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Abstract—This paper reports design, optimization, efficieng and
measurement results of the 12 bits dual-residue miiistep A/D

converter. The calibration procedure based on the tsepest-
descentestimation method is enhanced with dedicated embedd
sensors, which register on-chip process parameter nd
temperature variations. The prototype A/D converter with

performance of 68.6 dB SNDR, 70.3 dB SNR, 78.1 d&BR, 11.1
ENOB at 60 MS/s has been fabricated in standard sjte poly, six
metal 90 nm CMOS, consumes only 55 mW and measurésr5
mm?. The on-chip calibration logic occupies an area d§.14 mnf
and consumes 11 mW of power.

Keywords-analog to digital converter, dual residue technique,
calibration, process variation monitoring

. INTRODUCTION
The static parameters of a multi-step analog toaligh/D)

allowing full functional observability and controllability
Additionally, in the proposed method the overlap between the
conversion ranges of two stages is considered to avoid
conflicting operational situations that can either miaskts or

give an incorrect interpretation.

Il CONCEPT OFPROCESSVARIATION MONITORING
ENHANCED CALIBRATION

Even though extensive research [10]-[13] has been done to
estimate the various errors in different A/D conwverte
architectures, the use of DfT and dedicated sensorshéor
analysis of multi-step A/D converters to update patame
estimates has been negligible. The influence of thetaothie
on A/D converter modeling is investigated in [10]. In [Wiih
the use of some additional sensor circuitry, pipeline A/D
converters are evaluated in terms of their responsalistrate

converter are determined by analog errors in variol® A hoises globally existing in a chip. In [12], the diffetiel
converter components. Therefore, a major challenge i A/nonlinearity test data is employed for fault location and

converter calibration is to estimate the contributionthafse

individual errors to the overall A/D converter linggri

identification of the analog components in the flash A/D
converter, and in [13] it is shown how a given calilmatilata

parameters. The observation of important design anget may be used to extract estimates of a specifior er
technology parameters, such as temperature, threshaigeplt performance. Functional faults in each of the analog
etc., is enhanced with dedicated sensors embedded within tB@mponents in a multi-step A/D converter affect the feans

functional cores [1]. The steps causing discontinuitieshe

function differently [11], and analyzing this propertyrhs the

AID converter's stage transfer functions can be andlyze basis of our approach. The A/D converter characteristap
minimized or corrected with a wide variety of calibrationalso change while it is used, e.g. due to temperahzaege and
techniques [2]-[7]. The mismatch and error attached to eactPmponent aging. This means that the A/D converterdbe t

step can either be averaged out, or their magnitudebea
measured and corrected. In general, most calibratiohouet

require that a reference signal is available in thaaligomain,

reevaluated at regular intervals through temperatursose to
examine its performance. Each stage of the A/D converte
under test is evaluated experimentally, i.e. a sigrfaldgo the

this being the signal that the actual stage output of iz A input of each stage of the A/D converter and the transfer

converter is compared with. This reference signal tkérideal
case a perfect, infinite resolution, sampled versfdhe signal

applied to the A/D converter under test. Neverthelessa in

characteristics of each stage of the A/D convesteietermined
from the outcome.

practical situation, the reference signal must be estimate A. A/D Converter Architecture
some way. This can be accomplished by incorporating The overall multi-step A/D converter consists primarify o

auxiliary devices such as a reference A/D convertenpBag
the same signal as the A/D converter under test 8 D/A

non-critical low-power components, such as low-reswotuti
quantizers, switches and open-loop amplifiers. As shown in

converter feeding a digitally generated signal to the A/Drigyre 1, the input signal is sampled by a three-tinterieaved

converter under test [9].

