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COMMUNICATIONS

ON MEASUREMENT UNCERTAINTY OF ADC

NONLINEARITIES IN OSCILLATION–BASED TEST

Peter MRAK — Anton BIASIZZO — Franc NOVAK
∗

Oscillation-based test (OBT) is one of the approaches for measuring static ADC parameters such as differential nonlinear-
ity (DNL) and integral nonlinearity (INL) that can be implemented in a built-in self- test arrangement. When applying the
OBT approach in practice we noticed an inherent measurement uncertainty related to the slope of the ADC input signal in
OBT test mode. Experimental environment in Matlab has been set up to study the phenomenon. Experiments with varying
values of slope were performed to demonstrate the margins of DNL measurement uncertainty.

K e y w o r d s: oscillation-based test, analog-to-digital converter, differential nonlinearity

1 INTRODUCTION

Oscillation-based test (OBT) [1–3] is a low-cost analog
and mixed-signal test technique primarily used for fault
detection. In the test mode, the circuit is transformed into
an oscillator and the frequency of oscillation is measured
and compared to a reference value obtained on a known-
good circuit operating in the same conditions. Assuming
that most possible faults manifest in the discrepancy from
the reference oscillation frequency, the technique offers an
effective means of fault detection. It requires minimal re-
configuration of the circuit-under-test and is thus suitable
for built-in self-test. Oscillation based test has been ap-
plied to different kind of circuits including filters, A/D
and D/A converters, PLLs, etc [1–8]. Extensive summary
of the proposed solutions can be found in [9, 10].

In the development phase of the test procedure for
the target unit-under-test, the impact of possible faults
on the measured frequency must be analyzed. If some
faulty components do not affect the frequency of oscil-
lation, additional measurements of other parameters are
required in order to achieve the required fault coverage.
The acceptance/reject margins are determined on the ba-
sis of the required user specifications. For example, in
our earlier industrial application of a go no-go test of a
low-pass filter stage as a part of a communication unit
produced by Hipot Hyb [11], the test system was first
adjusted in reference to a golden filter stage. Reference
filter stages with values corresponding to the acceptance
ranges within ±0.1 percent and ±0.3 percent were mea-
sured in the test system in order to set up the test system
acceptance margins. A pre-production series of 546 active
adjusted filter stages were tested, and 95% passed the go
no-go test. The stages that passed the go no-go test were
assembled in the final product. Functional test confirmed
that all the circuits operated within the required toler-
ances.

Simulations can be performed to assess the impact
of discrepancy from nominal values of individual compo-

nents of the unit-under-test on the oscillation frequency.
Some work has been done to improve the sensitivity of
OBT to parametric faults [12]. A so called “predictive os-
cillation based test” (POBT) proposed in [13, 14] can be
used to define the acceptance region for an OBT imple-
mentation.

So far, most of the OBT related work has been di-
rected either towards the problem of modification of given
circuit-under-test into an oscillator, or towards analysis of
detected faults (exploring ways to increase fault coverage
or even trying to perform fault diagnosis). Little atten-
tion has been paid to the measurement accuracy of the
developed OBT solutions. As stated in [15], for a simple
arrangement consisting of a zero- crossing detector and a
counter, the measurement accuracy is determined by the
oversampling ratio (Tosc/Ts) and depends of the phase
shift, which is equivalent to one sampling period (Ts) as
maximum. While this is in general true for any OBT im-
plementation, there exist another sources of inaccuracy
associated with the OBT implementations adapted for
the specific class of circuit-under-test. An example, re-
lated to OBT test of ADC is discussed in this paper.

2 OSCILLATION–BASED TEST OF ADC

OBT arrangement for testing an analog-to-digital con-
verter (ADC) is shown in Fig. 1. It consists of a feedback
loop, which forces the ADC to oscillate around a selected
code [7]. The input stimulus of ADC is a triangle wave
signal of symmetrical slope controlled by the OBT control
logic. The measured frequency of the triangle wave signal
can be used for a simple go no-go test or for determining
static ADC parameters such as differential nonlinearity
(DNL) and integral nonlinearity (INL). In this paper we
focus on OBT measurements of DNL. For this purpose,
some introductory remarks are given in the following.

An ADC generates a single output code for a range of
input voltages. The voltage level where the ADC output
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Fig. 1. Arrangement of oscillation-based test of ADC

Fig. 2. The environment for analyzing measurement uncertainty of
OBT of ADC

changes from code i−1 to code i is denoted as threshold
voltage VTH(i), and where the ADC output changes from
code i to code i+ 1 as threshold voltage VTH(i+ 1), re-
spectively. The difference between the threshold voltages
VTH(i) and VTH(i+1) is denoted as code width Q(i). The
code widths of an ideal n-bit ADC are equal. Their width
is obtained by dividing the full scale range by the num-
ber of ADC codes. DNL measures the relative deviation
of each code from the ideal value (1 LSB). The deviation
is due to the fact that the actual threshold voltages dif-
fer from their nominal values. For a given code i DNL is
defined as

DNL(i) =
Q(i)−QN

QN

, (1)

where QN denotes the nominal code width.

3 OBT ENVIRONMENT

In order to analyze the influence of different measure-
ment parameters on DNL estimation using OBT method
a simulation environment using Matlab Simulink was de-
veloped. The environment (shown in Figure 2) allows us
to perform calculations of DNL over the whole set of ADC
codes with arbitrary number of oscillation periods at arbi-
trary code. Since the ADC block in the Matlab Simulink
environment models an ideal ADC, an additional block
with nonlinear transfer function was added in front of
ADC to mimic the realistic non-linear behavior. Further-
more, a noise generator was included which allows us to
introduce noise in the input signal.

