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Abstract—A nonlinear, dynamic empirical model, based on a and/or high-order statistics. Finally, kernel measurement tech-
Volterra-like approach, was previously proposed by the authors niques are often based on recursive algorithms, whose results

for the time-oriented characterization of sample/hold (S/H) and - -5, strongly suffer from relevant errors due to experimental data
analog-to-digital conversion (ADC) devices. In this paper, the ex- . .
uncertainty propagation.

perimental procedure for model parameter measurement is pre- L .
sented, as well as techniques devoted to the implementation of the  In order to overcome such limitations, the authors previously

model in the framework of the main commercial CAD tools for cir-  proposed a “modified” Volterra series [5] which, besides
cuit analysis and design. Examples of simulations, performed both preserving the same generality and theoretical validity of
in the time and frequency domain on the model obtained foracom- 6 clagsical approach,can be practically applied also in
mercial device, are proposed, which show the model’s capability . - PR
of pointing out the dynamic nonlinear effects in the S/H-ADC re- Pr€sence of strong nonllnearl_tles (if m'ld_ hypotheses on the
sponse. duration of system memory time are satisfied) or, when the
Index Terms—Analog-to-digital conversion (ADC) modeling, nonlinear effects are weak, associatgd with a simple experi-
ADC converter, nonlinear dynamic model, nonlinear dynamic Mental procedure based on conventional measurements and
system, sample-hold (S/H), Volterra series. reliable algorithms. Sample/hold (S/H) and analog-to-digital
conversion (ADC) device modeling represents an interesting
application of the modified series, which allows characteri-
zation of not only static, but also dynamic nonlinearities. In
HE Volterra series behavioral approach has been largehe past, the authors proposed a nonlinear dynamic S/H-ADC
applied in recent years for the empirical “black-box” modmodel which described the input/output device behavior in the
eling of nonlinear dynamic systems. Typical examples are as$@quency-domain [6]. More recently, a time domain-oriented
ciated with the characterization of transformers, electromechanedel has been identified [7]. Its analytical formulation allows
ical transducers, weakly nonlinear electronic and communida#e measurement of S/H-ADC model parameters directly in the
tion subsystems, as well as applications in the field of hydrologijme-domain, leading to an improvement in model predictive
physiology, and plasma physics. Several important contribsapabilities of system dynamic behavior.
tions to the identification of general-purpose techniques for theln this paper, details about the experimental procedure for
practical measurement of Volterra kernels can be found in litehodel parameter measurement will be presented. Moreover, it
ature [1]-[4]. However, when the nonlinear effects in the systewill be shown that the proposed model can be easily imple-
behavior become relevant, the number of kernels, which mustiented in the framework of main commercial CAD tools for
taken into account in the truncation of the Volterra series in ordeitcuit analysis and design, by means of standard components
to achieve a good accuracy of the model, quickly increases.dwilable at the user-interface level, without the need for ap-
such conditions, model extraction from experimental data coydéoximations or high-level additional packages. Examples of
be unreliable or even impossible, due to the complexity of thiee techniques exploited for model implementation purposes,
experimental procedures and mathematical methods involvecig well as analysis results carried out both in time and fre-
higher order kernel measurement. In addition, even when tjgency-domain, which point out model prediction capabilities
dynamic system is characterized by weak nonlinearities (i.@ill complete the discussion.
the series can be truncated to the third or fourth-order contri-
bution), these approaches allow the estimation of kernels only || D|scrRETETIME CONVOLUTION S/H-ADC MODEL
over a reduced grid of points in the multidimensional frequency

domain, making use to this aim of complex input test signaIsA previously proposed [6] convenient functional description
for the S/H-ADC input/output relationship is shown in Fig. 1;

. INTRODUCTION
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As far as the series first-order terpéP)(t) is concerned, it

Fig. 1. S/H-ADC functional description previously proposed for thd€Presents a purely dynamic contribution, where(t), 7] is
characterization of nonlinear dynamics. the first-order modified kernel, nonlinearly controlled by the
signal s. It can be shown that als@ can be expressed with
respect to conventional Volterra kernels. By discretizing the
nonlinear memory intervak[— Tg,t + T4] into the sequence

