
means thatl is too low. In that case, increadeand repeat fabricated and tested. The first implementation was fabricated
the procedure from step 3. on an ORBIT 2um process from MOSIS (see Fig. 17). The

Fig. 13. New circuit to decrease the effecti®f.

WhenA becomes large, the slope becomes (using L’
rule)

(1) Ao =

V. MEASUREMENT RESULTS
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Fig. 14. Transistor-level simulation of the OCRG with opamp in feedback. Upper trace shows the ramp INL. Lower trace shows the calibrated ramp.
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Fig. 20. Calibration process for the second version of the OCRG. The
calibration process requires approximately nine iterations.
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Fig. 17. Microphotograph of the first implementation of the OCRG.

Fig. 18. Chip test results from the first OCRG implementation. Upper trace
shows the ramp being calibrated. Lower trace shows the control voltage.
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Fig. 21. Chip microphotograph of the third version of the adaptive OCRG.
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Fig. 22. Calibration process for the third version of the OCRG.

of 10 kHz. Extra capacitance was added externally to the
Fig. 19. Chip microphotograph of the second version of the OCRG. ramping and LMS capacitors. We can see that the output ramp

(OUT) gets precisely calibrated to the target final value. This
chip contains two master/slave pairs (differentimplementatiosBows the validity of the adaptive scheme. The measured
of the timer), a finite-state machine (FSM) to generate the clockansconductance of the OTA is QuA/V, and the error on the
and a slave to be controlled externally for test purposes. Thieal value of the ramp is 20 mV, which translates into a slope
entire circuit measures 3.2 nfnand a single master/slave pairerror of 0.6%.
with FSM measures 1 minThe measurement results are shown The second version of the OCRG has been fabricated on an
in Fig. 18. This version was designed for an operation frequen&l 0.5-um process from MOSIS (see Fig. 19). Post-layout
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Fig. 23. Measurement interface for the third version of the OCRG.

TABLE I
PERFORMANCE RESULTS, APPLICABILITY, AND COMPARISON
: Linearity (bits) | sjope | Start/Stop f Calib. | proorymy | Lo
Name Complexity ) e Eitce eITOrS Time | walili Typical Application
Ver.1 | VeryLow | N/A | N/A | 0.6% 20mV 9 iter. Low TDBIST
Ver. 2 Low 11 10 1.5 % 14mV 9 iter. Low | TDBIST & ADCMT
Ver. 3 High 15 1 0.6% 12mV 12iter. | Med. | ADCMT & ADCLT
Wen & Low 12" NA | NA N/A N/A N/A ADCLT (not self-
Lee calibrating)
Huang et High 14% N/A N/A N/A N/A N/A ADCL'T (npt self-
al calibrating)
Ja;SZf“ Medium | N/A 8 N/A N/A 10 High | TDBIST & ADCMT
Bzrt“;rd Low 14 NA | 04% 12mV 10 N/A ADCLT

*Not mentioned in the paper; assumed 12 bits accuracy.
**Not mentioned in the paper; assumed 8 bits ADC. Linearity results are based-6r6a_SB INL limit.

simulations show that the errors on the starting and finkbm National Instruments. A LabView program was written to
voltages are 14 mV, which translates in an average slope enperform several tasks such as curve fitting to extract the INL
of 1.5%. The post-layout simulations show a ramp INL ofhape from the noise generated by the digital signals. It also
+570 1V (11 b) and a slope distortion of 0.2%. We can seeomputes the best-fit straight line from the acquired ramp in
in Fig. 20 that the ramp calibrates itself within nine iterationsrder to calculate the INL (see Fig. 23). The measured average
After analysis of the measurements, the ramp INL was foundtamp INL is£+175 .V (11 b), with a maximum of:190 uV
be approximately-1 mV (10 b), which translates into a slopeand a minimum oft 150 V. The ramp slope can be adjusted by
distortion of approximately 0.4%. varying the global clock frequency. The lowest slope attainable
The third version of the OCRG was fabricated on a Qub8- was 0.4 V/ms, and the highest was 2 V/ms. A lower slope
process from Texas Instruments Inc. (see Fig. 21). Dimensiaesults in unstable ramps and a higher slope results in excessive
are 0.6x 0.3 mn?. In measurements, the ramp goes from 0.&rrors on the start and stop values. The start and stop targets
to 1.3 V within 1.024 ms with a start and stop error of 12 m\are also widely adjustable. The maximum differential slope
The average slope error is 0.6%. The calibration processaisiplitude is 1.6 V (limited by the linear output range of the
shown in Fig. 22. The INL of the ramp was measured with @amps). Larger amplitudes are possible, but the INL becomes
test setup using a PXI16071E multifunction data acquisition caedcessive. Amplitudes as small as¥3,2 were measured with
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good linearity. Smaller amplitude would result in unstability. [15] B. Provost, A. M. Brosa, and E. Sanchez-Sinencio, “A unified approach

Th ical number of iterations r ired for calibration is 12. for a time-domain built-in self-test technique and fault detection,” in
e typical number of iterations required for calibration is Proc. 8th Great Lakes Symp. VI &kb. 1998, pp. 230-236.

[16] R.C. Dorfand R. H. Bishopyiodern Control Systems Reading, MA:
Addison Wesley, 1995, ch. 5, pp. 216-259.
VI. CONCLUSION [17] M. R.DeWitt, G. F. Gross, and R. Ramachandran, “Built-in self-test for
. . . . analog to digital converters,” U.S. Patent 5132 685, July 21, 1992.
This paper presented three versions of on-chip adaptive ranips] P. S. R. DinizAdaptive Filtering, Algorithms and Practical Implemen-
generator designs to be used in time-domain BIST for analog  tation. ~Norwell, MA: Kluwer, 1997. .

. . d ADC testing. The adaptive approach allows the gerl- | R.K.Hester, K.-S. Tan, M. DeWit, J. W. Fattaruso, S. Kiriaki, and J. R.
CII’Cl_JItS an 9. : p . pp g Hellums, “Fully differential ADC with rail-to-rail common-mode range
eration of very long on-chip ramps without the need for manual  and nonlinear capacitor compensatiofZEE J. Solid-State Circuits

; ; ; vol. 25, pp. 173-183, Feb. 1990.
fine tL.mmg and makes the system process mdgpendent. TJ: ] D. Wouter, J. Groeneveld, H. J. Schouwenaars, H. A. H. Termeer, and
technique n_eed_s only the sys.tem C|OCk.and a reliable referenCé” ¢ A A. Bastiaansen, “A self-calibration technigue for monolithic high-
voltage, which, in the case of time-domain testing, can be almost  resolution D/A converters,IEEE J. Solid-State Circuitsvol. 24, pp.

; . 1517-1522, Dec. 1989.
a.ny voltage ref.eren?e already present In the. System' Table ||.pr 1] A. B. Grebene,Bipolar and MOS Analog Integrated Circuit De-
vides the applicability of each implementation in consideratio sign  New York: Wiley, 1984, ch. 4, pp. 169-213.
of its performance and complexity. It also compares the obtained
performance with other published implementations. Many per-
formance results were unavailable since the performance
rics for on-chip ramp generation are application dependent
not well established. It is clear that we can trade complexi
with performance, depending on the application we are cons
ering. The third version of the OCRG is currently being used

a pipeline ADC BIST technique.
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