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Introduction

This application note discusses buffer amplifiers
for use with Crystal Semiconductor’s CS5012,
CS5014, CS5016, CS5101A, CS5102A or CS5126
A/D converters. Amplifier design considerations
are discussed and several circuits are proposed.

Signal Requirements for Analog to Digital
Converters 

Crystal Semiconductor is a source for a variety of
monolithic A/D Converters.  While the type of
design configuration of the converters may differ,
their uses could be classified into two general
categories: those which require specifications in
static measurement applications; and those which
require specifications for signal processing or dy-
namic signal measurement applications.

The capability of a converter to achieve a stated
static measurement requirement is generally de-
fined by its linearity error specifications, both
integral and differential, and by its offset error
and gain error specifications. To assess the total
error in a static measurement, the effects of tem-
perature on the offset, gain, and linearity errors
must also be investigated.  In static measurement
systems, these same error sources need to be
scrutinized in the signal conditioning circuitry as
well. 

When a converter is used in dynamic signal
measurement applications (generically known as
"signal processing"), its signal measurement ca-
pability is indicated by specifications such as
total harmonic distortion, signal to noise ratio,
and signal to peak harmonic or spurious noise.
Signal processing designers generally evaluate
the error contribution of the signal conditioning
circuitry in terms of these same parameters.

Signal conditioning circuitry generally includes
all circuitry from the transducer or the signal
source up to the A/D converter. This application
note will concern itself primarily with the re-
quirements of the amplifier which immediately
precedes the A/D converter.  This amplifier will
be called a buffer amplifier.

In the design of an A/D converter system, the
buffer amplifier can be a source of significant er-
rors. The significance of these errors can only be
assessed if the circuit configuration is thoroughly
analyzed for its total error contribution. A thor-
ough analysis requires a good understanding of
amplifier specifications, of the limitations of the
different circuit configurations, and of the bene-
fits and limitations of feedback. A good place to
begin is with a review of feedback theory.

I. OPERATIONAL AMPLIFIERS: Review Of
Theory

Feedback Control Theory

The goal in using feedback is to establish a
closed-loop system whose operating charac-
teristics are primarily determined by the choice of
the feedback elements. The extent to which this
goal can be accomplished is explained by feed-
back control theory. Figure 1 illustrates the

es

VoutVin

β

A

Vin βVoutA ( )-

βVout

Figure 1. The Classic Feedback Control Loop
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classical feedback control loop. The equations
which describe this control loop are directly ap-
plicable to the noninverting operational amplifier
circuit.

The control loop consist of an input voltage dif-
ferencing section whose output is amplified by a
positive gain section. A fractional part of the sig-
nal output is then returned to the negative
terminal of the differencing section though the
feedback network.  The input differencing sec-
tion, indicated by the circle with the X in it,
determines the difference in the signals at the (+)
and (-) inputs. The difference is indicated by an
error signal of the quantity:

es = (Vin − β Vout)

Equation 1

which is then amplified by the open-loop voltage
gain of the amplifier:

A (Vin − βVout) = Vout

Equation 2

The amplifier open-loop gain is represented in
Figure 1 by the box with the A in it. The feed-
back portion of the loop is represented by the
box with the β in it. β is defined as the feedback
attenuation factor and its value is that fractional
part of the output voltage which is fed back to
the input. Equation 2 can be manipulated to give:

ACL  =  
Vout
Vin

  =  
A

1 + Aβ

Equation 3

This is the key equation in the feedback system.
Equation 3 indicates that the closed-loop gain is

dependent upon both the open-loop gain and the
feedback factor, β. The product, Aβ, in the de-
nominator is called the loop gain.  Its name
comes from the gain seen by a signal propagating
around the loop through both the A and β net-
works.

Equation 3 can be manipulated to give:

ACL   =   
Vout
Vin

   =       1
β

         






1

1 + 
1

Aβ








Ideal Error
Term Multiplier

Equation 4

In equation 4 the ideal term, 1/β, determines the
ideal closed-loop gain of the system. The value
of 1/β is determined by the elements chosen for
the feedback path. The intent is for these ele-
ments to determine the closed-loop characteristics
of the feedback system.  To the extent that this is
accomplished is dependent upon the magnitude
of the loop gain Aβ.  The greater the magnitude
of Aβ, the more closely the error multiplier term
approaches unity, therefore allowing the ideal
term 1/β to determine the closed-loop gain of the
system.  Said another way, the magnitude of the
loop gain Aβ is the primary factor which deter-
mines how  closely the closed-loop performance
of a feedback system is determined by the feed-
back elements.  The term 1/β is known as the
noise gain and also determines the gain seen by
amplifier input referred noise and other input re-
ferred errors (such as offsets and drift
parameters).  The noise gain of the system is
used to determine closed loop amplifier perform-
ance with respect to these error parameters, not
the signal gain.  The noise gain of the two basic
op amp configurations will be discussed later in
this application note. 
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Feedback and the Operational Amplifier Bode
Plot

The feedback parameters which have been dis-
cussed can be depicted graphically on a Bode
plot.  Figure 2 depicts the relationship between
open-loop gain, the feedback attenuation factor,
noise gain, and loop gain as a function of fre-
quency for the noninverting circuit. 

