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ABSTRACT

A characterization of a state of the art pipeline ADC
is presented. Measurements are performed on a wide
set of frequencies. The integral non linearity (INL)
is modeled by high code and low code components,
HCF and LCF. The HCF component is to be deprived
of any dynamic behavior, and varies piecewise linearly
in certain intervals. Hence, the LCF represents the dy-
namic behavior that should varies the frequency of the
test signal. Employement of the method presented in
[1] on measured data is performed and complemented
with modifications stimulated by the behavior of mea-
sured data.

I. INTRODUCTION

Measurements and testing are essential for the valida-
tion of radio devices. State-of-the-art measurements
are both expensive and known to be time consuming,
especially in the case of testing a device in a wide fre-
quency band.

The analog-digital-converter (ADC) is the bottle-
neck of many modern or future wireless radio commu-
nication systems [2, 3]. The role of the ADC is getting
more vital with the current trend of wide band systems
at high carrier frequencies.

In this paper, we evaluate a method of measuring
and modeling the integral nonlinearity (INL) of a com-
mercial broad band analog-digital-converter (ADC) run-
ning at radio frequency. The current work is an exten-
sion of previous work [1]. The INL is a crucial factor
in mobile computing (especially in link level behavior)
[2, 3]. Its role is getting more vital with the current
trend of wide band systems at high carrier frequencies.
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The paper is organized as follows. We begin by
explaining the INL and the proposed parametric mod-
eling in Section 2. The test set-up, measurements and
modeling are illustrated in Section 3. The results are
presented in Section 4 where the evaluation is performed
both using simulated and experimental data. Section 5
concludes our work.

II. ADC INTEGRAL NONLINEARITY

A. INL Definition

Consider anN -bits ADC with input range[Vmin, Vmax]
Volt. Ideally, the code transition levelsTk [Volt] within
the range of (Vmin, Vmax) are given by (the codek spans
the intervalk = 1, . . . , 2N − 1)

Tk = Q · (k − 1) + T1 (1)

whereQ [Volt] is the ideal width of a code bin, that
is the full-scale range of the ADC divided by the total
number of codes(Vmax−Vmin)/2N . However no piece
of integrated circuits device is ideal and a difference
exists betweenTk and the actual code transition levels
T [k] of a practical ADC. The residual for every code
level is [4]

ε[k] = Tk − G · T [k] − Vos (2)

whereG andVos are gain and offset adjusted to mini-
mize this residual. The actual adjustment ofG andVos

may be performed in different ways, as given in [4].
The integral nonlinearity (INL) expresses the imper-
fections in the ADC relative to an ideal uniform quan-
tizer. The INL in percentage of full scale range of the
ADC is given by the normalized residual in (2), that is

INL [k] = 100% ·
ε[k]

2NQ
(3)



The INL is normally expressed in least significant bits
(LSBs), where a LSB is synonymous with one ideal
code bin widthQ [Volt].

B. INL Modeling

Several models have been introduced in order to char-
acterize the INL behavior. A recent trend is to divide
the INL into the sum of a high code frequency com-
ponent (HCF) and a low code frequency component
(LCF) [5, 6, 7, 8, 9]. In previous works different ap-
proaches and representations are used to characterize
the HCF and the LCF, respectively.

Also several ways exist to measure the INL, for
example sine-wave fit or sine-wave histogram tests [4,
10]. Fitting sine waves is performed by applying a
sine-wave with specified parameters on the input of
the converter, take a record of data, and fit a sine-wave
function to the record to minimize the sum of squared
differences between the function and the data. Here the
stimuli are a set of sine-waves with frequencies spread
over the whole bandwidth. Consequently, there is a
set of INL characterizations, one for each frequency.
Practical ADCs suffer not only by static errors, but also
dynamic errors. Thus, the obtained INL depends on
the employed test frequency.

Sine waves fitting was used to estimate HCF and
LCF components in [9]. The triangular wave stim-
uli was used to derive the HCF in [6, 8] but a multi-
harmonic sine fitting identification of LCF was per-
formed in the time domain.

In this paper, we also investigate a method of di-
viding the INL into two entities: a high code frequency
component and a low code frequency component. The
HCF component is considered to be static, that is inde-
pendent of the employed test frequencies (even though
in practice we might encounter a slight variation) and
have a piecewise linear behavior with the codek. The
HCF is segmented into several intervals and it has rapid
variations within these intervals. The LCF components
are modeled as a function that varies with both the em-
ployed test frequency and the ADC output code. They
can be described by a polynomial behavior since the
variation as a function of the codek is slow. The LCF
are modeled by a polynomial of orderL.

Let integerm = 1, . . . , M represents the frequency
of the test signal, that is

{f1, . . . , fM} [Hertz] (4)

A first formulation of the considered INL model is

INL [m, k] = HCFINL [k] + LCFINL [m, k] (5)

whereHCFINL [k] is the static component (independent
of the test frequencyfm) andLCFINL [m, k] is the dy-
namic component.

