Atmel AVR127: Understanding ADC parameters

Features

» Getting introduced to ADC concepts
* Understanding various ADC parameters
» Understanding the effect of ADC parameters on the accuracy of the ADC

1 Introduction

This application note discusses about the basic concepts of analog-to-digital
converter (ADC) and the various parameters that determine the performance of an
ADC. These ADC parameters are of good importance since they are a part of
deciding the accuracy of the ADC'’s output.

The parameters of an ADC can be broadly classified into static performance
parameters and dynamic performance parameters. Static performance parameters
are those parameters that are not related to ADC’s input signal. These parameters
are measured and analyzed for all types of ADCs (ADCs integrated within the
microcontroller to standalone ADCs whose operating frequency are usually higher).
Conversely, dynamic performance parameters are related to ADC’s input signal
and their effects are significant with higher frequencies.

Maijor static parameters include gain error, offset error, full scale error and linearity
errors whereas some important dynamic parameters include signal-to-noise ratio
(SNR), total harmonic distortion (THD), signal to noise and distortion (SINAD) and
effective number of bits (ENOB).

This application note is for guidance and we recommend the designer to refer to
specific Atmel® device datasheet for more details.
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2 Basic concepts

2.1 Input voltage range
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ATMEL

An ADC is a simple electronic system or a module that has analog input, reference
voltage input and digital outputs. The ADC translates the analog input signal to a
digital output value that represents the size of the analog input relative to the
reference voltage. It basically samples the input analog voltage and produces an
output digital code for each sample taken.

Figure 2-1. Basic diagram of ADC.
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Figure 2-1 shows the basic symbol of an ADC with the input and output signals used.

To get a better picture about the ADC concepts, let us first look into some basic ADC
terms used.

The input voltage range of an ADC is determined by the reference voltage (Vgrer)
applied to the ADC. A reference voltage is the voltage that is applied either internally
or externally by applying voltage on an external pin of the microcontroller; the
selection of reference voltage can be made from the reference configuration bits
available in the microcontroller. ADC’s do not covert the input analog voltage to a
valid digital output which is more then the reference voltage, it is the responsibility of
designer to make sure that the analog input voltage does not exceed the reference
voltage. This means operating the ADC with an input analog voltage greater than the
reference voltage will saturate the ADC and ADC outputs the highest digital code
value. The input voltage range is also called as conversion range.

Some type of ADC’s when operated in signed mode (the mode which produces
signed output codes) will allow negative analog input voltages. In such cases the
analog input range is from —Vrer to +Vgrer. This negative reference setting will be
taken care by the internal analog circuits in many cases.

An ADC which accepts both positive and negative input voltages is called as bipolar
ADC whereas an ADC that accepts only positive input voltage is called as unipolar
ADC.

8456A-AVR-11/11



2.2 Resolution

2.3 Quantization

2.4 Conversion mode

2.4.1 Single ended conversion
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The entire input voltage range (from 0V to Vgee) is divided into number of sub ranges
in such a way that each sub range is assigned a single output digital code. A sub
range is also called LSB (least significant bits) and the number of sub ranges is
usually in powers of two. The total number of sub ranges is called the resolution of
the ADC. For an example, an ADC having eight LSBs has the resolution of eight or
three bits (2° = 8). If an ADC’s resolution is three bits then it also means that the code
width of the output is three bits.

The LSBs are formed so that a range of input voltages is assigned to a single output
digital code. For example, consider an ADC with Vger as 2V and resolution as three
bits. Now the 2V is divided into eight LSBs so that each LSB is in the range of
250mV. Now an input voltage of OV as well as input voltage of 250mV is assigned to
the same output digital code 000. This process is called as quantization.

A conversion mode is a method in which the ADC processes the input and performs
the conversion operation. A standard ADC has basically two types of conversion
modes.

1. Single ended conversion mode.
2. Differential conversion mode.

In single ended conversion, only one analog input is taken and the ADC sampling and
conversion is done for that input. In single ended conversion ADC can be configured
to operate in unsigned or signed mode for which ADC’s will have inverting and non-
inverting inputs that are internal.

