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About Burr-Brown

Burr-Brown Corporation is an international leader
in the design and manufacture of precision mi-
crocircuits and microelectronic-based systems for
use in data acquisition, signal conditioning, and
control applications throughout the world.

The Company’s products range from precision
linear integrated circuits to data collection systems
and personal computer instrumentation. The
Company's integrated circuit components are
used in analog and digital signal processing
applications found in medical and scientific instru-
mentation, factory automation, automatic test
equipment, process control, and consumer prod-
ucts such as electronic musical instruments and
professional audio equipment.

Company Facts

= Founded in 1956.

= Corporate headquarters: Tucson, Arizona.
= 1404 employees.

= 1000+ products.

= Manufacturing and technical facilities in: Tuc-
son, Arizona; Atsugi, Japan; Livingston, Scot-
land.

= 10 North American direct sales offices, 130
sales representatives and distributors in 180+
locations.

= International sales and distribution subsidiaries
in Austria, France, Germany, ltaly, Japan, the
Netherlands, Switzerland, and the United King-
dom; 26 sales representatives throughout the
rest of the world.

= Qver 200 sales and service staff worldwide.

Burr-Brown Receives
ISO9001 Certification in U.S. and Europe

In September 1993, Burr-Brown Corporation re-
ceived ISO9001 certification in the United States
and Europe, simultaneously. In the United States,
registration is recognized through the AT&T Qual-
ity Registrar by the Regjistration Accreditation Board
[RAB). Certification is accepted through the Elec-
tronics Industries Quality Registrar by the Dutch
Registration Board (RCV) in Europe.

ISO9001 is the international standard for assessing
the quality systems of companies that design,
manufacture, and test products. Adopted by 91
member countries, it's the international quality
standard for manufacturing, trade, and communi-
cations industries. Certification indicates that a
formal quality system exists for all processes and
that these processes are audited on a timely basis.
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DYNAMIC TESTS FOR A/D CONVERTER PERFORMANCE

This article describes useful theory and techniques for evalu-
ating the dynamic performance of A/D converters. Four
techniques are discussed: (1) beat frequency, (2) histogram
analysis, (3) sine wave curve fitting, and (4) discrete finite
Fourier transform.

The key to confidence in the quality of a waveform recorder
is assurance that the analog-to-digital converter (ADC) en-
codes the signal without degrading it. Dynamic tests that
cover the frequency range over which the converter is
expected to operate can provide that assurance. The results
of the dynamic tests give the user a model of resolution
versus frequency for the recorder. More elaborate models of
failure mechanisms can be obtained by varying the condi-
tions of the tests.

All of the dynamic tests used for the 5180A Waveform
Recorder use sine waves as stimulus. Sine waves were
chosen primarily because they are the easiest to generate in
practice at the frequencies of interest with adequate fidelity.
While it may be possible to generate a square wave, for
example, whose function is known to the 10-bit resolution of
the 5180A, no square wave generators exist that can guaran-
tee the same waveshape to 10-bit resolution at I0MHz from
unit to unit. Another motivation for choosing a sine wave
stimulus is the simple mathematical model a sine function
provides for analysis. This benefit greatly simplifies the
algorithms used for data analysis.

Four dynamic tests for waveform recorder characterizations
are presented here: beat frequency testing® histogram analy-
sis @ sine wave curve fitting,®# and discrete finite Fourier
transform.®® The last three tests operate in the same way. A
sine wave source is supplied to the waveform recorder and
one or more records of data are taken. A computer is then
used to analyze the data. The tests differ primarily in the
analysis algorithms and consequently in the sort of errors
brought to light. Critical to the success of these tests is the
purity of the sine wave source. Synthesized sources are
necessary to provide the short-term and long-term stability
required by the dynamic range of the ADC. Passive filters (a
six-pole elliptical filter is used for 5180A tests) are required
to eliminate harmonic distortion from the source.

These tests provide the most stressful conditions for the
ADC with the input signal amplitude at full scale. Generally
speaking, nonlinear effects increase more quickly than the
signal level increases because of the nonideal large-signal
DC behavior of the ADC components and the higher slew
rates large amplitudes imply.
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BEAT FREQUENCY TESTING

The beat frequency and envelope tests are qualitative tests
that provide a quick, simple visual demonstration of ADC
dynamic failures. An input frequency is selected that pro-
vides worst-case range changes and maximal input slew
rates that the ADC is expected to see in use. The output is
then viewed on a display in real time.
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FIGURE 1. Beat Frequency Test Setup.

FIGURE 2. When the Input Frequency is Close to the Sample
Rate f, the Encoded Result is Aliased to the
Difference or Beat Frequency, Af.

The name “beat frequency” describes the reasoning behind
the test. The input sinusoid is chosen to be a multiple of the
sample frequency plus a small incremental frequency (Fig-
ure 1). Successive samples of the waveform step slowly
through the sine wave as a function of the small difference
or beat frequency (Figure 2). Ideally, the multiplicative
properties of sampling would yield a sine wave of the beat
frequency displayed on the waveform recorder’s CRT. Er-
rors can be seen as deviations from a smooth sine function.
Missing codes, for example, appear as local discontinuities
in the sine wave. The oversize codes that accompany miss-
ing codes are seen as widening in the individual codes
appearing on the sine wave. By choosing an arbitrarily low
beat frequency, a slow accuratt DAC may be used for
viewing the test output. For best results, the upper limit on
the beat frequency choice is set by the speed with which the
beat frequency walks through the codes. It is desirable to
have one or more successive samples at each code. This
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alleviates the settling constraint on the DAC and ensures that
the display covers all possible code failures. For a 20MHz
sample rate and a 10-bit ADC, this implies a 3kHz maxi-
mum beat frequency for a minimum of one sample per code
bin.

Although the usual input frequency for a beat frequency test
is near the sample rate, the analog bandwidth of the ADC
may be measured by setting the carrier to a number of
different multiples of the sample rate. The band limit is
observed as a rolloff in amplitude as the carrier frequency is
increased.

The envelope test differs from the beat frequency test in the
choice of input frequency that the ADC encodes. Instead of
a multiple of the sample frequency, an input frequency near
one-half the sample rate is used. Now the ideal output is two
out-of-phase sine waves at the beat frequency (Figure 3).
This means that successive samples can be at the extreme
ends of the ADC range, which is useful for examining slew
problems that might not appear when successive samples are
at adjacent codes. To avoid placing the same stress on the
DAC used for display, a bank of D flip-flops removes every
other sample before the data arrives at the DAC. Thus only
one phase of the beat frequency remains.
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FIGURE 3. When the Input Frequency is Near One-half the
Sample Rate, the Envelope of the Difference
Frequency Results.

Figure 4 shows 5180A beat frequency test results for a
10.0031MHz input sine wave sampled at I0MHz. For com-
parison, Figure 5 shows a 10.0031MHz sine wave being
sampled at I0OMHz by a commercially available 8-bit, 20MHz
ADC.

FIGURE 4. A Beat Frequency Display Produced by the
5180A Waveform Recorder with a 10.0031MHz
Input Frequency and a 10MHz Sample Rate.
The smooth sine wave indicates freedom from
dynamic errors.

FIGURE 5. A Beat Frequency Display for a Commercially
Available 10MHz, 8-Bit ADC witha 10.0031MHz
Input.

HISTOGRAM TESTING

A sine-wave-based histogram test provides both a localized
error description and some global descriptions of the ADC.
Using the histogram test, it is possible to obtain the differ-
ential nonlinearity of the ADC, to see whether any missing
codes exist at the test frequency, and to get a measure of gain
and offset at the test frequency. Of the sine-wave-based tests
presented here, the histogram test yields the best information
about individual code bin size at an arbitrary frequency.

A statistically significant number of samples of the input
sinusoid are taken and stored as a record (Figure 6). The
frequency of code occurrence in the record is then plotted as
a function of code. For an ideal ADC, the shape of the plot
would be the probability density function (PDF) of a sine
wave (Figure 7) provided that the input and sample frequen-
cies are relatively independent. The PDF of a sine wave is
given by:

_ 1
p(V)= T
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FIGURE 6. Setup for Histogram Test.
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FIGURE 7. Sine Wave Probability Density Function.

Where A is the sine wave amplitude and V is the indepen-
dent variable (voltage). For a real ADC, fewer than the
expected number of occurrences for a given code bin indi-
cates that the effective code bin width is smaller than ideal
at the input frequency.® No occurrences indicate that the
code bin width is zero for that input. A greater-than-ex-
pected number of occurrences implies a larger-than-ideal
code bin width.

What is a statistically significant number of samples? -We
can determine significance from probability theory. For a
given input PDF and record size, each bin of an ideal ADC
has an expected number of occurrences and a standard
deviation around that expectation. The confidence that the
number of occurrences is close to the expectation is equal to
the probability that the occurrences fall within the appropri-
ate number of standard deviations. The ratio of the standard
deviation to the expectation (and thus the error for a given
confidence) decreases with more samples. To get the confi-
dence for the entire range, the probabilities for all codes
lying within the desired error are multiplied together.

For an ideal 10-bit ADC, 100,000 samples would give us a
12% confidence that the peak deviation from the input PDF
is less than 0.3LSB and a 99.9% confidence that the peak
deviation is less than 0.5LSB. The notion of confidence
relies on the input’s being a random process. We can model
the sine wave input as random process only if the input and
sample frequencies are relatively independent.

The specification of greatest interest that can be calculated
using the histogram test is differential nonlinearity. Differ-
ential nonlinearity is a measure of how each code bin varies
in size with respect to the ideal:

NOTE: (1) Histogram testing can be thought of as a pi of ling and
digitizing the input signal and sorting the digitized samples into bins. Each bin
represents a single output code and collects samples whose values fall in a
specific range. The number of or d in each bin
varies according to the input signal. If N is the number of ADC bits, there are
2N bins. Ideally, if B is the full-scale range of the ADC in volts, each bin
corresponds to a range of sample sizes covering B/2N volts. In a real ADC, the
bins may not all have the same width.
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actual P (nth code)

Differential Nonlinearity = —
ideal P (nth code)

Where actual P(nth code) is the measured probability of
occurrence for code bin n, and ideal P(nth code) is the ideal
probability of occurrence for code bin n. The code bin
number n goes from 1 to 2N, where N is the number of ADC
bits. Using the probability of occurrence eliminates depen-
dence on the number of samples taken. To calculate the
probability for each code in the actual data record the
number of occurrences for each code is divided by the
number of samples in the record. The ideal probability of
occurrence is what an ideal ADC would generate with a sine
wave input. For each code bin, this is the integral of the
probability density function of a sine wave over the bin:

()_[[a()][e(>ﬂ

Where n is the code bin number, B is the full-scale range of
the ADC, and N is the number of ADC bits. To avoid large
differences in code probability caused by the sinusoid cusp,
a sine wave amplitude A is chosen that slightly overdrives
the ADC.

A judicious choice of frequency for the input sinusoid in this
test is necessary for realistic test results. An input frequency
that is a submultiple of the sample frequency violates the
relative independence criterion and will result in sampling of
the same few codes each input cycle. Using an input fre-
quency that has a large common divisor with the sample
frequency generates similar problems since the codes repeat
after each cycle of the divisor frequency. Ideally, the period
of the greatest common divisor should be as long as the
record length.

A 5180A histogram is shown in Figure 8 for an input sine
wave at 9.85MHz. For comparison, Figure 9 shows data
from a commercially available, 8-bit 20MHz ADC for an
input sine wave at 9.85MHz, while Figure 10 shows data
from an 8-bit, I00MHz ADC taken at 9.85MHz.
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FIGURE 8. A 100,000-sample Histogram for a 5180A with
29.85MHz Sine Wave Input. All Discontinuities
are Less Than 1LSB.
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FIGURE 9. A 100,000-sample Histogram Plot for a Com-
mercially Available 20MHz, 8-bit ADC with a
9.85MHz Input. Large differential nonlinearities
and numerous missing codes are apparent.
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FIGURE 10. A 100,000-sample Histogram Plot for a
100MHz, 8-bit ADC with a 9.85MHz Input
Sampled at 20MHz. Extremely large differen-
tial nonlinearities and numerous missing codes
are apparent.

CURVE FITTING

The curve-fit test is a global description of the ADC. This
means that the errors measured by the test are averaged to
give a general measurement of the ADC transfer function.
The result of this test is a figure of merit called the number
of effective bits for the ADC. The effective bit number is a
general measure of how much an ADC’s nonlinearity has
impaired its usefulness at a given frequency.

The number of effective bits is obtained by analyzing a
record of data taken from a sine wave source (Figure 11).
The analysis consists of generating a sine wave in software
that is a best fit to the data record. Any difference between
the data record and the best-fit sine wave is assumed to be
error (Figure 12). The standard deviation of the error thus
calculated is compared to the error an ideal ADC of the same
number of bits might generate. If the error exceeds the ideal,
the number of effective bits exhibited by the ADC is less
than the number of bits it digitizes. Errors that cause degra-
dation in this test are nonlinear effects such as harmonic
distortion, noise, and aperture uncertainty. Gain, offset, and
phase errors do not affect the results since they are ignored
by the curve-fit process.
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FIGURE 11. Setup for the Curve-fit Test and the Discrete
Finite Fourier Transform (DFT) Test.

Effective Bits = 8.51

Cal. Amplitude 0.81

Cal. Frequency 9850320.9
Cal. Phase —94.95

Cal. Offset 509.31

Data Record

Error Residue

FIGURE 12. The First 20 Points of the Curve-fit Data Record
and the Error Residue from a Fitted Sine Wave.

The number of effective bits is computed using expressions
for average errors as follows:

Effective bits = N — logz(w]
ideal rms error
where N is the number of ADC bits. The ideal rms error is
not actually computed for the input waveform, but is as-
sumed to be the quantization noise exhibited by an ideal
ADC with a uniform-probability-density (UPD) input such
as a perfect triangle wave. The ideal error is found from the
expectation of squared error for a rectangular distribution. A
rectangular distribution is used since that represents a UPD

taken over an ideal code bin. The result thus obtained is:

Ideal rms error = 7?——2-

where Q is the ideal code bin width. Although the input sine
wave is not a UPD function, the UPD assumption is still
valid since it is locally applied over each code bin. The
deviation from a UPD over each code bin is very small, so
the errors in using sine waves to approximate UPD inputs
are negligible.

The actual rms error is simply the square root of the sum of
the squared errors of the data points from the fitted sine
wave. The actual rms error is given by:
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m 2
E= E][x“ - Acos(ot, +P)-C] W
where E is the actual rms error, x, and t, are the data points,
m is the number of data points in the record, and the fitted
sine wave parameters are amplitude A, frequency ®, phase
P, and offset C.

Equation 1 is also used to find the best-fit sine wave by
minimizing the error E. The error is minimized by adjusting
the fit parameters: frequency, phase, gain, and offset. This is
done by taking the partial derivative of E in Equation 1 with
respect to each of the four parameters. The error minimum
occurs when all of the derivatives are equal to zero. This
gives the four simultaneous equations:

m m m
> x, cos(wt, + P) = A ¥ cos?(at, +P)+C ¥ cos(at, +P)
k=1 k=1 k=1

2

m X = Aki‘_‘,lcos((otk +P)+nC 3)

k=1
m .

> Xty sin(oty, +P) =
k=1

A ‘:‘,tk cos(wt, + P)sin(at, +P)+C Etk sin(ot, +P)
k=1 k=1
@
) xisin(et, +P)=
k=1

A ﬁcos(o)tk +P)sin(at, +P)+C Esin(cotk +P)
k=1 k=1 (5)

Equations 2 and 3 result from gain and offset adjustments.
These are substituted into the other two equations, 4 and 5,
giving two nonlinear equations:

(x¢ - ®)tsin(ot, +P) 3 [cos(at, +P) -7ty sin(wty +P)
_ k=1

Ms

=
n

1(xk -X)cos(et, +P) 5 [cos(at, +P)-a]cos(wty +P)
K=1
©)

3 (x, —X)sin(ot, + P) . 3. [cos(wty +P)~a]sin(aty +P)

k=1 k=1

m

¥ (%, — X)cos(wt, +P) 3 [cos(at, +P)-7]cos(wt, +P)
k=1 k=1

)]

m
Where 3 = ¥ cos(at +P)

k=1
These are solved iteratively to give values for the param-
eters. The difference between the right and left sides of
Equation 6 is defined as error parameter R and the difference
between the right and left sides of Equation 7 is defined as
error parameter S. An approximation algorithm using a first-
order Taylor series expansion drives R and S to zero. This
approximation algorithm requires an initial guess for fre-
quency and phase close to the solution to ensure conver-
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gence to the best-fit sine wave. For frequency, the frequency
of the generator output in Figure 11 is used as a guess. For
phase, a guess is based on an examination of the data record
by a software routine.

Although the result of this process is a single figure of merit,
some enlightenment can be gained about the error compo-
nents in the ADC by varying the test conditions. White noise
produces the same degradation regardless of input frequency
or amplitude. That is, the error term in Equation 1 is
independent of test conditions for this sort of error. Another
way of identifying noise in this test is by the randomness in
the error residue, or the difference between the best-fit sine
wave and the data taken. :

Aperture uncertainty is identifiable because it generates an
error that is a function of input slew rate. When this is the
dominant error causing a low number of effective bits, the
number of effective bits will vary linearly with both input
frequency and amplitude. If the input waveform is sampled
only at points of constant slew rate, such as zero crossings,
then the aperture uncertainty corresponds to the amount that
the effective bits decline as a function of slew rate.

Harmonic distortion is usually a nonlinear function of ampli-
tude and frequency. Its distinguishing characteristic is the
presence of the harmonics (or aliased harmonics if the
fundamental is close to the Nyquist frequency) in the error
residue. The amplitudes of the harmonics can be extracted
by fitting the error residue with best-fit sine waves of the
important harmonic frequencies. The impact of noise and
aperture uncertainty in the presence of large distortion errors
can be assessed by effective bit values and error residues
with the fitted harmonics removed.

The greatest pitfall in the curve-fit test is -using an input
frequency that is a submultiple of the sample frequency.
Since the same codes are sampled at exactly the same
voltage each cycle, the locally uniform probability distribu-
tion assumption is violated. In the worst case, a submultiple
of one-half, the quantization error would not be measurable
at all. From a practical standpoint, this also defeats. the
global description of the test by sampling only a handful of
codes.

Another potential pitfall is lack of convergence of the curve-
fit algorithm. There are a few occasions where this can
become a problem, such as when the data is very poor or the
computational resolution is inadequate.

Figure 12 shows the error plot for a 5180A curve-fit test
taken at a 9.85MHz input frequency. The number of effec-
tive bits associated with this error is 8.51.

FFT TESTING

The fast Fourier transform (FFT) is used to characterize an
ADC in the frequency domain in much the same way that a
spectrum analyzer is used to determine the linearity of an
analog circuit. The data output for both techniques is a
presentation of the magnitude of the Fourier spectrum for
the circuit under test. Ideally, the spectrum is a single line
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that represents the pure sine wave input and is devoid of
distortion components generated by the circuit under test.
There are, however, significant differences between the
spectrum analyzer and ADC spectra because of the sampling
operation of the ADC.

The Fourier transform of a signal x(t) that is continuous for
all time is defined as:

X(£) = [ x(t)e 12t gt

and includes the amplitude and phase of every frequency in
x(t). The Fourier transform cannot be used in this form for
an ADC, however, because x(t) is only digitized at a finite
number of points, M, spaced At apart. Instead, the discrete
finite transform (DFT) must be used. It is defined as:

M-1 .
XD(f)= ¥ x(mAt)e2™(mAA¢
m=0

There are significant differences between X(f) and XD(f).
While X(f) has infinite spectral resolution, XD(f) has a
discrete frequency resolution of Af = 1/mAt because of the
finite number of points in the data record. The finite record
size also accounts for another difference between X(f) and
XD(f) whenever a nonintegral number of cycles of X(t) is
contained in the record. Since the DFT assumes that the
record repeats with a period of MAt (to satisfy the Fourier
transform condition that x(t) be continuous for all time)
sharp discontinuities at the points where the start of one
record joins the end of the preceding record cause the
spectral components of X(f) to be spread or smeared in
XD(f).

The smearing, called leakage, can be explained as follows.
The finite record size of x(t) can be considered the conse-
quence of multiplying x(t) by a rectangular function having
unity amplitude during the time period MAt that the record
is acquired and zero amplitude elsewhere. Since multiplica-
tion of two functions in one domain (time, in this case) is
equivalent to convolution in the other, the spectrum of XD(f)
is derived by convolving X(f) with W(f), the Fourier trans-

form of the rectangular function. W(f) is the familiar sinx/x
function (see Figure 13 for [W(f)l), consisting of a main lobe
surrounded by a series of sidelobes whose amplitudes decay
at a 6dB-per-octave rate. It is these sidelobes that are
responsible for leakage. Even if the spectrum of X(f) is a
single line, the sidelobes of W(f) during the convolution
smear the energy in the single line into a series of spectral
lines spaced 1/MAt apart whenever the frequency of x(t) is
not an integral multiple of 1/ MAt.

Leakage can be reduced by multiplying the data in the
record by a windowing function that weights the points in
the center of the record heavily while smoothly suppress-
ing the points near the ends. Many different windowing
functions exist that offer various tradeoffs of amplitude
resolution versus frequency resolution. A function com-
monly used with sine waves is the Hanning window,
defined by | (1/2)(1 - cos 2nt/MA) |. Notice in Figure 13
that both the window and its derivative approach zero at
the two ends of the record and that the transform’s main
lobe is twice as wide as that of the rectangular function,
while the amplitudes of the sidelobes decay by an addi-
tional 12dB per octave. The reduced level of the sidelobes
reduces leakage, but the wider main lobe limits the ability
to resolve closely spaced frequencies. Furthermore, the
shape of the main lobe can attenuate the spectral ampli-
tudes of X(f) by as much as 1.5dB. However, for the DFT
testing to be described here, the Hanning window was
selected as a good compromise between frequency and
amplitude resolution.

The third difference between the spectra of X(f) and XD(f)
is the limited range of frequencies displayed for XD(f). The
sampling process causes the two-sided spectrum of X(f),
symmetrical about the origin, to be replicated as the sam-
pling frequency L and at all of its harmonics. If X(f) contains
components that exceed fy/2, then these components are
folded back, or aliased, onto spectral lines below f, causing
aliasing errors. The frequency fg/2 is sometimes called the
Nyquist frequency, referring to the Nyquist criterion, which
requires the sampling rate to be twice the highest frequency
present in the input signal to define the waveform uniquely.
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FIGURE 13. Time-domain and Frequency-domain Representations of Rectangular and Hanning Windows.
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The result is that the spectrum of XD(f) is displayed only
from DC to fy/2 and the maximum input frequency must be
limited to less than fy/2 to avoid aliasing.

Figure 14 presents the magnitude of the spectra derived from
the DFT for perfect 10-bit and 6-bit ADC's given a pure
sinusoidal input. Useful information about the ADC's per-
formance can be derived from three features of the spectra:
the noise floor, the harmonic level, and the spurious level.

0dB Perfect 10-Bit ADC
. S/N Ratio = 61.9
- Theoretical S/N = 61.8

ATV IVANEIVWAAR WY Y VI W W IR TSI AN
(A) 01 2 3 4 5 6 7 8 9 10
Frequency (MHz)

0dB ~ Perfect 6-Bit ADC
s S/N Ratio = 37.9
-1 Theoretical S/N = 37.8

T T T T T 1T T T
0 1 2 83 4 5 6 7 8 9 10

(8) Frequency (MHz)
FIGURE 14. FFT Plots for 0.85MHz Data Quantized by Per-

noise ratio computed in each case agrees closely
with the theoretical value of 6N + 1.8dB where
N is the number of ADS bits.

Two classes of noise sources determine the level of the noise
floor. The first is called quantization noise. This is the error,
bounded by +1/2LSB, that is inherent in the quantization of
the input amplitude into discrete levels. As can be seen in
Figure 14, even ideal ADCs have noise floors determined by
quantization noise. The higher the number of bits, the
smaller the error bound and, therefore, the lower the noise
floor.

All real-life ADCs have noise floors that are higher than that
solely from quantization noise. The second class of noise
source includes wideband noise generated within the ADC,
along with other sources. In a parallel-ripple ADC, for
example, such things as misadjustment between the first-
pass and second-pass ranges (exceeding the redundancy
range) or inadequate DAC settling can cause localized code
errors or differential nonlinearities in the ADC’s status
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transfer function. Furthermore, localized code errors can
increase in amplitude and in the number of codes affected
under dynamic input conditions. Aperture jitter is another
major source of dynamic error; the magnitude of this local-
ized code error is dependent upon the slew rate of the input
at the time of sampling. Each of these localized code errors
can be modeled as a sharp discontinuity in the time domain
that when transformed into the frequency domain results in
a broad spectrum that raises the height of the noise floor
above that caused by quantization noise alone.

The second feature of the DFT-derived spectrum that indi-
cates an ADC’s level of dynamic performance is the har-
monic content. Static and dynamic integral nonlinearities
cause curvature in the ADC’s transfer function. If the input
frequency f;y is much lower than the Nyquist frequency (fy/
2), then the harmonic components will be in the expected
locations: 2fiy, 3fyy, etc. If, on the other hand, the harmonics
of fiy are greater than fy/2, then these frequencies will be
aliased onto components below fy/2. Take, for instance, a
20-megasample-per-second (f) ADC with an input of
9.85MHz. The second harmonic at 19.7MHz is aliased to
0.3MHz, the third harmonic at 29.55MHz is aliased to
9.55MHz, the fourth at 39.4MHz is aliased to 0.6MHz, and
SO on.

Care must be exercised in selecting the input frequency for
the DFT test. An incorrectly chosen frequency can alias one
of its harmonic components on to the fundamental and
thereby understate the harmonic distortion (in the example
above, an input of exactly SMHz would place the third
harmonic at the fundamental frequency). The input fre-
quency should be chosen so that the harmonics are far
enough away to be easily resolvable from the fundamental,
whose energy has been spread into several adjacent bins (1/
MAt locations) by the Hanning window. This accounts for

the 0.15MHz offset from 10MHz used in the example of
Fioure 14

SJIgUIC a5,

The third feature of the DFT-based spectrum that is indica-
tive of the ADC’s level of dynamic performance is the
spurious content. Spurious components are spectral compo-
nents that are not harmonically related to the input. For
example, a strong signal near the ADC may contaminate the
ADC’s analog ground somehow and thereby appear in the
spectrum. The nearby signal will not only appear as itself,
but because of nonlinearities within the ADC, can combine
with the input signal to form sum and difference terms
resulting in intermodulation distortion.

The combined effects of noise floor, harmonic distortion and
spurious errors are reflected in the ADC’s rms signal-to-
noise ratio, which can be derived from the DFT magnitude
spectrum. The signal energy is determined by summing the
energy in all the bins associated with the fundamental. The
noise energy is the sum of the energy in all other bins. By
taking the logarithm of the ratio of signal energy to noise
energy and multiplying by 20, the signal-to-noise ratio for
the ADC can be calculated. An ideal N-bit ADC having
quantization noise only is theoretically known to have a
signal-to-noise ratio equal to (6N + 1.8)dB, which sets an
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upper bound. A signal-to-noise ratio below this ideal limit is
indicative of errors of all types that the ADC produces.

The FFT test setup is presented in Figure 11. A full-scale
sine wave of a properly chosen frequency is applied to the
ADC under test. The low-pass filter ensures a spectrally pure
input. A 1024-point record sampled at the maximum sam-
pling rate is then taken and given to the computer, which
calculates the DFT using an FFT algorithm. The spectral
magnitude is plotted as a function of frequency.

Figure 15 shows the graphical outputs for the 5180 for full-
scale sine wave input at 0.95MHz and 9.85MHz. As might
be expected, the distortion increases with increasing fre-
quency. Harmonic and spurious components are typically
better than —-60dBc below 1MHz and -54dBc at 9.85MHz.
The latter spectrum at 9.85MHz is the frequency-domain
representation for one of the most demanding tests of an
ADC, called the envelope test which was described earlier.

Frequency = 9.85MHz Channel A (1V Range)
Peak Carrier: 4.5dBm
Peak Noise: -59.6dBc

[} imit

~ -10 Limit: —46dBc Fundamental
Q
@
ko2
2
@ P
- Test Limit
2 50 . ‘
£ 60 . 2nd Harmonic 3rd Harmonic~a.
@ -70

-80

=90 4+ 1 T T T T T T T 1

® 0 1 2 3 4 5 6 7 8 9 10
Frequency (MHz)
10 Frequency = 0.95MHz Channel A
o | Fundamental o\ Carrier: 5.0dBm

-10 Peak Noise: ~59.3dBc

-20 Limit: -69dBc

-30

Test Limit

Spurious Level (dBc)
A
o
1

(B) Frequency (MHz)

FIGURE 15. DFT Plots for the 5180A with Input Frequen-
cies of 9.85MHz (a) and 0.95MHz (b). The low
harmonic distortion indicates very low integral
nonlinearity.

Figure 16 presents, for comparison, the test results for
commercially available digitizers: a 20-megasample-per-
second, 8-bit ADC and a 100-megasample-per-second, 10-
bit ADC with a full-scale, 9.85MHz sine wave input, sampled
at 20 megasamples-per-second. The numerous large har-
monic components, both odd and even, are indicative of

severe harmonic distortion errors resulting from integral
nonlinearity in the transfer functions of both of these ADCs.

A rule of thumb has evolved that uses the DFT-based
spectrum as a quick overview of an N-bit ADC’s dynamic
performance. If all harmonic and spurious components are at
least 6N dB below the fuli-scale amplitude of the fundamen-
tal, then the ADC is performing satisfactorily, since each
error component has a peak-to-peak amplitude smaller than
an LSB. If, on the other hand, harmonic or spurious compo-
nents are less than 6N dB down, or if the noise floor is
elevated, then other tests can be performed that are better at
isolating the particular integral and differential nonlinearity
errors. In particular, the FFT test an be followed by the
histogram test or the beat frequency test (or envelope test),
as conditions warrant.

(A)

T 1 1 1 T 1 1 T
o 1 2 3 4 5 6 7 8 9 10
(8) Frequency (MHz)

FIGURE 16. DFT Plots for a 20MHz, 8-Bit ADC (a) and a
100MHz, 8-Bit ADC (b). Full-scale input sine
waves at 9.85MHz were sampled at a rate of
20MHz. The high levels of harmonic distortion
indicate severe integral nonlinearities.
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CONCLUSION

The four sine-wave-based ADC tests described provide
information about the quality of any recorder. The tests may
be used to isolate specific failures, even at high-speed and

fine resolution (Figure 17). The tests are simple to run,
requiring only a synthesized generator and an HP-IB com-
puter.

ERROR HISTORGRAM DFT SINE WAVE CURVE-FIT | BEST FREQUENCY TEST
Differential Yes—shows up as spikes Yes—shows up as elevated noise floor Yes—part of rms error Yes
Nonlinearity
Missing Codes | Yes—shows up as bins with Yes—shows up as elevated noise floor Yes—part of rms error Yes

0 counts
Integral Yes—(could be measured directly Yes—shows up as harmonics of fun- Yes—part of rms error Yes
Nonlinearity with a highly linear ramp waveform) damental aliased into baseband
Aperture No—averaged out. Can be measured | Yes—shows up as elevated noise floor Yes—part of rms error No
Uncertainty with “locked” historgram
Noise No—averaged out. Can be measured | Yes—shows up as elevated noise floor Yes—part of rms error No

with “locked” histogram )
Bandwidth No No No Yes—used to measure
Errors analog bandwidth
Gain Errors Yes—shows up in peak-to-peak No No No

spread of distribution
Other Errors Yes—shows up in offset of No No No

distribution average

FIGURE 17. Summary of the Errors Exposed by the Dynamic Tests.
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INCREASING ADC603 INPUT RANGE

By R. Mark Stitt, (602) 746-7445

The ADC603 is a I0MHz, 12-bit analog-to-digital converter
with a +1.25V input range. Many applications call for a
higher input range such as £2.5V. A resistor divider can be
used as an input attenuator to increase the input range. The
OPA620 can be used to buffer the input attenuator for high-
source-impedance applications. Suggested component val-
ues and measured performance results are shown in this
bulletin.

Since the ADC603 has a high-impedance input, a simple
voltage divider as shown in Figure 1 can be used to increase
its voltage input range. The source impedance of the divider
as seen by the ADC603 is R, Il R, (the parallel combination
of R, and R). A divider source impedance of 50Q is
recommended since it has been shown to give consistently
good results. If a higher divider input impedance is needed
and adding a buffer is not viable, source impedances up to
5002 should give satisfactory results. If hardware gain trim
is needed, select the next higher 1% resistor value for R and
use a 10kQ multi-turn trim pot in parallel with R, for gain
trim.

Viy O—4
R,
100Q

Rs % 45 ADC603 12 Bits
66.5Q 46 Out

FIGURE 2. ADC603 12-Bit ADC with Three-Resistor 2/1
Input Attenuator to Provide +2.5V Input Range
and 50Q Termination Impedance.

12 Bits
ADC603 E‘> out

FIGURE 1. ADC603 12-Bit ADC with 2/1 Input Attenuator
to Provide +2.5V Input Range.

If an input impedance of 50 to the circuit is needed as a
termination, add a third resistor as shown in Figure 2. The
three-resistor approach improves accuracy by placing the
majority of the termination power dissipation in the third
resistor. This minimizes error-producing self heating in the
precision divider network. Pay attention to the power rating
for Rg. For a £10V input, R, must be rated 2W.

If a high input impedance is needed, drive the divider with
a unity-gain-connected OPA620 buffer amp as shown in

Figure 3. The OPA620 can be used for inputs as high as
+3V.

10

O +5V

12 Bits
Out

O -5.2V

FIGURE 3. ADC603 12-Bit ADC with 2/1 Input Attenuator
to Provide High Input Impedance 2.5V Input
Range.

Equations for determining recommended resistor values are:
R, =50Q ¢ N/(N - 1)

=(N-1)*R,
R, =50Q° (R, + R)/R, +R,~ 50€2)
Where:

R, R, R3 are in Q
N = input divider ratio

BURR - BROWN®
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The table below shows recommend resistor values for se-
lected input ranges.

TABLE I. Resistor Values for Selected Input Attenuators.

The spectral plots compare a standard £1.25V input ADC603
to a #2.5V input, OPA620 buffered ADC603 per Figure 3.
In both cases, the circuit is sampling a 2.5MHz signal at

A A':“PUT D":l,zEﬂ Fslz' R, R, 10MHz. The results show that the spurious-free dynamic
GE (V) L) () G “ range of the boosted circuit is as good as for the standard
122.5 1:}: 128 t:%.: gg:g circuit. If anything, the boosted circuit has better perform-
+3 1/2.4 86.6 121 66.5 ance (77dB vs 76dB). The ADC603 seems to perform
5 1/4 66.5 200 61.9 ; : o
10 by 6.2 397 6.2 slightly better when driven by the purely resistive 50Q

divider impedance instead of the complex impedance of the
cable and signal generator.

MAGNITUDE SPECTRUM MAGNITUDE SPECTRUM
0 0
—10 THD: -73.44dBC ~10 THD: -73.49dBC
20 SNR: 68.07dB 20 SNR: 68.58dB
= _a SINAD: 66.96dB - SINAD: 67.36dB
[ 0 SFDR: 75.62dB FSR 4 =30 SFDR: 77.14dB FSR
w 40 Spur F:  2.66MHz w —-40 Spur F: 2.66MHz
g -50 B -50
$ -60 8 -60
2 3
£ -70 £ -70
c
2 -80 8 -80
= =
-90 -90
=100 -100
-110 -110
=120 -120
0 1.25 25 3.75 5 0 1.25 25 3.75 5
Frequency (MHz) Frequency (MHz)
Plot 1. Spectral plot of standard ADC603 sampling a £1.25V, Plot 2. Spectral plot of increased input range (per Figure 3)
2.5MHz input signal at 10MHz showing 75.6dB SFDR. ADC603 sampling a +2.5V, 2.5MHz input signal at 10MHz
showing 77.1dB SFDR.

FIGURE 4. Spectral Plots.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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TIPS FOR USING THE ADS78XX FAMILY OF A/D CONVERTERS

INHERENT OVERVOLTAGE PROTECTION

The input to each of the members of the ADS Family
(ADS7804/05/06/07/08/09/10/19, so far) is a resistor divider
network, converting the input signal to the range used
internally. This resistor divider offers inherent overvoltage
protection, which will often simplify analog circuitry.

In applications where the analog signal conditioning uses
+12V supplies (or higher), the ADS divider network elimi-
nates potential problems if the op amp driving the ADS fails
and drives the ADS input to the +12V rails. It also protects
if the circuitry in front of the ADS is powered up before the
ADS itself. Older ADCs on the market might fail under
either of ‘these conditions, requiring additional protection
which can itself affect the accuracy and performance of the
whole system.

In the “Absolute Maximum” section of the data sheets, we
show that the input pins can go to £25V. From our testing we
know this is very conservative, but it is still much higher
than the supplies commonly used for analog signal condi-
tioning.

NOISE ON 16-BIT A/D CONVERTERS

Ground the input of a good 12-bit converter, convert a few
thousand times, and you should see only 1-2 output codes (2
if the input is close to a transition). The same test on any 16-
bit successive approximation (SAR) A/D will yield multiple
codes due to noise. This is true for all 16-bit SAR A/Ds
including ours.

Data sheets should indicate expected noise for DC inputs.
We call it “Transition Noise”, and show a typical value in
the specification table. The ADS7807 data sheet shows a
typical rms transition noise of 0.8LSBs. As a rule, you can
multiply rms noise figures by 6 to approximate expected
peak-to-peak noise, so the ADS7807 typical transition noise
should be about 5LSBs. This means that if you ground the

input and run a thousand conversions, you should see about
5 different output codes, which is in fact what we see. The
worst-case transition is at the major-carry (OV for a £10V
range); we recently ran 30,000 conversions with the input to
an ADS7807 grounded and in fact saw only 7 output codes
(one of which occurred 0.03% of the time).

NOISE EFFECTS ON DNL AND INL

The previous discussion on noise raises the question of how
Integral Linearity Error (ILE) or Differential Linearity Error
(DLE) can be measured and guaranteed to levels tighter than
the noise of the part. What does a maximum of +1.5LSB
error mean when any signal conversion could output results
+2 or +3LSBs different from the ideal, due to noise? The
answer is fairly simple: to measure actual linearity of a
specific 16-bit A/D, both we and our competition look below
the noise floor of the parts.

The main tool for achieving this is averaging. For the ADS
Family, when we are checking ILE, we put in a known
voltage from a very stable reference D/A, perform 256
conversions, and average the results to determine the linear-
ity of that point. Incidentally, when we say that ILE is
+3LSBs or £1.5 LSBs max, we actually use tighter limits in
our test program. The guardband insures that we take into
account the absolute accuracy of our reference D/A (which
is itself regularly calibrated) plus repeatability constraints on
any one test system and variations between test systems.

This also raises the question of how much averaging is
needed to guarantee a certain confidence in the A/D con-
verter. For every doubling in the number of averages, tran-
sition noise will decrease by a factor of 1 over the square
root of two. Averaging 64 conversion from an ADS7807
would result in transition noise adding +1/10 of an LSB of
uncertainty (one o) to the specified INL and DNL.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant

any BURR-BROWN product for use in life support devices and/or systems.
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CDAC ARCHITECTURE PLUS RESISTOR DIVIDER GIVES ADC574
PINOUT WITH SAMPLING, LOW POWER, NEW INPUT RANGES

George Hill (602) 746-7283

Modern successive-approximation analog-to-digital converter
ICs are replacing older current-mode D/A structures with
capacitor arrays, called CDACs (for Capacitor D/A). This
change makes it easier to combine the analog components of
the converter with the digital elements in standard CMOS
structures. Additionally, the capacitor input structure adds
inherent sampling to the A/D, at a time when more and more
A/D applications are involved in signal processing.

This application note compares basic current-mode succes-
sive approximation A/Ds with CDAC-based architectures,
and shows how adding a resistor divider network to the
CDAC input permits the Burr-Brown ADS574 and ADS774
to fit existing ADC574 sockets. It then goes on to describe
some new analog input voltage ranges available on these
parts due to the resistor network and CDAC approach.

The ADS574 and ADS774 plug into ADC574/674/774 sock-
ets and handle all of their standard input ranges (OV to 10V,
15V, £10V, and OV to 20V), as discussed in their full data
sheets. They can operate from standard +15V and +5V
supplies, or from a single +5V supply. The input divider
structure makes it possible to take advantage of this +5V
supply operation to build complete data acquisition systems
that run from a single +5V supply, with several different
input ranges pin-selectable.

TRADITIONAL ADC574 INPUT STRUCTURE

Let’s start by taking a look at the input ranges on the
traditional ADC574, the most widely used 12-bit A/D in the
world. Figure 1 shows the standard input divider network
and comparator/current D/A structure used to implement the
front end of this successive approximation A/D.

Bipolar Offset R,
Pin 12
10kQ
20V Range Rs . R, Comparator
Pin 14
5kQ 5kQ
10V Range
Pin 13
12-Bit
0to-2mA

D/A
Converter

FIGURE 1. Traditional ADC574 Input Structure.
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These three pins allow the selection of four different analog
input ranges: OV to +10V, 0V to +20V, £5V, and £10V. The
simplicity of this circuit takes advantage of the virtual
ground at the negative input to the comparator at the end of
the successive approximation process, when the negative
input to the comparator is very close to OV.

The internal current D/A in the ADC574 has a unipolar
output of OmA to ~2maA, so that it can balance out the OmA
to 2mA generated by full scale analog inputs (20V across
10k€2 or 10V ‘across 5k€2.) By grounding pin 12, a unipolar
OV to 20V input range is achieved by driving pin 14 and
leaving pin 13 unconnected. Reversing pins 13 and 14 sets
up the ADC574 for a OV to 10V input range.

Connecting pin 12 to the 10V, reference provided on an
ADC574 injects an offset that allows pins 13 or 14 to handle
bipolar input ranges of 5V or +10V, respectively. The
current injected by the reference at pin 12 adds to the input
current generated by the analog input signal to insure that the
unipolar current flow from the internal current D/A need
only be unipolar.

During conversion, the analog signal conditioning in a
system must hold the input stable (using a sample/hold
amplifier or processing slow signals such as thermocouples.)
The successive approximation logic tests the current D/A in
various settings until the current sinked into the D/A bal-
ances the current generated by the analog input signal (plus
the current from the Bipolar Offset resistor in bipolar ranges)
to within +1/2 LSB.

Comparator
4C_L oo o=
S 08, S, S ¥
0 R R
Analog
Input R

— Reference

FIGURE 2. Simplified 3-bit Switched Capacitor Array A/D.
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BASIC SWITCHED CAPACITOR ARRAY A/D

By comparison, Figure 2 shows a typical input structure for
a switched capacitor array used to implement a successive
approximation A/D in CMOS. For simplification, a 3-bit
converter is shown in Figure 2. When not converting, switch
S, (to the MSB capacitor) is in the “S” position so that the
charge on the MSB capacitor is proportional to the voltage
level of the analog input signal. Switches S, and S, are in the
“G” position, and switch S is closed, setting the comparator
input offset to zero. A convert command opens switches S,
and S, to trap a charge on the MSB capacitor and to float
the comparator input. During the conversion, switches S, S,
and S, are successively tested in various “R” and “G”
positions to find the combination that sets the comparator
input closest to OV, thus balancing the charge.

For our discussion, the critical condition occurs during the
sampling phase, when the analog charge proportional to the
analog input voltage is captured. The analog input is driving
a capacitor, effectively an extremely high impedance. This is
just the opposite of driving a virtual ground, which is where
the comparator input in traditional ADC574s is at the end of
the conversion process.

ADS574 INPUT STRUCTURE

The desire to use a CDAC architecture to develop an A/D
that can drop into ADC574 sockets was a major design
challenge. Figure 3 shows the resistor divider network that
meshes the analog input ranges of the standard ADC574
with a CDAC to produce the ADS574, a single-supply,
sampling A/D that plugs into most existing ADC574 sockets
with no changes required to either hardware or software.

Bipolar Offset R,
Pin 12
R, 17kQ
10kQ
20V Range R, c
Pin 14 0————— MM—8—0""0
68kQ MSB
Capacitor
(20pF)
10V Range Ry
Pin 13
R, 34kQ
34kQ

FIGURE 3. ADS574 Input Structure.

The full-scale voltage range for the MSB input capacitor on
the ADS574 was designed to be OV to +3.33V. This meant
that the input resistor divider network had to provide the

14
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standard ADC574 input ranges using the same three pins,
and also scale the voltage at the MSB capacitor to the OV to
3.33V range. The on-chip laser-trimmed nichrome input
resistors solve the problem of handling 20V analog signals,
unipolar or bipolar, in a converter using a single +5V supply
and ground as its rails.

The 5V supply means that the ADS574 does not provide a
10V reference, but instead provides a 2.5V reference output.
The Bipolar Offset input, pin 12, had to be designed for this
2.5V reference, but also had to be designed to ensure that
standard ADC574 offset adjust trim circuits produce similar
trim results and range. This offset trim compatibility is the
primary role of the 10k<2 resistor R, at pin 12.

For unipolar input ranges without offset trim circuits, stan-
dard ADC574s have pin 12 connected to analog common,
which the ADS574 emulates. In the standard ADC574, R, in
Figure 1 is essentially out of the equation for the input
divider nmetwork as the comparator input approaches 0V
during the successive approximation process. In the ADS574,
R, in Figure 3 always plays a significant role.

For the OV to 20V unipolar input range on the ADS574, as
on the standard ADC574, pin 12 is grounded, pin 13 is left
open, and the analog input is applied to pin 14. Since the
input to the MSB capacitor on the ADS574 is very much
higher than the input resistors, only R;, R,, R; and R, in
Figure 3 determine the voltage at C for a given input voltage
at pin 14. (The 10kQ R, is grounded at both ends, and can
thus be ignored.)

