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ADC Performance Parameters - Convert the Units
Correctly!

Shridhar Atmaram More Digital/Analog Converters

ABSTRACT

All semiconductor manufacturers define operation and performance of Analog-to-Digital Converters (ADC)
using common specifications. Typically, different manufacturers use different units to define the same
ADC specification. This inconsistent use of units may result in misinterpretation of performance while
comparing various ADCs, possibly leading to improper selection of the ADC. This application report
explains how to convert the specification numbers between various units.
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2.1

Introduction

The important ADC parameters are usually divided in two broad categories: DC (or Static) Input
Specifications and AC (or Dynamic) Input Specifications. This report covers the following specifications in
detail.

1. DC (or Static) Input Specifications:
(a) Offset Error and drift
(b) Gain Error and drift
(c) Differential Non Linearity (DNL)
(d) Integral Non Linearity (INL)
(e) Total Unadjusted Error (TUE)
2. AC (or Dynamic) Input Specifications:
(a) Total Harmonic Distortion (THD)
(b) Signal to Noise Ratio (SNR)
(c) Signal to Noise and Distortion (SINAD)
(d) Spurious Free Dynamic Range (SFDR)

For all the calculations shown throughout this document, the following typical specifications are used for
the ADC:

» Resolution = 16 bit

» Unipolar Single-ended configuration
e Vref=5V

* Full scale input =5V

The calculation methodology can be applied to Differential and Bipolar ADCs as well.

DC/Static Specifications

The DC specifications for an ADC provide an understanding of the device behavior for dc or a very-low-
frequency input signal. Important DC specifications are explored in the following sections.

Offset Error

Offset Error is also referred to as zero scale error. It is defined as the difference between ldeal offset point
(0.5 LSB) to actual offset and it can be a positive or negative value (as shown in Figure 1 and Figure 2).

Output Code Output Code

111 111

100]
011
010
0ol

Vielv)

Ideal ADC ADC with offset

Ideal ADC

ADC with -ve offset

Figure 1. Positive Offset Error Figure 2. Negative Offset Error
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2.2

Offset Error value is usually specified using one of the following units: Volts, Least Significant Bits (LSB),
%Full Scale Value (%FSV), and parts per million (ppm). FSV is sometimes also referred to as FSR (Full
Scale Range). Parts per million (ppm) is usually associated with the actual unit, for example, 1 ppm of 1 V
=1pVv.

Each of these can be converted to another form by using equations and formulas.
For the above example, you can convert between different units as shown in the following example.
Calculate a 3 LSB offset error conversion to Volts:
Offset Error (V) = Error in LSB x Maximum Input / (2mmPer of bits)
Offset Error (V) =3 x5V /(2%)
Offset Error (V) = 0.000229, that is, 229 pVv

Offset Error (%FSV) = Offset Error (V) x 100 / Full scale value
Offset Error (%FSV) = 0.00458%

ppm, with regard to full scale voltage, is Offset Error (ppm FSV) = 46 ppm, in the example above.

Though the offset error is usually specified at 25°C in the data sheets, the offset does vary with
temperature. The variation in offset is specified as Offset Drift and denoted as ppm/°C. The actual offset at
any temperature can be calculated by adding the drift to offset value calculated for room temperature.

For the above example if the drift is specified as 1 ppm/°C of REF V.
Offset at 85°C = 229 pV + [(85 — 25) x 5 pV] = 529 pVv.

Gain Error

Gain Error is also referred to as Full Scale Error. It represents the difference between ideal voltage which
provides Full scale output code (in our example OXFFFF) versus the actual voltage for which the converter
provides full scale output code. This measurement is done after calibrating the ADC readings for the offset
error. The error represents the difference in the ideal and actual slopes; therefore, the percentage error is
same across all the ADC steps (Figure 3).

ADC Output Vs Analog Input (V)

Ideal Gain

Positive Gain Error

Negative Gain Error

ADC Output Code
O P N W b U1 OO N 00 O

i

0051152253354455556657758

Figure 3. Gain Error

Gain Error value is usually specified using one of the following units: %FSV or LSB or Volts.
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For the above ADC, if the gain error is 4 LSB, then it can be converted to Volts as follows:

+ Gain Error (Volts) = Error in LSB x Maximum Input / (2numPer of bits)

« Gain Error (Volts) = 4 x 5/ (2'®) = 0.000305 V, that is, 305 uV

This means the ADC will reach OxFFFF code for input voltage of 4.999656 V.

If the gain error is —4 LSB, then the device will reach 0xFFFF code for input voltage 5.000267 V.

e Gain Error (%FSV) = Gain Error (V) x 100 / Full scale value
* Gain Error (%FSV) = 0.0061%

Similar to offset error, the gain error is usually specified at 25°C in the data sheets and the gain also
varies with temperature. The variation in gain is specified as Gain Drift and denoted as ppm/°C. The
actual gain error at any temperature can be calculated by adding the drift to gain error value calculated for
room temperature.