Consider an experiment employing the test frequency
fm [Hertz]. This experiment generates experimental
INL dataym, where the data is collected in a2N − 1-
vector. For notational simplicity we useym for the
vector of the INL data {INL[1], . . . , INL[2N − 1]}.

Now, considerM consecutive experiments where
data is collected in
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In [1], it was shown that the measurements may be
modeled as
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We note from (7) that for each test frequencyfm the
measured INL data is modeled as a static termgη and
a dynamic termh θ(m). The terme[m, k] represents
a noise factor added to represent the model imperfec-
tions, the measurements noise,et cetera.

The matricesh andg depend on the model used. In
[1], the HCF was modeled as a piecewise linear func-
tion, that isP segments where each segment was de-
scribed by an offset and a gain. Accordingly, the vec-
tor η contained2P coefficients to be estimated, and
g had a block-diagonal structure. The dynamic part
in the LCF was modeled as a low order polynomial,
that givesL + 1 parameters for aLth order polyno-
mial at each test frequency gathered inθ(m) (for m =
1, . . . , M ).

The problem of dynamic modeling of the nonlin-
earities of the ADC then boils down to solving a large
least–squares problem with respect to the static param-
etersη and the dynamic onesθ(m) for m = 1, . . . , M .
This is an overdetermined least-squares problem with
some hundreds of unknowns and millions of equations.
As outlined in [1], a 1 MHz resolution in a 100 MHz



range of a 14-bits ADC typically results in some 500
unknown and 1.5 millions equations. The structure of
the problem was exploited in [1] in order to derive ef-
ficient solutions to the considered problem. Here we
employ [1]

η̂ = (gT g)−1gT ȳ (8)

whereȳ is the arithmetic mean of the different sets of
measured INL

ȳ =
1

M

M∑

m=1

ym (9)

The estimated LCF components for each frequency are
then given by

θ̂[m] = (hTh)−1hT (ym − gη̂) (10)

The method above was studied in some detail in [1]
employing simulated INL data. It was concluded that
the selected model structure and identification method
gave reasonable results on simulated data. Below, some
real measurement data is employed.

III. INL CHARACTERIZATION

A. Test-Bed and Device under Test

Measuring on state-of-the-art ADCs requires state-of-
the-art test-beds for their characterization. A short overview
of the test-bed is given below. The clock signal is
generated with a high quality vector signal generator
(that is, the R&S SMU200A). A signal analyzer is used
to verify the input signals. Although we are using a
state-of-the-art vector signal generator, spurious and
harmonics do exist and the output has to be filtered.
Tailor-made ultra low distortion and low noise IF am-
plifiers in combination with SAW filters and delay lines
are used for signal conditioning in order to ensure spec-
trally pure sine waves. A frame grabber collects real-
time data from the ADC, of which the samples are de-
livered synchronously in binary format on low voltage
differential signalling (LVDS) buses. More informa-
tion about the test bed can be found in [11].

The ADC under test is a commercial 12-bit pipeline
ADC intended for direct IF sampling that operates up
to 210 MSPS conversion rate, having a measured spu-
rious free dynamic range of -78.6 dB.

B. Measurements

Potential spurious and harmonics generated by the sig-
nal generator are attenuated by pass band filters. The

theoretical quantization noise for a 12 bit ADC is -74
dBFS (that is 74 dB lower than full scale), thus all the
signals in use are verified (by the signal analyzer) to
be at least -80 dBFS. The test frequencies spanned the
range from 10 MHz to 90 MHz with a separation of
5 MHz making a total of 17 test signals. Thus they
are kept below the Nyquist limit, which is 105 MHz in
our case. The power of each test signal is tuned to an
approximate overload of 5 LSBs, which is the optimal
input power to calculate the INL [12]. The acquired
data are saved in order to calculate the INL of each
frequency by the method of sine fitting [12].

C. Segmentation of INL Data

Since we assumed that the INL data has a piecewise
linear behavior in consecutive segments, we need to
find a set of segments to fit the HCF components to.
This segmentation is made by a combined method based
on:

a) Selecting the segments borders on the INL quick
variations (i.e. when having a ”high” difference be-
tween two consecutive codek INL derivatives) and the
differential non linearity (DNL) peaks.

b) Manual intervention by inserting new segments
especially to include segments edges at undesignated
INL peaks by the method, or cancelling others. Further
work is to be done to develop a sequential method free
of any manual modifications.

The segmented mean INL taken over the whole
range of the measured frequencies is presented, using
the method in (8), in Figure 1.