sample-and-hold (S/H), which eliminates the need for re-

In this paper, such an A/D converter is augmented witisampling of the signal after each quantization stage. The

dedicated sensors embedded within
supplement the circuit calibration and to guide the \atiibn

the converter

#gsulting sampled signal is then further processed ieethr

steps, namely, the coarse (4 bit), the mid (4 bit)thedine (6

process with the information obtained through the monigorin Pit) Steps. The acquired signal from the coarse quatizéi

process. Furthermore, the design-for-test (DfT) cajiaksil
permit a multi-step A/D converter re-configuration irclsua
way that all sub-blocks are tested for their full inpabhge

stored in a latch and is also applied to a switchtorgelect the
references for the mid quantization in the next clock phase.
The selected reference signals are combined with tdaript
signals from the S/H in two mid residue amplifieranirly,



the outputs of both coarse and mid A/D converters areneasurement of these fluctuations, an evaluation strategy
combined together in order to select proper referencethéo depicted in Figure 2 is proposed. The algorithm inptastize
fine quantization. Correspondingly, these references amutputs of each stage of the multi-step A/D converted a
combined with the sampled input signal in two fine residueutputs of die-level process monitor (DLPM) circuits and
amplifiers, before they are processed in a fine staggicdlly, temperature sensors. The desired output is collectetieat t
the full range of the mid quantization resistance ladde output of the following stage (back-end) and subtracted from
longer than one step in the coarse quantization lawdidn.this  the corresponding nominal value. The algorithm gives the
over-range compensation in the mid ladder (e.g. similarequired information to the digital pattern generator, seho
principle is applicable to the fine ladder as well) thatics outputs steer the calibration D/A converter (implemented a
errors can be corrected since the signal still liehénrange of current-steering DAC), thereby closing the calibratiooplo
the mid ladder. This means that the output of the A/IDexdar  The temperature sensor based on [15] registers any pn-chi
is redundant and it is not possible, from the digital outfsut, temperature changes, and, if required, updates the estimati
find the values from each sub-ranging step without empioyinalgorithm. The DLPM measurements are directly related t

dedicated DfT [14] asymmetries between the branches composing the cirauit; fo
all primary error sources, we derive separate DLPMs by
Ver extracting (replicating) the targeted error contributbreach

stage (e.g4, i, andy). The primary reason for replicating the

error contributors is to avoid large added loading ef tiast

scheme on the circuits in sensitive analog signal paths
Additionally, by separating DLPMs from the signal patie

Decoer | 12807 monitors can be designed to maximize the sensitivitghef

2 B> Circuit to the target parameter to be measured. Aidigation

Corecton window for various die-level process monitors is defined

according to the rules of the multi-step A/D conveseetor

model [10].
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Figure 1. Block diagram of the 12-bit multi-step A/D convatte AI‘r‘]z'u"tg

To set the inputs of the individual A/D converter staafethe
wanted values, a scan-chain is available in the bwntatrix
circuit. For mid-range A/D converter measuremens,ciharse Aﬁiﬁg
A/D converter values are prearranged since they determine— |
mid-range A/D converter references. Similarly toleate the
fine A/D converter both the coarse and mid A/D converter
decisions are set to predetermined value. The resporeseiof
of the individual A/D converter stages is subsequentlyecbut
to the test bus. The sub-D/A converter (implemented as fdgure 2. Conceptual view of the calibration loop.
combination of the reference ladder and the switch R)atri
settings are controlled by a serial shift of dataubtoa scan
chain that connects all sub-D/A converter registerscapiure
the current settings of the sub-D/A converter, ipéssible to .
freeze the contents of the sub-D/A converter registenormal A. Time-Interleaved Sample-and-Hold
mode and shift out the data via the scan-chain. A tegtato ~ The sampling rate of a system is further increasea bying
bit per sub-D/A converter is available to adjust (inceabe time-interleaved technique [16], where a higher samplatg r
reference current to obtain an optimal fit of sub-D/Awester  iS obtained by running the system in parallel, although a

Digital
Output

[ll.  DESIGN OFDUAL-RESIDUEMULTI-STEPA/D
CONVERTER

output range to the A/D converter input range. different clock phases. However, in the front-end S/H,revhe
the clock is used to sample a continuous time signagl, an
B. Process Variation Monitoring Based Calibration deviation of the sampling moment from its ideal valuailtes

. in an error voltage in the sampled signal equal to ieabk
D e a8 45, 1 hange between these wo momens. Th clock skot amtve