An analog input at pin 14 is divided by 6 at point C as
follows:

Equation 1
(R3 +R4) IIR1
Vo= ———mm8 ¢V
R2 + [(R3 + R4) I R1]

Ve =1/6 Vi

This matches a OV to 20V input range at pin 14 to the OV to
3.33V range required by the ADS574 internally.

In the unipolar OV to 10V range, pin 12 is again connected
to ground, and pin 14 is unconnected. This case is simpler to
analyze, since neither R, nor R, have any effect on the
voltage at C. In this case, the analog input at pin 13 is
divided by 3 at point C.

The bipolar input ranges are also more complicated on the
ADS574 than on standard ADC574s. The ADS574 uses the
same external trimpots or fixed resistors already present in
ADC574 sockets for bipolar offset, but works with the
internal 2.5V reference.

For the +10V input range without external offset trim,
standard ADC574s have pin 12 connected to the +10V
reference (internal or external) through a 50Q resistor. Pin
13 is again left unconnected, and the analog signal to be

BURR - BROWN®
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digitized is input at pin 14. The ADS574 uses the same input
connections. As above, the input to the MSB capacitor on
the ADS574 has very much higher impedance than the
resistor divider network. Thus, in Figure 3, R;, R,, R, R,,
plus the reference voltage at pin 12, determine the voltage at
C for a given input voltage at pin 14 (assuming the reference
source impedance is much lower than R, and R,).

An analog input voltage at pin 14 is divided and offset at
point C as follows:

Equation 2
Vi —Ve Ve Ve -25
= +
R, R, +R, R,

Solving for V¢, the voltage at point C, in terms of V,y, the
voltage at pin 14, gives:

Equation 3
Ve =1/6 Vi + 1.67

For a —10V input at pin 14, point C is again 0V, and a +10V
input at pin 14 generates 3.33V at point C. The reference
input at pin 12 sources current when the analog input at pin
14 is less than 1.67V, and sinks current when it is greater
than 1.67V.

For the bipolar +5V input range without offset trim, pin 12
is again connected to the reference (internal or external)
through a 50€2 resistor on both the traditional ADC574 and
the ADS574. In this case, pin 14 is left unconnected, so that
R, has no effect on the voltage at point C. R, also has no
effect. The voltage at point C is simply:

Equation 4
Ve =13V + 1.67

A -5V input at pin 13 generates OV at point C, a OV input
generates 1.67V (half-scale), and +5V generates 3.33V (full-
scale.)

NEW INPUT RANGES
ALLOWED BY THE ADS574™

Because of the widespread use of the traditional ADC574,
there exists large amounts of software and digital interface
hardware built around this pinout. The ADS574 input struc-
ture lets this existing software and hardware be easily
applied in systems requiring different analog input ranges.
Since the ADS574 can operate from a single +5V supply,
perhaps the most interesting optional input range is OV to
+5V. Figure 4 shows how to achieve this range. The analog
input signal is driven, through a fixed 502 resistor, into pin
12 (the Bipolar Offset pin), with pin 14 (the 20V Range
Input) grounded, and pin 13 (the 10V Range Input)
unconnected. The input signal at pin 12 is divided by the

NOTE: (1) All of the input ranges described here are also available on the ADS774, since
the input resistor divider network has th ratios. The input willbe lower,
but the ranges will be the same.
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network of R, + (R, Il (R, + R,). Point C is at the internal full-
scale 3.33V when 5V is input at pin 12, and is OV when 0V
is input at pin 12. Using the ADS574 connected as shown in
Figure 4 would allow building a complete sampling A/D
system running off a single +5V supply, limited only by how
close other analog input circuitry can get to ground or the
supply.

Tests in the lab using the connections shown in Figure 4, and
the other circuits shown below where pin 12 is used as an
input, confirm the operation of these circuits, although with
slight degradation in linearity. The ADS574 in these modes
maintains 12-bit differential linearity, with No Missing Codes
at the 12-bit level, but integral linearity is at the 10- to 11-
bit level. The degradation from ideal performance has been
traced to a circuit design that was required to maximize
compatibility in existing ADC574 sockets. This circuit can
easily be modified to enhance performance in these input
ranges, if needed.

0V to +5V
Input Signal

X
' R - 631168
: e VC'V'N'Zzsauss
. Ve=Vin® 53
X 2

vc= a VIN
. 3

NOTE: (1) No Connection.

FIGURE 4. Connections for OV to +5V Input Range.

Some operational amplifiers capable of running off a single
+5V supply can swing closer to OV than to the +5V supply.
Figure 5 shows how to configure the ADS574 for a OV to
+3.33V input range to better utilize the dynamic range of
such amplifiers. By connecting pins 12, 13 and 14 all to the
input signal, there is no divider network between the input
and point C, so that the input voltage will also be the voltage
at point C. (Once again, this is based on the very high input
impedance of the 20pF MSB capacitor internal to the
ADS574.)

For bipolar signals in systems with supply voltages limited
to 5V, the connections in Figure 6 can be used to handle a
+2.5V input signal. The analog input signal is applied to pin
12, with pin 14 left unconnected. Connecting pin 13 to the
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+5V supply offsets the voltage at point C generated by an
input signal at pin 12 so that the voltage range at point C is
again the OV to 3.33V required internally. Obviously, any
ripple or variation on the +5V supply line will feed straight
through the divider network, and be converted by the
ADS574. For this approach to work, the +5V supply needs
to be stable enough to maintain the system accuracy re-
quired. If there is a stable +5V reference available in the
system, it could also be used to generate the bipolar offset,
and perhaps even power the ADS574, which consumes only
100mW maximum.

%0 ' pp 12 7 ADS574

Pin 13

0V to +3.33V
Input Signal

:
.
.
! 20pF
. ; :
. Rs '
.
X
:

FIGURE 5. Connections for OV to +3.33V Input Range.

For applications needing maximum integral linearity with a
OV to 5V input range, Figure 7 shows the optimal connec-
tions. This avoids the slight degradation of integral linearity
mentioned above when pin 12 is used as an input pin, but
sacrifices about 35% of the A/Ds output codes (the codes for
inputs from 5V to 7.778V.) Using a K-grade ADS574 in this
configuration will yield better than 11-bit resolution (2633
codes) and integral linearity from OV to 5V, since it has
+1/2LSB integral linearly over the OV to +7.778V input
range.

The ADS574 input structure was optimized for compatibil-
ity with ADC574 sockets, and was not designed or charac-
terized for these additional input ranges. However, the
simplicity of the input resistor divider network makes it
straight-forward to see how they work. For all of these
additional input ranges, the standard trim circuitry for gain
adjust (not discussed above but described in the ADS574
data sheet) can still be used to adjust full-scale range. To
trim offset error, it is probably advisable to trim elsewhere
in the system. In most systems, there will be an op amp in
front of the ADS574, and it should be simple to trim out the
system offset by adjusting the offset of this amplifier.

16

CMOS Vs BiCMOS

It should be noted that the CDAC architecture used in the
ADS574 and ADS774 is not the only possible way to
implement a monolithic sampling A/D in the standard
ADC574 pinout. One alternative is the BiCMOS-based
Analog Devices AD1674. Analog Devices chose to stick
with the current-mode DAC for the A/D section of their
sampling ADC574 replacement, and to add a true sample/
hold amplifier to the front end of the converter. To accom-
plish this in a monolithic chip, they applied a BiCMOS
process. Burr-Brown chose to use standard CMOS process-
ing and a CDAC. The results of these two approaches are
compared with each other and with the standard ADC574
and ADC774 in Table L.

Basically, the process chosen by Burr-Brown takes advan-
tage of the power savings offered by CMOS, and turns out
to allow new input ranges and the possibility of new data
acquisition applications using a single +5V supply for the
entire system. The only ADC574 compatibility concern is in
systems where either an external 10V reference drives the
A/D reference input, or where the internal 10V reference is
used elsewhere. The Analog Devices AD1674 maintains the
reference compatibility, but actually increases power con-
sumption to achieve this (and to build a traditional sample/
hold amplifier.)

2.5V
Input Signal

Ncmd; VWA Yo _l_

20pF
Ry ;;
34kQ
Pin 13
+5V Ll

%17
Ve=Vin® (17+34) ¥ °°*(17+34)
5

2
Vo= ?VIN"'?

NOTE: (1) No Connection.

FIGURE 6. Connections for £2.5V Input Range.
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ADS574

0V to +7.778V
Input Range

Ve=

Ve= Vine

17
ViN'y7 334 TT68

FIGURE 7. Connections for OV to +7.778V Input Range.

ADC574

ADSS574

ADC774

ADS774

AD1674

Standard Input Ranges

OV to 10V, 5V,
OV to 20V, +10V

0V to 10V, 5V,
0V to 20V, 10V

OV to 10V, £5V,
0V to 20V, 10V

OV to 10V, 5V,
0V to 20V, £10V

OV to 10V, £5V
OV to 20V, 10V

New Input Ranges None 0V to 7.778V, None 0oV to 7.778V, None
+2.5VM, QV to 5V, +2.5V(, OV to 5V
0V to 3.33v(» OV to 3.33V»
Typ Input Impedance: 10V Ranges 5kQ 21kQ 5kQ 12kQ 5kQ
20V Ranges 10kQ 84kQ 10kQ 50kQ 10kQ2
Min Input Impedance: 10V Ranges 4.7kQ 15kQ 4.7kQ 8.5kQ 3kQ
20V Ranges 9.4kQ 60kQ 9.4kQ 35kQ 6kQ
Max LSBs Integral Non-Linearity +1,%1/2 +1,%1/2 +1,£1/2 +1,+1/2 +1,+1/2
Error (J,K)
No-Missing Codes Resolution 11-bits (Js) 12-bits 11-bits (Js) 12-bits 12-bits
Min Signal-to-(Noise + Distortion) N/A 68/70dB N/A 68/70 dB 69/70 dB
Ratio with 10kHz Input (J/K Grades)
Max Conversion Time Over Temperature 25ps 8.5us
Max Acquisition and 25ps 8.5us 10us
Conversion Time Over Temperature
Reference Output/Input +10V +2.5V +10V +2.5V +10V
Power Supplies Required +12to 15V, +5V +5V +12 to 15V, +5V +5V +12 to 15V, +5V
Max Power Dissipation 450mW 100mW 450mW 120mW 5756mW
Packages Available 0.6" DIPs and 0.6" and 0.3" DIPs, 0.6" DIPs and 0.6" and 0.3" DIPs, 0.6" DIPs
PLCC SOIC, Die PLCC SOIC, Die Contact Factory
for Surface Mount
Able to Emulate ADC574 Timing Yes Yes Yes Yes No
Able to Fully Control S/H Timing N/A Yes N/A Yes Yes
Able to Operate From Single +5V Supply No Yes No Yes No

NOTE: (1) With slightly degraded integral linearity, as described in the text.

TABLE 1. Comparing Burr-Brown ADC574, ADC774, ADS574 and ADS774 with Analog Devices AD1674.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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INTERLEAVING ANALOG-TO-DIGITAL CONVERTERS

by Jerry Horn, (602) 746-7413

It is tempting when pushing the limits of analog-to-digital
conversion to consider interleaving two or more converters
to increase the sample rate (Figure 1). However, such de-
signs must take into consideration several possible sources
of error.

The first consideration is the bandwidth of the converters.
For example, if the bandwidth of the converters is just over
half their sampling rate, then it would not do much good to
interleave them. Fortunately, the bandwidth of most con-
verters which currently “push the envelope” is often many
times higher than their sample rate since these converters are
often used in undersampling situations.

The next consideration is possible offset and gain errors
between the converters. Figure 2 shows two interleaved
converters digitizing a sine wave. Converter A has an offset
problem and converter B a gain problem. The digitized
codes represent not only the original sine wave but also an
error signal. In the discrete digital domain, the error signal
is seen to contain two sine frequencies—a frequency of half

the sample rate (due to the offset error) and the other with a
frequency of half the sample rate minus the frequency of the
original input signal (due to the gain error).

The last consideration covered is the difference in INL
(integral non-linearity) between the converters. INL repre-
sents the number of LSBs the output of a converter is from
the expected output for a given input voltage. For example,
if a converter would ideally put out a code of N for an input
voltage M but actually puts out a code N+2, then the INL at
that point is two.

It is not unusual for a high-speed converter to have an INL
of one or two LSBs over a significant part of its input
voltage range. For interleaving converters, the output codes
could differ by as much as two times the maximum INL (say
two to four codes) for the same input voltage. This could
cause errors in the output codes which resemble the gain and
offset problems discussed earlier, and may drastically re-
duce the number of effective bits of the digitizing system.

+5V +5V
Offset Gain
-5V -5V
L
apceos | 12 |2
(10MHz) th 12
¢ 2-t0-1 12
h M Data
12| u [7 O(20MHz)
X
Offset Gain
MUX
Timing
Ar::::ﬁo ADC60s | 12 and
r———- (10MHz) Control
D Q-
20MHz l
Clock ca

FIGURE 1. Interleaving Two ADS605s (10MHz, 12-Bit, ADCs) in Effort to Achieve a 20MHz, 12-bit Digitizing Rate.
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With careful design, many of these problems can be re-
duced. Select ADCs with a wide enough bandwidth. Find
ones that have offset and gain adjust circuitry built in or add
this externally. ADCs which need external references may
work well because the same reference can be provided to all
the converters (but be careful of board layout). Unfortu-
nately in this case, the trend has been to include internal
references.

Reducing the errors even further is also possible, but quickly
becomes increasingly complicated and costly. Correcting
INL problems will almost certainly involve some form of

post digital signal processing. Correcting in the time domain
will involve lengthy calibration of the converters and storing
correction tables. Correcting in the frequency domain will
involve computationally intensive mathematical algorithms.

On the practical side, an interleaving digitizing system will
suffer some performance penalty. The amount of degrada-
tion depends on how well the converters are matched and/or
how much digital signal processing the designer is willing to
do. Contact Burr-Brown Applications Engineering for more
information on this subject.

T R

Converter A | |

/// Converter B
/ (Gain 'Error)

% '/—T\ (Offset Error)

D\

Actual Input
[

Interleaving Digitizer

\N p
\\ %

N\

\/'
[
[
T
W
"
A

S AN AN~
AR YRR
Magnified Error Signal
‘S\amplelz-lnpul (Due to Gain Error)

Frequencies Present In Error Signal

Sample/2 (Due to Offset Error]
o Sample2 ( )

FIGURE 2. Gain and Offset Errors in the Converters Create False Signals in the Digitized Data.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant

any BURR-BROWN product for use in life support devices and/or systems.
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ANALOG-TO-DIGITAL CONVERTER
GROUNDING PRACTICES EFFECT SYSTEM PERFORMANCE

Obtaining optimum performance from a high-resolution
analog-to-digital converter (ADC) depends upon many fac-
tors. Power supply decoupling and good grounding practices
are essential to maintaining accuracy in ADCs.

Poor grounding technique may manifest itself in many
different ways such as excessive noise, or signal crosstalk in
the system. A more difficult problem to track down is that of
poor differential linearity error (DLE) in the converter. This
is difficult because poor DLE may result from settling time
problems inside the ADC, from the circuitry driving the
ADC having too high an output impedance at the converter’s
operating frequency, from poor grounding techniques or
other sources.

Figure 1 is a DLE plot of a ADCTH (12-bit, 8 s conversion
time ADC) in a specific printed circuit board. This histo-
gram plots deviation from ideal differential linearity against
specific codes output from the converter. The circuit shown
in Figure 1 has a DLE of about +0.4LSB. This meets the
specification of the ADC774, but is less than optimum.

The cause of the DLE performance is the grounding scheme
used in this application. The part was “grounded” using
recommendations made in most of our ADC data sheets:
connect the analog and digital grounds together at the ADC.

What went wrong is that the analog and digital commons
were connected together at the ADC, but that “ground” was
then returned through a long trace on the PCB to the system
ground. This means that the “ground” the ADC actually saw
had a fair amount of resistance and inductance, as shown in
Figure 3.

Returning the analog and digital common of the same ADC
to a single ground plane underneath the converter (Figure 3)
reduced this inductance and resistance considerably, and
thus made the ADC “see” a much lower impedance; a more
optimum ground. The results of this improved grounding
technique are shown in Figure 2. The new board exhibits a
DLE of only about +0.1LSB, much closer to what the
ADC774 typically does.

In general, using ground planes is the best way to set up
grounding systems for high-resolution ADCs, so that the
ADC ground return paths are as low an impedance as
possible. Where the use of ground planes is not possible,
using wide, short traces for ground returns is recommended
to keep the ground impedance low. As this example shows,
poor grounding can affect system performance in ways that
don’t readily indicate that a grounding problem may exist.

0.5
0.4
0.3 |
0.2
0.1

DLE Error (LSB)
s

-0.2
-0.3
-0.4
-0.5

0 512 1024 1536 2048 2560 3072 3584 4096

Code

0.5
0.4
0.3
0.2
0.1

-0.1
-0.2
-0.3
-0.4
-0.5

DLE Error (LSB)

0 512 1024 1536 2048 2560 3072 3584 4096
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FIGURE 1. ADC774 Board DLE with Poor Ground.
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FIGURE 2. ADC774 Board DLE with Improved Ground.
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STATUS
DB11 (MSB)
DB10
DB9
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DB6

DBS

DB4

DB3

DB2

DB1

DBO (LSB)

Digital Commog

] S |

+5VDC | 1 28

12/8 | 2 27

cs |3 26

4 25

RC | 5 24

CE l 6 23

+Vee | 7 22
L ADC774 —

RefOut | 8 21
Analog Common [~ e

Imp d ;---- 9 20
Ground _ ! 1 N

Usinga Refin |10 19
Ground : ] ]
Plane ' Vee ; _]_3_

| Bipolar Offset |12 17
) L~ |~ |

10V Range |13 16
N — —

H 20V Range |14 15
! L} |~ |

1
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FIGURE 3. Ground Impedance is High Due to Long Circuit Trace. By Using Ground Plane, DLE is Improved.
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COMPLETE TEMPERATURE DATA
ACQUISITION SYSTEM FROM A SINGLE +5V SUPPLY

by George Hill, (602) 746-7283

The CMOS ADS574 and ADS774 are drop-in replacements
for industry standard ADC574 analog-to-digital converters,
offering lower power and the capability to operate from a
single +5V supply. The switched capacitor array architec-
ture (CDAC), with the input resistor divider network to
provide ADC574 input ranges, also allow the new parts to
handle additional input ranges, including a OV -to 5V range.
This can be used to build a complete temperature data
acquisition system using a single +5V supply.

Figure 1 shows the input resistor divider network on the
ADS574, and how it can be configured for a OV to 5V input
range. Pin 12 is normally the bipolar offset pin on standard
ADC574s, and serves the same function for 5V and £10V
input ranges on the ADS574. However, when connected as
shown, pin 12 on the ADS574 can also be used as an analog
input. In this mode, the ADS574 maintains its differential
linearity of 12-bit “No-Missing-Codes”, and integral linear-
ity is typically better than 0.1%, or 10-bits. The slight
change in linearity is due to internal circuitry designed to
maximize compatibility of the ADS574 used in existing
ADCS574 sockets.

Figure 2 shows the circuit for a complete high accuracy
temperature measurement system using the OV to 5V input
range on the ADS574. The RTD sensor shown has a resis-
tance of 100Q2 at 0°C, and is rated for use from -200°C to

ADS574
50Q 17kQ
12
0V to +5V 10kQ
Input Signal
0Vto
68kQ 3.33V
YW G
14 ol
%7 ZOng
No 34kQ
Connection
13
34kQ

FIGURE 1. ADS574 Connections for OV to +5V Input
Range.
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660°C. Over this range, the resistance of the RTD will vary
from about 18Q2 to about 333Q.

Amplifiers A; and A, (the two op amps inside a single
OPA1013) are used to generate a stable 1mA current source
to excite the RTD. The 2.5V reference output of the ADS574
is used to derive this current source, so that the entire system
will be ratiometric. As the reference in the ADS574 changes
over temperature or time, it will affect both the gain of the
A/D and the current source.

RTDs in industrial process controls are often far removed
from the electronics. One thousand feet of 22-gauge copper
has 16Q of resistance (shown as Ry, in Figure 2), and this
varies with temperature. The circuit around A, (half of a
second OPA1013) uses a third wire from the remote RTD to
remove most of the effect of the two Ry, drops in series with
the RTD. The 100kQ resistors are much larger than Ry,
minimizing inaccuracies due to currents flowing through
them.

Amplifier A, is used in a gain of 12.207V/V, so that a 0.1Q
change in the value of the RTD (changing the positive input
to A, by 100uV) corresponds to one LSB change in the
output of the ADS574. OV and 5V full scale inputs to the
ADS574 would result from 0Q and 409.6Q2 RTD values
(and hence OmV and 409.6mV at A,’s input.) Choosing this
range not only sets one LSB equal to a 0.1Q change, but also
keeps A, and A, from ever operating near their 0V and 5V
rails. The RTD never gets below about 182 or above about
330€2, which gives 18mV to 330mV at the input to A, (and
somewhat more at the input to A,, due to the two Ry, drops.)

As used in Figure 2, the ADS574 will switch to the hold
mode and start a conversion immediately when a convert
command is received (a falling edge on pin 5.) Pin 28 will
output a HIGH during conversion, and a falling edge output
on pin 28 can be used to read the data from the conversion.
Since digital processing will normally be done to linearize
the output of the RTD for maximum accuracy, the same
process can also be used to calibrate out gain and offset
errors in the circuit, and any effects from the approximations
used in the feedback around A,.

This linearization will also restore the integral linearity of
the ADS574 mentioned above, since the differential linear-
ity remains at the 12-bit level.
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FIGURE 2. Complete Single-Supply Temperature Measurement System Using 3-Wire RTD Connection.
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USING DSP101 WITH MULTIPLEXED ANALOG INPUTS

The DSP101 and DSP102 sampling analog-to-digital con-
verters have all the interface logic to connect directly to
popular digital signal processor ICs from ADI, AT&T,
Motorola, and Texas Instruments. A unique “tag” input
allows additional serial data to be appended to the serial data
stream that is sent to the DSP processor. When the DSP101®
is coupled with an analog multiplexer, this tag feature can be
used to construct a low cost multiple input A/D that will
send a channel identification number along with that channel’s
conversion results. The channel ID can then be used by the
DSP processor to separate the different inputs.

The DSP101 uses an internal data pipeline architecture to
synchronize the data from the Successive Approximation
Register (SAR) analog-to-digital converter to the data clock
of the DSP processor IC. The block diagram of the DSP101
(Figure 1) shows how data moves through the part and how
the tag bits are appended. The serial data from the SAR is
clocked into a shift register and held by a latch. On the next
convert command, the data is then loaded into an output shift
register and clocked out to the DSP processor IC, synchro-
nous to the bit transfer clock. As the serial data is clocked
out to the DSP processor IC, serial data inputted to TAG is
clocked into the output shift register. Figure 2 shows how
the serial tag information is appended after the 18th bit of
data.

Data
Analog SAR.  out D 1a-bit Input
Input | . A/Dn oLK Shift Register
onverter I
out CLK
18
D
Convert
Latch Dai—
Q
18
TAG O— Q —O souTt
18-bit Qutput
Shift Register
XCLK O— CLK Load [—O SYNC
FIGURE 1. DSP101 Internal Block Diagram.
24 AB-068

The schematic of Figure 3 shows a complete eight-channel
analog input system. A 74HC163 counter is used to provide
the scan sequence to a Burr-Brown MPC508A analog mul-
tiplexer. In order to allow the MPC508A enough time to
switch to the next channel and settle before the DSP101
begins its conversion, a 74HC221 one shot is used to
produce a 3ms delay for the DSP101 convert command
1nput.

To avoid introducing distortion to the signal, the input to the
DSP101 must be driven by a low impedance source. Due to
the high output impedance of the MPC508A, an OPA627 in
a unity gain configuration is used as a buffer for the DSP101
input.

Since the DSP101 has an internal data pipeline delay of one
sample, a 74HC574 D-type latch is used to delay the tag bits
by one sample also. This delay causes the channel identifi-
cation tag to be appended directly to that channel’s conver-
sion results. Since the channel scanning shown in the sche-
matic is sequential, this delay latch could be left out and the
DSP processor software modified to recognize an N-1 chan-
nel ID. However, for systems using non-sequential scan
lists, this delay latch would be essential to maintain the data
and channel ID integrity.

The 74HC166 synchronous loading shift register is used so
that the rising edge of the bit clock, in conjunction with the
SYNC output of the DSP101, loads the tag data into the shift
register in a predictable manner. The tag data is then clocked
into the DSP101 by the bit clock, while conversion data is
clocked out the other end of the shift register.

This circuit was constructed on Burr-Brown’s DEM-DSP102/
202 demonstration fixture. Software for recognizing channel
tags and sorting the data was written for Burr-Brown’s
ZPB34 DSP board for the IBM PC/AT. This board is based
on the AT&T WE® DSP32C 32-bit floating point digital
signal processor.

Since the SYNC output of the DSP101 that is used to load
the latches in this circuit is active low for AT&T DSP
processors, the circuit must be modified for use with DSP
processors from Texas Instruments, Motorola, and ADI. For
these processors, tie the SSF pin of the DSP101 high, and
use a 74HC04 hex inverter to invert the SYNC line input to
the 74HC574 and 74HC166.

NOTE: (1) This discussion applies to both the DSP101 and the dual
DSP102, but for simplicity we will talk only about the DSP101.
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FIGURE 2. DSP101/102 SOUT Data Format with TAG Information. (See DSP101 data sheet for full timing information.)

NOTE: (1) Must be low source impedance
with unused inputs tied to ground.
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FIGURE 3. A Complete Eight-Channel Analog Input System Using the DSP101 and the MPC508A.

Thei ion provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
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WHAT DESIGNERS SHOULD KNOW
ABOUT DATA CONVERTER DRIFT

Understanding the Components of Worst-Case Degradation Can Help in Avoiding Overspecification

Exactly how inaccurate will a change in temperature make
an analog-to-digital or digital-to-analog converter? As de-
signers are well aware, a 12-bit device may provide a much
lower accuracy at its operating-temperature extremes, per-
haps only to 9 or even 8 bits. But for lack of more precise
knowledge, many play it safe (and expensive) and
overspecify.

Yet it is fairly simple to determine a converter’s absolute
worst-case degradation from its various drift specifications.
Considering these specifications separately and examining
their bases will help to unravel the labyrinth of converter
drift and show how to go about calculating the actual worst-
case drift error for most devices.

Accuracy drift for a D/A converter or a successive-approxi-
mation A/D converter has three primary components: its
gain, offset, and nonlinearity temperature coefficients. In-
stead of calling out the gain and offset drifts separately,
some manufacturers specify a full-scale drift, which takes
both into account. Another important specification in many
applications is differential nonlinearity, which reflects the
equality (or rather, the inequality) of the analog steps be-
tween adjacent digital codes. But, since this parameter is
really describing only the distribution of the linearity error,
its temperature coefficient does not contribute to the
converter’s worst-case accuracy drift.

EXAMINING THE COMPONENTS OF DRIFT

The transfer function of a D/A converter will illustrate how
the different kinds of drift degrade accuracy.

In a bipolar D/A converter, which produces both positive
and negative analog voltages, offset drift changes all the
output voltages by an equal amount, moving the entire
transfer function up or down from the ideal in parallel to it
(Figure 1a). The drift of the converter’s voltage reference is
the main cause of this error—which may also be called the
minus-full-scale drift, since it occurs even when all the input
bits are logic O or off. In a unipolar unit, the offset drift is
usually much smaller, being due mostly to drift in the offset
voltage of the output operational amplifier and secondarily
to leakage in the current switches.

Unlike offset drift, gain drift rotates the transfer function
(Figure 1b). In a bipolar unit it does so around minus full
scale (all bits off), and in a unipolar unit it does so around
zero (again all bits off). The gain drift affects each output
voltage by the same percentage (not the same amount),
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tipping the transfer function at an angle to the ideal. In
general, about 70% of this drift is caused by the drift of the
converter’s voltage reference.

Obviously, then, reference drift is a major contributor to
total inaccuracy due to gain and offset drift. A positive
temperature coefficient for the reference causes the transfer
function to rotate about zero, as shown in Figure 1c for a
bipolar converter. Since the gain and bipolar offset drifts due
to the reference will always be opposite in direction, the
worst-case accuracy drift may be less than half the sum of
the individual drift specifications. In a unipolar converter,
the gain and offset drifts may well add together, but the
unipolar offset drift is usually insignificant compared to the
magnitude of the gain drift, so it is not so important a factor.

Full-scale drift describes the change in the output voltage
when all bits are on. For a unipolar converter, it is simply the
sum of the offset and gain drifts. In contrast, for a bipolar
converter, the full-scale drift is the sum of half the reference
drift, the gain drift exclusive of the reference, and the offset
drift exclusive of the reference.

POOR TRACKING CAUSES LINEARITY DRIFT

Finally, linearity drift reflects the shift in the analog output
voltage from the straight line drawn between the output
value when all the bits are off (minus full scale) and the
output value when all the bits are on (plus full scale). This
error is caused by the varying temperature coefficients of the
ratio resistances of the converter’s current-weighting (scal-
ing) resistor, as well as the ratio drifts of the base-emitter
voltages and betas of its transistor current switches.

Since the change in linearity with temperature depends on
how closely various parameters track each other, and not on
absolute parameters values, it is fairly easy to control with
present-day hybrid and monolithic technologies. As a result,
linearity drift is usually much smaller than either the gain or
offset drift. Moreover, it is generally guaranteed to be within
some maximum limit over the converter’s full operating
temperature range.

Another specification that is important in some applications
is bipolar zero drift, which reflects the change in the output
voltage of a bipolar converter at midscale, when only the
most significant bit is on and all other bits are off. This drift
error at zero is not affected by reference drift at all, but is
caused mainly by poor tracking in the converter’s scaling
resistors and current switches. Therefore, it appears as a
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FIGURE 1. Effects of Drift. For a bipolar D/A converter, offset drift (a) moves the unit’s transfer function up or down, whereas
gain drift (b) rotates is about digital zero. Both of these errors are chiefly due to reference drift (c), which causes

a rotation about analog zero.

random variation about zero, and it has a worst-case magni-
tude equal to the offset drift exclusive of the reference plus
half the gain drift exclusive of the reference.

To understand more fully how these drift errors are gener-
ated, consider the simplified schematic (Figure 2) of a
typical 12-bit bipolar D/A converter. Circuit operation is
fairly simple. The reference current flows through refer-
ence transistor Q, producing a voltage drop across resistor
R,. Since the base of Q. is connected to the bases of all the
other transistor current switches, the same potential is also
generated across resistors R, through R,,. The multiple
emitters of the transistors cause current density to be the
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same for each of these binarily weighted current sources,
thereby providing good matching and tracking of the
transistors’ Vg and .

TRACKING ERRORS TEND TO CANCEL

Now suppose that, because of temperature or aging, the
value of every resistor on network RN, increases by 1%.
Since the reference current remains constant, the voltage
across these resistors also increases by 1%, so the output
current and the output voltage are unchanged. If, instead, the
value of all the resistors on network RN, increase by 1%, the
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FIGURE 2. Typical D/A Circuit. In general, the circuit design for a D/A converter largely compensates for tracking errors in
the resistor networks and transistor current switches. By far the dominant error source is the drift of the zener diode

that makes up the reference.

reference current decreases by 1%, reducing the voltage
across R¢ by 1% and causing the output current to drop by
1%. However, since the value of the feedback resistor, Ry, is
now 1% higher, the output voltage, which is equal to I, Rp,
does not change.

The converter compensates for variations in the transistor
Ve and B in the same manner. Although the individual
resistors on RN, and RN, may have temperature coefficients
as high as +50 parts per million per degree Celsius, the
tracking of these resistors, and therefore their contribution to
drift in linearity and gains, is typically as little as 1 to 2 ppm/
°C. In fact, the only error sources for which the circuit does
not compensate are the drifts in offset voltage and offset
current of amplifiers, A, and A,, as well as the drift of the
zener reference diode. By far, the dominant error source is
the drift of this zener, while the offsets of A, contribute to
the gain drift exclusive of the reference, and the offsets of A,
contribute to offset drift exclusive of the reference.
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THE EFFECT OF REFERENCE DRIFT

To evaluate the effect of variations in the reference voltage
on the overall accuracy of the converter requires determin-
ing the variation in output voltage for a change in ambient
temperature. A good first-order approximation is to assume
that all other drift errors — those due to tracking errors and
random variations — are zero.

Writing the node equation for the summing junction at the
inverting input of amplifier A, yields:

Vour + Ve Ve K[Pl-+£2-+...+b—“} =0
RE Rppo Rpgr L2 4 2"

where K is a gain constant, and b, through b, represent the
digital bits, which are either 1 or 0, depending on whether a
bit is on or off. This equation may be used to determine the
output voltage for any digital input.
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At minus full scale, with B, =b,... =b,= 0, the output voltage
becomes:

R
Vour =V_gs = —[ E ]VREF

Rgpro
At bipolar zero (b, = 1, b, = b, = ... = b, = 0), the output
voltage for an ideal converter is equal to zero:
R R,
Vour = Vapz =0=| —F—K-—E-|V
our = VBPZ [ZRRE Roro ] REF
At plus full scale, with b, = b, = ... = b, = 1, the output
voltage becomes:
R R
Vour = Virs =[R =K-—F :|VREF
REF BPO

Solving the equation for Vg, for gain constant K yields:

K ~_Re_2Rper _ 2Rpmr
RBPO RF RBPO

Substituting this expression for K in the appropriate equa-
tions, the variation in output voltage for a change in refer-
ence caused by temperature may be computed. At minus full
scale, this drift is:

AV ps Ry AVgg
AT Rppo AT

where AT is the change in ambient temperature. As men-
tioned previously, drift error at midscale is caused by track-
ing errors, not by variations in the reference, so:

AVepz =0
AT

At plus full scale, the change in the output becomes:

AV,ps  Rp  AVggr
AT ~ Rgpo AT

Therefore, the drift in the output voltage due to reference
variations at minus full scale (or the bipolar offset drift) will
be equal in magnitude but opposite in direction to that at plus
full scale. Each of these drift errors amounts to half the
reference drift. The gain drift due to reference variations
may be written as:

(AV,ps - AV _gs)/ AT

which is equal to the reference drift. It should be noted that
the gain and reference drifts are specified in ppm/°C, while
the full-scale and offset drifts are in ppm of full-scale range
(FSR) per °C.
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COMPUTING THE WORST-CASE ERROR

These results may now be used to find the worst-case
total accuracy drift error for the typical converter of
Figure 2. Suppose the maximum temperature coefficient
of the device’s internal reference is £20ppm/°C, resulting
in a gain drift of +20ppm/°C, a plus-full-scale drift of
+10ppm of FSR/°C, and a bipolar offset drift of +10ppm
of FSR/°C. The maximum gain drift exclusive of the
reference is £10ppm/°C, and the offset drift exclusive of
the reference is £5ppm of FSR/°C.

The worst-case error occurs at plus full scale. To compute it,
the errors due to the reference as well as those exclusive of
the reference that are due to random variations must be taken
into account. Therefore, the only contributors to the worst-
case full-scale accuracy drift are the plus-full-scale drift due
to the reference, and the random errors of the offset drift and
the gain drift exclusive of the reference. Summing these
together yields a worst-case full-scale accuracy drift of
+25ppm of FSR/°C or * 0.0025% of FSR/°C.

The converter is a 12-bit device having a linearity error of
£1/2 least significant bit, or +0.01%. Also, for its operating
temperature range of 0°C to 70°C, the maximum excursion
from room temperature (25°C) will be 45°C. Assuming that
gain and offset errors are adjusted to zero at room tempera-
ture, the total accuracy error may be computed as the sum of
the linearity error and the full-scale accuracy error:

worst-case total accuracy error = (linearity error)
+ (full-scale accuracy error)
= (10.01%) + (£0.0025%/°C) (45°C)
= 10.12%

which is about 9-bit accuracy. The accuracy for many 12-bit
D/A converters will typically be twice as good as this with
most devices providing 10-bit accuracy.

All of the drift relationships and causes examined in this
article also apply to a successive-approximation A/D con-
verter, which uses a D/A converter as one if its circuit
blocks, as shown in Figure 3. In the equations, simply
substitute V,y for Vgyr and Ry for Rg. Also, in the A/D
converter, comparator drift, rather than op amp drift, con-
tributes to the device’s unipolar offset drift.

Reprinted from Electronics, November 10, 1977; Copyright ©McGraw-Hill,
Inc., 1977
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FIGURE 3. A/D Converter. All of the relationships that apply to the drift errors in a D/A converter also hold for a successive
approximation A/D converter, since this component includes a current-output D/A converter as one of its circuit
blocks, as shown here.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authotize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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SUPERPOSITION: THE HIDDEN
DAC LINEARITY ERROR

As More DACs Become Available With Resolutions of 12 Bits and Greater, Users Should Know the
Causes and Effects of Superposition Error on Relative and Absolute Accuracy and What to Do to
Minimize It.

A digital-to-analog converter (DAC) translates digital sig-
nals to analog signals. For example, a 12-bit DAC takes a
12-bit binary number, called an input code, and converts it
into one of 4,096 analog output voltages or currents. When
the contribution to the output voltage or current of each
individual bit is independent of any other, it means that the
device exhibits no superposition error or that “superposition
holds.” For a DAC with little or no superposition error, the
linearity error for any given code will relate to the linearity
error at some different code. This allows you to determine
the worst case linearity error, and the digital code where that
error occurs, with a very simple test.()
However, if the DAC under test has excessive superposition
error, this simple test will give erroneous results; therefore,
you must test all digital codes to determine the worst case
error and code. Superposition error, or bit interaction, often
is significant in converters with a resolution of 12 to 16 bits.
If the error becomes large enough, a DAC may fail to meet
a 1/2LSB linearity error or relative accuracy specification
even with each individual bit adjusted perfectly. This speci-
fication becomes important in many applications such as
automatic test equipment or precision voltage standards
where the absolute value of the output voltage must remain
within specified limits after calibration of offset and gain
errors.
For a DAC with low superposition, the following equation
determines the output voltage, if we assume that the offset
and gain errors have been removed:

} 1)

by (12+8))+b,( /4 +e,)+
+b, (12" +¢,)

where €i X Vi equals the linearity error associated with the

i bit and b;, equals the value (0 or 1) of the i® bit of the DAC

input code. Since the analog output error with all input code

bits off (000...000) and all input bits on (111...111) has been

adjusted to 0, the summation of all the bit errors,

(el+sz+s3...en)or[zs.,] @

becomes zero. This means that the errors are symmetrical or,
in other words, for every possible input code there exists an
equal and opposite error associated with the one’s comple-

Vo :VFS|:
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ment of that code. The linearity error (sometimes called
relative accuracy, integral linearity, nonlinearity or end-
point linearity) is defined as the maximum error magnitude
that occurs.

Now consider the relationship between the individual bit
errors (g;) and the linearity error. There exists some digital
input code (b, b, . . . b,) that yields the maximum linearity
error (Ey,y) and the one’s complement of this code (b,
b,...b,), that must yield an error of the same magnitude but
in the opposite direction (—E,;,y). The relative magnitude
and polarities of the errors determine which actual input
code has the most linearity error. For the error to be maxi-
mum, all of the error terms must be additive and the
following proves true:

[Enax|+|-Evax|= b1y + boes +...
4’ bnenl + ,5181 +Bz€2 +"'+En£nl

2|Eax| = (by + 5y Jes| + (b, + b, s+
+(b, +b, )[e,| €)

but b, + b, = 1, making the maximum linearity error:

[Evax|= 1/2[|sl| + ]€z|+--~+|€n|] )

This result proves interesting because it relates the maxi-
mum linearity error to the individual bit errors; therefore,
you can evaluate a DAC by simply measuring the output
error associated with n digital input codes instead of all of
the 2" possible combinations.3

Stated another way, the sum of the positive bit errors should
equal in magnitude the sum of the negative bit errors when
the gain and offset errors have been removed. Any differ-
ence in these magnitudes indicates the presence of a super-
position error. If this difference proves greater than approxi-
mately 1/10 of an LSB (JDEC standard for superposition
error), further testing may become necessary to determine
the accuracy of the DAC. However, a superposition error of
more than 1/10LSB does not by itself imply that a DAC
cannot meet a linearity specification of, say, *1/2LSB; it
simply means that you must conduct a more elaborate test to
determine the worst case linearity error and digital input
code where that error occurs.
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A 3-BITDAC

An example illustrating the relationship between linearity
error and the individual bit errors for a 3-bit DAC appears in
Figure la. Any deviation in the DAC output from the
straight line drawn between all bits off and all bits on
indicates a linearity error. With the superposition error less
than 1/10LSB, the error pattern will appear as symmetrical
around midscale as indicated.

Figure 1b shows a transfer characteristic for a 3-bit DAC
which exhibits superposition error. Note that, in this ex-
ample, the symmetrical error pattern around midscale no
longer exists. You must consider the difference between the
electrical sum and the algebraic sum of the bit errors when
determining whether to use a more comprehensive test.

The data in Table [ came from a 12-bit hybrid DAC. Note
that, for this test, the full scale voltage was increased to
10.2375V, making the ideal bit weights, starting at the LSB,
equal to 2.5mV, 5.0mV, 10.0mV... 2.560V, and finally
5.12V for the MSB. You can memorize these numbers easily
and calculate the error voltages quickly by inspection. The
difference between the algebraic sum of the positive bit
errors (3201LV) and negative bit errors (-310uV) equals only
10uV, which indicates a low superposition error. Thus, the
maximum linearity error becomes 1/2 X (320 + 310) =
315uVv.

The data in Table II came from a monolithic bipolar 12-bit
DAC. Note that the difference here between the positive bit
errors (+550V) and the negative bit error (-1,650uV)
equals —1.ImV or almost 1/2LSB. In this situation, superpo-
sition does not hold and you cannot say anything definite
about linearity with the data available.

TESTING ALL INPUT CODES

When the short-cut method of measuring linearity error
does not prove sufficient, you can develop a high speed
measurement circuit capable of testing all 2° code combina-
tions. A simple schematic of this type of tester appears in
Figure 2. The binary counter has n + 1 stages to provide a
binary count from O to 2°— 1 and to reset the counters at the
end of the count. The reference DAC and the X 10 error
amplifier must have combined settling times to +£1/10LSB
of less than 10us since the system clock must operate at
20kHz to have a flicker-free display. For a 12-bit converter,
a complete cycle takes 50ps x 4,096 counts or approxi-
mately 100ms. The output of the n® counter stage also
displays on the scope to indicate the midscale transition
point, and offset and gain adjustment potentiometers are
provided to zero the end points of the error display.

DAC Output (V)

8.75 J—

750 —
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500 — \
375 4

250 -

125 |

| | | | il 1 .
0 I | | I 1 | |
001 010 o011 100 101 110 111
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FIGURE 1. Both of These 3-Bit DAC Transfer Functions Exhibit Errors. Linearity error (a) exists for input codes 001, 010,
011, 100, 101, and 110; note the symmetry of the errors about midscale. Superposition errors (b) lack symmetry

about midscale.
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INPUT CODE [IDEAL OUTPUT (V)| ACTUAL OUTPUT(V) | ERROR(1V) INPUT CODE |IDEAL OUTPUT (V)| ACTUAL OUTPUT(V) | ERROR(1V)
All Bits “On” +10.23750 +10.23750 0 All Bits “On” +10.23750 +10.23750 0
All Bits “Off” 0 (¢} o] All Bits “Off” ] (4] 0
Bit 1 (MSB) 5.12000 5.11995 -50 Bit 1 (MSB) 5.12000 511927 -730
Bit2 2.56000 2.55982 -180 Bit 2 2.56000 2.55928 -720
Bit 3 1.28000 1.27994 -60 Bit 3 1.28000 1.27996 -40
Bit 4 0.64000 0.63998 -20 Bit 4 0.64000 0.64013 +130
Bit 5 0.32000 0.32004 +40 Bit5 0.32000 0.32013 +130
Bit 6 0.16000 0.16004 +40 Bit 6 0.16000 0.16003 +30
Bit 7 0.08000 0.08004 +40 Bit7 0.08000 0.07987 -130
Bit 8 0.04000 0.04005 +50 Bit8 0.04000 0.03997 -30
Bit9 0.02000 0.02010 +100 Bit9 0.02000 0.02000 0
Bit 10 0.01000 0.01002 +20 Bit 10 0.01000 0.01008 +80
Bit 11 0.00500 0.00502 +20 Bit 11 0.00500 0.00512 +120
Bit 12 (LSB) 0.00250 0.00251 +10 Bit 12 (LSB) 0.00250 0.00256 +60
Positive Sum +320 Positive Sum +550
Negative Sum -310 Negative Sum -1650
Difference +10 Difference -1100

TABLEL In This Data from a 12-Bit Hybrid DAC, the Full-
Scale Voltage Was Increased to 10.2375V, Mak-
ing the Ideal Bit Weights, Starting at the LSB,
Equal to 2.5mV, 5.0mV, 10.0mV...2.560V and
Finally 5.12V for the MSB. You can easily
memorize these numbers and quickly calculate
the error voltages by inspection.

This tester works well for 8-, 9-, and 10-bit converters. For
a 12-bit DAC, the 4,096 segments displayed on the CRT are
spaced so close together that the switching transients create
a wide band of noise making it difficult to tell if the
converter meets its specification, especially with a linearity
error near the +1/2LSB limit. One way around this problem,
if you assume that the errors contributed by the last four bits
of the DAC are small, entails inhibiting these bits with the
AND gates shown in Figure 2; this reduces the binary count
to 256 and also gives each count 16 times longer for the
glitches to settle out. You can make other improvements to
this tester such as automatic offset and gain error nulling, a
sample/hold deglitcher to remove the glitches at the error
output and a go/no go window comparator to test the
linearity error at each binary count.