The Bode diagram shows a typical plot of the
open-loop gain characteristic of an operational
amplifier.  At very low frequencies a typical op-
erational amplifier may have a dc open-loop gain,
(Avo) near 100 dB.  A large number of amplifiers
use dominant pole frequency compensation
which simplifies the compensation requirements

for the user.  The dominant pole, located between
0.1 and 100 Hz on various amplifiers, causes the
open-loop gain characteristic (A) to decrease in
magnitude at a 20 dB/decade rate as the fre-
quency is increased.  In Figure 2 the logarithm of
the feedback attenuation factor (β) is shown to be
negative as it is a reduction in signal amplitude.
The loop gain, the product of Aβ, (or Avoβ at
dc), is depicted in the figure as the sum ( +100
dB plus   -40 dB = 60 dB at very low frequency)
of the open-loop gain and the feedback attenu-
ation factor, or the difference (+100 dB - ( +40
dB) = 60 dB)  between the open-loop gain and
the noise gain (1/β). From the figure, one can ob-
serve that as frequency increases, the loop gain
(Aβ) decreases for a set value of β.  To obtain a
greater amount of loop gain at higher frequencies
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Figure 2. Bode plot illustrating the relationship of Avo, β, 1/β, and Avoβ
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Figure 3A. Inverting:
Gain of -1

Figure 3B. Noninverting:
Nonunity Gain

Figure 3C. Noninverting:
Gain of +1
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Feedback 
Attenuation
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β = 
R1

R1+R2
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R1
R1+R2
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Loop Gain Avoβ

Noise Gain 1
β

 = 
1

0.5
 = 2

1
β

1
β

 = 1

Closed Loop
Corner 
Frequency

fc = 
fu

ACL + 1

note: ACL = 
1
β

 − 1

fu





1
β





fc = fu

Closed Loop
Gain Stability

∆ACL
ACL

 = 
∆AOL
AOL

 


1
1 + Aβ





Closed Loop
Distortion and
Nonlinearity

THDCL = THDOL 


1
1 + Aβ





Closed Loop
Output 
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ZCL = ZOL 


1
1 + Aβ





Figure 3. Basic Circuit Configurations
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a designer must either increase the open-loop
gain of the amplifier or increase the feedback fac-
tor, β (decrease the noise gain). Remember that
both the open-loop gain and the feedback attenu-
ation factor are not constant, but instead are
functions of frequency.  Therefore the value of
the loop gain is a function of frequency as well.
The quantity of loop gain at the operating fre-
quency is the key measure of how closely an
amplifier configuration approaches the ideal.

Amplifier Configurations and Feedback

Figure 3 provides an overview of the inverting
and noninverting voltage amplifier configura-
tions.  General equations for various parameters
of the configurations are given with special em-
phasis on the unity gain configuration.  Signal
gain is set by the choice of resistors, but the gain
error (assuming perfectly accurate resistors) is a
function of the loop gain in the error multiplier
term as previously stated in our discussion on
feedback.  The unity gain noninverting amplifier
is just a special case of choosing the value of re-
sistor R1 as being infinite and R2 being zero.
Notice that the feedback attenuation factor, β, as
derived for both circuits yields the same equa-
tion:

β = 
R1

R1 + R2

Equation 5

but for the unity gain inverting amplifier this re-
sults in a value of 0.5 whereas the unity gain
noninverting amplifier results in a β of 1.  These
unequal values of β between the two unity-gain
configurations yield further differences between
the inverting and noninverting circuits.  Loop
gain for the unity-gain inverting circuit is half
that of the noninverting unity-gain circuit.  This
results in the inverting circuit being more easily
compensated for stability, but also yields greater

errors in those parameters where loop gain is a
factor.  More will be said about these parameters
later. 

Reduced β for the inverting configuration results
in greater noise gain (1/β). Error sources such as
offset and noise are amplified by the noise gain
and therefore the unity-gain inverting amplifier is
more adversely affected by these error sources.
Another negative factor of the unity-gain invert-
ing stage is that its signal bandwidth is half that
of the noninverting circuit with identical amplifi-
ers.  This bandwidth reduction is because
bandwidth is a function of the noise gain, not the
signal gain.  Be aware of this fact when using
low gain inverting stages.

The magnitude of the loop gain in a circuit af-
fects many parameters in both the inverting and
noninverting configurations.  Closed loop gain
stability is improved by increased loop gain as
indicated in the equation:  

∆ACL
ACL

 = 
∆AOL
AOL

 


1
1 + Aβ





Equation 6

The effects of changes in the open-loop gain
(such as a reduction due to increased tempera-
ture) are reduced proportionally to the amount of
loop gain. Open loop distortion and nonlinearity
are reduced by increased loop gain.  This reduc-
tion in total harmonic distortion as indicated in
the equation:

THDCL = THDOL 


1
1 + Aβ





Equation 7
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The output impedance of a voltage amplifier is
reduced with feedback as indicated in the equa-
tion: 

ZCL = ZOL 


1
1 + Aβ





Equation 8

The input impedance of both amplifier configura-
tions benefit from increased loop gain. Although
increased loop gain is desirable in both circuit
configurations the effect of feedback on the two
configurations is different. 

The noninverting amplifier utilizes voltage ratio
feedback which increases the differential input
impedance seen by the input signal. But the dif-
ferential input impedance of the amplifier is
shunted by the common mode input impedance
of the amplifier. Because the common mode im-
pedance cannot be increased by the use of
feedback it is usually the limiting factor in in-
creasing the input impedance. 

The inverting amplifier configuration uses tran-
sadmittance feedback which decreases the
impedance at the summing node of the input and
feedback resistors. This decrease in impedance
improves the virtual ground characteristic of the
amplifier. In the inverting configuration the effect
of a good virtual ground enables the effective
value of the input impedance seen by the signal
source to be set by the input resistor.

In both configurations the improvements to the
respective impedances depend on the magnitude
of loop gain. As the magnitude of loop gain gen-
erally decreases with increased frequency, all of
the parameters normally improved by loop gain
tend to degrade as the signal frequency increases.
All real-world amplifiers have finite open loop
gain and finite bandwidth, both of which affect
the amount of loop gain available to a designer. A
designer must make a prudent choice of amplifier

and of the circuit configuration to minimize the
errors due to loop gain limitations. 

Some Other Error Sources

There are many sources of error in a given ampli-
fier configuration.  As already discussed, limited
loop gain is a source of gain error which can af-
fect DC accuracy.  In addition to the DC gain
error, there are the various offset errors which are
contributed dependent upon the characteristics of
the chosen amplifier.  Sources of offset errors are
the input offset voltage of the amplifier, the input
bias and the input offset currents of the amplifier,
limited power supply rejection and limited com-
mon-mode rejection. 

