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SECTION I-BASIC IN-AMP THEORY

In troduction
The fact that some op-arnps are dubbed instrumen­
tat ion amplifiers (or in-amps) by their suppliers
does not make them an in-amp , even though they
may be used in instrumenta tion . Likewi se, an iso­
lat ion amplifier is also not an instrumentation
amplifi er. T his applic ation note will explain what
an in-amp actua lly is, how it oper ates, and how and
where to use it.

What Is an Instrumentation Amplifi er?
An instrument ation amplifier is a closed-loop gain
block which has a differential input and an out put
which is single-ended with respect to a reference
termi nal. Most commonly, the impedances of the
two input term inals are balanced and have high
values, typically 109 n or greater . As with
op-arnps, output impedance is very low, nominally
only a few milliohms. Unlike an op-arnp, which has
its closed-loop gain determ ined by external resistors
connected between its invert ing input and its out­
put , an in-amp employ s an intern al feedback resis­
tor network which is isolated from its signal input

THE VERY HIGH VALUE CLOS ELY MATCHED INPUT
RESISTANCES WHICH ARE CHARACTERISTIC OF
IN-AMPS MAKES THEM IDEAL FOR MEASURING LOW
LEVEL VOLTAGES AND CURRENTS - WITHOUT
LOADING DOWN THE SIGNAL SOURCE .

REFERENCE
VOLTAGE R1

~
VOLTAGE
MEAS UREMENT
FROM A BRIDGE

term inals. With the input signal applied across the
two differ ent ial inputs, gain is either preset inte r­
nally or is user-set by an internal (via pins) or
external gain resistor , which is also isolated from
the signal inputs. Figure I contrasts the differences
between op-arnp and in-amp input characteristics.

Common-mode rejection , the proper ty of cancelling
out any signals which are common (the same poten­
tial on both inputs) while amplifying any signals
which are differential (a potential difference
between the inputs), is the most important function
an instrumentation amplifier provides. Common­
mode gain (Ac'\!) is the rat io of change in output
voltage to a change in common-mode input voltage.
T his is the net gain (or atte nuation) from input to
output for voltages common to both inp uts. For
example , an in-amp with a common-mode gain of
1/1,000 and a 10 volt common-mode voltage at its
inputs will exhibit a 10 mV output change. The
differential or " normal mode" gain (AD) is the gain
between input and output for voltages applied dif­
ferent ially (or across) the two inputs . The common­
mode rejection rat io (CMRR) is simply the rat io of

1- IN-LINE CURRENT MEASUREMENT

THE INPUT RESISTANCE OF A TYPICAL IN·AMP IS
VERY HIGH AND IS EQUAL ON BOTH INPUTS .

R 1N = R 1

(_lkQ T0 1MI1)

R1N = R+

(_106 Q TO 10 12(1)

IN-AMP INPUT CHARACTERISTICS

R-o----J

OUTPU T
R+o-----1

A MODEL SHOWING THE INPUT RESISTANCE
OF A TYPICAL OP·AMP OPERATING AS AN
INVERT ING AMP LIFIER - AS SEEN BY THE
INPUT SOURCE

A MODEL SHOWING THE INPUT
RESISTANCE OF A TYPICA L Op·AMP
IN THE OPEN LOOP CONDITION

(R-) =(R+) =106 11TO 1015 II

OP-AMP INPUT CHARACTERISTICS

Figure 1. Op-Amp vs. In-Amp Input Characteristics



the differential gain, AD' to the common-mode gain
(AC M ) '

Common-m ode rejection is usually specified for a
full-range common-mode voltage (CMV) change at
a given frequen cy, and a specified imbalance of
source impedance (e.g., I kn source unbalance, at
60 Hz). The term CMR is a logarithmic expression
of the common-m ode rejection ratio (CMRR).

Th at is: CMR = 20 Log., CMRR.

In order to be effective, an in-amp needs to be able
to amplify microvolt-level signals while simulta­
neously rejecting volts of common-mode at its
inputs .

Th is requires that instrumentation amplifiers have
very high common-mode rejection-typical values
of CMR are 70 dB to over 100 dB, with CMR
usually improving at higher gains. While it is true
that operational amplifiers, connected as subtract­
ors, also provide common-mode rejection , the user
must provide closely matched external resistors. On
the other hand , monolithic in-amps with their pre­
trimmed resistor networks, are far easier to apply.

What Other Properties Define a High Quality
In-Amp?
Besides possessing a high common-mode rejection
ratio, an instrumentation amplifier needs the fol­
lowing prop ert ies:

A. A Matched, High Input Impedance. The
impedances of the inverting and noninverting
input term inals of an in-amp must be high and
closely matched to one another . Values of
109 n to 1012 n are typical.

B. Low Noise. Because it must be able to handle
very low level input voltages, an in-amp must
not add its own noise to that of the signal. An
input noise level of 10 nV/VHz @' I kHz
referred to input CRT I) or lower is desirable.

C. Low Nonlinearity. Input offset and scale factor
errors can be corrected by external trimming;
but , nonlinearity is an inherent performance
limitation of the device which cannot be
removed by external adjustment. Low non­
linearity must be designed-in by the in-amp
manufacturer. Nonlinearity is normally speci­
fied in percent of full scale where the manufac­
turer measures the in-amp's error at the plus
and minus full-scale voltage and at zero. A
nonlinear ity error of 0.0 I% is typical for a high

qualit y in-amp; some even have levels as low as
0.0001%.

D. Adequate Bandwidth. An instrumentation
amplifier must provide sufficient bandwidth
needed for the particular application. Since typ­
ical un ity gain small-signal bandwidth s fall
between 500 kH z and 4 MH z, performance at
low gains is easily achieved , but at higher gains,
bandwidth becomes much more of an issue.

F . Simple Gain Selection. Gain selection should
be qu ick and easy to apply. Gain selection via a
single external resistor is one common method.
Many in-amps provide a choice of inte rnally
preset gains (often pin selectable) which are
stable over temperature.

G. Low Offset Voltage and Offset Voltage Drift.
As with an operational amplifier, an in-amp
must have a low offset voltage. Since an instru ­
mentati on ampl ifier consists of two indepen­
dent sections: an input stage and an output
amplifier, total output offset will equal the sum
of the gains, times the input offset, plus the
output offset. Although the initial offset voltage
may usually be nulled with external trimming,
offset voltage dr ift cannot be adjusted out. As
with initial offset, offset dr ift has two compo­
nents, with both the input and output section
of the in-amp each contri buting its portion of
error to the total. As gain is increased , the
offset drift of the input stage becomes the dom­
inant source of offset error . Values of 100 fJ.V
and 2 mV are typical values for input and out­
put offset , respectively.

H. Low Input Bias and Offset Current Errors .
Again, as with an op-amp , an instru menta tion
amplifier has bias currents which flow into, or
out of, its input terminals: bipolar in-amps with
their base cur rents and FET amplifiers with
gate leakage currents . This bias currellt flowing
through an imbalance in the signal source resis­
tance will create an offset error. Note that if the
input source resistance becomes very large- as
with ac input coupling without a resistive
return to power supply ground-the input
common-mode voltage will climb unt il the
amplifier saturates. A high value resistor , con­
nected between each input and groun d , is nor­
mally used to prevent this problem . Input offset
current errors are defined as the mismatch
between the bias cur rents flowing in the two

-2-



inputs. Typical values of input bias current for
a bipolar in-amp range from I nA to 0.5 u.A;
for a FET input device, values of 50 pA are
typical at room temperatur e.

Where Is an Instrumentation Amplifier Used?
Data Acquisition. In-amps find their primary use
amp lifying signals from low output level transduc­
ers in noisy environments . The amplification of
pressure or temperature transducer signals is a
common in-amp application. Common br idge
applications include stra in and weight measurement
using " load cells" and tempera ture measurement
using resistive tempe rature detector s or "RT D's ."

Medical Instrumentation. In-amp s are also widely
used in medical equipment such as ECG & EEG
monitors and blood pressure monitors.

Audio Applications . Again, because of their high
common-mode rejection, instrument ation amplifi­
ers are sometimes used for audio (as microph one
preamp s, etc.) to extract a weak signal from a noisy
environment and to min imize offsets and noise due
to ground loops.

High Speed Signal Conditioning. As the speed
and accuracy of modern video data acquisition
systems have increased, there has developed a
growing need for high band width instrument ation
amplifiers - part icularly in the field of CCD imag­
ing equipment where offset correction and input
buffering are requ ired . Here double-correlated

sampling techn iques are often used for offset cor­
rection of the CCD image. Two sample-and-hold
amplifiers monitor the pixel and reference levels,
and a de correc ted output is provided by feeding
their signals into an inst rumentation amplifier.

In-Amps: an External View
Figure 2, shows a functional block diagram of an
instrumenta tion amplifier.

Since an ideal instrumenta tion amplifier detects
only the difference in voltage between its inputs,
any common-mode signals (potent ials which are
equal on both inputs), such as noise or voltage
drops in grou nd lines, are rejected at the input
stage without being amplified.

Normally, either a single resistor or resistor pair
is used to program the in-amp for the desired gain.
Th e manufacturer will then provide a transfer
function or gain equation that allows the user to
calculate the req uired values of resistance for a
given gain.

Th e output of an instrumentation amplifier has its
own reference term inal which allows it to dri ve
ground referenced loads, such as those usually
found in instruments . Figure 2 shows the input and
output commons being returned to the same point
where they are connected to power supply
"gro und ." Th is "s tar" ground connection is a very
effective means for minimizing ground loops in the
circuit; however some residual "common-mode"

SUPPLY GROUND
(LOAD RETURN)

+

NOISE

~

NOISE

~

NOISE~
COMMON-MODE
VOLTAGE

SIGNAL
SOURCE

r-----
I ROlF
I - 2-

I
I

GAIN SELECTION IS ACCOMPLISHED EITHER BY
TYING PINS TOGETHER OR BY THE USE OF
EXTERNAL GAIN SETTING RESISTORS

Figure 2. Basic Instrumentation Amplifier
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of the invert ing and noninverting inputs are rela­
tively low and unequal. In this example , the input
impedance to V1N#1 equals 100 kD , while the
impedance Of V1N# 2 is twice that , equa ling 200 kD .
T herefore , when you apply a voltage to one input,
while grounding the other, you will have different
currents flowing depending on which input receives
the applied voltage .

Furthermore , this circuit requires a very close ratio
match between resistor pairs R /Rz and RiR4 ; oth­
erwise, the gain from each input will be different­
directly affecting common-mode rejection . For
example , at a gain of I -with all resistor s of equ al
value-a 0.1% mismatch in just one of the resistors
will degrade the CMR to a level of 66 dB (I part in
2000).

In spite of these problem s, th is type of "bare
bones" IA circuit is useful as a bu ilding block
within higher perfo rmance in-amp s. It is also very
practical as a stand-alone functional circuit in video
and other high speed uses, or in low frequ ency,
high CMV applications, where the input resistor s
also provide input protection for the amplifier.
Monol ithic in-amp s such as the Analog Devices'
AD626 and AMP-03 benefit from their internal
pretrimmed resistor networks; both employ varia­
tions of the simple subtractor in their design .

Because the circuit divides down the voltage
applied to the op-arnp, the simple subtractor cir­
cuit's input common-mode range can extend
beyond that of the op-amp alone. Subtractor resis­
tor matching has been preserved in the AD 626 and
the AMP -03 designs by using oxide-isolated thin ­
film resistor network s. As a result , the se devices
not only reduce cost by providi ng their own inter­
nally trimmed resistor s, they are useful in app lica­
tions where input voltages equal or exceed the
supply voltage. For exampl e, when powered by
::': 15 V supplies, a subtractor can often measure
signals with common-mode voltages as high as ::': 20
volts.

Impro ving the Simple Subtructor with Input
Buffering
An obvious way to significant ly improve the sub­
tractor circuit is to add high input imped ance
buffer amplifiers ahead of the simple subtractor
circuit , as shown in the three op-amp instrumen ta­
tion amp lifier circuit of Figure 4.

REFERENCE

AI : AD705 , OP -97
100kl1

100 kl1

100k\1

100kl1

INVERTING R,
INPUT

Figure 3. A One Op-Amp IA Circu it Func­
tional Diagram .

ground currents will still remain. These currents
flowing through RC M will develop a common-m ode
voltage error, VCM" The in-amp, by virt ue of its
high common-mode rejection , will amplify the dif­
ferential signal while rejecting VC M and any
common-mode noise.

Of course , power mu st be supplied to the lA- as
with op-amps, this is normally a dual supp ly volt­
age which will operate the in-amp over a specified
range . Alternatively, only a single grou nd refer­
enced supply may be required , for some in-amp s.

An instrumentation amplifier may be assembled
using one or more operatio nal amplifiers or it may
be of monolith ic design . Both approaches have
their virtues and limita tions. In genera l, op-amp
in-amps offer wide flexibilit y at low cost and some­
times can provide performance unattainable from
monolithic designs, such as in very high bandwidth
applications. In cont rast , monolith ic designs pro­
vide the complete in-amp functio n , fully specified
and , in many cases, factory trimmed to high accu­
racy. Op-amp designs will be discussed first.

