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FOREWORD

This book is a guide to the broadest range of electronic compo-

nents and devices needed by designers of instrumentation and
control systems which accept, analyze, process, convert, trans-

mit, display and react to electronic signals. It contains not only
product performance data, but also information designed to

help you simplify the choice of the right product solution for

your application.

GUIDE TO THE GUIDE

There are a number of ways to use this publication depending
upon your particular product needs, and knowledge of Analog

Devices’ product line. Generally, you can access information

by:

@ product number, using the model number indices printed

on the inside front cover and page 272.

® product category (i.e. “Multipliers/Dividers”) by using

the product classification index on page 270.

® area of interest using the table of contents printed here.

CONTENTS

Please note also that new products and improvements are
featured beginning on page 4, and are further highlighted
throughout this PRODUCT GUIDE by color indication in the
page margin and tables.

If you require additional information or assistance beyond that
provided in this PRODUCT GUIDE, do not hesitate to contact
our factory or field sales engineers, directly. Information
request cards are also attached for your convenience.

January 1975
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NEW PRODUCTS

The following are capsule descriptions of the products
introduced by Analog Devices during the past year and
scheduled for formal introduction during the next couple of
months. In addition to new products, this selection includes
brief descriptions of product improvements and product
price changes. Additional information on these products

can be found on the pages noted, except those entries
indicated as “advance information.” Unless otherwise
stated, these products are currently available.

LINEAR INTEGRATED CIRCUITS

4 NEW PRODUCTS

BIPOLAR & FET's

INTEGRATED CIRCUIT 12-BIT D/A CONVERTER (Page 217
AD562: The AD562 is the first I.C. D/A converter with true
12-bit accuracy. Active laser trimming of thin film resistors
combined with 12 precision, bipolar switches, results in a con-
verter with %4LSB error at +25°C and complete monotonicity
over the full specified operating range.

Requiring only an external op amp and reference to complete
the DAC function, the AD562 is recommended for all 12-bit
D/A converter applications requiring high accuracy, small size
and low cost. The AD562K is specified from 0° to +70°C, the
“A” from -25°C to +85°C and the “‘S” over the full military
temperature range -55°C to +125°C. All versions are available
in a hermetically-sealed, 24 pin DIP.

LOW COST FET-INPUT OP AMP (Page 186)

AD540: The AD540], AD540K and AD540S are the lowest
priced, high performance I.C. FET-input operational amplifiers
available which provide the user with low bias currents, high
overall performance and accurately specified performance. The
devices achieve a maximum bias current of 25pA, minimum gain
of 50,000, CMRR of 70dB and a slew rate of 6V/usec.

LOW NOISE FET-INPUT OP AMP (Page 185)

AD514: The AD514], AD514K, AD514L and AD514S are low
noise, high accuracy FET-input amplifiers which have been
designed and fully tested for low noise applications such as
EKG amplifiers, pH electrodes and long term integrators. The
devices offer noise voltage as low as 5uV (p-p) max, (0.1 to
10Hz), bias currents as low as 10pA and offset voltage as low
as 20mV.

LOW DRIFT VOLTAGE REFERENCE (Page 216)

AD580: The AD580], AD580K and AD580S are three-terminal,
low cost, temperature compensated, bandgap voltage reference
circuits which provide a fixed 2.5V output voltage for inputs
between 4.5 and 30V. Offering a clear advantage over Zener
techniques, the AD580 provides a temperature stability of
better than 40ppm/°C and long term stability of better than
250uV.

HIGH SPEED FET-INPUT OP AMP (Page 203)

AD528: The AD528], AD528K and AD528S are high speed
precision FET-input operational amplifiers combining the
advantages of very high slew rate and wide bandwidth with the
ultra low input currents only available with FET-input designs.
The devices are internally compensated for unity gain applica-
tions with a 60° phase margin to insure stability, a minimum



unity gain slew rate of 50V/usec, a typical bandwidth of 10MHz
and laser-trimmed offset voltage down to 1mV max.