Which of these errors is dominant will depend
upon the choice of amplifier and its application
configuration.  It is a routine procedure to calcu-
late the contribution of each source of error and
this should be done as a matter of course.  A few
comments on each of these sources of error is
appropriate. 

All amplifiers have input offset voltage and input
bias currents which result in errors in signal
measurement.  The input bias currents flow
through the resistances on the (+) and (-) leads of
the amplifier and produce an offset voltage error
at each input.  These offset voltages, and the volt-
age offset of the amplifier itself, are then
amplified by the circuit to produce an error in the
output signal.  To reduce the errors due to the
bias currents the standard practice has been to
balance the value of resistance at the inverting
and noninverting inputs to an amplifier.  The pur-
pose of making these two resistances equal has
been to enable the bias currents at both inputs to
produce equivalent values of offset voltage which
could then be rejected by the common mode ca-
pability of the amplifier.  This practice is an
acceptable method of reducing error due to the
bias currents and is recommended except with

ADC Input Buffers
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modern amplifier designs which have internal
bias current compensation circuitry.  The bias
current compensation circuitry tends to reduce
the bias currents an order of magnitude or more,
to the extent that they are reduced to the same
order of magnitude as the amplifier’s input offset
currents. Adding a resistor to one input to achieve
equal resistances at the two inputs of these types
of amplifiers is not recommended.  The added re-
sistance is not effective in reducing the error due
to the bias currents, but it will add another source
of thermal noise. 

Initial offset errors as well as gain errors gener-
ally can be reduced to zero with initial system
calibration adjustments at room temperature. The
effects of temperature-induced offset drift and
gain drift remain unless a method of ongoing cor-
rection or recalibration is used to remove these
effects. This correction may be accomplished
with a computer after the analog signals are digit-
ized and is recommended when maximum
accuracy of measurement is demanded. 

Even if the effects of temperature-induced offset
errors are removed from the final data by  soft-
ware, it remains desirable to examine the total
errors at each gain stage throughout the system.
Voltage offsets due to temperature drift can be re-
moved in software, but may still consume a
significant portion of the dynamic range available
to the signal.  This is especially true in 16-bit
converter systems with wide temperature range
requirements such as required by some military
specifications (-55 to +125 ° C). 

Limited power supply rejection and limited com-
mon mode rejection are two more sources of
errors.  Most commercially-available amplifiers
are designed such that the offset voltages induced
by power supply variations or common-mode
signals are very small; but these errors can be
significant when amplifying very low level sig-
nals with high gain. It is therefore recommended

to examine the error contribution of each of these
sources. 

Figure 4a shows an inverting amplifier circuit.
The operational amplifier and the circuit compo-
nents have been chosen for illustration purposes.
The errors in the circuit due to the various ampli-
fier parameters will be examined. Not included
are those errors due to the signal source imped-
ance (the impedance is assumed to be zero),
output loading (which reduces open loop gain),
resistor tolerance and temperature coefficient, and
component long term drift effects. 

A table in Figure 4a contains a selected subset of
specifications for a "generic" OP-27C.  No spe-
cific manufacturer is implied.  The subset of data
is for the total error band of the stated parameters
over the -55° to +125°C temperature range.
Manufacturers do not always specify temperature
drift coefficients in their component data sheets.
Instead, the specification sheets contain a table of
data for the amplifier at room temperature (25°
C) along with a table showing the total error
band of the various parameters over a stated tem-
perature span (say 55° to 125° C). Usually the
specification data tables are supplemented by
supporting graphs which indicate typical drift
characteristics for the various parameters. These
graphs can be very informative. For example,
graphs in the manufacturer’s data sheets (see the
Precision Monolithics or the Linear Technology
data book) for the OP-27 indicate that input bias
currents and input offset currents show much
more drift at temperatures approaching -55° C
than at temperatures above 25° C.  Another graph
indicates that the direction of the input offset
voltage drift in the OP-27 is unpredictable. 

The normal procedure to calculate the error con-
tribution of each of the operational amplifier drift
parameters is to multiply the rate of drift times
the temperature span over which the circuit is to
be subjected. These errors due to drift are then
added to the initial errors of each of the parame-
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 R2R1
R1+R2

Re = = 1.667 kΩ

Ideal Signal Gain = 
-R2
 R1

= -5

Feedback Attenuation Factor β =
   R1
R1+R2

1
6=

Noise Gain = 
1
β = 6

Closed Loop Bandwidth fc =
     fu
ACL + 1

8 x 106

   6 = 1.33 MHz

Generic OP-27 Specifications 
Total Error Band for -55° to +125°C  Temperature

Span

Typical Worst
Case

Input Offset Voltage VIO∆t 70 µV 300 µV

Input Bias Current† IB∆t ±35 nA ±150 nA

Large Signal A0 800 x 103 V/V 300 x 103 V/V
Open Loop Gain

Power Supply P.S.R.R. 4 x 10-6 V/V 51 x 10-6 V/V
Rejection Ratio (108 dB) (86 dB)

Common Mode C.M.R.R. 1.6 x 10-6 V/V 20 x 10-6 V/V
Rejection Ratio (116 dB) (94 dB)

† Bias currents are usually of one polarity. Bias currents of
both polarities indicate the use of bias current cancella-
tion circuitry in the input stage.

Figure 4b. Total Error Band Calculations

∆VIO

∆VCM

Gain

  1
A0β

1 +

1
Vo = -Vi

R2
R1

       Input
Offset Voltage

+

C.M.R. Noise

1
β

1
β

P.S.R.

2∆VIO

∆VSUP

1
β

+ +

      Input
Bias Current

+ NoiseVIO∆t IB∆tR1
R2
R1

+

Vo = -.99998 Vi ± 1.8x10-3 V ± 1.5x10-3 V ± 61.2x10-6 V ± ≈ 0 + Noise

Worst Case Error % Full Scale Output‡

0.002% + 0.040% + 0.033% + 0.00136 + ≈ 0% + Noise

‡ Based upon:  4.5 V FSO; 100 mV power supply change on each supply.