The test circuit shown in Figure 2 and two different 12-bit
DACs produced the oscilloscopic photographs in Figure 3.
The offset and gain errors have been nulled at the left and
right portions of the photographs, respectively; and the
linearity error appears as the deviation from the horizontal
center line of the scope, with the vertical sensitivity 1/2LSB
per division. The digital input to the MSB indicates the mid-
range and full-scale binary counts.

The DAC errors displayed in Figure 3a appear symmetri-
cally about the center of the scope, indicating very little
superposition error; while those in Figure 3b are almost all
positive which indicates a moderate amount of superposi-
tion error. Figure 3b shows why some manufacturers specify
linearity error as the maximum deviation from a best fit
straight line rather than straight line through the end points.
You can see, in this example, that a linearity error specifi-
cation of *1/2LSB proves easier to meet when using the
best fit straight-line method. In a DAC with symmetrical
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TABLE II. Note That the Difference Between the Positive
Bit Errors (+5501V) and the Negative Bit Errors
(~1,650uV) in This Data from a Monolithic Bi-
polar DAC, Equals —1.1mV or Almost 1/2LSB.
In this situation, superposition does not hold and
you cannot say anything definite about linearity
with the amount of data available.

error patterns, as shown in Figure 3a, a straight line through
the end points becomes the same as a best fit straight line.

SOURCES OF SUPERPOSITION ERROR

Generally, superposition error in monolithic and hybrid con-
verters results from the feedback resistor, R, changing in
value as the output voltage varies from OV to +10V. This
apparent nonlinearity comes from the variable power dissi-
pation that occurs in this resistor which can produce a
temperature rise (self-heating) of as much as 1°C to 2°C in
some DACs. This in turn changes the absolute value of the
feedback resistor since it will have a temperature coefficient
(TC) of between 50ppm/°C and 300ppm/°C for a thin-film
material and over 1,000 ppm/°C for a monolithic diffused
resistor. This problem generally does not occur in discrete
data converters because the physical size of the feedback
resistor is so large that the temperature rise, and therefore the
resistance variation, remain extremely small. In a monolithic
converter, however, with real estate at a premium, the mass
of the feedback resistor is often so small the large tempera-
ture rise will occur for even small changes in power dissipa-~
tion due to self-heating

To determine if the feedback resistor is at fault, substitute a
low TC external resistor for the internal feedback resistor of
the DAC and see if the nonlinearity disappears. The oscillo-
scope photograph in Figure 4 shows the results of using the
test circuit shown in Figure 2, the same DAC whose transfer
function appears in Figure 3b, with the internal feedback
resistor being replaced by a low TC external resistor. Note
that the DAC error is now almost evenly distributed about the
center of the oscilloscope which indicates that the major
cause of the superposition error has been removed. You
cannot use an external feedback resistor, of course, in most
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FIGURE 2. This Tester Works Well For 8-, 9-, and 10-Bit Converters. For a 12-bit DAC, the 4096 segments displayed on the
CRT are spaced so close together that the switching transients create a wide band of noise making it difficult to
tell if the converter meets its specification, especially with linearity error near the +1/2LSB limit. One way around
this problem, if you assume that the errors contributed by the last four bits of the DAC are small, entails inhibiting
these bits with the AND gates shown.
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A

FIGURE 3. In These Scope Waveform Photographs Showing the Output of the Test Circuit in Figure 2, the Top Traces Indicate
the Linearity Error, and the Bottom Traces Reflect the Status of the MSB of the Input Code. The hybrid DAC (a)
exhibits little superposition error, while the asymmetry of the linearity error (b) about midscale shows superposition
error for the monolithic bipolar DAC. The MSB transition marks the horizontal center.

FIGURE 4. An External Feedback Resistor Can Decrease
Superposition Error for the Monolithic Bipolar
DAC Shown in Figure 3b.

practical applications because it will cause excessive gain
drift since it will not track the internal diffused or thin-film
reference resistor with variations in time and temperature.

Superposition error or bit interaction can occur in other
ways—by temperature gradients on a monolithic chip which
cause the magnitude of a bit output to be a function of the
state of the other bit switches, or by feedback resistors which
have an appreciable voltage coefficient of resistance (VCR),
such as diffused resistors might. Again, the presence of
superposition error does not mean a DAC will not meet its
linearity specification, but you will need more extensive
testing to verify if it does.

Superposition error, however, is by no means the only
source of linearity error. Pay attention to your wiring when-
ever you use or test a DAC. When critical portions of a
circuit share the same metallization path (e.g., a metalliza-
tion path on a monolithic chip or in a wirebond; the contact
resistance of a socket; or the wiring resistance of a test
circuit), varying voltage drops caused by changing current
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levels can cause serious errors which could “drown out” any
existing superposition error.

You can minimize the effect of wiring resistance (Ry)
external to the DAC by paying careful attention to the
grounding and connection scheme employed. Figure 5a
shows a correct connection configuration that you can use
with most commercially available DACs to yield maximum
accuracy. You can reduce or eliminate the effects of various
wiring and contact resistances, R;, R,, R, and R,, as follows:

*R, appears in series with the feedback resistance and
therefore introduces only a gain error that can be nulled
during calibration.

* R, appears inside the output amplifier feedback loop and
the loop gain will reduce its effect.

R, appears in series with the load resistor and will cause an
error in the voltage across R;. One-half LSB error would
result at full load for R, = 0.02Q for a 16-bit DAC.
Therefore, if possible, you should sense the output voltage
in such a way as to include R,. Figure 5b illustrates the
optimum connection made possible by the ground sense
pin available on some higher accuracy DACs. In the
configuration shown, Rz = R; and Ry, = Ry, This causes
rejection of any signal developed across R, as a common
mode input, and R, will not affect the voltage across R;.
This configuration will also reject noise present on the
system common.

« R, remains negligible in both circuits with ground connec-
tions made as shown.
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FIGURE 5. These Connection Diagrams Show How to Reduce the Effects of Wiring and Socket Resistance for a Typical DAC
(a) and a High Accuracy DAC (b). Resistors R, R,, R, and R, represent wiring and contact resistance.
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PRINCIPLES OF DATA ACQUISITION AND CONVERSION

Data acquisition and conversion systems are used to acquire
analog signals from one or more sources and convert these
signals into digital form for analysis or transmission by end
devices such as digital computers, recorders, or communica-
tions networks. The analog signal inputs to data acquisition
systems are most often generated from sensors and transduc-
ers which convert real-world parameters such as pressure,
temperature, stress or strain, flow, etc., into equivalent
electrical signals. The electrically equivalent signals are then
converted by the data acquisition system and are then uti-
lized by the end devices in digital form. The ability of the
electronic system to preserve signal accuracy and integrity is
the main measure of the quality of the system.

The basic components required for the acquisition and
conversion of analog signals into equivalent digital form are
the following:

1. Analog Multiplexer and Signal Conditioning
2. Sample/Hold Amplifier

3. Analog-to-Digital Converter

4. Timing or Sequence Logic

Typically, today’s data acquisition systems contain all the
elements needed for data acquisition and conversion, except
perhaps, for input filtering and signal conditioning prior to
analog multiplexing. The analog signals are time multi-
plexed by the analog multiplier; the multiplexer output
signal is then usually applied to a very-linear fast-settling
differential amplifier and/or to a fast-settling low aperture
sample/hold. The sample/hold is programmed to acquire and
hold each multiplexed data sample which is converted into
digital form by an A/D converter. The converted sample is
then presented at the output of the A/D converter in parallel
and serial digital form for further processing by the end
devices.

SYSTEM SAMPLING RATE —

Error Considerations

The application and ultimate use of the converted data
determines the required sampling and conversion rate of the
data acquisition and conversion system. System sampling
rate is determined, as shown in Figure 1, by the highest
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FIGURE 1. Determining Minimum System Sampling Rate.

bandwidth channel, the number of data channels and the
number of samples per cycle.:

Aliasing Error

From the Nyquist sampling theorem, a minimum of two
samples per cycle of the data bandwidth is required in an
ideal sampled data system to reproduce sampled data with
no loss of information. Thus, the first consideration for
determining system sampling rate is aliasing error, ie.,
errors due to information being lost by not taking a sufficient
number of samples per cycle of signal frequency.

Figure 2 illustrates aliasing error caused from an insufficient
number of samples per cycle of data bandwidth.

How Many Samples per Cycle?

The answer to this question depends on the allowable aver-
age error tolerance, the method of reconstruction (if any),
and the end use of the data. Regardless of the end use, the
actual error of the discrete data samples will be equal to the
throughput error of the data acquisition and conversion
system plus any digital errors contributed by a digital com-
puter or other digital end device.

For incremental devices such as stepping motors and switches,
the average error of sampled digital data is not as important
as it is for end devices that require continuous control
signals. To illustrate average sampling error in sampled data
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FIGURE 2. Aliasing Error vs Sampling Rate.

systems, consider the case where the minimum of 2 samples
per cycle of sinusoidal data are taken, and the data is
reconstructed directly from an unfiltered D/A converter
(zero-order reconstruction). The average error between the
reconstructed data and the original signal is one-half the
difference in area for one-half cycle divided by &, or 32% for
zero order data, and 14% for first order reconstruction.
However, the instantaneous accuracy at each sample point is
equal to the accuracy of the acquisition and conversion
system, and in many applications, this may be sufficient for
driving band-limited end devices. The average accuracy of
sampled data can be improved by (1) increasing the number
of samples per cycle; (2) presample filtering prior to multi-
plexing, or (3) filtering the D/A converter output.

The improvement in average accuracy of sampled data is
dramatic with only a slight increase in the number of

Original
Data
Signal

(a)

Zero Order
Reconstructed
Data bl il R el Sl it bt
(D/A Converter
Output)

(b)

First Order
Data
Reconstruction
(Fittered DAC
or Vector Generator)

Note: (1) Data samples of conversion
system (2 samples per cycle).

FIGURE 3. Reconstruction of Sampled Data Where f =
2Aax-
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samples per cycle, as shown in Figure 4. The theoretical
limit is the throughput accuracy of the acquisition and
conversion system for continuous sampling.

For zero order reconstruction of data, it can be seen from
Figure 4 that more than 10 samples per cycle of data
bandwidth are required to reconstruct sampled data to aver-
age accuracies of 90% or better. A commonly used range is
7 to 10 samples per cycle.

10 <
N Zero Order Data
N v Reconstruction
\\ (D/A Converter
Output;
p \
IS \
3 \\\
N
L First Order Data / \
0.1 .
Reconstruction \\
(Vector Connection
of Sample)
N
oo LI LI |
1 10 100 1000
Samples/Cycle

FIGURE 4. Reconstruction Accuracy vs Number of Samples
Per Cycle.

Aperture Error

Aperture error is defined as the amplitude and time errors of
the sampled data points due to the uncertainty of the dy-
namic data changes during sampling. In data acquisition and
conversion systems, aperture error can be reduced or made
insignificant either by the use of a sample/hold or with a
very fast A/D converter.

For sinusoidal data, maximum aperture error occurs at the
zero crossing where the greatest dv/dt occurs, and is ex-
pressed mathematically as:

Aperture Error = d (A sin 2x ft) X t, X 100%

dt
= 2r ft, X 100% max

where f = maximum data frequency

t, = aperture time of system (This
can be the conversion time of
the A/D converter with no
sample/hold, or the aperture
time of a sample/hold if one is
in front of an A/D converter).
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FIGURE 5. Aperture Error vs Aperture Time for Data Fre-
quencies from 10Hz to IMHz.

This expression is shown graphically in Figure 5 for
frequencies of 10Hz to 1MHz with +1/2LSB error high-
lighted for various n-bit resolution A/D converters. The
need for a sample/hold becomes readily apparent when
data frequencies of 10Hz or higher are sampled, because
the A/D converter conversion speed must be 2us or faster
for aperture errors less than £1/2LSB for 12-bit resolution,
and high speed A/D converters are complicated and expen-
sive when compared to slower A/D converters with a low
aperture sample/hold.

A sample/ hold with an aperture time of 50ns to 60ns
produces negligible aperture error for data frequencies up to
100Hz for 10- and 12-bit resolution A/ D converters, and is
less than £1/2LSB for 8-bit resolution for data frequencies
near 5SkHz. Use Figure 5 to determine your system aperture
error for each data channel versus the desired resolution.

A FEW A/D CONVERTER POINTS

A brief discussion of A/D converter terminology will help
the reader understand system resolution and accuracy a little
better.

Accuracy

All analog values are presumed to exist at the input to the
A/D converter. The A/D converter quantizes or encodes
specific values of the analog input into equivalent digital
codes as an output. These digital codes have an inherent
uncertainty or quantization error of £1/2LSB. That is, the
quantized digital code represents an analog voltage that
can be anywhere within +1/2LSB from the mid-point
between adjacent digital codes. An A/D converter can
never be more accurate than the inherant +1/2LSB quan-
tizing error. Analog errors such as gain, offset, and linear-
ity errors also affect A/D converter accuracy. Usually,
gain and offset errors can be trimmed to zero, but linear-
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ity error is unadjustable because it is caused by the fixed-
value ladder resistor network and network switch match-
ing. Most quality A/D converters have less than +1/2LSB
linearity error. Another major error consideration is dif-
ferential linearity error. The size of steps between adja-
cent transition points in an ideal A/D converter is one
LSB. Differential linearity error is the difference between
adjacent transition points in an actual A/D converter and
an ideal one LSB step. This error must be less than one
LSB in order to guarantee that there are no missing codes.
An A/D converter with £1/2LSB linearity error does not
necessarily imply that there are no missing codes.

Selecting the Resolution

The number of bits in the A/D converter determines the
resolution of the system. System resolution is determined by
the channel(s) having the widest dynamic range and/or the
channel(s) that require measurement of the smallest data
increment. For example, assume a channel that measures
pressure has a dynamic range of 4000psi that must be
measured to the nearest pound. This will require an A/D
converter with a minimum resolution of 4000 digital codes.
A 12-bit A/D converter will provide a resolution of 2! or
4096 codes—adequate for this requirement. The actual reso-
lution of this channel will be 4000/4096 or 0.976psi.

The A/D converter can resolve this measurement to within
+0.488psi (£1/2LSB).

Resolution
The number of bits in an A/D converter determines the
resolution of the data acquisition system. A/D converter
resolution is defined as:

VEse
Resolution = One LSB = 0, for binary A/D converters

LSB = Least Significant Bit
Vi = Full Scale Input Voltage Range
where n = number of bits
The number of bits defines the number of digital codes and
is 20 discrete digital codes for A/D converters.

A/D Converter Resol-|

utlon (Blnary Code) Value of 1LSB Value of 1/2L.SB

Number | Number | O to +10V +10V 0to+10V | 10V

of Bits | Of incre- Range . Range Range Range
(n) ments (2") (mV) (mVv) (mV) (mV)
16 65536 0.152 0.305 0.076 0.152
12 4096 244 4.88 1.22 2.44
1" 2048 4.88 9.77 2.44 4.88
10 1024 9.77 19.5 4.88 9.77
9 512 19.5 39.1 9.77 19.5
8 256 39.1 78.2 19.5 39.1

TABLE I. Relationship of A/D Converter LSB Values and
Resolutions for Binary Codes.
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FIGURE 6. System Throughput Rate (a) Serial Multiplexing
Programming (b) Overlap Multiplexing.

For this discussion, we will use binary successive-approxi-
mation A/D converters. Table I shows resolutions and LSB
values for typical A/D converters.

INCREASING SYSTEM THROUGHPUT RATE

The throughput rate of the system is determined by the
settling times required in the analog multiplexer and input
amplifier, sample/hold acquisition time and A/D converter
settling and conversion time.

Two methods that are commonly used in data acquisition
systems are serial multiplexing (Figure 6a) and overlap
multiplexing (Figure 6b). The multiplexer and amplifier
settling time is eliminated by selecting the next sample
(channel n + 1) while the held sample (channel n) is being
converted. This requires a sample/hold with very low feed-
through error.

A wide range of throughput speeds can be achieved by
“short cycling” the A/D converter to lower resolutions and
by overlap multiplexing the data acquisition system.

SYSTEM THROUGHPUT ACCURACY

The most common method used to describe data acquisition
and conversion system accuracy is to compute the root-sum
squared (RSS) errors of the system components. The RSS
error is a statistical value which is equivalent to the standard
deviation (16), and represents the square root of the sum of
. the squares of the peak errors of each system component,
including ADC quantization error:

40

_ 2 2 2 2
ERSS"‘\/EMUX +eamp” tE€spu" tEapc

where £,y = analog multiplexer error
€. = input amplifier error
&gy = sample/hold error
€spc = A/D converter error

The source irnpedance, data bandwidth, A/D converter
resolution and system throughput rate affect these error
calculations. To simplify, errors can be calculated by
assuming the following:

1. Aperture error is negligible - i.e., less than 1/10LSB.
2. Source impedance is less than 1000€.
3. Signal range is £10 volts.

PRACTICAL CONSIDERATIONS

No discussion of data acquisition systems would be com-
plete without considering “real-world” issues faced by
system designers. These are covered briefly. Each deserves
fuller discussion on its own—but the various aspects of
each are changing so quickly that any in-depth discussion
is quickly outdated.

One consideration is the trade-off between a single A/D
converter multiplexed between many analog signals and
multiple converters, each dedicated to a single input. Cur-
rently, there are monolithic 12-bit A/D converters avail-
able with four or more multiplexed inputs and sample rates
of 50 to 100kHz. For any system with bandwidths less than
1kHz per channel, these are ideal.

As the bandwidth approaches and exceeds 10kHz, more
traditional data acquisition systems are needed.
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RESOLUTIONS SUMMARY
Error Source 8 Bits 10 Bits 12 Bits The criteria that determine the key parameters and perfor-
MUX Error 0.0025% 0.0025% 0.0025% mance requirements of a data acquisition and conversion
AMP Error 0.01% 0.01% 0.01% system are:
SM Error 0.01% 0.01% 0.01% 1. Number of analog input channels
Mg~ | oz 0055 oo 2. Amplitude of analog signals
Quantizing 0.2% 0.05% 0.012% 3. Bandwidth of analog signals
RSS Error 0.283% 0.072% 0.022% ‘; Il))f:snte(ilresoh}(t;on of digital data ed
— . Practical considerations concerning power required, cost,
TABLE III. System Error Contribution and RSS Error vs d . . gpo e
’ . . = and system design constraints.
Resolution for a Typical Data Acquisition Sys- L . . Lo
tem. Although this discussion did not treat all system criteria

from a rigorous mathematical point of view, it does not
identify and attempt to shed insight on the most important
considerations from a practical viewpoint.

The information provided herein is believed to be reliable; h , BURR-BROWN noresponsibility for i ies or omissil BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant

any BURR-BROWN product for use in life support devices and/or sy
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CODING SCHEMES USED WITH
DATA CONVERTERS

Jason Albanus

With the recent proliferation of analog-to-digital converters
(ADCs) and digital-to-analog converters (DACs), and the
variety of digital coding schemes which they use, has come
a need to understand these different coding schemes which
converters use to talk to the “digital world”. The purpose of
this article is to describe the individual coding schemes used
with ADCs and DACs manufactured by Burr-Brown, and
explain their relationships.

Following this text is a list of abbreviations and definitions
intended to clarify any questions regarding the nomenclature
which has been used.

Throughout this guide, examples and tables given are for a
4-bit data converter. In unipolar and bipolar examples alike,
the Full Scale Range (FSR) is 10V creating a Vigg of
0.625V. For unipolar examples, minus full scale (-FS ) is OV
and plus full scale (+FS) is 10V; for bipolar examples, -FS
is -5V and +FS is +5V.

USB — UNIPOLAR STRAIGHT BINARY

The Unipolar Straight Binary coding is perhaps the simplest
coding scheme to understand. As the name implies, it is a
coding scheme which is used only for unipolar voltages.

When using USB coding, the digital count begins at all zeros
(0000) at a Veopg of OV (V,, = OV + 1/2V; g5 and there is
no V). As the digital code increments, the analog voltage
increases (one Vigp) at a time, and the digital count ends
(1111) at the positive full scale value. Table I shows how the
USB codes correspond to analog voltages for a 4-bit digital
system.

Unipolar Straight Binary is the coding scheme used by the
ADC7802 and ADS7803.

CSB — COMPLEMENTARY STRAIGHT BINARY

The Complementary Straight Binary coding scheme is the
exact digital opposite (one’s complement) of Unipolar
Straight Binary. CSB coding, like its counterpart USB, is
also restricted to unipolar systems.

‘When using CSB coding with a digital system, the digital
count begins at all zeros (0000) at the positive full scale
value. As the digital code increments, the analog voltage
decreases one V| g at at time, until OV is reached at a digital
code of 1111. The relationship between CSB coding and its
corresponding analog voltages can be seen in Table II.

MNEMONIC | DIGITAL CODE|  V,_ Veobe Vi
Zero 111 0.000 0.3125
1V en 1110 0.3125 0.625 0.9375
1101 0.9375 1.250 1.5625
1100 1.5625 1.875 2.1875
1/4 FSR 1011 2.1875 2.500 2.8125
1010 28125 3.125 3.4375
1001 3.4375 3.750 4.0625
1000 4.0625 4.375 4.6875
1/2 FSR o111 4.6875 5.000 5.3125
0110 53125 5.625 5.9375
0101 5.9375 6.250 6.5625
0100 6.5625 6.875 7.1875
3/4 FSR 0011 7.1875 7.500 7.8125
0010 7.8125 8.125 8.4375
0001 8.4375 8.750 9.0625
+FS 0000 9.0625 9.375

MNEMONIC | DIGITAL CODE '/ Veope Vi,
Zero 0000 0.000 0.3125
+1Visp 0001 0.3125 0.625 0.9375
0010 0.9375 1.250 1.5625
0011 1.5625 1.875 2.1875
1/4 FSR 0100 2.1875 2.500 2.8125
0101 2.8125 3.125 3.4375
0110 3.4375 3.750 4.0625
0111 4.0625 4.375 4.6875
1/2 FSR 1000 4.6875 5.000 5.3125
1001 5.3125 5.625 5.9375
1010 5.9375 6.250 6.5625
1011 6.5625 6.875 7.1875
3/4 FSR 1100 7.1875 7.500 7.8125
1101 7.8125 8.125 8.4375
1110 8.4375 8.750 9.0625
+FS 1111 9.0625 9.375

TABLE I. USB Coding Scheme.
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TABLE II. CSB Coding Scheme.

BOB — BIPOLAR OFFSET BINARY

Bipolar Offset Binary coding, as the name implies, is for use
in bipolar systems (where the analog voltage can be positive
and negative). This coding scheme is very similar to USB
coding since, as the analog voltage increases, the digital
count also increases.

BOB coding begins with digital zero (0000) at the negative
full scale. By incrementing the digital count, the correspond-
ing analog value will approach the positive full scale in one
Visp steps, passing through bipolar zero on the way. This
“zero crossing” occurs at a digital code of 1000 (see Table

BURR - BROWN®
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III). The d1g}tﬁ1 coun.t conunugs.to increase prf)pomonally to MNEMONIC |DIGITAL CODE | V,. Veooe Ve,
the analog input until the positive full scale is reached at a s poom 000 Taoa7s
full digital count (1111) as shown by Table IIL 1170 46375 2375 4.0625
: . . . 1101 -4.0625 -3.750 —3.4375
W:;h BOB hcodmg, lthe. h{g}? .c? be considared a Zign 1100 34375 | 3125 | 28125
0
indicator w! ere.as“a”(‘)gu.: indicates a negative analog P o011 e 2500 iy
value, and a logic “1” indicates an analog value greater than 1010 51875 1875 75625
or equal to BPZ.(D 1001 ~1.5625 -1.250 -0.9375
BPZ - 1V gp 1000 —0.9375 -0.625 -0.3125
MNEMONIC | DIGITAL CODE| V. Veooe Ve, BPZ 0111 -0.3125 0.000 +0.3125
-FS 0000 -5.000 —4.6875 BPZ + 1V g 0110 +0.3125 +0.625 +0.9375
0001 —4.6875 —4.375 —4.0625 0101 +0.9375 +1.250 +1.5625
0010 —4.0625 —-3.750 -3.4375 0100 +1.5625 +1.875 +2.1875
o011 -8.4375 —3.125 —2.8125 112 +FS 0011 +2.1875 +2.500 +2.8125
1/2 -FS 0100 -2.8125 -2.500 —2.1875 0010 +2.8125 +3.125 +3.4375
0101 -2.1875 ~1.875 —1.5625 0001 +3.4375 +3.750 +4.0625
0110 ~1.5625 -1.250 -0.9375 +FS 0000 +4.0625 +4.375
BPZ - 1V, gs o111 -0.9375 —0.625 -0.3125 —_ COB -
BPZ 1000 ~0.3125 0.000 +0.3125 LEIV. Coding Scheme.
BPZ + 1V g5 1001 +0.3125 +0.625 +0.9375
1010 +0.9375 +1.250 +1.5625 |
1011 +1.5625 +1.875 +2.1875 BTC — BINARY TWO’S COMPLEMENT
1/2 +FS 1100 +2.1875 +2.500 +2.8125 Binary Two’s Complement coding is the type of coding used
1101 +2.8125 +3.125 +3.4375 hv most micronrocessor or math processor based systems for

Lomplementary UIISEl BINary coding, 11Ke 1tS COUNEIpart
BOB, is also for use in systems where the analog signal is
bipolar. The relationship between COB and BOB is that
each coding scheme is the one’s complement (all bits in-
verted) of the other.

COB coding begins with digital zero (0000) at the positive
full scale. By incrementing the digital count, the corre-
sponding analog value will approach the negative full scale
in one Vg steps, passing through bipolar zero on the way.
This “zero crossing” occurs at a digital code of 0111 (see
Table IV). As the digital count continues to increase, the
analog signal goes more negative until the negative full
scale is reached at.a full digital count (1111) as shown by
Table IV.

With COB coding, like BOB coding, the MSB can also be
considered a sign indicator whereas a logic “1” indicates a
negative analog value, and a logic “0” indicates an analog
value greater than or equal to BPZ.(®

the analog voltage approaches and reaches its positive full
scale value. The code then resumes at the negative full scale
value at a digital code of 1000, and then approaches BPZ
until a digital value of 1111 is reached at one LSB value
below BPZ (see Table V).

With the BTC coding scheme, the MSB can also be consid-
ered a sign indicator. When the MSB is a logic “0” a positive
value is indicated, and when the MSB is a logic “1” a
negative value is indicated.® o

J R

This is the coding scheme which is used with Burr-Brown’s
DSP interface chips (DSP101/DSP102 analog input and
DSP201/DSP202 analog output) designed for “zero chip
interface” to most of the popular digital signal processors
available today. Binary Two’s Complement is also one of
the codes utilized by the ADC603 and ADC614 high speed
analog-to-digital converters, and, of course, all of Burr-
Brown’s PCM digital audio converters.

NOTE: (1) The V,, transition to BPZ from a negative value (0111 to 1000) actually occurs at ~0.3125V causing the MSB to go “positive” at a negative value. (2) The V., transition
to BPZ from a negative value (1000 to 0111) actually occurs at-0.3125V causing the MSB to go “positive” at a negative value. (3) The V,, transition to BPZ from a negative
value (1111 to 0000) actually occurs at —0.3125V causing the MSB to go “positive” at a negative value.
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MNEMONIC [DIGITAL CODE| V. Veooe Ve MNEMONIC  [DIGITAL CODE | V. Veobe Vi
-Fs 1000 -5.000 —4.6875 -Fs o111 -5.000 |-4.6875
1001 —4.6875 4375 —4.0625 0110 ~4.6875 4375 | —4.0625
1010 —4.0625 -3.750 -3.4375 0101 —4.0625 -3.750 —3.4375
1011 -3.4375 -3.125 —2.8125 0100 ~3.4375 -3125 |-2.8125
1/2 —-FS 1100 -2.8125 —2.500 —2.1875 1/2 -FS 0011 —2.8125 —2.500 —2.1875
1101 ~2.1875 1875 21,5625 0010 2.1875 1875 |-1.5625
1110 -1.5625 -1.250 —0.9375 0001 ~1.5625 -1.250 [-0.9375
BPZ - 1V, ga 11 -0.9375 -0.625 -0.3125 BPZ - 1V gg 0000 -0.9375 0625 |-0.3125
BPZ 0000 -0.3125 0.000 +0.3125 BPZ 1111 -0.3125 0.000 +0.3125
BPZ + 1V es 0001 +0.3125 +0.625 +0.9375 BPZ + 1V gp 1110 +0.3125 +0.625  |+0.9375
0010 +0.9375 +1.250 +1.5625 1101 +0.9375 +1.250 +1.5625
0011 +1.5625 +1.875 +2.1875 1100 +1.5625 +1.875  |+2.1875
1/2 +FS 0100 +2.1875 +2.500 +2.8125 1/2 +FS 1011 +2.1875 42,500 |+2.8125
0101 +2.8125 +3.125 +3.4375 1010 +2.8125 +3.125 +3.4375
0110 +3.4375 +3.750 +4.0625 1001 +3.4375 +3.750 +4.0625
+FS 0111 +4.0625 +4.375 +FS 1000 +4.0625 +4.375

TABLE V. BTC Coding Scheme.

CTC — COMPLEMENTARY TWO’'S COMPLEMENT

Complementary Two’s Complement coding is also a scheme
designed for bipolar analog signals. It is the one’s comple-
ment of its counterpart BTC, and is also very similar to
COB, although this relationship is not immediately obvious.
The only difference between COB and CTC is that the MSB
has been inverted.

With CTC coding, digital “zero” is at an analog voltage
which is slightly less (1 LSB) than analog bipolar zero. As
the digital count increments, the analog voltage becomes
more negative until all of the bits are high except for the
MSB (0111). At this point, the digital code corresponds to
the analog negative full scale. The next step in incrementing

TABLE VI. CTC Coding Scheme.

devices required for any transformation are digital logic
“inverters”, however, some of the transformations can be
achieved by using analog components.) The following
section will be divided into sections depending on how the
transformation is to be accomplished.

Inversion of all Bits

USB to CSB and CSB to USB
BOB to COB and COB to BOB
BTC to CTC and CTC to BTC

The CSB scheme is simply the USB code with all of the bits
inverted (one’s complement). This is also how to perform
most of the transformation_of BOB to COB. and BTC fo

. ———————

With Complementary Two’s Complement coding, the MSB
is also a sign indicator with its states of “0” and “1”
representing negative and positive voltages, respectively.

This code is also used by Burr-Brown’s high speed ADC603
and ADC614. These converters accomplish this dual code
task by providing an input for code selection.

MANIPULATING BETWEEN VARIOUS CODES

The input and output codings-used with ADCs and DACs is
varied, and an individual converter may be capable of
utilizing one or more coding scheme. However, with all of
these schemes available, the desired scheme is not always
readily available with the particular converter of interest. Do
not fear, because converting one coding scheme to another,
to match a particular system, is very easy as long as you wish
to convert a bipolar scheme to another bipolar scheme; or a
unipolar scheme into another unipolar scheme. The only

OI —1V/V (see rigure 2). Lhis op amp can be used on the
input stage of an ADC or the output stage of a DAC.
Some sample and hold amplifiers, such as the SHC5320,
are configurable for a gain of —1V/V, providing very easy
conversion between these codes in an analog-to-digital
system. Remember that either +1Vygg or —1V; g5 must be
summed in with the analog value.

The bipolar transformations may be quite straightforward
when done in the analog domain; however, to convert
digitally, an individual logic “inverter” must be used on
every data line, input or output (see Figure 1), as with the
unipolar schemes.

The ADC603 and ADC614 allow both BTC and CTC
coding schemes by providing an “Output Logic Invert” input
pin. This flexibility allows these converters to be used in
even more applications easier than if just one scheme had
been implemented.

NOTE: (4) When converting bipolar digital schemes, regardless of whether the transformation is done digitally or in an analog fashion, a value of either +1Vy gp or -1V gg must
be summed in with the analog value. This is due to the assymetric nature of the codes around bipolar zero (see definition of V,). This addition of one V gy is relatively simple,
since most data converters allow for an offset adjustment which can accomodate this.
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ADC

FIGURE 1. Digital Inversion of All Bits.

—O Vo = -Viy

FIGURE 2. Analog Signal Inversion.

Inversion of the MSB

BOB to BTC and BTC to BOB
COB to CTC and CTC to COB

Manipulating the BOB scheme into BTC and manipulating
COB into CTC requires much less hardware. To go from
BOB to BTC, or COB to CTC (or vice versa) it is only
necessary to invert the MSB (see Figure 3).

Burr-Brown’s PCM78, a 16-bit ADC developed for digital
audio applications allows BOB or BTC output schemes by
providing a “BOB/BTC select” input. Open circuit or
grounding of this pin provides for BTC and BOB respec-
tively by controlling an internal inverter for the most signifi-
cant bit.

ADC

LSB

FIGURE 3. Inversion of the MSB.
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Inversion of all bits except the MSB

BOB to CTC and CTC to BOB
BTC to COB and COB to BTC

Manipulation of BOB into CTC and BTC into COB requires
inverting all bits except the MSB. This is also a difficult
transformation to accomplish, since it would require a digital
inverter for every bit except the most significant bit (see
Figure 4).

MSB

wo [ L
>

LSB

FIGURE 4. Inversion of All Bits Except the MSB.

DEFINITIONS

n = Number of bits in a particular digital system.

LsB = Least Significant Bit — The digital bit with the least
analog “weight”.

MsB = Most Significant Bit — The digital bit with the
greatest analog “weight”.

Increment = To increase a digital “count”, or to count up, as in a
code changing from 0000 to 0001.

D = To d a digital “count”, or to count down, as
in a code changing from 0001 to 0000.

usB = Unipolar Straight Binary coding.

csB = Complementary Straight Binary coding.

BOB = Bipolar Offset Binary coding.

coB = Complementary Offset Binary coding.

BTC = Binary Two’s Complement coding.

CTC = Compk y Two’s Compl coding.

FSR = Full Scale Range — The dynamic range of an
analog signal.

BPZ = Bipolar Zero — An analog voltage of OV.

Viss = Least Significant Bit Voltage — The value of voltage
represented by one LSB. For digital-to-analog
converters which provide a current output mode of
operation, V| gg actually refers to a voitage after a
current-to-voltage conversion. Throughout the text, it
is presumed that this current to voltage conversion
has taken place.

Visg = FSA/2" (Equation 1)
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DEFINITIONS (CONT)

Veope = Code Voltage —The voltage corresponding to a
particular digital code in an ideal converter. For
digital-to-analog converters which provide a current
output mode of operation, Veopg actually referes to
a voltage after a current-to-voltage conversion.
Throughout the text, it is presumed that this
current-to-voltage conversion has occurred.

Veooe = (digltal code),, * V| sz (Equation 2)
For analog-to-digital converters, the code voltage is
actually an analog range of voltages encompassed
by Veope * 1/2V| gg. This is due to the inherent
quantization error of + 1/2V|gg that is present in the
finite digital output of the ADC.
The value of (digital code),, * Vi sg Will be used
throughout this text to represent Veopg unless
otherwise stated.

+FS = Positive Full Scale —The most positive end of an
analog signal’s range which is represented by a
digital code. A Vope equal to the positive full
range (+FS) does not exist. The industry standard
is that the most positive voltage corresponding to a
digital code (maximum Vgopg) is the positive full
scale voltage minus the voltage associated with
one LSB (+FS — 1V gg). The text “positive full
scale” (or +FS) refers to this lesser, industry
standard value. This +FS industry standard is
primarily due to another industry standard in which
0V is a code voltage (see Equation 3) bounded by
the absolute value of £1/2V¢g. In a unipolar
system, this means that the analog voltage range
represented by a digital code corresponding to BPZ
is only 1/2Vgg. In bipolar systems, all digital codes
have analog ranges of 1V g, and a digital code
representing OV is OV +1/2V, g (see Equation 3
and Equation 4).

-Fs = Negative Full Scale — The most negative end of
an analog signal’s range which is represented by a
digital code.

Vi = Transition voltage — The voltage which corre-

sponds to the actual change of a digital code in
an ideal analog-to-digital converter. These
voltages are the voltages at each end of the range
of Vgope 1/2V, .

V. = Veope + 1/2V s (Equation 3)

V- = Veope — 1/2V, s (Equation 4)

For an ideal digital-to-analog converter, the output
would be exactly Veope, and the transition voltage
can be ignored.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN
assumes no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are
subject to change without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN
does not authorize or warrant any BURR-BROWN product for use in life support devices and/or systems.
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INCREASING INA117 DIFFERENTIAL INPUT RANGE

By R. Mark Stitt (602) 746-7445

The INA117 is a monolithic difference amplifier with the
unique ability to accept up to £200V common-mode input
signals while operating on standard +15V power supplies.
Because the gain of the INA117 is set at 1V/V, and because
the output would saturate into the rails at about 12V, the
maximum specified differential input range is £10V.

Since the common-mode input range is +200V, it makes
sense that some designers would also like to use the part for
differential inputs greater than +10V. Figure 1 shows the
recommended circuit. Adding resistors to the input may
seem simpler, but there are some problems with that ap-
proach.

V0

6
VO V, =V,

V40 oT= 9 R
3 1+ 4

RG

INA117

FIGURE 1. INA117 with Increased Differential Input Range.

The performance of the INA117 depends on extremely
precise resistor matching (0.005% for 86dB CMR). Resistors
added to the input must be adjusted to at least this accuracy
to maintain high performance. Both gain error and CMR
must be adjusted. Maintaining 86dB CMR over temperature
requires 1ppm/°C resistor TCR tracking. Significant resis-
tance added external to the INA117 would require the same
performance.

By using the circuit shown in Figure 1, internal resistor
matching is preserved, and the INA117 CMR and CMR drift
with temperature are maintained. Gain can be set independ-

BURR - BROWN®

ently of CMR by adjusting the inverter resistors, R, R,. Gain
drift is preserved so long as R, and R, track with temperature.
Furthermore, noise at the output is improved by the gain
reduction factor whereas it is unchanged with the other
approach.

To understand how the circuit works, consider the INA117 to
be a four-input summing amplifier as shown in Figure 2.

Vy0—
2

o Vour
Vs

of

Vour =V =V, +19 V5 — 18V,

FIGURE 2. INA117 Shown as a Four-Input Summing Am-
plifier.

CMR is preserved and the gain is reduced if a small portion
of the output signal is inverted and fed back to pin 5 with V,
set to zero (V, grounded).

Where: V=V, -V, +19¢V,-18V,
If, Vi = -V . * R /R, then
V- Vy
ouT
19 «
1+ R
R

6

SELECTED-GAIN EXAMPLES

GAIN® R, R,
(VIV) (kQ) (k)
112 1.05 20.0
1/4 3.16 20.0
1/5 4.22 20.0

NOTE: (1) INA117 is not stable in Gain < 1/5.

AB-001B
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If CMR adjustment is desired, add a 10Q fixed resistor and CMR trim will change the gain slightly, so trim CMR first,
a 20Q pot as shown in Figure 3. Adjust CMR by shorting then trim gain with R, R, if desired.

together pins 2 and 3 of the INA117 and driving them with The INA117 is now available in three standard 8-pin
a 500Hz square wave while observing the output on a scope. packages: hermetic TO-99, plastic DIP, and the small
Using a square wave rather than a sine wave allows the AC surface-mount SOIC package.

signal to settle out so that the DC CMR can be seen. The

R Ry
380kQ 380kQ
Vy VWA
2
Ry - 6
380kQ 10 Vour
V. +
3T 3 VW ’
Rs ;A
21.1kQ 20.0k2 R, Re
INA117
8 1 5
VWA OPA27
— 200 10Q +
FIGURE 3. INA117 with Increased Differential Input Range with CMR Trim.
The inf { ided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes

no responslbllny for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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AC COUPLING INSTRUMENTATION AND DIFFERENCE AMPLIFIERS
FEATURING CIRCUITS FOR:

INA117 +200V DIFFERENCE AMPLIFIER ¢ INA106-BASED +100V DIFFERENCE AMPLIFIER -«
INA105 AND INA106 G = 1, 10 DIFFERENCE AMPLIFIERS ¢ INA101, INA102, INA103, INA110, INA120
INSTRUMENTATION AMPLIFIERS

By R. Mark Stitt (602) 746-7445

The need to glean AC signals from DC in the presence of
common-mode noise frequently occurs in signal condition-
ing applications. AC coupling to an instrumentation ampli-
fier (IA) or difference amplifier can be used to accurately
extract the AC signal while rejecting DC and common-mode
noise.

Adding capacitors and resistors to AC couple the inputs of
an instrumentation amplifier or difference amplifier seems
like an obvious approach for AC coupling, but it has prob-
lems. The DC restoration circuits shown in this bulletin have
the same transfer function but without the foibles.

Common-mode rejection of a difference amplifier depends
on extremely precise matching of input source impedance.
Adding RC networks to the inputs of either an IA or a
difference amplifier can significantly degrade the CMR,
especially for AC inputs. Even if the CMR is trimmed,
maintaining performance over temperature can be a prob-
lem.

The DC restoration circuits shown solve this problem by
placing a low-pass network in the feedback to the reference
pin of the IA or difference amplifier. The low-pass pole
translates into a high-pass function as referred to the input
with f , . = Gain/2eneR+C. The Gain term refers to the Gain
from the reference pin to the output of the IA or difference
amplifier. The selection guide shows this Gain term as the
“High-pass multiplier”.

Ry R,
2| 380k 380kQ
V, 0—
R, - 6
3| 380k
Vs o——\W + Vour =V3 -V,

INA117

FIGURE 1. AC-Coupled INA117.

BURR - BROWN®

The DC-restored INA117 is shown in Figure 1. With the
values shown, the high-pass zero is ~6.5Hz.

The INA117BM has a CMR of 86dB min. If improved CMR
is required for the DC restored INA117, use the circuit
shown in Figure 2. Since the trim resistors are small, they
will not degrade the stability or drift performance of the
INA117.

The INA117 has a common-mode input range and differen-
tial offset range of up to £200V. If a lower common-mode
and differential offset range of 100V is acceptable, the
INA106 can be used for lower noise and twice the small
signal bandwidth (400kHz vs 200kHz).

R‘ R2
2| 380K 380kQ

. O
Vs o M— + Vour =Vs -V,

INA117

FIGURE 2. AC-Coupled INA117 with CMR Trim.

The simplest circuit for the DC-restored INA106 is shown in
Figure 3. The INA106 is reversed from its normal Gain-of-
10 configuration. The 100kQ, 10kQ resistors form a 11/1
voltage divider on the input so that +100V at pins 1 and 5 are
divided down to less than 10V at the op amp inputs. The
R, R, network provides the proper feedback Gain for an
overall unity-gain transfer function. Since the precise resis-
tor matching of the INA106 is disturbed by the R,

network this circuit requires trims for both CMR and Gain.

AB-008A 49
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When using the DC restored +100V difference amplifier
2 a A shown in Figure 4, no trims are required for good CMR.
2 ! ¢ However, the circuit shown in Figure 5 may be used to fine
5| 100kQ 10kQ 1.56kQ . . . X A .
Vs oA Yy, 2 M trim CMR if desired. Since the added trim resistors are
small, they will not degrade the stability or drift of the
R ™~ INA106.
'4
1| tooka £ o) DC restoration can be used with any of the standard IAs
Vi o —MM—— + R, Vour shown in the table using the same technique as shown in
1760 Figure 6. Since all of these IAs use unity-Gain difference
% Ry amplifiers, the high-pass multiplier is unity.
10kQ
INA106 | =
3
HZ H'
5000 v. o5 100kQ 0k |, - Re
CMR Trim R, 5 O— A, 10.2kQ
(158 Nom) AANA 12 +
MO Ry _ . OPA2107
100kQ2
Vi o + A Vour =
S Vi =Vs
1.13kQ
Ry
10kQ2
= INA106 =
3
FIGURE 3. AC-Coupled 100V Difference Amp Using the c, R,
INA106. 1 | —W
MO
Furthermore, Gain and CMR adjustments using R, R, and
the 5002 trim pot connected to pin 3 are interactive. The
excellent CMR stability vs time and temperature of the
INA106 is preserved since the added trim resistors are small. OPA2107
If you want to use the INA106 for a 100V DC-restored =

difference amplifier without any trims, use the circuit shown
in Figure 4. Gain is set directly by the R,, R, divider. The FIGURE 4. AC-Coupled £100V Difference Amp Using the

buffer amplifier, A,, presents a low impedance to the feed- INA106 Requires No Trims.
back resistor in the INA106 to preserve resistor matching
and CMR.

SELECTION GUIDE
(AC-coupled difference and instrumentation amplifiers)

V, = #15V
COMMON MODE | DIFFERENTIAL NOISE BANDWIDTH HIGH PASS

GAIN INPUT RANGE OFFSET RANGE (RTI) (-3dB) MULTIPLIER
MODEL viv] v v [nVAHZ] [Hz] (See Text)
INA117 1 +200 +200 550 200k 19
INA106(" 1 +100 +100 300 400k 10
INA105 1 +20 +10 60 ™ 1
INA106 10 +11 +1 30 500k 1
INA101 @ 170 +10 1@ M@ 1
INA102
INA103
INA110
INA120

NOTES (1) Reverse-connected, see figures 3,4, and 5. (2) Gain is adjustable from 1 to 1000+. Noise and bandwidth depend on Gain setting. INA103 has the lowest
noise: 1nVAHZ, Gain = 1000. INA103 has the highest bandwidth: 6MHz, Gain = 1. INA102 is low power (750uA max). INA110 has FET inputs (I; = 50pA max).
INA101 has lowest drift (.25uV/°C max). INA120 is a lower IQ INA101 with internal resistors for Gains of 1, 10, 100, and 1000. (3) Yes!, the common-mode input
range of standard |As is only about 7V with 10V V_; see “Extended Common-Mode Instrument Amps”, Electronic Design, December 22, 1988, pp 67, 68.
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HZ F{1
5| 100k 10k |, - Re
Voo WV——— WA f | vz
1 N\t
R, R, 2 . OPA2107
1000 | 100k0 o)
vy + V, =
oW R | WS,
1.13kQ
2 o
10kQ
INA106 =
3
200
C R,
CMR Trim 4
I AAA
mMQ

OPA2107

FIGURE 5. AC-Coupled 100V Difference Amp Uses the INA106. Has CMR Trim.