LOW COST I.C. MULTIPLIER (Page 212)

AD533: The AD533]J, AD533K, AD533L and AD533S are

low cost I.C. multipliers, dividers, squarers, square rooters com-
prised of a transconductance multiplying element, stable refer-
ence and output amplifier on a monolithic silicon chip. With a
basic transfer function of XY/10 and accuracy down to 0.5%,
the AD533 is recommended for many computational applica-
tions, such as frequency discrimination, rms computation and
peak detection, where low cost is a factor.

MONOLITHIC INSTRUMENTATION AMPLIFIER (Page 196)
AD521: The AD521], AD521K and AD521S are true instru-
mentation amplifiers in 1.C. form. Differential inputs and high
CMRR make the AD521 well suited in applications where noise
and large common mode signals are present. Full operation at
gains from 0.1 to 1000 is obtained with the addition of only
two external resistors.

CMOS

MONOLITHIC CMOS SWITCHES (Page 226)

AD7510 Series: A complete line of CMOS switches is now
being offered, which can perform a myriad of switching func-
tions that can be CMOS, TTL, or DTL controlled. All switching
functions offer extremely low power dissipation (typically
30uW), low “ON”’ resistance, and moderate to fast switching
speeds.

The AD7510/AD7511 features four independent CMOS swit-
ches (the AD7511 offers inverted control logic). The AD7512
provides a dual SPDT function. The AD7513 is a dual SPST
plug-in replacement for the DG200. The AD7516 is an impro-
ved second source of the CD4016A quad SPST and the
AD7519 offers a quad SPDT current steering function for D/A
converters, which requires fast switching speeds.

MONOLITHIC CMOS MULTIPLEXERS (Page 224)

AD?7501 Series: The product line includes two 8-channel analog
multiplexers, AD7501 and AD7503. The AD7503 offers inver-
ted “Ey” logic for specific applications.

The AD7502 is a 4-channel differential multiplexer to handle
applications requiring good common-mode-rejection. The
AD7506, 16-channel multiplexer, and the AD7507, 8-channel
differential multiplexer, are replacements for the DG506 and
DG507.

The multiplexer product line features CMOS, DTL, and TTL
logic control compatibility, binary address control, low “ON”
resistance, and low power dissipation (30uW for the AD7501/
7502/7503, and 1.5mW for the AD7506/7507, typically).

MONOLITHIC CMOS D/A CONVERTERS (Page 228)
AD7520 Series: Industry’s first CMOS monolithic D/A con-
verter, the AD7520, features 8, 9, and 10 bits of linearity,
2ppm of FSR/°C maximum nonlinearity TEMPCO, fast cur-
rent settling time, and low power dissipation of typically
20mW. TTL, DTL, and CMOS digital control compatibility
with a wide +5V to +15V operating voltage supply range.

The AD7521 offers all the features of the AD7520, but pro-
vides for 12 bits of resolution with a 10-bit linearity for
specific applications, such as digitally controlled filters.

NEW PRODUCTS 5



MODULAR CONVERTERS

MONOLITHIC CMOS A/D CONVERTERS (ADVANCE
INFORMATION)

AD7570 Series: The AD7570 is a CMOS monolithic successive
approximation 10-bit A/D converter. The AD7570 features
“tri-state’ parallel outputs and a synchronized serial output.
The control circuitry required to directly interface with an
8-bit microprocessor has been included on-chip for ease of
application. An internal clock is available, providing for total
conversions in 12 microseconds.

Additional attractive features will be an 8-bit short cycle input,
external synchronization, and low power dissipation. The
AD7570 will be available in a 28-pin DIL package. Availability:
December, 1974.

THIN FILM RESISTORS

PRECISION RESISTOR NETWORKS

Thin Film Ladder Networks (Page 240)

The AD1850-1856 series are precision ladder networks desig-
ned to provide a high degree of accuracy for operation over
limited temperature ranges, with guaranteed accuracies speci-
fied at +25°C. This series complements the present AD850-856
series widely used in wide temperature range applications.

General Purpose Resistor Networks (Page 236)

The AD1800-1842 series presented here is the industry’s most
complete standard precision thin film product line consisting
of over 150 variations such as: 5 decade dividers, 10 segment
binary dividers, summing networks (3 products) and others.
All are available in standard housings, with thin film perfor-
mance, competitively priced with their discrete counterparts.

