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Abstract — This paper deals with a prospective approach afeitag and design evaluation applied to pipelined
A/D converter architecture. In contrast with comv@mal ADC modeling algorithms targeted to extrale t
maximum ADC non-linearity error, the innovative apgech presented allows to decompose magnitudes of
individual error sources from a measured or sineglaesponse of an ADC device. This qualitative dgmasition
can significantly contribute to the ADC calibratiprocedure performed in term of integral and diffiéiad non-
linearity. This is backgrounded by the fact tha kmowledge of ADC performance contributors provitgdhe
proposed method helps to adjust the values of gn-cbnverter components so as to equalize (andilgpss
minimize) the total non-linearity error. In thispe, the design evaluation procedure is demonsdti@tea system
design example of pipelined A/D converter. Sigrifit simulation results of each stage of the desigruation
process are given, starting from the INL perforngarextraction proceeded in a powerful Virtual Tegtin
Environment implemented in Maple™ software andsfiimg by an error source simulation and modeling of
pipelined ADC structure, suitable for a generic pssflow.

Keywords —pipelined A/D converter, ADC modeling, design ewdion, integral and differential non-linearity.
I. Introduction

A. Novel design evaluation approach

Verification of design performance and subsequewiog calibration of an A/D converter is a challiengtask.
This is backgrounded by the fact that the ADC pentmmce depends on many parameters of the analogndesi
part. This becomes apparent especially in compésxga structures, such as pipelined A/D convemdrsre the
number of circuit components is high due to panitig into several stages. Therefore, it is vergasy to develop
an explicit expression of the ADC performance cdmitidrs, represented in this case by the error ssuof
underlying circuit instances. Prior works were feed predominantly on a classical ADC modeling ansigthe
approach [1], [2] providing only the information@li the maximum INL and DNL values, with no subsagu
search for the root-cause error contributors. &seng approach of pipeline ADC calibration wascdiegd in [3],
[4]. Unfortunately, its application in our work ifficult as the method is dedicated for the padirfcation
measurement rather than design evaluation focunstkdsi paper.

In contrast to this, the innovative approach ofigleevaluation presented in this article is capablextract the
magnitudes of individual error sources contributinghe ADC performance. Assigning an error mechartis a
specific circuit component or a group of instanafficient ADC device calibration is possible. Alig point, it
should be emphasized that the design evaluatioroapip developed throughout our article represaemisfiicient
tool for design optimization as an inherent parthef integrated circuit design flow.

B. Modeling and parameter extraction of pipelined AOCs

The basic building blocks of pipelined ADCs [6] ameganized into consecutive stages, each containing
sample&hold (S&H), a low-resolution ADC and DAC, amdsumming circuit that includes an inter-stage
amplifier. In our work, a combination of the pipedid architecture with a flash converter type islemented into
converter stages. The combined pipelined-flash AB&vides an optimum balance of speed and resoluiith,
respect to the power dissipation and the chip Jikerefore, this ADC type becomes increasingly etitra in data
conversion. To optimize the pipelined ADC designifgrenance extraction is necessary as the first efefhe
evaluation procedure. For this purpose, we devel@gpowerful Virtual Testing Environment (VTE). TNEE
proposed is implemented in Maple™ and consistsafnam procedures to extract ADC errors expresséerim

of integral and differential non-linearity (INL ardNL). To extract the ADC errors, an innovative eati of
Servo-Loop method was developed — refer to Sedtidn Section Ill, we follow the concept of anpriori ADC
modeling with an emphasis to the error source ifiemtion and simulation. Subsequently, the design
decomposition procedure with respect to the exadhetrror sources is applied in Section IV. Finalhg work
conclusions are drawn in Section V.
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Il. Advanced Servo-Loop algorithm for parameter extraction

The method concerned is the Servo-Loop, being tihe of the proposed virtual testing engine. In work we
apply an innovative approach developed on assumptigscussed in [7]. Consequently, the loop convergés
significantly accelerated, together with the redlisember of iterations. The implementation is shanvRigure 1.