Vy O

FIGURE 6. General AC-Coupled IA Circuit

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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+200V DIFFERENCE AMPLIFIER WITH
COMMON-MODE VOLTAGE MONITOR

By Art Gass and R. Mark Stitt (602) 746-7445

The INA117 is a monolithic difference amplifier with the
unique ability to accept up to +200V common-mode input
signals while operating on standard +15V power supplies.
Using on-chip high-voltage resistor dividers, the INA117
rejects common-mode signals up to 200V and translates a
0V to 10V differential input signal to a 0V to 10V
ground-referenced output signal.

In some applications it is also necessary to monitor the
common-mode level of the input signal. A common-mode
level monitor can be implemented with the addition of an
external op amp or two. Even though standard signal level
op amps are used, the circuit remains protected for momen-
tary common-mode or differential overloads up to £500V.

If precision is not required, the circuit shown in Figure 1 can
be used to monitor the common-mode voltage with a maxi-
mum error of about +5V. This implementation actually
monitors the common-mode level of the INA117 nonin-
verting input (pin 3). The circuit works by measuring the
current in reference pins 1 and 5, which are normally
connected to ground. Amplifier A, forces the reference pins
to a virtual ground through feedback resistors R + R,. The
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FIGURE 1. INA117 with V, Common-Mode Voltage
Monitor.
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normal operation of the INA117 is unaffected since its
reference pins are connected to virtual ground. Resistors R,
and R, in the INA117 form a voltage divider so that the top
of R, is at V,/20. Feedback of the op amp in the INA117
forces the voltage of its inverting input to be equal to its
noninverting input so that the top of resistor R, is also at V,/
20. The common mode level of V, is therefore related to the
current flowing out of pins 1 and 5.

I, , = (V/20/(RII R)

If

R, +R,=R,IR,
then

A our = —V,/20.
Where

I .= total current flowing out of INA117 pins 1 and 5 [A]

145

R, Il R, = parallel combination of R, and R, [Q]
R, IR, = (ReR)/(R +R,), nominally 10.27kC2
A = A, output voltage [V]

10UT

The signal is scaled by 1/20 so the output of A does not
exceed its maximum of £10V with common-mode inputs of
+200V. If smaller maximum common-mode voltages are to
be monitored, the value of R + R, can be increased for more
gain.

Although the resistor ratios in the INA117 are accurately
laser trimmed, the absolute resistor values can vary by as
much as +25%. For better accuracy, the circuit must be
calibrated. To calibrate the gain, short pins 2 and 3 of the
INA117 to ground, offset adjust A, for OV at its output,
connect pins 2 and 3 to a known Vg (such as +10V or
+100V), and adjust R, for an A output of —V./20.

By definition, the true common-mode input voltage of the
INA117 is (V,+ V,)/2. The actual common-mode voltage
can be monitored with the addition of a second op amp as
shown in Figure 2. The second op amp is connected to sum
the —V,/20 output of A, at a gain of ~1V/V with the V, -V,
output of the INA117 at a gain of —1/40V/V to produce an
output of V,,/20.
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Calibrate the Figure 2 circuit as before, adjusting R, for an
A, output of V_../20. Then, ground pin 3 of the INA117,
connect pin 2 to +10V and trim R, for 0.025V at the output
of A,. If resistors Ry, R, and R accurately ratio match,
adjustment of R, is unnecessary.

Of course, if connection of additional components to the
INA117 inputs is acceptable, the circuits shown in Figures

3 and 4 can be used to monitor the common-mode input
voltage. With these circuits, calibration is not required if
accuracy commensurate with the tolerance of R, R, and R,
is acceptable. As before, either R, or R; can be omitted to
monitor the common-mode voltage of just one input. If R, or
R, is omitted, double the value of R..
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FIGURE 2. INA117 with True Common-Mode Voltage Monitor.
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FIGURE 3. External CMV Monitor, Inverting.

FIGURE 4. External CMV Monitor, Noninverting.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
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INPUT OVERLOAD PROTECTION FOR THE RCV420
4-20MA CURRENT-LOOP RECEIVER

By R. Mark Stitt and David Kunst (602) 746-7445

Because of its immunity to noise, voltage drops, and line
resistance, the 4-20mA current loop has become the standard
for analog signal transmission in the process control indus-
try. The RCV420 is the first one-chip solution for converting
a4-20mA signal into a precision 0-5V output. Although the
on-chip current sensing resistor is designed to tolerate mod-
erate overloads, it can be damaged by large overloads which
can result from short circuits in the current loop. Complete
input protection from short circuits to voltages of 50V or
more can be afforded with the addition of the relatively
simple circuitry shown in this bulletin.

The complete protected 4~20mA current loop receiver cir-
cuit is shown in Figure 1. The RCV420 is connected for a 0—
5V output with a 4-20mA current sink input. For a 4-20mA
current source input, connect the input to pin 3 instead of pin
1. An on-board precision +10.0V buried zener voltage refer-
ence in the RCV420 is used to offset the span (for OV out
with 4mA in) via pin 12. It can also be used for powering
external circuitry such as the voltage dividers used to set the
underrange/overrange comparator thresholds.

An LM193 dual voltage comparator is used to detect under-
range and overrange conditions at the output of the RCV420.
The LM193 is designed to operate from a single power
supply with an input common-mode range to ground. In this
application the LM193 is operated from a single +15V power
supply for input common-mode range compatibility with the
RCV420 output. The open-collector LM193 comparator
outputs are connected through 10k pull-up resistors to a
+5V supply for compatibility with TTL and similar logic
families.

The RCV420 has a gain of 0.3125V/mA and a 4mA span
offset (a 4mA-20mA input produces a OV-5V output).
Under input open circuit conditions (OmA input), the output
of the RCV420 goes to —1.25V. To level-shift the output up,
for a minimum of OV at the comparator inputs, it is summed
with the 10.0V voltage reference through the 10kQ, 1.27kQ2
resistor network. The table below shows selected operating
points for the RCV420 input/output and the comparator
input.
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FIGURE 1. Input Protected RCV420. BURR - BROWN®
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SELECTED OPERATING POINTS
FOR RCV420 AND COMPARATORS

RCV420 INPUT RCV420 OUTPUT | COMPARATOR INPUT
(mA) v V)
0 -1.250 +0.017
2 -0.625 +0.572
4 0.000 1.269
20 5.000 5.563
25 6.563 6.950
36 10.000 10.000

NOTE: (1) From the 10k, 1.27kQ summing network.

The underrange comparator threshold is set at 0.57V by the
10kQ, 604€) resistor divider connected to the 10.0V refer-
ence. The comparator output goes high when the input to the
current loop receiver goes below 2mA. The underrange
output is TTL compatible.

The overrange comparator threshold is set at 6.95V by the
10kQ, 22.9kQ resistor divider connected to the 10.0V refer-
ence. The output of the overrange comparator goes low when
the input to the current loop receiver exceeds 25mA.

With a 36mA current loop input, the overrange comparator
input is 10V. For a 36mA overload set-point, the overrange
resistor divider can be eliminated by connecting the overload
comparator input directly to the 10.0V reference output of
the RCV420.

The overrange comparator is connected so its output will go
low on overrange to trigger the ensuing active overload
protection circuitry. If the overload protection circuitry is not
used, the inputs to the comparator can be reversed so its
output will go high on overload.

The current sense resistors within the RCV420 are rated for
overloads of up to 40mA continuous and for momentary
overloads of up to 0.25A with 0.1s maximum duration and
1% maximum duty cycle. Overloads within these limits will
not damage or degrade the rated performance of the receiver.
If the 752 sense resistor were shorted to 48V (a common
current loop supply voltage), the overload current would be
0.64A producing an I« R power dissipation in the resistor of
30.7W. With a package thermal resistance (6,,) of 70°C/W,
this would result in a theoretical junction temperature rise in
excess of 2000°C. The input resistor would fuse, destroying
the device, before the package temperature actually reached
2000°C. For input short circuits up to 3V, the current is
limited to a safe 40mA by the 75Q sense resistor within the
RCV420. To prevent possible damage, external means are
required to protect the RCV420 sense resistors from input
short circuits to potentials greater than 3V.

The least expensive input short circuit protection is a resistor
connected in series with the current loop at the receiver input.
Select the resistor so that the input current under short-circuit
conditions will be limited to 40mA by the series combination
of the protection resistor and the 75Q current sense resistor
internal to the RCV420. Short circuit protection to 48V
requires a 1125Q resistor.

R pomecrion= (V/0.040) — 75 (Q)
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The problem with using a series resistor for input overload
protection is the added voltage drop in the input current loop.
A 1125Q protection resistor in series with the 75Q internal
current sense resistor would result in a 24V drop at 20maA full
scale input. In most applications the additional 24V burden
can not be tolerated.

Another input protection scheme which can be used when
only a small series voltage drop can be tolerated is to use a
0.032A fast-acting fuse (such as Littlefuse 217000 series,
type F) in series with the current loop. This fuse adds
negligible voltage drop to the current loop, and blows in less
than 0.1s with an overload of 128mA or more. The problem
with a fuse is that it must be replaced when it blows, and the
cost of maintenance can be very high.

The active protection scheme shown in this application
overcomes the disadvantages of resistor and fuse protection.
It uses a solid-state relay for current loop interruption. After
an interrupt time delay designed to provide a safe 1%
maximum overload duty-cycle, the circuit resets automati-
cally. The LH1191 solid-state relay used has a maximum on
resistance of 33Q2 which adds less than 0.1V of burden to the
current loop at 20mA full scale input. Low receiver burden
allows longer field wiring (with higher resistance) for remote
sensors, and extra compliance for “intrinsically safe” barriers
or other series connected receivers.

The solid-state relay is ideal for the resetable protection task.
Itis inexpensive as compared to a mechanical relay (less than
$1.00), and because it is solid-state, it will not “wear out” if
cycled continuously. The LH1191 is a single-pole, normally
open switch rated for 280V, 100mA outputs. Relay overload
currents are clamped to 210mA by current limiting circuitry
internal to the relay. An extended clamp condition, which
increases relay temperature, results in a reduction of the
internal current limit to preserve the relay’s integrity.
Protection circuitry interrupt timing is provided by a 555
timer connected as a monostable multivibrator (one shot).
Under normal conditions, the output of the one shot is low
holding the solid-state relay on by forcing approximately
8mA through the LED as set by the series-connected 470Q
resistor. When more than 25mA flows into the current loop
receiver, the overload comparator triggers the one shot. With
the values shown, the one shot output goes high, turning off
the LED and the solid-state relay for about one second. At the
end of one second the circuit automatically resets turning the
relay back on. If an overload still exists, the cycle repeats.
The overload current applied to the RCV420 is limited to
about 210mA by the current limit of the solid-state relay and
the 75€) sense resistor internal to the RCV420. The one
second cycle time of the overload circuitry assures safe 1%
maximum overload current duty-cycle. The input to the
circuit can be shorted to a 50V power supply continuously
without damaging or degrading the accuracy of the RCV420.
A short life-test was performed on a prototype circuit. After
168 hours with the receiver input shorted to 50V, there was
no detectable change in receiver accuracy within the 0.005%
resolution of the test system.
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Since the overload protection circuitry interrupts the current
loop, a logic gate is needed to prevent a false indication of
open circuit. The 2N3904 transistor is wire-ORed to the
underrange comparator output, assuring it will go high only
during actual underload conditions. The 1pF capacitor con-
nected to the 470€2 relay drive resistor delays relay turn-on
to prevent possible logic race conditions which could pro-
duce a false underrange output logic “sliver”. The capacitor
can be omitted if this is not a concern.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN
assumes no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject
to change without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize
or warrant any BURR-BROWN product for use in life support devices and/or systems.
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EXTENDING THE COMMON-MODE RANGE
OF DIFFERENCE AMPLIFIERS

By R. Mark Stitt (602) 746-7445

Extending the common-mode range of difference amplifiers
allows their use in a wider variety of reduced power-supply
applications.

The INA117 has a specified common-mode input range of
+200V when operating on standard +15V power supplies. At
power-supply voltages above 13V, the INA117 input range
is limited to +200V by the power capabilities of its internal
input resistors. On reduced power supplies, the input range
is limited by the common mode input range of the internal
op amp.

The linear common-mode input range of the internal op amp
extends to within 3V of its power supply voltage. For
example, with a £15V power supply, the common-mode
input range of the internal op amp is £12V. Because the
INA117 internal resistor network divides the input by 20, the
actual input range of the INA117 would be 20 « (x12V), or
240V, for 15V power supplies. Similarly, reducing the
power supply voltage to +6V will limit the input common-
mode voltage to +60V.

There are two approaches to boosting the common-mode
input range for reduced power supply applications: Offset-
ting the common-mode range by a fixed amount, and dy-
namically adjusting the common-mode range to follow the
input common-mode signal.

OFFSETTING THE INPUT COMMON-MODE
RANGE WITH A CONSTANT VOLTAGE

In many applications, the common-mode signal range is
known and the common-mode input range of the difference
amplifier can be adjusted to coincide with the required
range. For example, the 260V common-mode range of the
INA117 operating on 6V supplies could be shifted to range
from +0V to +120V, or +50V to +170V.

To offset the common-mode range, the reference connection
of the difference amplifier is connected to an offsetting
voltage, V,, instead of ground. With the reference connected
to an offsetting potential, a second difference amplifier must
be used to refer the output back to ground.

One way to offset the input voltage is to connect the
reference pins 1 and 5 to the negative supply voltage as
shown in Figure 1. Another possibility is to derive the offset
voltage from a zener diode connected to the negative power
supply as shown in Figure 2. In either case, the total
common-mode range of the INA117 is unchanged and
shifted by —19 « (V).
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FIGURE 1. Offsetting the INA117 Common-Mode Input Range Using the Negative Power Supply as a Reference.
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FIGURE 2. Offsetting the INA117 Common-Mode Input Range with a Zener Reference.

Since the input voltage can swing to within 3V of the power
supply, the following relationships apply for the INA117:

Ve =20+ [(V4+) + IV - 6V]
Vo=20[(V-) +3V] - 19V,
Vy=V, -V,
Where
V, = total common-mbde range [V]
V, = minimum common-mode signal [V]
Vy = maximum common-mode signal [V]
V+, V- = positive, negative power supply [V]
IVl = absolute value of the negative power supply [V]
V, = offset voltage (from ground) [V]

POWER COMMON-MODE INPUT RANGE (V)

SUPPLY V= 0 V, = V@ V= (V1) + 3.39
15V 240 to +240 45 10 5250 18 to 4620
+12V ~180 to +180 48 to 408 15 to 3450
9V -120 to +120 51 to 2919 -12 to 2289
+6V 60 to +60 54 to 174 -9to 111

NOTES: (1) Reference connected to GND (normal operation). (2) Refer-
ence connected to V- (see Figure 1). (3) Reference connected to V-
through 3.3V zener (see Figure 2). (4) Voltages greater than +200V are
shown for reference only. INA117 maximum rated operating voltage is
+200V.

TABLE I. INA117 Common-Mode Input Range for Se-
lected Power Supplies and Reference Offsets.

The same principles can be applied to the INA105 difference
amplifier as shown in Figures 3 and 4. With an allowable
voltage swing to within 3V of the power supply, the following
relationships apply for the INA105:

Ve =2¢[(V4) + V-1 - 6V]

ADJUSTING THE COMMON
MODE RANGE DYNAMICALLY

Another way to boost the common-mode range of a differ-
ence amplifier is to drive the reference connection dy-
namically in response to changes in the input. A circuit to
boost the input range of the INA117 is shown in Figure 5.
A third amplifier, A,, along with resistors R, R;, and R is
used to derive, invert, and scale the input level presented to
the reference connection.

The value for R; depends on the power supply voltages and
op amp used for A,. To maximize the common-mode range,
R, should be selected so the output of A, is at its maximum
swing limit when the inputs to the difference amplifier op
amp are at 3V from the opposite power supply. The OPA1013
is a good choice for A, since its outputs are guaranteed to
swing within 2V of the power supply rails.

Using the OPA1013 op amp for A,, and considering the
allowed swing to within 3V of the power supply voltage, the
following relationships apply for the INA117.

Vo =120 ¢ (VH) = 3V) = 19+ V, }

Ve=(V-) +2V
R, =-0.5MQ * V /V
Where:

Vo = common-mode input range [V]
R, = value of R [Q]

POWER Veu R,
SUPPLY (V) (V) (kQ)
+15 +4870 13.3
+12 +3700 13.7
+9 +2531 137
+6 +136 14.7

NOTES: (1) Voltages above +200V are shown for reference only. INA117

maximum rated operating voltage is £200V.

V, =2+ [(V-) +3V] -V,

TABLE II. INA117 Common-Mode Input Range for Se-
lected Power Supplies Using Figure 5 Circuit.
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FIGURE 3. Offsetting the INA105 Common-Mode Input Range Using the Negative Power Supply as a Reference.
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FIGURE 4. Offsetting the INA105 Common-Mode Input Range with a Zener Reference.
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FIGURE 5. Boosting the INA117 Common-Mode Input Range Dynamically.
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In the circuit of Figure 5, the true common-mode signal
drives the INA117 reference, V,. Often it is adequate to
drive the reference in response to the common-mode signal
at just one input pin (either pin 2 or 3). In this case one
common-mode sense resistor (either R, or Ry) can be omit-
ted. The value of the feedback resistor, R, must then be
doubled.

The same principles can be applied to the INA105 difference
amplifier as shown in Figure 6. Using the same 3V, 2V rules,
the following relationships apply for the INA105.

Vo =2 (V4 =3V) - V,}
Ve = (Vo) +2V
R, = -0.5MQ « V,/V,,

OUTPUT RANGE LIMITATIONS

Keep in mind that with any of these techniques, the
common-mode range refers to the input of the difference
amp only. To make use of the extended common-mode
range, the output swing limitations of the difference amp
must also be observed.

The output of the INA117 or INA105 is guaranteed to swing
at least £10V on 15V power supplies. However, a negative
output can actually swing to within 3V of the negative power
supply (to =12V on 15V supplies).

With zero differential input voltage to the difference amplifier,
the output will be at zero volts with respect to the reference
connection, V. The circuits in Figure 1 or 3 will not work
with zero differential input. Since the difference amp reference
pin is connected to V-, the output of the difference amp
would saturate to its negative swing limit in an attempt to
swing to V-, For the circuit to work, the differential input
must be at least 3V so that the output of the difference
amplifier is at 3V from V—. The input to the difference
amplifier can be either +3V or -3V and the input connec-
fippsdnine 2 92 can he interchanaed th nrovide the

If bipolar output swing is required, offset from the rail must
be large enough to accommodate the common-mode offset
as well as the output swing. When using the Figure 5 or 6
circuit, the V,, terms in the equations must be replaced by:

[(V-) + 3V + V] for negative swings

and by
[(V+) =5V — V] for positive swings
Where:
V,, = difference amp output swing relative to reference,
\Y

x
(Vg = difference amp differential input since the gain = 1)
The boosted common-mode range for positive inputs is
different than for negative inputs due to the differences in
the difference amplifier output swing limitations:
For positive common-mode inputs:
Vam =20 (VH =3V) =19V,
Ry, =0.5MQ * V_/V 0
V= [(V=) +3V + V]
For negative common-mode inputs:
Voo =20 (V-) +3V) =19« V.
Ry =-05MQ « VIV
V= [(V4) =5V =V, ]
Where:
V= highest common-mode input voltage [V]

Ve, = lowest common-mode input voltage [V]

Since only one value for R6 can be used, the smaller value
must be selected if the common-mode input is bipolar. The
total common-mode swing is limited by this value.

Reducing the difference amplifier output swing increases the
possible common-mode input range. If a higher output
swing is needed, add gain after the difference amplifier as

60
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FIGURE 6. Boosting the INA105 Common-Mode Input Range Dynamically.
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FIGURE 7. Boosted Common-Mode Input Range INA117 with Noise Filtering and Added Gain after the 2nd Difference
Amplifier to Further Extend INA117 Common-Mode Input Range.
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BOOST AMPLIFIER OUTPUT SWING
WITH SIMPLE MODIFICATION

By R. Mark Stitt and Rod Burt (602) 746-7445

In many applications it is desirable for the output of an
amplifier to swing close to its power supply rails. Most
amplifiers only guarantee an output swing of 10V to £12V
when operating on standard £15V power supplies. With the
addition of four resistors and a pair of garden-variety tran-
sistors, the INA105 or INA106 difference amplifiers can be
modified to provide nearly a full £15V output swing on
+15V supplies.

Figure 1 shows the modified circuit for the INA10S. The
combined INA105 quiescent current and output current
flowing from its power-supply pins drives external transis-
tors Q, and Q, through base-emitter connected resistors R,
and R,. Q, and Q, are arranged as common-emitter ampli-
fiers in a gain of approximately 1.7V/V (1 + 750€/1kQ) so
that the INA105’s output only needs to swing about £9V for
a 15V swing at the buffer output. Figure 4 shows the
boosted INA105 driving a 1kS load to within a fraction of
a volt of its 15V power supplies. Figure 4 is a multiple
exposure scope photo showing the composite amplifier
output and the power-supply voltages.

+15V 23

% Ra
2000
) Q1

7 2N3906

INA108
F"l Rz
2 5
i o W
R,
> 750Q
6 ()
+—0 Vo
F‘l
R, R, 100002
s Y W

4 Q2
2N3904
Ry
200Q
—15V O—

NOTES: (1) R, = 750Q for INA105. R, = 1kQ for INA106 on £12V to +18V
power supplies. R, = 2kQ for INA106 on +8V to 18V power supplies.

FIGURE 1. External Transistors Q, and Q, Add Output Boost
so the Difference Amplifier Can Drive Loads
Close to Its Power-Supply Rails.

Even though there is gain in the feedback of the INA105, the
circuit is stable as shown by the small-signal response of the
amplifier as seen in the scope photo, Figure 5. Since a unity-
gain difference amplifier operates in a noise gain of two,
gain can be added in its feedback loop without causing
instability with the following restrictions: 1) the added gain
is less than 2V/V, 2) the op amp in the difference amplifier
is unity gain stable, and 3) the phase shift added by the gain
buffer is low at the unity gain frequency of the op amp. All
stability requirements are met when using the INA105.

To understand the details of the composite amplifier, con-
sider the block diagram, Figure 2. Resistors R, and R, set the
gain of the buffer amplifier A,. The buffer amplifier is a
current-feedback op amp formed from the output transistors
in the INA105 and the external transistors, Q, and Q,. The
current feedback amplifier gives wide bandwidth and low
phase shift. Figure 3 shows one of two complementary
current-feedback amplifiers formed from the NPN output
transistor in the INA105 and the external PNP transistor, Q,.
This current-feedback amplifier section is active for positive
swings of the composite amplifier output. A complementary
current-feedback amplifier, using external transistor Q,, is
active for negative output swings of the composite amp.

" O_—\/\N\_‘l—{\ ‘
l+\
+In 0—] A Vo
INA105 _

R, R,
1000Q 750Q

NOTE: Gain of the boost circuit is approximately 1 + R/R,.

FIGURE 2. Block Diagram Showing Boost Circuit Feedback
Arrangement.
Because the maximum gain in the feedback of an INA105 is
limited to 2V/V, the boosted circuit works best with power
supplies of £12V or more. The INA105 doesn’t have enough
output swing on lower supplies to drive a gain-of-2 buffer to
the power supply rails. For boosted output swing on lower
supplies, consider the INA106 gain-of-10 difference ampli-
fier. Although the op amp in the INA106 is not unity gain
stable, the INA106 is stable with added gain in its feedback
of up to 3V/V. This allows full output boost on lower voltage
supplies. Scope photograph Figure 6 shows the boosted
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INA106 driving a 1k load to within a fraction of a volt on
18V supplies. Figure 6 is a multiple exposure scope photo
showing the composite amplifier output and the power-
supply voltages. Scope photograph Figure 7, shows the
small signal response of the INA106 with a gain-of-3 feedback
buffer.

A word of caution: To obtain the boosted output swing,
output protection circuitry was eliminated. There is no
current limit in the output buffer. A short circuit at the output
may destroy the external output transistors. Still, this simple
modification is an effective means to obtain wide output
swing.

So long as the stated stability requirements are observed, this
technique can be applied to other op amp circuits.

FIGURE 5. Small-Signal Response of Composite Amplifier

V+ Using INA105 and Buffer Amplifier with 7509,
Rs 1kQ Feedback Resistors.
2000

1= Q,
@
Q,
+In —O Vo
CFB Amp
-In ©
CFB Amp 6] INA105
Circuit To Q,
Fragment Collector

R,
Ry
NOTES: (1) Q, is the external 2N3906 PNP
— transistor. (2) Q, is the INA105 output NPN
transistor.

FIGURE 3. Circuit Detail Showing One-Half of the Sym-
metrical Current-Feedback Amplifier Output
Stage, A, in Figure 2.

FIGURE 6. Triple Exposure Showing +8V Power Supplies
and Composite Amplifier Output Driving 1kQ
Load.

FIGURE 4. Triple Exposure Showing +15V Power Supplies FIGURE 7. Small-Signal Response of Composite Amplifier
and Composite Amplifier Output Driving 1kQ Using INA106 and Buffer Amplifier with 3k,
Load. 1k€ Feedback Resistors.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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0 TO 20mA RECEIVER USING RCV420

By David Kunst and R. Mark Stitt (602) 746-7445

Many industrial current-loop applications call for conver-
sion of a 0 to 20mA input current into 0 to 5V output. The
RCV420 is intended primarily as a complete solution for
precise 4 to 20mA to 0 to 5V conversion. But, with the
addition of one or two external 1% resistors, the RCV420
can also accurately convert a 0 to 20mA input into a 0 to 5V
output.

The recommended hook-up for 0-20mA/0-5V conversion is
shown in Figure 1. To reduce the gain from 5V/16mA to 5V/
20mA, the internal 75Q sense resistor is paralleled with a
3019, 1% external resistor connected between pins 1 and 2.

Even though the external paralleling resistor has a 1%
tolerance, the worst-case gain error of the current-to-voltage
conversion will be only 0.5%. This is because the parallel
combination of an external 301Q resistor and the internal
758 resistor is dominated by the internal resistor.

A tighter tolerance on the external paralleling resistor would
not significantly improve the gain accuracy. This is because
the internal 75€2 sense resistor also has a tolerance of 1%.

The high gain accuracy of the RCV420 transfer function
comes from a fine laser trim of the internal amplifier’s gain
which compensates for any error in the 75 internal sense
resistor. So even if the sense resistor were replaced by a
resistor of exact value, the gain error could be as much as
1%.

For best common-mode rejection performance, a second
301€2 external resistor should be connected between pins 2
and 3 in parallel with the other internal 75Q sense resistor.
Without it, 86dB CMR would be degraded to about 80dB. If
high CMR is not needed, the second resistor shown can be
omitted.

To eliminate the offset, used for 4-20mA/0-5V conversion,
the “Ref In” (pin 12) must be connected to ground instead of
to the 10V reference. The “Ref Out” and “Ref Feedback”
(pins 10 and 11) should still be connected together to prevent
the reference circuitry from locking-up. Even though the
10.0V reference is not used for span offsetting, it is a
precision reference which may be useful for other circuitry.

+15VT T—15V
16 4

; RCV420 1
YW VWA
300k 99kQ 2K =
301Q 75Q YW 15 oVo
o20ma | 2 nsa |14 | osv
Input + 10
=
3010 750 1.01kﬂ% 100V I ©10.0Vour
3 Ref
VW YW 1
3000 100k

FIGURE 1. 0-20mA/0-5V Receiver Using RCV420.
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+15VT T—15V
16 4

-5V

RCV420
W2
300kQ 99kQ 92kQ = 200Q
75Q ~ MM 15 Vo
115k |14 x o
10
750 1.01kQ % 100V I 0 10.0Vour
Ref
T VW—t 1
300kQ 100kQ2 T
13 5

FIGURE 2. Gain Trimmable 0-20mA/0-5V Receiver Using RCV420.

If better gain accuracy is required, use the gain trim circuit
shown in Figure 2. This circuit uses a slightly lower value
external resistor in parallel with the internal 75Q sense
resistor and a potentiomenter in the feedback for fine trim
of gain. Because of its small value, and the action of the
“T” network feedback arrangement, the effect of the gain
adjust pot on CMR is negligible.

Of course, any mix of input/output polarity can be ob-
tained by connecting the current source input to either pin
1 or 3.

INPUT CURRENT | OUTPUT VOLTAGE | INPUT CONNECTION
0 to 20mA 0to 5V Pin 1
0 to -20mA 0to -5V Pin 1
0 to 20mA 0 to -5V Pin3
0 to -20mA 0to 5V Pin3
The information provided herein is believed to be reliable; h

Gain-reduction paralleling-resistors for selected gains are
shown in the table below.

INPUT RANGE | OUTPUT RANGE | PARALLELING-RESISTOR
0 to 20mA Oto 5V 301Q
0 to 50mA Oto 5V 35.7Q

In general, to determine the value of the external parallel-
ing resistor:

75Q

Iy
16mA

REXT =
1
Where:

R,y = External paralleling resistor ()
I, = Input current range (mA)

, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes

no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
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BOOST INSTRUMENT AMP CMR
WITH COMMON-MODE DRIVEN SUPPLIES

By R. Mark Stitt (602) 746-7445

Ever-increasing demands are being placed on instrumenta-
tion amplifier (IA) performance. When standard IAs can not
deliver the required performance, consider this enhanced
version. Dramatic performance improvements can be
achieved by operating the input amplifiers of a classical
three-op-amp IA from common-mode driven sub-regulated
power supplies.

Instrumentation amplifiers are designed to amplify low-
level differential signals while rejecting unwanted common-
mode signals. One of the most important specifications is
common-mode rejection (CMR)—the ability to reject com-
mon mode signals. AC CMR is especially important since
the common-mode signals are inevitably dynamic—com-
monly ranging from 60Hz power-line interference to
switching-power-supply noise at tens to hundreds of kHz.
With common-mode driven sub-regulated supplies, both the
AC and DC CMR of the IA can be dramatically improved.
Improved AC and DC power supply noise rejection is an
added bonus.

At the high gains often required, input offset voltage drift
can also be a critical specification. In some applications, the
low input offset voltage drift of chopper stabilized op amps
might provide the best solution. But, since many of these
chopper stabilized op amps are built using low voltage
CMOS processes, they can not be operated on standard
+15V power supplies. Operating the chopper stabilized op
amps from common-mode-driven, sub-regulated 5V sup-
plies allows them to be used without restriction in 15V
systems.

THE THREE OP AMP IA

To understand how the technique works, first consider the
operation of the three op amp IA shown in Figure 1A. The
design consists of an input gain stage driving a difference
amplifier.

The difference amplifier consists of op amp A, and ratio
matched resistors R, through R,. If the resistor ratios R,/R,
exactly match R /R, the difference amplifier will amplify
differential signals by a gain of R,/R, while rejecting com-
mon-mode signals. The CMR of the difference amplifier
will almost certainly be limited by resistor mismatch when
a high-performance op amp is used for A,. A unity-gain
difference amplifier requires a difficult 0.01% resistor match
for CMR of 86dB.

Since the slightest input source impedance mismatch would
degrade the resistor matching of the difference amplifier, a
differential input, differential output gain-stage (A, A, R,
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R, and R ) is used ahead of the difference amplifier. The
low output-impedance of the of the gain stage preserves
difference amplifier resistor matching and maintains the
CMR of the difference amplifier. The input amplifiers also

provide high input impedance and additional gain.

When designing a high CMR instrumentation amplifier, it is
important to use a differential input, differential output
amplifier using a single gain-set resistor (see Figure 1A). In
the Figure 1A circuit, CMR is independent of resistor
matching. Resistor mismatches degrade CMR in the two
gain-set-resistor differential in/out amplifier (see Figure 1B).

To understand why CMR is independent of resistor match-
ing in the single gain-set resistor amplifier, consider the
Figure 1A circuit. With a common-mode input signal, and
no differential input signal, the voltage between V| and V,
does not change. Therefore the voltage across R remains
constant and, since no current flows in the op amp inputs,
there is no current change in R, or R, and the differential
output voltage, V -V, does not change. Ideally then, with a
perfect difference amplifier, the common-mode gain is zero
and the CMRR is oo.

Difference Amplifier

Vp O

Mismatches in gain-set resistors R, and R, do not degrade IA CMR.
GAIN = (1 + [R, o RFBQ]/R ) (R/R,)
If Reg, = Regy = Regy
GAIN = (1 +[2 * RJR) (R/R)

FIGURE 1A. The Three Op-Amp Instrumentation Amplifier.

BURR - BROWRN®

=1=1



Or, Call Customer Service at 1-800-548-6132 (USA Only)

Vy O
Difference Amplifier
fmm—————————————
] 1
MW '
Rai Regy R R, 1
1
= | !
: <o Vo
1 1
I 1
1
Rz Rea, V, : Ry R, :
— /MW= W
L i e e d
Vp O
NOTE: Mi hes gain-set resistor pairs, R, /R, and
Res/Rq, do degrade 1A CMR.

FIGURE 1B. The Wrong Way to Make a Three Op-Amp
Instrumentation Amplifier.

In the Figure 1B circuit, CMR does depend on resistor
matching. Common-mode signals will cause different com-
mon-mode currents to flow through R, and R , if their values
are not matched. Then, if the ratio of R, /R, is not exactly
equal to the ratio of R /R, there will be common-mode
gain and the CMRR of the instrumentation amplifier will be
degraded.

Mathematically, for the two circuits:
G = (V, = VIV = V)
Gey = (V, = VIV
For the single gain-set resistor circuit, Figure 1A:
Gpe = Ry + R, + RY)/R,
If R, = Ry, = R, this becomes the familiar
Gppe =1+ @2 *Ry/RY)
CcM = 0
For the two gain-set resistor circuit, Figure 1B:
= Vi * (1 + Rpp/Rgp)) — Vp o (1 + (Repo/Risn))
Vy-Ve

Gem = Repy/Rey) — Repa/Rep)
(The CMRR of the Figure 1B circuit does depend on buffer
amplifier resistor matching.)
Where:
G, = Differential gain of the 1A (V/V)
G_,, = Common-mode gain of the IA (V/V)
See Figures 1A and 1B for V¢ and R
Common-mode rejection ratio is the ratio of differential gain
to common-mode gain. Adding gain ahead of the difference
amplifier increases the CMR of the IA so long as the op
amps in the gain stage have better CMR than the difference
BURR - BROWN®
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amplifier. That is why IA data sheets usually specify one
CMR (e.g. 80dB) at gain = 1 and a much higher CMR at
higher gains (e.g. 100dB at gain = 1000).

Most high-performance op amps have better CMR than is
available from difference amplifiers. Be careful when select-
ing an input op amp though; the venerable “741” op amp has
a minimum high-grade CMR of 80dB, and the world’s most
popular op amp?, the LM 324, has a min high-grade CMR of
only 70dB. High performance bipolar input op amps have
the best CMR. The OPA177 has a min CMR of 130dB. FET
input op amps usually don’t offer quite as much perfor-
mance. The Burr-Brown OPA627 comes the closest with a
min CMR of 106dB.

LIMITING FACTORS IN IA PERFORMANCE

The DC CMR of a standard IA can be improved by driving
the power supply connections of the input op amps from
sub-regulated power supplies referenced to the IA common-
mode input voltage. Op amp CMR is limited by device
mismatch and thermal feedback that occurs as the op amp
inputs change relative to its power supplies. If the power
supply rails are varied to track the common mode input
signal, there is no variation of the inputs relative to the
power-supply rails, errors which degrade CMR are largely
eliminated, and CMR can be substantially improved.

The AC CMR of the IA is limited by the AC response of the
input amplifiers. The outputs of the input amplifiers in the
1A follow the common mode input signal. As the frequency
of the common-mode signal increases, the loop gain of the
input op amps diminishes, and CMR falls off.

For large common-mode signals, the slew rate of the input
op amps can limit the ability of the IA to function altogether.
This will happen when the maximum rate of change of the
common-mode signal exceeds the siew rate limit of the op
amp. For a sine wave, the maximum rate of change occurs
at the zero crossing and can be derived as follows:

V=V,esin2emefey
dV/dt:2'n-f-VP-cos(2-ﬂ:-f-t)

Att=0,

dVidt=2emefeV,

Slew rate limit =2 e ef V,

Where:

V = common-mode voltage vs time (t)

V, = peak common-mode voltage

Slew rate limit = maximum dV/dt

f ;o = Maximum common-mode frequency at amplitude V,,
beyond which standard IA fails to function due to
slew-rate limit of input op amp.

As with DC CMR, AC CMR can be improved by driving the

power supply connections of the input op amps from com-

mon-mode referenced sub-regulated supplies. Since neither

the inputs nor the output of the amplifier change relative to

(1) According to its designer: Frederiksen, Thomas M., Intuitive IC Op Amps,
National Semiconductor’s Technology Series, 1984, back cover.
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the power supply rails, nothing within the amplifier moves
in response to the common-mode signal. No current flows in
the phase compensation capacitors and the phase compensa-
tion is therefore defeated for common-mode response.

THE BOOSTED IA

The complete circuit for the enhanced IA is shown in Figure
2. In addition to the three op amp IA, it contains a buffered
common-mode voltage generator, and 5V subregulated
power supplies.

VN
Gain-of-10
_ Difference Amplifier | _
INA106 H
R, |
2, 15
]
Reg, I 1ok 100k |
5kQ ! !
Rg ! 16
100kQ H | =0 Vo
5kQ H !
R 1
FB2 3l Ry R, 1 4
1
100kQ |
________ 1
Ve

V5 REF200
Cy 0.01pF

Vey -5V
to -V of
A L&A,

Vem +5V
to +Vg of
A &A,

Va
OPA404

Ry

A5
e’
OPA404

NOTE: Driving the power
supplies of the input
amplifiers of a three op
amp IA from common-

mode driven supplies can + 100pA
dramatically improve both V2 REF200

C, 0.01yF

AC and DC CMR.

—15V
FIGURE 2. Boosted Instrumentation Amplifier.

The information provided herein is believed to be reliable; however, BURR-BROWN
assumes no responsibility forinaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall
be entirely at the user's own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are
implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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An INA106 gain-of-10 difference amplifier is used for the
difference amplifier. The INA106 contains a precision op
amp and ratio matched resistors R through R, pretrimmed
for 100dB min CMR. No critical resistor matching by the
user is required to build a precision IA using this approach.

The common-mode signal driving the subregulated supplies
is derived from resistor divider network, Rs, R,. The network
is driven from the IA inputs through unity-gain connected op
amps A, and A. These buffer amplifiers persevere the IA’s
high input impedance. In some applications the impedance
of the R, R, network connected directly to the IA inputs is
acceptable and buffer amplifiers A, and A, can be deleted as
shown in Figure 3. The signal at the R, R, connection of the
resistor divider is the average or common-mode voltage of
the two IA inputs.

The negative subregulator consists of AR, C,and a100pA
current source (1/2 of Burr-Brown REF200). Since no cur-
rent flows in the op amp input, 100pA flows through the
50kQ resistor, R, forcing a -5V drop from the op amp input
to its output. The op amp forces the negative input to be at
the same potential as its positive input. The resultis a a -5V
floating voltage reference relative to the op amp noninverting
input terminal.

The positive subregulator is the same as the negative
subregulation except for the polarity of the current source
connection.

The outputs of the positive and negative subregulators are
connected to the power supplies of the input op amps A and
A, only. All other op amps are connected to 15V power
supplies.

COMMON MODE RANGE OF BOOSTED IA

The common-mode input range of the boosted IA is limited
by the subregulated supply voltage. The outputs of the
subregulator amplifiers, A and A, must swing the common-
mode voltage plus the subregulator voltage. The smaller the
subregulator voltage, the better the common-mode input
range. A subregulator voltage of 5V was chosen because it
is low enough to give good input common-mode range while
it is high enough to allow full performance from almost any
op amp.

COMMON MODE RANGE OF BOOSTED IA
IS AS GOOD AS STANDARD IA

The common-mode input range of the boosted instrumenta-
tion amplifier is as good as that of most integrated circuit
IAs. It might seem that the subregulated supplies would
reduce the IA’s common-mode range. But because the
boosted IA uses a gain-of-10 difference amplifier rather than
a unity gain difference amplifier its common mode range is
not limited by the input amplifiers. The common-mode input
range of both the boosted IA and the standard IA is about
+7V.

That’s right. With a 10V output, the common mode input
range of a standard IA is only about £7V, not £10V as many
have been incorrectly led to believe.

BURR - BROWN®
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Vy O—4 +

Rs %
10kQ

Gain-of-10
Difference Amplifier

Vewm Rg
100Q

AZ
OPA177
Ve O +

NOTE: If high input impedance is not needed,
the common-mode buffers (A, and A, from
Figure 2) can be eliminated.

+15V
100pA
V2 REF200
C, 0.01yF
Il
i
F{7
50kQ
As +—O Vyy -5V
—+ 7 to —Vg of
OPA2107 A& A,
O Voy +5V
to +Vg of
A& A,
T
1T
C, 0.01pF
* 100pA
V2 REF200
-15V

FIGURE 3. Simplified Boosted Instrumentation Amplifier.

The common-mode swing of a standard IA is limited by the
output swing of the input amplifiers. The common mode
range of the boosted IA is limited by the output swing of the
subregulator amplifiers.

Standard IAs use unity gain difference amplifiers for prac-
tical reasons. Since standard IAs are designed for general
applications, they must be adjustable to unity gain. Because
it would be difficult for the user to maintain the resistor ratio
matching necessary for good difference amplifier CMR, a
fixed unity gain difference amplifier is provided. Gain ad-
justment is made with the input amplifiers, where matching

BURR-BROWN®
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is not critical for good CMR. Also, The more gain placed
ahead of the difference amplifier, the better the IA CMR.

To compare the limits on input common-mode range, as-
sume the op amps used can all swing to within 3V of their
power supply rails (i.e. they can swing to £12V when
operating on 15V power supplies).

In a standard IA, using a unity gain difference amplifier, the
input amplifiers must provide a differential 10V output for
a 10V IA output. With the input amplifiers in equal gains,
each must deliver one half of the 10V differential signal.
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FIGURE 4. High Voltage Instrumentation Amplifier.

With a common-mode input of 7V one input amplifier must
deliver 7V common-mode plus 5V differential—its 12V
swing limit.

The boosted IA also has a +7V common-mode input limit.
The subregulators are set at +5V from the input common-
mode signal. With a 7V common mode input, one of the
subregulator outputs is at its 12V swing limit.

In the boosted IA, using a gain-fo-10 difference amplifier,
the buffer amplifiers must provide a differential output of
only 1V for a 10V IA output. With the input amplifiers in
equal gains, each must deliver one half of the 1V differential
signal. With a common-mode input of 7V, one input ampli-
fier must deliver 7V common-mode plus 0.5V differential
for a total of 7.5V at its output which is no problem since the
V; is 12V (5V subregulated + 7V common-mode).

BURR - BROWN®
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NOTE: Both the standard and boosted IA use OPA177s for input
amplifiers. The overall gain of the |Ais 1000V/V (input sectiongain= 100,
difference gain = 10). The boosted 1A gives more than 100/1 CMR
improvement. Noise limits the DC CMR to slightly greater than 140dB
referred to a +9dBm common-mode input signal.

FIGURE 5. CMR vs Frequency Comparison between Stan-
dard Three Op Amp IA and Boosted IA.

SUBREGULATION IMPROVES PRECISION

Lower power dissipation in the input op amps due to reduced
power supplies can improve performance by reducing ther-
mally induced low-frequency noise. In all semiconductor
packages thermocouples are formed at various conductor
interfaces. Matched-seal metal, side-braze ceramic, cerdip,
and many plastic packages use Kovar leads. Significant
thermocouples are formed between the lead plating and the
Kovar. Thermocouples are also formed between the leads
and the solder connections to the printed circuit.

If thermal gradients are properly matched (at the amplifier
inputs) the thermocouple errors will cancel. In practice,
mismatches occur. Even under laboratory conditions, the
error produced can be several tenths of microvolts—well
above the levels achievable with low-noise amplifiers. At
the output of a high-gain amplifier, the error will appear as
low frequency noise or short-term input offset error.

In signal op amp packages, much of the heat is conducted
away through the leads. The resultant thermal gradient
between the package and the printed circuit can be a major
source of error. Air currents cool one lead more than an-
other, resulting in mismatched thermal gradients. Operating
the op amp on +5V supplies (reduced from +15V supplies)
decreases quiescent power dissipation and associated tem-
perature rise by three-to-one, providing a commensurate
reduction in thermally induced errors.

PERFORMANCE OF
BOOSTED IA vs STANDARD IA

A performance comparison between the standard IA and the
boosted IA in Figure 2 is shown in Figure 5. Amplifiers used
for A, and A, are OPA177; A, is an INA106 gain-of-10
difference amplifier; and A, to A, are an OPA404 quad op

BURR - BROWN®
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Input signal is 2.5V, 2kHz. Output shows approximately 56dB CMR.

FIGURE 5B. Common-Mode Input and Output of Standard
Gain = 1000V/V 1A Using LTC1050 Chopper
Stabilized Op Amp.

TR

Input signal is +2.5V, 2kHz. Output shows improvement over standard
|A to approximately 82dB CMR.