(P4 + Pg) elementary subintervals of equal widthr

AWAT = T4; PBAT = Tp), the purely dynamic, purely
nonlinear responsg®)(t) in Fig. 2 can be written as

the actual device with input;(¢) is modeled as armdeal com-
ponent sampling and converting to digital the signdl) gen-
erated at the output of a nonlinear dynamic system controll
by s7(t), which takes into account all of the nonidealities (bot
static anddynamig of the S/H-ADC. The nonlinear dynamic

system is then further represented as the cascade of two sub- Pg N
blocks (Fig. 2). The first element of the cascade is apurely linear () (t) 2 Y~ [s(t — pAr) = s(t)] Y _ Bpns™(t)  (5)
system, which describes the memory effects introduced by the p=—P4 n=1

input signal conditioning circuits (amplifiers, filters, etc.) and e

the sample-hold process. It can be identified by the conventiomdiere each term[s(t), pA7] A7 in (2) has been expanded into
convolution integral of its pulse response, without any assumi-homogeneous polynomial series truncated to the Nth-order,
tion on the memory time duration (i.e., the width of the inte8,,, being the coefficients of theth expansion.
gration interval). Clearly, a one-dimensional transfer function The functional description represented in Fig. 2, derived from
H(f), corresponding to the time-domain pulse response, caxodel analytical formulation, shows the clear separation be-
be used to describe the linear block as well. tween “sources” of dynamic linear and, respectively, memory-
The second block in the cascade, controlled by the lindlass and purely dynamic nonlinear effects. This feature of the
transformation resulé(¢) and providing the ideal device inputS/H-ADC model allows to separately measure the parameters
signaly(t), is a nonlinear system with a memory time whiclwhich characterize each block, by means of quasiindependent
can be considered not only finite, but also “short” if comparesteps performed using conventional instrumentation. Moreover,
to the typical minimum period of the input signal(¢). This hy-  the analytic description of the three subsystems is suitable for a
pothesis is justified by the nature of the dynamic nonlinearitiedirectimplementation in the framework of all those CAD tools
which can be considered related only to the active electron dghich make available simple user-defined devices, preserving
vices, usually characterized by fast dynamics. Under such céhe accuracy of model predictive capabilities.
ditions, the modified Volterra series approach can be applied
to the second block of the cascade, taking into account only  Ill. M ODEL EXPERIMENTAL CHARACTERIZATION

the zero-order and first-order terms of the series expansion ang, . 1 oniinear dynamic S/H-ADC model described by the be-

\tN.'tt)hct).Ut mtrodug: N9 reIevan;truncatu:n elrrors [5]. The two COMavioral equations (1) and (5) was identified in a previous work
ributions can be expressed, respectively, as [7] for a SPICE-based digital acquisition device, by means of
input/output data obtained through time-domain simulations.

y<5)(t) =z0[s(t)] = yo + Z i'arsr(t) (1) In the present paper, the experimental procedure which was
_ followed in order to characterize the model parameters for a
b Tx commercial successive approximation 12-bit digital acquisition
y () Z/ wls(t), 7] [s(t —7) = s(t)]dr  (2) board is described. The 250-kS/s S/H-ADC device under test
T (DUT) was connected to the PCI interface of a PC station and
with directly controlled by means of National Instruments LabVIEW
package. Since the nonlinear block of Fig. 2 with outgdt ()
y(t) = y(5>(t) + y(D)(t). (3) is purely dynamic, and it is always possible to impose, without

any loss of generality, H(0} 1 to the transfer function of the
The zero-order terny(S)(¢) is an algebraic function with re- linear subsystem, the memoryless nonlinear block is character-
spect tos, which coincides with the dc characteristig]] of ized by a responsg!®)(#) which coincides, at static operating
the S/H-ADC devicé. In Fig. 2, this contribution tg(¢) is rep- conditions, with the dc characteristic of the DUT. Thus, conven-
resented as the output of a nonlinear, memoryless subsystial dc measurements, performed over the device operating re-