Custom Resistor Networks (Page 234)

Analog Devices’ thin film capabilities are available to serve
your custom network needs with dedicated products designed
to your specifications, from simple variations of our standard
products to completely innovative concepts. Contact us before
proceeding with discretes.

THIN FILM HYBRID COMPONENTS

Chip Resistor Networks (Page 232)

In addition to the chip versions of all of our standard products,
our custom service for user designed chip networks allows you
enormous design flexibility for chip functions sized from .025"
to 3.5" square with performance identical to our packaged
functions.

Thin Film Coated Substrates (Page 230)

For those users that have the facilities for custom hybrid pro-
duction, our complete line of 2 & 3 film 50 to 500 ohm/square
products sized to 3.5" square provides a sizeable primary or
secondary coated substrate source. Special products can be
fabricated upon request.

6 NEWPRODUCTS

HIGH SPEED A/D (Page 98)

ADC1109, 10 BITS IN 4us: A high speed A/D converter pack-
aged in a small 2" x3" x0.4" (51 x 76 x 10mm) module. It
uses the successive approximations technique to perform com-
plete 10 bit conversions in 4us (max) with a non-linearity error
of less than +%4LSB.



The ADC1109 accepts either unipolar or bipolar inputs and
produces natural binary, offset binary, or two’s complement
coded outputs. A true serial output is also provided. Perfor-
mance specifications include +30ppm/°C gain TC and no
missing codes over the entire 0 to +70°C operating range.

HIGH PERFORMANCE A/D (Page 96)

ADC1105, DUAL SLOPE A/D USES EXTERNAL COUNTERS:
A dual slope A/D converter which uses external counters and
registers to produce any coding or counting scheme with reso-
lutions up to 1:20,000. Its versatility is especially useful in
instrumentation applications where it is desired to have outputs
scaled directly in terms of engineering or physical units.

Two versions are available: The ADC1105] with 0.1% and the
ADC1105K with 0.01% relative accuracy. Both versions of this
2" x4" x 0.6" (51 x 102 x 16mm) module feature ratiometric
capability and a choice of input voltage ranges. The ADC1105
is also available in a card mounted form factor.

GENERAL PURPOSE D/A (Page 82)

DAC1118, LOW COST 12 BIT D/A WITH REGISTER: A 12
bit D/A which includes an input register and a versatile output
amplifier for only $80 in hundreds. It features 5us settling time
to 0.01%, +%LSB maximum non-linearity error, and +20ppm/°C
gain TC.

The TTL/DTL compatible input register can be ordered to
accept natural binary, offset binary, BCD, or two’s comple-
ment codes. The output amplifier can be programmed by the
user to produce 0 to +5V, 0 to +10V, 2.5V, ¥5V, or £10V
outputs. Module dimensions are 2" x 4" x 0.4” (51 x 102 x
10mm).

LOW POWER A/D (Page 100)

ADC1123, 10 BIT CMOS DEVICE: A 10 bit successive approx-
imations A/D converter which is ideal for applications such as
battery powered instruments and large data handling networks.
It produces CMOS compatible parallel and serial data outputs
and can be operated from a single +12 to +15V battery.

Performance specifications include +%LSB maximum non-
linearity error, 100us maximum conversion time, and no
missing codes from 0 to +70°C. The dimensions of this card
mounted device are 3.65" x 4.10" (92.71 x 104.14mm).

MULTIPURPOSE D/A (Page 82)

DAC1009, 12 BIT POSITIVE-TRUE LOGIC INPUT: An
economical D/A converter which can be configured by the
user for fixed reference or multiplying operation, current or
voltage output and CMOS or TTL compatibility. The voltage
output settles to 0.01% in 4us and the current output settles in
700ns.

Other performance features of this 2"x2"x04" (51x51x
10mm) module include +11ppm/°C gain TC and 0 to +50°C
monotonicity. As a multiplying D/A it has a small signal band-
width of 950kHz. With appropriate external circuitry, the feed-
through is less than 1LSB at 50kHz.