FIGURE 5C. Common-Mode Input and Output of Boosted
Gain = 1000V/V IA Using LTC1050 Chopper
Stabilized Op Amp.

amp in the boosted circuit. Overall gain of the IA is set at
1000V/V. The OPA177 is an improved version of the
industry standard OP 07. It offers 10pV max V¢ and 0.1uV/
°C max V,/dT. The OPA404 is used for speed and bias
current. The FET inputs of the OPA404 do not add loading
at the input of the IA. The speed is high as compared to the
OPA177 giving a good improvement of CMR vs Frequency.
The CMR plots were made using an HP4194A gain-phase
analyzer with an input signal to the IA of +9dBm. As you
can see, CMR vs Frequency is boosted dramatically. At
2kHz, for example, the CMR of the standard IA is = 80dB
while the CMR of the boosted IA is more than 120dB—
more than a 100-to-1 improvement!
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instability, and reduced performance.

NOTE: You can derive the common-mode drive signal for
the subregulated supplies from the outputs of the input
amplifiers, but it can create problems such as latch-up,

Gain-of-10
Difference Amplifier
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FIGURE 6. Boosted Electrometer Instrumentation Amplifier.

Another dramatic comparison is shown in the scope photos of
the same IAs using LTC1050 chopper stabilized op amps for
A, and A,. When V_/dT is critical, chopper stabilized op
amps may be the best choice—they offer SV max V ¢ over
temperature. As you can see, with a 2.5V, 2kHz input signal,
CMR is limited to =56dB by chopper noise. With the boosted
circuit, CMR is a respectable ~82dB.

The limit for CMR performance in the boosted IA is the
difference amplifier. The more gain added ahead of the differ-
ence amplifier, the better the potential for improvement. For
example, with a gain of 100V/V ahead of the difference
amplifier an improvement in CMR of 40dB is possible. The
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actual performance boost will depend on matching and
parasitics in the devices selected.

Of course, CMR vs Frequency depends on the dynamic
performance of all amplifiers. Improvement in dynamic CMR
will be most dramatic when the speed of the amplifiers used
for A, to A, is much higher than the speed of A| and A,

HIGH-VOLTAGE IA

High voltage IAs can also be easily implemented using the
boosted IA configuration. Standard precision signal level op
amps can be used for the input amplifiers while the HV chores

are taken care of by the other (less critical) op amps.
BURR - BROWN®
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The simple modifications to the Figure 3 circuit are shown
in Figure 4. OPA445 op amps are used for A and A, and for
the difference amplifier, A,. To boost the voltage rating of
the current sources used in the subregulated supplies, two
REF200 current source sections are placed in series. If 1%
resistors are used for difference resistors R -R,, a pot may be
required to adjust CMR as shown. The resulting IA will
provide outstanding performance on power supplies up to
+45V.

BOOSTED ELECTROMETER IA

Electrometer amps depend on the lowest possible input bias
current. Connecting the input drive circuitry to the IA inputs
as shown in Figure 2 may result in too much bias current. In
this case you may want to take the common-mode drive signal
from the outputs of the input stage as shown in Figure 6.

Taking the common-mode drive from the outputs of the
input stage may seem like a good idea, but it creates
problems—Ilatch-up, instability, and reduced performance.

Driving the supplies of the input amplifiers from their
outputs can cause latch-up. Many amplifiers exhibit input
phase anomalies when their inputs are overloaded or
overdirven relative to their power supplies. Unless precau-
tions are taken when deriving the power supplies from the
amplifier outputs, these anomalies will result in latch-up
conditions. The back-to-back 3.3V zener diodes connected
to the common-mode node (where R, and R, connect)
prevents latch-up by keeping the common-mode drive point
within 4V of ground. Also, the common-mode driven sup-
plies are increased from 5V to 8V. In combination, this keeps
4V minimum on the power supplies of the input amps elimi-
nating the latch-up condition when using the op amps shown.
The disadvantage of the clamp circuitry is reduced common-
mode input range. The input common-mode range is limited
to the clamp voltage of approximately 4V.

Driving the supplies of the input amplifiers from their
outputs can also cause insatiably. Driving an op amp’s

-160
-150
-140 . - -~
130 [y e oe
M~ [
& -120 H
T El A NN
o« -110 <
= . N N
S -100 /- a8y
-90 I~
Standard 1A NNy
-80
-70
-60
10 100 1k 10k
Frequency (Hz)
NOTE: The boosted electrometer IA circuit adds CMR boost, but the
boost starts to fall off beyond about 1kHz.

FIGURE 7. CMR vs Frequency Comparison between
Standard Three Op Amp IA, Boosted IA, and
Boosted Electrometer IA.
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power supply pins from the op amp output can cancel the op
amp phase compensation and cause the op amp to oscillate.
Driving the input op amps power supplies through the two-to-
one R, R, divider does not completely cancel the compensa-
tion, but it does reduce amplifier phase margin significantly.
Phase shift through A and A, further reduces phase margin.

You might think that significantly reduced phase margin would
be acceptable if the input amplifiers are used in high gain. But
high gain in the differential input/output amplifier depends on
virtual grounds at both ends of R ;. At the unity gain frequency
of the op amp, where instability occurs, loop gain disappears and
the op amps no longer approximate the ideal. At best, the op
amps operate in a noise gain of two—the op amps must be stable
in a gain of two. That’s why you can get in trouble trying to use
decompensated op amps in the front-end of an IA.

Using the faster OPA2107 for A and A, along with the
OPA128 electrometer op amp for A, and A, results in good
stability. The improvement of CMR is shown in the CMR vs
Frequency plot, Figure 7. The plot compares a standard IA
(using the OPA 128 and an INA106) to the Figure 2 and Figure
6 boosted IA circuits. The boosted circuits give a 30dB (better
than 30/1) improvement in CMR up to about 1kHz. Beyond
1kHz, the CMR vs Frequency of the Figure 6 circuit begins to
fall-off. At 10kHz, the Figure 6 circuit only offers about a six-
to-one improvement.

LAYOUT

To get the best performance from the boosted IA, use a good
printed circuit layout. For best CMR, keep the signal-path
circuitry symmetrical. A printed circuit layout of the complete
boosted IA circuit, Figure 2, is shown in Figure 8. It produced
the excellent results shown in this bulletin. Notice that good
signal-path symmetry is achieved even though a single-sided
layout is used.

Best perfc P pathsy y. Noticethatexcellent
symmetry can be maintained even with single-sided board layout. Extra
pads at RFB allow stacking of feedback i

signal
9

FIGURE 8. Printed Circuit Layout of Figure 2 Boosted IA.
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INPUT FILTERING THE INA117 +200V DIFFERENCE AMPLIFIER

By R. Mark Stitt (602) 746-7445

Many customers have asked how to add input filtering to the
INA117. Since the INA117 is rated for 200V input voltage
(£500V without damage), it is commonly used in environ-
ments with very high input noise or with high-voltage input
transients. This bulletin shows how to connect input filters,
discusses the errors they can add, and shows how to elimi-
nate the errors.

Figure 1 shows the connection of a differential input filter.
A pole is formed by C; and the two external input resistors.
f_agg = 1/(4 » m * Ry * C)). Differential input filtering is pre-
ferred because mismatches in filter components do not
degrade CMR.

DON’T USE COMMON-MODE
INPUT FILTERS ALONE

Don’t be tempted to use common-mode input filtering alone
(Figure 2) unless you are prepared to carefully match com-
ponents. Mismatches between the R; ¢ C, time constants
reduce AC CMR. The mismatches result in a differential
input signal in response to AC common-mode inputs. Even
if you successfully match the components for good AC
CMR at room temperature, maintaining the match over
temperature can be a problem.

A COMBINATION COMMON-MODE

AND DIFFERENTIAL INPUT FILTER IS OK

If you want common-mode input filtering, use it in conjunc-
tion with differential input filtering as shown in Figure 3. If

R, R, R,
2kQ 380kQ 380kQ
2
v,
2 C‘
R T R, - 6
2kQ 380kQ —VO
+ o
V, 3
Rg % Ry
21.1kQ 20.0kQ
INA117
8 I 1 5

A differential pole is formed at:
faqg=1/(4+meR*Cy)
AC CMR is not degraded by a differential input filter.

FIGURE 1. INA117 with Differential Input Filter.
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R Ry R,
2%Q 380k 380kQ
v, 2
R, R, - 6
2kQ 380k _OV
+ o
V, 3 é
CZ
R R,
R ae I PY Jkn% 20.0k0
T T INA117
al 1 5

Don't use this common-mode input filter alone. AC CMR will be de-
graded by mismatches in the filter time constants.

FIGURE 2. INA117 with Common-Mode Input Filter.

R ! Ry Ry
2%Q 4 7I“F 380kQ 380kQ
v, 2
R T Ry - 6
2kQ 380kQ =0

Vo

.
Cy

Ry % % R,
O‘O“fj_\;l. 21.1kQ 20.0k2
T sl 1 5

INA117

If C4 >> C,, AC common-mode errors due to R, * C, mismatches will be
shunted by C4, improving AC CMR.

FIGURE 3. INA117 with a Combination Differential and
Common-Mode Input Filter.

C; >> C,, AC common-mode errors will be shunted by C;
so AC CMR can be successfully boosted. A value of
C; =500 * C, is suggested.

Figure 4 shows actual CMR vs Frequency performance plots
for the Figure 2 and Figure 3 circuits. Standard INA117
performance is shown for comparison. The standard INA117
has about 60dB CMR at 30kHz. Mismatches of 5% inR * C
time constants (5% C, mismatch) cause the Figure 2 circuit
CMR to drop below 60dB at less than 200Hz. Adding a

BURR - BROWN®
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FIGURE 4. CMR vs Frequency Plots for Figure 2 and 3
Circuits with Standard INA 117 for Comparison.

4.7uF differential input filter capacitor shunts out common-
mode filter errors producing greater than 70dB CMR to
100kHz as shown in the plot of Figure 3’s performance.

INPUT RESISTORS CAN REDUCE DC CMR

Notice that the DC CMR of the Figure 3 circuit is reduced
from =92dB to =82dB. The CMR reduction is due to
mismatches from input filter resistors, R;.

CMR in the INA117 depends on close resistor ratio match-
ing. For errors in Ry and Rj:

CMR = -20 Log(%/105)

Where:
CMR = CMR for errors in Ry or R; [dB]
% = the error in Ry or R; [%]

The number, 105, in the denominator comes from R;, R;
sensitivity equations.

sﬁi“; = +R/(R; +Ry)
For example, % = 0.002% is required for the typical 94dB
INA117 CMR.

Even though the 2kQ input resistors are relatively small
compared to the 380kQ input resistors in the INA117, mis-
matches will reduce CMR. Even if perfectly matched external
input resistors are used there can still be problems with CMR.

Although some resistor ratios in the INA117 are carefully
matched to achieve good CMR, the R/R; ratio is not. A
typical mismatch of 1% can be expected. The effect is to add
an effective 1% mismatch to external resistors. The follow-
ing worst-case CMR can be expected:

CMR = -20 Log((ERROR, + ERROR,)/105)

Where:

ERROR, = Error due Ry, R;, and R; mismatches [%]
ERROR; = R;* (Tqp, + D/(Ry + 3.8 « 105

R; = DC resistance of external filter resistor, Ry, [Q]
ToL = Tolerance of R; [%], i.e. 1.0 for 1%

ERROR, = Initial INA117 error [%]—See Table 1

BURR-BROWN®
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CMR,; ERROR,
INA117 GRADE (dB) (%)
INAT17BM typ %4 0.002
INA117BM min 86 0.005
INAT17KP min 70 0.033
TABLE I. Initial INA117 CMR Values.
R ERROR, ERROR, CMR
(Q) (%) (%) (dB)
1k 0.005 0.005 80
2 0.010 0.005 76
5k 0.026 0.005 71
10k 0.051 0.005 65

TABLE II. Examples of Worst-Case CMR to be Expected
(INA117BM and selected 1% R;s).

Also,

105

E o105
RROR: = T5(CMR, 1 7720)

CMR,; = Initial INA117 CMR [dB]

See Tables I and II for examples.

CMR TRIM

If you want to use 10kQ input resistors and must be assured
of good DC CMR, you can use the trim circuit shown in
Figure 5. Resistor TCR mismatches can limit difference
amplifier performance over temperature. Use high quality
film resistors and keep Ry < 10kQ for good performance
over temperature.

R R, R,
10kQ 380kQ 380kQ
9 STVWA
2
il
R R, 6
10kQ 380kQ —\?
‘/\A/\_ o
A 3
Rs % R,
21.1kQ 20.0kQ
INA117
8] 1 5
200Q
CMR Trim
g g

FIGURE 5. INA117 with Differential Input Filter and CMR
Trim.
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ADDED INPUT RESISTORS CAUSE GAIN ERROR

Adding input resistors to the INA117 causes gain error.
When all resistor ratios are properly adjusted for good CMR,
INA117 gain is Ry/R;. When input filter resistors are added,
gain is reduced to Ry/(R; + R;). With Ry = 10kQ, gain is
=~0.974 V/V (approximately —2.6% gain error). Since gain
does not depend on Rs, Ry, or Rs, the gain error can not be
corrected by adding resistance in series with any pin.

CORRECTING GAIN ERROR

To correct for the gain error introduced by the input filter
resistors, you can add a small amount of positive feedback
as shown in Figure 6. Resistors Ry, R4p, and Rs, must be
selected to maintain CMR and to give the proper positive
feedback to correct for gain error.

The following procedure is suggested:

This is an arbitrary but adequate value for Rys. It is the
smallest standard 1% value. With this small value, even a
5% ratio matching error between Ry and Rs, would only
degrade INA117 CMR to 82.5dB. In practice, ratio errors
will be lower than this when closest standard 1% resistors
are used.

Calculate R4p and Rs, and use closest standard 1% resistor
value.
19+ Ry * Rya
Ry
With Ry < 10kQ and R4y = 10Q this is an adequate ap-
proximation for all practical purposes.

Rip=18*Rua +

R| R‘ RZ
10kQ 380kQ 380kQ
9 VWA
2
c‘
R Ry - 6
10kQ 380kQ v
o—yW YW + °
vy 3 L
Rs % Ry
21.1kQ 20.0kQ
INA117
8 1 5
R
HSA R4A
11Q 10Q 7.326Q

FIGURE 6. INA117 with Differential Input Filter and Posi-
tive Feedback Circuit to Compensate for Gain
Error Due to R;.
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If R, = 380kQ), Ry = 10k, and Ryy = 10Q:

Ryp = 180 + l%}gﬁ ~7.4kQ2, use 7.32kQ
1

361+ Ry *Rya * Rep
324(R; * Ryn) +324(R; * Ryp) — 342(Rsp * Ryp)
With R, = 380k and Ry, = 10Q:
- 361 R1B
3.24+ 0323991 * Ryp

With Ryp = 7.4kQ, | Rsp = 11.13Q |, use 11Q.

FINE-TRIM FOR ZERO GAIN ERROR

You must trim to get zero gain error. The resistors in the
INA117 are accurately ratio trimmed to give excellent CMR
and gain accuracy, but their absolute values are only accu-
rate to within about +20%. With the values calculated above,
gain error will be reduced from approximately —2.6% to
about +0.5%.

For lower gain error use the gain-trim circuit shown in
Figure 7. The circuit is the same as in Figure 6 except, Ry
is replaced with a 5k fixed resistor and a SkQ pot.

Rsp=

RSA

To trim for zero gain error, ground the INA117 inputs (OV
input) and measure the offset voltage, Vg, at the output.
Apply a known input voltage, Vggr, (e.g. 10.0V) to the
INA117 noninverting input. Measure Vygg s0 you know its
precise value. Adjust the 5kQ pot for the correct INA117
output voltage: Vour = Vrer + Vorr

F!I RI Rz
10kQ 380kQ 380kQ
2
v,
2 C‘
R T R, - 6
10kQ 380kQ ¢ 63
i + o
A 3 |
Rs % R,
21.1kQ 20.0kQ
INA117
8 1 5
HAB RAC
5kQ 5kQ

Gain Trim

FIGURE 7. INA117 with Differential Input Filter and Gain
Trim Circuit.
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You can automate the trim process by using an amplifier
with a known gain of 1V/V. The Burr-Brown INA105BM

R R, R, difference amplifier with gain error = +0.01% max is a good
ke 380k02 380k choice. Instead of using a voltage reference, drive the input
Al IRALR of the INA117 with a +5V, 10Hz sine or triangle wave (see
c, AN-165, Fig. 46 for a suitable triangle generator circuit).
R Rs - s Connect one input of the INA1OS to the driven INA117
10kQ 380kQ y v input. Connect the other input of the INA105 to the INA117
v, 3 t ° output. Adjust the 5kQ gain trim pot for zero AC at the
INA105 output. Using the AC technique allows you to
Rs R, L .

21.1kQ 20.0k2 distinguish between offset and gain error.

INAT17 If you want to adjust both gain and CMR, use the circuit

shown in Figure 8.

CMR Trim ¢

FIGURE 8. INA117 with Differential Input Filter and Both
Gain Trim and CMR Trim Circuits. )

The information provided herein is believed to be reliable; however, BURR-BROWN no responsibility for i ies or omissi BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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IC BUILDING BLOCKS FORM COMPLETE
ISOLATED 4-20mA CURRENT-LOOP SYSTEMS

By R. Mark Stitt and David Kunst ( 602) 746-7445

Current loops have become the standard for signal transmis-
sion in the process control industry. Current loops are
insensitive to noise and are immune to errors from line
impedance. Adding isolation to the 4-20mA current loop
protects system electronics from electrical noise and tran-
sients. It also allows transducers to be electrically separated
by hundreds of volts. Burr-Brown now offers all of the
integrated circuit building blocks needed to assemble com-
plete isolated 4-20mA current-loop systems. The product
line includes two-wire transmitters, two-wire receivers, low
cost isolation amplifiers, and low cost isolation power sup-
plies. Three two-wire transmitters are available: one is
general purpose, one designed for use with RTD tempera-
ture sensors, and one designed for use with bridge circuits.

THE BASIC ISOLATED 4-20mA
TWO-WIRE SYSTEM

Figure 1 shows a typical isolated 4-20mA system. An
XTRI101 converts a position sensor output into a two-wire
4-20mA current-loop signal. An ISO122 low-cost isolation
amplifier isolates the 0-5V signal. Power (£15V for the
RCV420, 30V for the current loop) is supplied by the
HPR117 low-cost DC/DC converter.

In this example, a Penny & Giles Model HLP 190 50mm
linear potentiometer is used as the position transducer. One
of the 1mA current sources in the XTR101 is used to bias the
transducer. A 2kQ fixed resistor in parallel with the 2kQ
potentiometer sets its output range to 0-1V. The 2.5kQ
resistor sets a SV common-mode input level to bias the
XTR101 instrumentation amplifier input into its linear re-
gion.

With the span-setting resistor connections open, the XTR101
current-loop output is:

I = 4mA + Vp/62.5Q

Where:

1o = current loop output (A)

Vn = Differential IA input voltage between
pins 3 and 4 (V)

The XTR101 directly converts the 0-1V position sensor
output into a 4-20mA current loop output. The isolated
voltage output from the 1SO122 is 0-5V for 0-50mm dis-
placement.

Other, more specialized two-wire transmitters are also avail-
able. See the brief summary at right of available building
blocks.

78 AB-032A

HPR117 LOW-COST ISOLATED DC/DC CONVERTER
Provides 15V, 30mA isolated output power with 15V
input. Key specifications are:
+Vour = Vive 5%

(Vin= 135V to 16.5V, Iyyr = 25mA)
Ioyr = 30mA continuous at 70°C.
8mA quiescent current, no load; 80% efficiency, full load
750VDC isolation rating

1SO122 LOW-COST PRECISION ISOLATION AMPLIFIER
Precision analog isolation amplifier in a standard 16-pin
plastic DIP. Key specifications are:

Unity gain (+10V in to £10V out), £0.05%

0.02% max nonlinearity

5mA quiescent current

140dB isolation mode rejection at 60Hz

1500Vrms continuous isolation rating (100% tested)

RCV420

Self-contained 4-20mA receiver. Conditions and offsets
4-20mA input signals to give a precision 0-5V output.
Contains precision voltage reference, 75Q precision sense
resistor and +40V common-mode input range difference
amplifier. The RCV420 has a total combined span and zero
error of less than 0.1%—adjustable to zero.

XTR101

General purpose two-wire 4-20mA current-loop transmitter.
This transmitter has an instrumentation amplifier input and
two 1mA current sources for transducer excitation and
offsetting.

XTR103

Two-wire RTD 4-20mA current-loop transmitter with 9V
compliance. Similar to XTR101, but with internal lineariza-
tion circuitry for direct interface to RTDs (Resistance Tem-
perature Detectors). The XTR103, along with an RTD,
forms a precision temperature to 4-20mA current-loop trans-
mitter. Along with an RTD, the XTR103 can achieve better
than 0.1% span linearity over a —200°C to +850°C tempera-
ture span.

XTR104

Two-wire bridge 4-20mA current-loop transmitter with 9V
compliance. Similar to XTR101, but with shunt regulator
and linearization circuitry for direct interface to resistor
transducer bridges. The XTR104 can provide better than
0.1% span linearity from bridges with uncorrected linearity
in excess of 2%.
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NOTE: Position sensor is Model HLP 190
50mm available from Penny & Giles Controls,
Inc., 35 Reynolds St., Attleboro, MA 02703,
(508)226-3008.

FIGURE 1. Four IC Packages and Transducer Form Complete Isolated 4-20mA Current-Loop System.

THERMISTOR-BASED
TEMPERATURE MEASUREMENT

The most often measured physical parameter is temperature.
Of the many commonly used temperature measurement
transducers, the thermistor is the least expensive. Both
positive and negative temperature coefficient types are avail-
able in all sorts of packages. Due to their high temperature
coefficients, negative temperature coefficient types are the
most common and widely used types. Thermistors are useful
for temperature measurement from —55°C up to 300°C.

Figure 2 shows the circuit for a thermistor-based two-wire 4-
20mA current-loop temperature measurement system. A
bridge is formed with a thermistor, Ry, and a 5k€ variable
resistor. The bridge is excited by the two 1mA current
sources in the XTR101. The 5kQ variable resistor is used to
set the temperature-range zero for 4mA current loop output.
The XTR101 span setting resistor, R, sets the span to get
20mA current-loop output at full-scale. XTR101 current-
loop output is:

Io=4mA + V(1 + 2500Q/R)/62.5Q

XTR101

L
1mA

0.01pF == Rg %

-
1mA

4-20mA Out

5kQ Zero Adjust

FIGURE 2. Basic Thermistor-Based Two-wire Temperature Measurement Using XTR101.
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Where:

I = Current loop output (A)

V= Differential IA input voltage between pins 3 and 4
%)

Rg = Span-setting resistor (€2)

Keep in mind that the maximum differential input range for
the XTR101 is 1V.

Since the thermistor is a powered sensor, self heating can be
a problem. For example, with a thermistor voltage of 5V,
power dissipation is 5V ¢ 1mA = SmW. If a bead-in-glass
type thermistor with a thermal resistance of 600°C/W is
used, self-heating can increase the thermistor temperature by
3°C. To minimize this error, use a thermistor in a low
thermal resistance package or lower the thermal resistance
by heat sinking the thermistor to a thermal mass residing at
the temperature to be measured. For example, if air tempera-
ture in an enclosure is to be measured, attach the thermistor
to the package instead of mounting it in free air.

THERMISTOR-BASED LIQUID LEVEL INDICATOR

Due to high nonlinearities, thermistors can only be used for
accurate temperature measurement over relatively small
temperature spans. The high output of thermistors, however
makes them attractive for other applications. In some appli-
cations thermistor self-heating can be used to advantage.
Consider, for example, the liquid level indicator shown in
Figures 3A and 3B. A bridge is formed by a pair of matched
thermistors. The bridge is excited by the 1mA current
sources in the XTR101. When both thermistors are sub-
merged in liquid as shown in Figure 3A, the thermistors are
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at the same temperature—heat-sinked by the liquid. The
potentiometer, Rs, is used to correct for component toler-
ances and zero the bridge for 4mA current-loop output.

When the liquid level falls below thermistor Ry as shown in
Figure 3B, the temperature of Rr; increases due to self-
heating. The resulting bridge imbalance is measured by the
XTR. Span-setting resistor, Rs, is selected to give 10mA
output under low liquid level conditions. There is no simple
rule for selecting Rg. Its value depends on thermistor selec-
tion and liquid properties and conditions.

When compared to level detectors using floats and moving
parts, a thermistor-based liquid level indicator can have
much better reliability.

GAS FLOW MEASUREMENT
USING THERMISTORS

The liquid level indicator uses thermistor self-heating for a
two-state high/low measurement. The gas flow measure-
ment system shown in Figure 3C gives a quantitative flow
rate measurement.

As in the previous example, a matched thermistor bridge is
biased by the two ImA current sources in the XTR101. One
thermistor is positioned in the air flow stream. The other
thermistor resides in still air—baffled from the air stream.
The thermal resistance of the thermistor is proportional to
the air flow rate. Potentiometer, Rs, is used to balance the
bridge for 4mA out at zero flow rate. Span setting resistor,
Rg, is selected to give a full-scale 20mA output at maximum
flow rate. The value of Rg depends on thermistor character-
istics and gas flow dynamics.

BURR - BROWN®
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XTR101

-
1mA
-
1mA

0.01yF == Rs%

—_—
4mA Out

and output is 4mA.

lOU'I'

NOTE: When liquid covers both thermistors, the bridge is in balance

FIGURE 3A. Thermistor-Based Two-wire Liquid Level Detector Using XTR101.

XTR101

o -
1mA
e
imA

0.014F == Rg %

—
10mA Out

Zero

V+

lour

NOTE: When liquid level falls below thermistor Ry, its temperature

increases, imbalancing the bridging and producing a 10mA

output.

FIGURE 3B. Thermistor-Based Two-wire Liquid Level Detector Using XTR101.
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XTR101

-
1m§O

-
1mAQ

0.01uF == Rs%

— e
4-20mA Out

Static
g R
Air 3
Ry

N
| [
Air Flow f\

[

- . R

Air Flow
_—

—_—

FIGURE 3C. Thermistor-Based Air Flow Rate Measurement Using XTR101.

Many systems today use resistance wire instead of ther-
mistors for gas flow rate measurement. These are sometimes

called hot_wire anemometers. and can have faster resnonse
Canll n0-wiit anlmomcCrs, and Cail Rave 1asier response

due to lower (thermal mass)/(heat transfer) ratio.

DIODE-BASED TEMPERATURE MEASUREMENT

Cousin to the thermistor is the semiconductor diode tem-
perature transducer. Regular silicon diodes, biased with
constant current, have a forward voltage of about 0.6V with
a temperature coefficient of about -2mV/°C. The usable
upper temperature range for silicon semiconductors is about
125°C. Some high-temperature types are useful up to 200°C.
In the future, novel semiconductor types such as silicon
carbide and diamond promise to raise the upper usable
temperature range of semiconductors into the 300°C to
600°C range. For now, thermocouples and RTDs can be
used for higher temperature measurements.

Consider semiconductors for measurement of very low tem-
peratures. Specialized silicon diodes can be used at very low
temperatures. For example, the LakeShore Cryotronics, Inc.,
DT-470 series silicon diode cryogenic temperature sensor
can be used to measure temperatures near absolute zero—
from 1.4K to 475K.
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Figure 4 shows a cryogenic temperature measurement cir-
cuit using a silicon diode temperature sensor. The sensor

raquirag an aconrata 1 A currant eonrca for avoitation Ona
FCQuirCs ail allurawl rvpn CUritiit SOUICC 101 CXCitaudii. viic

of the current sources from the XTR101 is scaled by a
precision mirror to supply the 10LA excitation current.

To convert a 1mA current-source output into a precise 10pA
for sensor excitation, a precision current mirror is formed
with Ry, R;, and A;. The ImA current source is connected
to R, and the inverting input of the op amp. The op amp
drives its inputs to the same voltage through R,. The result
is a precision 0.1V across both R, and R;. The output current
at the noninverting input is 1mA ¢ Ry/R; = 10pA. With the
amplifier specified, op amp bias currents add negligible
error.

The other 1mA current source in the XTR101 supplies both
a precision zero-set voltage and power for the op amp. The
current source is connected to a 5.1V zener through R;. The
current through R; is precisely lmA — 10pA. Zero-set
voltage is Ry * 990uA. The 5.1V zener sets the supply
voltage of the op amp. The 249k2 resistor in series with the
temperature sensor diode forces the op amp to operate in its
linear common-mode and output ranges.

BURR - BROWN®
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XTR101

10
-
lmio_

0.01pF
| T
R, 1mA Ve
M—— 2kQ
R, Zero
100Q Adi 3 _
5
A, - lour
LT1012 10”,\1 Rs 4-20mA Out
y @ (1)
LA . s . NOTES:
R R 4 1) Select span-setting resistor for desired output
1ok3n 249';(9 range—see text.
1 2) Cryogenic silicon diode temperature sensor.
5.1V 0.01F LakeShore Cryotronics, Inc., 64 Walnut St.,
1N4689 T Westville, Ohio 43081, (614)891-2243.

FIGURE 4. Silicon-Diode-Based Cryogenic Temperature Measurement System Using XTR101.

OTHER SILICON TEMPERATURE SENSORS

Although diodes are common in temperature measurement
applications, their accuracy is limited. The temperature co-
efficient of a silicon diode has a nonlinearity of about 1%
over a 0-100°C temperature span. Also, the stability of the
forward voltage with time is limited.

Better accuracy can be obtained from silicon diodes by
measuring the difference in forward voltage drops between
diodes operating at different current densities. This voltage
has a positive temperature coefficient proportional to abso-
lute temperature. If the diodes have low bulk resistance and
are well-matched, temperature coefficient linearity of better
than 0.01% is possible.

THERMOCOUPLE-BASED
TEMPERATURE MEASUREMENT

In the United States, the most commonly used precision
temperature sensor is the thermocouple. Depending on the
type, wire size, and construction, thermocouples can be used
to measure temperatures from about —250°C up to 1700°C.

When designing thermocouple-based measurement systems,
it is helpful to understand how thermocouples work. A
common misconception is that temperature somehow cre-
ates an EMF in the thermocouple junction.

Thermocouples are based on the Thomson effect, which
states that, in a single conductor, a voltage difference will
exist between two points that are at different temperatures.
The voltage difference is proportional to the temperature
differential, and its magnitude and direction depends on the
conductor material.

A thermocouple is formed when a pair of dissimilar conduc-
tors are connected at one end. If a temperature difference

BURR - BROWN®
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exists along the length, between the two ends of the thermo-
couple, a voltage output proportional to the temperature
difference is generated. This phenomenon is known as the
Seebeck effect. The measure of the Seebeck effect is known
as the Seebeck coefficient. Seebeck coefficients for common
thermocouple types range from about 6uV/°C to 60uV/°C.

A thermocouple responds to the temperature difference
between its output and the temperature measuring point
where the thermocouple wires are joined. To determine the
temperature at the measuring point you must know the
temperature at the thermocouple output. One way to do this
is to keep the output in an ice bath at 0°C. Thermocouple
calibration tables were derived this way, and, following
tradition, the thermocouple output junctions have come to be
known as the cold junction. In reality, the measurement
junction may be colder.

In most modern thermocouple-based temperature measure-
ment systems, the thermocouple output end simply resides at
the ambient temperature. To compensate for variations in
ambient temperature, a temperature-dependent voltage is
summed with the thermocouple output. This method is
known as cold-junction compensation.

A thermocouple-based 4-20mA temperature measurement
system with cold-junction compensation is shown in Figure
5. In this application, a fype J thermocouple is combined
with an XTR101 to give a 4-20mA output for a 0-1000°C
temperature change. One of the 1mA current sources in the
XTRI101 biases a silicon diode used as a temperature trans-
ducer for cold-junction compensation. For good accuracy,
the thermocouple output junctions and the diode must be
maintained at the same temperature. The diode has a for-
ward-voltage temperature dependance of about —2mV/°C.
The Ry, R, resistor divider attenuates the temperature depen-
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dence to match the thermocouple Seebeck coefficient. The
other 1mA current source is connected to R; for zero
adjustment. The 2.5kC resistor establishes a 5V bias to keep
the XTR101 IA in its linear range. Adjust Ry for 4mA out
with the thermocouple measurement end at 0°C. The span-
setting resistor is chosen to give a 4-20mA output for the
58mV/1000°C thermocouple output. Nominal component
values and Seebeck coefficients for recommended thermo-
couples are shown in the table in Figure S below.

RTD-BASED TEMPERATURE MEASUREMENT

The highest performance temperature measurement trans-
ducer in common use is the platinum resistance temperature
detector (RTD). RTDs can be used to accurately measure
temperatures from —200°C to 850°C. As with other tempera-
ture transducers, best performance requires correction for
nonlinearities. The XTR103 is a special purpose 4-20mA
current-loop transmitter with built-in circuitry for RTD lin-
earization.

To understand how the linearization circuitry works, con-
sider how an RTD works. In the range from 0°C to 850°C,
the temperature/resistance relationship of a Pt-type RTD is:

RTID=Ry*(1 + AT+ B+T?

Where:

RTD = DC resistance value of RTD (QQ)
at temperature T (°C)

Ry = Value of RTD at 0°C (Q)

P
S Ideal —=; Error
o =
o
=
L =i—Actual
2 %
3
¢} o
A
)4
-
0 200 400 600 800 1000
Temperature (°C)

FIGURE 6. RTD Output Voltage vs Temperature.

Ry = 100Q for Pt100 = 200Q2 for Pt200
A = Detector constant = 3.908 10-3 (°C-1!) (for Pt100)
B = Detector constant = —5.802 107 (°C-2) (for Pt100)

The second-order term, B * T, in the temperature/resistance
relationship causes a nonlinearity in the response of =3.6%
for a 0°C to 850°C temperature change. Figure 6 shows a
plot of the voltage across an RTD with constant current
excitation. The nonlinearity is exaggerated to show its char-
acteristic shape. Increasing the current through the RTD by
an appropriate amount as temperature increases will
“straighten out” the curve and reduce the nonlinearity.

XTR101
10 ()
1mAU
" ()
© maN_/
s R,
3 2kQ
3 -
2 5
o
>
& F/\ o ns%
L
4
RG

R,
20Q 51Q R
Zero 4
Adjust 2.5kQ

0.01uF

NOTE: (1) For 4-20mA with 0-1000°C, Rg = 153.9Q, nominal Rz = 16.3Q.

—
4-20mA Out
SEEBECK
ISA THERMO- COEFFICIENT | Ry | R, | Rs
COUPLETYPE | MATERIAL | ATOC(uV/C) | (Q) | (@) | Q)
E Chromel 58.5 2k | 603 | 19.0
Constantan
J Iron 50.2 2k 1515 163
Constantan
K Chromel 39.4 2k | 402 | 128
Alumel
T Copper 38.0 2k | 387 | 123
Constantan

FIGURE 5. Thermocouple-Based Two-wire Temperature Measurement Using XTR101.
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XTR103

12| 0.8-1mA

13{ 0.8-1mA

—
4-20mA Out

NOTE: Rgpan. Run, and Ry are for 4-20mA out with
Pt100-type RTD and 25°C to 150°C temperature
span (see PDS-1065).

RTD R,
P1100 109.7Q R
CM

0.01uF

FIGURE 7. RTD-Based Two-wire Temperature Measurement Using XTR103.

An RTD measurement circuit using the XTR103 is shown in
Figure 7. The XTR103 is similar to the XTR101, but
contains two instrumentation amplifiers—one in the main
current control loop, one for linearization.

As with the thermistor-based system, a bridge is formed with
an RTD and a fixed resistor, Ry. The bridge is excited by the
two current sources in the XTR103. Ry is selected to set the
temperature-range zero for 4mA current loop output. The
span-setting resistor, Rg, sets the IA gain for a 20mA
current-loop output at full-scale. The 1.27k<Q2 resistor biases
the IA into its linear range.

The two instrumentation amplifiers are internally connected
in parallel. The second IA controls the current sources used
to excite the RTD bridge. Gain of the second IA is set by
Ry . With Ry v open the current sources are fixed at 0.8mA.
Under control of the second IA, current source output can be
increased to 1.0mA—adequate for ~200°C to 850°C linear-
ization of both Pt100 and Pt200 type RTDs. Current source
output is controlled by the IA input signal according to the
following equation.

Iz = 0.0008 + Vp/(2 * Ry py)
Where:
I = Current source output (A)
Vv = Voltage difference at the input of the IAs (V)
With the proper Ry yy, cutrent source output is increased at
the correct rate to correct RTD nonlinearity. Simple selec-
tion procedures for Ry 1y are outlined in the XTR103 product
data sheet.

BURR - BROWN®
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Figure 8 shows the residual nonlinearity for a O to 850°C
span of both a linearized and an uncorrected RTD. The
nonlinearity is improved from 3.6% to better than 0.1%, an
improvement of better than 30 to 1. Correction of nonlinearity
for smaller spans is even better. The nonlinearity of a 0°C to
100°C span can theoretically be improved from 0.38% to
0.001%. In practice, nonlinearity of better than 0.01% can be
expected.

4
|
3 Uncorrected
g 25 74 N
z 2 / N
g / \
£ 1.5 4 N\
5 / N\
S \
0.5 Corrected
0
-0.5
0 85 170 255 340 425 510 595 680 765 850
Temperature (°C)

FIGURE 8. Nonlinearity vs Temperature Plot Comparing
Residual Nonlinearity of Corrected and
Uncorrected RTDs.
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XTR104
2.0mA {
12
41
- 4.5V
- g 8 to
£ 5.5V V4
- 9 . Shunt
E S Regulator
w w —~11
3
2
+ Eg— )
- pu—— ouT
5 4-20mA Out
¢ 23| Loz
© | f %
6
+
1
Ep=10mV
R,y for 1% nonlinearity
NOTE: Rgpan for 10mV FS Eo, Ry for 1% bridge nonlinearity.

FIGURE 9. Bridge-Based Two-wire Measurement System Using XTR104.

BRIDGE MEASUREMENT 4-20mA
CURRENT-LOOP SYSTEMS

Another common transducer is based on the four-resistor
(Wheatstone) bridge. Wheatstone bridges are commonly
used for pressure measurement. Bridges are usually intended
to be biased with a voltage rather than a current source. By
changing the voltage bias in response to the bridge output,
bridge nonlinearities can be eliminated.

The XTR104 is a two-wire 4-20mA current loop transmitter
designed specifically for use with bridges. It is similar to the
XTR103 in that it contains two instrumentation amplifiers—
one for signal, one for linearization. The difference is the
addition of a 5V shunt regulator. The shunt regulator can be
adjusted from 4.5V to 5.5V range under control of the
second IA. The inputs to the second IA are brought out
separately because, unlike RTD linearization, the correction

signal may need to be either polarity for bridge linearizaton.
Simple selection procedures for Ry are outlined in the
XTR104 product data sheet.

The complete bridge-based 4-20mA current loop transmitter
circuit is shown in Figure 9. The XTR104 requires an
external pass transistor as shown. Using an external pass
device keeps power dissipation out of the XTR104 and
improves accuracy. As an option, the XTR103 can use an
external pass transistor. In either case, a garden variety
bipolar transistor such as the 2N4922 shown is adequate.

Notice that, as with the other two-wire transmitters, only
2maA is available for bridge excitation. This means that, for
accurate 5V regulation, bridge elements can be no less than
2.75kQ unless additional resistance is added in series with
the bridge.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant

any BURR-BROWN product for use in life support devices and/or systems.
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SINGLE SUPPLY 4-20mA CURRENT LOOP RECEIVER

By R. Mark Stitt and David Kunst (602) 746-7445

Many industrial current-loop data acquisition systems oper-
ate on a 24V or 28V single supply. You can make a single-
supply current loop receiver with the RCV420 by using its
10V reference as a pseudo ground. The RCV420 will con-
vert a 4-20mA loop current into a 0 to 5V output voltage
with no external components required. The current loop can
be sourcing or sinking and can be referenced to either the
power-supply V+ or ground.

The complete circuit for a single-supply current loop re-
ceiver is shown in Figure 1. In this application, a 4-20mA
current source referenced to power-supply ground drives the
receiver. The V- terminal and the Ref Com terminal of the
RCV420 are both tied to power supply ground. The 10V
reference output (Ref Ouf) becomes a pseudo ground where
the current loop receiver common pin (Rcv Com) is tied. The
current loop receiver output is now referenced to the 10V
pseudo ground.

In normal operation, the 4-20mA current loop signal would
produce a 0-5V output with the RCV420 offset pin (Ref In)
connected to the +10V reference. The 10V reference pro-
vides a —1.25V offset so 4mA input current will produce 0OV
out. In this application, the Ref In pin is connected to power
supply ground which acts as a —10V reference—producing
a +1.25V offset. Now with the inputs connected for an

inverted output signal, the RCV420 output will be 0 to -5V -
referenced to the pseudo ground. Since the pseudo ground is
at 10V, the actual output will be 10V to 5V—a signal which
can drive most floating ground meters.

For a current loop receiver with a 4-20mA current sink
referenced to the power-supply V+, use the connection
shown in Figure 2.

The circuit can operate on a single supply ranging from
+15V to +36V (+44V absolute max). The pseudo ground
(Ref Out) can source or sink up to SmA.

For an isolated single-supply 4-20mA current loop receiver,
you can connect the circuit to an isolation amplifier as
shown in Figure 3. In this circuit the ISO122 is operated
single-supply using the 10.0V pseudo ground. Note that the
output side of the isolation amplifier still requires dual
supplies.

Output from the ISO122 will be 0 to —-5V. You could
interchange the input connections to the ISO122 to get a 0
to 5V output, but power-supply rejection would degrade
performance.

The ISO122 is a low-cost iso amp in a standard plastic DIP.
For a hermetic isolation amplifier, use the ISO120. Hook-up
details are shown in Application Bulletin AB-009.

[ {-20mA +28V
nput from
} Current Loop T (15Vto 36V)
16

V+
RCV420
4 300kQ 99%kQ 92kQ Fl(ef 10.0V to
s VW VWA VYW 5 5.0V
11.5kQ rF_jgv
75Q 15 LO|
- Ref
2 out 0to5V
cT 14 Meter
+ Ref
75Q 1.01kQ FB HI
10
net? 3 300kQ 100kQ 10.0V
S W W/W\ Fll f 10.0V
+In| of Ref
Pseudo
Out Ground
1
V-14 Rev (13 Ref|5
Com Com
e
NOTE: (1) NC = No Connection. -
FIGURE 1.
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+28V
O (16V to 36V)
V4|16
RCV420
Ne 4 300kQ 9%Q 92kQ F::f 10.0V to
o MW W M— sov
11.5kQ ggv
750 W 15 Lo
- Ref
2 Out 0to5V
cT . 14 Meter
Ref
750 1.01m§ B HI
300kQ 100kQ 1o
10.0V
> WA —W o0 To0v
+In © Ref Pseudo
Out Ground
1"
V-14 Rev [13  Ref|5
Com Com!|
| 4-20mA
| Input from
| Current Loop _—
NOTE: (1) NC = No Connection.
FIGURE 2.
+28V
4-20mA Q@ (15V 10 36V)
! Input from
| Current Loop
V+ (16
RCV420
1 300k 99%kQ 92kQ R!ef
n
- VW YW YW 12
11.5kQ Rev
EB
75Q 15
- Ref
2 Out
CcT + 14
R
750 1.01m§ FS’
10
Ne® o 300kQ 100kQ 10.0V
5 X
™ VWA W Ref Ret
Out
1"
V-4 Rev |13 Ref|5
Com Com
NOTE: (1) NC = No Connection. -
FIGURE 3.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN
assumes no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject
to change without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not

authorize or warrant any BURR-BROWN product for use in life support devices and/or systems.
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LY, LOW-POWER
F BRIDGE NETWORKS

By Bonnie Baker (602) 746-7984

Bridge sensor measurements often need to be made in
systems operating on a single SV power supply. An OPA1013
dual op amp along with a REF200 current source, makes an
excellent bridge measurement system which features low
power single-supply 5V operation and immunity to power
supply variations. One OPA1013 dual op amp is used as a
two-op-amp instrumentation amplifier. A second OPA1013
is used with a REF200 to make two voltage references. One
voltage reference is used to power the bridge, the other is
used to offset the instrumentation amplifier.

In Figure 1, A; and A, (an OPA1013 dual operational
amplifier) along with one of the current sources from the
REF200 establishes a 3.4V voltage reference for excitation
of a pressure transducer bridge. Although the REF200 con-

tains two current sources, the second current source is not
used, which keeps power consumption low.

A second OPA1013 (A;, Ay), connected as a two op amp
instrumentation amplifier, amplifies the differential voltage
output from the bridge. Gain is easily adjusted with Ry. If
1% resistors are used for R4-R;, common-mode rejection
will be better than 80dB for gains greater than 200V/V. A
CMR of 80dB is quite acceptable in this application.

The instrumentation amplifier’s reference connection is made
to a 0.5V reference at the output of A,. This voltage sets an
instrumentation amplifier offset so that a zero bridge output
will result in a 0.5V instrumentation amplifier output. The
value of the offset can be changed by adjusting Rj.

O V+ (45V 10 36V)

C) Y2 REF200

Y2 OPA1013

- R
100pA 4
! iy - —
REF2
l{ o 10kQ 1%
R, 12 0PA1013 _L_
M- ' R
5.8k YW
Rl
<z [t~ | eemmmmmedemmemeeeo

Sensor |
4kQ

Bridge

10kQ 1%

12 0PA1013 10kQ 1%

VOUT

Y2 OPA1013

NOTE: (1) Bridge sensor: SenSym part number BP101.

FIGURE 1. Single-Supply Bridge Measurement Circuit.
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For VREF2= 05Vy R3 = 5kQ.
For Vggr = 3.4V, Ry = 1kQ, R, = 5.8kQ.
The required instrumentation amplifier gain can be calcu-
lated from its input voltage and the output span. The output
voltage equation is:
Vour = Vv [2(1 + R/Rp)] + Vour
This equation can be rewritten as:
VOUT = VIN * GAIN + VOUTl
Where: Vouri = Vour for zero instrumentation amplifier
input or for zero pressure applied to the pressure
transducer,
GAIN = _VOUT/_VIN = 2(1 + R/RT)
R=R4=Rs=R¢=Ry
For example, a pressure sensor specified for 12.6mV full-
scale output with 3.4V excitation voltage:

GAIN = 238V/V
if R = 10kQ, Rt = 85Q2

If adjustment is required:
Adjustment Procedure
1. With zero-pressure applied, adjust Rs for Vour = 0.5V.