Inside an Instrumentation Amplifier
A Simple Op-Amp Subtractor Provides an
In-Amp Function . T he most simple (and very use­
ful) method of implementing a differential gain
block is shown in Figure 3.

If R1 = R3 and Rz = R, , then:

VOU T = IVI X # 2 - VI ,\' # ) I (~J

Althoug h thi s circuit does provide an in-amp func­
tion -amplifying differential signals while rejecting
those which are common-mode- it also has some
serious limitations. To start with , the impedances

VIN#2
NONINVERTING o-~V\f\r---;""--'\N\r----o

INPUT
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V1N#1

INVERTING o----{
INPUT

V1N#2
NONINVERTING o---{

INPUT

A1 & A2: AD706 , OP-297
A3: AD705 , OP-97

OUTPUT

Figure 4. A Subtractor Circuit with Input Buffering

This circuit now provides matched , high imped­
ance inputs so that the imped ances of the input
sources will have a minimal effect on the circuit 's
common-mode rejection . T he use of a dual op-arnp
for the two input buffe r amplifiers is preferred
since they will better track each other over temper­
ature . Althoug h the resistance values are different,
this circuit has the same transfer functio n as the
circuit of Figure 3.

V1N#1
INVERTING o---{

INPUT

VIN#2
NONINVERTING o---{

INPUT

Figure 5 shows a further improvement: now the
input buffers are operating with gain , which pro­
vides a circuit with more flexibility.

If R, = R, and R6 = R7 and , as before, R 1 = R3

and R2 = R4 , then :

Vour = (VIN;; 2 - VIN ;; " (I+ ~:) (~~)

OUTPUT

A 1 & A2: AD706 , OP-297
A3: AD705 , OP-97

Figure 5. A Buffered Subtracto r Circuit Whic h Has the Buffer Amplifiers Operating w ith Gain
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While the circuit of F igure 5 does increase gain for
diffe rential signals, it also increa ses the common ­
mode signals. T he circuit of Figure 6 provide s a
fina l refinement and has become the most popular
configuration for inst ru mentation amp lifier design.

T he "class ic" th ree op-a mp in-a mp circuit is a
clever modification of the buffered subtractor cir­
cuit of Figure s. In thi s configuration , a single gain
resistor, RG , connected between the summing junc­
tions of the two input buffers, replaces R6 and R, in
the circuit of Figure s. Now the differential gain
may be varied by changing th is one external resis­
tor. And once the subtractor circuit has bee n set up
with its rati o-matched resistors, no further resistor
matching is required when cha nging gain s. If R,
R6 and R1 = R3 and .Rz = R4 , then:

( 2R') (RRz
1

)VOUT = iV/.,·..2 - V/x,tJ J I + R~

As with the previous circuit, op- arnps Al and A2 of
Figure 6 buffer the input voltage . Because resistor
RG is connected between the summing junc tions of
the se two amplifiers, the full input voltage will
appear acr oss R(i when a differential voltag e is
applied to the inputs of the in-amp. Since the volt­
age acros s R(i equ als VI N , the current th rough R(i
will equal: (Vn..;lR(,). Amplifier s A l and A2 will,
therefore , operate with gain and amp lify the input
signal. Note , however, that if a common-mode volt­
age is applied to the amplifier inputs, RG will then
have the same potential on both sides and no cur­
rent will flow through it. Since no current flows

through RG (and , therefore , throu gh R, and R6 ) ,

amplifiers
A I and A2 will operate as un ity gain follower s.
Therefore, common-mode signals will be passed
throug h the inp ut buffers at uni ty gain , but differ­
ent ial voltage s will be amplified by the factor
(I +(2RF/Rd)·

All th is means tha t, in theor y at least , the user may
take as much gain in the front end as desired (as
determined by R<;) wit hout increasing the common­
mode gain and er ror. T hat is, the different ial signal
will be increased by gain , but the commo n-mode
error will not , so the rat io (Gain (VDIFF)/(VERROR
CM)) will increase. Thus, CM RR will the oretically
increase in direct prop ortion to gain - a very useful
property .

Finally, because of the symmetry of thi s configura­
tion , com mon-mode errors in the inp ut amp lifiers,
if they trac k , tend to be cance led out by the outp ut
stage subtractor. These features explain the pop u­
larity of this configuration.

Three Op-Amp In-Amps - Design Considerations
Three op-amp instrumentati on amplifiers may be
construc ted using eit her FET or bipolar input oper­
ational amplifiers. FET input op-arnps have very
low bias current s and are generally well-sui ted for
use wit h very high (> 106 0 ) source impedances.
FET am plifiers usually have lower CM R, higher
offset voltage, and higher offset drift than bipolar
amplifiers. They also provide a higher slew rate for
a given amo unt of power. Amplifiers with bipolar

A 1 & A2 : AD706, OP-297
A3 : AD705, OP-97

V1N#1
INVERTING o---{

INPUT

V1N#2
NONINVERTING

INPUT

10kQ 10kQ

SENSE

I
I
I
I
I
I OUTPUT

REFERENCE

I

\]
Figure 6. The " Classic" Three Op -Amp In-Am p Circuit
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input stages will tend to achieve both higher CM R
and lower inp ut offset voltage drift th an FE T input
amplifiers. Superbe ta bipolar input stages combine
many of the benefits of both F ET and bipo lar pro­
cesses , with even lower Is drift than FET devices.

A common (but frequently overlooked) pitfall for
the un wary designer using a three op-amp in-amp
design is the reduction of common-mode voltage
range which occurs when the in-amp is opera ting at
high gain. Figure 7 is a schematic of a three op-amp
in-amp which is operating at a gain of 1000.

usually have 7 volts or so of headroom left , thu s
perm itt ing an 8 volt common-mode voltage- but
not the full 12 volts of CMV which typically would
be availab le at uni ty gain . H igher gains, or lower
supply voltages, will further reduce the common­
mode voltage range .

Th e Basic T wo Op-Amp Instrum entation
Amplifier
The two op-amp in-amp approach provides a spe­
cial class of in-amps: those which are very useful for
a few limited applications, but which have serious

COMMON­
MODE

ERROR
VOLTAGE

INVERTING
I INPUT

SIGNALrv VOLTAGE
10mV p-p

I NONINVERTING
INPUT

+5 VOLTS PLUS CMV*

I

OUTPUT

*wITH 10mV p-p INPUT SIGNAL
APPLIED, OUTPUT FROM A1 & A2
WILL BE: 5mV x 1000 =5V PLUS
THE COMMON MODE VOLTAGE, CMV

,
-5 VOLTS PLUS CMV*

Figure 7. A Three Op-Amp fA Showing Reduced CM V Range

In this example , the input amplifiers, Al and A2,
are operating at a gain of 1000, while the output
amplifier is providing un ity gain . This means that
the voltage at the output of each inp ut amplifier
will equ al one half the peak to peak input voltage
times 1000, plu s any common-mode voltage that is
present on the inputs (the common-mode voltage
will pass through at un ity gain regardless of the
different ial gain). T herefore , if a 10 mY different ial
signal is applied to the amp lifier inp uts, then amp li­
fier A I's output will equ al +S volts plus the
common -mode voltage and A2's out put will be - S
volts plus the common-mode voltage . If the ampli­
fiers are operating from z IS volt supplies, they will

- 7-

drawba cks that make them inappropriate for gen­
eral use.

Figure 8 shows just such a circuit ; it has the obvi­
ous advantag e of requiring only two opera tional
amplifiers, rat her than three , with sub sequent sav­
ings in cost and power consumption . The tran sfer
function of thi s circuit (without Rd is:

Y our = iV/.\·" z- V/.\'", J(I +~:)
for R 1 = R~ and R z = R 3

Input resistance is high , thu s permitti ng the signal
source to have an un balanced output impe dance.



RG (OPTIONAL)

..... --------A./V\r-- - -- - - , A1 & A2 : AD706, OP·297
I I

R 1 I R2 R3 I R4

49.9kQ

OUTPUT

R *p

V1N#2 1kQ

*OPTIONAL INPUT PROTECTION
RESISTOR FOR GAINS GREATER
THAN 100 OR INPUT VOLTAGES
EXCEEDING THE SUPPLY VOLTAGE

Figure 8. A Two Op-Amp Instrumentation Amplifier

Furtherm ore, the circuit gain may be fine tri mmed
using an optional trim resistor , RG • Like the three
op-arnp circuit , CMR increa ses with gain , once ini­
tial trimming is accomplished - but CMR is still
depend ent upon the ratio matching of resistor s R}
through R~ . Resistor values for this circuit using
the optional gain resistor , RG , can be calculated

using:

R, = R4 = 49.9 kn

49.9 kn
0.9 G -I

99.8 kn
RG = 0.06 G

where G = Desired Circuit Gain

Note that, in th is configuration , common-mode
voltage input range is even more affected by gain
than is the three op-arnp in-amp circui t, because
amplifier Al amplifies the common-mode voltage
by the ratio I + (RzlR J) . At high overall circuit
gains, amplifier A I operates at gains very close to
un ity. But as the overa ll gain is reduced , Al oper­
ates at increasing gain , greatly redu cing its
common-mode voltage range. The increasing
gain of A I as overall gain is decreased is shown in
T able I-along with practical 1% resistance values
for the circui t of Figure 8. (Note that without resis­
tor RG , R2 and R 3 = 49.9 kntG - I. )

Table 1. Op erat ing Gains of Amplifiers Al and A2 an d
Pract ical I% Resistor Values for the Cir cui t of F igure 8

Circu it G ain G ain of Al G ain of A2 R1 , R3 R » R4

1.10 11.00 1.10 499 kn 49.9 kn
1.33 4.01 1.33 150 kn 49.9 kn
1.50 3.00 1.50 100kn 49.9 kn
2.00 2.00 2.00 49.9 kn 49.9 kn
10.1 1.11 10. 10 5.49 kn 49.9 kn
101.0 1.01 101.0 499 n 49.9 kn
1001 1.001 1001 49.9 n 49.9 kn

-8-



1 Hz , 4-Pole Low-Pass Filte r Recommend ed Component Values In-Amp Section-Recommended Component Values

Section 1 Section 2
Desired Low Frcq Freq Cl C2 C3 C4
Pass Response (Hz) Q (Hz) Q (....F ) (....F ) (....F) (....F)

Bessel 1.43 0.522 1.60 0.806 0. 116 0.107 0.160 0.0616
Butterworth 1.00 0.54 1 1.00 1.31 0. 172 0. 147 0.4 16 0.0609
O. I dB Chebychev 0.648 0.619 0.948 2.18 0.304 0. 198 0.733 0.0385
0.2 dB Chebychev 0.603 0.646 0.941 2.44 0.34 1 0.204 0.823 0.0347
0.5 dB Chebychev 0.540 0.705 0.932 2.94 0.4 16 0.209 1.00 0.0290
1.0 dB Chebychev 0.492 0. 785 0.925 3.56 0.508 0.206 1.23 0.0242

Circuit Gain R t & R] RG - 3 dB BW

10 6.34 kn 166 kn 50 kHz
100 526 n 16.6 kn 5 kHz
1,000 56.2 n 1.66 kn 0.5 kHz

Specified values are for a - 3 dB point of 1.0 Hz. For other freq uencies
simply scale capacitors C l through C4 directly; i.e. , for 3 Hz Bessel response,
C l = 0.0387 f.LF , C2 = 0.0357 f.LF , C3 = 0.0533 f.LF, C4 = 0.D205 f.LF .
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CAPACITORS C2 & c, ARE
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15%, 50 VOLT

0 2 = Iii;
I
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_ 1_

"6 .,fC,C2

R. =R7

- R.o- - - 2Mil- l
I

I~O.OI ~F I
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Figure 9. Two Op-A mp In-Amp with Post Filtering



For example , at a gain of 100, the gain of Al would
be 1.01 ( i.e., 1 + 0.01), therefore, leaving Al with
99% of its maximum inp ut voltage range. But , at an
overall gain of thre e (all five resistors equal
49.9 k!1) amplifier Al is now operating at a gain of
2 (1 + I), which will reduce its maximum common­
mode range by 50%. These large reductions in
input common-mode range at low gains can easily
lead to saturation of AI , thu s leaving no "head­
room" to amplify the differential signal of interest.
Also note that the requ ired value of Rz and R3

approaches infinit y as the circuit gain approaches
un ity; therefore, this circuit cannot be operated at a
gain of one. A final limitat ion of this circuit is that
since the two amplifiers are operating at different
closed-loop gains (and thu s at different band­
widths), there will be generally poor ac common­
mode rejection without the use of an ac CMR trim
capacitor (connected between Pin 2 of Al and
ground ).

A Two Op-Amp IA Circuit with Post Filtering
The circuit of Figure 9 combines a basic two
op-amp in-amp circuit with a four-pole post filter to
improve performance. Benefits include: a 30 pA
input bias current, a 0.2 f.lV/oC offset voltage drift
and only 1.5 mA quie scent current for the ent ire
circuit. Providing a low cost, high gain preamp for
transducer applications, it will operate at gains of
two or greater. Figure 9 gives component values for
a total circuit gain of 10.