HIGH SPEED, CURRENT OUTPUT D/A (Page 86)

DAC1106, SETTLES TO 10 BIT ACCURACY IN 50ns: A very
high speed, adjustment-free D/A converter which can be
ordered with either 8 or 10 bits of resolution. This 2" x 2" x
0.4" (51 x 51 x 10mm) module is designed for use in applica-
tions such as computer driven displays, automatic test equip-
ment, and function generators.
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MODULAR AMPLIFIERS

Both versions of the DAC1106 feature +%1L.SB maximum non-
linearity error, +10ppm/°C gain TC and +0.002%/%AV power
supply rejection. The settling times to 0.2%, 0.1% and 0.05%
are 25ns, 40ns, and 50ns respectively. A single £15VDC supply
is the only power required.

HIGH RELIABILITY CONVERTERS (Page 106)
ADC1111,DAC1112,SHA1114, DAC1117: Fully documented,
high reliability versions of the ADC-12QM, DAC-12QS, SHA-2A,
and MDA-12QD. Each unit that we build undergoes 168 hours
of burn-in at +125°C, and temperature cycling (per method
1010 of MIL-STD-883) to ensure that it will operate reliably
over the full military temperature range. Extensive qualification
testing has shown that the devices are capable of operating under
severe environmental conditions.

These products offer high reliability with the ease of specifica-
tion and procurement normally found only in standard com-
mercial-grade converters. A 15 page specification document is
available for each product which lists its characteristics and
capabilities in great detail. Since these are ‘“‘off-the-shelf”
products, we can readily quote price and delivery for one piece
right up to thousands of pieces and we can normally ship you
evaluation samples from stock.

8 NEW PRODUCTS

FAST SETTLING, WIDEBAND, MIL-TYPE AMPLIFIER (Page 4
MODEL 51, SETTLING TO 0.05% IN 250ns MAX: The model
51A and 51B are ultra fast, wideband, differential FET amplifi-
ers featuring all hermetically sealed semiconductors for greater
reliability and wide operating temperature range (-55°C to
+100°C). Available in two drift selections; SOMV/OC, max
(51A), and 20/.LV/°C, max (51B), both models offer OMHz
gain bandwidth product, slew rate of 400V/us and 2100mA
output current from dc to 6MHz. Wideband input voltage noise,
particularly important in display system D/A converter applica-
tions, is a low 64V, rms (5Hz to 2MHz).

LOW NOISE, LOW DRIFT, FET AMPLIFIER (Page 36)
MODEL 52, GUARANTEED NOISE OF LESS THAN 1.5uV:
Designed for handling microvolt signals from high impedance
(>100k{2) sources, model 52 features low voltage noise (1.5uV
p-p, max, 1Hz BW) with two low input voltage drift selections;
3uV/°C, max, 52] and 1uV/°C, max, 52K. High voltage gain
(120dB, min), high CMR (100dB, min) and low input bias cur-
rent (3pA, max) complete the performance profile making
model 52 an ideal selection for applications such as low noise,
low drift “front-end’” preamplifiers for A to D converters and
DVM’s.

For high impedance buffering applications, model 52 offers
complete protection from input transients as well as high linear
common mode rejection.

INSTRUMENTATION AMPLIFIER (Page 52)

MODEL 606, 100kHz BANDWIDTH, %uV/°C INPUT DRIFT,
AND GUARANTEED NOISE LESS THAN 11V p-p: Model
606 offers virtually constant bandwidth over a gain range from
1 to 10,000V/V with four low max drift selections; M(%uV/°C),
L(‘/qu/OC), K(1uv/°c), ](ZuV/OC). Input voltage noise is speci-
fied as less than 1uV p-p (10Hz Bandwidth) making model 606
the first instrumentation amplifier on the market to offer guar-
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anteed low noise. Requiring only one resistor to externally
program its differential gain, model 606 offers precision perfor-
mance with gain nonlinearity error of 0.002%, max and gain
temperature stability of 15ppm/°C, max. Add to this perfor-
mance 50us settling to 0.01% and model 606 approaches the
premium performance of rack and panel data amplifier designs,
but at a fraction of their cost. Model 606 is the industry’s first
instrumentation amplifier to combine the best attributes of
fast amplifier designs with the accuracy of slower models, pro-
ducing the fastest high accuracy model.