- . ! .the sampling clocks of distributed S/H circuits can be
processing functions are _executed n the ana_log dom"’“@alibrated by measuring its value and controlling tunable
Consequently, the conversion process is susceptible to analggivq of 4 DLL [17]. Nevertheless, in general, catibraof
circuit and dev[ce Impairments. The' primary static erofy,q qrew petween S/H circuits has two significant drakda
sources present in each stage of a multi-step A/D ctemare First, skew measurement is complex and second, the tuning of

systematic decision stage offset ermrsstage gain errorg,  yno qelays requires high accuracy from the calibratanware
and errors in the internal reference voltage®o facilitate the and algorithm. Alternatively, timing alignment within the



required accuracy can be obtained by using a master cl8ck [Ifoldings in each folding signal before interpolation can be
to synchronize the different sampling instants and by carefuhcreased. Conversely, the transconductacgeves of the
design while matching the channels clock and input signaldifferential pairs starts overlapping; deteriorating tfzén of
lines [19]. In this design, a similar approach is followed:the folding amplifier. In this design, to allevidtee problem of
besides the extensive shielding and matching of the clock lineoverlapping transconductance curves, folding is condudtad a
the delays of any active buffers within the clock distiion  lower frequency in each stage [26].

network are kept to the minimum. The implemented sub-D/A conversion is based on resistor-

Besides timing mismatch, time-interleaved S/H suffeosfr ladder architecture since it is relatively simple and riahty
offset, gain and bandwidth mismatch. One limitation lef t monotonic as long as the switching elements are designed
offset cancelling method [20] from a systems poinviefv is  correctly. Additionally, the DNL of resistor-ladderriglatively
the fact that the static offset has to be measuréatebehe low compared to other architectures. Switches in $witatrix
calibration. The gain mismatch can be calibrated digitay are simple CMOS switches designed to have low enough on-
measuring the reference levels and storing them iemary. resistance to provide sufficient bandwidth for twelve bit
The ideal output code can be recovered using these measueettling of the reference signals on the residue arerdifi
reference levels [21]. In our implementation the resultiog
offset is mainly cancelled with design percussionshsag C. Inter-Stage Design
d|fferent|al signal pa}th, bottom plate sampillng., smait;itmck In a multi-step A/D converter, an error in the gaingsta
switches, opamp high common-mode rejection ratio and by, ses” 5 non-linearity in the input to output transfer
using the closed loop sampling architecture such thal,, o cteristic. If a gain error in the residue amgliticcurs, the
consequent offset mismatch is sufficiently low for theuieed 40" range of the residue signal will be adjusted cauamg
resolut_|on. By dlr_n_ensmnlng the open loajp-gain of the . error in the analog input for the next stage. As a cpresece
operatlonal_ amplifiers large enough, th? E?ffe‘?t .Of 98Nne residue signal will not fit in the subsequent A/Dveoter
\r/nvl_srr]natchflsl s_u_ppressgdl below the quantlzaur(])_n nms;i. lev@bnge. In our design, the implemented dual-residue signal

ith careful sizing anc layout, capacitor matching sufficie processing [27] spreads the errors of the residue aenpldver

for twelve bit resolution is achieved. By increasing the . . . - impdo
bandwidth, the impact of the bandwidth mismatch at the sign%%%avm; leAg:'gr;ES Igweq&zﬂﬁgét\i/gwcgeg?;ggsOlfn tﬁg Ipwﬂ v

frequency becomes lower. For this reason, the bandwidth Q4,qe 3 first and a second residue amplifier passiftaeedce

each sample-and-hold unit has been chosen larger th"""SWha%etwe,en the analog signal and the closest and the second

required when just looking at signal attenuation. closest quantization level, respectively. By passingh bo

. residues to subsequent stages, information is propagated

B. Stage Design the exact size of the quantization step, as the sumeofito
To maximize the settling time of the sub-D/A converterresidues is equal to the difference between the two quantiza

output, i.e. to achieve a high conversion speed, theeaamd levels. The absolute gain of the two residue amplifiers i

mid A/D converter should be able to provide its outputh® therefore not important, providing that both residue anepdf

sub-D/A converter as soon as possible after the S/Hitcircumatch and have sufficient signal amplitude to overcamitef

samples the input and enters the hold mode. Therefore, themparator resolution.

