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Abstract - The paper presents the results of investigationglmnination of drift-like errors in intelligent
cyclic A/D converters, in particular errors caudsddrifts (droops) of voltage at the output of séergnd-hold
blocks. The proposed solution is based on appticatif the extended multi-dimensional algorithm, ethi
estimates simultaneously values of the input samptethe drift rate using the drift rate estimdtascorrection
of the input sample codes. Implementation of thierked algorithm in the intelligent cyclic A/D carters
requires only insignificant changes in the digpalt of the converter and does not increase theidyztion
costs. The motivations to these investigations weselts of practical realizations of the intelligeyclic A/D
converter in CMOS technology and difficulties in id@sof a precise sample-and-hold circuit. The rssaf
selected simulation experiments related to analyliafluence of a droop rate on the final performoa of the
intelligent cyclic A/D converters employing the mtiard (one-dimensional) and extended algorithms are
discussed and compared in the paper.

I. Introduction

Cyclic analog-to-digital converters are charactetibg a relatively long conversion time of one saamphich
consists of several cycles of processing. Theretoeeerrors caused by drifts may be of crucialangnce for
the worsening of conversion quality. In this aspeat especially sensitive component of the conveaste
sample-and-hold block (S/H) whose output voltagg sfaange over a conversion time (in a hold mode) tdu
imperfections in the hold capacitor, switch or Sflitput amplifier. The changes of the output voltage caused
by a leakage current flowing into or out of thecohpacitor. This effect is known as a dr¢d2] at the S/H
output and is specified by a droop rate usuallyresged in Mis or V/ns. Certainly, a droop can be reduced by
increasing the value of the hold capacitor, but thcreases also acquisition time and reducesahdviidth of
the converter. There are many sophisticated diffekcircuit techniques often used to reduce tfiece of a
droop in sample-and-hold circuits [1,2].

In this paper a new approach to solution of sudblems is presented. The approach is based orcatypti of
the two-dimensional algorithm of estimation of batle sample value and droop rate coefficient. Téemya of
the proposed algorithm is possible in the new atdisy/clic A/D converters, so called intelligentotig analog-
to-digital converters (IC ADCs) which particulargi®f design and operation were discussed in [JHg. first
prototype of IC ADC was realized in CMOS technolo§y. [The experience from the process of design and
assessment of the prototype and its componenigéaicto start the investigation on usage of muhiehsional
algorithms enabling simultaneous measurement @fpeters of appearing errors and their compensation.

IC ADCs employ a new conversion method based oniGgtjuin of the analytical approach to optimisatafn
adaptive estimation algorithms [6] and, in convemil form [3,4], use its simplest one-dimensionatsion.
This paper focuses on application of multi-dimenaioversions of the algorithms [6] in IC ADCs, whic
enables drift-like errors parameters estimation eachpensation. General principles of applicationttefse
algorithms to elimination of errors and interferes@re presented in [7].

1. 1C ADC operation principles
An essential feature distinguishing intelligent lay@é\/D converters from other known cyclic A/D cogners is
computing of input samples codes in the form oflbimary words of the fixed lengticomp (€.9.Neomp= 16, 24

or 32-bit) using adaptive algorithms based on thgr@ach [6]. A simplified block diagram of IC ADC, wh
illustrates the principles of its functioning, isepented in Fig.1.

386



17" Symposium IMEKO TC 4,8 Symposium IMEKO TC 19 and 3WADC Workshop
Instrumentation for the ICT Era
Sept. 8-10, 2010, Kosice, Slovakia

Codes
Forming LogiC frt=—3
and Control

ANALOG PART

Figure 1. General block diagram of IC ADC.

The input signaM(t) is sampled in the sample-and-hold (S/H) block anebltageV(mT) = V (for notational
convenience, the time index is further omittedpétd during the sampling interval permitting to complet&
cycles of conversion. In eat¢kth cycle k = 1,2,...K) of conversion the voltage value at the input mfaaalog
subtractoix should be constant, that\lg = V. The second (negative) input of the subtrakte connected to the
output of an internal D/A converter (DA DAC;, forms the analog voltag’&ia!kf’,f_c1 from the binaryNpac -bit
code Npac < Neomp of the estimatev, , , calculated in the previous stage. The subtraZtéwrms a residual
signal g =V -\, which is routed to the input of the controlledngamplifier A with the gainCy. The
amplified signalC, e, is routed to the input of the internal coarse {hlabc = 1+6 bits) A/D converter (ADf).
The adequate model Mapc -bit code ¥y, formed by ADG,, which takes explicitly into consideration the
possible saturation of the converter caused byinttieed input range [B, D] of ADC,,, is as follows:

[ ce  for Glg|<1
yk_{Dsign(q) for Ck|€;<|>l} +Ek! (1)

wheredy is a noise related primarily to quantisation in AR®lapc -bit code §, formed by ADG, is routed to
the digital part of the converter which computes #stimate (codey, of the input sample on the basis of its
value calculated in the previous stage and theuvetpde of ADG;, according to the following relationship:

