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Abstract

Analog-to-Digital converters are an essential component of modern electronics systems, especially those that interface
with the real world through sensors and actuators. Their testing is thus paramount in evaluating the performance of
those systems. That evaluation is carried out most often using sinusoidal stimulus signals. After a brief overview of
applications where sinusoidal signals play a vital role, we focus on their use when characterizing analog-to-digital
converters using different test methods that aim at estimating several metrological characteristics like frequency
response, signal-to-noise ratio, linearity, harmonic distortion, and spurious free dynamic range.
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1. Introduction

Here we focus on the use of sinusoidal signals do characterize analog-to digital converters (ADCs). These are very
important because a periodic signal with an arbitrary shape can be mathematically described by a discrete sum of sine
waves through the discrete Fourier Transform. In linear systems, the output will be the sum of the responses one gets
with a single sinusoid at the input at one time. Focusing the study on sinusoidal stimulus signals is not so restrictive as
one might think initially.

We will begin with a brief introduction regarding the mathematical description of a sinusoidal signal, its parameters
and present a figure with an example signal, for context. This type of signal is what is typically used as stimulus signal.
Naturally, in different applications, we will have measured signals that will be distorted versions of this signal. Those
distortions is what is important to be quantifies in order to characterize those systems.

After that, we overview briefly several applications where sinusoidal signals are used to present an idea of the generality
of this study, before going, in the next section, into the different metrological characteristics of ADCs [1]-[2] and how

they are determined using sinusoidal signals.

Sinusoidal signals are periodic signals characterized by their amplitude (A4), frequency (f), initial phase (¢) and
sometimes their average value or offset (C). Mathematically their commonly written as

x(t) =C+A-cosrf-t+¢), (1)
where, sometimes, the frequency is expressed as an angular frequency, w, such that
w = 2nf. (2)

The period of the signal is, be definition, the inverse of the frequency, thus
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T=- (3

Figure 1 shows an example of one period of a sinusoidal signal with unit amplitude (in arbitrary units), no offset, null
initial phase and a frequency of 10 Hz (period of 100 ms).
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Figure 1 Example of a sinusoidal signal with unit amplitude in arbitrary units, null offset, 10 Hz of frequency and an
initial phase of -602,

Sinusoidal signals, which are characterized by their sine or cosine waveforms, have a wide range of applications across
various fields due to their periodic and repetitive nature. In electrical engineering they are used to transmit a distribute
energy from the power plants to homes and factories [3]. In signal processing they constitute a canonical signal it which
other signals may be decomposed using Fourier analysis [4]. This allows for the study of signal filtering, amplification,
and modulation. In mechanical engineering they can be used in vibration analysis [5] in mechanical systems, or as sound
waves for the transmission of data using modulation. Also, in metrological applications like measuring distance [6]-[7],
water flow velocity [8]-[10] or defects in conductive materials using eddy currents [11], they are usually the signal
shape of choice. In physics these are shapes encountered in pendular motion [12] or in spring-mass systems [13] and
are also used to describe various wave phenomena, like electromagnetic waves and water waves. In
telecommunications they can be used as radio waves used in wireless communication [14], for example, where they are
often modulated in amplitude, frequency or phase which involve manipulation these parameters of the carrier to
transmit information. Sinusoidal signals are also used in control systems, like PID controllers [15], that is,
proportional-integral-derivative controllers that use sinusoidal signals to control various processes and systems. Also,
in music and audio we have musical notes can be represented as sinusoidal signals with different frequencies and
amplitudes and in sound synthesis we have oscillators are used in synthesizers [16]. In medical imaging, like magnetic
imaging resonance (MRI), use sinusoidal radiofrequency (RF) signals to excite and then detect signals from the body's
tissues [17]. In seismology, seismic waves generated by earthquakes and other geological events can be modeled as
sinusoidal signals [18]. In navigation we have the global positioning system (GPS) where the receivers use signals from
satellites, which are modulated using sinusoidal carrier waves, to determine precise locations [19]. Finally, in optics we
have the behavior of light, including diffraction and interference, which can be described using sinusoidal waveforms
[20].