The 1 Hz, 4-pole active filter provides high de
precision at low cost while requiring a minimum
number of components. The low levels of current
noise, input offset and input bias currents in the
quad op-arnp (either an AD704 or OP-49 7) allow
the use of I MO resistors without sacrificing the
1 f.lvrc dr ift of the op-amp. Thus lower capacito r
values may be used, redu cing cost and space. Fur­
thermore, since the input bias current of these
op-arnps is as low as their input offset currents over
most of the MIL temperature range, there rarely is
a need to use the normal balancing resistor (along
with its noise-redu cing bypass capacito r). Note,
however , that adding the optional balancing resistor
will enhance perform ance at temperatures above
100°C.

Monolithic Instrumentation Amplifiers
Advantages Over Op-Amp In-Amps
To satisfy the demand for in-amp s which would be
easier to apply, monolithi c IC instrumentation
amplifiers were developed. These circuits often
incorporate the same design approaches previously
used, while providing laser-trimmed resistor s and
other benefit s of monolithic IC technology. Since
both active and passive components are now within
the same die they can be closely matched-this will
insure that the device provides a high CMR. In
add ition , these component s will stay matched over
temperature, assuring excellent performance over a
wide temperature range. IC technologies such as
laser wafer trimming allow monolith ic integrated
circuits to be " tuned-up" to very high accuracy and
provide low cost, high volume manufacturing.

-10-
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Figure 10. A Simplified Schematic of the AD524 Monolithic Instrumentation Amplifier

Figure 11a. VI I Characteristics of FET with
Gate Shorted to Source. 1 mA per Vertical
Division, 10 Volts per Horizontal Division.

Therefore, to overcome this problem, a special
series protection FET was used in the AD524 to
provide both input protection and low noise. The

gains, the lower value for RG will not adequately
protect the inputs from excessive cur rents. Stan­
dard practice would be to place a limiti ng resistor
in series with each input. But limiting input current
below 5 rnA, with the full differen tial overload
of 36 volts applied, requires over 7 kf1 of resis­
tance. This added resistance will increase noise by
10 nv x/ Hz . Unfortunately, using a normal FET
device will allow the input to go negative with
respect to the dra in , causing the gate-drain junctio n
to be forward biased (Figure ll a). Th e FET then
acts as a large-area diode, with forward cur rent
increasing expone ntially with applied voltage .

Monolithic In-Amp Design-The Inside Story
The AD524 is a good example of cur rent monolithic
inst rumentation amplifier design . It is based on the
classic three op-arnp in-amp circuit previously
described . Th e AD524 simplified schematic is
shown in Figur e 10. No te that the AD620 and
AMP- 02 both use a similar circuit architecture and
offer many of the same performance benefit s.

In these designs, the desired gain is selected by
varying the value of external resistor RG • Feedback
forces the collector currents of Q l , Q2, Q3, and Q4
to be constant which impresses the input voltage
across RG • As RG is reduced , thus increasing the
programmed gain, the tran scond uctance of the
input prea mp increases until it equals the tran scon­
ductance of the input transistors.

The AD 524 achieves a very high open-loop gain of
3 x 108 while operating at a programmed closed­
loop gain of 1000. T his reduces gain related erro rs
to 30 ppm. It also features a high gain/bandwidth
product of 25 MH z, determined by capacitor s C3
and C4 and the inpu t tran scond uctance. Add ition­
ally, the AD 524 is a very low noise in-amp - with
only 7 nV/ \ /H z noise ((i at gain of 1000.

The AD 524 has its own internal input protection .
As inte rface amplifiers for data acquisition systems,
instrumenta tion amplifiers are often subjected to
input overload, i.e., voltage levels in excess of
the full scale for the selected gain range. At low
gains , (10 or less) the gain resistor acts as a current ­
limit ing element in series with the inputs. At high-
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A

schematic representation of this device (Figure I Ib)
illustra tes the interconnection of the FET elec­
trodes. F igure l ie is a cur ve-tracer plot of the VII
characteristics of this FET circuit that clearly illus­
trates bidirectional current -limiting ability.

Figure 11b. Bidirectional Current Limit FET
and Its Schematic Representation

This prot ects the in-amp from both positive and
negative input overloads. Under nonoverload con­
dit ions, the thr ee channels, CH2, CH3, CH4, act as
an = I kfl resistance in series with the input. Dur­
ing an overload in the positive direction, the fourt h
channel , CH I , acts as a small resistance ("'" 3 kft ) in
series with the gate, which draws only the leakage
current , and the FET limits l oss. When the FET
enhances under a negative overload, the gate cur­
rent must go through the small FET formed by
CH I; and when this FET goes into saturation , the

Figure t tc. VII Character ist ics of Bid irect ional
Current Limit FET. 1 mA per Vert ical Division,
10 Volts per Horizontal Division.

gate current is limited and the main FET will go
into a cont rolled enhancemen t. This bidire ctional
limiting holds the maximum input current to 3 rnA
at the maximum overload voltage of 36 volts .

The AMP-OJ, another monolith ic in-amp, incorpo­
rates a uniq ue current feedback architec ture into its
design, achieving both a very high common-mode
rejection and a relatively constant bandwidth over a
wide range of gains. A simplified schematic of the
AMP-OI is shown in Figure 12.

Ampl ifier gain may be set between 0. 1 to 10,000
and is determined by the ratio of two resistors,
RSCALE (Rs) and RGA1N (RG) according to the
expression :

I OV

ImA

20k

SOnA

20 R SCALE

RGAl.\ ,
Gain

~ ::::;;

!::i~
I:

.' .

A CH2. CH3. B

IY
ttJ

B

I , N.

rt
p p p p p

1<., c., c., c~

-l-
N.

I------<~JVI.......--o SENSE

'>----------41>-0 OUTPUT

.---------0 +vop

L...----4--o -vop

.------ .....-----------0 +vs

a,
47.5k Q

REFERENCE 0-~\-'--1

250Q
-IN o----W.,.----+- --I--,

+IN O-----¥.'Y-.....·L

L- ~.....---.....-------......--__<l - Vs

Figu re 12. A Simplified Schematic of the AMP-OI Monolith ic In-Amp
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Figure 73a. A Simplified Schema tic of the AMP-02 Monoli th ic In-Amp

Figure 73b. The Overload Characterist ics
of the AMP-02
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AMP-02. Similar to the AD524, it also employs a
series input FET protection scheme, as shown in
Figure 13a. Th is protec tion circuit limits the input
current to :!: 4 rnA and prevents damage to the
inputs with differential overloads as high as 60 V.

Figure 13b shows the input current limit ing action
as the input overload voltage increases. Note that
the protection is still active with , or without , power
applied. In addition to cur rent limiting, this design
uses a pair of internal diodes to clamp the inputs to
the power supply rails, when either input is
exposed to a voltage higher than that of the supply.
T his effectively prevents damage due to input stage
breakdown.

<l:
E 2
I

I-
ffi 1
a::
§ 0
u
w
Cl - 1

~
~ - 2

- 3

T he overall amplifier gain temperature coefficient
is better than 15 pprnr'C when the tempe rature
coefficient of resistors R, and RG is matched to
5 ppm/°C or better.

Referring to the simplified schematic, the current
feedback works as follows. As voltage is app lied
across the inputs of the AMP-O I, that same voltage
develops across resistor RGA1N which steers current
from one leg of the differential stage to the other.
This causes the outp ut amplifier to swing, feeding
signal back via the sense pin, which convert s a
fraction of that signal into a cur rent that steers the
cur rent flowing in RGA1N into RscALE- but in the
reverse direc tion, to equalize the imbalance. This
cur rent feedback scheme results in a common-mode
rejection better than 120 dB over a wide tempera ­
ture range. Th is design exhibits a constant 50 kHz
bandwid th within a gain range of I to 100. Addi ­
tionally, the amplifier can settle in 15 us to 0.01%
accuracy, independent of gain thus allowing high
speed data acquisition with a high throughput rate .

Additionally, the (high) combined gains of the
input and outp ut stages result in excellent lineari ty
and gain accuracy-to 16-bit performance at a gain
of 1000.

The AMP-O l is laser trimmed to yield low input
offset voltage and high CMR. In addition, its input
stage uses ion-implanted superbeta transistors
together with a bias-current-cancellation circuit to
reduce input bias current to less than 10 nA over
the -40°C to + 85 "C temperatu re range.

A third member of the Analog Devices' family of
" rugged-ized" instru mentation amplifiers is the
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The AD620 is a monolithic instrumentation ampli­
fier which pr ovides a low cost , low power in­
amp func tion in an 8-pin SOIC package . Gain is
programmed using a single extern al resistor. By
design , the required resistor values for gain s of 10
and 100 are standard I% met al film resistor values.

The design is ano ther modification of the classic
three op-arnp approach. Absolute value trimming
allows the user to program the desired gain
accuracy-to 0.5% max at a gain of 100, using only
one external resistor. Monolith ic construction and
laser wafer tr imm ing allow the tight mat ching and
trac king of circuit component s.

A preamp section com prised of Q I and Q2 provides
additiona l gain up front . Feedback through the
QI-AI-RI loop and the Q2-A2-R2 loop maintains
a constant collecto r current through the input
device s QI , Q2 , thereby impressing the input volt­
age across the external gain sett ing resistor RG •

This creates a differential gain from the inputs to
the Al/A2 ou tputs given by G = (R I + R2)/RG +
I. The un ity gain subtractor A3 rem oves any
common-mode signal, yielding a single-ended out­
put referred to the REF pin potent ial.

The value of RG also determines the tr ansconduc­
tance of the preamp stage . As RG is redu ced for
larger gains, the transconduc tance increases asymp­
tot ically to that of the inp ut transistor s. This has
three imp ortant ad vantages: F irst , the open-loop
gain is boosted for increasing programmed gain ,
thus redu cing gain related errors. Next, the gain
bandwidth produ ct (determined by CI , C2 and the
prea mp transconductance) increases with pro­
grammed gain , thus optimizing the amplifier's fre­
quency response . Finally, the input voltage noise is
redu ced to a value of 9 nV/VHz, determined
mainly by the collecto r current and base resistance
of the input dev ices.

The intern al gain resisto rs, RI and R2 are trimmed
to an absolute value of 24.7 kf] , allowing the gain to
be pr ogrammed accurately with a single external
resistor . The gain eq uation is then :

49.4 kil
G = - --+ 1

RG

so th at :

10kQ

10kQ

OUTPUT

10kQ

400 Q REFERENCE
+IN

R4

12

RG
L....-......---6-- --¥Vv- - -O---......-...J

GAIN GAIN
SENSE SENSE

400Q
-IN o--.JVI/Ir-......-1

11

-vs

Figure 14. A Simplified Schematic of the AD620
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The AD62/ is similar to the AD620 , except that for
gains of 10 & 100, the gain sett ing resistor s are on
the die-no external resistors are used. This pro­
vides excellent gain stability over temperature . The
AD621 also has superior gain nonlinearity over that

of the AD620 . The AD621 may also be operated at
gains between 10 and 100 by using an external gain
resistor although gain error and gain drift over tem­
perature will be degraded . Figure ISis a simplified
schematic of the AD621.

+vs

7

10k Q

R4
400Q

OUTPUT

6
10kQ

L...--'IN'Ir'""-O REF
5

10k Q

1---4t--J'\f\I\......---{l +1N
3
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8 n-.....__......----..J
G=100

25k R2 25k
R5

5555.6Q

R6
555 .6Q

L..-_............/\f\/\r-n 1
G=100

R3
400Q

11

4

-VS

Figure 15. A Simplified Schematic of the AD621
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Monolithic In-Amps Optimized for High
Performance
The AD624 , is a monolithic in-amp similar to the
AD524 , but opti mized for even higher accura cy
and lower noise. Figure 16 is a simplified schematic
of the AD624 .

The gain equation for this circuit is:

Note that the chief d ifferences between the AD 524
and AD624 circuits are in thei r input sections and
their internal scaling resistors, allowing the AD624
to provide different preset gains than those of the
AD524. For details concern ing the ent ire line of
monolithic in-amp s produ ced by Analog Devices,
refer to Appendix B.

40,000 n
Gain = R

G
+ I

RS2
10kQ

RS3 SENSE

10kQ

RS7
OUTPUT

20kQ
RS6

10kQ

20kQ
RS4 REFERENCE

10kQ

RG1 RG2
Rss

50Q
80.2 Q +IN

G500
14 t
50~IA

124Q

4445Q G200

225.3Q

G100

50Q
- IN o-JV\.fy-............-1

-vs

Figure 16. A D624 Simplified Schematic
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In-Amps Optimized for Single
Supply Operation
The AD626 is a single or dual supply diffe rential
amplifier consisting of a preci sion balanced attenu­
ator, a very low drift preamplifier (A I), and an
output buffer amplifier (A2). It has been designed
so that small differential signals can be accurately
amplified and filtered in th e presence of large
commo n-mode voltage s (VC M ) ' without the use of
any other active components.