2. Apply full-scale pressure to the sensor and adjust Ry for
Vour = 3.5V.

3. Repeat procedure if necessary.

There is no true single-supply instrumentation amplifier on
the market today. Although some come close, their applica-
tions are limited because they are fixed gain. The OPA1013
provides the best solution for this application because of its
single supply operation and output swing range within
15mV from ground. The REF200 requires one power supply
and is ideal for use in single supply systems. The REF200
provides a simple, economical way to make adjustable
voltage references.

The supply voltage of the bridge conditioning circuit can
range from 4.5V to 36V without affecting the operation of
the circuit. Because of the low quiescent current of the
OPA1013 (350pA) and the low current requirements of the
REF200 (100pA), this is an excellent circuit for battery
operated applications.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant

any BURR-BROWN product for use in life support devices and/or systems.
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DIODE-BASED TEMPERATURE MEASUREMENT

By R. Mark Stitt and David Kunst (602) 746-7445

Diodes are frequently used as temperature sensors in a wide
variety of moderate-precision temperature measurement
applications. The relatively high temperature coefficient of
about —2mV/°C is fairly linear. To make a temperature
measurement system with a diode requires excitation, offset-
ting, and amplification. The circuitry can be quite simple.
This Bulletin contains a collection of circuits to address a
variety of applications.

THE DIODE

Just about any silicon diode can be used as a temperature
measurement transducer. But the Motorola MTS102 Silicon
Temperature Sensor is a diode specifically designed and
optimized for this function. It is intended for temperature
sensing applications in automotive, consumer and industrial
products where low cost and high accuracy are important.
Packaged in a TO-92 package it features precise temperature
accuracy of +2°C from —40°C to +150°C.

EXCITATION

A current source is the best means for diode excitation. In
some instances, resistor biasing can provide an adequate
approximation, but power supply variations and ripple can
cause significant errors with this approach. These problems
are exacerbated in applications with low power supply
voltages such as SV single supply systems. Since the MTS102
is specified for 100pA operation, the Burr-Brown REF200
Dual 100pA Current Source/Sink makes the perfect match.
One current source can be used for excitation and the other
current source can be used for offsetting.

AMPLIFICATION

In most instances, any precision op amp can be used for
diode signal conditioning. Speed is usually not a concern.
When *15V supplies are available, the low cost precision
OPA177 is recommended. For 5V single-supply applica-
tions, the OPA1013 Dual Single-Supply op amp is recom-
mended. Its inputs can common-mode to its negative power
supply rail (ground in single-supply applications), and its
output can swing to within about 15mV of the negative rail.
Figure 1 shows the simplest diode-based temperature mea-
surement system. One of the 100pA current sources in the
REF200 is used for diode excitation. The other current
source is used for offsetting. One disadvantage of this circuit
is that the span (GAIN) and zero (OFFSET) adjustments are
interactive. You must either accept the initial errors or use an

BURR - BROWN®

04.5Vto 36V

FOMNO

1004A

R2
A,
OPATO13 Vo
+

Vo= Vge (1 + R/R) — 100pA * R,

Where:
Vge = Voltage across diode (V)

Ry

Motorola
MTS102 Zero and span adjustments with

R, and R, are interactive.

Figure 1. Simple Diode-based Temperature Measurement
Circuit.

interactive adjustment technique. Another possible disad-
vantage is that the temperature to voltage conversion is
inverting. In other words, a positive change in temperature
results in a negative change in output voltage. If the output
is to be processed in a digital system, neither of these
limitations may be a disadvantage.

The following relationships can be used to calculate nominal
resistor values for the Figure 1 circuit.

BASIC TRANSFER FUNCTION
V,=V,, (1 + R/R) — 1004A * R,

CALCULATING RESISTOR VALUES

= BV OT) » (Vs + Te ® (Ty —25°C)) = (T * V1)
100pA « ((3V/8T) - T,)
BV _/8T)
=R (-

o)

Where:

R, R, = Resistor values (€2)

V,e = Voltage across diode (V)
Vieas = Diode voltage at 25°C (V)

Three choices are available for the MTS102—See table
on page 2.
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V, = Output voltage of circuit at T, (V) (8V/8T)
R, =R, (—T—

V,, = Output voltage of circuit (V) 2 . b

T, = Diode temperature coefficient (V. 1°C) Where:

R, = Zero (offset) adjust resistor (€2)
Others = as before

T, value depends on V,.—See table below.
T, = Minimum process temperature (°C)

3V /8T = Desired output voltage change for given
temperature change (V/°C)
(Note: Must be negative for Figure 1 circuit.) EXAMPLE
Design a temperature measurement system with a 0 to—1.0V

AVAILABLE VBE,_ AND T, VALUES FOR output for a 0 to 100°C temperature.

MOTOROLA MTS102 TEMPERATURE SENSOR Ty = 0°C
ks ) 8V /BT = (-1V - 0V)/(100°C - 0°C) = -0.01V/°C
0.580 -0.002315
0620 o oonrea If V. = 0.595V, T, = ~0.002265V/°C, and
R, 0 = 1KQ (use 2kQ pot)
EXAMPLE R, = 9.717kQ

Design a temperature measurement system with a 0 to 1.0V R,=33.18kQ
output for a 0 to 100°C temperature.

Ty = 0°C For a 0 to —10V output with a 0 to 100°C temperature:
Ry o = 1KQ (use 2k pot)
8V /8T = (-1V - 0V)/(100°C - 0°C) = -0.01V/°C
° ¢ W ) R, = 7.69kQ
If Vyp,s= 0.595V, T, = -0.002265V/°C, and ,= 331.8kQ
R = 8.424kQ
R= 28.77kQ
045Vt0 36V
For a 0 to ~10V output with a O to 100°C temperature: 1
R = 6.667kQ2
R,= 287.7kQ }
If independent adjustment of offset and span is required 1o0pA
consider the circuit shown in Figure 2. In this circuit, a third
resistor, R, is added in series with the temperature-
sensing diode. System zero (offset) can be adjusted with
R, o Without affecting span (gain). To trim the circuit adjust
span first. Either R, or R, (or both) can be used to adjust
span. As with the Figure 1 circuit this circuit has the possible
disadvantage that the temperature to voltage conversion is Motorola
inverting. mTS102
R ‘ero
The following relationships can be used to calculate nominal i Ry
resistor values for the Figure 2 circuit.
BASIC TRANSFER FUNCTION Vo= (Vae + 1004A ¢ Ry o) (1 + Ry/R) — 100pA « R,
Vo= (Vg + 100pA * R, ) * (1 + R/R) — 100pA * R, Where:
Vge = Voltage across diode (V)
CALCULATING RESISTOR VALUES Adjust span first with R, or R, then adjust zero with R,
for noninteractive trim.

Set R, = 1k€Q (or use a 2k€2 pot)

Figure 2. Diode-based Temperature Measurement Circuit
R = (BV/BT) * (Vyps + (Rygo * 100HA) + T, ¢ (Typ~ 25°C)) = (T, * V) with Independent Span (gain) and Zero (offset)
1 100pA * (BV/8T) - T,) Adjustment.

BURR-BROWN®
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For a noninverting temperature to voltage conversion, con-
sider the circuit shown in Figure 3. This circuit is basically
the same as the Figure 2 circuit except that the amplifier is
connected to the low side of the diode. With this connection,
the temperature to voltage conversion is noninverting. As
before, if adjustment is required, adjust span with R, or R,
first, then adjust zero with R, ..

A disadvantage of the Figure 3 circuit is that it requires a
negative power supply.

The following relationships can be used to calculate nominal
resistor values for the Figure 3 circuit.

BASIC TRANSFER FUNCTION
Vo= -V~ 100HA « R, ) * (1 + R/R) + 1004A * R,

CALCULATING RESISTOR VALUES

R, = same as Figure 2

R, = same as Figure 2

Where:
Components = as before

EXAMPLE

Design a temperature measurement system with a 0 to 1.0V
output for a 0 to 100°C temperature.

TMlN = OOC
8V,/8T = (1V — 0V)/(100°C — 0°C) = 0.01V/°C

If V.= 0595V, T, = -0.002265V/°C, and
Ry o = 1kQ

R, = 9.717kQ

R,= 33.18kQ

For a 0 to 10V output with a 0 to 100°C temperature:

Rimo = 1kQ
R, = 7.69kQ

R,= 331.8kQ

For a single-supply noninverting temperature to voltage
conversion, consider the Figure 4 circuit. This circuit is
similar to the Figure 2 circuit, except that the temperature-
sensing diode is connected to the inverting input of the
amplifier and the offsetting network is connected to the
noninverting input. To prevent sensor loading, a second
amplifier is connected as a buffer between the temp sensor
and the amplifier. If adjustment is required, adjust span with
R, or R, first, then adjust zero with R o

The following relationships can be used to calculate nominal
resistor values for the Figure 4 circuit.

BURR - BROWN®
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RZam

Motorola i

MTS102

REF200

Eoow{) 100pA )

O -Ve
Vo= (Ve — 100uA * R, ) » (1 + R/R)) + 100pA « R,

Where:
Vge = Voltage across diode (V)

Adjust span first with R, or R, then adjust zero with R,cq,
for noninteractive trim.

Figure 3. Positive Transfer Function Temperature Measure-
ment Circuit with Independent Span (gain) and
Zero (offset) Adjustment.

BASIC TRANSFER FUNCTION
Vo= 100pA ¢ R, (1 + R/R) =V e R /R

CALCULATING RESISTOR VALUES
R - (T ¢ V) = BVBT) (Vg + T o (T,
RO 100pA « (T, - (8V/8T))

-25°C))

MIN

R, = 10kQ (arbitrary)

(8V,/8T)
Ry=Re (7 )

c
Where:
Components = as before

EXAMPLE

Design a temperature measurement system with a 0 to 1.0V
output for a 0 to 100°C temperature.

TMIN = OOC
8V/8T = (1V - OV)/(100°C — 0°C) = 0.01V/°C

If V,,. = 0.595V, T, = -0.002265V/°C, and
R, o = 5:313kQ

R,= 10.0kQ

R,= 44.15kQ
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For a 0 to 10V output with a 0 to 100°C temperature:

R, o = 6.372kQ
R, = 10.0kQ
R, = 441.5kQ
? 4.5V to 36V
l,____‘,

REF200
{ G
100pA 100pA

Motorola
MTS102

Vo= 100pA ¢ Ry o* (1 + R/R) = Vg ® R/R,
Where:

Vg = Voltage across diode [V]

Adjust span first with R, or R, then adjust zero

with R, for noninteractive trim.

'ZERO

Figure 4. Single-supply Positive Transfer Function Tempera-
ture Measurement Circuit with Independent Span
(gain) and Zero (offset) Adjustment.

For differential temperature measurement, use the circuit
shown in Figure 5. In this circuit, the differential output
between two temperature sensing diodes is amplified by a
two-op-amp instrumentation amplifier (IA). The IA is formed
from the two op amps in a dual OPA1013 and resistors R,
R, R, R, and Ry, .. R, . sets the gain of the IA. For good
common-mode rejection, R , R , R,, and R, must be matched.
If 1% resistors are used, CMR will be greater than 70dB for
gains over 50V/V. Span and zero can be adjusted in any
order in this circuit.
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The following relationships can be used to calculate nominal
resistor values for the Figure 5 circuit.

BASIC TRANSFER FUNCTION
V= (Vg + 100HA * Ry ) — (V, + 100UA * R ) * GAIN

Where:
GAIN=2+2+R/R

SPAN
CALCULATING RESISTOR VALUES
® 2eR T,

AN T GV SOT) +2+ T,

ot = Rygror = 500 (use 1kQ pot for R, )

Where:
R,,x = Span (gain) adjust resistor [Q]

Others = as before

EXAMPLE

Design a temperature measurement system with a 0 to 1.0V
output for a 0 to 1°C temperature differential.

Ty =0°C
VBT = (1V - 0V)/(1°C - 0°C) = 1.0V/°C
If V.= 0.595V, T, = -0.002265V/°C, and

R o = 1K€2 pot
R, R, R, R, = 100kQ, 1%
R, = 455Q

SPAN

For a 0 to 10V output with a 0 to 1°C temperature differen-
tial:

R,z = 1k pot
R, R, R,, R, = 100k, 1%
R .. =453Q

SPAN

BURR - BROWN®
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04.5V 1036V
Onemo C)
100pA 100pA
H'
100kQ
Motorola Motorola
MTS102 MTS102 Vo= (Vags + T000A @ Ryeo,) — (Vag, ® + 1000A © Ry ) © GAIN
i Raero GAIN=2 + 2 ¢ R /Rg,y
L Adjust zero and span in any order.

Figure 5. Differential Temperature Measurement Circuit.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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PROGRAMMABLE-GAIN INSTRUMENTATION AMPLIFIERS

By David Jones (602) 746-7696 and R. Mark Stitt

The INA115 is a precision instrumentation amplifier (IA). If you need an IA with more gain steps, you can cascade two
Its gain-sense and amplifier output connections are available or more PGIAs. For example, if you cascade two PGA205s
so that gains can be accurately set using external resistors. you will get gains of 1, 2, 4, 8, 16, 32, and
By adding switches or a multiplexer, you can make a 64V/V.

precision programmable-gain IA (PGIA). Using the circuit For other gains or gain-steps, you may want to make your
topology shown in this bulletin, the switches are in series own PGIA using an INA115. The circuits and equations

with op amp inputs so_their resistance does not add error.
Pe—l e I e ﬂ-&ﬁh—
(¥ |

binary gains of 1, 2, 4, and 8V/V, use the PGA204 or
PGA205.

PGA204
PGA205

1, 10, 100, 1000
1,2,4,8

TABLE I Fixed and Programmable-Gain IAs.

1| Vo
INA115
4
ViN- O +
Amp
2 _ B
3 12
NGO A m
” 11
R, Amp O Vour
C
+
|
! 14 Ref
. e M v—iRe
™ Gn =
G 15
R, G ) Amp
G, Vyr o—24 14 A
Ry
8 Vor
RO

FIGURE 1. Programmable-Gain Instrumentation Amplifier with n Gain Steps and Lowest Gain > 1V/V.
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If you want a PGIA with n gains and the first gain is not
unity (1V/V), use the following relationships and the
circuit shown in Figure 1.

RESISTOR VALUES FOR PGIA WITH n GAINS
AND LOWEST GAIN > 1V

R, = Your choice (e.g. 25kQ)

R, = 25kQ when using the internal feedback resistors in
the INA11S5 (see Figure 2)

g - R(Gi-G)
TG, (1-Gy)
o - GiRe(G;-G)

27 G,G(1-G)

_G,R,(G,~G,.)
R = GaGon1 -Gy

2GR,
R, = G, (G, -1
Where:

G, = Intermediate gain (V/V)
G, = Highest gain (V/V)
Ry, R, ... R, = Resistor value per circuit diagram (Q)

If you want to use the 25kQ feedback resistors in the
INAL11S5 for the Rgs, you can use the circuit shown in
Figure 2. Keep in mind that the gain accuracy and gain
drift will be limited by the internal feedback resistors. The
25kQ feedback resistors have a tolerance of +0.5% with a
temperature coefficient of resistance drift (TCR) of up to
100ppm/°C. In the INA131, PGA204 and PGA205, resis-
tor matching and TCR tracking of the resistors on the die
give typical gain error and drift of 0.01% and
Sppmy/°C.

GAINS R, | R, | R, | R, | R,

() Q) (9} Q) @ (%]
2,4,8,16 25k | 12.4k | 6.19k | 3.0k | 6.19K

10, 20, 50, 100 25k 1.4k 825 280 562
3dB, 6dB, 9dB, 12db 25k | 17.8 | 12.4k | 8.87k | 43.2k

10, 100, 1k, 10k 100k | 1ok | 1k | 100 | 221

10, 100, 200, 500 49.9k | 499 | 280 | 165 | 221

100, 200, 400, 800 100k | 511 | 255 | 127 | 255

NOTE: Nearest Standard 1% Resistor Values.

TABLE II. Examples of Resistor Values for Selected
Gains—Figure 1 and 2 Circuits.

NC
1| Vo
INA115
ViN- O— +
Amp
2 _B
3 12
YW —MWA
R,
N 1
Armp —O Vour
(o]
+
14 Ry Ref
—/W- V\/V‘——_11 o
R, G, =
G 15
a -
R, 2 s Amp
G, Vin+ O + A
Ry
8| Vo,
NC

FIGURE 2. Programmable-Gain Instrumentation Amplifier with n Gain Steps and Lowest Gain > 1V/V. This circuit uses
the 25kQ feedback resistor in the INA115 for R, of Figure 1.
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If you want a PGIA with n gains and the first gain is unity
(1V/V), use the following relationships and the circuit shown
in Figure 3.

RESISTOR VALUES FOR PGIA WITH n GAINS
AND LOWEST GAIN = 1V/V

Ry =0
R, = Your choice (e.g. 25k€2)

R, = 25kQ2 when using the internal feedback resistors in the
INA115 (see Figure 4)

R, = R, (Gz_Ga)
1T G, (1-Gy
R - G2 RI(GJ_GJ)
27 G, G(1-Gy
_ Gz R1 (Gm”‘Gmu)
Rm N Gm Gm+1(1 - GZ)
_ 2GR,
R, = G,(G,-1)
Where:

G, = Intermediate gain (V/V)
G, = Highest gain (V/V)
Ry, Ry, ... R, = Resistor value per circuit diagram (€2)

If you want to use the 25kQ feedback resistors in the
INA115 for the R;s, you can use the circuit shown in
Figure 4. Keep in mind the gain accuracy and gain drift
limitations discussed previously.

An actual example of a four-gain digitally programmable IA
is shown in Figure 5. It uses a four-channel differential
multiplexer (MUX) for gain switching.

GAINS R, R, R, | R R,

(V) Q [ @ | @ | @ |(©
1,2,4,8 0 25k | 12.4k [6.19k |12.4k
1,8, 64,512 0 25k | 3.09 [392 | 113
1,2,5,10 0 25k | 15k |4.99% | 10k
1,10, 100, 1k 0 |[49.9k | 499 |499 | 110
1,10, 100, 200 0 20k 2k | 110 | 221
0dB, 3dB, 6dB, 9dB 0 [24.9Kk | 17.8k |12.4k |60.4k

NOTE: Nearest Standard 1% Resistor Values.
TABLEIIIL. Examples of Resistor Values for Selected Gains—
Figure 3 and 4 Circuits.

R

n

M-

|
|
!
| NC O

R\
4
G, Vin- O—
Ry G, 2
Gm
Rn G,
3
NC &
Gn
Gm
G2

B g\o
Ry
Gy Vin+ O

Ry

1| Vo
INA115
+
Amp
_ B
W MA—2
“Am 11
Cp O Vour
+
14 Ref
YW YW 0]
15
Amp
A
+
8| Vo,

FIGURE 3. Programmable-Gain Instrumentation Amplifier with n Gain Steps and Lowest Gain = 1V/V.
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. INA115
Vin- O +

Rl
y 11
Ag P O Vour
+
14 Ry Ref
VYW— YW \/\/V‘————_]10
15 o
Amp

Vint O s +

FIGURE 4. Programmable-Gain Instrumentation Amplifier with n Gain Steps and Lowest Gain = 1V/V. This circuit uses
the 25k€2 feedback resistor in the INA115 for R, of Figure 3.

Ry
49.9kQ
Ry 4 HI-500
4.9%Q Inya ny
5
Iny, En
R
4995 Inga Out,
Ings
1
Ry % A Gnd
1100 o—84,
10
Ingg
R 1 9
4990 % " Ingg Outg
Ingg
13 3
R, Insg VIOV A, A GAIN
4.99%kQ
L L 1
L H 10
R H L 100
1
49.9kQ % H H 1000

FIGURE 5. Programmable-Gain Instrumentation Amplifier Example with Four Gain Steps and Lowest Gain = 1V/V.

The information provided herein is believedto be reliable; however, BURR-BROWN assumes no responsibility forinaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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USE LOW-IMPEDANCE BRIDGES ON 4-20mA CURRENT LOOPS

By R. Mark Stitt (602) 746-7445 and David Jones

If you need more transducer excitation current than is avail-
able on a standard 4-20mA 2-wire current loop, consider a 3-
wire transmitter. A 2-wire 4-20mA transmitter uses the same
two wires for signal and power. Part of the 4mA minimum
loop current is used to power the transmitter circuitry. The
remaining current can be used for transducer excitation. In
some applications even the entire 4mA is not enough for
transducer excitation.

Exciting a low-impedance bridge (such as a 350Q bridge)
often requires more current than is normally available from
a 2-wire 4-20mA current loop. A 350Q bridge excited with
a 10V reference requires more than 28mA. An easy way to
solve this problem is to use a 3-wire transmitter such as the
XTR110.

The XTR110 3-wire transmitter is similar to a 2-wire trans-
mitter, except that one of the two wires is connected to
ground and a third (power supply) wire is added. With
external power available at the transmitter, it is easy to
interface to low-impedance bridges. The XTR110 contains
an on-board precision 10.0V reference for sensor excitation.
The reference has a sense connection so that its output can
be easily boosted.

THE COMPLETE BRIDGE TO CURRENT-LOOP
CIRCUIT IS SHOWN IN FIGURE 1

A series-pass transistor, Q,, boosts the XTR110’s 10.0V
reference output-current to drive the bridge. Using an exter-
nal pass transistor allows high output-drive without over-
heating the XTR110. To improve reliability you may need to
heat-sink Q;, especially for high ambient temperatures.

An INA114 precision instrumentation amplifier is used to
amplify the bridge output to drive the XTR110 low-imped-
ance input. The INA114 is operated single-supply from the
10V reference to eliminate any error due to power-supply
changes. The XTR110 is connected so a 1V to 5V input on
pin 5 produces a 4-20mA output. A voltage divider buffered
by an OPA177 drives the INA114 reference pin. With 3V on
the reference pin, the INA114 output is 3V with the bridge
in balance. This produces a 12mA (mid-scale) XTR110
output with the bridge in balance. If you want to use the
bridge in a unipolar mode, the resistor divider can be set to
put either 1V or 5V on the INA114 reference pin to produce
either a 1V or 5V INA114 output at bridge balance. In any
case, select the INA114 gain-set resistor for 4V INA114
output change with *full-scale bridge output.

A P-channel enhancement-mode MOSFET, Q,, is used to
drive the 4-20mA output current. Using an external FET to
drive the output current improves precision by eliminating
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thermal feedback. If an internal driver were used, the signal-
dependent power change due to the 4-20mA current change
would result in relatively large nonlinearity in the transfer
function.

Burr-Brown offers a complete line of 2-wire and 3-wire
current loop transmitters and receivers.

XTR101

General purpose two-wire 4-20mA current-loop transmitter.
This transmitter has an instrumentation amplifier input and
two ImA current sources for transducer excitation and
offsetting.

XTR103

Two-wire RTD 4-20mA current-loop transmitter with OV
compliance. Similar to XTR101, but with internal lineariza-
tion circuitry for direct interface to RTD Resistance Tem-
perature Detectors. The XTR103, along with an RTD, forms
a precision temperature to 4-20mA current loop transmitter.
Along with an RTD, the XTR103 can achieve better than
0.1% span linearity over a —200°C to +850°C temperature
span.

XTR104

Two-wire bridge 4-20mA current-loop transmitter with 9V
compliance. Similar to XTR101, but with shunt regulator
and linearization circuitry for direct interface to high-im-
pedance strain-gauge and Wheatstone bridges. The XTR104
can provide better than 0.1% span linearity from bridges
with uncorrected linearity in excess of 2%.

XTR110

Three-wire 4-20mA current-loop transmitter. Essentially a
precision, single-supply voltage-to-current converter with
an internal 10.0V reference and input resistor network for
span offsetting. Various input-output ranges are available
by pin strapping so that 0 to 5V or 0 to 10V inputs can be
used to get 0 to 20mA or 4 to 20mA outputs for example.

RCV420

Self-contained 4-20mA receiver. Conditions and offsets
4-20mA input signals to give a precision 0-5V output.
Contains precision voltage reference, 752 precision sense
resistor and #40V common-mode input range difference
amplifier. The RCV420 has a total combined span and zero
error of less than 0.1%—adjustable to zero.
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FIGURE 1. Complete 350Q Bridge to 4-20mA Current-Loop Transmitter Uses XTR110 3-Wire Current Loop Transmitter and
INA114 Precision Instrumentation Amplifier Operating in a Single-Supply Mode.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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PRECISION IA SWINGS RAIL-TO-RAIL ON SINGLE 5V SUPPLY

By R. Mark Stitt (602) 746-7445

You can combine a precision instrumentation amplifier (IA)
and an inexpensive CMOS op amp to get the best of two
worlds—the precision of a bipolar IA and 5V single-supply
operation. Using the INA131 gives 50pV max voltage
offset, 0.25uV/°C max offset drift, and 110dB min common-
mode rejection. How close the output swings to the power
supply rail depends on which “rail-to-rail” CMOS op amp
you use. With a TI TL2272 you can expect the output to
swing within 100mV of the rails.

The circuit is shown in Figure 1. INA131 is fixed Gain = 100
1A specified to operate on power supplies as low as £2.25V.
Its output can swing +1.25V on +2.5V supplies. Adding a
gain-of-2 “rail-to-rail” CMOS op amp, A,, inside the feed-
back loop boosts output swing to 2.5V (0 to 5V on a single
5V supply). Because the CMOS op amp is inside the
feedback loop, its errors are divided-down by the loop gain
of A, in the INA131 so they contribute negligible error to the
composite amplifier.

The gain of the CMOS amplifier is set by R, R,, and R,.

R +R_+R_*R
Gain = 1+ —* 2 2 3
R* R,
With the values shown, Gain = 2V/V. Remember, since A,
is in the INA131 feedback loop, its exact gain is unimpor-
tant. The INA131 will still have a precise gain of 100V/V
10.024%.

Using the R,, R, divider to set the gain forces the INA131
output swing to be centered midway between the +5V
supply and ground for rail-to-rail output swing.
Compensation capacitor, C,, provides high-frequency feed-
back around A, to assure loop stability. It is important to
choose A, with at least 2MHz small-signal bandwidth for
good loop stability.

Resistor Optional

Over-Voltage
Protection

+In

+5V
(o]
+Vg I
INA131 R, R
2
l 100kﬂ 47KQ
—In X
O;er Vol'lage T ka2 25k
rotection
A YA YW
Bridge 25kQ
Sensor O \/\/\/\
Ry % 2.63kQ2
25kQ
O
External Gain-Set Ry
5kQ 25kQ 100k

REF

1

FIGURE 1. Adding a “Rail-to-Rail” CMOS Op Amp in its Feedback Loop Allows the INA131 Output to Swing Rail-to-Rail

on a Single 5V Supply.

102 AB-056A

BURR - BROWN®



Or, Gall Customer Service at 1-800-848-6132 (USA Only)

Figure 2 shows the output swing of the composite IA. In this
triple exposure, the output sine-wave signal is superimposed
with the ground rail and +5V rail.

Although the output of the composite IA will swing rail-to-
rail, its inputs will not function at ground. This is not a
problem for the bridge application shown. In this applica-
tion, the bridge is biased from the +5V power supply to
ground. With a balanced bridge, the IA inputs are at 2.5V
(midway between the +5V power supply and ground).
Because the INA131 uses a gain-of-five difference
amplifier, the inputs to A, are at 2V when the INA131 inputs
are at 2.5V. This allows the INA131 to operate properly with
common-mode input voltages from 2V to 3V.

As with most rail-to-rail op amps, the TLC2272 is a dual op

amp. If the second op amp is not used elsewhere, it can be
used for filtering or added gain.

Gain can also be increased by connecting an optional gain-
set resistor, Rg, as shown in Figure 1. Gain-set resistors in
the INA131 are trimmed for precise ratios, not to absolute
values. Absolute accuracy of the internal gain-set resistors is
+40%. To compensate for this tolerance, the value of the
external gain-set resistor may need to be adjusted from
device to device. Nominal gain with an external R, can be
calculated as follows:

Gain = 100 + 2;0_1(9
G

Where:

R, is the external gain-set resistor (Q2)
Accuracy of the 250kQ term is £40%.

| +5V Rail

FIGURE 2. Triple Exposure Showing Rail-to-Rail Output Swing of Composite Precision IA.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant

any BURR-BROWN product for use in life support devices and/or systems.
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LEVEL SHIFTING SIGNALS
WITH DIFFERENTIAL AMPLIFIERS

by David Jones, (602) 746-7696

The INA105 is a unity gain differential amplifier consisting
of a premium grade operational amplifier and an on-chip
precision resistor network. The self-contained INA105 makes
it ideal for many applications. One such application is
precision level shifting.

Figure 1 shows a general case of a unity gain differential
amplifier that performs a signal level shift proportional to
the voltage Vgupr appearing on pin 3 of the OPA27. An
operational amplifier is used to drive the INA105’s “Ref”
pin (pin 1) with a low impedance source to preserve true
differential operational of the INA105.

A basic understanding of the circuit operation can be gained
by considering the INA105 as a three input summing ampli-
fier. The voltage transfer function is then Eqyy = E, - E, +

Vger As this relation shows, the output will respond to a
difference signal and algebraically add the voltage at the

INA105

“Ref” input. Therefore, Vg may take on any arbitrary value
that will not saturate the INA105 amplifier’s output. In the
case of the circuit in Figure 1, Vige = Vgypr, yielding an
output of E, =E, — E, +Vgypr.

Precision fixed level shifting can be easily accomplished by
the use of a voltage reference source such as the REF102. A
REF102 used with an additional INA105 can be used to
provide an accurate, low drift, +5V reference to drive the
“Ref” pin of the differentially connected INA105 as shown
in Figure 2. If, for example, the input signal is a bipolar 5V
signal, the output will be level shifted to a unipolar 0-10V
signal. The same reference circuit also has -5V available
and may thus be used for the opposite conversion from
unipolar 0-10V to bipolar +5V signals. (Request PDS-1018
for INA105 and PDS-900 for REF102.)

2
E, 0— S
6
3 Eo
E, 0
+Vee
I
2 6 |1
% REF102 INA105
1kQ
4
W2 -5V

6
FIGURE 1. Level Shifting Circuit Using the INA105’s Vg +
Pin.
INA105
1 $ 3
FIGURE 2. Precision Level Shift Circuit from a Fixed Volt-

age Reference.

The information provided herein is believed to be reliable; however, BURR-BROWN no r ibility for i or omissions. BURR-BROWN

assumes no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject
to change without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize
or warrant any BURR-BROWN product for use in life support devices and/or systems.
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SIMPLE CIRCUIT DELIVERS
38Vp-p AT 5A FROM 28V UNIPOLAR SUPPLY

by Jason Albanus (602) 746-7985

Since the first analog IC requiring bipolar supplies was
developed, people have been trying to operate them from
unipolar supplies. Not only do the “headroom” (Vg— V gyraax)
requirements come into play, but with a unipolar supply
typically come unipolar outputs. To get bipolar output swings
from a unipolar supply, drive the load differentially and
create a reference signal which can be used a “pseudo
ground” for amplifier and input signal reference. This cir-
cuit topography requires that your signal be elevated to
Vg+ 2.

The INA10S is a precision unity gain differential amplifier,
and as a low cost monolithic circuit, it offers high reliability
and accuracy. With an initial offset voltage of 50UV, gain
error of 0.005%, and small signal bandwidth of 1MHz, the
INA105 makes an ideal amplifier for creating this pseudo

ground. The OPA2541 is a dual power operational amplifier
capable of operation from power supplies up to 40V (or a
single, unipolar 80V) at output currents of 5A continuous.
With two monolithic power amplifiers in a single package it
provides unequaled functional density, and provides the
means to deliver differential outputs at high power. By using
the INA105 to create the pseudo ground, and the OPA2541
to drive 5A loads differentially, the circuit in Figure 1 can be
developed. At 5A output current, the OPA2541 requires a
typical headroom of 4.5V, and as configured, output voltage
swings of 2Vg— 18V (peak-to-peak) can be achieved. The
output swing can be calculated by realizing that when one of
the amplifiers reaches its positive output limit (Vg —
Vieaproow)» the other amplifier should reach its negative
output limit (OV + Vygaproom)- This creates a voltage swing

RI
Vs 15kQ
T7 A
25kQ 5 ? b D,
W oA e
2
2 25kQ R, =
VWA - R 10 |,
o 25kQ _L VWA - 5
VsO— + 1000pF 3 A
I + Va Vioan=Va—Ve
25k N Ry R OPA2541 Load
oat
INA105 6.04kQ 75002
; 7
,_4] WA * 1 Ve J
L W
= Rs
D, - D, = Protection Diodes 10.2kQ
for EMF Generating Loads 6
— DI! D‘
R,
25.5kQ
FIGURE 1. Single Supply, Bipolar Output Swing for Floating Signal Source.
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of Vs— 2Vypaproom- This is then multiplied by two, when the Equations:

input signals reverse polarity so do the output signals which

are referenced to the pseudo ground. This causes the peak- Vs = Pseudo ground voltage

to-peak output voltage to be 2V~ 4V anroom For standard = V{2

28V systems, this means that you can see output swings of Vi = Vg +Vy

38Vp-p at 5A (see Equations for detailed explanation). Vioap = Differential voltage across the load

When only driving 500mA the headroom is typically only = V,-V,

3.2V, and output swings of 2V~ 12.8V are realizable. This A, = 1+ R/R)

means that from the same 28V supply, the peak-to-peak = R/R;

output is 43.2V. By using the maximum rated supply of V, = V' {1 +R/R)}-V;R/R)

80V, a peak-to-peak output of 142V with load currents of = Vi (Ay) - Vg (Ay-1)

SA can be realized. = Vi (Ay) + Vg

Although the OPA2541 is capable of operating with supply Vs = _VIN: (R/Ry + V; {1 + R/R))}

voltages up to 80V, the INA105 is limited to an overall = Vi (A + Vo (Ay + 1)

power supply voltage of 36V. If higher supply voltages are = Vi (AY) + Vg

required, an amplifier such as the OPA445 and a precision Viow = Vi=Vy

resistor network should be utilized for the pseudo ground. = {Viy (AY) + Vo) = {=Vi(Ay) + Vi}
= Vi (2AY)

The information provided herein is believed to be reliable; however, BURR-BROWN no responsibility for ir ies or BURR-BROWN assumes

no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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PARTIAL DISCHARGE TESTING:
What It Is and What It Means

With the introduction of the ISO120 and I1SO121, Burr-
Brown also introduced partial discharge testing of analog
isolation components. We have received several requests for
an explanation of the test, what it provides for us and our
customers, and how it relates to the more traditional test for
isolation voltage ratings. What follows is information about
the older test method and what it accomplished, partial
discharge, how we test for it, and a comparison of similar
products tested using the different methods. Some of this
material appears in the [SO120/121 PDS, but bears repeat-
ing to give you the whole story.

ISOLATION VOLTAGE RATINGS—
WHAT DO THEY MEAN?

An isolation voltage rating is a statement about the level of
voltage a device can withstand for long periods of time with
a high confidence that the barrier will not break down. In the
initial development of a part, basic physical and materials
design determines the desired rating and long-term, high-
voltage life testing of the part verifies it. However, it’s
impractical to long-term life test every isolation amplifier or
power supply that we ship. We need a test that will verify
that the part can withstand its rated voltage and give assur-
ance that it will survive that much voltage for long periods
of time.

STRESS TESTING

One way to do that is to overstress the part briefly (i.e.,
subject the part to levels significantly above its rated volt-
age) and then test the part at rated continuous voltage for a
short period of time. Alternatively, one can test the part at
the overstress voltage for a fixed time, such as 60 seconds.

We have used both methods, depending on the division
producing the part and its intended market applications. In
either case, the philosophy is something like life testing. In
much the same way as accelerated life testing is used to
identify infant mortality problems with electronic compo-
nents, the current method of dielectric withstand testing is
used to identify problems with dielectric materials used in
isolation circuits.

The choice of overstress voltage is an important one. Many
isolation applications see not only the continuous voltage,
but also experience transient voltages. Historically, we have
used an overstress voltage, Vigsr = (2 X Continuous Rating)
+ 1000V. This choice is used in some UL specifications and
is appropriate for conditions where systems transients are
not well defined.

BURR - BROWN®
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However, there are other methods of testing for high-voltage
breakdown and some have been around a long time. In 1944,
Austin and Hacket published Internal Discharges in Dielec-
trics: Their Observation and Analysis. Since that time, the
phenomenon they described, and now termed partial dis-
charge, has steadily gained wider acceptance in the evaluat-
ing dielectric materials. For a number of years, the manufac-
turers of power distribution equipment have used a measure-
ment of RF noise to detect the ionization that precedes high-
voltage breakdown. This method is OK for large transform-
ers or similar equipment, but it has not been sensitive
enough for small components such as those used in Burr-
Brown’s isolation amplifiers and power supplies.

Partial discharge testing is similar in concept to the RF noise
detection, and recent advances in test equipment and testing
standards now make it possible to use this much more
sensitive method with our products. Just as Burr-Brown’s
products are at the forefront of technology, our use of partial
discharge testing for some products should be seen as being
on the leading edge of testing dielectric materials. We are
not abandoning the older, more accepted test standards.
However, in preparing to meet the demands for what we
believe to be a world-class testing standard, we would like
to tell you something about partial discharge, how it’s tested,
and why we believe it will become the recognized superior
method of testing dielectric materials.

PARTIAL DISCHARGE

When an isolation barrier has a defect such as an internal
void, the defect will display localized ionization when ex-
posed to high voltage. This ionization starts at one voltage
and stops at a lower voltage. These are called the inception
and extinction voltages. As high voltage is applied to the
barrier, voltage will also build up across the void. When the
inception voltage is reached, the void ionizes, shorting itself
out. When the voltage across the void drops below the
extinction voltage, ionization ceases.

This action redistributes charge within the barrier and is
known as partial discharge. If the barrier voltage continues
to rise, another partial discharge cycle begins. If the barrier
voltage is AC and is large enough, partial discharge cycles
will repeat many times during the positive and negative
peaks. If the ionization begins and continues, it can damage
the barrier, leading to failure. If the discharge does not
occur, the barrier receives no damage.

The inception voltage of the individual voids tends to be
constant. Therefore, the total charge redistributed within the
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barrier is a very good indicator of the number of the voids
and their likelihood of becoming a failure. Setting a very low
limit on the allowable partial discharge in testing gives a
very high degree of confidence that HV failure will not
occur.

PARTIAL DISCHARGE AND
BARRIER EVALUATION

The barrier itself displays an inception and an extinction
voltage. The bulk inception voltage varies with the type of
insulation, its thickness, and the number of defects. It di-
rectly establishes the maximum voltage that can be applied
across the test device before destructive partial discharge
can begin. Measuring the bulk inception voltage on each part
provides an absolute maximum rating for each device.

Measuring the bulk extinction voltage can also provide a
lower, more conservative voltage from which to derive a
safe continuous rating. In theory, directly from these two
measurements one could then specify the maximum tran-
sient voltage and continuous voltage ratings. In practice,
testing to determine the inception voltage, and de-rating
from the inception voltage by a factor related to transients
determines the continuous rated voltage.

PARTIAL DISCHARGE TESTING IN PRODUCTION

Once the continuous rating is established, a convenient
100% production test is needed. It should provide firm GO/
NOGO information, be very sensitive, be non-destructive
and, for economic reasons, be very short. These are the
benefits of partial discharge testing! In the last couple of
years, manufacturers have produced equipment which can
reliably test for very low values of partial discharge, and
some standards are being developed to specify test methods.
The first such standard that we are aware of was developed
by VDE in Germany and applies to testing of optocouplers.
We have adopted the method described in VDE 0884 to test
for partial discharge in our production tests. The test is
conducted in two stages. First, a one second test at rated
voltage checks for leakage current. Another one second test
checks for partial discharge at 1.6 times rated voltage; the
level of partial discharge must be <5pC (5 x 102 Cou-
lombs). The 1.6 multiplier takes into account the ratio of
transient voltage to continuous rating and is specified in the
VDE standard.

Internal Burr-Brown test procedures allow two retries if a
part fails the initial test. Sometimes ozone generated by the
test voltage is enough to trigger the GO/NOGO circuit, so
we clear out the test chamber before retest. If failure occurs
a second time, the part is cleaned and retested. Fingerprints
on the part can also trigger the GO/NOGO. If it still fails, we
scrap it.

OTHER ADVANTAGES
OF PARTIAL DISCHARGE TESTING

Not only can this test method provide far more qualitative
information about stress withstand levels than did previous
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stress tests, but it can also provide guantitative measure-
ments upon which quality assurance and control measures
could be based. Should we ever find it desirable to do so,
sampled information on PD, inception and extinction volt-
ages would be ideal information upon which to base SPC for
our iso manufacturing process. Please understand that we
are not currently working on SPC for this aspect of the iso
product line, but PD testing does offer this advantage should
we decide to make use of it.

In addition to the potential for use in SPC, and for the same
reasons, PD testing of products in development improves
our knowledge of the new product and its manufacturing
methods. It has become a powerful development evaluation
tool, and, we believe, has helped us develop better, more
capable products. Using it in production testing allows good
correlation with development test results and proves invalu-
able in investigating manufacturing problems that can arise
with any new product.

COMPARISON OF ISO TESTING—NEW AND OLD

The following chart summarizes the differences in time and
test voltages for the two test methods. Some of you have
expressed feelings that the new test levels and times will
leave customers concerned about their validity and applica-
tion in areas where agency certification (UL, for example) is
a must.

Of most concern, from the feedback we received, was
compliance of PD testing with UL544 for medical equip-
ment. Most people are familiar with the UL requirement that
an OEM test its finished product at 2500Vrms for 60
seconds. This test is required only for patient-connected
equipment and not for all medical equipment. What most
people do not know is that UL allows a choice of rwo
conditions for this test. The first is 2500Vrms/60s, known as
Condition A, and the second is Condition B, requiring a
3000Vrms/1s test. Paragraph 42.2 of UL544 (Revised 1985)
allows either test in 100% production testing. Please note
that we test the ISO121 at 5600Vrms for one second; we
easily conform to Condition B. Since we demonstrate no PD
at that voltage, we will easily pass any 2500V test as well.

PRODUCT 1S0102 1S0120 1ISO0106  1SO121 UNITS
Rated 1500 1500 3500 3500 Vrms
Voltage 2121 2121 4950 4950 Vpeak
Test 4000 2500 5697 5600 Vrms
Voltage 5656 3535 8000 7920 Vpeak
Test Time At 10 1 10 1 s
Max Voltage

Time At Rated 60 1@ 60 1@ s
Voltage

NOTES: (1) We cheat a little here, this is 1.67 times rated, not 1.6 times rated.
(2) Upper limit of our production test equipment for this test method. (3)
Proceeds PD test; checks for barrier leakage current.

The information provided herein is believed to be reliable; however, BURR-
BROWN assumes no responsibility for inaccuracies or omissions. BURR-
BROWN assumes no responsibility for the use of this information, and all use of
such information shall be entirely at the user’s own risk. Specifications are
subject to change without notice. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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NOISE SOURCES IN

APPLICATIONS USING

CAPACITIVE COUPLED ISOLATED AMPLIFIERS

By Bonnie C. Baker (602) 746-7984

Noise is a typical problem confronting many isolation appli-
cations. Isolation products such as analog isolation amplifi-
ers, optocouplers, transformers and digital couplers, are used
in applications to transmit signals across a high voltage
barrier while providing galvanic separation between two
grounds. Burr-Brown’s isolated analog amplifiers and digi-
tal couplers use one of three coupling technologies in their
isolation products, each having its own set of advantages and
disadvantages in noisy environments. These technologies
are inductive coupling, capacitive coupling and optical cou-
pling. Isolation amplifiers and digital couplers are used for
a variety of applications including breaking of ground loops,
motor control, power monitoring and protecting equipment
from possible damage. An understanding of the design
techniques used to transmit signals across the isolation
barrier, as well as an understanding of the sources of noise,
allows the users to quickly identify design and layout prob-
lems and make appropriate changes to reduce noise to
tolerable levels.

Noise is defined in this application note as a signal that is
present in a circuit other than the desired signal. This
definition excludes analog nonlinearities which may pro-

duce distortion. As shown in Figure 1, there are three
primary types of noise endemic to isolation applications,
each with their own set of possible solutions. The first noise
source is device noise. Device noise is the intrinsic noise of
the devices in the circuit. Examples of device noise would be
the thermal noise of a resistor or the shot noise of a
transistor. A second source of noise that effects the perfor-
mance of isolation devices is conductive noise. This type of
noise already exists in the conductive paths of the circuit,
such as the power lines, and mixes with the desired electrical
signal through the isolation device. The third source of noise
is radiated noise. Radiated noise is emitted from EMI sources
such as switches or motors and coupled into the signal. This
application bulletin will cover these three noise classifica-
tions as they relate to capacitive coupled isolation amplifi-
ers.

THEORY OF OPERATION OF THE

CAPACITIVE COUPLED ISOLATION AMPLIFIERS
The capacitive coupled isolation amplifiers are designed
with an input and output section galvanically isolated by a
pair of matched capacitors. A block diagram of this type of
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FIGURE 1. The Three Basic Types of Noise in Isolation Applications are Device Noise, Conducted Noise, and Radiated Noise.
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isolation amplifier is shown in Figure 2. The capacitive
coupled isolation amplifiers employ digital modulation
schemes to transmit a differential signal across the isolation
barrier. The modulation schemes used in the capacitive
coupled isolation amplifiers are duty-cycle modulation or
voltage-to-frequency, depending on the product. Both modu-
lation schemes are basically voltage to time. An internal
oscillator is used to modulate the analog input signal into a
digital signal which is transmitted across the isolation bar-
rier. Most capacitive coupled amplifiers (ISO103, ISO107,
1SO113, ISO120, ISO121, ISO122), as shown in the block
diagram in Figure 3, modulate the analog signal to a duty-
cycle encoded signal; The remainder of the isolation ampli-
fiers (ISO102 and ISO106), as shown in the block diagram
in Figure 4, modulate the analog voltage to a frequency.