These examples illustrate the versatility and importance of sinusoidal signals in understanding and manipulating
natural phenomena and engineering systems across different disciplines. There are many more examples where the
measurement of physical quantities is of interest and can be achieved by different methods [21]. In the following we are
going to focus on the use of sinusoidal signals for the characterization of analog-to-digital converters (ADCs).

In frequency response testing, for example, a sinusoidal signal generator is used to produce sinusoidal input signals at
different frequencies. These signals are fed into the ADC, and the resulting digital output is analyzed. The goal is to
determine the ADC's gain and phase response across the frequency spectrum. Engineers use this data to ensure that the
ADC performs accurately across its specified bandwidth.

In signal-to-noise ratio (SNR) measurement a sinusoidal signal with a known amplitude and frequency is applied as
input to the ADC. Its output is analyzed to measure the amplitude of the signal and the level of noise present. SNR is
calculated as the ratio of the signal's amplitude to the noise level, often expressed in decibels (dB). A high SNR indicates
good performance, as it means the signal is well-distinguished from noise.
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In total harmonic distortion (THD) analysis sinusoidal signals with a known amplitude and frequency are used as input
signals. The ADC's output signal is analyzed to identify and quantify harmonic distortion components. THD is expressed
as a percentage and represents the ratio of the sum of the amplitudes of the harmonics to the amplitude of the
fundamental frequency.

In intermodulation distortion (IMD) testing two or more sinusoidal signals at different frequencies are simultaneously
applied to the ADC. IMD testing reveals how the ADC responds to the nonlinear mixing of these signals. The resulting
output signal is analyzed to detect and quantify intermodulation distortion products.

In linearity testing sinusoidal signals with varying amplitudes are used as input signals [22]-[23]. The ADC's output is
compared to the expected linear response. Deviations from linearity are measured to assess the ADC's accuracy in
converting signals of different amplitudes.

In sensitivity analysis sinusoidal signals with small, controlled amplitude variations are applied as input. Engineers
examine how the ADC responds to these small changes. This analysis helps determine the minimum detectable input
signal change, which is important in applications requiring high sensitivity.

In dynamic range measurement a sinusoidal signal with gradually increasing amplitude is applied to the ADC. The ADC's
output is monitored as the input amplitude increases. The dynamic range is defined as the range of input amplitudes
over which the ADC provides an accurate output.

In spurious-free dynamic range (SFDR) measurement sinusoidal signals are applied as input signals, often with varying
frequencies and amplitudes. Engineers measure the peak amplitude of the largest undesired spurious component in the
output. SFDR quantifies how well the ADC can suppress unwanted spurious signals.

Sinusoidal signals of varying frequencies and amplitudes are used as input to carry out harmonic analysis where the
ADC's output signal is analyzed to identify and quantify harmonic distortion components, which are multiples of the
input frequency.

In audio applications, sinusoidal signals of known frequencies and amplitudes are used to calibrate and test audio ADCs,
amplifiers, and speakers. This ensures that audio equipment accurately reproduces sound without distortion.

Sinusoidal signals are used as carrier waves in communication systems, such as AM and FM radio. ADCs are employed
in receivers to digitize these signals for demodulation and further processing and also in radar and sonar systems as
part of the transmitted signal. ADCs digitize the received echoes, allowing for the detection and analysis of distant
objects.

These examples illustrate how sinusoidal signals play a crucial role in characterizing ADCs [24]-[25]. We will now delve
into some specifications used to quantify the performance of ADCs and which use sinusoidal signals.

2. Frequency Response

Frequency response testing is a critical procedure used to characterize the performance of analog-to-digital converters
(ADCs) and other electronic systems with respect to their ability to handle signals across a range of frequencies. The
primary goal of frequency response testing is to understand how a device responds to signals of different frequencies
within its operational bandwidth. It assesses whether the device accurately reproduces the amplitude and phase of
input signals across various frequencies.