coarse and mid A/D converter are of parallel, flaske f}3?] as

it provides the highest throughput rate. It should be ndtetl t D. Multi-Stage Circuit Calibration (MSCC) Algorithm

|n'suff|C|ent' settling in coarse and mid A/D. converiar Based on the predefined inputs and current error estimates,
mlsmatch In coarse and mid comparators |s'd|.r emlysiated proposed calibration algorithm based on the steepest-descent
Into a quantization error and.appea'lrs.asashlftmtlamdmcof .method (SDM) [28] (Figure 2) involves the creation of an
the quantization step causing missing codes. To cope wi timation erroe, by comparing the estimated outyit,,(t)

these errors, we have applied over-range and digitadation - g
. : - to a desired respond,(t). Statistical data extracted through
[23] technique. The low comparator offset is achievedaas the DLPM measurements provide the SDM estimates

result of signa}l amplification in the preamplifier m_jits, the W)'=[4,7,2] with an initial value. The automatic
large transresistance of the current-'to-voltage aginvie, the adeustme’nt’ of the input weightéW")' is performed in
twojphase clockln'g scheme [24], which rgduces Fhe nu.mber Qccordance with the estimation ererAt each iteration, the
devices thqt contribute to the offset, and finally with¢heice algorithm requires knowledge of the most recent valDg&)

of appropriate transconductance ratios. As a resulthef tp () and W'(t). During the course of adaptation ’the
absence of offset compensation, the clock frequency is high aIZ;uorithm recurs numerous times to effectively avertfgf

To reduce power consumption of the 6-bit fine A/Destimate and to find the best estimate of weight The
converter, the folding and interpolation technique [25] istemporary residue voltage in inD}, needs to be updated after
applied. In order to increase the intrinsic resolution, nzere-  each iteration time to improve the accuracy, which @ddne
crossings (e.g. necessary for the digital output cadesitions) by using the current error estimaé. As temperature can vary
have to be created across the input range. This cachieved  significantly from one die area to another, these fluctoatio
by increasing the number of folding amplifiers at the input othe die temperature influence the device characteriticthe
by increasing the interpolation factor. However, thesémplemented system, the temperature sensors registesnany
approaches result in increased power consumption, ar@ip temperature changes, and the estimation algorithmeupdat
degraded speed performance. Alternatively, the number &heW’ with a forgetting factor; [29].



and fine A/D converters to the coarse result valués iot

Al_glorfth"_] necessary to set these two A/D converters at a fixade val
Initialization test the coarse A/D converter. However, since the adilior
:gtr'fgztﬁé'}ﬁ;ﬂg’;ﬁﬁ%ﬁﬁgﬁ?{he desired ouD(0) D/A converter settings do show in the mid A/D converter
- Measure and set the initial value of the weighté0) results, the sub-D/A converter is set to a known value to
- Initialize the steepest descent update gteip prevent interference with the mid A/D converter test Itesu
- Initialize the forgetting factaf Similar to the mid A/D converter, the fine A/D conwsrt
Data collection cannot be monitored directly due to the overlap in the A/D

- CollectN samples from the DLPM and temperature sensors
- CollectN samples from the AD converter
Update parameter estimate

converter ranges. The predefined input signals aredstd
when the A/D converter operates in a normal applicatiode.

1. Update the input vect®i(t+1) based on current availabl(t) At a certain moment the scan chains are set to a hold toode
2. Calculate the error estimaté(t) acquire the requested value. Now, the residue signalsederiv
3. Generate the output estim@tau{f)= Din(txW'(t) through the predefined input signals evaluate the fine A/
4. Calculate the estimation ermft) = D'ou(t)-Dou(t) converter performance. The calibration signals neeceo
5. Calculate the error estimaté(t+1)= W'(t)-ux Din(t)xe(t) : . .
6. ITW'(t+1)> W'(1) decrease step sizeand repeat step 5 active as well for the fine A/D converter test. Tarify offsets,
7. Increase the iteration indeband repeat steps 1-6 for best estimate a similar procedure as in the mid A/D converter isofeéd.
8. Denote the final value & by W' The calibration D/A converter settings have to be knomah a
9. If temperature changes updW'(t+1)=¢ W'(t)+(1- {) W' (t+1) set to a known value to prevent interference with testtees

