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Driving the Analog Inputs of a SAR A/D Converter
INTRODUCTION
Driving any A/D Converter (ADC) can be challenging if
all issues and trade-offs are not well understood from
the beginning. With Successive Approximation Regis-
ter (SAR) ADCs, the sampling speed and source
impedance should be taken into consideration if the
device is to be fully utilized. In this application note we
will delve into the issues surrounding the SAR Con-
verter’s input and conversion nuances to insure that the
converter is handled properly from the beginning of the
design phase. We will also review the specifications
available in most A/D Converter data sheets and iden-
tify the important specifications for driving your SAR.
From this discussion, techniques will be explored which
can be used to successfully drive the input of the SAR
A/D Converter. Since most SAR applications require an
active driving device at the converter’s input, the final
subject will be to explore the impact of an operational
amplifier on the analog-to-digital conversion in terms of
DC as well as ac responses.
A typical system block diagram of the SAR converter
application is shown in Figure 1. Some common SAR
converter systems are Data Acquisition Systems,
Transducers Sensing Circuits, Battery Monitoring
applications and Data Logging. In all of these systems,
DC specifications are important. Additionally, the
required conversion rate is relatively fast (as compared
to Delta-Sigma converters) and having a lower number
of bits that are reliably converted is acceptable.

FIGURE 1: Block diagram of an
application that has a SAR ADC in the signal
path.

For the converter shown in Figure 1, the input signal
could be ac, DC or both. The operational amplifier is
used for gain, impedance isolation and its drive capa-
bility. A filter of some sort (passive or active) is needed
to reduce noise and to prevent aliasing errors.

The ADC in Figure 1 could be external or, in the case
of a SAR converter, internal to the microcontroller. The
DAC / PWM block can be implemented internally or
externally to the microcontroller as well. This function is
used to drive actuators, values, etc. A filter following
the DAC / PWM function is usually required to perform
a smoothing function. This filter would reduce glitch
errors, quantization errors and provide drive or isolation
to the actuator. In this discussion we will focus on the
input section to the A/D Converter.

BASIC OPERATION OF THE SAR ADC
With the SAR ADC, the input signal should be consid-
ered in the DC as well as ac domain. This is true even
if you are only interested in a DC response.

DC Errors of the SAR ADC
The offset and gain errors of an ADC can be easily cal-
ibrated out of the resulting data using the microcontrol-
ler at the output of the converter. But the more difficult
DC errors to calibrate out would be Integral Non-Lin-
earity (INL) and Differential Non-Linearity (DNL). In
most systems, these errors manifest themselves as
incorrect conversions or noise. Of the two specifica-
tions, INL is the “Holy Grail” of DC specifications
because it describes the entire transfer function. INL is
a measure of how close to actual the transition points
are to the ideal transfer function. This is a difficult error
to calibrate out with a microcontroller because every
code needs to be evaluated for proper calibration and
this error differs from device to device.

While noise is usually not a topic for DC accuracy, in
this case it has merit. It is important to realize that the
SAR ADC operates in the frequency domain. This is
true even though you may think that you are measuring
near DC signals. If there is a noise source in the sys-
tem, the “DC” conversion from sample-to-sample may
not be the same. This phenomena is reduced by using
anti-aliasing filters. When digitizing AC signals, other
characteristics of the converter come into play. These
characteristics include distortion of the input signal and
noise levels. Anti-aliasing filters are also useful for
these type of problems.
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Basic SAR ADC Operation
At the input of a SAR ADC, the signal first sees a switch
and a capacitive array, as shown in Figure 2. The
capacitors in this array are all connected to each other
with the input signal node on one side and the non-
inverting input to a comparator on the other.

FIGURE 2: Model of the MCP320X
12-Bit ADC.
Once the input signal has been sampled to the internal
capacitive array of the converter, the switch is open and
the bottom side of the MSb capacitor is connected to
VREF, while the other capacitors are tied to VSS (or the
system ground). With this action, the charge from the
MSb capacitor is redistributed among the other capac-
itors. The non-inverting input of the comparator moves
up or down in voltage according to the way the charge
is distributed. The voltage at the non-inverting input of
the comparator, with respect to VSS, is equal to
(1/2 VDD -VIN) + 1/2 VREF. If this voltage is greater than
1/2 VDD, an MSb equal to zero is transmitted out of the
serial port synchronized with SCLK through SDOUT and
the MSb capacitor is left tied to VREF. If this voltage is
less than 1/2 VDD, a MSb bit equal to one is transmitted
out of the serial port and the MSb capacitor is
connected to VSS.