Vo = -Vi
R2
R1

1 +

1

1

(300x103)
1
6

+ (±300x10-6)(6) + (±150x10-9)(2x103)(5) + (2)(51x10-6)(100x10-3)(6) + (≈  0) + Noise

Figure 4a. OP-27 Circuit and Total Error Band Specifications
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ters at the ambient operating temperature.  Be-
cause amplifier manufacturers specify total error
band rather than drift rates, the method of com-
puting the error contribution of each parameter
must be modified. The equation in Figure 4b il-
lustrates the errors calculated using the total error
band specifications on the OP-27C in Figure 4a.
The calculations indicate the relative contribution
of each source of error in the worst case with the
exception of noise, which is yet to be discussed.
As can be seen from the numbers, real world am-
plifiers can contribute significant errors in a high
precision data acquisition system due to their
non-ideal characteristics.

Noise and its Effects on Measurement

Noise can have a significant detrimental effect in
high precision data acquisition systems. Although
one can encounter many different sources of
noise and of interference in system design, only
certain noises made by the components them-
selves will be discussed here. Thermal noise, also
called Johnson noise, is fundamental to all com-
ponents. The thermal noise in a resistor can be
calculated by use of the formula: 

en = √ (4kTBR)

Equation 9

where k = 1.38 x 10-23 Joules/ degree K
(Boltzman’s constant), T = Absolute temperature
of the resistor, B = the effective "brick wall"
Bandwidth over which the noise is to be meas-
ured, in Hz, R = Resistance value.

The amount of noise generated by a resistor can
be made easier to calculate by remembering that
the amount of noise generated by a 1 kΩ resistor
in a 1 Hz bandwidth is 4 nV rms.  The amount of
noise per √Hz generated by any other valued re-
sistor can be computed from this normalized
value:

er = 
4nV

√ (Hz)
  √R

1kΩ

Equation 10

This noise value assumes a one Hz bandwidth.
The noise within a wider bandwidth can be com-
puted by: 

er = 
4nV

√ (Hz)
  √R1kΩ

 B

Equation 11

Components other than resistors generate thermal
noise. The OP-27 monolithic amplifier is classi-
f ied by its manufacturers as a low noise
amplifier. It is optimized for low voltage noise
and requires low source impedances to achieve
good noise performance.  A plot of the OP-27
noise voltage and noise current characteristics is
given in the manufacturer’s data sheet.  The am-
plifier’s noise is uniform across the higher
frequencies, but increases at frequencies ap-
proaching DC.  This increase is called flicker
noise, or 1/f noise. 

A thermal noise model of the circuit of Figure 4a
is shown in Figure 5.  Five noise sources are
shown in the model.  The amplifier has a voltage
noise source en and two current noise sources;
one associated with each input of the amplifier.
Each of the amplifier current noise sources will
generate a corresponding noise voltage which is a
function of the impedance seen by the current
noise source.  In addition to the voltage and cur-
rent noise sources, each of the  resistors has a
noise voltage source associated with it.  The
amount of noise contributed at the input of the
amplifier by the each of the resistor noise sources
is reduced by the loading of the other resistor.
For example, consider noise source eR2 as having
resistor R2 as its source impedance with resistor
R1 acting as the load.  The noise seen at the in-
put of the amplifier from source eR2 will be only

ADC Input Buffers
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Effective Amplifier Bandwidth

OP-27 typical unity gain frequency = 8 MHz

effective noise bandwidth
B = (1.33x106)(1.57)† = 2.1 MHz

circuit bandwidth =

† The effective noise bandwidth of a single pole, lowpass
  filter is 1.57 times greater than the 3 dB corner frequency.

   fu
ACL +1

= 8x106

5 + 1
= 1.33 MHz

Noise Sources of the Model

Amplifier Noise Voltage en max (f0 = 1 kHz) 25 °C = 4.5 nV/√Hz
Amplifier Noise Current in max (f0 = 1 kHz) 25 °C = 0.6 pA/√Hz

} From data sheet
 specifications

eR2 =

4.5 nV

√Hz

10 k
1 k

= 12.6 nV

  √Hz

eR1 =

4.5 nV

√Hz

2 k
1 k

= 5.65 nV

  √Hz

Figure 5.  Noise Calculations

Noise Model of Amplifier in Figure 4a.

Equivalent Input Referred Noise (Thermal)

6.8 nV

√Hz

(en)2 + in(-) +
2

in(+)(0) ++
2

eR1     R2
R1 + R2

+ eR2     R1
R1 + R2

22
et =

et =

 R1 R2
R1 + R2

Total Output Noise (Thermal)

ET = et√B   1
1/6

= 6.8 nV

√Hz
2.1 x 1061

β
= 59 µVrms

Peak Noise will be much greater.
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that portion of its output which is developed
across resistor R1 (assuming the input impedance
of the op amp is very high).  The noise generated
by eR1 is reduced by the loading of resistor R2.
The amount of noise generated at the input of the
amplifier by each of the sources is tabulated in
Figure 5.  The two current sources each have the
same value of current noise.  Using the values of
the noise sources, the effective input-referred
voltage noise of the circuit has been calculated.
It must be remembered that the noise sources are
uncorrelated and therefore add in root-mean-
square fashion.  This equivalent noise source then
represents the total input referred thermal noise.
To obtain the value of the noise at the output of
the amplifier which will be input to the A/D con-
verter, the input referred noise is amplified by the
noise gain of the amplifier while at the same time
taking into consideration the effective noise
bandwidth of the circuit.