For example in signed mode of operation, the single-ended input may be given to the
non-inverting input of the ADC and the inverting input of the ADC is grounded. This is
depicted in Figure 2-2. In this case the reference voltage is from — Vger t0 + Vger,
which means it allows negative input voltages.

Figure 2-2. ADC in signed single-ended mode.
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In unsigned single-ended mode, the single-ended input is given to the non-inverting
input of the ADC as before and the inverting input of the ADC is supplied with some
fixed voltage value (Vrxep Which is usually half of the reference voltage minus a fixed
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2.4.2 Differential conversion

2.5 Ideal ADC

4 Atmel AVR127

ATMEL

offset) as shown in Figure 2-3. In this case the input voltage range is from OV to Vgee,
which means it does not allows negative input voltages.

Figure 2-3. ADC in unsigned single-ended mode.
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In differential conversion mode, two analog inputs are taken and applied to the
inverting and non-inverting inputs of the ADC, either directly or after doing some
amplification by selecting some programmable amplification stages (gain amplifier
stage). Differential conversions are usually operated in signed mode, where the MSB
of the output code acts as the sign bit. Also the reference voltage is from - Vg to
+Vger for signed mode. This is shown in the Figure 2-4.

Figure 2-4. ADC in differential mode.
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An ideal ADC is just a theoretical concept, and cannot be implemented in real life. It
has infinite resolution, where every possible analog input value gives a unique digital
output from the ADC within the specified conversion range. An ideal ADC can be
described mathematically by a straight-line transfer function, as shown in Figure 2-5
and Figure 2-6.
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Figure 2-5. Single ended ADC.
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2.6 Perfect ADC
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To define a perfect ADC, the concept of quantization must be used. Due to the digital
nature of an ADC, continuous output values are not possible. The perfect ADC
performs the quantization process during conversion. This results in a staircase

transfer function where each step represents one LSB.

8456A-AVR-11/11
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Figure 2-7. Transfer function of 3-bit ADC (unadjusted quantization) (single ended).
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If the reference voltage is 2V, say, and the ADC resolution is three bits, then the step
width becomes 250mV (1LSB). The input analog voltage range from 0V to 250mV will
be assigned the digital output code 000 and the input analog voltage range from
250mV to 500mV will be assigned the digital code 001 and so on. This is depicted in
Figure 2-7 which shows the transfer function of a perfect 3-bit ADC operating in single
ended mode. Figure 2-8, given below, shows the transfer function of a perfect 3-bit
ADC operating in differential mode.

NOTE The reference voltage is from -1V to +1V in this case and the MSB acts as sign bit.

Figure 2-8. Transfer function of 3-bit ADC (unadjusted quantization) (differential).

011
Output
code 010
001
~ nnn -
7 I I I I I [
-1.0 -0.75 -0.5 -0.25 0.25 0.5 0.75 1.0VnI[V]
11
110
101
— 100

Atmel AVR127

8456A-AVR-11/11



8456A-AVR-11/11

Atmel AVR127

From the Figure 2-7, it is obvious that an input voltage of OV produces an output code
000. At the same time, an input voltage of 250mV also produces the same output
code 000 which is an error due to the process of quantization. This error is called as
quantization error. As the input voltage rises from 0V, the quantization error also rises
from OLSB and reaches a maximum quantization error of 1LSB at 250mV. Again the
quantization error increases from OLSB to 1LSB as the input rises from 250mV to
500mV.

This maximum quantization error of 1LSB can be reduced to £0.5LSB by shifting the
transfer function towards left through 0.5LSB.

Figure 2-9. Transfer function of 3-bit ADC (adjusted quantization) (single ended).
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Figure 2-9 depicts the quantization adjusted perfect transfer function together with the
ideal transfer function. As seen on the figure, the perfect ADC equals the ideal ADC
on the exact midpoint of every step. This means that the perfect ADC essentially
rounds input values to the nearest output step value. Similarly Figure 2-10 is for
differential ADC.
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2.7 Offset error
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Figure 2-10. Transfer function of 3-bit ADC (adjusted quantization) (differential).
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Quantization error is the only error when perfect ADC is considered. But in case of
real ADC, there are several other errors other than quantization error as explained
below.