F igu re 17 shows the main elements of the AD626.
The signal inputs at Pins I and 8 are first applied to
dual resisti ve attenuators R l through R4 whose
purpose is to reduce the peak common-mode volt­
age at the input to the preamplifier - a feedback
stage based on the very low drift op-amp A I . T his
allows the differential input voltage to be accuratel y
am plified in the pre sence of large common-mode
voltages -six times greater th an that which can be
tolerated by the actual input to A J. As a result , the
inp ut common-mode range exte nd s to six time s the

quantity (Vs - I V). The overall common-mode
erro r is minimized by precise laser-trimming of R3
and R4, thu s giving the AD626 a common-mode
rejecti on rat io (CMRR) of at least 10,000: 1 (80 dB).

T he output of A I is connected to the input of A2
via a 100 kf1 (R 12) resistor to facilitat e the low-pass
filteri ng of the signal of inte rest.

The AD 626 is easily configure d for gain s of 10 or
100. For a gain of 10, Pin 7 is simply left uncon­
nected ; similarly, for a gain of 100, Pin 7 is
grounded .

Gains between 10 and 100 are easily set by connect­
ing a resistor between Pin 7 and Analog GND .
Because the on-chip resistor s have an absolute tol­
eran ce of =: 20% (although the y are ratio mat ched to
within 0.1%), at least a 20% ad justment range must
be provided . The nom inal value for th is gain sett ing
resistor is equa l to:

50,000 !!
R = G ' 10 - 555 f1

a lll -

FILTER

. IN

-IN

6 \.4,.;

Cl n
Rl 5pF

AD626

S'"
200k r-. R12

l OOk

~
1 V..l C2 V \ 5

R2 ....---< -
200 k

~ 5PFR3 R4 R17

41k R9 95k R15
41k

10k
10k

R5
Rl l R6 4.2k R7 RS RIO R14 R13
10k 50011 500 11 10k 10k 555U 10k

2 7 3
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GND GAIN = 100

Figure 17. AD626 Simplified Sch ematic

-1 7-



The AM P-04 is another low power , single-supply
instrument ation amplifie r. Its excellent combina­
tion of impressive specifications and single supply
capability offers designers performa nce difficult to
match with discrete component s.

It is a tru e instrumentation amplifier with high
impedance inputs and common-mode rejection
ratios in excess of 85 dB. Gains of I to 1000 are set
by a single external resisto r to an accuracy of better
than 0.5%. Input offset voltage is below 200 J.l. V.
Noi se is typically a low 10 nV/\/H z at a gain of
1000, and the user access at Pins 6 and 8 permit s
easy bandwidt h limiti ng of the amplifier for
improved noise performance.

Figure 18 is a block diagram of the AMP -04.

In add ition to the high impedance inputs, a refer­
ence input is available for offsett ing the output.
This featu re is very useful in single supply systems
which have input signa ls that represent values of
greater and less than zero . Common applications
for this are in temperature measur ements that are
above and below freezing and for pressur e sensors
that can monitor both vacuum and pressure. Input
signal range includes ground and goes to within
1.5 volts of the positive supply.

The AMP-04 consumes only 550 J.l.A of power and
can operate from supplies ranging from + 4.5 volt s
to =18 volts. It offers an excellent combination of
speed , accu racy and ease-of-use. It is available in
both 8-pin DIP and SOlC packages.

lOOk

" k

lOOk

5 REF

Figure 18. A Blo ck Diagram of the AMP-04
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SECTION II-DESIGN CONSIDERATIONS
FOR INSTRUMENTATION AMPLIFIERS

External CMR and Settling Time Adjustments
One of the virtues of the three amplifier in-amp
design is that it may be readily "tuned-up" for best
performan ce by external tr imming. Th e dc CMR
should always be trimmed first , since it affects
CMRR at all frequencies . The + VIN and - VIN
term inals should be tied toget her and a dc input
voltage appl ied between the two inputs and ground .
The voltage should be adjusted to provide a 10 volt
de input . A dc CMR trimming potentio mete r is
then ad justed (as shown in Figure 23) so that the
outputs are equal, and as low as possible, with both
a positive and a negative de voltage applied .

AC CMR trimming (Figure 23) is accomplished in a
similar manner , except that this time an ac input
signal is app lied. The input frequency used should
be somewhat lower than the - 3 dB bandwidth of
the circuit. The inp ut amplitude should be set at 20
volts peak-to-peak with the inputs tied together.
Th e ac CMR trimmer is then nulled-set to provide
the lowest output possible . If the best possible set­
tling time is needed , the ac CMR trimmer may be
used , while observing the output waveform on an
oscilloscope. Note that , in some cases, there will be
a compromise between the best CMR and the fast­
est settling time.

RT I and RTO Errors
A second consideration is how circuit gain affects
many in-amp error sources. An in-amp should be
regarded as a two section amplifier with an input
and an out put section. Because the errors of the
out put section are multiplied by a fixed gain (usu­
ally one), th is section is the prin ciple error source at
low circuit gains . As the overall gain is increased,
any errors contributed by the input section are
multiplied directly and thereby become dominant.
All input-related specifications are classified as
" referred to input" (RT I) errors while all output­
related specifications are considered " referred to
output" (RT O) errors.

By separating these errors , it is possible to evaluate
the total error , independent of the selected gain
setting. For a given gain, an in-amp's input and
output errors can be combined to provide a total
erro r specification which is either referred to the

input (RT I) or to the output (RTO) by using the
following formulas:

Total Error, RTf =
Input Error + (Output Error/Gain)

Total Error, RTO =

(Gain x Input Error) + Output Error

As an example , a typical AD524 will have a
+ 250 J.LV outpu t offset erro r and a - 50 J.LV input
offset error. In a unity gain configuration , the total
offset RTO would be + 200 J.LV, which is the sum
of the two. Not e that for unit y gain, the total offset
is the same RT O or RTI. At a gain of 100, the
combined offset RTO would be 100 (- 50 J.LV)
+ 250 J.LV which equal s - 4,750 J.LV or - 4.75 mY.
Th e combined offset RTI at a gain of 100 would
equal: -50 J.LV + (250 J.LV/l OO) = - 47.5 J.LV .

Cable T erm ination
When in-amps are used at frequen cies above a few
hundred kilohertz, properl y term inated 50 or 75
ohm coaxial cable should be used for input and
output connections. Normally, cable termination is
simply a 50 or 75 ohm resistor connected between
the cable center conductor and its shield at the end
of the coax cable. No te that a buffer amplifier may
be required to dr ive these loads to useful levels.

Power Supply Bypass ing, Active Decoupling and
In-Amp Stability Issues
Power supply decoup ling is an important detail
which is often overlooked by designers. Normally,
bypass capacito rs (values of 0.1 J.LF are typical) are
connected between the power supply pins of each
IC and ground . While usually adequate, this prac­
tice can be ineffective or even create worse tran­
sients than no bypassing at all. It is important to
consider where the circuit 's currents originate ,
where they will return, and by what path . Then,
once that has been established , bypass these cur ­
rent s around ground and other signal path s. In
general , most monolithi c in-amps have their inte­
grators referen ced to the negative supply (such as
the ADS24 , AD624, AD625, and AD620) and
should be decoupled with respect to the output
reference term inal. This means that , for each chip,
a bypass capacitor should be connected between
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each power supply pin and the point on the board
where the in-amp's reference terminal is connected.
For a much more comprehensive discussion of
these issues refer to the application note: "An I.e.
Amplifier Users' Guide to Decoupling, Grounding ,
and Making Things Go Right for a Change," by
Paul Brokaw, available free from Analog Devices.
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SECTION 11l-IN-AMP APPLICATIONS

Data Acquisition
Transducer Interface Applications
Instrumentation amplifiers have long been used as
preampli fiers in tra nsducer applications . High
quality transducers typically provide a highly linear
output bu t at a very low level and a characte risti­
cally high output impedance. This requ ires the use
of a high gain buffer/preampl ifier which will not
contribute any discern ible noise of its own to that of

the signal. Furtherm ore, the high output imped­
ance of the typical transducer may requ ire that the
in-amp have a low input bias cur rent.

Table 2 gives typical characteristics for some com­
mon tran sducer types.

Since most transducers are slow, band width
requ irement s of the in-amp are modest: a I MHz
small signal bandwidt h at unity gain is quite ade­
quate for most applications .

Table 2. Typical Transducer Character istics

Transducer T ype T ype of Output Output Impedance Recommended ADI In-Amp

T hermistor Resistance Changes 50 n to I Mn AD524
with Temperature ((I + 25°C AD620 , AD62 1

AMP-O I
AMP-02

T ype "J" Th erm ocoupl e Variab le Voltage 20 o to 2 kn AD624
Iron (+ ) Constantan 10 to 100 j.LVfOC AD620 , AD621

AMP-OI

Resistance Temp erature Resistance Changes 20 n to 20 kn AD624
Detector (RT D) with Te mperature «1 0°C AD620, AD 621
(In Bridge Circuit) 0.1%fOC to 0.66%fOC AD625

AMP-OI

Level Sensors
T hermal Types Variable Resistance 500 n to 2 kn AD 626
Float T ypes Variable Resistance 100 n to 2 kn AMP-OI

AMP-02
AMP-04

Load Cell Variable Resistance AD624
(Strain Gage Bridge) 2 mVN of Excitation 120 n to I kn AD 620, AD621
(Weight Measurement ) Full Scale AD62 5, AD 626

AMP-OI
AMP-02

Photodiode Sensor Cur rent Increases 109 n AMP-OS
with Light In tensity.
I pA - I j.LA IOUTPUT

Hall-Effect Magnetic AD621
Field Sensors 5 mV/kG-120 mV/kG I n to I kn AD624

AD620
AD 625
AMP-02

Accelerometer I to 100 mV/"g" 500 n AD 624
AD620, AD 621
AD 625
AMP -02
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.15V

NOTE 2
.1OV 10V ~ 10%

1

AD 584 R,

2 30k

R2
SCALE

3 ERROR
20k

ADJUST

4 R3
10k

R6
10kQ

ZERO >---JI/II\r-+----4r'
ADJUST

(FINE)

Rs
l OOk

ZERO
ADJUST

(COARSE)

SHIELD :

I
I
I
I,

. 15V

\ \

I'
I I
I I
I I
I I
I I

GAIN = 500

~1OV FULL·SCALE
OUTPUT

A!D
CONVERTER

AD1674

DIGIT.l\L

GROUND

ANALOG
GROUND

NOTES
1. LOAD CELL TEDEA MODEL 1010 10kg OUTPUT : 2mV FULL SCAL E

PER VOLT OF EXCITATION ~ 10%.
2. R" R2, AND R3 SELECTED FOR AD584 OUTPUT 10V ~ 10%.

Figure 19. An In-Amp Used in a Weigh Scale Applicat ion

Bridge Applications
In strumentation amplifiers are widelv used for
buffe ring and amp lifying the small voltage output
from tr ansduce rs which make use of the classic four
resistor Wheat stone bridge .

Figure 19 shows an example of how an AD62 4 can
be used to condition the differential output voltage
from a load cell. The 10% reference voltage adjust­
ment range is required to accommodate the 10%
transduce r sensitivi ty tolerance . The high lineari ty
and low noise of the AD62 4 make it ideal for use in
applications of this type, parti cularly where it is
desirable to measure small changes in weight as
compared to the absolute value . The addition of an
auto gain/auto tare cycle will enable the system to
remove offse t and gain errors, and offset drifts thus
makin g true 14-bit performance possible .

A Software Programmable Gain Amplifier
(SPGA)
An SPGA provides the abil ity to externally program
precision gain s from digit al inputs. Historically, the
problem in systems requi ring electronic switching
of gains has been the ON resistance (Ro s ) of the
multiplexer, which appears in series with the gain
sett ing resistor RG . This can result in substant ial
gain errors and gain drift over temperature. The
AD625 monolith ic instrumentation amplifier elimi­
nates th is problem by making gain " drive" and gain
"sense" pins available (Pins 2, 15, 5, 12). T his
allows the multiplexer 's "ON" resistance to be
removed from the signal cur rent path, thereby
transforming the "ON" resistance err or into a small
nullabl e offset error.
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Figure 20 shows an SPGA using the AD625. Gains
of I, 4, and 64 may be selected . With the switches
set as shown, resistance RG equals the resistance
between the gain sense lines (Pins 2 and IS) of the
AD625; therefore, RG equals the sum of the two
975 n resisto rs and a 650 n resistor which together
equal 2600 n. Therefore, RF equals the resistance
between the gain sense and the gain drive pins (Pins
12 and IS, or Pins 2 and 5), that is, RF equals the

15.6 kfl resistor plus the 3.9 kfl resistor which
equals 19.5 kfl.

The circuit gain , therefore , equals:

2 RF + I 2 (19.5 kfl l + I = 16
RG (2.6 fl l

As the other switches of the differentia l multi plexer
close synchronous ly, RG and RF change, resultin g
in other programm ed gain settings.