A sinusoidal signal generator is used to produce a series of sinusoidal input signals at different frequencies. The
frequencies chosen for testing are typically within the specified bandwidth of the device being evaluated. The amplitude
of the input signal is often kept constant during testing.

Measurements are taken at various points in the device's signal path to assess its response. For ADCs, this includes the

input, output, and internal nodes if necessary. The input and output signals are usually compared to determine how
accurately the device processes the input signal.
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Gain represents the ratio of the output signal's amplitude to the input signal's amplitude at each tested frequency point.
It quantifies the device's signal amplification or attenuation at different frequencies. Phase represents the phase shift
introduced by the device at each frequency point. It quantifies the time delay or phase distortion.

Frequency response testing involves sweeping the input signal frequency continuously or stepping through discrete
frequency points. A continuous sweep provides a complete picture of the device's response across its entire bandwidth.

Frequency response testing can be used to determine the device's bandwidth, which is the range of frequencies over
which the device operates effectively. The bandwidth is often defined as the frequency range within which the gain is
within a specified tolerance of its maximum value, usually -3 dB which represents half the signal power.

Phase margin is a parameter used to evaluate the stability of feedback systems. It quantifies how close the system is to
instability. Group delay measures the time delay introduced by the device as a function of frequency. It is important in
applications where signal timing is critical.

Frequency response testing is crucial in various applications, including audio equipment design, RF (radio frequency)
and microwave circuit design, control systems, and communication systems. It ensures that devices accurately process
signals over a wide range of frequencies, which is essential for their intended functions. It can be challenging due to the
need for precise signal generation and measurement equipment. Accurate calibration and compensation for
measurement system characteristics are often required to obtain reliable results.

In summary, frequency response testing is a comprehensive evaluation method that assesses how a device performs
across a range of frequencies. It is crucial in ensuring that ADCs and other electronic systems operate as intended and
provide accurate signal processing capabilities across their specified bandwidths.

3. Signal-to-Noise Ratio Measurement

Signal-to-Noise Ratio (SNR) measurement is a fundamental technique used to assess the quality of signals processed by
analog-to-digital converters (ADCs) and other electronic systems. It quantifies the ratio of the desired signal (the
"signal") to unwanted background noise (the "noise") [26]. The primary purpose of SNR measurement is to determine
how well a system or device can distinguish the desired signal from background noise. SNR is a critical parameter in
various applications, including audio processing, communications, image processing, and scientific measurements.

The "signal" represents the amplitude of the useful or desired input signal. It's the component of the input that carries
the information of interest. The "noise" includes any unwanted or random variations in the signal that can obscure or
degrade the information. Noise can be electrical, thermal, or environmental in nature. It can also be additive in nature,
like voltage noise, that is added to the other signals or can take the for of phase noise on the oscillator creating the
sinusoidal signals [27] or even jitter in the sampling instant on data acquisition systems [28].

To measure SNR, a known and consistent signal is applied to the input of the system or device under test. This signal
should be representative of the typical signals the system will encounter in practice. The system's output is captured
and analyzed to determine both the signal amplitude and the noise level.

SNR is typically expressed in decibels (dB), which is a logarithmic unit. The formula for calculating SNR in dB is

SNR =10 - logy, (ZE2E2T) - (4

noise power

Signal power and noise power are usually calculated as the squared magnitude (amplitudes) of the signal and noise
components.

Measuring SNR accurately can be challenging, especially when dealing with very low-level signals or high levels of noise.
Noise can come from various sources, including thermal noise, quantization noise (in ADCs), electromagnetic
interference, and more. Identifying and isolating the relevant noise sources is critical. In audio applications, SNR
measurement assesses how well an audio system can reproduce the desired sound compared to the background noise.
In communication systems, SNR affects the quality of received signals, determining how accurately data can be
recovered. In image processing, SNR is crucial for assessing image quality, especially in medical imaging and
surveillance. In scientific measurements, SNR is used to evaluate the precision and accuracy of instruments and sensors.
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In the context of ADCs, the bit depth (number of bits) of the ADC plays a crucial role in determining the achievable SNR.
ADCs with higher bit depths can represent smaller signal levels and noise variations, leading to better SNR.