The offset error is defined as the deviation of the actual ADC'’s transfer function from
the perfect ADC’s transfer function at the point of zero to one transition measured in
LSB.

When the transition from output value 0 to 1 does not occur at an input value of
0.5LSB, then we say that there is an offset error. With positive offset errors, the
output value is larger than 0 when the input voltage is less than 0.5LSB from below.
With negative offset errors, the input value is larger than 0.5LSB when the first output
value transition occurs. In other words, if the actual transfer function lies below the
ideal line, there is a negative offset and vice versa. Positive and negative offsets are
shown in Figure 2-11 and Figure 2-12 respectively measured with double ended
arrows.

8456A-AVR-11/11
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Figure 2-11. Positive offset error.
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In Figure 2-11, the first transition occurs at 0.5LSB and the transition is from 1 to 2.
But 1 to 2 transitions should occur at 1.5LSB for perfect case. So the difference
(Perfect — Real = 1.5LSB — 0.5LSB = +1LSB) is the offset error. Similarly in the Figure
2-12, the first transition occurs at 2LSB and the transition is from 0 to 1. But 0 to 1
transition should occur at 0.5LSB for perfect case. So the difference (Perfect — Real =
0.5LSB — 2LSB = -1.5LSB) is the offset error.

Figure 2-12. Negative offset error.
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It should be noted that offset errors limit the available range for the ADC. A large
positive offset error causes the output value to saturate at maximum before the input
voltage reaches maximum. A large negative offset error gives output value 0 for the
smallest input voltages.

2.8 Gain error

The gain error is defined as the deviation of the last step’s midpoint of the actual ADC
from the last step’s midpoint of the ideal ADC, after compensating for offset error.

After compensating for offset errors, applying an input voltage of 0 always give an
output value of 0. However, gain errors cause the actual transfer function slope to
deviate from the ideal slope. This gain error can be measured and compensated for
by scaling the output values.

The example of a 3-bit ADC transfer function with gain errors is shown in Figure 2-13
and Figure 2-14.

Figure 2-13. Positive gain error.
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If the transfer function of the actual ADC occurs above the ideal straight line, then it
produces positive gain error and vice versa. The gain error is calculated as LSBs from
a vertical straight line drawn between the midpoint of the last step of the actual
transfer curve and the ideal straight line.

In Figure 2-13, the output value saturates before the input voltage reaches its
maximum. The vertical arrow shows the midpoint of the last output step. In Figure
2-14, the output value has only reached six when the input voltage is at its maximum.
This results in a negative deviation for the actual transfer function.

10 Atmel AVR127
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2.9 Full scale error
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Figure 2-14. Negative gain error.
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Full scale error is the deviation of the last transition (full scale transition) of the actual
ADC from the last transition of the perfect ADC, measured in LSB or volts. Full scale

error is due to both gain and offset errors.

Figure 2-15. Full scale error.
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2.10 Non-linearity
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In Figure 2-15, the deviation of the last transitions between the actual and ideal ADC
is 1.5LSB.

The gain and offset errors occurring in the ADC can be measured and compensated
using some calibration procedures. When offset and gain errors are compensated for,
the actual transfer function should now be equal to the transfer function of perfect
ADC. However, non-linearity in the ADC may cause the actual curve to deviate
slightly from the perfect curve, even if the two curves are equal around 0 and at the
point where the gain error was measured.

There are two major types of non-linearity’s that degrade the performance of an ADC.
They are differential non-linearity (DNL) and integral non-linearity (INL).

2.10.1 Differential non-linearity (DNL)

12 Atmel AVR127

Differential non-linearity (DNL) is defined as the maximum and minimum difference
between the step width and the perfect width (1LSB) of any output step.

Non-linearity produces quantization steps with varying widths. All steps should be one
LSB wide, but some are narrower or wider.