GND

n UDTL TO CMOS LEVEL TRANSLATOR

Figure 20. A Software Programmable Gain Amplifier
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tSETTLE
Gain RG Bandwidth (0.01%)

2 20 kfl 2.5 MHz 1.0 J.l.S
10 4.04 kfl I MHz 2.0 J.l.S
100 404 n 290 kH z 5.0 J.l.S

A High Performance In-Amp Circuit for Data
Acquisition
The circuit of Figure 21 has a 3 dB bandwidth of
4 MHz at a gain of I and 750 kHz at a gain of 10
and provides a range of gains from unit y to over
1000. Settling time for the entire circuit (at a gain of
10) is less than 2 J.l.S to within 0.0 I% for a 10 volt
step, which makes it appropriate for buffering
med ium speed ADCs (up to 500 kHz) such as the
AD67 8.

REFERENCE

* 1.5-20pF
(TRIM FOR BEST
SETTLING TIME)

10kQ SENSE
**10kQ

R2

7.5pF

RG
**10kQ OUTPUT

R2'
7.5pF

**10kQ

Rl' 5pF

- IN

+IN

+15V r - - - - - - - - - - - - - ,

~ +VS~PIN 8 :

4
1 ~IF I I 1llF Io.1 ~IF ICOMM _ I _ _ _ EACH I

..,.. I AMPLIFIER I

~
1 ~IF '\7 ~Il ~IF O.l llF I

-15V + I + I
- Vs PIN 4 I CIRCUIT GAIN = 20.oo0Q + 1

.... J RG

*vOLTRONICS SP20 TRIMMER CAPACITOR OR EQUIVALENT

**RATIO MATCHED 1% METAL FILM RESISTORS

Figure 21. A High Performance, Medium Speed In-Amp Circuit for Data Acq uisition
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High Speed Data Acquisition
As the speed and accuracy of modern data acquisi­
tion systems has increased , there has developed a
growing need for high band width instrumenta tion
amplifiers-particularl y in the field of CCD imag­
ing equipment where offset correction and input
buffering are requ ired . Here double-correlated
sampling techniqu es are often used for offset cor­
rection of the CCD imager . As shown in Fig­
ure 22a, two sample-and-hold amplifiers monitor
the pixel and reference levels and a dc corrected
out put is provided by feeding their signals into an
instrumentation amplifier.

Figure 22b shows how a single multiplexed high
bandwidt h in-amp can replace several slow speed
nonmultiplexed buffers. The system benefit s from
the common-m ode noise redu ction , and subsequent
increase in dynamic range which the in-amp
provides.

Previously, the low bandwidths of commonly avail­
able instrument ation amplifiers , plus their inabil ity
to dr ive SOn loads has restr icted their use to low
frequen cy appl ications-generally below I MHz.
Some higher bandwidth amplifiers have been avail­
able, but these have been fixed gain types with
internal resistor s. With these amplifiers , there was
no access to the inverting and noninverti ng termi­
nals of the amplifier. Using modern op-amps,
employing the complementary bipolar or "CB" pro­
cess, video bandwidth instrumentation amplifiers
may now be constructed which offer both high
bandwidths and impressive de specifications.
Comm on-mode rejection may be optimized by
trim ming or by using low cost resistor arr ays.

The bandwidth and settling time req uirement s
demanded of an in-amp buffering an ADC and for
the sample-and-hold function preceding it can be
qu ite severe. T he input buffer must pass the signal

PIXEL PIXEL
#1 #2

PIXEL LEVEL - - - - -Ii Ii
REFERENCE ~ U L
LEVEL

PIXEL LEVEL
INPUT

REFERENCE
LEVEL INPUT

r-------- -----------,
I INSTRUMENTATION I
I AMPLIFIER I

I
I

DC
CORRECTED I

OUTPUT :

I
I TOTAL SETTLING TIME FOR SAMPLE/HOLD AND I

L~~~~~~~~~~~~~~ ~

2MHz

sOOns
ADC

AD671

a. In-Amp Buffers ADC and Provides DC Correction

SIGNAL
INPUTS

SIGNAL
INPUTS

ADC

AD671

b. Sing le High Speed In-Amp and Mu x Replace Seve ral Slo w Speed Buffers

Figure 22. Typical Applicat ions of High Bandwidth In-Amps Buffering ADCs
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along fast enough so that the signal is fully settled
before the ADC takes its next sample. At least two
samples per cycle are requ ired for an ADC to
unambitiously process an input signal (Fs/2)- this
is referred to as the "Nyquist criteri a." Therefore , a
2 MHz ADC , such as the AD671 , requires that the
input buffer/sample hold sections preceding it pro­
vide 12-bit accuracy at a I MHz bandwidth . Set­
tling time is equall y important : the sampling rate of
an ADC is the inverse of its sampling frequency­
for the 2 MH z ADC , the sampling rate is 500 ns.
This means that , for a total throughput rate of less

than 1 fJ-S , these same input buffer /sample hold sec­
tions must have a total settling time of less than
500 ns.

A High Speed, Three Op-Amp In-Amp
The circuit of Figure 23 lends itself well to CCD
imaging and other video speed appl ications. It uses
two high speed CB process op-amps: Amplifier A3,
the output ampli fier , is an AD 847. The input
ampl ifier (A I and A2) is an AD827 , which is a dual
version of the AD847 . T his circuit has the optional
flexibilitv of both de and ac trims for common ­
mode relection, plus the ability to adjust for mini­
mum sett ling time .

CMRR

88.3 dB
87.4 dB
86.2 dB
67.4 dB
47.1 dB
26.4 dB

Input
Frequency

100 Hz
1 kHz
10 kH z
100 kH z
I MHz
10 MHz

2kQ

2-8pF
SETTLING TIME

AC CMR ADJUST

_ T l uF T O.l pF
>---+------+--- PIN 4

AD847 & AD827

EACH
AMPLIF IER PIN 7>---+------+--- AD847.

+VS .L .L PIN 8
l !.F O.l " F AD827

COMM O-....--....-----~.--.....----I

lkl l

2kQ

2kl l

CIRCUIT GAIN = .lQQQrr. + 1
RG

Bandwidth, Settling Time and Total Harmonic Distortion vs. Gain

THD+ Noi se
CA D J Small Signal Settling Time Below Input Le vel

Gain RG (pF) Bandwidth to 0.1% @ 10 kHz

1 Open 2-8 16.1 MHz 200 ns 82 dB
2 2 kn 2-8 14.7 MHz 200 ns 82 dB
10 226 n 2-8 4.5 MHz 370 ns 81 dB
100 20 n 2-8 660 kHz 2.5 fJ-S 71 dB

Figure 23. A High Speed In-Amp Circuit for Data Acqu isition
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+ 1 5V~ +VS~PIN 7

COMM o--I 10
!'F I_0

_.
1
_"_F A 0.11,F ..L EACH

'T' 10l,F T 0.11,F 111F 0.111F V AMPLIFIER

-1 5V~ - VS~PIN4

Input
Frequency

100 Hz
I MH z
10 MH z

CMRR

64.6 dB
44.7 dB
23.9 dB

3pF

~ CIRCUIT GAIN = ( 4000Q + 1) 5
RG

2-8pF
SETILING TIME

AC CMR ADJ UST

1kQ

200Q

1pF

210Q RG 200Q
1pF

2kQ

DC CMR ADJUST

Figure 24. A High Gain, Video Bandwidth Three Op-Amp In-Amp Circuit

A High Gain, Video Bandwidth Three Op-Amp
In-Amp
Figure 24 shows another three op-arnp instrumen­
tat ion amplifier circuit; this time two high speed
externall y compensated op-amps have been used for
the input amplifiers.

T his circuit provides a gain of 100 at video band­
widths. At a circuit gain of 100 the small signal
bandwidt h equ als 18 MH z into an FET probe.
Small signal bandwidth equ als 6.6 MHz with a 50
!1 load . 0.1% sett ling time is 300 ns.

The input amplifiers operate at a gain of 20, while
the output op-amp run s at a gain of 5. In th is
circuit the main bandwidth limitati on is the gain/
bandwidth produ ct of the output amplifier. Extra
care needs to be taken while breadboarding this
circuit, since even a couple of extra picofarads of
stray capacitance at the compensation pins of AI
and A2 will degrade circuit bandwidth .
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Miscellaneous Applications
Stacking Instrumentation Amplifiers to Lower
Noise
The signal-to-noise ratio of an amplification system
can be improved by stacking two or more amplifiers
together. Stacking refers to a connection where the
inputs of two amplifiers are tied together, in paral­
lel, while their output s are connecte d in series. In
this configura tion , the combined signal-to-noise
ratio will improve directly as the square root of the
number of amplifiers being stacked. This improve­
ment occurs because at the output the signals add
arithmetically, while, at the input, their combined

noise only increases as the square root of the num­
ber of ampl ifiers used . Note , however, that this
improvement only occurs if the source voltage is
not decreased by loading .

Using op-amps, a stacked connection is generally
impractical since you need a third amplifier to sum
the signals together. However, with instrumenta­
tion amplifiers, you simply connect one amplifier's
output to the reference pin of the other. Fig­
ure 25 shows two AD524 instrumentation amplifi­
ers connected in a stacked configurat ion, providing
a 3 dB improvement in signal-to-noise ratio as com­
pared to a single amplifier.

INVERTING
INPUT

NONINVERTING
INPUT

CONNECT ALL GROUND RETURNS
TO A COMMON GROUND CONNECTION

Figure 25. Two Instrumentat ion Amplifiers in a " Stacked" Configuration
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The circuit of Figure 26 provides the same
improvement in signal-to-noise ratio. It is not
stacked, since its output is differential and effec­
tively adds the two output signals together.

NONINVERTING

INPUT

INVERTING
INPUT

CONNEC T ALL GROU ND RETUR NS
TO A COMMON GROUND CONNECTION

O.1'~
!.F '\J INVERTING

OUTPUT

Figure 26. An Active Balan ced Transformer Using "Stacked" Amplifiers

Table 3. Comparative Per form ance of Stacked Amplifier and Active Transformer Circuits

Parameter

Slew Rate

Max Output Level

- 3 dB Bandwidth ::: I V p-p Output
For Gain = 2 (6 dB)
For Gain = 20 (26 dB)
For Gain = 200 (46 dB)
For Gain = 2000 (66 dB)

Common-Mode Rejection Ratio
(Gain = 2. 20 V p-p Sine Wave
Comm on-Mode Input Level)

Total Harmonic Distorti on «I I kHz

Stacked Amplifier

S V /fJ. s

20 V p-p (7.1 V rms)

dc- 8S0 kHz
dc-380 kHz
dc-200 kHz
dc-30 kHz

- 80 dB at 60 Hz
- 80 dB at 10 kHz
(with CMR Trim)

< 0.01%

Act ive Balanced Transformer

10 V /fJ.s

40 V p-p (14.2 V rms)

dc--I MHz
dc-SOO kHz
dc-200 kHz
dc-30 kHz

- 93 dB at 60 Hz
- 83 dB at 10 kHz

< 0.01%

Table 3 compares the performance of the two cir­
cuits. Note that the circuit of Figure 26 does not
provide galvanic isolation between its input and
output , unless both inputs are ac coupled . If ac
input coupling is used , then two high value resis-
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and ground, must be provided to permit a de
ground return . Without these resistor s, the
"unbled" input bias currents would quickl y shut
off (or saturate) the amplifie rs.
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2k Q

1N4148
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lN4148

1N4148

• 15V --'\IIAr--...-<

2kl l

10kQ

RST
(3m., ACTIVE LOW
TIL COMPAT IBLE)

~47PF

Figure 27. A Zero Drift Instrumenta tion Amplifier

A Zero Drift Instrumentation Amplifier
Amplifier offset voltages and dr ift can be reduced
to negligible levels by using an "auto-zero" method.
Such a circuit is shown in Figure 27. Unlike noisy
chopper amplifiers, this method of offset correction
put s the "zero" time under user control and with
this scheme, the zeroing mechanism does not inter­
fere with signal measurements. Th at is, this circuit
goes into a zeroing mode when the user asserts a
logic low for a least 3 ms to the RST inpu t.

An AMP-OI in-amp is repeatedl y servoed to pro­
vide an essentially zero output offset. When the
RST input is " low," the 2N4118 J-FET transistor
is turned on and the SW-06 analog switch connects

both of the in-amp circuits' inputs to ground. T he
OP-41 then servos one of the AMP-OI's null pins,
forcing the AMP-Ol's output very close to zero
(within the input offset range of the OP-41). When
the RST input goes high , the SW-06 reconnects the
signal inputs, the 2N4118 FET turn s off and the
OP-41 acts as a sample and hold amplifier, keeping
the AMP-OI output "zeroed."