°I“e Compared to the standard solution [8], the assetioServo-
Loop implementation is the following: Cumsum circuit

applies a priori known values to the input signal.

Convergence process is assisted by an initial dondand
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Figure 1. Servo-Loop block diagram

Il. Pipelined ADC modeling

A. Pipelined ADC model description

The ADC model under verification is a pipelined-fastructure proceeding stage-by-stage conversigoritim
corresponding to the scheme shown in Figure 2.68t®vioral pipelined flash ADC model consists otamgss,
where each stage consists of gt A/D sub-converter, D/A sub-converter, summinigck and an inter-stage
gain block. An N-bit conversion is accomplishedusyng at least two or more steps of sub-rangingh(im sense
called pipelining), starting with the most signéitt bit (MSB). First, the analog input signal is eered in stage 1
providing Ni-bit resolution. Then, using a DAC with at leagtiit accuracy, the result is converted back toagal
voltage and subtracted from the input voltage. Néhxe difference is multiplied by™2 and subsequently, the
algorithm continues in the same way down to lefgtificant bit (LSB). The flash A/D sub-convertereasin our
implementation is depicted in Figure 3. Here, anCABtage with N-bit resolution containd-2 comparators

connected in parallel, with reference voltagesdyet resistor network.
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Figure 2. Block diagram of pipelined A/D converter Figure 3. Flash ADC stage

B. Identification of architectural error sources

In the pipelined flash ADCs, errors can be clasdifieto two main groups; systematic ADC error andecod
specific ADC error [11]. In our work, we are conaednin code-specific errors from which the dominames are:
resistance errgr comparator offsetinter-stage gain errorand finally, thesettling time The mechanism of
resistance error (labeled ess_erro) originates in the voltage divider and can be dbed by the formula (1a).
The offset error labeled adf_error acts at each separate comparison level and ocodes gondition given in
(1b). Finally, theinter-stage gain error, in (1lddenoted asg_error acts between two converter stages and its
occurrence is specific to the signal direction.

k
2R
R/ =R, Eﬁl_%c;rbpm]] , Up = Urey B-— tf1 + off_error) >0, K =2M Eﬁl—%j (1a,bc)
R,
=)
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The error sources described by (1a,b,c) exhibineat deviation or scaling with respect to its ¢gpivalues
usually expressed in ppm or absolute units. Bedidset sources, signal distortioncan occur, caused by non-
linear device characteristic of the ADC componeAtgypical example is thétanh-shaped” distortionof the
inter-stage gain block (see amplifier A in Figupec2used by the internal stages of the transistatOpAmp.
The distorted characteristic of the inter-stage gddck (K'=1 is assumed) can be described as:

= X
y=C;y tan}{ C j 2)

wherex, yare the transfer function co-ordinates &hdC, are constants. Here, tkl3 constant is chosen upon the
desired relative error level and theg constant is calculated so that the transfer foncéindpoints are [0, 0] and
[1, 1]. In Table 1, the distorted transfer chargstie is described by therror_levelparameter varying from 1 to 3,
determining the scale of relative and absolutersribhe resulting waveforms are illustrated in Fégdia,b.

Error_level=1 Error_level=2 Error_level=3
defined as defined as defined as
-_— -_— = X
y= 4,0829883anh§) y 8,041623]anh§) y=182738468Thanng————)
Absolute error| < 0,008 < 0,002 < 0,0005
Relative error | < 0,025 < 0,006 <0,0015

Table 1. Error levels for tanh-shaped distortion

—— Error_level=1
—— Error_level=2
—— Error_level=3

a) Absolute errory = y2'y1 b) relative errory = (yz-yi)/yl
Figure 4. Tanh-shaped distortion of tlaasfer characteristic (K'=1)

INL [LSB]
INL [LSB]

—— gain=100ppm 004 | —— gain=1000ppm

—— gain=500ppm o —— gain=5000ppm|

—— gain=1000ppm| —— gain=10000ppm
Figure 5. Inter-stage gain error — aftérskction Figure 6. Inter-stage gain error — &itésection
(100ppm, 200ppm, 500ppm, 1000ppm) (1000ppm, 2000pPAOPPM, 10000ppm)

C. Error mechanism simulation

In the previous Section, most important error sesi@ccurring in the pipelined ADC architecture wielentified.
The subsequent step in systematic design decorigpo#tto recognize the influence of the error sesrto the
INL characteristic. This can be done by simulatimgjvidual error mechanisms so as to sort-out thegpe of the
corresponding INL waveform and measure its peaieak magnitude.