For the above example, if the drift is specified as 1 ppm/°C of REF V.
Gain Error at 85°C = 305 pV + [(85 — 25) x 5 pV] = 605 pV.

2.3 Differential Non Linearity (DNL)
Differential Non Linearity, also referred as Differential Linearity Error, describes deviation between ideal
step-size to actual step-size observed for each ADC code. The ideal step-size is 1 LSB. A typical DNL
curve is as shown in Figure 4.
DNL
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Figure 4. DNL
DNL value is usually specified using one of the following units: LSB or %FSV
We can use the same equations explained in Offset and Gain Error sections to convert from LSB to
%FSV.
For the above ADC, 3 LSB error = 0.0046% FSV
2.4 Integral Non Linearity (INL)
Integral Non Linearity, also referred as Integral Linearity Error, describes the deviation of the actual
transfer function with respect to ideal transfer function for an ADC. By definition, INL for a particular code
is the summation of DNL array till that code. A typical INL curve is as shown in Figure 5.
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Figure 5. INL

INL value is usually specified using one of the following units: LSB or %FSR.

The equations explained in Offset Error and Gain Error sections can be used to convert between LSB to
%FSV.

For the example ADC, 3 LSB error = 0.0046% FSV.

2.5 Total Unadjusted Error (TUE)
The Total Unadjusted Error (TUE) specification is an indication of the ADC'’s worst rms error without
applying any Offset or Gain Error correction. The TUE number is not calculated as a summation of Offset,
Gain, DNL and INL errors.
Since it is an RMS number, the TUE is calculated as
TUE = sqrt (sq(Offset Error) + sq(Gain Error) + sq(DNL) + sq(INL))
It is important to convert all the errors to same units.
For example, ADC with Offset Error = 3 LSB, Gain Error = 4 LSB, DNL = 1 LSB and INL = 2 LSB, will
have
TUE =sqrt (9 + 16 + 1 + 4) and TUE = 5.48 LSB
Since the offset and gain error can be calibrated out from the ADC transfer curve, the actual error in the
application will be dominated by INL and DNL errors.
3 AC (or Dynamic) Errors
An ADC's performance has different important specifications when the input varies quickly. These different
parameters which define the ADC performance with Dynamic input are mostly specified using single input
frequency. The ADC output array is processed using FFT and analyzed for dynamic specifications. Each
specification is usually associated with input signal specs in terms of frequency and amplitude.
A typical ADC output spectrum plot is shown in Figure 6.
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Figure 6. Typical ADC Output Spectrum Plot

3.1 Total Harmonic Distortion (THD)
The Total Harmonic Distortion (THD) specification provides information regarding the harmonic energy
present in the frequency spectrum for a particular input frequency. The frequency spectrum is typically
shown till the Nyquist frequency and the THD calculation usually takes into account all the harmonics
energy till Nyquist. Harmonics beyond Nyquist fall back into the frequency spectrum as noise or spurious
tone. These are taken care of in the SNR and SINAD specifications.
The parameter is usually specified in terms of dB or %.
THD = Summation of harmonic energy / Fundamental input energy

3.2 Signal-to-Noise Ratio (SNR)
The Signal-to-Noise Ratio (SNR) specification provides information regarding the noise energy excluding
the fundamental and harmonic energy present in the frequency spectrum for a particular input frequency.
The SNR calculation usually integrates noise till Nyquist frequency. If not, the specifications will imply the
band of frequency where the noise is integrated.
The parameter is usually specified in terms of dB, Vrms, or %.
SNR = Fundamental input energy / Summation of noise energy

3.3 Signal-to-Noise and Distortion (SINAD)
The Signal-to-Noise and Distortion (SINAD) specification provides information regarding the noise and
harmonic energy present in the frequency spectrum.
The parameter is usually specified in terms of dB, Vrms, or %.
SINAD = Fundamental input energy / Summation of noise + distortion energy

3.4 Spurious Free Dynamic Range (SFDR)
The Spurious Free Dynamic Range (SFDR) specification provides information regarding the difference
between maximum amplitude tone in frequency spectrum and the fundamental input tone.
The parameter is usually defined in dB.
SFDR = Fundamental input energy — Max (all frequency bins except fundamental)
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3.5 Conversion Between Units

» Percentage to dB
— dB =20 x log ( Percentage / 100)
— thatis, 1% =-40 dB and 0.1% = -60 dB

« dBtoVrms
— Assuming input amplitude as 1 Vrms and for 60 dB SNR,
— Noise Amplitude is dB = 20 x log (Input Amplitude / Noise Amplitude)
— Noise Amplitude Vrms = 0.001, that is, 1 mVrms
— If the spec is —60 dB, then the formula will be dB = 20 x log (Noise Amplitude / Input Amplitude)

4 References
1. Understanding Data Converters — SLAA013
2. ADS8318 data sheet — SLAS568A
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by Tl for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of Tl components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, Tl components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No TI components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

Tl has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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