(dotted line). Parameters. can be analytically derived from gion [-5V, 5 V], allowed to identify the functiony [i.e., offset
yo and coefficientss,., up to the fifth-order, of its polynomial

expansion (1)].
As far as the characterization of the purely linear network is

2ltis always possible to superimpose, without any loss of generality, thevalﬁaner.nedv It can pe shown [6]_that at Z_ero'bias- Sma”'Signal
H(0) = 1 to the linear block transfer function. operation the nonlinear dynamic block is characterized by a
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Fig. 2. S/H-ADC representation deriving from the proposed model analytical formulation.

response,(P)(t) = 0. A 80-MHz function generator, synthe-(P4 + Pg)N << R - M unknownsf3,, was obtained from
sizing a low-amplitude zero-offset sinusoidal signal, was th€g) and (3) P4 = Pg = 3; AT = 20 ns):

used as an input source for the DUT. Since the first derivativePB N

gpc, With respect tos = 0 can be computed for function, [5 (t — PAT) — 51 (t)] Zﬂ 25" (tm)

starting from data obtained in the previous experimental step;u = P

the transfer functiorZ () was characterized, at different fre- »#°

quency valueg;, by exploiting the expression =y P) (t,,)
=Y (tm) — 20 [8r (tm)] (r=1,...,R)(m=1,..., M).
Y(fi) (1)
H(fi))= ——c7 (6) . .
gpc, - St (fi) Samplesy, (t,,) were available directly at the output of the

_ _ DUT device. Delayed signal samples(t,, — pAT) were in-
whereY (f) is the discrete transform gft) deduced by means stead computed from the input Fourier transfofm( ) (de-

of the samples acquired by the DUSI:(f;) is instead the com- jyeq through empirical data acquired by the REF device) by
plex representation of the sinusoidal input signal, which was ags1ying to it the linear transformation

curately characterized by a reference 5-MS/s digital acquisition
board (REF in the following) sampling the same sigaglt) H,(f) = H(f)exp(—j2n fpAT). (8)
applied to the input of the DUT device. The REF device was

chosen in order to guarantee better overall performances tmlogously, the discrete functiofi () - 5r,(f) was inverted

the DUT in terms of accuracy, analog bandwidth and linearit p order to o_btain the samples(t.) a_t the output c_)f the "’?ear_
ock, allowing to separate the nonlinear dynamic contribution

FunctionH(f) was measured through this procedure not on h X h del
in the small-signal bandwidth of DUT declared by the manufa om the static rESpgnsgf.serpleﬁsr(tm)f]. T"uks, moae pha-d
turer, but also at higher frequencies (up to 1 MHz), where M€t can be identified by means of well-known methods

linear dynamics of the device introduce a relevant attenuatiofP" tN€ least-square solution of alinear system of equations. This
In order to measure parametetsn (5), which characterize represents an important feature of the proposed approach, since

the purely dynamic nonlinear contributigh®) (¢) to the output othe_r nonlinear optimization algorithms, devoted to the fitting of
of DUT device, a third experimental step was followed. A set mpirical data, usually suffer from convergence problems due to

R large-amplitude (0.5 V) sinusoidal test signais(t), for dif- the presence of local minima in the behavior of goal functions.
ferent equally-spaced bias values in the intervalV, 4 V] and
at different frequencieg;, (from 1 kHz up to 1 MHz) were syn-
thesized by the waveform generator and applied to the input ofThe S/H-ADC model analytical formulation described by (1),
both DUT and REF devices, through a suitable splitting accel®), and (5) allows to easily implement the characterized de-
network. The two signal paths were accurately characterizedvige in the framework of most common CAD packages for cir-
order to measure the time delgysuffered from the wave prop- cuit analysis and design by means of standard user-interface
agation along one path with respect to the other; sample time ioels without the need for any additional approximation or low-
stants, corresponding to data at the output of REF device, wéreel code programming. In the following, practical examples
shifted by this delay to guarantee a ideally identical signal trarshowing the schematic components to be used and the tech-
mission toward the input of the two acquisition boards. In addiiques suggested in order to import model parameters are de-
tion, DUT and REF were connected through a timing bus, coseribed for both Agilent-ADS and Orcad-PSPICE simulators.
trolled by a trigger generator, in order to synchronize the time The purely linear network, which represents the first element
axes of both S/H-ADC devices. in the cascade of Fig. 2, was characterized by measuring values
By sampling each input signa}..(¢) in M time instants,,,, ofits transfer functiorZ (f) on a set of points in the frequency-
an over-determined system &f - M linear equations in the domain. Since the ADS package allows the definition of linear