Arriving at a value for the noise bandwidth of the
OP-27 circuit is not as obvious as it might seem.
If the noise gain of the circuit in Figure 4a is
used to compute the 3 dB signal bandwidth the
result will be 1.33 MHz.  The effective noise
bandwidth of a single pole filter is actually 1.57
times greater than the 3 dB corner frequency.
But, above 1.33 MHz the OP-27 gain-phase char-
acteristics are not those of a single pole system,
but are more complex.  The internal gain-phase
compensation of the OP-27 will actually cause
gain peaking in the circuit of Figure 4a.  The
gain peaking will occur at the point where the
closed loop gain and open loop gain crossover.
Also, at frequencies approaching the unity-gain-
crossover of the OP-27, the amplifier gain will
differ from the roll off of a single pole filter.  The
effects of the gain peaking and the complex gain-
phase characteristics of the OP-27 above the 3
dB corner frequency make an accurate estimate
of the resultant noise difficult.  One can use the
single pole filter characteristics and can approxi-
mate the noise bandwidth of the circuit as being
1.57 times the 1.33 MHz corner frequency (2.1
MHz), but the resultant noise calculation using

this bandwidth will yield only a coarse approxi-
mation of the actual noise .

Using the assumption that the approximation is
adequate, the noise at the output of amplifier has
been calculated as shown in Figure 5. The calcu-
lated value is the amount of thermal noise in rms
volts.

Thermal noise is both white and Gaussian.
"White" describes the noise as having equal spec-
tral density at all frequencies. "Gaussian" defines
the probability density function which describes
the amplitude characteristics of the noise. Gauss-
ian noise follows the Normal Distribution.
Therefore, once the rms value of the noise has
been determined, the probability of occurrence of
any value greater than a particular amplitude can
be determined. The peak (+ and -) noise associ-
ated with a stated probability of occurrence is
indicated in the following table:

Since the peak noise can adversely affect A/D
measurements it should be investigated by both
analysis and measurement. 

Minimization of thermal noise in system design
is accomplished with the application of three de-
sign principles. First, it is good practice to use
the lowest resistor values possible (this assumes a
voltage amplifier system) limited only by the
constraints necessary to meet other system re-
quirements. Second, choose an appropriate
amplifier. Some amplifiers, such as the popular

   Probability of Peak to Peak
Having a higher Amplitude

Amplitude Occurrence    

   10 % 3.29 x RMS
     1 % 5.15 x RMS
  0.1 % 6.58 x RMS
.001 % 7.78 x RMS

ADC Input Buffers

AN6REV5 13



LM324, do not include noise specifications in
their data sheet. If low noise is a system require-
ment, amplifiers which have no noise
specifications are not likely to be an appropriate
choice. Also, choose an amplifier which is opti-
mized to work with the source impedance
requirements of the system. Bipolar-input ampli-
fiers are generally optimized to work with low
impedances as they have lower voltage noise
than current noise while FET-input amplifiers are
generally optimized for high impedances due to
their lower current noise. The optimum choice of
amplifier will depend not only on the amplifier,
but its associated gain elements and circuit con-
figuration. Analysis of the various possible
configurations is necessary to disclose which will
be optimum to meet design requirements. Third,
one of the easiest ways to reduce the effects of
noise is to restrict the bandwidth. System band-
width should be restricted to only that amount
necessary to meet system requirements. This
should be done as a matter of good practice. 

While only the effects of thermal noise have been
discussed be aware of other noise sources (see
the reference material at the end of this applica-
tion note).  Note that in the circuit of Figure 4a
the effects of the 1/f noise were not investigated.
If the system requirements demand the lowest
noise possible the effects of the 1/f noise needs to
be examined. The example calculations on ther-
mal noise were done at room temperature. An
increase in temperature to 125° C will result in
about 1.3 dB greater noise. 

Last of all, the calculated answers are only theo-
retical estimates. The calculations provide a
theoretical minimum value but the final determi-
nant of design should be in the evaluation of total
system function and/or measurement of the actual
amount of noise in the system. Remember that
the value of the noise calculated provides only a
reference point for the minimum amount of noise
in the circuit; the actual amount present will
never be less than the theoretical amount calcu-

lated, but can be more, due to other noise sources
which have not been accounted for. For a more
thorough discussion of noise as it applies to am-
plifier design see references 2 through 6 listed at
the end of this application note.

Settling Time 

Amplifier circuits have limitations which restrict
just how quickly they can produce an accurate
output signal at the application of a step change
of the input signal.  For small changes in signal
amplitude, the ability of the amplifier to respond
is dependent upon its 3 dB upper corner fre-
quency. If the amplifier gain-phase characteristics
approximate a single pole response above the 3
dB frequency the output signal will asymptoti-
cally approach a steady state output value  Vs as
defined by the equation:

Vo(t) = Vs 

1−e( −t

τc
 ) 

Equation 12

Where the time constant, τc, is given as a func-
tion of the corner frequency:

τc = 
1

2πfc

Equation 13

Settling time is defined as the elapsed time from
when the input step voltage is applied until the
output signal reaches and stays within a given er-
ror band of a steady state value. 

If the input step change is large, the slew rate
limit of the amplifier will restrict the speed at
which its output can change. The limit at which
an amplifier can slew is a function of how fast it
can charge or discharge its compensation capaci-
tor.  The maximum frequency of a given
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amplitude that can be faithfully reproduced by an
amplifier with a stated slew rate is defined by the
equation:

fmax = 
SR

2πVp

Equation 14

where Vp is the peak output voltage.

When large changes of signal at the input occur,
the settling time of the amplifier will be a combi-
nation of initial delay, slew rate limited
excursion, and small signal settling time as indi-
cated in Figure  6.  Note that the small signal
settling illustrated in Figure 6 is not that of a sin-
gle pole system, but is instead representative of
an actual wideband amplifier.

A first order approximation of settling time can
be estimated for a circuit under the following
conditions.  First, the signal must not cause the
amplifier to enter slew rate limiting.  Second, the
3 dB corner frequency of the amplifier must be
known and it’s roll-off must be at 20dB/decade
for at least a decade of frequency above the 3 dB
corner frequency.  Under these conditions the fol-
lowing equation yields a good approximation to
the settling time:

t = − 
1

2πf
   ln 



Vo
Vs

  − 1



Equation 15

where f is the 3dB frequency. To settle to 1/2
LSB at N bits (N = 16 in a 16-bit A/D) the equa-
tion can be written as:

t = − 
1

2πf
   ln 





2N − 0.5

2N   − 1




Equation 16

Which can be simplified to the following:

t = 
(1 + N) (0.11)

f

Equation 17

Settling time is not readily predicted in other cir-
cumstances.  It varies with signal amplitude and
is as much dependent upon the circuit configura-
tion and circuit components (including things like
stray capacitance) as it is upon the amplifier char-
acteristics.  An assessment of circuit settling time
is often best be obtained from observation of the
circuit under applicable conditions.