SNRis related to the dynamic range of a system, which is the range between the smallest and largest input levels it can
handle while maintaining acceptable SNR. Dynamic range is often expressed in dB and is closely tied to SNR. In real-
time systems, SNR measurement may be done continuously to monitor the quality of incoming signals and adapt
processing parameters accordingly.

Precise calibration of measurement equipment and careful consideration of measurement conditions are essential to
obtaining accurate SNR measurements. In summary, SNR measurement is a critical evaluation method that quantifies
the ratio of the desired signal to unwanted noise. It is essential for assessing the quality and performance of ADCs and
other electronic systems in a wide range of applications, ensuring that the signals of interest can be reliably extracted
from background noise.

4., Total Harmonic Distortion

Total Harmonic Distortion (THD) analysis is a technique used to assess the level of harmonic distortion present in the
output signal of an electronic device, particularly analog-to-digital converters and audio equipment. Harmonic
distortion occurs when a device introduces unwanted frequency components (harmonics) that are multiples of the
input signal's frequency.

The primary purpose of THD analysis is to quantify how much the output signal deviates from the ideal, pure sinusoidal
input. It provides a measure of the distortion introduced by the device, which can affect the quality of audio, video, and
other signal processing applications. In THD analysis, a pure sinusoidal signal with a known frequency and amplitude
is generated and applied as the input to the device under test (DUT). The frequency of this test signal is usually chosen
to be within the operational bandwidth of the DUT. The output signal from the DUT is captured and analyzed using a
spectrum analyzer or similar equipment. The spectrum analyzer breaks down the output signal into its constituent
frequency components, including the fundamental frequency (the input signal) and harmonic frequencies.

THD is calculated as the ratio of the root mean square (RMS) amplitude of all the harmonic components to the RMS
amplitude of the fundamental frequency. The formula is often expressed as a percentage:

2. p2...92
THDy, =100 - |“r2mn (5)

1

where H; represents the amplitude of the fundamental frequency, while H,, H;, and so on represent the amplitudes of
the harmonic components. THD is often expressed in decibels (dB), which is a logarithmic unit used to describe the level
of distortion. The formula is

THDoy,
THDgp = 10 - logyo (S2), (6)

100

This characteristic is a critical metric for assessing the linearity and fidelity of audio and video equipment. In audio
applications, lower THD values indicate cleaner and more accurate sound reproduction. THD is also used in
characterizing the performance of ADCs, amplifiers, and other electronic components. Lower THD values suggest better
linearity and less distortion.

Lower THD values are generally desirable, indicating that the device introduces less harmonic distortion and produces
a more faithful reproduction of the input signal. In audio equipment, THD values below 1% or even lower are often
considered excellent.

THD analysis can be sensitive to measurement conditions and equipment calibration. Care must be taken to ensure that
the test signal is accurately generated, and noise from external sources is minimized. While THD analysis is most
commonly associated with audio equipment, it is also used in RF (radio frequency) and microwave systems to assess
the linearity of amplifiers and signal processing components. In some cases, multiple sinusoidal tones are used as input
signals to characterize THD across a range of frequencies.
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In summary, THD analysis is a valuable technique for quantifying harmonic distortion in electronic devices. It plays a
crucial role in assessing the linearity and fidelity of audio equipment and other systems where accurate signal
reproduction is essential.

5. Linearity Testing

Linearity testing is a crucial evaluation process used to assess how well an electronic component or system, such as an
analog-to-digital converter (ADC), adheres to a linear response. In linearity testing, the focus is on determining if the
device produces an output that is directly proportional to the input, without introducing nonlinear distortion.

The primary purpose of linearity testing is to ensure that the device or system responds accurately and linearly to
changes in input amplitude. It is particularly important in applications where precision and accuracy are critical, such
as measurement and control systems.