IV. EXPERIMENTAL RESULTS The calibration technique was verified for all stagé$ full

. i . . scale inputs. If the analog input to the calibrated édDverter
A prototype 12 bits multi-step A/D converter with dediéth 5 gych that the code transitioni jghen the code transition of
embedded process monitors was fabricated in a standalel singhe igeal A/D converter is eithéror i+1. The offset between
poly, six metal 90 nm CMOS (Figure 3). The stand-alof® A ne gigital outputs of these two converters for thegeaof
converter occupies an area of 0.75 Toperates at 1.2 V analog inputs is denotety and;,, respectively. If a calibrated
supply voltage and dissipates 55 mW (without output buffersiy/p converter has no errors in the internal refereraitagesy
Dedicated embedded monitors (12 per stage subdivided inihqg neither has stage gain errprshe difference between the
three specific groups and placed in and around the peedti  cgjiprated and ideal A/D converter outputs is constant
multi-step A/D converter) and the complete DfT arerretsd regardless of the analog input, thtis=A,. If errorsy andy are
to less than 10% of the overall area and consume 8 mW.4nd Gnclyded, then the calibrated A/D converter shows unique
mW when in active and passive mode, respectivEch missing codes. The difference betweén and 4;, gives the
DLPM consists of 12 differential pairs or ladder ressto orror due to missing codes that occur when the ideal A/D
corresponding to gain-, decision- or referenced-based anpnit conyerter changes from codédo codei+1. The unique error
respectively. The DLPM circuits are small and stalot@  qye to missing codes at all other transitions can kesuned in
they match the physical layout of the extracted devicemnd 5 similar manner. With errors from missing codes atheac
test, and consume no power while in off state. Additignéle  measured transition, the calibrated A/D converter stage i
test-chip contains a temperature sensor (located beaeese  qrrected by shifting the converter’s digital output &snation
A/D converter and fine residue amplifiers), which consumegy the transition points such that the overall transfection of
only 11 pW. The MSCC algorithm requires about 1.5k logiGne calibrated A/D converter is free from missing codss
gates as calibration overhead, occupies an area 4fronf long as the input is sufficiently rapid to generate aicafit
and consumes 11 mW of power. number of estimates af;, 45, for alli, there is no constraint
on the shape of the input signal to the A/D converter. A
constant offset between the calibrated and ideal A/D exoewv
appears as a common-mode shift in btifhand4j,. Since the
number of missing codes at each code transition is mezhbyr
subtractingdi, from 4;;, the common mode is eliminated and
thus input-referred offsets of the calibrated A/D @mer have
no impact in the calibration scheme (under the practical
assumption that the offsets are not large enough to satheat
output of the converter stages). The mean-square error fo
milion samples is 1®& The largest correction values
significantly decrease with the amount of samples. Asleal
A/D converter offers an ideal reference for the caliloraiéD
converter, the error signal used for the algorithm adapté
‘ highly correlated with the error between them, theady state
Figure 3. Chip micrograph. convergence occurs within a relatively short time irkr
Different4, n, andy are generated randomly, so that the relative
errors are uniformly distributed in the interval [-0.1,0.A}.
Tirst, uis set to 14 to speed up the algorithm, theris set to
1/64 after 1000 iterations to improve the accuracy.

The test shell contains all functional control loghe digital
test bus, a test control block (TCB) and a CTAG isolatio
chain. Testing of each stage is performed sequentialiirsy
from the first stage. Since there is no feedback ftbenmid



TABLE |l- SUMMARY OF THE CALIBRATION PERFORMANCE
1,
A summary of the converter performance at 30°C and
comparison with previous works is shown in Table I. 0
Calibration results measured at several temperatures ar
summarized in Table Il. A code density test was conducted