II. THE CS5016 FAMILY A/D CONVERTER
INPUT STRUCTURE  

The analog input pin (AIN) of the CS5016 series
converter acts as a load to the buffer amplifier
output.  A good understanding of the internal
workings of this pin on the converter will help in
the design of an appropriate buffer amplifier. 

Figure 7a depicts a simplified circuit diagram of
the circuitry internal to the A/D converter as seen
from the AIN pin.  From the metal pin of the
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package a bond wire connects to the semiconduc-
tor chip. Clamp diodes on the chip connect to
both of the supplies. Under abnormal conditions,
excess signal amplitude may forward bias the di-
odes. The diodes protect the chip from voltage
breakdown. Unless the current under such fault
conditions is limited, the diodes may short out or
the bonding wire may "blow its fuse". The cur-
rent should be limited to under one hundred mA
transient or under 10 mA steady state to eliminate
any possibility of damage. Methods of limiting
input current to the A/D converter are discussed
below. Once the input signal travels beyond the
protection circuitry, it sees a buffer amplifier A1,
CMOS switches S1, S2, and S3, a hold capacitor
Ch, and transconductance amplifiers G1 and G2.
To accomplish a complete conversion cycle, the
states of the CMOS switches are altered. These
state changes cause the effective load at the AIN
pin to change dynamically during the three differ-
ent phases of the conversion cycle. These three
phases are called coarse-charge, fine-charge and
conversion. An understanding of the function of
each of these three phases will explain the rea-
sons for the dynamic change in loading. The
conversion phase begins with the activation of
the hold command (HOLD goes low).

When hold is activated, the "sample capacitor" of
the track-and-hold section of the converter imme-
diately traps a charge on the sample capacitor

which is representative of the input signal. The
binary representation of the value of the charge
is then determined. The number of master clock
cycles necessary for this determination to occur is
a function of the number of bits of the converter
and the particular mode of operation (loopback or
asynchronous). The occurrence of the EOC (end
of conversion) signal indicates that the conver-
sion time is complete. The converter must then
acquire a new sample of the input signal for the
next conversion. The coarse-charge and fine-
charge times accomplish this. First to occur
is the coarse-charge phase. A buffered ver-
s ion of  the  analog input  signal  i s  f i rs t
connected to the sample capacitor. The input
impedance of the buffer is very high and
therefore does not  load the input signal
source. The output of the buffer is connected
via switches S2 and S3 to the sample capaci-
tor (switch S1 is open).  The buffer (Figure
7a, A1) furnishes the majority of the current
necessary to charge the capacitor toward the
new voltage value. The buffer therefore re-
duces the transient current demand from
the signal source if the input signal has
changed from the value previously stored
on the sample capacitor. The sample ca-
pacitor is connected to the output of the
buffer for six cycles of the master clock
(CLKIN) frequency. At the end of the six
cycles the coarse-charge phase is complete.

Figure 7a CS5016 Family Analog Signal Input Model
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The sample capacitor is then directly connected
to the analog input signal for the fine-charge
phase (Switches S1 and S3 are closed, S2 is
opened). Immediately before being connected for
the fine-charge phase, the voltage on the sample
capacitor may still differ slightly from the analog
input value. This is due to the offset voltage of
the buffer amplifier (A1). This offset voltage is
typically 50 mV but may be up to 150 mV in the
worst case. At the beginning of the fine-charge
phase a small transient demand of current from
the external signal source may occur as the ca-
pacitor charges to its final value. The fine-charge
phase will last until the hold command becomes
active again. In loopback mode the fine-charge
phase lasts nine master clock cycles until the end
of track (EOT) signal reactivates the hold com-
mand. When the hold command is activated
asynchronously, the fine-charge phase should last
a minimum of nine master clock cycles and may
continue indefinitely until the hold command is
activated. 

Simplified models of the impedances seen by the
analog input signal are depicted in Figures 7b
and 7c. For the conversion and coarse-charge
phases, the impedance seen at the AIN pin is the
input impedance of the buffer A1. This imped-
ance is approximately 100 MΩ shunted by 15 pF.
When in the coarse-charge phase the sample ca-

pacitor is charged by the buffer (A1) output. The
speed at which the voltage on the sample capaci-
tor can track the input signal is limited to the rate
at which the buffer output current can charge the
capacitor. The slew rate of the buffer is 5 V/µs
when the converter is in unipolar mode and 10
V/µs when in the bipolar mode. The reason for
the difference is that the sample capacitor in bi-
polar mode is only half the value of that in
unipolar mode.  

The simplified model of the impedance seen in
fine-charge is that of Figure 7c.  Resistor R1 is
the effective resistances of the S1 and S3 CMOS
analog switches of Figure 7a.  The sample ca-
pacitor consists of C2, whereas capacitor C1 and
CS are stray capacitance.  G1 is a transconduc-
tance amplifier with an effective input resistance
of about 35 Ω at DC.  The slew rate in the fine-
charge mode is limited to the rate at which the
output current of the transconductance amplifier

Figure 7b.  Simplified Input Model During
Coarse-charge / Conversion

Figure 7c Simplified Input Model During Fine-charge. 
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G1 can charge capacitor C2.  In unipolar mode
the slew rate is 0.25 V/µs.  In bipolar mode when
the capacitance of C2 is less, the slew rate in-
creases to 0.5 V/µs. Acquisition of fast slewing
signals (step functions) can be hastened if the
step occurs during the conversion cycle or during
the coarse-charge cycle since at these times the
slew rate of the converter input is faster.  It
should be noted that in fine-charge, any external
impedance on the AIN pin becomes part of the
total network and will contribute to the settling
time response characteristics. 