IV. M ODEL IMPLEMENTATION
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4 Fig. 4. Schematic representation of a two-port symbolically defined device,
0.4 available in the ADS CAD tool.
02 1E3 1B 185 oE5 device is loaded on a @-resistor, the expression for voltage
req. He at port #2 isv, (t) = 3(5)(t). The polynomial expansion (1) for
18 . zo[s] can be directly inserted in the SDD programming card. An
204 (M + 2)-port SDD [whereM = (P4 + Pg)] can be exploited
-40- instead in order to implement the purely dynamic nonlinear sub-
s 60 system with responsg ) (t). In fact, by applying signas(t)
) -80 to port #(M+ 1) (input port) and loading each of first M ports
s :128: (auxiliary ports) on a 19 resistor, shifted signals(t — pAr)
140 (p=---—2,—1,1,2...) can be obtained by imposing a current
1604 im(t) = —vpr41(t) atthem-th auxiliary port and weighting the
-180 , T : , | spectrum ofi,,, (t) by means of the function
0 100 200 300 400 500 500
freq, KHz Hr(,f)(f) = exp(—j2m fpAr). )

Finally, signaly‘®)(t) can be synthesized at port #(M 2)
(’gDD outputport) by loading it on a 12 resistor and imposing
a current value-i,;42(t) which matches expression (5), where
each values(t — pAr) is substituted by the voltage at the ap-
blocks, based on “look-up” tables of data in the frequency-dgropriate auxiliary port. Model parametgy,, can be directly
main (in TOUCHSTONE format, for example), the implemeninserted in the expression of the current at output port or re-
tation of the linear subsystem in this simulator is immediate. farred as elements of a file-based array. In Fig. 5, the actual
the case of SPICE, instead, a linear block can be defined, in thfblementation of both nonlinear blocks is shown, in the case
frequency-domain, only by providing a polynomial expansiosf (P, + Pg) = 6. Suitable current probes can be inserted at
of its transfer function in the forn¥V (jw)/D(jw); coefficients the output of each subsystem in order to carry out contributions
in this expression can be obtained by means of a preliminaggﬂ)(t) andy(D)(t), respectively. Model overall output signal
elaboration of the empirical data (a general-purpose mathemgtt) can be read directly as the voltage on th@ tesistor.
ical tool like MATLAB can be used to this aim). Fig. 3 shows As far as the case of SPICE simulator is concerned, the
magnitude and phase of functiéf( ), obtained by performing nonlinear memoryless block can be easily imported into the
an ADS ac analysis on the implemented linear block. environment by means of a nonlinear two-port symbolical
The nonlinear blocks of Fig. 2 can be suitably implementeatkvice, available as a standard tool, which allows the designer to
in a ADS schematic by means of a standard tool availableiatpose its input/output relationship in the algebraic analytical
the user-interface level. More precisely, the M-port symbolferm v, = f(v1). Some problems arise when considering the
cally defined device (SDD) is particularly useful to the aim opurely dynamic nonlinear subsystem; in fact, the anticipative
implementing equation-based nonlinear blocks. In Fig. 4, a siifb) cannot be directly implemented in the schematic interface,
plified representation of a two-port SDD is shown: current irdue to the nature of SPICE time analysis numerical algorithms,
stantaneous values, (i) at the ports of the device can be exwhich allow to compute signal values at the generic discrete
pressed as nonlinear functions of the applied voltages§). instantt; by means of operators with respect to only previously
Designer can choose to provide functioifs, (f2) in an analyt- evaluated samples at “past” instants_(, ¢;_»,...). In order
ical explicit form or just refer to an array of samples (stored inttm overcome such a limitation, the overall time axis of the
look-up tables), defined on a grid of points in their domain; thanalysis can be shifted in the “future” by an off§ét = P4 AT
environment, in the latter case, automatically performs the cdie., the nonlinear anticipative memory time which appears
rect run-time interpolation during the analysis, according to tte (2)]. By means of this strategy, a cascade Mf ideal
preferred method (piecewise linear, cubic, splines, etc.). Befdransmission lines, each characterized by a propagation delay
each current value is evaluated, the device allows a further eldbr, can be used to synthesize signals— pAr). If ¢’ is the
oration by applying to the spectrum §f(¢) aweighting func- new analysis time axis, the instantaneous value at the output
tion Hy(f) defined in the frequency-domain. This powerful feaef the linear block becomest’ — P4 A7) and each p-indexed
ture allows to synthesize delayed, integral or derivative signassgnal in (5) coincides with(t' — (P4 +p)AT). Once signals
A two-port SDD can be then used to implement the nonlinea¢t — pAr) are obtained at the output of the transmission
memoryless block of Fig. 2; the signa(t) is applied to port lines, an array ofM two-input symbolic devices (similar to
#1, while a current, = —zg[vy] is imposed at port #2. If the that used for the static characteristic) can be suitably defined