The slope of the input signal is the most significant
measurement parameter. Higher slope increases the os-
cillation frequency and shortens the measurement time,
however it affects the measurement accuracy. To analyze
the behavior of the testing method with different input

signal slopes, slope control was added to the input signal
generator.

In the ideal case where the slope of the input signal
is time invariant and without any noise, the oscillation
period at given code is constant (because the duration of
input signal rise and fall are constant). Hence the mea-
surement of the half of the period is sufficient for the de-
termination of the oscillation frequency. However, in the
presence of noise the oscillation periods may vary. The
influence of noise on oscillation frequency can be reduced
by measuring and averaging over several periods. This,
on the other hand, prolongs the DNL measurement time.
The feedback loop control logic was adopted to perform
arbitrary number of oscillations at given code which en-
ables us to study all possible scenarios.

In order to measure the DNL of the ADC, the DNL of
each code, with exception of the extreme codes, must be
determined. To achieve this, while keeping the measure-
ment time as low as possible, the feedback control logic
is designed in such a way that DNL of successive codes
are determined in their order starting with the code 1.
The subsequence of the generated input signal with two
oscillations per code is shown in Fig. 3.

Fig. 3. Test procedure

4 MEASUREMENT UNCERTAINTY

As noted earlier, in the ideal case (ie, ideal ADC, input
signal with constant slope and without noise) the oscilla-
tion period remains constant. The oscillation period is a
multiple of the sampling period, because the slope alter-
ations are performed only at sampling instances. Conse-
quently, the oscillation period can be exactly determined.
This comes with a price, notably an interval of slopes pro-
duce the same oscillation frequency which leads to mea-
surement uncertainty.

In the case of coherent sampling, where the slope of
input signal traverses the code width in multiple of sam-
pling periods (denoted by k ), the oscillation period is con-
stant irrespective of the phase shift θi of the input signal
as shown in Fig. 4. In coherent sampling θi = θi+1 . In
the case of non-coherent sampling, when the slope of the
input signal traverses code width in non-whole number
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Fig. 4. Phase shift of the input signal Fig. 5. DNL measurement of an ideal ADC using input slope with
k = 2

Fig. 6. DNL measurement of an ideal ADC using input slope with
k = 2.1

Fig. 7. DNL measurement of an ideal ADC using input slope with
k = 2.5

of sample periods (k /∈ N), the phase shift θi+1 crossing
the voltage threshold Vi+1 differs from the phase shift θi
crossing the voltage threshold Vi (depicted by the dashed
line in Fig. 4).

By investigating the phenomenon more closely, we no-
ticed that by varying the phase shift θi two distinct oscil-
lation periods occur. It can be shown [16] that this results
in the DNL measurement uncertainty ∆

∆ = ±
1

K
. (2)

We demonstrate this uncertainty in the following exam-
ples.

5 EXPERIMENTAL RESULTS

Using the developed Matlab Simulink environment we
performed numerous experiments measuring the DNL of
an ideal 8-bit ADC with different input signal slopes. The
DNL is measured for all non-extreme codes.

In Fig. 5 the DNL measurement in the case of coherent
sampling (with k = 2) is depicted. The upper bound of
the measurement uncertainty is depicted by a dashed line.
As expected, determined DNL of each code is exact and
equals to 0.

Figures 6, 7, and 8, present DNL measurement using
input slopes with k equal to 2.1, 2.5, and 2.9, respectively.

While the slope of the input signal remains the same dur-
ing the experiment and the code widths are equal in the
case of ideal ADC, the phase shifts for each code differ.
This manifests in two different oscillation periods in the
whole ADC range and consequently in two different DNL
values. While the DNL for the ideal ADC is 0, the mea-
sured DNL deviates from the exact value. The dashed
line represents the upper bound of the measurement un-
certainty.

Fig. 8. DNL measurement of an ideal ADC using input slope with
k = 2.9

The dependency between the input signal slope ex-
pressed by k (number of samples required for traversing
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Fig. 9. Measured DNL of an ideal ADC using OBT with different
input slopes

the code width) and measured DNL of an ideal ADC is
depicted in Fig. 9. The DNL of the ADC is composed of
maximum values of the DNLs of individual codes. The
upper bound of the DNL measurement uncertainty is de-
picted by the solid line. Measured DNLs for the consid-
ered slopes are depicted by marks.

6 CONCLUSIONS

The measurement uncertainty of the classical OBT
techniques is related to the uncertainty of the measure-
ment of the oscillation period and is determined by over-
sampling ratio Tosc/Ts . In the case of ADC OBT, how-
ever, the measurement of oscillation period is precise, but
due to the arbitrary input signal phase shift and non-
coherent input signal two oscillation periods are possible.
This in turn manifests itself as a measurement uncer-
tainty as demonstrated in the paper. So far, the exper-
iments were performed only assuming ideal ADC. The
developed environment enables us to study the measure-
ment conditions in more realistic circumstances. Theo-
retically, nonlinearities of ADC do not contribute to the
measurement uncertainty. In this case, however, the co-
herent sampling is not possible. On the other hand, noise
is expected to worsen measurement accuracy. Their im-
pact in practice is currently being studied.
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