Also, Figure 7a shows that when switches S1 and
S3 are turned on (S2 is off) in the fine-charge
phase, the source impedance of the external cir-
cuitry connected to the AIN pin actually becomes
part of the feedback network of amplifier G1.
The external circuitry should offer an impedance
less than 400 Ω at frequencies greater than
2 MHz or amplifier G1 may oscillate. 

The input circuitry of the analog front end of the
A/D converter uses CMOS analog switches
which are similar to analog switches available in
individual integrated circuits.  The resistances of
the CMOS switches, such as shown in Figure 7c,
exhibit non-linear effects with changes in signal
amplitude and frequency.  These dynamic
changes in switch characteristics are a source of
distortion at high frequencies.

III. EXAMPLE BUFFER CIRCUITS

Buffer Circuit Test Method

Several example buffer circuits have been con-
structed and tested. Evaluation was restricted to
dynamic testing at room temperature (25° C).
The testing was performed using a CDB5016
evaluation board connected to an IBM compat-
ible computer via a 16-bit parallel I/O card.
Signal processing software developed at Crystal
was used to evaluate the data.  The signal source

was a Khron-Hite 4400A Low Distortion Oscilla-
tor modified to produce low broadband noise per
the article in Reference 1 (Reprints available
from Crystal upon request).  The oscillator was
adjusted to the appropriate full-scale value for
each circuit. A frequency of 1.5 kHz was chosen
as the test frequency. 

The output data from the A/D converter was
processed to yield three indicators of dynamic
performance.  These are:

1)  S/(N+D):   The ratio of the rms value of the
signal to the rms sum of all other spectral compo-
nents below the Nyquist rate (except DC),
including distortion components.  

2) S/D:   The ratio of the rms signal value to the
ratio of the rms sum of all harmonics.

3) S/PN:   The ratio of the rms signal value to the
rms value of the next largest spectral component
below the Nyquist rate (except DC). 

Benefits of an RC Isolation Network

All of the example circuits show an RC network
coupling the output of the buffer to the input of
the A/D converter. The 200 Ω resistor and 1 nF
capacitor network is recommended for the
CS5012A, CS5014, CS5016, and CS5126. The
200 Ω resistor should be replaced with 50 Ω  for
the CS5101A and CS5102A. The RC filter en-
hances circuit operation in four ways. First, the
network reduces the amount of broadband noise.
Second, it decouples the input capacitance of the
A/D converter from the amplifier. This reduces
the possibility of the amplifier having stability
problems driving a capacitive load. Third, the cir-
cuit isolates the output of the amplifier from the
high frequency pulsed charge effects of the sam-
pling front end of the A/D converter. And finally,
the passive network offers a well-behaved low
source impedance to the internal transconduc-
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tance amplifier, satisfying its stability needs.  The
component values are chosen to have a time con-
stant of 200 ns to provide appropriate settling
time when the converter (16 bits) is sampling at
50 kHz.  The NPO dielectric characteristic mini-
mizes the effect of voltage coefficient of
capacitance which can adversely affect perform-
ance at the 16-bit level.  Other dielectrics may be
adequate while some may result in non-linear ca-
pacitance with signal level and therefore
introduce distortion.  Empirical testing may be
necessary to insure whether a given dielectric is
adequate for a particular application.

± 5 Volt Supply Op Amp Circuits

The first example circuit is a unity gain buffer
circuit shown in Figure 8.  The MAX410 op amp
is designed for operation from ± 5 V power sup-
plies.  The input common mode range of the
amplifier is specified as ± 3.5 V, therefore the ref-
erence voltage for the A/D converter was set to
use +3.5 V as its full scale reference value.  The
circuit yields quite good results when the reduced
signal level is considered.

The second circuit, Figure 9, configures the
MAX410 in the inverting mode.  The minimum
output voltage swing for the MAX410 is speci-
fied as ± 3.6 V (2 kΩ load) with a typical range
of ± 3.7 V. A 3.5 volt reference was used for the
A/D converter. Performance was good using the
3.5 volt reference.

± 15 Volt Supply Op Amp Circuits

Most precision operational amplifiers are speci-
fied for operation from ± 15 V supplies.  Figure
10 shows an OP-27 used to reduce signal levels
of ± 10 V to ± 4.5 V.  The performance is excel-
lent. Figure 11 then shows the OP-27 in the
non-inverting configuration. 

The performance levels being achieved with the
OP-27 result from operating the amplifier well
within its specifications for input range and out-
put amplitude capability. The Signetics NE5534A
worked equally well in both circuit configura-
tions (Figures 10 and 11).  Note that low value
resistors are used to minimize the component
noise in the circuits.
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Figure 8 . MAX410 Noninverting Amplifier
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If an OP-27 type amplifier is used, the inverting
circuit is preferred for signal processing applica-
tions.  This is because some brands of OP-27
amplifiers exhibit much higher distortion at fre-
quencies above 10 KHz or so when used in the
non-inverting configuration.  It may be that the
internal bias current cancellation circuitry does
not track the input stage well when subjected to
the rapidly-varying (high frequency) common
mode voltages such as those experienced by the
positive gain configuration.

Achieving ± 4.5 Volt Output with ± 5 Volt
Supplies

Some designs may require that the entire system
operate from ±5V, but achieve the full dynamic
range of the A/D converter when using a 4.5 V
reference. The Signetics NE5534A op amp,
known to be excellent for audio use, can be com-
bined with a discrete transistor output stage to
yield excellent results when using only ± 5 V
supplies. Figure 12 illustrates the NE5534A in
the inverting configuration, reducing a ± 10 V
signal to ±  4.5 V. The OP-27 (without the exter-
nal compensation capacitor) yielded similar noise

and distortion results but had slightly slower rise
time when tested with a transient input. 