INSTRUMENTATION AMPLIFIER (Page 52)

MODEL 610, 50kHz BANDWIDTH, ‘/z[.lV/OC INPUT DRIFT,
AND GUARANTEED NOISE LESS THAN 2%uV rms: Analog
Devices’ model 610 combines good performance and low price
to set an outstanding standard of value for this class of instru-
mentation amplifier. The 610 features guaranteed low noise
performance of 2.5uV rms, max. Other noteworthy guaranteed
specifications include 0.02% max nonlinearity, 0.54V/°C max
offset drift and 15ppm max gain error. When coupled with
86dB (min) CMR, the model 610’s performance characteristics
enable it to maintain total amplifier errors below 0.2% over a
20°C temperature range.

MEDICAL ISOLATION AMPLIFIER (Page 56)

MODEL 276], ECONOMY, LOW NOISE, G = 3V/V: Offering
complete patient safety and defibrillator protection, model
276] features low input noise, 8uV p-p (100Hz bandwidth),
low cost, $98 (1-9) and high common mode rejection, 115dB,
min (60Hz, 5kS2 source imbalance). Pin compatible with earlier
medical isolator designs (models 273], 273K), model 276]
provides a gain of 3V/V for improved low lcvel signal processing.
With 0.5V input dynamic range and 100uV/°C output offset
drift, model 276] offers excellent performance for all low noise
bio-medical and patient monitoring applications.

INDUSTRIAL ISOLATION AMPLIFIER (Page 58)

MODEL 279], MULTI-CHANNEL SYSTEMS, UNITY GAIN
BUFFER: Designed for multi-channel isolator system applica-
tions, model 279] joins the family of industrial isolators
(models 272], 274]) offering total ground isolation between
input and output, high common mode rejection (150dB, dc,
balanced source), and +7.5kV common mode voltage capabil-
ity. In multi-channel systems, oscillator interaction between
model 279] channels is eliminated by virtue of the external
oscillator drive capability. Further, the internal transformer-
coupled™ guarded isolation system of model 279] offers signi-
ficant reduction of E-M noise pickup due to harsh indus-
trial environments commonly experienced in aerospace, bio-
medical and industrial applications. In chemical, nuclear and
metal process control systems, model 279] offers high imped-
ance (10'2Q) unity gain buffering with “fail safe” input cir-
cuitry.

HIGH ACCURACY, FOUR QUADRANT TRANSCONDUC-
TANCE MULTIPLIER (Page 157)

MODEL 435, 0.1% MAX ERROR WITHOUT TRIMMING:
Optimized for high accuracy applications, model 435 multi-
plier/divider offers 0.25% max (435]) and 0.1% max (435K)
total output error limits, combined with exceptionally low gain
nonlinearity error; 0.1% max (435)) and 0.05% max (435K).

*Patent applied for
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This precision is essential in phase detection, automatic gain
control and modulation/demodulation applications. Excellent
low accuracy drift (0.01%/°C) and output offset drift 0.3mV/°C
max (435]);0.2mV/°C max (435K) complement the low ini-
tial errors to permit high accuracy performance over the speci-
fied operating temperature range (0 to +70°C). Bandwidth
(-3dB) is 300kHz and wideband noise (10Hz to 10kHz) is
250uV, rms. Model 435 may be used as a direct plug-in replace-
ment for more expensive pulse modulation type multipliers at

a significantly lower price.

PRECISION, TWO QUADRANT, ANALOG DIVIDER (Page 165)
MODEL 436, %% ACCURACY, 300kHz BANDWIDTH: Over a
denominator signal range of 100mV to 10V (100:1), model

436 features guaranteed accuracy of %% (436A) and %% (436B)
with no external trimming. For the ultimate in high accuracy
two quadrant division, model 436 may be externally trimmed
for improved performance; 0.1% (436B). Numerator nonlinear-
ity error is less than 0.15% (436A) and 0.1% (436B) for inputs
from 200mV p-p to 20V p-p (100:1 range). Small signal band-
width (-3dB), over the 100:1 signal range, is 300kHz. Model
436 incorporates a unique voltage controlled gain trim feature,
offering ease of adjustment to compensate for system errors.