With the determination of the value of the MSb, the
converter then examines the MSb-1 value. This is done
by connecting the MSb-1 capacitor to VREF, while the
other capacitors are tied to VSS (except for the MSb
capacitor). Since you will note that the MSb-1 capacitor
is not illustrated in Figure 2, its value is 8C. With this
action, the value of the voltage at the non-inverting
input of the comparator is [1/2 VDD - VIN] + 1/2 VREF
(MSb) + 1/4 VREF. Once again, a comparison of this
voltage to 1/2 VDD is performed with the comparator. In
this analysis, if this voltage is greater than 1/2VDD, then
a MSb-1 equal to zero is transmitted out of the serial
port through SDOUT and the MSb-1 capacitor is left tied
to VREF. If this voltage is less than 1/2 VDD, a MSb-1 bit
equal to one is transmitted out of the serial port and the
MSb-1 capacitor is connected to VSS. This process is
repeated until the capacitive array is fully utilized.

Effects of Input Source Resistance
A detailed model of the internal input sampling mecha-
nism of a SAR ADC is shown in Figure 3. The critical
values to pay attention to in this model are RS,
CSAMPLE and RSWITCH. CSAMPLE models the summa-
tion of the capacitive array shown in Figure 2. Errors
due to the pin capacitance and leakage are minimal.
The internal switch resistance combines with the exter-
nal source resistance and sample capacitor to form a
R/C pair. This R/C pair requires approximately 9.5 time
constants to fully change to 12-bits over temperature.
For the MCP3201 12-bit A/D Converter, 938 nsec are
required to fully sample the input signal assuming
RS << RSWITCH.

FIGURE 3: The model of the input stage
of the MCP320X ADC can be reduced to a switch
resistance and sample capacitor.
The accuracy of a SAR ADC, such as the 12-bit
MCP3201, can be compromised if the device is not
given enough time to sample. In the graph of Figure 4,
the y-axis is Clock Frequency in MHz and the x-axis is
Input (Source) Resistance in ohms. The sampling time
of the converter for these clock frequencies is equal to
1.5 clocks. For example, a clock speed of 1.6 MHz
would translate to a sample time of (1.5/1.6 MHz) or
937.5 nsec.

FIGURE 4: This graph is plotted to indi-
cate where the MCP3201 will continue to operate
accurately with in 0.1 LSb.
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In order to keep the source resistance low, it is recom-
mended that the converter be driven by an active ele-
ment, such as an operational amplifier. In this situation,
the input signal could be ac, DC or both. The opera-
tional amplifier can be used for gain, filtering, imped-
ance isolation and its drive capability. When you drive
the input of an ADC with an operational amplifier,
whether it is a gain cell, filter cell or both, offset, noise,
gain errors and distortion can be added to the signal
prior to the ADC by the amplifier. The investigation of
these issues as they relate to the conversion process
follows.

Figure 4 illustrates how the source resistance to the
ADC can cause conversion errors. There are two obvi-
ous solutions to the problem. One would be to reduce
the source resistance, while the second would be to
increase the sampling time.

AC Performance of the ADC
The ac performance of an ADC can easily be viewed by
looking at the FFT results from multiple, periodic con-
versions. An FFT plot is produced through mathemati-
cal calculations performed on a series of repetitive
samples. In this calculation, the data is “binned” out into
frequencies. The resultant graph produced illustrates
the magnitude of the signal frequencies that go through
the converter.

FIGURE 5: An FFT plot is used to
evaluate an ADC performance over frequency.

From this calculation, we can extrapulate the funda-
mental input signal, the harmonics above that signal
and the noise floor. These calculations not only give a
graphical representation of the signal through the con-
verter, they also allow for the calculation of the
Spurious Free Dynamic Range, Effective Number of
Bits and Signal-to-Noise Ratio. Refer to AN681, “Read-
ing and Using Fast Fourier Transforms (FFT)”, for more
information on FFTs.
Although this graph presents a considerable amount of
information, the plot does not differentiate aliased
signals from real signals.