Using this integrator method of zeroing, the AMP­
Ol's output offset voltage is held below I mV over
the military temperature range (about 1/2 LSB
change on a 12-bit system). If the circuit gain is set
to 1000, the equivalent output drift at the amplifi­
er 's input is 0.06 f.l.Vr c.
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Remote Load Sensing Technique
Many monolithic instrumentation amplifier s pro­
vide separate pins for their sense and reference
nodes. Th is allows greater flexibility of remote load
and ground sense, thus minimizing any errors due
to parasitic voltage drops within the circuit. The
sense terminal complete s the feedback path for the
instrumentation amplifier output stage and is nor­
mally connected directl y to the in-amp output.
Similarly, the reference terminal sets the reference
voltage about which the in-amp' s output will swing.

V+

RS

If heavy output currents are expected and if the
load is situated some distance from the amplifier,
voltage drops due to trace or wire resistance will
cause error. Th ese voltage drops are particularly
troublesome when driving 50 ohm loads.

One solution is to have the sense and reference
terminals sense the load remotely as shown in Fig­
ure 28. Th is method of connection put s the IR
drops inside the feedback loop of the in-amp and
virtually eliminate s this source of error .

- V
1N

o-----{

OUTPUT
GROUND

V-

TWISTED
PAIRS

REMOTE
LOAD

*IN4148 DIODES ARE OPTIONAL. DIODES LIMIT THE OUTPUT
VOLTAGE EXCURSION IF SENSE AND/OR REFERENCE LINES
BECOM E DISCONNECTED FROM THE LOAD.

Figure 28. A Remote Load Sensin g Connect ion
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A 13·Bit Linear Bilateral Current Source
Th e circuit of Figure 29 shows how an instrumen­
tation amplifier having separate sense and reference
connections can be configured as a high precision
bilateral current source , with a linearity of 0.01%.
Th is current source will provide a full-scale output
current of :t 20 rnA if the output voltage at the
l O UT pin is within the :t 10 V compliance range.

+15V

RG
2kQ

- VINo-----{

2kQ - 15V

A Pre cision Voltage -to-Current Converter
Figure 30 is a precision voltage-to-current converter
whose scale factor is easily programmed for exact
decade ratios using standard 1% metal film resistor
values. The AD620 operates with full accuracy
on standard :t S volt power supply voltages. Fur­
ther more, the quiescent current of the AD620 is
only 900 !LA.

COMPLIANCE , TYPICALLY , 10V
LINEARITY - 0.01%
OUTPUT RESISTANCE AT 20mA - 5MI l
POWER BANDWIDTH (- 3dB) - 60kHz

INTO 500Q LOAD

200Q

}---...............w...-....--<) , lOUT
100Q

I - v ( 20 x RS)
OUT - IN RG xR l

R1 = l 00Q FOR lOUT = , 20mA
VIN = , 100mV FOR , 20mA FULL SCALE

Figu re 29. A 13-Bit Linear Bilateral Current Source

+sV

49 ,400
WHEREG =l +~

Figu re 30. A Precision Voltage-to-Current Con verter Which Operates on :i:5 Vol t Supplies
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Current Sensor Int erface
A typical current sensing application , making use
of the large common-mode range of the AD626 , is
shown in Figure 31. The cur rent being measured is
sensed across resistor Rs. Th e value of R, should
be less than 1 kn and should be selected so that the
average differential voltage cross this resistor is typ­
ically 100 m\' .

CURRENT IN

To produce a full-scale output of + 4 V, a gain of 40
is used , adjustable by = 20% to absorb the toleran ce
in the sense resistor. Note that there is sufficient
headroom to allow at least a 10% over range (to
+4 .4 V).

CURRENT
SENSOR

CURRENT OUT

-Vs"'--""","",001

0.1 ~IF

CF
OPTIONAL I
LOW·PASS \l

FILTER

ANALOG
GND

-Vs

FILTER

AD626

G =100

+Vs +Vs

~O.1 flF

5 OUTPUT

Fig ure 31. Current Sensor Interface
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A High Perform anc e Programmable Gain
Amplifier
The excellent performance of the AD62 1 at a gain
of 10 makes it a good choice to team up with the
AD526 programmable gain amplifier (PGA) to
yield a differential input PGA with gains of 10, 20,
40, 80, 160. As shown in Figure 32, the low offset
of the AD62 1 allows total circuit offset to be

trimm ed using the offset null of the AD526 , with
only a negligible increase in total drift error. The
total gain TC will be 9 ppm/' C max, with 2 JJ.V/oC
typical inp ut offset dr ift. Band width is 600 kHz for
gains of 10 to 80, and 350 kHz at G = 160. Settling
t@ e is 13 JJ. s to 0.01% for a IOV out put step for all
gains.

DIGITAL INPUTS
TO SET GAIN

OUTPUT

'--_---' OFFSET
NULL
(OPTIONAL)

INPUTS

+

Figu re 32. A High Performance Program m able Gain Amplifier

All brand or produ ct names mentioned are trademarks or registered trademarks of their respective holders.
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APPENDIX A

INSTRUMENTATION AMPLIFIER SPECIFICATIONS

To successfully apply any electronic component , a
full under stand ing of its specifications is required .
That is to say, the numbe rs contained in a spec
sheet are of little value if the user doesn't have a
clear picture of what each spec means. In this sec­
tion, a typical monolithic instrumentation amplifier
specification sheet will be reviewed. Some of the

more important specifications will be discussed in
terms of how they are measured and what errors
they might cont ribute to the overall performance of
the circuit.

Table 4 shows a port ion of the specification sheet
for the Analog Devices AD524 instrumentation
amplifier.

A ---'>

T able 4. AD524 Spec ifications

SPECIFICATIONS (@ Vs = ± 15V, RL = 2kfi and T. = + 250C unless otherwise specified)

B ---'>

C ---,>
D ---'>

E ---'>

F ---'>

G ---'>

H ---'>

AD 524A AD524 B AD 524S

Model M in T yp Max Min Typ Max M in Typ Max Units

GAIN

Gain Equ ation

(External Resistor Gain
[ 40 000 I I40 ,000 , 11 =2 0% [ 40 ,000 • II= 20%Programm ing) -'- + I =:20%

R(; Rr, Rr,

Gain Rangc (P in Progra mm ab le) 110 1000 I to 1000 1(0 1000

Gain Erro r
G = I %0.05 %0.03 %0.05 %

G =IO %0.25 %0 . 15 %0.25 %

G = 100 ± O.5 %0 .35 ± O.5 %

G = 1000 %2 .0 % 1.0 ± 2.0 %

Non linearity

G = I = 0.0 1 = 0.00 5 = 0.0 1 %

G = 10, 100 = 0.0 1 = 0.005 = 0.0 1 %

G = 1000 = 0 .0 1 = 0. 0 1 = 0 .0 1 %

Gain vs. T em per atur e

G = 1 5 5 5 ppmr C

G = 10 15 10 10 pp m l"C

G = 100 35 25 25 ppm r'C

G = 1000 100 50 50 pprnr'C

VO LTA GE OFFSET (May be Nulled )

In put Offset Voltage 250 100 100 " V
\IS . T em pera tur e 2 0.75 2.0 " VFC

Output Offset Voltage 5 3 3.0 mV

vs. T em perature 100 50 50 " VFC

Offse t Referred to the

Input vs. Sup ply

G = I 70 75 75 d B

G = 1O 85 95 95 d B

G = lOO 95 105 105 d B

G = 1000 100 110 110 dB

INPI.:T CI.:RR E:"T

Inpu t Bias Curre nt %50 %25 %50 nA

vs. T emperature = 100 = 100 = 100 pA,<C

Input Offset Curren t %35 %15 %35 nA

vs. Temperatu re = 100 = 100 =\00 pAfC

-35-



Table 4. AD524 Specifications (Continued)

I ~

J ~

I:-;PUT

Input Impedance

Different ial Resistance 10' 10' 10' II

Differential Capacitance 10 10 10 pF

Common Mode Resistance 10' 10' 10' II

Common Mode Capacitance 10 10 10 pF

In pu t Voltage Range

Max Differ . Input Linear (Vm J 1 ± l O % 10 ± 10 V

Max Common Mode Linear (VeM) 12V - (~ x Vo ) 1 2V - (~ X Vo) 1 2V - (~ x Vo) v
Common Mode Rejection de

to 60H z with lkfl Source Imbalance

G = I 70 75 70 dB

G = 10 90 95 90 dB

G = 100 100 105 100 dB

G = 1000 110 115 110 dB

OU TPUT RAr rsc
VOVT , RL = 2kU = 10 = 10 = 10 V

D YNA MI C RESPO NSE
Small Signal - 3dB

G = I 1 1 1 MHz

G =IO 400 400 400 kHz

G = 100 ISO ISO 150 kHz

G = 1000 25 25 25 kHz
Slew Rate 5.0 5.0 5.0 VII' s

Settling T ime 100.01%, 20V Step

G = 110 100 15 IS IS us

G = 1000 75 75 75 ,.s

(A) Conditions
At the top of the spec sheet is the statement that the
listed specs are typical @ Vs = :<:: IS V, RL = 2 kfl
and T A = +25°C unless otherw ise specified. Thi s
tells the user that these are the normal operating
conditions under which the device is tested. Devi­
ations from these conditions might degrade (or
improve) performance. When deviations from the
"normal" conditions are likely (such as a change in
temperature) the significant effects are usually indi­
cated within the specs. Th is statement also tells us
that all numbers are typical unless noted ; " typical"
means that the manufacturers characterization pro­
cess has shown this number to be average, but
individual devices may vary.

Specifications not discussed in detail are self­
explanatory and require only a basic knowledge of
electronic measurements. Tho se specs do not apply
uniquel y to instrumentation amplifiers.

(B) Gain
The se specifications relate to the transfer function
of the device. The gain equat ion of the ADS24 is:

40,000 fl
Gain = R

G
+ I

To select an RG for a given gain, solve the equation
for RG :

40,000 fl
RG = G -l

For example , the calculated resistance and the clos­
est standard value for some common gains:

G = 1: RG = cc (Open Circuit)
G = 10: RG = 4,444 fl (cal) or 4.42 kfl
G = 100: RG = 404 fl (cal) or 402 fl
G = 1000: RG = 40.04 n (cal) or 40.2 n

Note that there will be a gain error due to the
standard resistance values being different from
those calculated. In addition , the tolerance of the
resistors used (normally I% metal film) will also
affect accuracy. Of course the user must provide a
very clean (low leakage) circuit board to realize an
accurate gain of I , since even a 200 Mfl leakage
resistance will cause a gain error of 0. 1%!

Note that resistor tolerance must be taken into
consideration . Normal metal film resistors are
within 1% of their stated value which means that
any two resistors could be as much as 2% different
in value from one another . Thin-film resistors in
monolithic integrated circuits have an absolute tol­
erance of only :<:: 20%, however the matching
between resistors on the same chip can be excellent:
typically better than 0.1%.
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(C) Gain Range
Often specified as having a gain range of I to 1000,
or I to 10,000, many instrumentation amplifier s
may (and in fact will) work at higher gains, but the
manufacturer will not promise a specific level of
perfor mance. In practice , as the gain resistor
becomes increasingly smaller, any errors due to the
resistance of the metal run s and bond wires become
significant. Th ese errors, along with an increase in
noise and drift, may make higher gains impractical.

(D) Gain Error
The number given by this specification describes
maximum deviation from the gain equation. Mono­
lithic in-amps such as the AD624 have very low
factory trimmed gain errors with its maximum
error of ± O. OS% at unit y gain and ± 2% at a gain of
1000 being typical for a high qua lity in-amp .
Althoug h externally connected gain networks allow

the user to set the gain exactly, the tempe rature
coefficients of the external resistors and the temper­
ature differences between individual resistors
within the network , all contribute to the overall
gain error .

If the data is eventually digitized and fed to an
"intelligent system" (such as a microprocessor), it
may be possible to correct for gain errors by mea­
suring a known reference voltage and then multi­
plying by a constant .

(E) Nonlinearit y
Nonlinearity is defined as the deviation from a
straight line on the plot of output versus input.
Figure 33a shows the transfer funct ion of a device
with exaggerated nonli nearity. The magnitude of
this error can be calculated by:

Actual Output -Calculated Output
Nonlinearity = --=--...,.---:=-::---:::--:----::::--- --;:-- ­

R ated Full- Scale Output R ange

VOUT

GAIN

IDEAL (STRAIGHT LINE)

ACTUAL RESPONSE

-V1N FULL SCALE

---lr------"""";l,....+------"f"'II~VIN

+V1N FULL SCALE

Ie MAXI > IE- MAXI

Ie MAXI + IE- MAXI = K

Figure 33a. Transfer Function Illustrating Exaggerated Nonlinearity

VOUT

GAIN

- V1N FULL SCALE

I ~ V1N

+V1N FULL SCALE

Ie MAXI = IE- MAXI = ~
2

IE + MAXI + IE- MAXI =K

Figure 33b. The Transfer Function of Figure 33a After Calibration by Best-Straight-Line Method
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VOUT

GAIN

- V1N FULL SCALE

I .. V1N

+V1N FULL SCALE

IE + MAXI> IE- MAXI

:e MAXI + Ie MAXI = K

Figure 33c. The Transfer Function of Figure 33a After Calibration by End-Point Method

To confuse matters, th is deviation can be specified
relative to any straight line or to a specific straight
line . There are two commonly used methods of
specifying this ideal straight line relative to the
performance of a precision measurement device .