Figure 2-16. Plot showing differential non-linearity (DNL).
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For the case of ideal ADC, the step width should be 1LSB. But an ADC with DNL
shows step widths which are not exactly 1LSB. In Figure 2-16, in a maximum case
the width of the step with output value 101 is 1.5LSB which should be 1LSB. So the
DNL in this case would be +0.5LSB. Whereas in a minimum case, the width of the
step with output value 001 is only 0.5LSB which is 0.5LSB less than the expected
width. So the DNL now would be -0.5LSB.
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2.10.2 Missing code

There are some special cases wherein the actual transfer function of the ADC would
look as in the Figure 2-17.

In the example below, the first code transition (from 000 to 001) is caused by an input
change of 250mV. This is exactly as it should be. The second transition, from 001 to
010, has an input change that is 1.25LSB, so is too large by 0.25LSB. The input
change for the third transition is exactly the right size. The digital output remains
constant when the input voltage changes from 1000mV to 1500mV and the code 100
can never appear at the output. It is missing. The severity of the missing code is less
when the resolution of the ADC is higher. An ADC with DNL error less than £1LSB
guarantees no missing code.

Figure 2-17. 3-bit ADC showing missing code.
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2.10.3 Integral non-linearity (INL)

Integral non-linearity (INL) is defined as the maximum vertical difference between the
actual and the ideal curve. It indicates the amount of deviation of the actual curve
from the ideal transfer curve.

AIMEL e
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2.11 Absolute error
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Figure 2-18. Plot showing integral non-linearity (INL).
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INL can be interpreted as a sum of DNLs. For example several consecutive negative
DNLs raise the actual curve above the ideal curve as shown in Figure 2-16 and the
INL in this case would be positive. Negative INLs indicate that the actual curve is
below the ideal curve. This means that the distribution of the DNLs determines the
integral linearity of the ADC.

The INL can be measured by connecting the midpoints of all output steps of actual
ADC and finding the maximum deviation from the ideal curve in terms of LSBs. From
the Figure 2-18, we can note that the maximum INL is +0.75LSB.

Absolute error or absolute accuracy is the total uncompensated error and includes
quantization error, offset error, gain error and non-linearity. So in a perfect case, the
absolute error is 0.5LSB which is due to the quantization error. Gain and offset errors
are more significant contributors of absolute error.

The absolute error represents a reduction in the ADC range, and one should
therefore consider the margins to the minimum and maximum input values to avoid
clipping keeping the absolute error in mind.

2.12 Signal to noise ratio (SNR)

Atmel AVR127

SNR is defined as the ratio of the output signal voltage level to the output noise level.
It is usually represented in decibels (dBs) and calculated with the following formula.

VRMS(Signal)

SNR(dB) =20log

RMS (Noise)
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For example if the output signal amplitude is 1V(RMS) and the output noise amplitude
is 1mV(RMS), then the SNR value would be 60dB. For good performance, the SNR
value should be high. The above mentioned formula is a general definition for SNR.

The SNR value of an ideal ADC is given by:
SNR (dB) = 6.02N+1.76(dB)

where N is the resolution (no. of bits) of the ADC. For example an ideal 10-bit ADC
will have an SNR of approximately 62dB.

2.13 Total harmonic distortion (THD)

Whenever an input signal of a particular frequency passes through a non-linear
device, additional content is added at the harmonics of the original frequency. For
example, assume an input signal having frequency f. Then the harmonic frequencies
are 2f, 3f, 4f, etc. So non-linearity in the converter will produce harmonics that were
not present in the original signal. These harmonic frequencies usually distort the
output which degrades the performance of the system. This effect can be measured
using the term called total harmonic distortion (THD).

THD is defined as the ratio of the sum of powers of the harmonic frequency
components to the power of the fundamental/original frequency component. In terms
of RMS voltage, the THD is given by,

\/Vf +Vi+. V]
"

The THD should have minimum value for less distortion. As the input signal amplitude

increases, the distortion also increases. The THD value also increases with the
increase in the frequency.

THD =

2.14 Signal to noise and distortion (SINAD)

2.15 ENOB

8456A-AVR-11/11

Signal to noise and distortion (SINAD) is a combination of SNR and THD parameters.
It is defined as the ratio of the RMS value of the signal amplitude to the RMS value of
all other spectral components, including harmonics, but excluding DC. For
representing the overall dynamic performance of an ADC, SINAD is a good choice
since it includes both the noise and distortion components.