IMPACT OF THE OPERATIONAL 
AMPLIFIER
We will start with the operational amplifier block shown
in Figure 6 and discuss its characteristics as they relate
to this application.

FIGURE 6: The ideal operational ampli-
fier description can be separated into four basic
categories: input, power supply, output and signal
transfer.
While the operational amplifier brings features that are
desirable to this application, there are trade-offs to
account for in the design. In terms of DC parameters,
the operational amplifier will have some limitations with
its input and output swings. Additionally, if the wrong
operational amplifier is selected, it may not be able to
drive the ADC at the speeds required in the conversion
process. With noise being an additional error contrib-
uted by any element put in the signal path, the opera-
tional amplifier is no exception. The ADC will also
generate its own noise. The trick we will learn is that the
operational amplifier noise must simply be lower than
the ADC noise to be useful. Finally, the distortion char-
acteristics of the operational amplifier should be con-
sidered. Characteristics like the bandwidth of the
operational amplifier and the harmonic distortion near
the output rails are candidates for possible degradation
of the signal as it travels through the data acquisition
system.

A = Fundamental Input Signal
B = Headroom
C = Signal-to-Noise Ration
D = Spurious Free Dynamic Range
E = Average Noise Floor 

INPUT
• Input Current (IB) = 0
• Input Impedance (ZIN) = ∞
• Input Voltage Range (VIN) → no limits
• Zero Input Voltage and Current Noise
• Zero DC Offset Error (VOS)
• Common-Mode Rejection = ∞

POWER SUPPLY
• No min or max Voltage (VDD, VSS)
• ISUPPLY = 0 Amps
• Power Supply Rejection Ratio (PSRR) = ∞

SIGNAL TRANSFER
• Open Loop Gain (AOL) = ∞
• Bandwidth = 0 → ∞
• Zero Harmonic Distortion (THD)

OUTPUT
• VOUT = VSS to VDD
• IOUT
• Slew Rate (SR) = ∞
• ZOUT = 0Ω
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Operational Amplifier Input Stage
Each of the two input pins of the operational amplifier
has voltage swing restrictions. These restrictions are
due to the input stage design and the power supply lim-
itations. In the device product data sheet, the input volt-
age restrictions are clearly defined as the Input Voltage
Range and is a separate line item in the specification
table, or as a condition for the CMRR specification
(Input Common-Mode Voltage Range, VCM). The
more conservative specification of the two is where the
input voltage range is called out as a CMRR test condi-
tion because the CMRR test validates the Input Voltage
Range in test.

The higher input voltage range is more a function of the
input circuit topology than it is the silicon process.
Again, the product data sheet should be referred to for
clarification on how your selected operational amplifier
performs across the input range of the operational
amplifier.
Operational amplifiers that do not span across the
entire power supply voltage range on the input are not
useless. As a matter of fact, these operational amplifi-
ers are useful in most circuits except for buffer configu-
rations. Otherwise, if you use these operational
amplifiers with a gain of two or higher, you can easily
get around the fact that the operational amplifier does
not have a rail-to-rail input range.

Operational Amplifier Noise Contribution
Operational amplifier device noise falls into two catego-
ries: voltage noise and current noise. Voltage noise is
usually specified for all operational amplifiers over the
full frequency range, while current noise may or may
not be specified for the lower input current devices,
such as CMOS amplifiers or FET input amplifiers, but
is always specified for Bipolar input amplifiers. The
magnitude of the operational amplifier noise is depen-
dant on the input structure and the amount of current
being driven internally through that structure.

Noise is gaussian in nature. It is close enough to a nor-
mal distribution that many of the calculations to
describe a normal distribution are used to describe
gaussian noise. For instance, gaussian noise units can
be described as root mean square (RMS). This could
be considered analogous to the calculation of one stan-
dard deviation, referred to as normal distributions. The
RMS noise can be referred to the input (RTI) of the cir-
cuit or operational amplifier. It can also be referred to
the output (RTO). When refering to the output, the
operational amplifier gain is included in the RMS num-
ber. When defining peak-to-peak noise, a multiplier
called the crest factor is used. This multiplier is used
when describing non-correlated events like noise. Spot
noise will be defined in the next paragraph of this
application note.