An Instrumentation Amplifier Circuit

Some systems require an instrumentation ampli-
fier front end. One instrumentation amplifier was
tested; the AD625C from Analog Devices. The
data sheet specifies a maximum nonlinearity of
0.001%. Although the device may have good
static linearity, its dynamic performance was well
below 16-bit performance. The AD625C, shown
in Figure 13, was tested with two different gains.
The instrumentation amplifier was tested with a
gain of one, and then with a gain of nine. The
gain of nine configuration is with the 5 kΩ resis-
tor connected to pins 2 and 15. The data indicates
that the part actually has greater distortion (in-
dicative of greater nonlinearity) in the lower gain
configuration.

Signal Limiting Circuits

When utilizing op amps with ± 15 V supplies to
drive A/D converters with ± 5 V supplies it is
possible under certain input conditions for the

Figure  9. MAX410 Inverting Amplifier
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amplifier output voltage to attempt to exceed the
supply rails of the converter.  As described pre-
viously, the converter has protection diodes at the
analog input and therefore will clamp the voltage
whenever the signal forward biases the diodes.  If
high current amplifiers are used, excess current
from the amplifier may damage the converter.  If
excess current is a possibility, then the voltage
swing of the amplifier must be limited so as to
not exceed the supplies of the converter; or some
means of current-limiting must be used.  Many
amplifiers have current limiting circuitry as part
of their output stage and will limit their output
current if a fault condition exists.  Even though
the amplifier may protect itself in this manner it

may not be desirable from a system performance
point-of-view.  System measurement accuracy
can be degraded due to offset and gain errors
which occur as a result of amplifier self-heating.

Several approaches to amplifier output limiting
can be used. Zener or diode bounding circuits
can be used. Some bounding/clamping circuits
reduce the circuit gain by reducing the effective
feedback resistance when an overvoltage signal
exists. Others limit the signal by shunting it to
ground when it exceeds the desired amplitude.
Reference 6 documents some of these circuits
and discusses their strengths and weaknesses. 
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Figure 11.   OP27 Noninverting Amplifier

Figure 10. OP-27 Inverting Amplifier
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Voltage Clamping via the Compensation Pin

Figure 14 indicates a simple means of clamping
available on some op amps. Illustrated is a Harris
HA-2600 with diodes connected to its compensa-
tion pin (8). The ± 5 V supplies of the A/D
converter provide the clamp voltage reference
values for the diodes. The output stage of the
HA-2600 has unity voltage gain but high current
gain.  The signal on pin 8 of the amplifier is a
low current signal of identical amplitude to the
output signal. Limiting of the output signal swing

is accomplished by clamping the signal at pin 8
to the desired level. Even if the on voltage of the
clamp diodes on the op amp exceed the on voltage
of the clamp diodes inside the A/D, the 200 Ω resis-
tor will limit the current to an acceptable level.

A Novel Method to Aid Current Limiting

Another method of protecting the A/D converter
from excess signal conditions is illustrated in Fig-
ures 15 and 16. The circuits make use of

Figure 13. Instrumentation Amplifier

AD625C

20 k

20 k

1

2

5

15

12

16

9

8
- 15

+ 15

3
4

11

10

7

10 k

200

1 nF
NPO

0.1
µF

1.0
µF

1.0
µF

0.1
µF

-5

2N5087

2700 pf

2700 pf

2N5210

100
332

2.0 k

8 6

5

+5

22pF

332 100

200

NE5534AN

11.0 k 2.0 k

56 pF

4.99 k

1nF
NPO

4

7

2

3

1.0
µF

0.1
µF

+
0.1 
µF

1.0 
µF

Figure   12. Op Amp with Transistor Buffer Stage

ADC Input Buffers

22 AN6REV5



additional series resistance between the op amp
and the converter to limit the amount of signal
current available. The resistor is placed inside of
the feedback loop of the amplifier where the loop
gain of the circuit reduces the effect of the 1 kΩ
resistor under normal operating conditions. When
a fault condition exists, the signal output from the
amplifier may attempt to exceed the power sup-
ply rails of the A/D converter. Under this
condition the current into the A/D converter input
will be limited to less than 10 mA by the 1 kΩ
resistor.  

The added 1 kΩ resistor increases the open loop
output impedance of the circuit. This increase in
output impedance adversely affects the effective
open loop gain of the circuit when driving lower

impedance loads. Therefore, it is desirable to take
advantage of op amps with higher open loop
gains. Decompensated op amps offer greater
gain-bandwidth products but with the restriction
that they are generally specified to be stable only
with higher gain configurations. For example, the
OP-37 is specified for operation with a minimum
gain of 5 but offers higher open loop gain than
the OP-27 (about 15 dB higher at 10 kHz). The
circuits in Figures 15 and 16 take advantage of
the added open loop gain of the OP-37 yet still
meet the requirements for stability demanded by
the amplifier.  At low frequencies (below 10 kHz)
the loop gain of the circuit reduces the effect of
the 1 kΩ resistor significantly.  At the same time
the effective load to the amplifier output (includ-
ing the 1 kΩ output resistor) is dominated by the

Figure 14. Compensation Pin Clamping
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feedback resistor. At high frequencies (above 1
MHz) the impedance of the 1 nF capacitor in the
output filter begins to look like a short circuit
therefore the load seen by the op amp circuit is
dominated by the 200 Ω resistor. At the higher
frequencies the open loop gain of the op amp is
decreasing. The corresponding reduction in loop
gain allows the effect of 1 kΩ resistor to begin to
take effect, increasing the output impedance to
the feedback node. The combined effect of the
higher output impedance due to the 1 kΩ resistor
and the loading effect of the 200 Ω resistor
causes an effective loop gain reduction of about
200/(1000 + 200) or a factor of 6. This gain re-
duction in combination with the phase
compensation of the feedback capacitor allows
the circuit to maintain stability while it also pro-
vides current limiting under fault conditions.

This application note has discussed the making of
a good buffer circuit and has illustrated several
examples with relevant test data.  For further in-
formation on design and dynamic testing of
amplifier circuits refer to the following refer-
ences.
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