SINAD can be calculated with SNR and THD as given below.

SINAD =-10 log(lo—SNR/lo + IO—THD/IO)

Effective number of bits (ENOB) is the number of bits with which the ADC when
operated behaves like a perfect ADC. It is another way of representing the signal to
noise ratio and distortion (SINAD) and is derived from the formula specified in Section
2.11 as given below:

SINAD —1.76
6.02

ENOB =

ATMEL 1



2.16 ADC timings

2.16.1 Startup time

2.16.2 Sample and hold time

2.16.3 Settling time

2.16.4 Conversion time

ATMEL

Basically an ADC takes some time for startup, sampling and holding and for
conversion. Out of these, the startup time is more concerned with ADCs of high end
microcontrollers that operate at higher frequencies.

Startup time contains the minimum time (in clock cycles) needed to guarantee the
best converted value after the ADC has been enabled either for the first time or after
a wake up from some of the sleep modes.

Usually after giving a trigger to an ADC to start a conversion, it take some time (in
clock cycles) to charge the internal capacitor to a stable value so that the conversion
result is accurate. This time is called as sample time. This time also comes into
picture when multiple channels are used during conversion. In this case it is the
minimum time (in clock cycles) needed to guarantee the best converted value
between two ADC channel selections. After the sampling time, the number of clock
cycles it takes for the internal conversion circuitry to convert the charge or the voltage
across the internal sampling capacitor into corresponding digital code is called as the
hold time.

When using multiple channels, there may be cases in which each channel may have
different gain and offset configurations. Switching between these channels requires
some amount of time, before beginning the sample and hold phase, in order to have
good results. Especially care should be taken when switching between differential
channels. Once a differential channel is selected, the ADC should wait for some
amount of time for some of the analog circuits (for example the automatic offset
cancellation circuitry) to stabilize to the new value. This time is called as settling time.
So ADC conversion should not be started before this time. Doing so will produce an
erroneous output.

The same settling time should be observed for the first differential conversion after
changing the ADC reference.

Conversion time is the combination of the sampling time and the hold time, usually
represented in number of clock cycles. The conversion time is the main parameter in
deciding the speed of the ADC.

Also the startup time, sample and hold time and the settling time are all software
configurable in ADC’s of some high end microcontrollers.

2.17 Sampling rate, throughput rate and bandwidth

16 Atmel AVR127

Sampling rate is defined as the number of samples converted by the ADC in one
second. Bandwidth represents the maximum frequency of the input analog signal that
can be given to the ADC. Sampling rate and bandwidth are related by Nyquist
sampling theorem. According to this theorem, the sampling rate should be at least
twice the bandwidth of the input signal.
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Consider the case of single ended conversion where one conversion takes 13 ADC
clock cycles. Assuming the ADC clock frequency to be 1MHz, then approximately 77k
samples will be converted in one second. That means the sampling rate is 77k. So
according to Nyquist theorem, the maximum frequency of the analog input signal is
limited to 38.5kHz which represents the bandwidth of the ADC in single ended mode.

Taking the same case above, if 1MHz is the maximum clock frequency that can be
applied to an ADC which takes at least 13 ADC clock cycles for converting one
sample, then 77k samples per second is said to be the maximum throughput rate of
the ADC.

When using differential mode, the bandwidth is limited to few kHz by the internal
differential amplifier. So before giving the analog input to the ADC, any frequency
components above the mentioned bandwidth should be filtered using external filter to
avoid any non-linearity.

2.18 Impedances and capacitances of ADC

Figure 2-19. Equivalent circuit of the ADC system.
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Figure 2-19 depicts the equivalent circuit of ADC system.

Inside the ADC, the sample and hold circuit of the ADC contains a resistance-
capacitance (Rapc & Capc) pair in a low pass filter arrangement. The Capc is also
called as sampling capacitor. Whenever an ADC start conversion signal is issued, the
sampling switch, present between the Rapc — Capc pair, is closed so that the analog
input voltage charges the sampling capacitor through the resistance Rapc.

