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Abstract—Linearity testing of Analog-to-Digital Converters
(ADCs) is one of the most time-consuming procedures in
mixed-signal characterization. Conventional approaches such as
histogram-based testing rely on dense input sweeps and large
sample sets, resulting in long measurement times and significant
data-processing overhead. This work summarizes a research
direction that transforms ADC linearity testing into an adap-
tive estimation problem. The proposed Uncertainty-Guided Live
Measurement Sequencing (UGLMS) framework closes the loop
between measurement and estimation by dynamically selecting
measurement locations based on model uncertainty. An Extended
Kalman Filter (EKF) updates a behavioral model of the converter
in real time, enabling accurate reconstruction of Integral and
Differential Non-Linearity (INL/DNL) without full-range sweeps
or offline post-processing. Recent extensions improve runtime
efficiency through rank-1 EKF updates and measurement-aligned
covariance inflation, while structural modeling via segmented
error representations further enhances robustness. Simulation
results demonstrate that the adaptive strategy enables sub-LSB
linearity reconstruction with drastically reduced measurement
effort, achieving test times below 100 ms for high-resolution SAR
ADCs.

Index Terms—ADC linearity testing, SAR ADC, adaptive test
strategy, behavioral modeling, Extended Kalman Filter, real-time
estimation, analog mixed-signal

I. INTRODUCTION

Analog-to-Digital Converters (ADCs) form the interface
between analog signals and digital processing systems and are
therefore critical components in modern electronics. Ensuring
the accuracy of ADCs requires comprehensive testing of static
linearity metrics such as Differential Non-Linearity (DNL) and
Integral Non-Linearity (INL).

Conventional ADC linearity testing is typically performed
using histogram-based methods, in which a highly linear ramp
or sine-wave stimulus is applied and large sets of samples
are collected to reconstruct transition levels [1], [2]. Although
robust and widely adopted, these approaches require dense
sampling and substantial data processing, making them in-
creasingly impractical for high-resolution converters.

Several approaches have been proposed to reduce measure-
ment effort. Servo-loop methods determine code edges directly
using feedback loops but require long settling times for each

transition [3]. Model-based methods such as segmented recon-
struction techniques [4], [5] significantly reduce the number
of required samples by fitting structured models of the INL
curve. However, these methods typically still rely on offline
post-processing and therefore separate data acquisition from
parameter estimation.

This work explores an alternative perspective in which mea-
surement and estimation are performed simultaneously. The
Uncertainty-Guided Live Measurement Sequencing (UGLMS)
framework [6] transforms ADC linearity testing into a closed-
loop estimation problem. Measurements are selected dynam-
ically based on their expected information gain, while a
recursive estimator continuously updates a behavioral model
of the converter. This strategy eliminates the need for full
sweeps and enables real-time linearity reconstruction during
the measurement process.

II. BACKGROUND: ADC LINEARITY TESTING

An N -bit ADC maps a continuous input voltage range
to one of 2N digital output codes. The boundaries between
adjacent codes are referred to as code edges. Deviations of
these transition levels from their ideal positions determine the
static linearity of the converter.

The Differential Non-Linearity for code c is defined as

DNL[c] = CE[c+ 1]− CE[c]− 1,

while the Integral Non-Linearity is given by

INL[c] = CE[c]− CEideal[c].

Histogram-based methods estimate these metrics by collect-
ing large sets of samples and evaluating the distribution of
observed output codes [1]. For high-resolution converters this
often requires millions of measurements to achieve adequate
statistical accuracy.

To reduce sampling effort, model-based approaches exploit
structural properties of specific converter architectures. Seg-
mented modeling techniques such as uSMILE [4] represent
INL using groups of parameters aligned with architectural
features such as capacitor arrays in SAR ADCs. While these



methods dramatically reduce the number of samples required,
they still rely on collecting a predefined dataset followed by of-
fline reconstruction [5]. The separation between measurement
and estimation therefore remains a fundamental limitation of
most existing approaches.

III. UNCERTAINTY-GUIDED LIVE MEASUREMENT
SEQUENCING

The proposed Uncertainty-Guided Live Measurement Se-
quencing (UGLMS) framework addresses this limitation by
embedding model estimation directly into the measurement
process. Instead of collecting a fixed dataset, measurements
are selected adaptively based on the current model uncertainty.

The core of the approach is a recursive estimation loop
built around an Extended Kalman Filter (EKF) [7], [8], as
illustrated in Figure 1. The filter maintains a parameter vector
describing the internal mismatch structure of the ADC and a
covariance matrix representing the associated uncertainty. At
each iteration, the algorithm performs the following steps:

1) Select the next code edge to probe based on the expected
reduction of parameter uncertainty (Step 1).

2) Perform a localized measurement around the pre-
dicted transition using a high-resolution stimulus source
(Step 2).

3) Update model parameters using the EKF (Step 3).
4) Repeat the process until a termination criterion based on

the remaining uncertainty is satisfied (Step 6).
This closed-loop procedure concentrates measurements in

regions that provide the most information about the unknown
parameters. Consequently, only a small subset of code edges
must be probed in order to reconstruct the full INL and DNL
curves. Because estimation is performed online during mea-
surement, the method eliminates the need for large datasets and
offline reconstruction steps. Only the compact set of estimated
model parameters must be returned after testing, significantly
reducing data transfer and processing requirements.

IV. FRAMEWORK EVOLUTION AND EXTENSIONS

Subsequent developments [9], [10] refine stages of the
loop in Figure 1, improving efficiency, robustness, and model
expressiveness.

First, computational efficiency is improved by reformulating
the EKF update using rank-1 covariance operations, eliminat-
ing matrix inversions and reducing each iteration to matrix-
vector operations suitable for parallel hardware. Measurement-
aligned covariance inflation further enhances robustness un-
der unexpected deviations, while adaptive termination criteria
avoid unnecessary iterations.

Second, structural modeling is extended by integrating
segmented error representations inspired by uSMILE. INL is
decomposed into MSB, ISB, and LSB components, enabling
architecture-aware parameter updates within the UGLMS loop
while preserving adaptive measurement sequencing.

Together, these enhancements enable fast and robust lin-
earity reconstruction with reduced overall test time, despite a
moderate increase in sampling effort.
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Fig. 1. Closed-loop measurement and estimation flow of UGLMS [6].

V. DISCUSSION AND OUTLOOK

The UGLMS framework demonstrates that ADC linearity
testing can be reformulated as an adaptive estimation problem
rather than a passive measurement task. By dynamically se-
lecting informative measurements and continuously updating a
behavioral model, the approach drastically reduces the number
of required samples while eliminating offline reconstruction
steps. The combination of uncertainty-guided sampling and
architecture-aware modeling opens new opportunities for real-
time mixed-signal characterization and fast production testing.
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