The "Best Straight Line " meth od of nonlinearit y
specification consists of measur ing the peak positive
and peak negat ive deviations and then adjusting the
slope of the device tran sfer function (by adjust ing
the gain and offset) so that these maximum positive
and negative errors are equal. This method yields
the best specifications but is difficult to implement
because it requires that the user examine the ent ire
output signal range to determine these maximum
positive and negative deviations. T he results of a
best-straight-line calibration is shown by the trans­
fer function of Figur e 33b .

The "End -Point" method of specifying nonlinearity
requ ires that the user perform his offset and/or gain
calibrations at the extremes of the output range.
This is much easier to implement but may result in
nonlinearit y errors of up to twice those attained
with best-straight -line techniques. This worst case
error will occur when the transfer function is
" bowed" in one direction only. Figu re 33c shows
the results of end-point calibration.

Most linear devices, such as instrumentation ampli­
fiers, are specified for best-straight -line linearity.
This needs to be considered when evaluating the
error budg et for a parti cular appl icat ion .

Regardle ss of the method used to specify non­
linearity, the errors thu s created are irreducib le.
That is to say: these are neither fixed errors nor are

they proportional to input or output voltage
and ,therefore, cannot be redu ced by ad justment.

(F ) Gain vs. T emperature
These numbers give both maximum and typica l
deviations from the gain equation as a function of
temp erature . An intelligent system can correct for
th is with an "auto-gain" cycle (measure a referen ce
and renorm alize).

(G) Voltage Offset
Voltage offset specifications are often considered a
figure of merit for instrumentation amplifiers.
\'{' hile initial offset may be ad justed to zero, shifts
in offset voltage due to temperature variations will
cause err ors. Intelligent systems can often correct
for th is factor with an auto-zero cycle, but the re are
man y small-signal high -gain applications that don 't
have th is capability.

Voltage offset and dr ift comprise two components
each; input and output offset and offset drift
referred to both input and output. Input offset is
that component of offset that is directly propor­
tional to gain , i.e ., input offset as measured at the
output at G = 100 is 100 times greater that at
G = I . Output offset is independent of gain . At
low gains, output offset dr ift is dominant , while at
high gains input offset drift dominates. T herefore ,
the output offset voltage drift is normally specified
as drift at G = I (where input effects are insignifi­
cant ), while input offset voltage drift is given by
drift specification at a high gain (where output off­
set effects are negligible). All input-related num ­
bers are referred to the input (RT I) which is to say
that the effect on the output is "G" times larger.
Voltage offset vs. power supply is also specified at
one or more gain sett ings and is also RTI.
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(H) Input Current
Input bias currents are those cur rents necessary to
bias the input transistors of a de amplifier. FET
input-devices have lower bias currents, but those
currents increase dramatically with temperature,
doubling approximately every 11°C. Since bias cur­
rent s can be considered as a source of voltage offset
(when multiplied by source resistance), the change
in bias currents is of more concern than the magni­
tude of the bias currents. Input offset current is the
difference between the two input bias currents .

Although instrumentation amplifiers have differen­
tial inputs, there must be a return path for the bias
cur rents. If this is not provided , those currents will
charge stray capacitances, which will cause the out­
put to drift uncontrollably or to satu rate. There­
fore, when amplifying "floati ng" input sources such
as transformers and thermocouples, as well as
ac-coupled sources , there must still be a dc path
from each input to ground.

(I) Common-Mode Rejection
Common -mode rejection is a measure of the change
in outp ut voltage when both inputs are changed
equal amounts. These specifications are usually
given for both a full-range input voltage change and
for a specified source imbalance . Common -mode
rejection ratio (CMRR) is a ratio expression while
common-mode rejection (CMR) is the logarithm of
that ratio. For example , a CMRR of 10,000 corre­
sponds to a CMR of 80 dB.

In most lAs, the CMRR increases with gain. This is
because most designs have a front-end configura­
tion that does not amplify common-mode signals.

Since the standard for CMRR specifications is
referred to the output (RTO), a gain for different ial
signals in the total absence of gain for common­
mode input signals will yield a l-t o-I impr ovement
of CMRR with gain. For example , if an instrumen­
tation amplifier provides a CMR of 60 dB at unity
gain , then increasing the amplifier's gain to 10 will
increase the differential gain 10 times . But , (ideally)
the common-mode gain will remain at unity.
Therefore, the CMR is now 80 dB-a direct
improvement with gain .

This means that the common-mode output error
signal will not increase with gain , it does not mean
that it decreases with gain! At higher gains, how­
ever, amplifier bandwidth does decrease. Since dif­
ferences in phase shift throug h the differential
input stage will show up as a common-mode error,
CMRR becomes more frequency dependent at high
gains.

0) Settling Time
Settling time is defined as that length of time
required for the output voltage to approa ch and
remain within a certain tolerance of its final value.
It is usually specified for a fast full-scale input step
and includes output slewing time . Since several
factors contribute to the overall sett ing time, fast
settling to 0.1% doesn't necessarily mean propor­
tionally fast-settling to 0.01%. In addition , settling
time is not necessarily a function of gain . Some of
the cont ributing factor s include slew rate limiting ,
under -damping (ringing) and thermal grad ients
(long tails).
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Table 5 lists all applicable error sources and their
corresponding effects on accuracy. Initial errors
are defined as those errors that can be reduced
to a negligible amount by performing an initial
calibration.

Reducible errors include these initial errors along
with other errors that occur during normal opera­
tion that may be corrected by an adaptive or "intel­
ligent" system. For example, changes in gain or
offset may be measured during an auto-zero/auto­
gain cycle by measuring two known voltages (a
precision reference and ground , for example). Thi s
is a common practice in computer or processor­
controlled equipment.

Irreducible errors are errors are those which cannot
be readily corrected either at initial calibration or
dur ing use. It can be argued that an array of preci-

Error Budget Analysis
To illustrate how instrumentation amplifier specifi­
cations are applied, we will now examine a typical
case where an ADS24 is required to amplify the
output of an unbalanced transducer. Figure 34
shows a differential transducer, unbalanced by
100 fl , supplying a 0 to 20 millivolt signal to an
ADS24C. The output of the IA feeds a l4-bit A-to­
D converter with a 0 to 2 volt input voltage range.
The operating temperature range is - 25°C to
+ 8S°C. Therefore, the largest change in tempera­
ture (liT) within the operating range is from ambi­
ent to + 85°C (85°C- 25°C = 60°C).

The input signal must be amplified by a factor of 10
in order to utilize the full resolution of the A-to-D
converter. Solving the gain equation for G = 10
gives a value of 22.22 kfl for RG •

Table 5. An Error Budget Analysis of an ADS24 In-Amp in a Bridge Application

Effect on Effect on
Absolute Absolute Effect

AD524C Accuracy Accuracy on
Error Source Specifications Calculation @ T A = 25·C @ T A = 85·C Resolution

Gain Error :':0.25% :':0. 25% = 2500 ppm 2500 pp m 2500 ppm -
Gain Instability 25 ppm (25 ppm?CX60·C) = 1500 ppm - 1500 ppm -
Gain Nonlinearit y :':0.003% :':0.003% = 30 ppm - - 30 ppm
Input Offset Voltage :':50 !LV, RTI :':50 !LV/20 mV = :,:2500 pp m 2500 ppm 2500 ppm -
Input Offset Voltage Drift :,:0.5 !LVrC (:':0.5 !Lvrc: (60·C) = 30 !LV

30 !LV/20 mV = 1500 ppm - 1500 ppm -
Output Offset Voltage' :':2.0 mV :':2.0 mV/20 mV = 1000 ppm 1000 ppm 1000 ppm -
Output Offset Voltage Drift ' :':25 !LVrC (:':25 !LVrC)(60·C) = 15oo!LV

1500 !LV/20 mV = 750 ppm - 750 ppm -
Bias Current - Source :':15 nA (:':15 nA)(I00 fl ) = 1.5 !1V

Imbalance Erro r 1.5 !LV/20 mV = 75 ppm 75 ppm 75 ppm -
Bias Current - Source :':100 pArC (:':100 pArC)(1oo fl X60·C ) = 0.6 !LV

Imbalance Drift 0.6 !1V120 mV = 30 ppm - 30 ppm -
Offset Current - Source :,:10 nA (:':10 nAXl oo fl ) = I !LV

Imbalance Error I !LV/20 mV = 50 ppm 50 ppm 50 ppm -
Offset Current - Source :':100 pArC (:,:100 pArC)(1oo fl )(60·C) = 0.6 !LV

Imb alance Drift 0.6 fJ-V/20 mV = 30 ppm - 30 ppm -
Offset Current - Source :':10 nA (:': 10 nA)(I 75 fl ) = 3.5 fJ-V

Resistance- Error 3.5 !LV/20 mV = 87.5 ppm 87.5 ppm 87.5 ppm -
Offset Curre nt - Source :':100 pN ·C (:,:100 pN °C)(17S fl )(W C) = I !LV

Resistance- Dr ift I !LV/20 mV = 50 ppm - 50 ppm -
Common-Mode Rejection 115 dB 115 dB = 1.8 ppm x 5 V = 8.8 !LV

5 V dc 8.8 !LV/20 mV = 444 ppm 444 ppm 444 ppm -
Noise, RTI

(0. 1 Hz- IO Hz) 0.3 !LV p.p 0.3 !LV p.p/20 mV = 15 ppm - - 15 ppm

Total Error 6656.5 ppm 10516.5 ppm 45 ppm

NO TE
'Output offset voltage and output offset voltage drift are given as RTI figures.
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sion reference s would permit a software linearit y
correction, but in most applications that would be
unreal istically cumbersome.

In many applications, different ial linearit y and res­
olution are of pr ime importa nce. This would be so
in cases where the absolute value of a variable is less
important than changes in its value . In these appli-

cations, only the irreducible errors (4S ppm =

0.004%) are significant . Furthermore, if a system
has an intelligent processor monitoring the Avto-D
output, the additional auto-gain/a uto-zero cycle will
remove all reducible errors and may also eliminate
the requirement for initial calibration. This will
also redu ce errors to 0.004%.

+10V
SHIELD

/'T"""\

I \ \ RG 1, I ,
I I I
I I I
I I I, , I
\ I I

14·BIT ADC
oT02V

F.S.

DIGITAL
GROUND

ANA LOG
GROU ND

Figure 34. Typical Bridge Application
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APPENDIX B

MONOLITHIC INSTRUMENTATION AMPLIFIERS
AVAILABLE FROM ANALOG DEVICES

Gain
Gain T.C.

Gain Gain Error ppmf'C Bandwidth Package T emp
Model Sell Range % Max Max (Gain = 1) Options" Range?

AD524 P 1,10, 0.02-2 .0 5-100 I MH z D,E,R I,M
100, Ik

AD5 26 SP 1, 2,4, 0.01-0. 15 2-5 4MHz D, N e,I,M
8, 16

AD620 RP I- 10k 0.02-0.7 SO I MHz N, Q, R I,M

AD62 1 P 10, 100 0.05-0.15 5 800 kHz (G = 10) N, Q, R I,M

AD624 P 1, 100 0.02-1.0 5- 25 I MH z D I,M
200,
500, Ik

AD625 RP I-10k 0.02-0.05 5 650 kH z D,N e , I,M

AD626 P 1-1 60 0.2 55 ISOkHz N, Q, R I,M

AD365 SP I , 10, 0.05-0. 1 5- 10 800 kH z M I
100,500

AD522* RP I-10k 0.05-1.0 2- 50 300 kHz D I,M

AD521* RP O. I- Ik 0.25-3 .0 3- 50 2 D e ,M

AMP-OI RP O. I-lOk 0.6-0.8 10- 15 570 kHz E,Q, N e ,I ,M

AMP-02 RP I- 10k 0.5-0.7 SO 1.2 MH z N, R I

AMP-03 N/A G = I 0.008-0.015 IS typ 3 MHz N I

AMP-04 RP I-Ik 0.5 5 typ 300 kHz N, Q, R I,M

AMP-OS RP 0.1-2k 0.5-1.0 10-20 3 MHz Q I,M

SSM-2017** RP I-Ik 0. 13- 2.7 typ N/A 3.5 MH z N I

NOT ES
"Not recommended for new designs.

""This device is optimized for use as a low noise audio preamplifier.
'Gain Selection: P-pin programmable; SP-software programmable; RP- resistor programmable.
' Package options: D-side-brazed dual-in-line ceramic; E-Ieadless ceramic chip carrier; ,\ i-metal hermetic dual-in-line; N- plastic
molded dual-in-line; Q-c erdip package; R- surface mount package.