In linearity testing, a test signal is typically generated. This signal can be a pure sinusoidal wave, a step function, or other
controlled input signals. The signal generator produces a range of amplitudes that span the intended operating range of
the device under test. The output of the device under test (DUT) is monitored and measured as it responds to the varying
input amplitudes. The output can be captured using test equipment such as oscilloscopes, data acquisition systems, or
specialized linearity measurement instruments [29]-[30].

Linearity error is a key parameter in linearity testing. It quantifies how far the actual output deviates from the ideal
linear response [31]. Integral Nonlinearity (INL) is a metric used in linearity testing, particularly for ADCs. It measures
the deviation of the actual transfer function from an ideal straight line. INL is often expressed in LSB or as a percentage
of the LSB value. Differential Nonlinearity (DNL) is a closely related metric for ADCs. It quantifies the difference between
the actual and expected step sizes between adjacent digital codes. DNL is typically expressed in LSB.

An ideal linear response implies that a change in the input signal by a certain amount should result in an exactly
proportional change in the output signal. In the case of ADCs, a one-unit change in the input should result in a one-unit
change in the output (1 LSB change).

The Histogram Test Method, also known as the Code Density Method [32]-[34], is a technique used to evaluate the
linearity of analog-to-digital converters (ADCs). This method assesses the distribution of digital output codes relative
to the input voltage levels to determine linearity errors. The primary goal of this method is to quantify linearity errors
in an ADC by analyzing the distribution of digital output codes across its input voltage range. It provides insights into
how accurately the ADC digitizes analog input voltages and identifies nonlinearities or code errors.

The test signal consists of a sinewave. The ADC under test is configured to convert the test signal into digital output
codes. The digital output codes are collected and recorded as the input voltage varies. The collected digital output codes
are grouped into bins or buckets based on their values. Each bin represents a specific range of digital codes. A histogram
is created by counting the number of times each digital code falls into each bin. Nonlinearities in the ADC's response are
detected by observing variations in the histogram. If the ADC exhibits nonlinear behavior, certain bins may contain more
or fewer codes than expected. Linearity errors are calculated by comparing the actual histogram to the expected
distribution. Linearity error is typically expressed as a percentage or in LSB (least significant bit). The

The Histogram Test Method is particularly useful for detecting subtle nonlinearities that may not be apparent in
traditional linearity tests. It provides a comprehensive view of the ADC's behavior across its input range. Care should
be taken when selecting the resolution of the test signal and the number of bins to ensure that linearity errors are
accurately detected. Calibration and correction techniques may be applied based on the results of the Histogram Test
to improve ADC performance.

In ADCs, linearity testing is critical to ensure that the device provides accurate digital representations of analog signals
over a wide range of amplitudes. Some systems employ calibration techniques to correct for linearity errors and achieve
improved performance. Linearity testing is a fundamental evaluation process used to determine how accurately an
electronic device or system responds to changes in input amplitude. It is vital for ensuring precision and accuracy in
various applications, from analog and digital signal processing to control and measurement systems.
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6. Spurious-Free Dynamic Range

Spurious-Free Dynamic Range (SFDR) measurement is a crucial evaluation technique used to assess the performance
of analog-to-digital converters and other electronic systems by quantifying the ability of the device to reject or minimize
unwanted spurious signals in its output. SFDR is an essential parameter, particularly in applications where high-quality
signal processing and noise rejection are required.

The primary purpose of SFDR measurement is to determine how well an ADC or electronic system can maintain the
quality of its primary signal (fundamental) while minimizing the presence of spurious signals (distortions or harmonics)
in the output. SFDR is crucial in applications like RF (radio frequency) communications, radar, and high-performance
data acquisition systems.

In SFDR measurement, a pure sinusoidal signal, known as the fundamental signal, is typically generated. The frequency
and amplitude of this fundamental signal are specified. The fundamental signal is usually chosen to be within the ADC's
specified bandwidth. Spurious signals refer to any undesired signal components present in the ADC's output that are
not part of the fundamental signal. These can include harmonics, intermodulation products, and other distortions. The
ADC is configured to convert the fundamental signal and any associated spurious signals into digital output codes. The
digital output codes are collected and recorded for analysis.