The VTE was running on the 8-bit ADC with pipelinfiaish architecture (2+3+3 bits) from Figure 2 angule 3,
focusing on the INL contributions of the inter-staggin and offset error. The first investigateders the inter-
stage gain error, documented in Figure 5 and &idgare 5, the inter-stage gain error between tra éind the

second section is depicted. On the shape of tl e o — T-300K
waveforms, a specific dependency of the pulse keni

on the ADC error magnitude can be observed. ! —— T=340K = off,
From the simulated patterns in Figure 5 to 7 it . ** —— T=360K

obvious that the ADC system response to the er
mechanisms can be classified into two basic gramps =~ .
the first error group, the principle of linear sngland !
superposition is valid, i.e. the magnitude of thé. | I
and DNL characteristic is directly proportional ttee o
error level [5]. Particularly, this is documented i

INL [LSB]
°
b

Figure 7. Temperature depencence of the offset erro
(T=300,320,340,360K, Tempcoef34d/K)
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Figure 7 where the comparator offset is shownhéngecond group of error sources represented bintdrestage
gain error, the linear superposition principle islated. This is backgrounded by the quantizatidniNL
contributions from the ADC stages, induced by ao$eipecific threshold values of error sources. iBadrly, if
the error source magnitude exceeds a specific yals@gnificant change of the corresponding INLtdbation is
invoked. Note that the inter-stage gain error exbil periodical influence to the INL charactedstas it is
documented in Figure 5, 6. Such an influence isediy “forwarding” the ADC error from one stageahe next.
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Figure 8. INL response to tanh-shaped distortiorvémious ig_error level

The INL response of the tanh-shaped distortiorhefihter-stage gain block belongs to a specialgcayein the
error mechanism simulation. Since this error meidmnlescribes a non-linear process, the particoflarence of
other error sources has also to be taken into atcouour case, we consider two values of theristage gain
error ig_error = Oppm and ig_error = 100ppm, respely. Simulated waveforms for error_level=2 and
error_level=3 are shown in Figure 8. Notice that tiriginal (undistorted) waveform for ig_error=100p is
displayed as the gairturve in Figure 5. Apparently, the non-linear diibn creates a masking effect, breaking
down the dependency of INL response on the ig_deeel. However, for the tanh-shaped error levehipe
sufficiently low (such as in the error_level=3 dashe ig_error influence is still well observabRecause of the
masking effect, the tanh-shaped distortion has e@okbpt at a sufficiently low level in practical @es
considerations. In such a case, the non-lineactsfiean be separated in a systematical way so @t further
decomposition process.
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IV. Design decomposition and performance fitting

A. Decomposition Algorithm Background

This section introduces the innovative design dgmusition flow carried out to the end of this asicBased on
the simulated INL contribution of particular erswurces present in the ADC model, we will demonsthaiw the
error sources and their combination will affect tb&l INL error. Specifically, the design decomitios will be
understood in the sense of identification of thgomeomponents and their magnitudes in a simulAi2@ device
characteristic. As the “real” measured or simuldted characteristic of a transistor-level ADC dewiwas not
available at the time of writing this article, & sé“pseudo-real”’ characteristics generated byAB&€ model was
used instead. Despite this fact, the decomposfiionedure described below provides a valuable fadbo the
modeling procedure.