(2] 3] [4] [5] (6] [7] [This work]
CMOS Technology 0.6 um 0.35 um 0.18 pm 0.13 puin 90 nm 90 nm 90 nm
Resolution (bit) 12 12 12 12 12 (hom) 12 12
Supply voltage (V) 5 3.3 1.8 12 1.2 1.2 1.2
Sample rate (MS/s) 33 20 50 120 100 200 60
Eff. bandwidth (MHz) 16 10 25 60 50 91 30
DNL (LSB) 0.8 +0.42 0.26 0.3 40.54 +0.8/-0.6 a7
INL (LSB) 1 40.75 #0.72 +0.95 1368 +1.31-1.7 1.2
SNDR (dB) 70.3 70.2 64 74.7 68.8 61.6 68.6
Calibration Piecewise Lin,| Nested DCL off chip HDC M& SDM
Power (mW) 650 231 18.4 51.6 130 348 55
Area (M) 3 75 0.26 0.56 4 1.36 0.75
TABLE |- SUMMARY OF A/D CONVERTERPERFORMANCE AND COMPARISION WITH PRIOR ART
| before | (©°C) | (30°C) |  (90°C) the switching points is in the order of 5°C. This aacyris
Coarse A/D Convertel limited by the matching performance of the MOS amplifier
DNL +05LSB | *05LSB | +0.4LSB | +0.4LSB which in turn is restricted by the sizes of the transssin the
INL +0.7LSB | +0.7LSB| +0.6LSB|  +0.6 LSH library style layout. We observe that the improvement of
THD -26.1 dB -26.4 dB -26.7.dB -26.5 dH DNL and INL is coincident with the fact that the mismatch
SNR 23.7dB 23.9dB 24.3dB 23.8dB increases when decreasing the temperature. Therefdies as
Mid A/D Converter worst case mismatch and temperature condition, the lower
DNL +0.7LSB | #0.7LSB | *05LSB | +0.6LSB end (0°C) of the used temperature scale (0°C to 90°C) is
INL +18LSB | +08LSB| +0.6LSB| +0.7LSH observed. The linearity measurements show bathtub-like
THD -13.8dB -24.8dB -26.1dB -25.3 dg features since at the higher temperature end, mobility
SNR 12.4dB 21.3dB 23.5dB 22.4dB degradation deteriorates the circuit performance. ThieNDL
Fine A/ID Converter measurements show that at optimal temperature (30°€), th
DNL +09LSB| *09LSB | +0.6LSB | *0.8LSB standard deviatiostdey4V+s,) decreases by 0.16mV. This
INL +2.6LSB | +1.0LSB| +09LSB] +0.9LSH compares reasonably well with the measured improvement i
THD -18.3dB -33.7dB -35.8 dB -33.2dH Iosat Matching of 0.032%. The threshold voltage matching
SNR 15.6dB 29.5dB 31.4dB 29.1dB coefficientAyr, the standard deviation of percety and the
Total A/D Converter current matching coefficienfAp improve by 0.3mVum,
DNL | +14LSB| #12LSB| +07LSB | +11LSB 0.032% (0.036pA), and 0.06%pm, respectively.
INL +4.1LSB +1.5LSB +1.2 LSB +1.4LSB
THD -46.6 dB -69.4 dB -735dB| -70.9dB 3
SNR 41.5dB 67.3dB 70.3dB 68.7 dB Al |

to obtain static linearity of the proposed A/D corteerDNL ol
(Figure 4) and INL (Figure 5) are measured with a signal
frequency of 1 kHz and 15 MS/s, and THD and SNR are 3%

obtained with 25 MHz input signal and 60 MS/s sampling
frequency (Figure 6). The largest spike, other than the
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fundamental input signal, is the spurious harmonic which  Figure 4.
appears atfs/3#;, and is about 78.1 dB below the 3
fundamental signal. A locked histogram test revealédba

ps rms jitter in the system including the clock generater 2
synthesizer, the A/D comparator chip and the board, which
translates to a 70.4 dB SNR at 30 MHz input frequencys Thi 1
confirms the observation that the performance of this o ol
converter is limited by the clock jitter at high input 3
frequencies. The measured behavior of the temperature -1
monitor shows the typical bandgap-curve which reaches a
maximum at 810 mV close to the target of 800 mV without -2
trimming. Results from 35 prototype samples show a 3
standard deviation of the bandgap output voltage of 4.5mV. 0
The temperature sensor switches at intervals of 10°C as
measured on a digital production IC tester. Mismatch Figure 5

simulations indicate that an absolute untrimmed accuwécy
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Figure 6. Measured frequency spectrum at 60 MS/s with antinpu
frequency of 25.6 MHz

V. CONCLUSION

The feasibility of the calibratiomethodhas been verified
by experimental measuremerftem the silicon prototype
fabricated in standard single poly, six metal 90 nm CMOS.
The stand-alone A/D converter occupies an area of 05 m
operates at 1.2 V supply voltage and dissipates 55 mW
(without output buffers). The calibration algorithm regsir
about 1.5k logic gates, occupies an area of 0.14 amd
consumes 11 mW of powefast identification of excessive
process parameter variation effects is facilitatetietcbst of
at most 10% area overhead, and 8 mW and 0.4 mW of power
consumption when in active and passive mode, respactivel
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