The input impedance of the ADC is the combination of Rapc and the impedance of the
capacitor. As the sampling capacitor gets charged to the input voltage, the current
through Rapc reduces and ends up with a minimum value when voltage across the
sampling capacitor equals the input voltage. So the minimum input impedance of the
ADC equalS RADC-

In the source side, the ideal source voltage is subject to some resistance called the
source resistance (Rsgc) and some capacitance called source capacitance (Csgrc)
present in the source module. Because of the presence of Rsrc, the current entering
the sample and hold circuit reduces. So this reduction in current increases the time to
charge the sampling capacitance thereby reducing the speed of the ADC. Also the
presence of Csgrc makes the source to first charge it completely before charging the

ATMEL L
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sampling capacitor. This reduces the accuracy of the ADC since the sampling
capacitor may not be completely charged.

2.19 Oversampling

Oversampling is a process of sampling the analog input signal at a sampling rate
significantly higher than the Nyquist sampling rate. The main advantages of
oversampling are:

1. It avoids the aliasing problem, since the sampling rate is higher compared to the
Nyquist sampling rate.

2. It provides a way of increasing the resolution of the ADC. For example, to
implement a 14-bit converter, it is enough to have a 10-bit converter which can
run at 256 times the target sampling rate. Averaging a group of 256 consecutive
10-bit samples adds four bits to the resolution of the average, producing a single
sample with 14-bit resolution.

3. The number of samples required to get additional n bits is = 27,

4. Itimproves the SNR of the ADC.

18 Atmel AVR127

8456A-AVR-11/11



Atmel AVR127

3 Table of contents

FEATUIES ...ttt s s r s e e rrmms s 1
U [ (o Zo [7 e 1o o TN 1
.3 = 7= 157 (o3 e oY g Lo =T o T £ 2
2.1 INPUL VOIRAGE FANGE.....cc e e e e e 2
2.2 RESOIULION. ...ttt e e et e e e e e e e e e e e e e an 3
2.3 QUANTZALION ...t e e e e e nnreee s 3
2.4 CONVEISION MOGE .....eviiieeiiiiieeeeieie e ettt e e ettt e e st e e e sestaeeeasnsaeeesanseeeeeansseeeesanneeeens 3
P IS g T | L= g Lo (=T ot ) 0 Y=Y 1T ) o OO 3
2.4.2 Differential CONVEISION ........ccoiiiiii e e e e s e e e s nee e e s nneeeeeas 4

2.5 1dEAI ADC ...t et et e e e e e annaeee s 4
2.6 PerfECE ADC.... .. oottt e e e ettt et e e e e e e e e e e anaaeee s 5
A O =11 0= 4 (o RSP 8
S € - 1o T =y o] PRSP 10
2.9 FUIL SCAIE EITON ...ttt e e e e e e e e e e e s e neeeeeeeas 11

P L N (o] B T 0 T=T= Ty YU 12
2.10.1 Differential non-linearity (DNL) ........ccoiiiiiiiiiie e 12
2.10.2 MISSING COAE ...ttt ettt e e e e e e e e e e e e s et e e e e e e e e annneeeas 13
2.10.3 Integral non-linearity (INL) .........coo i e 13
211 ADSOIULE ©ITOF ...t e e e e e e e e e e 14
2.12 Signal to noise ratio (SNR).........oiiiiiiii e 14
2.13 Total harmonic distortion (THD) .........coiiiiiiiieie e 15
2.14 Signal to noise and distortion (SINAD).........cocciiiiiiiiiieecee e 15

2 A5 ENOB ...t a e e e e anre e e e enees 15
2.16 ADC tiMINGS. .. ueiiieeiiiiie ettt s e e e et e e e et e e e e et e e e e ante e e e e nreeeeeannes 16
2.16.1 StArtUP tIME .o e e e eaanaes 16
2.16.2 Sample and hold tIMe.............uviiiiiiieee e 16
2.16.3 Settling tiMe.....eeiieeeie e neeas 16
2.16.4 CONVEISION HIME ...ieiiieiiiiiie ettt et e et e e et e e e st e e e e neeeeenneeeeanneeenn 16
2.17 Sampling rate, throughput rate and bandwidth .............cccccccoiiiiiiiiin e, 16
2.18 Impedances and capacitances of ADC ..........cccocveeeiiiiiiiiiiiiiieeeeee e 17
2.19 OVEIrSAMPIING ...veiieiiiiiie ittt et e e s e e e et e e s e st e e e e anbaeaeennneeeeeanneeas 18
3 Table Of CONLENTS ...........eeeesssss s 19