+Vgy

The modulated signal is transmitted to the other side of the
isolation barrier through a pair of matched capacitors built
into the plastic or ceramic package. The value of these
capacitors varies from IpF to 3pF depending on the device.
The resulting capacitor is simple and reliable by design.

After the modulated signal is transmitted across the isolation
barrier, it is demodulated back to an analog voltage. The
output section of the isolation amplifier detects the modu-
lated signal and converts it back to an analog voltage by
using averaging techniques. Most of the undesired ripple
voltages inherent in the demodulation process is then re-
moved.

DEVICE NOISE AND CAPACITIVE
COUPLED ISOLATION AMPLIFIERS

Device noise is generated by the devices in the circuit.
Examples of device noise generators would be a discrete
resistor, which generates thermal noise, or an operational
amplifier, which would generate 1/f noise, etc. Specifically,
with Burr-Brown’s capacitive coupled isolation amplifiers,
there are two device noise specifications of consequence.

v . .
N AD Ripple Noise
Moduiator A b aradiat gf eha Ao dulation cohame fmﬂn duta cvcla
! L

Isolation Barrier

200pA
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1p
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Vmc"\ll\/\/\__”'_q @ #

- N
Signal Com 1 J + A Ir
1

osC
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—\/\/\/‘—z] Sense
Vour

O Signal Com 2

o 0O 0O
+Vg, GND 1 Vg,

O O O
+Vg, GND 2 Vg,

FIGURE 3. The Basic Block Diagram of the ISO103, ISO107, ISO113, ISO120, ISO121, and ISO122 Isolation Amplifiers,
which use Duty-Cycle Techniques to Transmit Signal Across the Isolation Barrier.
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This ripple voltage noise can easily be eliminated by using
a low pass R-C or active filter at the output of the isolation
amplifier as shown in Figure 6. This two-pole, unity-gain,
Sallen-Key type filter is designed with a Q = 1 and a 3dB
bandwidth = 50kHz. The OPA602 is selected to preserve DC
accuracy of the ISO122. In Figure 6, the dynamic range of
the ISO122 is changed from a typical 9-bit resolution to
11-bit resolution (see AB-023). The ISO102 and ISO106
isolation amplifiers have an active filter built into their
outputs. This low pass filter provides a significant reduction
in the ripple voltage. The remaining noise at the output of the
isolation amplifier is spectral noise. If the ripple noise of the
isolation amplifier is sufficiently reduced, the spectral noise
will begin to dominate.

Spectral Noise

The spectral noise, or wideband noise, is the second type of
isolation amplifier device noise. This noise is generated by
the jitter of the modulation process. In the case of the
ISO102 and ISO106, the jitter is dominated by the time
uncertainty of the one-shot. With the 1SO103, 1SO113 and
ISO107 the jitter noise is dominated by the translation of
voltage noise in the comparator. Spectral noise can be
reduced by reducing the signal bandwidth, or again using a
low pass filter at the output of the isolation amplifier.
Another method of reducing the noise contribution from
spectral noise as well as the ripple voltage noise is to use a
pre-gain stage to the isolation amplifier. This technique is
shown in Figure 7. By gaining the signal before it is
transmitted across the isolation barrier, the signal-to-noise
ratio will be improved.

CONDUCTIVE NOISE AND ITS
EFFECT ON ISOLATION AMPLIFIER SIGNALS

The second source of noise, conductive noise, can be coupled
into the signal path through the three paths as shown in
Figure 8. Noise on the power supply lines is coupled into the
signal through the supply pins and eventually to the signal
path. Noise coming from the input of the isolation amplifier
is transmitted directly across the barrier. And finally, a fast
change in the voltage difference between the grounds of the
isolated system can corrupt the signal and in some cases give
an erroneous output.

Power Supply Noise

Noise on the power supply lines can be coupled into the
isolation amplifier through the supply pins. Isolation ampli-
fiers require isolated supplies, typically DC/DC converters.
DC/DC converters utilize high-frequency oscillators/drivers
to transmit voltage information across a transformer barrier.
The output stage of the DC/DC converters rectify, filter and
in some instances regulate the output voltage. The output
voltage has the desired DC component as well as remnants
of the switching frequency in the form of a complex ripple
voltage. The DC/DC converter regulation (or lack there of)
and switching frequency can have an effect on the perfor-
mance of the isolation amplifier. In the cases where the
isolation amplifier is self-powered (ISO103, ISO113, and
1SO107), the DC/DC converter is synchronized with the
isolation amplifier oscillator, however, it is unregulated. The
system power supply performance should be evaluated and
possibly a regulator chip added to the circuit on the system
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FIGURE 4. The Basic Block Diagram of the ISO102 and ISO106, Isolation Amplifiers, which use Voltage-to-Frequency
Modulation Techniques to Transmit Signal Across the Isolation Barrier.
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side. The isolation amplifiers that are not self-powered
(ISO102, 1SO106, 1SO120, ISO121, and ISO122) require
power be supplied by an external DC/DC converter or a
battery.

In the case where the noise on the power supply line is less
than the bandwidth of the isolation amplifier, the noise
manifests itself as a small signal offset voltage. The magni-
tude of this error is specified in the data sheets of the

Snv |

Fid

FIGURE 5. The Unfiltered Output of the ISO122 Isolation
Amplifier Showing Approximately a 20mVp-p
Output Ripple.

isolation amplifiers as power supply rejection (PSR). Usu-
ally the contribution of a power supply rejection error is less
than the ripple voltage that is generated by the demodulation
process mentioned above.

Power supply noise greater than the bandwidth of the isola-
tion amplifier can come from several sources. Some of these
sources can be the DC/DC converter switching frequency,
switching noise from digital logic, switching noise from
motors, or from the oscillator used in the isolation amplifier,
to name a few. It is easy to assume that the isolation
amplifier will filter out noise that is greater than its own
bandwidth. That assumption is erroneous, because of aliasing
between the power supply noise and the isolation amplifier’s
own oscillator.

To illustrate this point, refer to the performance curve from
the ISO122 data sheet shown in Figure 9. The x-axis repre-
sents the power supply noise frequency. The left y-axis
represents the ratio between voltage out to supply voltage in.
The right y-axis represents the frequency of the output signal
generated by the aliasing effect. As illustrated, if a supply
line has a switching frequency of 750kHz, there will be a
noise ripple contribution at the output of the ISO122 of
about —33dBm and the frequency component of that noise
will be 250kHz, which can easily be filtered using methods
illustrated in Figure 6. If the supply line has a switching
frequency noise of 900kHz, there will be a noise ripple

+Vgy

15

Vin 150122

Output of OPA602

FIGURE 6. The 1SO122 Isolation Amplifier with a Two-Pole, Low Pass Filter to Reduce Ripple Voltage Noilsa%
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contribution at the output of the ISO122 of about —20dBm
with a frequency component of 50kHz. Since the typical
bandwidth of the ISO122 is 50kHz, this aliased noise will be
difficult to filter without effecting the signal bandwidth.

A danger zone for the power supply switching frequency
noise in this example is a frequency band of +50kHz around
500kHz and multiples of S00kHz. This is because the
ISO122’s bandwidth is 50kHz and the modulation/demodu-
lation oscillation frequency for the ISO122 is 500kHz. To
complicate matters further, a DC/DC converter ripple volt-
age will never have the frequency content of a simple sine
wave, but rather a fairly complex summation of several
frequencies, usually multiples of the fundamental frequency.
If the DC/DC converter switching frequency is selected to
be exactly the same frequency (or a multiple) of the modu-
lation/demodulation oscillator frequency of the isolation
amplifier, the aliasing phenomena will not be a problem.
This, of course, is unrealistic because of lot to lot variances

300pF Isolation
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|
1
1
1
I
I
|
I
I
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|
|
DC Gain = ~10VV 16 :
I
|

FIGURE 7. By Using a Pre-Gain Stage the Signal-to-Noise
Ratio is Improved. In this Example the Signal-
to-Noise Ratio is Improved by 20dB.

and variations in temperature performance of both the
DC/DC converter and the isolation amplifier. A small differ-
ence between the two switching frequencies will generate
low frequency noise in the signal path that is impossible to
filter.

There are two design issues taken into consideration when
selecting the DC/DC converter switching frequency for a
specific isolation amplifier. As an example, in the case of the
1S0122, an acceptable DC/DC switching frequency would
be 400kHz. In this case, the difference between the DC/DC
switching frequency and the isolation amplifier’s oscillating
frequency is 100kHz. The aliased noise will have a funda-
mental frequency content of 100kHz, which is easily filtered
by the isolation amplifier. Additionally, the 5th harmonic of
the DC/DC converter and the 4th harmonic of the ISO122
are equal. Generally, the amplitude of the DC/DC converter
ripple having the frequency content of a higher harmonic is
considerably smaller than that of lower harmonics. Signals
aliased back from higher harmonic elements of the DC/DC
converter’s ripple voltage will be less.

In cases where the isolation amplifier has voltage-to-fre-
quency modulation topology (ISO102 and ISO106), the
selection of the DC/DC converter becomes more difficult.
The frequency modulation range of the ISO102 and ISO106
is 0.5MHz (Vo =~10V) to 1.5MHz (V5yp = +0V). In these
applications, proper by-pass designs can help reduce noise
caused by the switching frequency of the DC/DC converter.

Figure 10 illustrates resistor-capacitor and inductor-capaci-
tor decoupling networks that can be used to isolate devices
from power supply noise. These networks are used to elimi-
nate coupling between circuits, keep power-supply noise
from entering the circuit and to suppress the reflected ripple
current of the DC/DC converter caused by the dynamic
current component at its switching frequency. When the
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FIGURE 8. The Three Sources of Conductive Noise in an Isolation Application are from the Power Supply Lines, the Signal
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FIGURE 9. Noise Rejection Performance Curve of the

1SO122.
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FIGURE 10. Suggested Pi-Filter Designs to Eliminate Power
Supply Noise.

R-C filter is used, the voltage drop in the resistor causes a
decrease in power-supply voltage (see AB-024 for more
details). The L-C circuit provides more filtering, especially
at high frequencies, however, the resonant frequency of the
network can amplify lower frequencies. If a resistor is
placed in series with the inductor, this resonant frequency is
attenuated. See Figure 11 for the frequency response and
design equations of the L-C network. This by-pass design
approach is known as a pi-filter. The filter should be posi-
tioned on the PCB as close to the noise source as possible.

Power supply noise can be reduced by one or a combination
of four methods. First, the designer should carefully select
the DC/DC converter according to its power performance
and switching frequency. Second, filter the output of the
isolation amplifier to eliminate high frequency noise. Third,
use a pi-filter on the supply lines as close to the switching
source as possible. And fourth, in some instances, an exter-
nal synchronization pin on the isolation amplifier makes it
possible to synchronize multiple channels of isolation am-
plifiers to each other and the DC/DC power supplies.
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Input Signal Noise

Noise in the signal path at the input of the isolation amplifier
that is within the bandwidth of the isolation amplifier will be
transmitted across the barrier with the desired signal. This
type of noise is impossible to eliminate with a filter before
or after the isolation amplifier and should be eliminated at its
source. Typically, noise is coupled into the signal path
where there is a metal trace with a high impedance node next
to a metal trace where noise is present.

Signal path noise that is above the bandwidth of the isolation
amplifier may or may not be transmitted across the barrier.
Using the performance curve of the ISO122 in Figure 9, it is
easy to deduce how much noise will be transmitted. In this
instance, the x-axis represents the input noise frequency.
The left y-axis represents the ratio between voltage out to
input voltage. The right y-axis represents the frequency of
the output signal generated by the aliasing effect. If there is
concem that there will be high frequency noise at the input
of the isolation amplifier, usually a low pass filter before the
isolation amplifier will reduce the effects of input noise
aliasing into the signal bandwidth.

High dV/dt Changes Between
The Ground References Of The Isolation Barrier

A third source of conductive noise for isolation applications
is caused by the transients between the two ground refer-
ences across the isolation barrier (as shown in Figure 12).
The isolation mode voltage (IMV) is the voltage that appears
across the isolation barrier between the input common and
output common. A fault condition may directly apply high
voltage AC to the isolated common, forcing AC current
through the barrier capacitors. Finite isolation mode rejec-
tion results in small output AC noise. Another specification
that describes the ability of an isolation product to reject
high transients between the grounds is called Transient
Immunity (TI). These transients most commonly occur in
motor control applications. Transient Immunity is specified
in volts per seconds. A high Transient Immunity indicates a
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Isolation Wide- Full Scale DC/DC Output
Isolation Isolation Mode band | Signal | Bandwidth/| Number | Rippie/External
Isolation Signal Barrler Barrier Rejection Translent | Nolse | Output |Small Signal|  of Filter Capacitor/
Isolation Barrier-Type | Modulation | Test Voltage® | Impedance® | Ratlo at 60Hz | Immunity® | Density® | Ripple® | Bandwidth | DC/DC | Frequency®
MODEL | Function | (SignalPower) Method kv QIpF dB kVips WHz | mVp-p kHzjus  [Channels| mVp-p/uF/kHz
1S0103 | Buf-DC/DC Cap/Mag Duty Cycle 4rms 10E12/9 1300 1 4 25 20075 1 5/1/1600
180107 | Buf-DC/DC Cap/Mag Duty Cycle 8 peak 10E12/13 1004 0.006 4 20 2075 1 10/0/1600
150113 | But-DC/DC Cap/Mag Duty Cycle 4rms 10E129 1300 1 4 25 20175 1 5/1/1600
180212 | Amp-DC/DC Mag Balanced AM 1.2rmst® 10E10/12 1150 0.6@ 0.02 8 2/400 1 10/10/25
3656 Amp-DC/DC Mag Flyback 8DC 10E12/6 12 0.1¢@ 0.117 5 1.3/500 1 100/.47/300
1S0100 Amp Opto Linear 2.5DC 10E122.5 108 1) 6 0 5/100 —_ -
150102 Butfer Cap Frequency 4rms 10E14/6 115 0.1 16 3 5/100 — -
1SO106 Buffer Cap Frequency 8 peak 10E14/6 125 0.1 16 3 §/100 - -
1S0120 Buffer Cap Duty Cycle 2.5rms®? 10E14/2 1150 1 4 10 20/50 —_ —
1SO121 Buffer Cap Duty Cycle 5.6rms® 10E14/2 1150 1 4 10 20/50 - -
1SO122 Buffer Cap Duty Cycle 2.4rms® 10E14/2 1400 1 4 10 20/50 - -

NOTES: (1) Typical. (2) Conforms with VDE884 partial discharge test methods. (3) Value based on limited evaluation; should be used for comparison purposes only.

greater ability to reject isolation mode voltage transients. If
transient voltages between the grounds exceed the capabili-
ties of the isolation amplifier, the input of the sensor ampli-
fier may start to false trigger and the output will display
spurious errors. Transient immunity is defined as the maxi-
mum rate of change of IMV voltage that does not interfere
with the normal transmission of information across the
barrier. Errors due to high transients that are less than 1% of
the full scale range of the isolation amplifier are deemed to
be within the normal transmission range.

A high transient phenomena is easy to identify by tracking
the difference between the grounds and correlating it to
errors at the output of the isolation amplifier. If the transients
are predictable, this error can be filtered from the signal by
timing data collection at the output of the isolation amplifier
to when the data is known to be valid. In addition, selecting
an isolation amplifier with a high Transient Immunity speci-
fication will reduce the errors caused by IMV transients.
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FIGURE 12. Transient Noise is Caused by High dV/dt
Transients Between the Grounds of the Isola-
tion Application.

RADIATED NOISE

Radiated noise is transmitted through air into high imped-
ance nodes. Some isolation technologies are more sensitive
to radiated noise interference than others. Radiated noise,

also called EMI interference, can easily be identified as a
BURR - BROWN®
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problem by experimenting with the proximity of a circuit to
a radiating device or by experimenting with shielding tech-
niques. There are numerous sources for radiated noise such
as ground planes, power planes, metal traces in close prox-
imity, switching networks, inductors, toroids, etc. The
E-field or the B-field portion of the radiated field can have
an effect on isolation amplifiers. Specifically, a high E-field
in the vicinity of the capacitively coupled isolation amplifi-
ers can effect the performance of the device. In near-field
emission areas, transmission of radiated sources is propor-
tional to the inverse cube distance.

Radiated noise can transmit directly into the signal, usually
through the capacitive barrier of the isolation amplifier. If
the frequency content of the radiated noise is a multiple of
the oscillating frequency of the isolation amplifier (plus or
minus the bandwidth of the amplifier) the radiated noise will
appear in the signal bandwidth. As an example, refer to
Figure 9, using the left y-axis equal to the ratio of the output
voltage of the isolation amplifier and the field strength of the
radiate noise at the point of entry. Although it is difficult to
quantify the field strength of a radiated signal at the point of
entry, the concepts in Figure 9 still apply. In heavy fields,
isolation amplifiers can produce signals outside of its linear
region.

Radiated noise can be identified as a problem by experi-
menting with shielding or using a 10X scope probe to
identify hot spots. Various metallic materials can be used for
shielding as long as the metal is connected to a ground in the
circuit. The most effective shielding material found in ex-
perimentation is Mumetal, however, copper and even con-
ductive tape have been used to identify and eliminate prob-
lem areas.

CONCLUSION

Noise problems in any application can be difficult to solve,
particularly if the causes and effects are not known. When
investigating a noise problem in an isolation application, one
or a combination of three noise sources can be identified as
responsible for a noisy output of the isolated amplifier. By
understanding the source of noise, steps can be taken in
layout and circuit design to significantly reduce noise errors
to acceptable levels.
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BOOST I1ISO120 BANDWIDTH TO MORE THAN 100kHz

By R. Mark Stitt and Rod Burt (602) 746-7445

There has been considerable demand for high-bandwidth
isolation amplifiers. The highest bandwidth Burr-Brown
ISO amps are the ISO100 and the 1SO120/121/122 family
with bandwidths of about 50kHz. The ISO120/121 bandwidth
can be boosted to more than 100kHz by adding gain in the
feedback.

Adding gain in the feedback of the ISO120/121 increases
bandwidth and decreases phase margin—see Figure 4. The
1SO120 was designed with approximately 70° phase margin
in the output stage for maximally flat magnitude response
and a f , , bandwidth of approximately S0kHz. With a gain
of 2.4V/V in the feedback as shown in Figure 1, phase
margin is decreased to an acceptable 45°. Due to gain
peaking, the actual f ,,, bandwidth is increased to almost
150kHz. With the addition of an input filter as shown in
Figure 2, flat magnitude response with a bandwidth of

greater than 100kHz is obtained. Since the added gain is
within the ISO120 feedback loop, the overall gain of the
isolation amplifier is unchanged (gain = 1).

To verify the phase margin, analyze the step response of the
Figure 1 circuit (shown in the Scope Photo 1). The 25%
overshoot translates to a damping factor of 0.4 and 45° phase
margin,

If the I1SO120 is used in the clocked mode, maximum
bandwidth is determined by the clock frequency. For 150kHz
bandwidth and 45° phase margin with a gain of 2.4V/V in
the ISO120 feedback, the clock frequency should be 500kHz.
Lower clock frequencies will result in reduced phase margin
and possible instability. Higher clock frequencies will result
in better phase margin, but clock frequencies above 700kHz
are not recommended.
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7.5kQ 10.5kQ
Vi o323
OPA602 Vour = Vin

21

22

24

= Slep response of F|gure 1 circuit showing 25% overshoot
which translates into 45° phase-margin.
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Adding gain in the feedback of the ISO120 can also increase
its slew rate and full-power response. So long as the op amp
providing gain in the feedback has adequate slew rate, the
2V/us slew rate of the ISO120 is multiplied by its gain.
When using an OPAG602 with a gain of 2.4V/V in the
feedback, the 30kHz 20Vp-p full-power response of the
ISO120 is increased to more than 70kHz. Driving the OPA602
input below about —12V will cause signal inversion and
possible circuit lock-up. The 470Q/back-to-back zener net-
work prevents possible lock-up by keeping the op amp input
from being driven beyond its linear common-mode input
range.

The addition of an input filter to compensate for the gain
peaking, as shown in Figure 2, gives a flat magnitude
response of more than 100kHz. In addition to the gain of

2.4V/V amplifier in the feedback, a simple 80kHz input
filter formed by C, and R, is inserted at the input. The 10kQ
input resistor, R, decreases the ISO120 gain by about 5%.
A matching 10k resistor in the feedback, R,, restores gain
accuracy. The step response for the Figure 2 circuit is shown
in the scope photo.

The Gain vs Frequency Plot, Figure 3, compares the
response of the Figure 1 and Figure 2 circuits, to the standard
ISO120. The top plot is the Figure 1 circuit showing about
+3dB magnitude peaking and almost 150kHz f | bandwidth.
The center plot is the Figure 2 circuit with the 80kHz input
filter. The magnitude response is flat with an f , , bandwidth
greater than 100kHz. The bottom plot shows the standard
ISO120 circuit with an f ,, bandwidth of about 50kHz.

A: T/R (dB) B:6
|—— A max 9.000dB
B max 180.0deg
+3dB
[t ——
— | \\/ 1
|V — < 0dB
S — \
N\ -3dB
\ i \ \
\
3
10kHz 50kHz 100kHz 200kHz
A/Div 3.000 dB START 10,000.000Hz
B Min -180.0 deg STOP 200,000.000Hz
Gain vs Frequency plot comparing: 1) Figure 1 circuit showing almost 150kHz f_, . bandwidth with +3dB gain peaking, 2) Figure 2 circuit showing flat
magnitude response and more than 100kHz f .o bandwidth, and 3) dard 1SO120 showing 50kHz f_, bandwidth.

FIGURE 3. Gain vs Frequency Plot.
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1S0120/121 Demodulator Section
100pA 200kQ
1pF
From P 150pF
Input
Section "’F_i
1ps Gain External
100pA \ H Linear |H Block He{ Gain Vo
Delay G=2n Block
! f_aqa — 275kHz Bucket-Brigade —
| = Low-Pass Sample/Hold G=24VV
or
Short (G = 1)
The output demodula(or section of the ISOI20/1 21/1 22 consists of the integrator loop shown. This technique can not be applied to the ISO122 because
the feedb ion is not il y. Stability is determined by the phase margin at the open-loop response unity gain point, f,,
The unity-gain frequency is:
v-gain frequency 6.28 * gain,,;
= ———————— = 33kH i
e = 3 e (200KQ) * (150pF) o 2" 98Mexr
The phase margin is approximated by:
180° — 90° - tan™ (f,,o/275kHz) - 1us o f,, * 360°
—— — —_—
200kQ, 150pF higher order sample/hold
integrator poles delay*
*The sample/hold delay is 1/(2 ¢ freq,,,). For a 500kHz clock frequency, the delay is 1ps. The f ing clock freq is approxi ly 500kHz.
For gaing, . = 1:
fya = 33kHz, Phase Margin = 70°, and
f g = 5O0kHzZ
For gaing,; = 2.4:
fue = 80kHz, phase margin = 45°, and
f o = 150kHz with +3dB gain peaking at 80kHz.
FIGURE 4. Analysis of ISO120/121 Demodulator Section.
The information provided herein is believed to be reliable; h . BURR-BROWN assumes no responsibility for i ies or omissi BURR-BROWN assumes

no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
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SYNCHRONIZATION OF 1SO120/121 ISOLATION AMPLIFIERS

By Rod Burt and R. Mark Stitt (602) 746-7445

Internal clock circuitry in the ISO120/121 precision isola-
tion amplifier (ISO amp) can be synchronized to an external
clock signal. Synchronization to an external clock can be
used to eliminate beat frequencies in multichannel systems
or for rejection of specific AC signals and their harmonics—
see the ISO120/121 product data sheet, PDS-820.

The external clock signal can be directly connected to the
ISO120/121 if it is a sine or triangle wave of the proper
amplitude. At clock frequencies above 400kHz, a square
wave external clock can also be directly connected to the
ISO120/121. Other clock signals can be used with the
addition of the signal conditioning circuit shown in Figure 2.

SYNCHRONIZING TO A SINE
OR TRIANGLE WAVE EXTERNAL CLOCK

The ideal external clock signal for the ISO120/121 is a +4V
sine wave or 4V, 50% duty-cycle triangle wave. The ext osc
pin of the ISO120/121 can be driven directly with a 3V to
15V sine or 25% to 75% duty-cycle triangle wave and the
ISO amp’s internal modulator/demodulator circuitry will
synchronize to the signal.

C,, C,I1s0120/121
EXTERNAL CLOCK MODULATOR, DEMODULATOR
FREQUENCY RANGE EXTERNAL CAPACITOR

400kHz to 700kHz none
200kHz to 400kHz 500pF
100kHz to 200kHz 1000pF
§0kHz to 100kHz 2200pF

20kHz to 50kHz 4700pF

10kHz to 20kHz 0.01pF

5kHz to 10kHz 0.022pF

TABLE I. Recommended ISO120/121 External Modulator/
Demodulator Capacitor Values vs External Clock

Frequency.
EXTERNAL CLOCK
FREQUENCY RANGE Cy,

400kHz to 700kHz 30pF

200kHz to 400kHz 180pF

100kHz to 200kHz 680pF

50kHz to 100kHz 1800pF
20kHz to 50kHz 3300pF
10kHz to 20kHz 0.01pF
5kHz to 10kHz 0.022uF

TABLE II. Recommended C, Values vs Frequency for
Figure 2 Circuit.

Optional External

Optional External

Po

1so120/121
Modulator

Modulator Demodulator
Capacitor Capacitor
11 1l
He, C,
Cin Ci Con Ca
200kQ Vo
VW O
200kQ 15]0{aF
YW d
N 150pF +
| } Bucket-
100pA Brigade | |
Sample/
- Hold
3
G=2n

isot20/121

Demodulator

FIGURE 1. ISO120/121 Block Diagram Showing Internal Clamp and Filter Circuitry at the Ext Osc Pin.
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Synchronizing to signals below 400kHz requires the addi-
tion of two external capacitors to the ISO120/121. Connect
one capacitor in parallel with the internal modulator capacitor
and connect the other capacitor in parallel with the internal
demodulator capacitor as shown in Figure 1.

The value of the external modulator capacitor, C,, depends
on the frequency of the external clock signal. Table I lists
recommended values.

The value of the external demodulator capacitor, C,, de-
pends on the value of the external modulator capacitor. To
assure stability, C, must be greater than 0.8 * C,. A larger
value for C, will decrease bandwidth and improve stability:
1.2
f—«3dB B ——— e

200k (150pF + Cy)
Where:
f , ;5 = —3dB bandwidth of ISO amp with external C, (Hz)
C, = External demodulator capacitor (F)

For example, with C, = 0.01yF, the f , ; bandwidth of the
ISO120/121 is approximately 600Hz.

SYNCHRONIZING TO A 400kHz TO 700kHz
SQUARE-WAVE EXTERNAL CLOCK

At frequencies above 400kHz, an internal clamp and filter
provides signal conditioning so that a square-wave signal
can be used to directly drive the ISO120/121. A square-wave
external clock signal can be used to directly drive the
ISO120/121 ext osc pin if: the signal is in the 400kHz to
700kHz frequency range with a 25% to 75% duty cycle, and
+3V to +20V level. Details of the internal clamp and filter
circuitry are shown in Figure 1.

SYNCHRONIZING TO A 10% TO 90%
DUTY-CYCLE EXTERNAL CLOCK

With the addition of the signal conditioning circuit shown in
Figure 2, any 10% to 90% duty-cycle square-wave signal
can be used to drive the ISO120/121 ext osc pin. With the
values shown, the circuit can be driven by a 4Vp-p TTL
signal. For a higher or lower voltage input, increase or
decrease the 1kQ resistor, R, proportionally. e.g. for a +4V
square wave (8Vp-p) R, should be increased to 2kQ.

The value of C, used in the Figure 2 circuit depends on the
frequency of the external clock signal. Table II shows
recommended capacitor values.

Note: For external clock frequencies below 400kHz, exter-
nal modulator/demodulator capacitors are required on the
ISO120/121 as before.

10kQ
I
iU
1uF Ry Cx
SqWave In 1kQ OPA602 ——0O
+ Triangle Out
to 1SO120/121
Ext Osc

FIGURE 2. Square Wave to Triangle Wave Signal Condi-
tioner for Driving ISO120/121 Ext Osc Pin.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN
assumes no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject
to change without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not
authorize or warrant any BURR-BROWN product for use in life support devices and/or systems.
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SINGLE-SUPPLY OPERATION OF ISOLATION AMPLIFIERS

By Rod Burt and R. Mark Stitt (602) 746-7445

For simplicity, many systems are designed to operate from a
single external power supply. In battery powered systems
such as aircraft and automotive, it’s often a requirement.
Isolation amplifiers such as the ISO120 and ISO122 can be
easily modified for input side single-supply operation with
the addition of an INA105 difference amplifier. With ISO
amps, it’s the isolated input side power supply which most
often needs to be single supply. The output side of the ISO
amp uses a split =15V power supply, allowing a full +10V
output swing.

The difference amplifier has advantages as compared to
traditional single-supply amplifiers. The inputs of a differ-
ence amplifier can swing to both the positive and negative
power-supply rails. In fact, in the application shown in
Figures 1 and 2, the input range of the circuit extends
approximately 2V below ground (the negative power supply
rail). This is because the resistors internal to the INA105
divide the input level in half as seen by the op amp.

The technique is illustrated in Figures 1 and 2 using the
ISO120 and ISO122. These ISO amps are specified for
operation from dual supplies as low as #4.5V and can be
operated with a total single power supply voltage as low as
9V. The circuit shown is designed for operation from a single
+15V power supply. This allows a OV to +5V input range.

The most common application is for a single ended input
referred to ground as shown. For a differential input, pin 2
can be connected to a second input instead of ground. This
provides a OV to 5V differential input with common-mode to
either rail.

To understand how the circuit works, consider the operation
of the INA105 difference amplifier. The difference amplifier
forces its output (pin 6) relative to its reference (pin 1) to be
equal to the differential input (pin 3 — pin 2). The difference
amplifier reference pin and the ISO amp common are held at
approximately 5.1V by the 10kQ resistor and the zener
diode. This pseudo ground establishes an arbitrary accept-
able operating point for the ISO amp. The difference ampli-
fier then translates its input, relative to true ground, up to the
5.1V pseudo ground. In other words, a OV to 5V input
between pins 3 and 2 of the INA10S is seen as a OV to SV
signal at the ISO amp input.

Isolated power is often at a premium and both the ISO120/
122 and the INA105 operate on relatively low power. Common
zener diodes, on the other hand, may require several mA for
proper operation. The 1N4689 zener diode specified is a low
level type designed for applications requiring low operating
currents. It has a sharp breakdown voltage specified at a low
S0pA.

Vs (+15V)

7

NOTE: (1) Select to match Rg.

INA105
Difference Amp
2 5
W W 00 0 +Ves (+18)
Ll s ]
- 6
9
t 7
o Vour =Vin
Slgnal Source 3 Ry R, 1 R¢ 8
YW YW WW 10
2 Com 2
Reference — 1\ Vs
IN4689
‘L 5.1V 0 -Vs2 (-18V)

FIGURE 1. Single Supply Operation of the ISO122 Isolation Amplifier.
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NOTE: (1) Select to match Rs.

Vg, (+15V)
7
INA105
Difference Amp
2
YW “W— ‘°m$ 0 sz (+15V)
1] = "
- 6
+
Signal Source 3 R; R, 1 R
i WA Wi
+ Rs
4 Reference
IN4689
l 5.1V

FIGURE 2. Single Supply Operation of the ISO120 Isolation Amplifier.

The accuracy of the INA105 difference amplifier relies on
careful resistor ratio matching (R,/R, = R//R)). Any source
impedance of the signal (Ry) adds to the difference resistor
(R,). For low source impedances, the error is acceptable. For
better accuracy at higher source impedances, a compensating
resistor (R) can be added to restore the ratio matching. The
resistors in the INA105 are 25kQ. For 0.1% gain accuracy,
no compensating resistor is required with source impedances
up to 25Q. For source impedances up to 2.5k, use a
compensating resistor which matches Ry within 1%. If the
source impedance is not known exactly, a trim pot can be
used to adjust gain accuracy.

For operation with source impedances greater than 2.5kQ, a
unity-gain-connected single-supply op amp can be added to

buffer the input as shown in Figure 3. Although the input

range of the OPA1013 single-supply op amp includes the
negative rail, its output can not quite swing all the way to the
rail. The negative swing limit of this circuit is therefore
=~100mV—still adequate in many applications.

For an instrumentation amplifier (IA) front end, the other
half of the OPA1013 can be connected to the inverting input
of the INA105 (pin 2) as shown in Figure 4.

For a true single-supply ISO amp with high impedance
differential inputs, the circuit shown in Figure 5 can be used.
In this circuit, the inputs—and therefore the outputs—of the
OPA1013s are level-shifted up a V, with a matched pair of
PNP input transistors. The transistors are biased as emitter
followers by a pair of 100pLA current sources contained in the
REF200 dual current source.

Vsi (+15V)T
7]
INA105
Difference Amp
2
WW YW ‘°"“§ 0 +Ve (+15V)
L= )
+ 9
Vour = Vin
T 3 R R 8
oPAtD13. > VWA VWA 19
Vin + Com2
4 Reference
IN4689
5.1V é Vg, (-15V)

FIGURE 3. Single Supply (almost—see text), High Input Impedance Isolation Amplifier.
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The circuits shown in this bulletin were designed for OV to
5V operation from a single +15V power supply. With re-
duced range, operation from a lower voltage is feasible. For
higher input range the circuit can be operated from a higher
supply voltage. Table 1 shows the ranges obtainable for
selected power supplies.

INPUT RANGE INPUT RANGE INPUT RANGE
A FIGURES 1, 2 FIGURES 3, 4 FIGURE §
V) vy (V)™ v)o
20+ -2to +10 0.1to +10 -0.3to0 +10
16 -2to +5 0.1to +5 -0.3to +5
12 210 +2 0.1t0 +2 ~0.3 to +2

operates from dual supplies.

Note: (1) Since the amplifier is unity gain, the input range is also the output
range. The output can go to —2V since the output section of the ISO amp

TABLE 1. Single-Supply ISO Amp Input Range vs Power

Supply.
Vs (*15V)T
al
L INA105
rxm Difference Amp
2 5
OPA1013 —W YW 10"9% 0 +Vgp (+15V)
Vy 0— + R, R,
- 6
. 9
R R Vour =Vp~V
T2 3 3 N 1
OPA1013 VWA VW 10
Vp 0— +
4 Reference Com 2
IN4689
5.1V & Vg, (-15V)

FIGURE 4. Single Supply (almost—see text), Isolation Amplifier with High-Impedance Differential Inputs.

Vy O—

Ve O

Vg4 (+15V)T
7]
Lr\ ) INA105
C) 100pA () P 2 Difference Amp s mm%
REF200 lopato1g YW W
1 Hl RZ
- 6
NG -
PMI
MATO3 ) 3 Ry R, )
OPA1013, W \N\/‘
+
I’ 4 Reference
H IN4689
I 5.1V

0O +Vg, (+15V)

Com 2

O Vg, (-15V)

9
Vour =Vp -V
[ s out =Vp—VN

FIGURE 5. Single Supply Isolation Amplifier with High-Impedance Differential Inputs.
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For a single-supply ISO amp with higher common-mode-
voltage differential inputs, an INA117 high common-mode
voltage difference amplifier can be substituted for the INA105
difference amplifier as shown in Figure 6. With a +15V

power supply, the input common mode range is approxi-
mately +125V, -50V. With a +12V supply, the input com-
mon mode range is approximately +50V. Differential input
range remains as shown in Table I for Figures 1 and 2.

Vg; (+15V)

O +Vg (+15V)

21.1kﬂ%
INA117

FIGURE 6. Single Supply Isolation Amplifier with High Common-Mode Range Differential Inputs.

The information provided herein is believed to be reliable; h
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SIMPLE OUTPUT FILTER ELIMINATES
ISO AMP OUTPUT RIPPLE AND KEEPS FULL BANDWIDTH

By Mark Stitt (602) 746-7445

The 1SO120/121/122 isolation amplifiers (ISO amps) have a

small (10-20mVp-p typ) residual demodulator ripple at the GAIN vs FREQUENCY

. 3
output. A simple filter can be added to eliminate the output +0
ripple without decreasing the 50kHz signal bandwidth of the i Y

1SO amp. N !

The 1SO120/121/122 is designed to have a 50kHz single-
pole (Butterworth) signal response. By cascading the ISO
amp with a simple 50kHz, Q = 1, two-pole, low-pass filter, 15 \
the overall signal response becomes three-pole Butterworth. A
The result is a maximally flat S0kHz magnitude response \
and the output ripple reduced below the noise level.

yd
7N

Gain (dB)

Figure 1 shows the complete circuit. The two-pole filter is a o7
unity-gain Sallen-Key type consisting of A, R, R,, C,, and 2k 5k 10k 20k 50k 100k 200k
C,. The values shown give Q = 1 and f , , bandwidth = 50kHz. Frequency (Hz)

Since the op amp is connected as a unity-gain follower, gain
and gain accuracy of the ISO amp are unaffected. Using a apanss.

precision op amp such as the OPA602 also preserves the DC 2) 150122 with cascaded SKHz, Q = 1, two-pole, low-pass
accuracy of the ISO amp. filter has three-pole Butterworth response.

Figure 2 compares the magnitude response of the standard
and filtered ISO amp. Figures 3 and 4 show the output ripple
improvement. Figures 5 and 6 show the good step response FIGURE 2. Gain vs Frequency Plot.
of both the standard and filtered ISO amp.

1) Standard 1SO122 has 50kHz single-pole (Butterworth) re-

Vg —Vs2

NOTE: Cascading the 50kHz single-pole response ISO122 with a 50kHz, Q = 1, two-pole, low-pass
fiter produces an overall three-pole Butterworth response and eliminates output ripple.

FIGURE 1. 1SO122 with Output Filter for Improved Ripple.

The information provided herein is believed to be reliable; however, BURR-BROWN no responsibility for i ies or omissi BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant

any BURR-BROWN product for use in life support devices and/or systems.
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FIGURE 3. Standard 1SO122 (approximately 20mVp-p
output ripple).

FIGURE 5. Step Response of Standard ISO122. FIGURE 6. Step Response of I1SO122 with Added Two-
pole Output Filter.

ows

i : [ T | |
NOTE: Ripple is eliminated from the output waveform by the filter.

FIGURE 7. Large-signal, 10kHz Sine-wave Response of
1SO122 with and without Output Filter.
BURR - BROWN®
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VERY LOW COST ANALOG ISOLATION WITH POWER

By Mark Stitt (602) 746-7445

You can make a low-cost, precision analog isolation ampli-
fier (ISO amp) with power by combining the ISO122 low-
cost ISO amp with the HPR117 low-cost DC/DC converter.
With isolated signal and isolated power in separate packages,
complete application flexibility is assured.
The ISO122 features:

* Unity gain (+10V In to £10V Out): +0.05%

*0.02% max nonlinearity

* 5mA quiescent current

* 140dB isolation mode rejection at 60Hz

¢ 1500Vrms continuous isolation rating (100% tested)

The HPR117 features:
*Vour = Vo 35% (V= 13.5V to 165V, I,
Loy = 25mA (750mW) continuous at 85°C

* 8mA quiescent current, no load

* 80% efficiency, full load

* Low output ripple

* 750VDC isolation rating

= 25mA)

OUTPUT-SIDE POWERED ISO AMP

The most commonly used ISO amp configuration is shown
in Figure 1. Both the ISO amp and the DC/DC converter are
powered at the output side of the ISO amp. The HPR117 is
connected to +15V and ground. The ISO122 is connected to
+15V and ground. The power-supply connections for the
input side of the ISO amp are connected directly to the
HPR117 output. No bypass capacitors are needed. The
HPR117 has built-in 0.33puF bypass capacitors on both the
input and outputs.

The isolated £15V power output from the HPR117 can also
be used for ancillary input-side circuitry such as input
amplifiers and references. The ISO122 input section con-
sumes about +5mA. An additional +20mA is available for
other circuitry.

INPUT-SIDE POWERED ISO AMP

Some applications call for output-side isolation as. shown in
Figure 2. Isolated 15V, 20mA auxiliary power is available
on the output side for ancillary circuitry.

( (
HPR117
6 5 4 2 1
o o o o 9
L O +15V
Vi O
Input 0 15V
Gnd
16| |15 10 rs_]
Gnd Vi V- Vs
INPUT OUTPUT
SECTION 1SQ122P  secTioN
Auxiliary
Isolated V+ V- Vo Gnd
Power 1 2 7 8
Output LIJ l—a
+15V, 20mA O 0 gm""‘
~15V, 20mA O Vo
FIGURE 1. Output-Side Powered ISO Amp.
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o1

oz(
H

PR117

(04 05 06

O 15V, 20mA
VO
input o -O +15V, 20mA
Gnd
16| [15 10]]9 Auxiliary
I_—I Isolated
Gnd Vi V= Vs Power
. Output
INPUT $0122P OUTPUT P
SECTION SECTION
V+ V- ) ) Vo Gnd
1]]2 7|8
+15V O——4 o Output
. Gnd
15V O Vo

FIGURE 2. Input-Side Powered ISO Amp.

+15V T T Gnd
d? 1 02 T 4 5 06
HPR117 HPR117
6 5 4 2 1
o o 0 ? 9
Vin© -O —15V, 20mA
Input
Gnd © O +15V, 20mA
16 |15 10f]9 Auxiliary
Isolated
Gnd Vi V- Vs Power
INPUT Sotsp  OUTRUT Output
SECTION SECTION
Auxiliary
Isolated V+ V- Vo Gnd
Power 1 2 7 8
Output
Output
i O
+15V, 20mA O Gnd
~15V, 20mA O- 0V,

FIGURE 3. Powered ISO Amp with Three-Port Isolation.

THREE PORT ISO AMP

Some applications call for three-port isolation as shown in
Figure 3. Both the input and output side of the ISO amp are

isolated from the power-supply connection. Isolated 15V,

20mA auxiliary power is available on both the input and

output side of the ISO amp.
BURR - BROWN®
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ADD RCFILTER TO POWER

SUPPLY OUTPUT FOR LOW NOISE

Although performance is good using the ISO122 connected
directly to the HPR117, best performance can be achieved
with additional filtering. The output ripple of the HPR117
can interact with the ISO122 modulator/demodulator cir-
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FIGURE 4. Oscilloscope Photograph Showing Typical
HPR117 Power Supply Ripple (bottom trace)
and Typical 30kHz, 30mVp-p Noise at the
ISO122 Output Due to Aliasing of Power Sup-
ply Ripple.

cuitry through the power-supply pins resulting in an aliased
noise signal within the signal bandwidth of the ISO amp.
The 30kHz, 30mVp-p upper trace in Figure 4’s scope photo
is a typical example. The lower trace in the scope photo is
the HPR117 output ripple with the ISO122 plus a 2kQ load.
Adding simple R, C filters in the outputs from the HPR117
as shown in Figure 5 eliminates the problem.

The R,C filter shown in Figure 5 can also be used with either
the Figure 1 or Figure 2 circuit. Since the DC/DC converter
can induce a substantial amount of ripple on input-side
connections, filters may still be needed on both the input-
side and output-side power supply connections of the ISO122
to prevent noise due to signal aliasing.

The filter resistors will degrade the load regulation of the
DC/DC converters. In addition to the specified HPR117 load
regulation, there will be an additional 50mV/mA drop through
the 50Q2 filter resistors. Although this results in only a 1.25V
drop at the full-rated 25mA output, you may want to use
smaller value resistors and commensurately larger value
filter capacitors if power-supply sensitive ancillary circuitry
is needed.

2( 04 OB 06
H

slasla

22p

1uF | 1uF
O —15V, 20mA
—O +15V, 20mA
10 9 Auxiliary
V- Vs Isolated
Power
OUTPUT Output
SECTION
) v0 Gnd

HPR117
6 5 4 2
T 2 9
50Q % % 500
clucin
1uF | 1pF
Vin O—
Input
Gnd o=
16| |15
Gnd Vy
INPUT 1S
SECTION
Auxiliary
Isolated V+ V-
Power 1 2
Output
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FIGURE 5. Three-Port Isolation Amplifier with R, C Power Supply Filters (eliminates power-supply induced noise).
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NOTE: (1) 1/2 MC1458 low-cost dual op amp.

FIGURE 6. Power Supply Regulation in Three-Port Isolation Amplifier (eliminates power-supply induced noise and improves

power-supply rejection).

ADD REGULATION FOR IMPROVED
POWER-SUPPLY REJECTION

Output ripple can be eliminated and power-supply rejection
of the three-port isolation amplifier can be improved as
shown in Figure 6. The circuit consists of a dual 100pA
current source (the REF200) driving 90.9kQ resistors to set-
up a £9.09V reference. An inexpensive dual op amp (e.g.
Motorola MC1458) is connected as a unity-gain follower to

buffer the reference and drive the ISO122. With this circuit,
the power-supply rejection is improved from a typical 2mV/
V to less than +1mV for a full 14V to 16.5V input change—
(0.4mV/V).

‘When using the Figure 6 circuit, ISO amp output swing will
be reduced. The ISO122 output swing is +12.5V typ, £10V
min on 15V supplies. With the +9V regulated supplies,
output swing will be +6.5V typ, £4V min.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
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AN ERROR ANALYSIS OF THE 1SO102
IN A SMALL SIGNAL MEASURING APPLICATION

High accuracy measurements of low-level signals in the
presence of high isolation mode voltages can be difficult due
to the errors of the isolation amplifiers themselves.