Spot noise is the last unit of measure that you will find
with noise specifications. Spot noise can be found in
the noise density plots of product data sheets.
Essentially, spot noise is the noise contributed by the
operational amplifier in a particular 1 Hz frequency
bandwidth. Spot noise is specified in volts or amperes.
In both cases, the denominator of these units is a
square root of Hertz. This parameter, typically, is
referred to the input of the operational amplifier and
defined at a particular frequency. To calculate the noise
contributed by the operational amplifier across a spec-
ified bandwidth, the area under this curve is calculated.
This representation of noise provides the flexibility
needed to calculate total noise for various gains and
systems.
The first step to determining the theoretical RMS or
peak-to-peak noise is to calculate the closed loop gain
of the noise signal. This may or may not be different
than the signal gain. The noise gain is calculated as if
there were a signal source at the non-inverting input of
the operational amplifier. The area under the noise
density curve is calculated and multiplied by the closed
loop gain of the circuit.
The area under the noise density curve should be cal-
culated in a piece wise manner. One region is across
the 1/f noise region of the noise density curve. The sec-
ond segment is located where the noise density curve
and the operational amplifier gain curve are flat. The
third region would be where the operational amplifier
curve is starting to fall at 20 dB per decade. In all cases,
these areas are multiplied by the square root of the
bandwidth of interest.

The different regions are added with a square root of
the sum of the squares formula to obtain the entire
noise contribution of the circuit. The calculated value in
this exercise is the referred to output (RTO) noise in the
units Vrms. A way to view this noise on the bench is to
use a scope and look at the output of the operational
amplifier. While the scope photo would not have any
significant frequency content, it would, in fact, show a
“noisy” view on the screen. Your calculated RMS num-
ber would be equivalent to a line at approximately 70%
of this signal, centered on the median of the noise on
the scope screen.
This type of noise is a statistical occurrence. Hypothet-
ically, one would have to wait an infinite amount of time
to determine whether or not the designed system would
remain within a set of boundaries. This approach to
determining the peak-to-peak noise in a circuit is fairly
unreasonable, but because we have characterized this
noise as gaussian in nature, we can use a statistical
model to predict the peak-to-peak noise with a degree
of certainty.

The technique of predicting the peak levels of noise is
relatively simple to calculate using a crest factor. If a
crest factor is identified, multiplied by 2 times the RMS
value, the peak-to-peak noise response of the system
can be determined with a level of certainty.
DS00246A-page 4  2003 Microchip Technology Inc.
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Table 1 has a list of crest factor numbers to work with.
In this industry, an acceptable crest factor is 3.3, imply-
ing, with a degree of certainty over time of 0.1%, that
occurrences would happen outside the boundaries that
have been defined.

TABLE 1: Crest Factor vs. Percent of 
occurrences where peaks are exceeded.
With this style of noise calculation for the operational
amplifier, it is easy to determine if the operational
amplifier has a possibility of contributing more noise to
the system than the ADC. In this evaluation, the
Signal-to-Noise Ratio (SNR) at the output of the opera-
tional amplifier is assumed to be equal to the RMS Full
Scale input of the ADC. Given this criteria, the RMS
signal of the ADC full scale input is equal to 5/(2* √2).
This is equivalent to 1.76 Vrms. If the MCP601 opera-
tional amplifier, with a gain of 2 V/V, is used in this
analysis, the contributed noise from the operational
amplifier is 137 mVrms. The overall output signal-to-
noise ratio of the operational amplifier cell is equal to
82 dB.

The ADC is evaluated in terms of its referred-to input
(RTI) SNR. This is done by accumulating several con-
versions and calculating the ratio of input noise to the
rest of the noise (without including the harmonics) in a
FFT plot. In this example, 4096 repetitive samples are
accumulated using the 12-bit MCP3201 ADC. The
ideal SNR of a 12-bit converter is 74 dB. This level of
SNR is a result of quantization noise with the 12-bit
converter. The measured SNR of the MCP3201 is
73.03 dB.