Fig. 3. Magnitude and phase of the linear network transfer function, obtain
by an ac simulation in ADS environment.
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Fig. 5. Actual implementation of S/H-ADC model nonlinear blocks in the framework of ADS CAD package< P = 3; N =5).
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The proposed S/H-ADC model, experimentally character-

Fig. 6. ADS analysis performed on the modeled device. Above: outpized for the 250-kS/s digital acquisition board, has been fully
response (solid line) with a 50-kHz sinusoidal input (dashed). Below: p“reilifhplemented in both ADS and SPICE CAD tools, following
dynamic nonlinear contributiop(™) (#) to the output (time unit: 1e-6 s). . . - .

the procedures described in the previous section. In order to

point out model capabilities of characterizing not only static,
and a summation node introduced to obtain a signal whiblut also purely dynamic nonlinearities in the device behavior,
matches expression (5). The result of the time analysis mussults of significant analyzes are presented, both in frequency
be obviously depurated from the same offdet = P4Ar, and time-domain. Fig. 6 shows the device respay{gewhen
in order to return to the analytical time axis sampling a 50-kHz, 4-V amplitude sinusoidal input signal
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Fig. 8. Purely dynamic nonlinear contributigh®) (¢) to the modeled device response, when a bipolar square waveform is applied at the input (SPICE time
analysis).
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Fig. 9. Comparison between output superior-order harmonics (up to fifth-order) introduced respectively by static and purely dynamic n@diseas eff
frequencyf, increases at S/H-ADC input (ADS analysis).

(dashed line in the figure, ADS simulation). The responsiynamic, nonlinear contributiop(”)(¢) is shown, which is
suffers from a time delay of approximately 0.8, due to the not negligible at these values of frequency and input signal
presence of linear memory effects introduced by the inpamplitude and would not be estimated by means of a conven-
signal conditioning circuits and the sample-hold processonal, static characteristic-based model. In Fig. 7, the spectral
The linear network in the model functional description takesomponents of responggt) are shown. More complicated
into account these phenomena. In the same figure, the purelput signals can be considered in order to point out the
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purely dynamic nonlinearities, are compared in Fig. 9. The spec-  Symp. Development Digital Meas. Instrumaples, Italy, Sept. 1998,
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) ] p p ’ memory discrete-time convolution approach for the nonlinear dynamic
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up to 1 MHz. Purely dynamic nonlinear effects, negligible at ~ Modeling and Testing.isbon, Portugal, Sept. 2001, pp. 23-27.
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