This error analysis shows that when a low drift operational
amplifier is used to preamplify the low-level source signal,
a low cost, simple and accurate solution is possible.

In the circuit shown in Figure 1, a 50mV shunt is used to
measure the current in a 500VDC motor. The OPA27
amplifies the 50mV by 200X to 10V full scale. The output
of the OPA27 is fed to the input of the ISO102, which is a
unity-gain isolation amplifier. The SkQ and 1kQ potentiom-
eters connected to the ISO102 are used to adjust the gain and
offset errors to zero as described in the ISO102 data sheet.

SOME OBSERVATIONS

The total errors of the op amp and the iso amp combined are
approximately 0.6% of full-scale range. If the op amp had
not been used to preamplify the signal, the errors would have
been 74.4% of FSR. Clearly, the small cost of adding the op
amp buys a large performance improvement.

After gain and offset nulling, the dominant errors of the iso
amp are gain nonlinearity and power supply rejection. Thus,
well regulated supplies will reduce the errors even further.

The rms noise of the ISO102 with a 120Hz bandwidth is
only 0.18mVrms, which is only 0.0018% of the 10V full-
scale output. Therefore, even though the 16uV/‘/E noise
spectral density specification may appear large compared to
other isolation amplifiers, it does not turn out to be a
significant error term. It is worth noting that even if the
bandwidth is increased to 10kHz, the noise of the iso amp
would only contribute 0.016% FSR error.

+500VDC
[}
R, Gain
1kQ Adjust

4 Offset 1kQ

Adjust 2

N\’A

—Vees
-15V

Reference,
Offset Adjust

Offset

Gain Adjust

+15V
-15V

Output
Power Supply

+Veea

"VCCZ

Bandwidth

c Control

1
0.022yF

input Common - Viso Output Common
Vp = 50mVDC (FS) S -
500VDC
DC Motor
FIGURE 1. 50mV Shunt Measures Current in A S00VDC Motor.
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THE ERRORS OF THE OP AMP AT 25°C (Referred to Input, RTI)

: R
Ve orm = Vo — T + Vos [1+—R;] + IR, + PSR + Noise
14—
B AvoL

Ve opay = Total Op Amp Error (RTI)
V,, = Differential Voltage (Full Scale) Across Shunt

S
1
1+
B AvoL
B = Feedback Factor
Avor = Open Loop Gain at Signal Frequency
Vos = Input Offset Voltage
Is = Input Bias Current
PSR = Power Supply Rejection (1V/V) [Assuming a 20% change with +15V supplies. Total error is twice that due to one supply.]

1- = Gain Error Due to Finite Open Loop Gain

200 0 .37% of 50mV

Total Error = Ve opay +  Vegso
= 0.13mV + 0.19mV
= 0.32mV
= 0.64% of 50mV

Noise = 5SnVAHz (for 1kQ source resistance and 1kHz bandwidth
ERROR 5, (RTI) GAIN ERROR OFFSET PSR NOISE
1
Ve orny =50mV|1- 1 7 + {o.oasmv (1 + %) +40x107° x 103] + [200VNV x3Vx2] + [5nVW120 (nVrms)]
t— :
* 7057200
= 0.01mV + [0.0251mV + 0.04mV] + 0.12mV + 55nVrms
Error as % of FSR = 0.02% + [0.05% + 0.08%] + 0.24% + 0.00011%
After Nulling
= 0.01mV + [OmV + OmV] + 0.12mV + 55nVrms
= 0.13mV
Error as % of FSR®" = 0.02% + [0% + 0%] + 0.24% + 0.00011%
= 0.26% of 50mV
NOTE: (1) FSR = Full-Scale Range. 50mV at input to op amp, or 10V at input (and output) of ISO amp.
THE ERRORS OF THE ISO AMP AT 25°C (RTI)
1 [V . . .
Ve(so) = 00 [W'A% + Vgs + GE + Nonlinearity + PSR + Nouse]
Ve ¢s0y = Total ISO Amp Error
IMR = Isolation Mode Rejection
V,s = Input Offset Voltage
Viso = Vi = Isolation Voltage = Isolation Mode Voltage
GE = Gain Error (% of FSR)
Nonlinearity = Peak-to-peak deviation of output voltage from best-fit straight line. It is expressed as ratio based on full-scale range.
PSR = Change in V,¢/10V x Supply Change
Noise = Spectral noise density x Ybandwidth. It is \ded that bandwidth be limited to twice i signal bandwidth for opti dy
range.
ERROR g, (RTI) IMR Vos GAIN ERROR NONLINEARITY PSR NOISE
1 500VDC 0.25 0.75 T
Ve is0) =200 L 7a0d8 " + 70mV + 20VX ET T x 20V +  37mVx3Vx2 + 16pWW120 (rms)]
= 2—;0- [ 0.05mV + 70mV  + 50mV + 15mV + 22.2mV + 0.175mVrms ]
Error as % of FSR™" =_1 [ 0.0005% + 0.7% + 0.5% + 0.15% + 0.22% + 0.00175% ]
200
After Nulling 1
Ve gsor = 5% [ 0.05mV +  omV o+ omvV + 15mV + 22.2mV +  0.175mVrms ]
L a7omv
200
= 0.19mV
Error as % of FSR 2 [ 0.0005% + 0% + 0% + 0.15% + 0.22% + 0.00175% ]
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HYBRID ISOLATION AMPS ZAP
PRICE AND VOLTAGE BARRIERS

Two Hybrid Amplifiers Cut a Novel Path to High-Voltage Isolation.
They Spare Designers From Having to Engineer Difficult Solutions Themselves.

If any device tests an analog designer’s ingenuity, it is an
isolation amplifier. Its job is to pass precise analog signals—
safely and without degradation—between two points that
may differ by hundreds, even thousands, of volts. Even
though the high voltage may be damaging and noisy, it is
often there by design, and sometimes because of a fault in
the system.

Ideally, an amplifier should be small, hermetically sealed,
reliable—and inexpensive. Standard devices have included
modular and hybrid isolation amplifiers, now available for
more than 10 years. Yet because of the stringent require-
ments of most applications, some 80% of all amplifiers in
use are in-house designs.

A family of isolation amplifiers aims at relieving engineers
of the chore of designing their own. The family’s first two
members, the ISO102 and ISO106, are rated respectively at
1500V and 3500V. Both are unity-gain buffers. Each device
is easy to make, electrically and mechanically rugged, inex-
pensive, and isolates better than any now available by an
order of magnitude.

As three-chip hybrids, the amplifiers have from the start
been designed to solve economically the problems that up to
now have limited the use of off-the-shelf units. Key to
keeping costs down is a capacitive-coupling approach to
isolation. Any amplifiers so far available with the same
capabilities are costly, enlisting magnetic or optical tech-
niques to bridge the high-voltage barrier. Whether hybrids
or modules, they are all multidevice circuits requiring com-
plex assembly procedures.

The least expensive competitive device, for example, is
rated at half the ISO102’s rms voltage, yet costs twice as
much.

The two new units, on the other hand, combine innovative
packaging to their novel approach to high-voltage isolation.
Each of the amplifiers is housed in a low-profile, side-brazed
0.6" wide ceramic DIP. (see “Building a Hermetically Sealed
Isolation Amp”).

DIFFERENT VOLTAGE, DIFFERENT LENGTH

The only physical difference between the two amplifiers lies
in the different lengths needed for withstanding their respec-
tive isolation voltages—the voltage across the barrier. The

1 3 4 AB-080

ISO102 is in a 24-pin package, the ISO106 in one for 40
pins. However, to maximize isolation, all but 16 pins—8 at
each end of the packages—have been eliminated. External
spacing between conductive materials on opposite sides of
the barrier is 390 mils for the 1500V ISO102, 1180 mils for
the 3500V ISO106.

Because of that construction, their isolation-mode rejection
ratio (IMRR), a key specification similar to common-mode
rejection ratio (CMRR), is guaranteed to be at least —-125dB
at 60Hz. (The IMRR is found by taking the change in the
amplifier’s output-signal voltage caused by a change in the
voltage across the barrier, and dividing it by the barrier-
voltage change.) While not a function of ambient tempera-
ture, IMRR, like CMRR, rolls off with frequency at 20dB
per decade. However, unlike that of most other amplifiers,
the IMRRs of the ISO102 and ISO106 hold their value at the
rated isolation voltage.

Another unusual feature, even among hybrids built on ce-
ramic substrates, is that they are hermetically sealed. Fur-
thermore, many other devices incorporate organic packaging
materials and therefore are subject to something called
partial discharge, which can degrade a barrier continuously
exposed to high AC voltages.

It is important to understand partial discharge when using
isolation amplifiers. The phenomenon takes place as a local-
ized breakdown of material, but the breakdown does not
bridge the space across the barrier. The discharge-inception
voltage depends on the insulation material and can be
significantly less than the rated breakdown voltage.

Experiments show that a typical barrier’s breakdown voltage
will actually decrease with time if continuously exposed to
partial discharge. Thus, for maximum reliability the isola-
tion barrier must not be operated at an AC voltage beyond
the point at which partial discharge starts.

Voids in the insulating material set the stage for the problem.
Alternating electric fields can generate a localized plasma
within the voids. A short burst of current flows for about
50ns as the pockets of plasma form, and measurement of this
current indicates that partial discharge is taking place. The
plasma is usually destructive because ionic bombardment of
the walls of the void creates excessive temperature on the
wall surface.
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Because the barriers of the ISO102 and ISO106 are made of
ceramic they are not only virtually free of voids, but also
able to stand high temperatures over long periods without
damage. Moreover, partial discharge is much more prevalent
in barriers insulated with organic materials, which are im-
possible to fabricate without voids and therefore more dam-
ageable by plasma.

In another innovative technique, the ISO102 and ISO106
feature coupling capacitors that jump the isolation barrier by
using frequency modulation, a technique previously untried
in isolation amps. The capacitors are simply 3pF thick-film
devices deposited on the ceramic substrate at the time its
tungsten metallization is laid down. The capacitors take the
place of transformers or of a combination of LEDs and
photodiodes.

The signal through the capacitors is a 1MHz frequency-
modulated square wave; in effect, it is a pseudo-digital
waveform. It takes three proprietary chips to modulate and
demodulate the +10 input signal—one of them a phase-
locked loop, the other two are voltage-to-frequency convert-
ers. One of the three, the encoder (which is the FM modu-
lator) to which the floating signal is applied, is a voltage-
controlled oscillator (VCO) with a center frequency of
IMHz (Figure 1). The 10V input modulates the 1MHz
signal £500kHz. The VCO’s output is through a pair of
complimentary pulse trains, f, and f,, that drive the two

tungsten capacitors. The decoder on the other side of the
barrier is formed by the phase-locked loop (PLL) and the
second VCO.

The PLL chip contains a sense amplifier, the loop circuitry,
and an output filter. The sense amplifier reshapes the pulse
trains after they have been high-pass filtered by an RC
network formed by the barrier capacitors and the chip’s 3kQ
input resistors. The sense amplifier drives a digital phase and
frequency detector that guarantees rapid phase-locking. The
detector’s output, in turn, feeds a 70kHz loop filter that
drives the feedback VCO.

The pair of VCOs gives virtually identical transfer functions
to modulation and demodulation. The accuracy of the isola-
tion buffer thus depends only on the matching of the VCOs,
not on their actual transfer function. The PLL forces the
feedback VCO to run at the same frequency as the encoder
VCO, something that occurs when the two have the same
input voltage. The input voltage to the feedback VCO
becomes the output (V) of the isolation amplifier after a
second-order Butterworth low-pass filter removes residual
carrier noise.

Each VCO chip also contains a 5V, 10ppm/°C reference that
controls the buffer’s input and output offset voltages. The
references are in effect independent 5V sources, each of
which can supply up to SmA to external circuits.

- #Veer Voo High-Voltage +Veea  Veee Reference 2
Barrier
1
i
| 3pF Barrier .
| Capacitors —] VCO Chip
| ™~
Reference 1 5V :
Reference : Vin
|
| Phase-Locked-Loop
| fo fo
Offset } 3kQ
Offset Adjust O——j fo :
Gain Adjust O—] It
! Phase/ Output
-t} Oscillator | Sense = Loop  { o] Low-Pass
! Am rrequancy Filter Filter
T L_!}' P Detector ?
i il
Vin o] Vour
Encoder ! 3kQ - L
VCO Chip ! -
: Phase-Locked-Loop
|
: Digital Optional Bandwidth _| 1
| Ground Control Capacitors I L
o -
Analog Input w Isolation Analog Output |
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FIGURE 1. The ISO102 and ISO106, Respectively Rated 1500V and 3500V, Transport Their Analog Input Signals Across
the High-Voltage Barrier on a Pair of 3pF Tungsten Capacitors. To feed the input signal through the capacitors,
the signal frequency modulates a IMHz carrier in an encoder VCO; The signal is demodulated on the other side
of the barrier by a matching feedback VCO and a phase-locked loop.
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The easy-to-use buffers have gain and offset trimmed re-
spectively to within 0.1% and 20mV while the chips are still
on-wafer. Gain and offset errors may be trimmed through
zero with a pair of input potentiometers.

Nominally, the chips on both sides of the barrier operate
from split £15V supplies; in practice they will operate
anywhere between 10 and +20V. The device can put out
5mA and swing to within 3V of the rails. Indeed, because
only the output supplies limit the swing, input voltage can
actually exceed input supply voltage.

By adding a pair of small capacitors on the output side of the
buffer, in parallel with the low-pass-filter capacitors, the
designer can trade off between system bandwidth and sys-
tem dynamic range—maximum signal swing divided by the
noise floor. Doubling the dynamic range quarters the band-
width (Figure 1 again); adding 0.01 and 0.02uF capacitors
boosts the dynamic range to 16 bits while cutting the
bandwidth to 280Hz. Without the two capacitors, dynamic
range is typically 12 bits, small-signal bandwidth 70kHz,
and the 1IMHz carrier appears as a lmVp-p ripple on the
output. :

One common configuration for an isolation amplifier is a
system with multiple channels isolated from each other as
well as from their output side. At the output, the signals feed
an A/ D converter and a computer.

One of the eight amplifiers drives an eight-channel analog
multiplexer. A 5kQ potentiometer trims the channel’s gain
to unity, while one of two 1k potentiometers trims offset
voltage to as close to zero as possible. The potentiometers

can also trim other gain and offset errors in the channel. In
addition, with 300pF and 600pF capacitors connected re-
spectively to the C, and C, pins, small-signal bandwidth is
reduced to 10kHz.

Isolated power for the eight separate amplifiers comes from
the PWS740 series of DC/DC converter building blocks.
One 400kHz PWS740-1 switch-mode control circuit drives
eight PWS740-2 transformers in parallel, one for each chan-
nel.

Each transformer’s output is rectified by a PWS740-3 diode
bridge, while 0.1pF bypass capacitors on the isolation
amplifier’s power pins provide all the filtering needed. An
LC = filter in the +15V line to the controller eliminates
conducted EMI from the rest of the circuit.

To maintain a system’s accuracy, a designer must take
several limiting aspects of the amplifiers into consideration.
For example, the modulation and demodulation technique
imposes a limit on the isolation voltage’s permissible slew
rate.

Transients across the barrier that exceed 100V/ps can gener-
ate enough common-mode current in the capacitors to over-
drive the decoding circuit. The effect is to interrupt accurate
signal transmission for a moment, but no damage occurs
because the devices are protected for transients to 100,000V/us.
On the other hand, the rated IMRR prevails in the presence
of a 7.5kHz, 1500Vrms sine wave because slew rate across
the barrier does not exceed 100V/us. For a rated IMRR, the
rms value of the isolation voltage must be less than 11.3MV
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% % g ;\v/vitch 2
+15V ! ;
Analog Input g o0 1uF
Ground o Other '——{ I—*
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01uF
Increase H ’-l f ,_l }_‘ 01yF 2:;‘!'-!::1_{‘10
: ilter
One of Eight ‘*Vcﬁ l Offset v
Isolated Analog Data LA
Channels 1kQ Gain \v\ '—_i ’;77
1
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Offset Other | Muttiplexer Analog
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FIGURE 2. The Isolation Amplifiers Lend Themselves to Multichannel Isolated Analog Data Systems. Gain and zero (offset)
adjustment potentiometers can handle that job for both amplifier and other channel errors.
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divided by the frequency in Hertz, as well as less than the
rated isolation voltage.

The slew-rate limit is of concern only when the signal floats
continuously on rapidly changing potentials. It need not be
considered where isolation is only a factor under fault
conditions, as in medical devices.

Typical among isolated systems is the kind with completely
floating inputs powered by a high-frequency DC/DC con-
verter, driven in turn by a logic supply on the barrier’s output
side. The likelihood then is that the supply’s ground is the
same as the buffer’s digital ground.

In such a case, because the primary of the transformer is
driven with a fast rising and falling rectangular waveform,
the converter capacitively couples a charge to the ground
system of its output side (Figure 3). Moreover, the
transformer’s core and wiring capacitance form a path be-
tween the primary and secondary windings.

That path continues through the amplifier and its barrier
capacitors to the digital ground. The transformer capacitance
in turn forms a voltage divider with the barrier capacitors so
that a portion of the switching waveform appears across
them.

Any noise spikes between input and output grounds faster
than 100V/us and higher than 1Vp-p, will interfere with the
buffer. Spikes can be reduced, however, by using bifilar wire
for the transformer’s primary and secondary windings; that
is, winding each side of the center tap with a pair of twisted
wires, rather than one wire. The result is a greater symmetry
in the primary to secondary capacitance, reducing the coupled
charge. Another method is to use an electrostatic shield
between the primary and secondary windings.

BUILDING A HERMETICALLY SEALED
ISOLATION AMP

The hardest part of making an isolation amplifier is building
the high-voltage barrier. The barrier in the 1500V ISO102
and the 3500V ISO106 is an elegant and simple solution: a
pair of 3pF capacitors form an integral part of the DIP that
houses the amplifier.

Construction of the package starts with a 0.6" wide ceramic
substrate. A layer of tungsten forms the amplifier’s pin-to-
die and die-to-die connections, as well as the spiral patterns
of the barrier capacitors. Capacitance results from the fring-
ing electric fields of adjacent lines of tungsten, which are
0.63mm apart.

Next, a layer of ceramic is fired on top of the substrate,
embedding the capacitor in solid ceramic. The material’s
15,000V/mm dielectric strength imparts a breakdown volt-
age in excess of 9000Vrms. The barrier’s resistance is
typically 10"*Q. Windows in this second layer of ceramic
form cavities for the amplifier’s three integrated circuits—
two voltage controlled oscillators and a phase-locked loop.

Metal patterns, including lid-seal rings and lead pads, are
screened onto the layer and nickel-plated. The pins are
brazed to the sides of the package and all exposed metal is
plated with one micron of gold. The chips are then mounted
in the finished package. After testing, the lids are soft-
soldered over the two cavities, hermetically sealing the
amplifier.
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FIGURE 3. In Some Cases, as When a DC/DC Converter Drives the Isolation Amplifier, Voltage Rate of Change is as
Important as Voltage Level. The reason is that the transformer's core and the barrier capacitors form a voltage
divider, with a portion of the switching waveform appearing across it.
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THE KEY TO UNDERSTANDING SOURCES OF ERROR
IN THE 1ISO100 ISOLATION AMPLIFIER

A Practical Guide to Optimizing Accuracy

While most applications of the IS0100 do not require error
correction, being aware of the adjustment options can be
beneficial. Provisions for several types of error correction
are included to allow the circuit designer to obtain maximum
accuracy in a specific application. Adjustments can be made
to null errors that are internal to the isolation amplifier, or in
other parts of the system.

This application bulletin describes how to quantify the
effects of these potential errors, and to help identify the most
appropriate means of correction. Each figure has a caption
that gives a summary of the important ideas. Subjects to be
covered include:

 Theory of operation
¢ Definition of terms

 Offset current (I

* Gain error (Agp)

* Offset voltage (Vo5

THE 1S0100

The ISO100 has several modes of operation: unipolar or
bipolar, voltage or current input, and inverting or
noninverting. The product data sheet for the ISO100 in-
cludes sections detailing both the error model and the theory
of operation. Study of the data sheet is suggested. A simpli-
fied block diagram of the ISO100 is shown in Figure 1.

Signal transmission (across the isolation barrier) is accom-
plished through an optical coupler, which acts as a 1:1
current translator. Current at the input of the device is
replicated on the output side of the coupler. The isolated
output current (Iyy) is forced to flow through Ry by the
summing node action of the output op amp.

At first glance it might seem unusual that the noninverting
input of the ISO100 is connected to the inverting input of the
input op amp. However, this is due to two inversions in the

Re
— W
lour
Output chun

VDUT

lour=1In

Barrier

NOTE: (1) A negative input signal is required
in the unipolar mode.

FIGURE 1. Simplified ISO100 Block Diagram. The ISO100 can be thought of as a 1:1 current transistor with its output flowing
into a current-to-voltage converter. This isolation amplifier is inherently a current input device. However, since the
input is a virtual ground, an input voltage can be converted to a current by simply including R,y. The optional Iggp

connections are used to produce bipolar operation.
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signal path from isolation input to output. Care should be
taken not to be confused on this point.

The resulting simplified transfer function for the 130100 is
given by:

Vourllin = (Rp) (L + Ap).

Gain error (Ap) is defined as the deviation of the ratio,
Ii/Ioyr from unity. It can be thought of as the “coupling
error.”

The optical coupler uses a matched pair of photodiodes and
a light emitting diode (LED) to produce signal transmission.
Since an LED only works when current flows in one direc-
tion, the basic mode of operation is unipolar. In the unipolar
mode, only negative input currents are allowed (i.e., only
currents out of the input produce a positive voltage to turn
the LED on). Bipolar operation can be easily produced by
internally offsetting the input from zero. Two matched
current sources (Igge, and Iggg,) are included in the IS0100
for this purpose. By connecting current source, Iz, on the
input side of the coupler, the amplifier is made to operate at
half-scale (when the input current is zero). Connecting an
equal source, (Iggs,) on the output side, shifts the output
voltage back to zero. This arrangement maintains a desirable
“zero-in/zero-out” relationship, while allowing input cur-
rents of either polarity to be accepted.

THE ERROR MODEL

The model used to represent IS0100 errors is shown in
Figure 2. Offset current (I,s) is defined as the input current
required to make the output voltage zero. In the unipolar
mode, it is mainly composed of mismatches in the optical
paths. Ipgg, and Iygp, are the current sources that are option-
ally connected to produce bipolar operation. The major
source of bipolar I is the mismatch in g and Iygg,. The
various contributions to the offset current are grouped to-
gether and are modeled as a single current source at the

input. Keep in mind that I, has a sensitivity to temperature,
supply voltage, common mode voltage and iso mode volt-
age. However, it would be very rare that all of these factors
would be significant. Analysis examples for these terms are
found in the data sheet. It will be shown that gain error also
introduces an offset current term. Voltage offsets (V) are
modeled as voltage sources at the inputs of each op amp. I,
and I, represent the currents being generated by the photo-
diodes. The currents are related by the equation:

Ip, = I, (1 + Ap).

These are internal currents which mathematically cancel in
presenting the total transfer equation. The gain error (Ap)
and the unipolar offset current (I,s) cannot be directly
altered. However, these terms can be considered constant for
each amplifier, allowing their effects to be compensated by
simple external means. For instance, the gain error is com-
pensated by adjusting either R;; or Ry. Voltage offset can be
trimmed as in most other op amps, using the trim pins
provided. Offset current is trimmed by adjusting the magni-
tude of one of the reference currents (g, Irer,)- Because of
the on-chip design, sampling or adjusting of the internal
references does not have a detrimental effect on the isolation
amplifier’s performance. I,s trim with an external input
current is possible, but careful consideration should be given
to the effects of temperature and supply voltage variations.
Noise can also be an important error source. While not
treated in this application note, information can be found in
the product data sheet.

WHAT IS THE OUTPUT?

It is important to be able to calculate total worst case errors
for a particular circuit configuration. Clearly, this is impor-
tant for establishing incoming inspection criteria as well as
circuit and system design.

-
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FIGURE 2. DC Error Model. Vg and V4, model the respective input offset voltages. There are several possible contributors
to offset current. The composite effect is modeled with one current source, Ios» at the input. The gain error (Ag)
defines the relationship between Ip, and I, (I, = I, [1 + Ag]). While shown as separate sources, any mismatch in

Irgr and Igge, are included in the g term.
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Equation 2 in the 1S0100 data sheet allows the user to solve
for the output voltage under any conditions. This transfer
equation (for the voltage mode) is repeated here:

Vo =Rp[(Vn/R + Vost/Riv — Irer1 +1g)A+Ag)+
Iggr21+ Voso

The transfer equation for an input current is:
Vo =Rg [(IIN —~Iggp +1os)(1+ Ag)+ IREF2]+VOSO

By substituting worst case numbers for all the error terms,
the maximum error in the value of V,, can be determined as
shown in Example 1.

Example 1: An ISO100CP is to be tested at incoming
inspection. The part is to be tested in a bipolar unity gain
configuration. For the conditions of Rz = Ry = 1M and
Vn = 0, what output voltage would be within the specifica-
tion limits?

The maximum values for the error terms are found in the
data sheet. Inserting them into the output equation presented
above:

Vigr = 1M [£200pV /1M -12.5pA £35nA)
(1£0.02) +12.5nAT£200pV

Vrg = +286mV (maximum)

+286mV would then be the range of permissible output
voltage in this configuration.

A significant portion of the output error in the bipolar mode
is due to the gain error. With no input,

Vo =Rgllps ~ Iger (Ap))

The term that dominates is the reference current times the
gain error. This error appears as an offset, and must be
accounted for if the output is being measured to obtain the
actual L. Otherwise, the user may wonder why an addi-
tional error is present in the output voltage measurement.
The next example shows that this is not true for the unipolar
mode of operation.

Example 2: Consider a unipolar, non-inverting, gain of one
amplifier, as shown in Figure 3A. The output equation can
be rewritten for the unipolar case as shown:

Vo =Rel(Vin /Ry + Vst / Ry —Ios)(1+ Ag)]+ Voso.

Error analysis proceeds as follows: unipolar operation is not
defined at zero input current because the LED could be
turned off, disabling the amplifier’s internal feedback loop.
V, will be set to the minimum allowed value. The remain-
ing errors are as specified in the data sheet. Note that the
Vix oy SDecification of 20mV follows from the 20nA
minimum input current specification for linear operation.

Vo =1IM[(-20mV /1M +£200uV /1M £10nA)
(1 £ 0.02)]+200pV

Vo =-31mV (worst case, all errors negative)

Therefore,Vggpor = Vo — Vv = 211mV.

(a) Standard Unipolar C:

@

R!N

FIGURE 3. Standard Configurations. Most applications of the ISO100 will make use of these configurations, with slight
variations. (A) shows the configuration for unipolar operation, which functions for negative inputs only. (B) shows
how to use the internal references to provide bipolar operation. The circuits show all necessary connections and
indicate the package pin numbers. Note that power supply connections (V, and Vy) to the input and output and

output stages must be “isolated.”
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CORRECTING THE ERRORS

The next logical step after calculating the errors is to reduce
them. In the following discussion, each error is considered
by itself. The suggested methods of trimming or adjusting
errors are considered, and some general hints are presented.

OFFSET CURRENT ERRORS

Because the ISO100 is a current input device, the dominant
error in most configurations will be the input offset current
(Ios)- As stated above, Iy is defined as the current, injected
at the input, necessary to force the output to zero. In the
unipolar mode, this definition has a limitation which must be
understood. Zero output requires that I, be zero, implying
that the optical feedback path is open. This condition is
unsatisfactory for predictable performance. Therefore, a

minimum input current must be maintained to assure that the
amplifier is operating in its linear region. The transfer
function is only defined when the net current at the input
node flows out of that node. The unipolar I, term is
extrapolated from this minimum practical current.

In the bipolar mode, no such limitation exists. In this mode
the internal references keep the LED and photodiodes run-
ning at half-scale when the input is zero. I can therefore be
measured directly.

los ADJUSTMENTS

As suggested above, the internal references can be used to
generate a compensation current to cancel I, In Figure 4 a
current divider is used to divert a small portion of the input
stage reference current to the input node. Note that the

lg —= <— lperi—lo

lo=lg Re
=MW
REF,
A
-1 —O
Vour
Vour
los
~
NP I
G
/
L
>
\,b, 2
/
.
7
"4 Increasing
. o

FIGURE 4. I, Adjustment from the Input Side. If I, were
negative, the ideal transfer curve would be shifted
to the left, as shown above. This would cause a
positiive output voltage when there was no input
current. Connecting a negative correction cur-
rent, I, to the summing node of the first op amp
causes the transfer curve to shift to the right.
Thus, the effect of I 5 can be trimmed out.
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FIGURE 5. 1,5 Adjustment from the Output Side. Connect-
ing a. negative correction current (I;) to the
summing node of the output amplifier causes the
transfer curve to shift upward by the amount of
L. This causes the output to shift back toward
zero. Again, a current divider is used to derive
the correction current from the internal refer-
ences. By combining the methods of Figures 4
and 5, a correction current can be generated that
will cancel either polarity of I,g.
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direction of the current is negative. This additional current
flowing out of the summing node behaves like any input
signal, and thus causes more current to flow in R.. The
change in V, is —I. (Rp), where I is the new (offset
correcting) current. The graph of the transfer function shows
how the curve is shifted by this adjustment.

Since the reference current is of fixed polarity, the curve can
only be shifted in one direction with the above connection.
However, the curve can be shifted the other way by making
use of the output reference (ggg,). Figure 5 shows the effect
of tapping a small current from this source and applying it
to the input of the second stage. The nominal value of Ipg is
12.5 to 13pA.

T le2 (wax)

lc2 (uiny

O
i I
7
’
g
0
> Shift due
a8 to Ryand Rg.
’
////

e Shift due to Ry and Rg.

FIGURE 6. Using the Unipolar Amplifier at Zero Input. The
unipolar amplifier can be used down to zero
input if it is made to be “slightly bipolar.” By
sampling the reference current with Ry and Ry
the minimum current required to keep the input
stage in the linear region of operation can be
established. R, and R, are adjusted to cancel the
offset created in the input stage. This brings the
output to zero when the input is zero. While the
amplifier can now operate down to zero input
votlage, it only has a small portion of the current
drain and noise that the true bipolar configura-
tion would have.
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By using a combination of these two methods it is possible
to always move the transfer curve to the ideal position. In
Figure 6, the network in the input stage offsets the system in
a known direction. The variable divider network in the
output stage has enough range to move the output voltage
through zero. It is worth repeating that the correction cur-
rents could be generated with resistive dividers connected to
the power supplies, but using the internal references takes
advantage of their inherent stability, accuracy, and power
supply rejection.

Example 3: A common use of the circuit in Figure 6 might
be to provide a “keep alive” current for the ISO100. This
might be required in a unipolar application where it is
possible for the input to go to zero. While it would be a little
simpler to use the bipolar configuration, this would result in
higher noise and increased quiescent current.

The circuit uses a fixed current divider in the input stage to
ensure the direction of I,s. A variable divider in the output
stage allows the user to adjust the amplifier to be just
“slightly bipolar.” Enough current (20 to 30nA minimum)
must be drawn from the input to fulfill the minimum unipo-
lar requirement. Since only a small portion of the reference
current is being used, a minimal increase in the noise will
result.

A suggested value of I, is about 100nA (1% Iggg). Solving
the resistive current divider network yields:

Rs/Rg =Iggp /1 =120.

Practical resistor values would be: Ry = 10M, R, = 84k<. The
adjustment range of I., should include I, and the built-in
error sources (100nA + 20nA = 120nA). This yields:
R; = 10M, R; = 200kQ.

GAIN ERROR ADJUSTMENTS

Gain error in the ISO100 is due mainly to mismatches in the
optical cavity. These mismatches show up as an error in the
ratio of the two photodiode currents (I,; and Iy,).

As shown in Figure 7, a gain error will cause the transfer
function curve to rotate about the quiescent operating point
of the photodiodes. The output stage functions as a current-
to-voltage converter with a transconductance (gm) = 1/Rg.
Thus, changing R; will also cause the line to rotate about the
Q point. Therefore, in the unipolar mode, Ag is simply
corrected by adjusting Rp.

In the bipolar mode, gain adjustment is not quite so simple.
Gain error will still cause the line to rotate about the
photodiode Q point, but that point is no longer near the
origin. Figure 8 shows that changing either Ry or Ry will
cause the transfer curve to rotate about the point where the
input current is zero (as it does in the unipolar case).
However, if the ratio R/R,y is changed to make up for Ag,
an [ term is introduced. This “Apparent I,5” term is due to
the fact that Iyge, will get divided by the gain error, but Iy,
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will not. The difference in reference currents, as seen at the
input, will be the apparent offset error (see Figure 9). This
effect makes the trimming of gain error a two step process
for bipolar applications. First, either resistor is adjusted to
correct the slope of the line, then the I is trimmed using the
methods discussed earlier.

Vos ADJUSTMENTS

While both the input and output amplifiers of the IS0100
have provisions for adjusting offset voltage, it is generally
not necessary to do so because the contribution to total error
is small. Only Vg has practical significance (in most
applications), and then only when Ry is small. In most cases
the output amplifier is configured so that it has a voltage

gain of one, and as such its Vg contribution will be insig-
nificant. The output adjustment range via the Vg, control
will be only a few millivolts.

The input offset voltage (V) will affect the output only
through its interaction with Ryy. Vg causes a current error
equal to Vog/Ryy which is then scaled by Rg. The output
voltage is V, = Voo (R/Ryy). To adjust Vg see Figure 10. If
Ry is a high value (because the amplifier is in a low gain or
has a current source input) the output contribution of Vg
will be minimal. Even in a high gain, where Vg has a larger
effect on the output, the signal/offset ratio is constant.

If the system offset must be adjusted from the output side of

the ISO100, the output amplifier can be placed in a gain
configuration. As shown in Figure 11, the output voltage

Vour
Re (Ip2)

lHEFZ

VOUT
R | (o2

7 lrerr  in(lon)

y
‘,
Ac=0
A:>0 Bipolar

Iin(lpy)

Unipolar

FIGURE 7. Effect of Gain Error (Ag). Ag will cause an error in the slope of the transfer function, rotating the line about a point
determined by the quiescent current in D, and D,. Unipolar, this point is near the origin. In the bipolar mode, the
internal references cause this point to shift to the right and up as shown above. In either case, the change in slope

is the same.
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FIGURE 8. Adjusting the Gain. Changing the ratio Ry/Ry will change the gain by rotating the transfer function about the point
where Iy = 0. This will be true for both the unipolar and bipolar cases. I, is zero in these examples.
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offset (Voso) is now multiplied by a gain of 1 + (R¢/R,). If
R = IM, and R, = 1k<, the output will be 1001 times V0.
This connection does not alter the input signal gain, but it
does amplify all output stage errors including Vg, and
noise. It is also important to realize that adjusting offset
voltage in the IS0100 (and most op amps) causes a change
in the offset voltage drift of about 3uV/°C for each millivolt
introduced. Offset drift will be amplified by the same gain
factors (as the V) above.

Example 4—see Figure 12. Using the methods described
previously, the output errors of an ISO100 can be adjusted
to zero. In this example, an ISO100BP is in the standard
bipolar configuration with a gain of 100. Let Ry = 1M. From
the data sheet, the maximum errors are: Ag = 2%,
Ips = 70nA, Vg = 300pV.

I,s correction uses a variation of previous techniques. The
adjustment not only trims the 70nA of I, but also the
apparent I, caused by the gain error. This additional current
could be as large as 250nA [Ag (Iggel) = 0.02 (12pA)]. The
total trim range should then be 70nA +250nA = 320nA.
Because the input of the second amplifier is a virtual ground,
R,, has the same voltage across it as R,;. Ry, is then:

sz = [(ng) (Ic) + (IREP - Ic)]
= 10MQ (320nA) + (10.5¢A — 320nA)
= 316kQ

The 10.5pA is the minimum I specification on the data
sheet. Conservative design allows the R, divider to produce
twice the compensation current of the R,, divider. Therefore,

Vour
Re

Y

lRers In

B 1
i
d
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A los ae los ae = Ac(lper1)

FIGURE 9. Offset Introduced by Gain Error (Bipolar Only).
The gain error (Ag) will cause an apparent Iy
term to appear when in the bipolar mode. Ag
causes the ideal transfer line A to rotate to
position B. Adjusting R or Ryy can correct the
slope, as suggested by line C. The line will rotate
about the point where I, = 0. The result is a line
with the correct slope, but having an offset equal
t0 Igge (Ap). This offset term can be adjusted out
in the same way as regular I
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R,, must be twice R,,. The calculated value of R, is 632k€2,
s0-a standard 1M pot is selected.

SUMMARY OF CORRECTION
TECHNIQUES—SEE FIGURE 12

To trim I, disconnect the input source and let it float. This
minimizes voltage offset effects. R, is then adjusted to bring
the output to zero.

The gain error can be compensated by adjusting either Rg or
R,y In most circuits it will not matter which is trimmed. In
this case Ry will be adjusted via Rg. Allowing for a 2% gain
error, Ry should be 2% low with R providing a 4% trim
range. This makes R, = 9.8kQ2 with 400Q of trim. Using
standard values, R, would be a 500Q pot and the fixed
resistor will be 9.76kQ. The gain is corrected by making a
known change in the input voltage, and by adjusting R for
the correct change at the output. Remember that in the
bipolar mode there is an interaction between the adjustment
of A; and L. Repeat these adjustments until the desired
accuracy is obtained.

The last step is to adjust V. Because the output stage is in
a gain of one, Vg, can be ignored. Vg, on the other hand,
is multiplied by 101 and should be trimmed. R,, is adjusted
so that there is no shift in the output when the input side of
R,y is switched between floating and ground. Any shift is
due to the offset voltage causing a current to flow in Ry,
which is then gained up to the output .

All errors should now be minimized.

Vosi
Adjust Re

Vour

ez

FIGURE 10. Preferred Method for Voltage Offset Trim. In
those rare applications where offset voltage is
significant, it is best to adjust the input offset
voltage, Vg, as shown above. Vg and its drift
appear at the output multiplied by the factor
Ry/Ryy. Voso Will usually not be gained up, and
thus will not need adjustment. Adjust Vg, until
opening up and closing Sy causes no shift in the
output voltage.

BURR - BROWN®

Burr-Brown IC Applications Handbook



Or, Call Customer Service af 1-800-548-6132 (USA Only)

TEST CIRCUIT
A circuit is shown in Figure 13 that will allow all the major
errors of the ISOIO0 to be measured.

Rs -
QR
MQ
REF,
+
O
- VOUT
Voso
t Adjust
+V

FIGURE 11. Alternate Method for Offset Voltage Trim. If the offset voltage has to be adjusted on the output side of the isolation
barrier, the output amplifier can be put in an offset multiplying gain. Vg, drift of Vs, and output stage noise
appear at the output, multiplied by (R/R;) + 1. However, the signal is unaffected. Signal-to-noise ratio could be

adversely affected.

Ryz Ryg
lc 316ka  10MQ
— -

VOUT

FIGURE 12. Adjusting the Bipolar Errors (Example 4). Each of the errors are adjusted in turn. With V= “open,” L5 is trimmed
by adjusting R,, to make the output zero. R; is then adjusted to trim the gain error. The effects of offset voltage

are removed by adjusting R,,.
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Mo st A
Vi
Switches
Test S1|S2|S3(sS4(S5] V),
A BlA[A[ATAT+0v[vg =V, Ac= (1 - Voz=Vor )
BlA[A[A|A]-10v]Veo=Vo Vina— Vint
lrer 2 B|A|B | A|B [-10V]| e, = Ammeter Reading
logBipolar | A | A [ ATA| A — los= (Vo+ R) = (lngey X Ag)
Voso | B|A|B|B]|B|+1V]Voso= Vo/1001
Vosi |AJAJATALA] — [Vo=Vo Voo = oz = Vor
AlBIATATAT —Jve=Vs 10kQ

FIGURE 13. Standard Test Configuration. Each of the major errors in the ISO100 can be measured with the circuit shown. The
test circuitry is similar in concept to the methods used in the actual production test equipment. To make
measurements, the switches are placed in the positions indicated in the table, and the input voltage is set
accordingly. The voltage or current reading is then used to compute the error.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for i ies or omissi BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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IMPROVED DEVICE NOISE PERFORMANCE FOR THE
3650 ISOLATION AMPLIFIER

By Bonnie Baker

The 3650 is an optically coupled, differential input, isola-
tion amplifier having programmable gain. Noise for the
3650 is specified to 4uVrms (typ) on the input stage of the
isolation barrier and 651 Vrms (typ) on the output stage. The
gain of the 3650 is controlled using external resistors on the
input stage. In low gains, the noise performance of the 3650
is dominated by the output stage noise figure. The noise
performance in high gains is dominated by the input stage
noise. By using two OPA627s as a pre-amp to the 3650
isolation amplifier, the noise performance of the isolation
circuit is greatly enhanced.

The input bias current noise contribution and the thermal
noise of the gain resistors is relatively small and not included
in the above calculation. E,, includes the noise contribution
due to the optics and the noise currents of the output stage.
Because the 3650 uses optics as opposed to a carrier type
modulation technique, there is no demodulation ripple at the
output of the device.

The output-referred change in total noise vs gain is illus-
trated in Figure 2. Figure 2 graphically shows the noise
performance of the 3650 with gains from 1 to 1000. For high

Ep (rms) = /2 (Eng * G2 + (Ey* G ) + Eno?
gz Vi-V2) 10°
T 2eRg
3650
RG
W— e
R S Output 23y
Rg 10 IN Coupling | Stage out
Input ad
65uVrms (typ)
v v, Stage 10Hz to 10kHz
4uVrms (typ)
10Hz to 10kHz
FIGURE 1. The 3650 Isolation Amplifier Has Differential Inputs and Adjustable Gain.
The 3650 has an input section, which can be gained by two
. A 10000
external resistors (as shown in Figure 1), and an output £
section that is essentially kept in a unity gain configuration. i 7
The 3650’s input noise performance is specified to 4uVrms - >
(typ) times the gain over a 10Hz to 10kHz range. The output § 1000
stage’s noise contribution is 65uVrms (typ) from 10Hz to ; ’ —
10kHz. The 3650 gain can be adjusted from a gain of 1 to a &
gain of 1000 by adjusting the resistors, R;. A first order 2 00
calculation of the noise of the 3650 in various gains is shown 2
below. o
E, (ms) =Y 2+ (Byg * G + (B, 6P + By 0
where: 1 10 100 1000
E, (rms) = total noise referred to output, Gain (VV)

Egg = rms noise of RG,

E,; = rms noise of the input stage of 3650,

E,, = rms noise of the output stage of 3650,
106

G= Qe RG
BURR - BROWN®

AB-044A

FIGURE 2. 3650 Noise (RTO) vs Gain of the 3650
Isolation Amplifier Shown in Figure 1.
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OPA627

OPA627

0.5pVrms (typ)
10Hz to 10kHz

Va

4pvms (typ)
10Hz to 10kHz

Ep (ms) =\/ (2 * (Eoppezr * G)? + () + (Eno)?

=10 144 ZRF
ZRG,

65uVrms (typ)
10Hz to 10kHz

FIGURE 3. By Using Two OPA627s, Noise Performance is Improved for High Gains of the 3650.

values of Ry (or low input stage gains) the total noise
referred to the output of the 3650 is dominated by the noise
in the output stage, which is specified to 65uVrms (typ). As
R, decreases in value, the gain of the 3650 increases and
eventually the noise in the input stage dominates due to the
increase in gain. As shown in Figure 2, the effects of the
input stage noise starts to dominate as the 3650 gain in-
creases above 10V/V.

If the 3650 is applied in a low gain configuration, the noise
referred to output will be optimized; however, it is possible
to improve the noise performance in mid to high gains by
using a pre-gain stage to the 3650. Figure 3 illustrates a
configuration using the 3650 and two OPA627 amplifiers to
improve the noise performance of the overall isolation
solution. Here the OPA627 is selected because of its low
noise performance characteristics; however, a variety of
amplifiers could be used instead, depending on the noise
requirements of the particular application. Two op amps are
configured at the input to the 3650 to preserve the differen-
tial input and the programmable gain features that the 3650
offers. The total output noise calculation for this circuit is
given by:
E, (rms) = I (2 2 (Egppzer * G2+ (E )2 + (E,0)?
where:
E, (rms) = total noise referred to output,
Eopacyy = rms noise the OPA627 operational
amplifier,
E, = rms noise of the input stage of 3650,
E,, = rms noise of the output stage of 3650,

10¢
7°R 1+2

Gl G2

G=

The change in total noise referred to output vs gain of the
circuit in Figure 3 is shown graphically in Figure 4. The
effects of the input stage noise starts to dominate as the 3650
gain increases above 50V/V, which is a significant improve-
ment. If the application requires that the isolation amplifier
have a gain of 2100, the improvement in noise performance
is 3.4.

Noise is a typical problem confronting many isolation appli-
cations. By using a differential input stage constructed with
two OPA627s, the noise performance of the 3650 is greatly
improved for higher gains.

10000

o
=]
5]

=)
S

Noise (RTO, pVrms)

1 10 100 1000
Gain (VV)

FIGURE 4. 3650 with OPA627 Pre-Amp Noise (RTO)
vs Gain of the 3650 Isolation Amplifier with
OPA627s Used for Gain as Shown in Figure 3.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user's own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant

any BURR-BROWN product for use in life support devices and/or systems.
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DESIGN AND APPLICATION OF TRANSFORMER-COUPLED
HYBRID ISOLATION AMPLIFIER MODEL 3656

Hybrid-compatible toroid assembly in a flyback-modulated circuit achieves long-term
stability, high frequency response, and superior break