"Temperature ranges: C-commercial (O' C to + 70'C); I- industrial (- 40'C to + 85' C): ,\ i - military (- 55' C to + 125' C).
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I INSTRUMENTATION AMPLIFIERS I
I

SOFTWARE -1 LOW VOLT A G E NOISE I HSINGLE SUPPLY
10- PROGRAMMABLE

AD624 AD626
~AD526 (Single-Ended Input) AD625 AMP-04

2 Input Channels I AMP-Ol H LOW POWER I
~AD75062 10- INPUT AD620

8 Inpu t Channels I PROTECTION AD621

AD75068 AD524 H LOW IBIAS IAMP-02

R ES IS T OR Y 8-PIN PACKAGE I AD620
10- AD621

PROGRAMMABLE AMP-04AD620 (SOlOAD620
AD621 (SOlO FET Inpu t IAD625

AMP-02 AD626 (SOlO
AMP-05

AMP-04 AMP-02
AMP-04

LINE DRIVERSY HIGH ACCURACY Y DiffAmpl
I..-

& RECEIVERS
AD524 AMP-03

AD620

Y Highest Accuracy I
AD621
AD624
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~
01
I

) PERAT IO NAL AMPLIFIERS I
r

HIGH SPEED
Slew Rate ~ 100 VIus

I
I

HBUFFERS I I LOW POWER (I SUPPLY< 10 mA) r-i HIGH SLEW RATE ( ~1000 V/llS)1
AD9630

AD810

BUF-03 HHigh Slew Rate I AD811
AD844Y Ultralow I

( ~ 1000 V/lJs) AD9617
Distortion AD810 OP-160 AD9618

AD9620
AD844 OP-260 (Dual) OP-160
ADEL2020 ADEL2020

H FET INPUTI
OP-260 (Dual)H General Purpose I

H SPECIFIED 0.01% SETTLING I
AD845 AD817 AD849

OP-44 AD818 AD827 (Dual) AD811 AD843

Y Fast I
AD847 OP-467 (Quad) AD817 AD845
AD848 AD818 AD846

AD843 H Precision I AD840 AD847
AD841 OP-467 (Quad)

H LOW NOISE « 10 nV NHz>l AD846 AD842

AD810 AD844 H Low Voltage Noise I H DIFFERENCE AMPLIFIER I
AD811 OP-64
AD829 OP-467 (Quad) AD810

AD830

~ I
AD829

DISABLE FEATURE IVIDEO OP-64

AD810 AD830 OP-467 (Quad)

AD811 OP-160 FET Input I
AD818
AD829

OP-44 OP-160



AD54901'-44
AD746 (Dua l)

AD844
AD9610
AD9617
AD9618

AD849
AD5539

IO PERATIO NAL AMPLIFIERS I
I

I LOW NOISE I
I

I IILOW VOLTAGE NOISE - V N I LO W C U R R ENT NOISE - IN
(VN ~ 10 n V /.JHz @ 1 kHz) LOW INPUT BIAS CURRENT - I BIAS

I (I N ~ 10 fA/ .JHz @ 1 kHz, IBIAS ~ 100 pAl

H AUDI O I I PRECI SIO N I IFET INPUT I
AM PLIFIERS I LO W I LOW VN II ELECTROMETER IAD797 AD645 POWERAD797 AD 0 1'-27 AD743 AD64501'-275 AD 01'-37 AD795 AD548 AD795SSM-2015 01'-27 AD796 (D ua l) AD795 AD796 (Dua l)SSM-2016

0 1'-37 g 01'-80
SSM-2017 01'-227 (Dual) Fas t AD648 (Dual) Y Lowcr V jq I
SS M-2134 01'-270 (Dual) AD745 AD796 (Dual)

L;D743SSM-2139 0 1'-271 (D ua l) Y Faste r I
01'-275 (D ua l) (Slew Rat e ~ 8 Vlll s) Faster I

I FAST I 01'-467 (Q ua d ) 01'-282 (Dual) AD745
(Slew Rate ~ 45 VIIl S) 0 1'-470 (Quad ) 01'-482 (Quad) I Low 1-01'-61 01'-471 (Q uad) Power

01'-467 (Quad) I . I
HIgh O utp ut I PRECISIO N I I FAST 0 1'-80Y Faster I I Curren t AD548 AD711 I General ~

(Slew Rate ~ 230 Vlll s) AD797 AD795 AD712 (D ua l) Pu rp ose
AD829 I 0 1'-50 AD 820 0 1'-249 (Dual) AD 515A

ULTRALOW VN IAD840 I Ultrafas t I AD648 (Du al) AD713 (Qu ad ) AD545A
0.9 nVI,!Hz AD844 I(Slew Rate ~ 1000 Vlll s) AD796 (Dual) Y Fas ter I AD546

- . - ~ . AD 822 (Dua l)
AD744 ILowe st I BIA S ~

60 fA Max

I
~

9'



I
~
-.J
I

IO PERATIO NAL AMPLIFIERS I
I

PRECISION
Input Offset Voltage < 1 mV

H LOW POWER (lSVPPLY ~ 1 m A) I HLOWNOISE I H SINGLE SUPPLY I
AD705 OP-200 (Dual) AD846 AD820 OP-220 (Dual)
OP-97 OP-297 (Dual) AD OP-27 OP-20 OP-221 (Dual)
PM-I008 AD704 (Quad) OP-27 OP-21 OP-290 (Dual)
PM-IOl2 OP-400 (Quad) OP-227 (Dual) OP-90 OP-295 (Dual)
AD706 (Dual) OP-497 (Quad) OP-270 (Dual) AD822 (Dual) OP-490 (Quad)

y Single Supply I OP-467 (Quad)
y LO W IBIAS (I BIAS ~ 100 pA) IOP-470 (Quad)

AD820 OP-220 (Dual) L---1 Fast I
OP-20 OP-221 (Dual) AD705 AD712 (Dual)

OP-21 OP-290 (Dual) AD797 OP-271 (Dual) AD711 OP-249 (Dual)

OP-90 OP-295 (Dual) AD OP-37 OP-275 (Dual) OP-42 OP-297 (Dual)

AD822 (Dual) OP-490 (Quad) OP-37 OP-471 (Quad) OP-97 AD704 (Quad)
PM-I008 AD713 (Quad)

~ HIGH SPEED I HIGH PRECISION PM-IOl2 OP-497 (Quad)-
(Input Offset Voltage < 100 IlV) AD706 (Dual)

AD844
AD846 AD705 PM -IOl2 '--- Lower 'BI AS
OP-271 (Dual) OP-77 AD706 (Dual) (lBIAS ~ 10pA)
OP-275 (Dual) OP-97 AD708 (Dual)
OP-467 (Quad) AD548

VI hi h P . . I AD549tra Ig recisron A ""'''m"
(10 IIV < Input Offset Voltage < 90 IIV)

AD707
OP-177

AD648 (Dual)
AD796 (Dual)
AD822 (Dual)



al)
ad)

)

OP-490 (Quad)
OP-482 (Quad)

OP-295 (Dual)

IOPERATIONAL AMPLIFIERS I
I

ILOW POWER/MICROPOWER I
I

I I
ILOW POWER (0.1 rnA < ISUPPLY< 1 rnA) I MICROPOWER (ISUPPLY< 0.1 rnA) I

I I
I I I I I

I SINGLE I I FETINPUTI I PRECISION I ISIN G LE SUPPLY I I PRECISION I
SUPPLY

AD705 I OP-90OP-21 AD820 OP-290 (DlOP-80 H Precision I OP-97 HPrecision I OP-490 (QlOP-221 (Dual) PM-I012
OP-295 (Dual) AD548 AD706 (Dual) OP-90 -I Programmable IOP-421 (Quad) AD820 AD822 (Dual)

OP-290 (Dual) Supply Curre n t
H FET Input

AD648 (Dual) OP-200 (Dual)
OP-490 (Quad)

AD822 (Dual) OP-22
OP-297 (Dual) YGeneral Purpose IAD820 HLowest IBIASI AD704 (Quad) y Fas t IAD822 (Dual) OP-400 (Quad) OP-2OI OP-80 (CMOS) OP-220 (Dual) OP-32

H OP-497 (Quad)Rail-to-Rail OP-420 (Quad)
Low Voltage IAD-820 YFas t I '- Externa l

Vs :s; +3 V
AD-822 (Dual) Compensation

OP-43
OP-295 (Dual) -. Fas ter I

Low Voltage I
Vs :S; +3 V

I
~

Cf



SUBJECT INDEX

Accelerometer, 21
Active decoupling, 19-20
ADC , 26
Amplifier offset voltage,

redu ction using in-amps, 30
Analog-to-digital converter, See: ADC
Attenuation, in-amp, I
Audio applications, in-amp , 3

Bandwidth, in-amp, 2
Bias current , in-amp, 2
Bidirectional current limit FET, diagram, 12
Bipolar input op-arnp , characteristics , 6-7
13-Bit linear bilateral current source,

in-amps, 32
Buffered subtractor circuit, 5

modification , 6

Cable termination , in-amps, 19
CCD imaging , in-amp application , 25
CMR,2

ac, trimming, 19
de, trimm ing, 19
external, 19
in-amp, I
sett ling time ad justments, 19
values, 2

CMRR, 1,6, 19
Common-mode rejection , See: CMR
Common-mode rejection ratio , See: CMRR
Current offset , in-amp , 2

Data acqu isition :
high speed, in-amp , 25- 26
in-amp, 3
in-amps, 21
using high per formance in-amp , 24-26

FET:
bidirectional current limit , diagram, 12
input device, 2- 3

FET input op-amp, characteristics, 6-7, 11

Gain selection , in-amp , 2
Hall-effect magnetic field sensor, 21
Impedance, high-input , in-amp, 2
In-amp:

13-bit linear bilater al current source , 32
applications, 3
cables, 19
characteristics, 2-3
common-mode rejection, 39
conditions, 36
data acquisition, 21
definition, 1-2
error budget analysis, 40-41
errors, 19
functional diagram, 3-4
gain, 34
gain error, 37
gain range , 37
gain selection, 3
gain vs. temperature, 38
high performance, for data acquisition,

24-26
input currents, 39
listing , 43
nonlinearity, 37-38
offset voltage, 38
output, 3-4
remote load sensing, 31
settling time , 39
single multiplexed high bandwidth, 25
specifications, 35-43
in SPGA, 22-23
stability, 19-20
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stacked,
for noise reduction, 28-29
performance, 29

transducer preamplifier, 21
voltage-to-current converter, 32
weigh scale application , 22
Wheatstone bridge, 22
zero drift , 30

Input bias, in-amp, 2
Input resistance , in-amp, 1
Instrumentation amplifier, See: In-amp
Isolation amplifier , 1

Level sensor, 21
Load cell, 21

Medical instrumentation , in-amp, 3
Monolithic in-amp, 42

advantages, 9, 10
design , 11-14
optimized , 16
overload , 13

Noise, low, in-amp, 2
Nonlinearity, low, in-amp, 2
Nyquist criteria, 26

Op-arnp:
differential gain block , 4
dual , input buffering,S
subtractor,

impedances , 4
in-amp function , 4
input buffering, 4-6
resistors , 4

vs. in-amp, 1

Photodiode sensor, 21
Power supply, bypassing , 19-20

Referred to input , See: RTI
Referred to output, See: RTO
Remote load sensing, in-amps, 31
Resistance temperature detector , 21
RTI error, 19
RTO error, 19

Selection Trees, 44
Signal conditioning, high speed , in-amp , 3
Software programmable gain amplifier, See:
SPGA
SPGA,22-23
Stacking, in-amps, 28
Subtracter circuit , input buffering,S

Thermistor, 21
Thermocouple, type "J", 21
Three op-amp in-amp:

high gain , video bandwidth , 27
high speed , 26-27

Three op-amp in-amp circuit , 6
design, 6-7
disadvantages, 7
in monolithic in-amp, 11
reduced CMV range , 7

Transducer:
bandwidth, 21
characteristics, 21
in-amp as preamplifier, 21
interface applications, 21 .

Transformer, in-amps , stacked, 29
Two op-amp in-amp circuit:

design , 7-9
diagram, 8
limitations, 7-9
operating gains , 8
post filtering , 9-10

Voltage , offset , in-amp, 2
Voltage-to-current converter, in-amps, 32
Wheatstone bridge, in-amps, 22
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AD365,43
AD521 , 19, 43
AD522,43
AD524, 11 , 16, 19,21 ,28-29,35-36,39-40,43
AD524A,35
AD524B,35
AD524C,40
AD524S,35
AD526,43
AD584,22
AD620 , 11 , 14, 32, 43 •
AD621, 15, 21, 34, 43
AD624, 16, 19, 21- 22, 36,43
AD625, 19, 21-22 , 43
AD626, 4, 17, 21, 33, 43
AD67 1,25-26
AD678,24
AD704 ,9-1O
AD705 , 4-6, 32
AD706 , 5-6, 8
AD744,24
AD746,24
AD827,26
AD829,27
AD847,26
AD848,27
AD 1674,22
AD7502,23
AMP-01, 12- 13,21 ,30-32 ,43
AMP-02, 11 , 13, 21, 43
AMP-03, 4, 43
AMP-04, 18, 43
AMP-OS , 21, 43
OP-07,22
OP-4 1,30
OP-97,4-6
OP-297, 5-6 , 8
OP-497,9
PM-741, 30
SSM-20l7 ,43
SW-06,30
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