ECONOMY, TRUE RMS-TO-DC CONVERTER, IMPROVED
CREST FACTOR PERFORMANCE (Page 164)

MODEL 440, 0.1% ACCURACY, DC RESPONSE: Featuring
true rms-to-DC performance with high crest factor capability,
model 440 offers high accuracy, 0.2% max (440J); 0.1% max
(440K), small size, 1.5" x 1.5" x 0.4” and low cost, $62, 440]
(1-9). Rated accuracy is achieved for signals with crest factors
as high as 5, making model 440 an excellent choice whenever
rms measurements must be made independent of waveform. No
external adjustments or components are required to achieve
rated performance. In addition to measuring AC signals, model
440 can also measure directly the rms value of a waveform
containing both AC and DC. Output offset may be externally
adjusted to zero with a 20k{2 trim potentiometer. For all indus-
trial rms measurements, such as SCR motor controllers, as well
as line voltage measurements with high harmonic distortion,
model 440 offers economy and accuracy.

LOW COST MODULAR POWER SUPPLIES, SEVEN NEW
MODELS (Page 174)
Several new dual output (¥15V and ¥12V) and logic (+5V)
supplies have been added to the popular 900 series encapsulated
oaices et supplies. These new models include a low profile (0.87" case
height) dual 15V supply (model 902-2) for applications where
card spacing is typically one inch. High output current models
include a 2000mA logic supply (model 922) as well a 350mA
ANALOG g, Y dual 15V (model 925) and a 240mA dual 12V (model 921).
DEVICES ANALOS DEVICES For application where it is undesirable or impractical to utilize
printed circuit boards or sockets for mounting, four new chassis
mount supplies are available. These supplies (models 952, 955,
: 970 and 971) offer the same reliable performance as previous
[ — models offered by Analog Devices, but input and output
connections are made by a terminal strip rather than pins.
Mounting is accomplished by four threaded inserts at the bot-
tom of the units. Included in the chassis mount series are two
15V duals (model 952, 100mA; model 970, 200mA) and a
5V logic supply (model 955, 1000mA).
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DIGITAL PANEL METERS

AD2008, 4% DIGITS, AC LINE POWERED, BECKMAN
DISPLAY (Page 136)

AD2008: The AD2008 offers new versatility to users of high
resolution, high accuracy DPMs. Besides offering performance
that justifies a full 4% digits of resolution (19999 counts full
scale), the AD2008 has two data output options compatible to
all DTL/TTL/CMOS/PMOS logic systems and an option for
ratiometric operation.

The AD2008 measures voltages over a full scale range of
*1.9999V with a maximum error of £0.005% reading £50uV
*1 digit. A fully floating, opto-isolated input section allows
measurements to be made with common mode voltages up to
300V rms and provides greater than 100dB common mode
noise rejection. Integration of the input voltage for three AC
line periods allows greater than 60dB of normal mode noise
rejection.

The AD2008 displays the digitized data on large 0.55” (14mm)
Beckman seven-segment gas discharge displays that are visible
at distances up to 50 feet and over viewing angles of 130° in all
ambient fighting conditions. Data output options provide full
paralle]l BCD data or a pulse train output for counting external
to the DPM. The option for ratiometric operation allows for
making measurements of the ratios of two independent input
voltages.

NEW PRODUCTS 11
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AMPLIFIER PRODUCTS

WHICH AMPLIFIER FOR THE JOB
Selecting the best amplifier for a particular application has

become almost an art when you consider the overwhelming
proliferation of both operational amplifiers and committed
gain amplifiers in recent years. During 1974, Analog
Devices made several significant advances in operational
amplifier design. Proprietary monolithic designs (IC’s)
moved ahead strongly with improved bias current, drift and
speed characteristics challenging the high performance of
today’s better discrete component devices. These include
both FET and bipolar input circuits.

By the same token, discrete designs also moved ahead
especially in the area of fast settling, low noise, low drift and
isolation amplifiers. No longer can it be said that designers
should consider discretes for higher performance and monoli-
thics for moderate performance, small size or economy. Econo-
my and performance are now available in either form factor,
making the selection process more complex than a year ago.

In the area of committed gain amplifiers, Analog Devices has
added new designs which represent major improvements

over models previously available. For data acquisition require-
ments, high speed and low drift have been achieved in its

new instrumentation amplifiers. For medical and industrial
applications, isolation amplifiers appear for the first time to
satisfy patient safety and equipment isolation requirements.