The signal-to-noise ratio (RTO) of the operational
amplifier is 82 dB. The signal-to-noise ratio (RTI) of the
ADC is 73 dB. These two noise sources are added
together to determine what the overall noise response
of the system will be. With the standard calculation of a
square root of the sum of the squares, the overall noise
is 72.49 dB. This verifies that the operational amplifier
is contributing a minimal amount of noise to the system.
If a lower-noise operational amplifier were chosen for
the application, the reduction in noise may not be worth
the cost because the ADC is the dominating factor in
this evaluation. If this lower-noise operational amplifier
has a wider bandwidth than the MCP602, it is possible
that the lower noise operational amplifier will contribute
more noise to this application, particularly if no anti-
aliasing filter is used.

Using Operational Amplifiers for Filtering
It is important to recognize and understand that your
electronics are not aware of what your intentions are. In
other words, some designers think that if they have an
intention to measure or convert DC signals, the elec-
tronics will perform only that specific task. This is the
farthest you can get from reality. The electronics will
reliably report everything that is happening in your
system to the extent of the capabilities of your
electronics. 
A good example of this is when your converter aliases
higher frequencies into the output. In the example in
Figure 6, there are five signals that have a significant
amplitude. Four of the five signals are beyond half of
nyquist. Since the converter reliably reports the signals
within its bandwidth, it will report higher frequencies at
a lower frequency because of a fold back phenomena.
Once this fold back has occurred (due to the conver-
sion), the higher frequency information can not be dis-
criminated from the in-band information. An effective
way to remove the noise is by using a low pass filter. In
this example, an MCP601 CMOS operational amplifier
is used to implement a 2nd-order, low pass filter. For
detailed information about the Nyquist theorem and
aliasing problems, refer to AN699, “Anti-aliasing,
Analog Filters for Data Acquisition Systems”.

FIGURE 7: Frequencies in a signal that
are above 1/2 of the sampling frequency are
aliased back into the output data as erroneous
information.
The filter for this application example can be designed
using FilterLAB® from Microchip. This free software is
available at www.microchip.com.
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Gain and Output Stage of the Operational 
Amplifier
Another area where the operational amplifier can con-
tribute distortion to the signal is due to the fundamental
frequency response of the operational amplifier. The
bandwidth of the operational amplifier should be wide
enough to accommodate over 100 times the fastest
signal going through the operational amplifier.

This implies that the closed loop bandwidth of the oper-
ational amplifier should be more than 100x higher than
the bandwidth of the signal of interest. For example, at
the closed loop gain corner frequency of a unity gain
stable operational amplifier, the attention in gain is
3 dB. In this example, that corner frequency is
2.80 MHz. A 3 dB attenuation is analogous to ~ 70.7%
attenuation of the gain. If an evaluation of this curve is
performed at 280 kHz, the attenuation of the gain
would be 99.5%. If that same evaluation of this curve
were done at 2.8 kHz, the attenuation of the gain would
be 99.995%. For a 12-bit system, the most attenuation
that can be measured is 99.97%, which is equivalent to
1 LSb.
The output swing specification of an operational ampli-
fier defines how close the output terminal of the opera-
tional amplifier can be driven to the negative or positive
supply rail under defined operating and load conditions.
Unlike the input voltage range specification, the voltage
output swing of an operational amplifier is not as well
defined from manufacturer to manufacturer. The output
current, as well as the operational amplifier’s Open
Loop Gain (AOL) are related to this specification. The
output current is a test condition for the Voltage Output
Swing Specification. It is also a test condition for the
Open Loop Gain test, which validates the Voltage Out-
put Swing test with a second operational amplifier
specification.

The output swing capability of the operational amplifier
is dependent on the output stage design and the
amount of current that the output stage is driving under
test. With this portion of the specifications, care should
be taken when comparing operational amplifiers. 

The output swing specifications VOH and VOL are not
intended to describe an operational amplifier operation
in its linear region. Rather, these specifications tell the
user the maximum that the output stage can stretch. If
you need to determine to what extent that the opera-
tional amplifier remains in its linear region, the better
specification is to look at the open loop gain specifica-
tion. 