Ve =V + LY, 2)

Sub-optimal values of gain§, (maximal under given acceptable probability of nn@ding 1) as well as
corresponding values of coefficientg can be found using the analytical approach prapasd6]. In one-
dimensional case we have:

Comr— L= ®
am o;+Clo;
These values minimize, for eakl¥ 1,2,... K, the mean square error (MSE) of conversion:
(07 +Clo))R,
0; +Cl(0; + R.y)

R =EH(%-V]= 4)
under probability of overloading not greater thamigen acceptable value. Saturation factom in (3) is
determined by the permissible probability of overloading and in Gaussian case satisfies ettpeation
®(a) = (1 —p)/2, whered(a) is the tabulated Gaussian error function. Vagahy? and a§ in expressions
above represent the variances of noigest the output of the subtractBr(caused, among others, by the finite
resolution of DAG,) and; at the output of AD§ (caused, first of all, by quantisation), respesdtiv

The usage of the algorithm (2-4) and its modifimasi [8,9] enables achievement of the IC ADC resgmiut
greater than in conventional cyclic A/D convertarsh similar analog parts and comparable probabitit
saturation [3,4]. Application of long-bit operat®in IC ADC permits to remove inevitable in convensl
cyclic A/D converters constraints on the gain cdoéfhts which should have only the values equahteger
powers of two. Impossibility to set the gains telesheoretically required value restricts posdil#i to utilize
entirely the resources of the analog component€ &DC for reduction of influence of technologiators and
noises. To avoid overloading in each cycle, desgneust artificially decrease the gains of ampiffiand use
so-called redundant bits. This results in incomgpletilization of the resources of converter compsieand
decreases its final resolution. In IC ADC, potdntizerloading is excluded by setting the components
parameters in each cycle to the close to optimakegadetermined analytically.
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[11. Extended algorithm in case of drift-likeerrors

In the case of drift-like errors occurrence, thikofging model of the voltag®/, (in order to distinguish the drift
case we use the upper wave ovgrat the output of S/H block can be assumed:

V, =V+4d,, ®)

whereV is the measured value of the input sample /gl the unknown rate (amplitude) of a drift-likege
droop) component, which has the known faige.g.di = k — 1 (linear) ord, = 1 —e Y (exponential), wherk
is the cycle numbeik(= 1,2,...,K). Typical runs of the voltage at the S/H outpw shown in Fig. 2: a) linear
drift d =k — 1,4 = —=10* b) exponential driftl, = 1 —e7*™, g = —21072 y = 10™.
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Figure 2. Trajectory of input voltage in case oklr (a) and exponential (b) drift.

The considered voltage (5) can be presented ifotheof the regression type model:
V. =0"X,, (6)

where @ =[V, B]" is a vector of unknown parameters to be estimatetiX, =[1,d,] consists of two known
deterministic components. Our goal is to find tiptirnal method of estimation of bgth sample valuand the
drift coefficientp. In this case, the residual signal has the fegra V, - VrS , where V% is the prediction of
the value of the voltag®) at the output of S/H block in theth cycle calculated on the basis of estimates
0, =[Vi_,, B.,]" obtained in previous(- 1)-th cycle:

\7k,k—l = 01’_1)( k = Vk—l + ﬁk—ldk' (7)
The recursive equation for the optimal estimatessifollows
0,=0,+tL 9, (8)

and the sub-optimal values of the galgmaximal under given acceptable probability of te@dingu) as well
as corresponding values of coefficients=[L, L'”]" can be found using the multi-dimensional versiothef
algorithm of optimal signal parameter estimatioh [6

C — D Ck Pk—lx k

- ) L = ]
©aar+ XTP_X, © O HCHOT+ X[ PLX,) ©

Ck2 Pk—lx kX‘II; Pk—l
07 +CA0] + X Py X))

P, =E[(0,-0)(0,-0)"1=P,, -

(10)

Initial conditions for the algorithm (8-10) are adly as follows#, =[0,0]", P, = diag(oy .07 ), where o7, o
are the variances (a priori) of the converted watgusually o = FSR/12) and the drift coefficient,
respectively. From the practical point of view, iepentation of the extended algorithm (8-10) inADC
resolves itself into additional implementation loé trelationship (7) and two following operations:

Vi =Va t L(kl) V' B=Bat L(kz)yion (11)
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instead of one operation (2) as in the case o$tiedard IC ADC. It is worth noticing that calculai$oof gains
and coefficients (9-10) are performed off-line bieftheir implementation in the converter.