Applying the linear superposition principle (provéar an ADC response e.g. in [9], [10]), the resgtINL
characteristic can be decomposed into a weighted aulNL characteristics associated with individusator
mechanisms. It is important to note that in our kyove demonstrate a suitable extent of the supiimos
principle to the set of linearly independent INLntdbutors which are generated by magnitude vanatf a
single error source. Particularly, it is the cab#he ig_error source which clearly violates theshrity assumption,
but nevertheless can be attached into the decotiggrofiow. Fulfilling the conditions defined in Sten 11IC, we
first assume to separate the non-linear effectsh(sis the tanh-shaped distortion) from the ADC IMkponse.
Subsequently, we arrange the remaining individualreontributors into thenodel matrixB o4

INngainl(l) INngainA(l) INLlnffl(l)
Bmod = (3)
INL1ppiy (2" =1) -+ INLgyn0(1) INLI (24 ~1)
Apparently from (3), the model matrix contains @edumn per each error source contributor. Hereghotkes the
number of ADC bits used for the purpose of a germogdtion (N=8 in our case). Note that INkl, to INL1gsins
correspond to the INL contribution generated byowgs magnitudes of the inter-stage gain error enfitst stage,
as it is defined by (1c) and plotted in Figure &er to gain to gairy error sources. Analogously, I denotes
the offset error contribution as it is defined Hyp) and depicted in Figure 7; refer to the, @fror source. The

decomposition of the device characteristic }j\is given by:
INLmod = Bmodx + ALACK (4)

where INL,.,0 R is the total characteristic of the pipelined ADC reb is the vector of weights of individual

error sourcesA acx 0R?" denotes the lack-of-fit underlying error mechanismos captured by the model matrix
Bmos As the first design decomposition step, we edtirtize vector of weights as:

% = LeastSquaes(B, g, INL, o) (5)
Subsequently, the lack-of-fit is calculated asdiak:
Appck = INLpog = Bmod’)z (6)

B. Practical Algorithm Implementation

For practical use with pipelined ADC, the designaieposition procedure established by (3)-(5) needbet
enhanced by determination of error source magrstfigden the components of the vector With respect to the
simulation result given in Figure 6, the offsetoerulfills the linear superposition principle witkspect to the INL
response. The maximum value of the offset errgpressed in volts) can be then expressed as follows:

offset_error =x[ 5] [off, (@)
wherex[5] is the ratio between the INL curve of measured Add@ INL curve given by the offset erroff;.

For the gain error source, the situation is a ltarcomplicated, as we need an iteration searatefdwe to find
the error source magnitude. This can be done bjfotleving algorithm:

iiter -=arg max(([ i ]) 2

- gainiter + gair\iterﬁl - gair\iter + gair\iter*]-

gain,g, :—f,gainDW :_f - simulateINLgai,high,INLgamow) (8)
Biod °= [NLgaingy  NLgainggn

x:= LeastSquarg B/%, )}

The algorithm body (8) described above is repeated loop untilx([ijel]-1)°<e. Here, argmax(x[i])* denotes
matrix position of the error component providing tiighest magnitudgain,y, andgaing, specify the interval of

error components where the decomposition solutioev(pected,Brfgd is the reduced model matrix with selected

INL components INLaiiow INLgainnigh € iS the error tolerance limit by which the iteratialgorithm stops.

The concrete asset of the practical algorithm immgletation is apparent from Figure 9. Here, the 11}[4] are
the error weighs plotted versus the ig_error patam@®bviously, the global maxima of the x[1] todkfcurves
indicate the concrete values of the ig_error Igrekent in the ADC INL response. In such a way,irker-stage
gain error level can be determined by “filteringtathe response of the tested device-under-test.
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Figure 9. Decomposed model vector coefficientsgoerror parameter
V. Conclusions

The main contribution of this work is the developmef a systematical design evaluation methodokgyable
for Nyquist-rate A/D converters. Particularly, thecomposition flow was solved and demonstrategijoelined
ADC devices frequently used in IC design solutidBempared to prior approaches [5], [9], [10], theposed
decomposition algorithm can also proceed the ADG@resources which violate linearity assumption. Bcat
asset of the decomposition algorithm is expectadeta in the custom ADC design with an emphasis an th
optimization proceed on behavioral or full trarsidevel.
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