Figures 8 and Figure 9 illustrate an operational ampli-
fier’s level of output stage distortion during the
sampling portion of the conversion.
Figure 8 shows the FFT response of an operational
amplifier (MCP601) / ADC (MCP3201) combination to
a 1 kHz input signal in a 5V system. With the top dia-
gram, the input frequency, operational amplifier gain,

and sampling frequency is no different than the FFT
plot on the bottom. The difference between these two
FFT plots is the output peak-to-peak signal coming out
out of the operational amplifier. For the plot on the bot-
tom, the peak-to-peak output swing of the operational
amplifier is greater that the response on the top.

FIGURE 8: Using the same hardware
configuration, input frequency and sampling fre-
quency, the peak-to-peak output of the
operational amplifier effects the distortion of the
circuit.
The MCP601 VOH and VOL specs are typically 15 mV
to 20 mV from the rail. As can be seen in this test, the
output stage of the operational amplifier is becoming
non-linear way before this point. In the diagram on the
bottom, the distance of the output swing of the opera-
tional amplifier from the rails is 140 mV.
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In Figure 9, the wide output swing that failed to perform
properly in Figure 8 is used again, with the exception
that the sampling frequency is changed. For the plot on
the top, the sampling frequency is now 50 kHz, as
opposed to 100 kHz. As shown in this example, the
operational amplifier has been given more time to settle
into final value, as shown in the diagram on the top.

FIGURE 9: Using the same hardware
configuration, input frequency, and peak-to-peak
output, the sampling frequency of the ADC effects
the distortion of the circuit.

CONCLUSION
In order to implement a successful circuit the first time
with an ADC / operational amplifier combination, you
must know your converter first and foremost. Under-
stand the features, as well as limitations in terms of
sampling structure, number of usable bits and general
specification limits. Once this in known, you can com-
fortably connect the input to an active input source.
With this connection, there are a few performance
specifications that should be aware of to insure you
have the right operational amplifier. These specifica-
tions are rail-to-rail input and output capability,
bandwidth and noise.
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life support systems is not authorized except with express
written approval by Microchip. No licenses are conveyed,
implicitly or otherwise, under any intellectual property rights.
 2003 Microchip Technology Inc.
Trademarks

The Microchip name and logo, the Microchip logo, KEELOQ, 
MPLAB, PIC, PICmicro, PICSTART, PRO MATE and 
PowerSmart are registered trademarks of Microchip Technology 
Incorporated in the U.S.A. and other countries.

FilterLab, microID, MXDEV, MXLAB, PICMASTER, SEEVAL 
and The Embedded Control Solutions Company are registered 
trademarks of Microchip Technology Incorporated in the U.S.A.

Accuron, dsPIC, dsPICDEM.net, ECONOMONITOR, 
FanSense, FlexROM, fuzzyLAB, In-Circuit Serial Programming, 
ICSP, ICEPIC, microPort, Migratable Memory, MPASM, MPLIB, 
MPLINK, MPSIM, PICC, PICkit, PICDEM, PICDEM.net, 
PowerCal, PowerInfo, PowerTool, rfPIC, Select Mode, 
SmartSensor, SmartShunt, SmartTel and Total Endurance are 
trademarks of Microchip Technology Incorporated in the U.S.A. 
and other countries.

Serialized Quick Turn Programming (SQTP) is a service mark of
Microchip Technology Incorporated in the U.S.A.

All other trademarks mentioned herein are property of their
respective companies.

© 2003, Microchip Technology Incorporated, Printed in the
U.S.A., All Rights Reserved.
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Microchip received QS-9000 quality system 
certification for its worldwide headquarters, 
design and wafer fabrication facilities in 
Chandler and Tempe, Arizona in July 1999 
and Mountain View, California in March 2002. 
The Company’s quality system processes and 
procedures are QS-9000 compliant for its 
PICmicro® 8-bit MCUs, KEELOQ® code hopping 
devices, Serial EEPROMs, microperipherals, 
non-volatile memory and analog products. In 
addition, Microchip’s quality system for the 
design and manufacture of development 
systems is ISO 9001 certified.
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