The collected digital output codes are analyzed in the frequency domain using a spectrum analyzer or similar
equipment. The goal is to identify and measure the amplitudes of the spurious signals in the output.

SFDR is calculated as the ratio of the amplitude of the fundamental signal (desired signal) to the amplitude of the most
significant spurious signal (largest undesired signal),

SFDRyz = 20-10g10( ) %

Aspurious

SFDR s closely related to the concept of dynamic range. Dynamic range represents the range between the strongest and
weakest signals that an ADC can accurately handle. The SFDR value represents the lowest level of an unwanted signal
relative to the fundamental signal. A high SFDR value indicates that the ADC or electronic system effectively rejects or
suppresses spurious signals, producing a clean output. SFDR is a critical parameter in applications where maintaining
signal integrity is essential, such as in wireless communications and radar systems. Some systems employ calibration
techniques to correct for spurious signals and improve SFDR performance. SFDR measurement can be challenging due
to the need for precise signal generation and measurement equipment. Noise and interference can also affect the
accuracy of SFDR measurements.

In summary, SFDR measurement is a vital technique for assessing the ability of ADCs and electronic systems to maintain
signal integrity by minimizing unwanted spurious signals in the output. It is a key parameter in high-performance
applications where high-quality signal processing and noise rejection are critical.

7. Intermodulation Distortion Testing

Intermodulation Distortion (IMD) testing is a technique used to assess the performance of analog-to-digital converters
(ADCs) and other electronic devices by examining their response to the generation of unwanted signal products when
two or more sinusoidal input signals are applied simultaneously. IMD testing aims to identify and quantify distortion
products generated within the device under test (DUT) due to nonlinearity in its components or circuitry. It is
particularly important in scenarios where multiple signals are present simultaneously, such as in wireless
communication systems where multiple frequency components interact.

In IMD testing, typically two sinusoidal signals, referred to as "tones," are applied to the input of the ADC or DUT. These
tones often have specific frequencies, amplitudes, and phase relationships. The frequencies of the tones are chosen to
be within the operational bandwidth of the DUT. The goal is to evaluate the DUT's response when these tones interact
nonlinearly. Nonlinearity within the DUT can cause the generation of new frequencies in the output signal, referred to
as "intermodulation products"” or "IM products.” These IM products are generated by the nonlinear mixing of the input
tones and can manifest as unwanted spectral components in the output signal. After applying the input tones and
capturing the DUT's output, the spectral content of the output signal is analyzed. The presence and magnitude of IM
products are measured and compared to the desired response (i.e., a linear response without distortion). Common
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parameters used for IM product characterization include third-order intercept point (IP3) and the 1st, 2nd, and 3rd
order intermodulation distortion products (IMD1, IMD2, IMD3).

Another important parameter is the third-order intercept point (IP3). It represents the point at which the third-order
intermodulation products intersect the input signal's power level. A higher IP3 value indicates that the DUT can handle
higher input power levels before significant distortion occurs. IP3 is often used to quantify the linearity of amplifiers
and other RF components.

IMD testing is widely used in the design and evaluation of RF (radio frequency) and microwave systems, such as in
wireless communication infrastructure and RF transceivers. It helps engineers ensure that RF components, including
ADCs, do not introduce unacceptable levels of distortion in real-world conditions with multiple signals. IMD testing can
be more complex than single-tone testing, as it involves the simultaneous application of multiple signals with specific
relationships. Careful calibration and signal generation are required to achieve accurate and repeatable results.

In summary, IMD testing is a valuable technique for evaluating the linearity and distortion characteristics of ADCs and
other electronic devices in scenarios where multiple input signals interact. It helps ensure that these devices perform
accurately and without introducing unacceptable distortion when faced with real-world signal conditions.

8. Conclusions

There are numerous applications that use sinusoidal signals as stimulus and that measure the response of those systems
and expect to observe sinusoidal signals. Deviation for the expected are used to quantify the behavior of the system
under test. In the case of ADCs there are particular tests that can be carried out to access their metrological
characteristics and which are regularly used by engineers.
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