D. Modification of the Method Given in [1]

The method given by (8) and (10) was applied to the
measured data but it showed that good results can be
obtained only for the complete solution, i.e. LCF plus
HCF components. The LCF components are derived
by equation (10), meaning a dependency to the HCF
components exists. Thus the LCF solution suffers of
compensation: the HCF solution has some polynomial
attributes, hence the LCF components are compensat-
ing this characteristic which defects their representa-
tion of the dynamic part of the INL. The LCF will not
be an adequate dynamic representation of the INL at
each test frequency. This fact was not so obvious in
the case of simulated data since the modules of the real
INL are higher as expected and it will be shown further
on (see, for example Figure 2).

Therefore we are using an alternative method de-
fined by:



a) Fitting a low order polynomial to the mean of
the different sets of the measured INL data (9).

b) Subtracting the obtained polynomial curve from
the mean INL in order to cancel any polynomial be-
havior.

c) Solving for the HCF-coefficients by using (8)
with ȳ there replaced by mean INL data where the
polynomial behavior estimated in b) has been subtracted.
The LCF components estimation will also be affected
since this new mean INL (i.e. with the polynomial
curve subtracted) is used (implicitly) in (10).

By applying the above procedure we deprive the
static components of any polynomial behavior. The
dynamic solution will not suffer of any compensation
and it restricts the representation of the polynomial be-
havior of the data. The above procedure corresponds
to the model (5) where the LCF term is replaced by:

LCFINL [m, k] + LCFINL [k] (11)

where the first term in (11) represents the dynamic part
of the LCF (i.e. due to change with the frequency un-
der test) and the second term represent the static LCF
components.

In summary, the INL is decomposed into three terms,
that is the static HCF that include rapid piecewise lin-
ear variations versus the output digital code (see, for
example, Figure 1) and the slowly varying LCF. The
LCF turns out to be well described by a static polyno-
mial behavior (as shown in Figure 2) in combination
with a dynamic polynomial behavior (Figure 3). The
full parametric model of the INL is thus represented
by the three individual terms.

IV. RESULTS

In this section, the described modeling approach is em-
ployed to measured data from the ADC under test. As
reference, we also apply the method to the data gen-
erated by the simulation model provided by the manu-
facturer.

We begin by a polynomial fit for the mean of the
measured and the simulated INL data, respectively. An
order ofL=3 is employed. Applying this new modified
method, the static model is fairly centered around the
code axis. Figure 1 shows the static representation of
the measured and simulated data.

As we see from Figure 1 the segmenting intervals
are quite different for the simulated and measured data,
respectively. The simulated data are more periodic as
expected from a model. But examining the scheme of
the real data we can easily spot a sequence of quite
similar substructures duplicating with the codek. This
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Fig. 1. Static high code frequency component of the
ADC integral nonlinearity — estimatedHCFINL (solid
line) andȳ in (9) (dashed line) measured in LSBs as
function of the output digital codek.

confirms that the HCF components are mainly due to
the imperfections in the quantizer [1]. More investi-
gations of this structure may be done on the circuitry
level.

The static LCF components of the simulated and
real data are illustrated as a function of the output code
in Figure 2. The higher INL amplitude of the measured
data is obvious in Figure 2. Both data models have
similar shapes over the code range although the mea-
sured model has a more pronounced form, especially
at the beginning.

The dynamic part of the LCF computed using (10)
is shown in Figure 3. We experience higher dissimi-
larities regarding the frequency behavior in the case of
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Fig. 2. Static LCF components—LCFINL [k] measured
in LSBs as function of the output digital codek.

the measured data. This can be related to the sensitiv-
ity of a real device that can not behave identically over
a whole range (e.g. frequency range) even if it is de-
signed to. But knowing that the model admits a small
change with the frequency, the criteria of identical be-
havior over the range of use might be totally valid.

The LCF components proved to be a sincere repre-
sentation of the dynamic behavior of the ADC. A com-
plete solution that fits well the data at each selected fre-
quency is obtained as the HCF components are added
to the LCF components.

V. CONCLUSIONS

In this work, we have extended the work presented in
[1]. In [1], the ADC integral nonlinearity was mod-

Fig. 3. Dynamic component of the LCF —
LCFINL [m, k] measured in LSBs as function of sine-
wave test frequencyf in MHz and output digital code
k.

eled as a static HCF and a dynamic LCF. Based on
data provided by the ADC manufacturer’s simulation
model, it was concluded that this gave a descriptive
model of the INL. We have applied the method in [1]
to data from a practical ADC under test and shown that
the method in [1] may produce models with deficient
description. Accordingly, an improved INL-modeling
has been proposed consisting of two static terms and
a dynamic term. A scheme for parameter extraction
from obtained INL data has also been proposed. Based
on the obtained results one may conclude that the sim-
ulation model provided by the manufacturer only gives
a rough description of the ADC performance, and that
careful measurements has to be employed in order to
provide the full picture.
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