V. Results of computer experiments

In order to verify the proposed method, the appadprmodels of IC ADC employing both standard (2-4d a
extended (8-10) algorithms as well as simulatiaristavere developed in MATLAB environment. In sintida,
the correction related to the fipite resolution@AC,, was_taken into cqnsideration, that is insteadypfthe
corrected valuey™" = ¥, - CAV RS was used, where\V,>S =V, ., -V is the difference between the
calculated in the digital paN..mp-bit long estimate and ifSpac -bit long version cut at the input of DAJ9].
The values of parameters in simulations were dsviist Napc= 4,Npac=12,D =1 [V], a = 3, g =FSR /12,
Vo=0, aj =108, Po = 0. The values of basic IC ADC parameters assumeathiulations are the same as the
values of the parameters which were implementedhe first prototype of IC ADC realized in CMOS
technology [5].

In the first series of experiments the single rahsstimates are analysed. The plots presentedjirBRIustrate
the results of conversion of the input sampleMaer 0.45 [V] in a presence of linear drift at thédSJutput with
the drift rate = 10°* [V].
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Figure 3. Typical runs of estimates formed by IC Alith standard (blue dashed lines) and extended (red
continuous lines) algorithms, estimates of: (ajage at S/H output, (b) drift rate, (c) input saenphlue.

Fig. 3a shows typical runs of estimatésof the voltagev, at the output of S/H block in subsequent cycles of
conversion for both the standard (one-dimensicarad) extended (two-dimensional) algorithms, bluéhddsand
red continuous lines, respectively. The trajectafrgstimates of the drift rate obtained by the edésl algorithm
is presented in Fig. 3b, whereas Fig. 3c shows#&puns of estimateg,_ of the input sampl¥ for the standard
and extended algorithms. The plots from Fig. 3acaté a significant advantage of the extended dlgorover
the standard one in ability of tracking of changimgut voltage.

In the next series of simulations, the propertiesyplication of the standard and extended algarithn IC
ADC were investigated on the basis of the behavidiempirical values of Effective Number of Bits (EBD
[10]. Test input signals were generated as seqsenfceandom uniformly distributed (in the input ganof IC
ADC) signal sample¥ ™ (m=1,...,M), whereM is the number of samples converted in the giveresxgent
(M =10 000). For every input sampl&™ concerned in simulation experiments, the valuthefdrift parameter
was generated randomly with the Gaussian distobul (0,0’2) for the standard deviatioa, =10"[V]. The
empirical values of ENOB were calculated using thiofving formula [3,4]:

=

~ 1 P A 1M ~
N, ==log,| = |, =—> v -\y"?,
=35 g{Pk] MmZ:l[ ] (12)

whereP, = FSR/12. Fig. 4 shows plots of ENOB versus the numberyofe obtained for both standard (blue
dashed line) and extended (red continuous linegrdkgns used in IC ADC. The blue dashed plot conditimat
IC ADC with the standard algorithm is not able to kvgroperly in the case of drift occurrence, but EBNO

obtained for IC ADC employing the extended algoritfred continuous line) continues further increaserad
short break in 5-th cycle.
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Figure 4. ENOB versus number of cycle for the stesh@alue dashed line) and extended (red continlinay
algorithms used in IC ADC and far, =107[V].

In the last series of simulation experiments thepidoal values of ENOB for the standard and extended
algorithms applied in IC ADC were compared for diéier values of the standard deviatian, of drift
coefficient. Fig. 5a relates to the standard athoriand Fig. 5b to its extended version.

a) b)

—
o)

~ Ry = L
o0 \\\\ m 81
{ ‘* 9
10 ) 2 e 6 20 10 10° . e 16 20
107 1 107, g 12
% V] 105520 ! Number of cycle 7 V] 19507 0 ! Number of cycle

Figure 5. ENOB for differentr, obtained for the standard (a) and extended (loyighgns used in IC ADC.

Figures 5a and 5b explicitly demonstrate that drifturrence degrades performance of the standaiDIC
expressed in ENOB proportionally to the drift (dopaate, while IC ADC with the extended version of
algorithm can work satisfactorily in the wide rargfehe drift coefficient values.

V. Conclusions

The proposed application of the extended algorittith drift parameter estimation enables preservatib IC
ADC capability to accurate conversion of input séspn the presence of drift (droop) which is imgibte in
the case of conventional cyclic A/D converters g@dat importance for practice is the fact thatapplication of
the extended algorithm requires no change in thahitecture of the conventional IC ADCs but only
insignificantly extends the digital part of the wenter which practically does not change the prtidnacosts of
the converters. Certainly, simultaneous estimatiothe sample amplitude and drift rate causes arease of
cycles number needed to obtain assumed resolutioh) ia consequence, diminishes a sampling rate in
comparison with the situation when there is notdrif

The proposed approach can be also used in theafasecurrence of errors of other types, e.g. haimon
interferences. Then, suitable extension of the orecf known deterministic components and approgriat
modification of the vector of unknown parametersb estimated must be done, without changes ofrgene
form of the conversion algorithm.

The developed simulation tools allow the assessnoénpredicted influence of a drift rate on the fina
performance of IC ADC with both the standard and redéel algorithms. They also enable the estimaticthef
number of cycles needed to obtain the given reisolwf the converter which would be able to workgerly in

the presence of drift.
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