ATMEL 1

8456A-AVR-11/11



AIMEL

Y ©

Atmel Corporation Atmel Asia Limited Atmel Munich GmbH Atmel Japan

2325 Orchard Parkway Unit 01-5 & 16, 19F Business Campus 16F, Shin Osaki Kangyo Bldg.
San Jose, CA 95131 BEA Tower, Milennium City 5 Parkring 4 1-6-4 Osaki Shinagawa-ku
USA 418 Kwun Tong Road D-85748 Garching b. Munich Tokyo 104-0032

Tel: (+1)(408) 441-0311 Kwun Tong, Kowloon GERMANY JAPAN

Fax: (+1)(408) 487-2600 HONG KONG Tel: (+49) 89-31970-0 Tel: (+81) 3-6417-0300
www.atmel.com Tel: (+852) 2245-6100 Fax: (+49) 89-3194621 Fax: (+81) 3-6417-0370

Fax: (+852) 2722-1369

© 2011 Atmel Corporation. All rights reserved.

Atmel®, Atmel logo and combinations thereof, AVR®, and others are registered trademarks or trademarks of Atmel Corporation or its
subsidiaries. Other terms and product names may be trademarks of others.

Disclaimer: The information in this document is provided in connection with Atmel products. No license, express or implied, by estoppel or otherwise, to
any intellectual property right is granted by this document or in connection with the sale of Atmel products. EXCEPT AS SET FORTH IN THE ATMEL
TERMS AND CONDITIONS OF SALES LOCATED ON THE ATMEL WEBSITE, ATMEL ASSUMES NO LIABILITY WHATSOEVER AND DISCLAIMS
ANY EXPRESS, IMPLIED OR STATUTORY WARRANTY RELATING TO ITS PRODUCTS INCLUDING, BUT NOT LIMITED TO, THE IMPLIED
WARRANTY OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, OR NON-INFRINGEMENT. IN NO EVENT SHALL ATMEL BE
LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL, PUNITIVE, SPECIAL OR INCIDENTAL DAMAGES (INCLUDING, WITHOUT LIMITATION,
DAMAGES FOR LOSS AND PROFITS, BUSINESS INTERRUPTION, OR LOSS OF INFORMATION) ARISING OUT OF THE USE OR INABILITY TO
USE THIS DOCUMENT, EVEN IF ATMEL HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. Atmel makes no representations or
warranties with respect to the accuracy or completeness of the contents of this document and reserves the right to make changes to specifications and
product descriptions at any time without notice. Atmel does not make any commitment to update the information contained herein. Unless specifically
provided otherwise, Atmel products are not suitable for, and shall not be used in, automotive applications. Atmel products are not intended, authorized, or
warranted for use as components in applications intended to support or sustain life.

8456A-AVR-11/11




	1 Introduction
	2 Basic concepts
	2.1 Input voltage range
	2.2 Resolution
	2.3 Quantization
	2.4 Conversion mode
	2.4.1 Single ended conversion
	2.4.2 Differential conversion

	2.5 Ideal ADC
	2.6 Perfect ADC
	2.7 Offset error
	2.8 Gain error
	2.9 Full scale error
	2.10 Non-linearity
	2.10.1 Differential non-linearity (DNL)
	2.10.2 Missing code
	2.10.3 Integral non-linearity (INL)

	2.11 Absolute error
	2.12 Signal to noise ratio (SNR)
	2.13 Total harmonic distortion (THD)
	2.14 Signal to noise and distortion (SINAD)
	2.15 ENOB
	2.16 ADC timings
	2.16.1 Startup time
	2.16.2 Sample and hold time
	2.16.3 Settling time
	2.16.4 Conversion time

	2.17 Sampling rate, throughput rate and bandwidth
	2.18 Impedances and capacitances of ADC
	2.19 Oversampling

	3 Table of contents