The following sections are intended to guide the user to the
best amplifier for his application whether he be expert or
new-comer to the art of selecting amplifiers. The extent

of his familiarity with amplifier types and their specifications
will determine how rapidly he moves to his final decision.

HOW AMPLIFIERS ARE CLASSIFIED
To assist the designer in distinguishing among the multitude

of models, many with comparable specifications, Analog
Devices has listed all amplifiers in this catalog by application
class. Identifying a key parameter will usually lead the
designer to the best amplifier for his job. To assist in the
selection process, the chart below ties the key application
parameters to the relevant amplifier class which can then be
located on the designated page.

Classification of Amplifiers
To assist you in selecting the best amplifier for the
application, we have classified products into twelve cate-

APPLICATION GUIDE BY KEY FEATURE

Key Feature

Application

Low drift and noise,
long term stability

Low bias current
Wideband and fast

settling

Economy, moderate
performance

High CMRR, CMV
Input-output isolation
Battery operation
Log or antilog

Voltage and/or current
booster

Medical and industrial, transducers,
amplifiers, preamps
High source impedance, integrators,

charge amplifiers

D/A, A/D converters, sample and
holds, comparators

Function generators, general
designs, active filters

Long cable transmissions, noisy
signal environments, instrument
preamps

Medical patient safety currents,
isolation, programmable equipment
Portable equipment, low noise,
preamps

Signal compression, linearization,
photometric ratios

Audio and servos, power regulators,
galvanometers, current source

Amplifier Classification Page
Low drift chopper 44
Low drift differential 46
General purpose FET
electrometer 48
Wide bandwidth

fast settling 40
General purpose bipolar 34
General purpose FET 36
Isolation 54
Instrument 52
Isolation 54
Low drift differential 46
Logarithmic 169
High output capability 50
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gories. In doing this we have established what we believe

to be the optimum point of departure for proper amplifier
selection. In some exceptional cases, an amplifier has been
included in more than one category because of its out-
standing versatility. But in most instances we have focused
on one single attribute or key parameter for amplifier
classification. For example, the chopper stabilized group
focuses on low drift, but includes several models which
could qualify for high output capability or wide bandwidth.
We believe that low drift is the key feature.

Many designers are faced with the problem of selecting the
best amplifier whether it be a microcircuit or discrete compon-
ent module. To ease their task, Analog Devices has listed

these devices together in this amplifier section making

direct comparisons more convenient. The monolithics are

also listed separately in their own section and should be
referred to there when the choice must clearly be a micro-
circuit device.

1. General purpose - moderate performance

Amplifiers in this group include Analog’s lowest cost devices.
They are best suited for general purpose designs with
moderate drift requirements in the range from 5 to 75uV/ °c,
unity gain bandwidths to 1MHz, and full power response to
100kHz. Typical applications include summing, inverting,
impedance buffering (followers) and active filtering. They
are also useful for developing nonlinear transfer functions.

2. General purpose FET - low bias current, high Zj\

These models should meet most design requirements,
especially those which cannot be satisfied by bipolar input
designs because of excessive bias currents or too low

input impedance. The lower bias currents (1 to 100pA) and
higher input impedances (10! ohms) of FET’s make them
a natural choice when amplifier gain networks exceed 100k
ohms and it is necessary to minimize input loading and
current offset errors for improved accuracy. Significant
applications include integrators, sample and hold amplifiers,
current to voltage converters and low bias current log
circuits.

3. Wide bandwidth - fast settling

Amplifiers in this group feature both differential FET and
bipolar input stages which afford a wide choice of drift

and bias current specifications. They emphasize
exceptionally fast response and wide bandwidths (to IOOMHZ
100ns settling) for applications in data acquisition and pulse
data transmission systems. Critical specifications are step
response settling time, full power response and current
output.

These amplifiers are useful for sample and hold circuits,
A/D converters or as high speed buffers and integrators.
Offering high output current capability, they should be
considered for video or line driver circuits, D/A output

amplifiers or as deflection coil amplifiers.

4. Low voltage drift - chopper stabilized

These amplifiers are widely accepted as the best choice when
it is essential to maintain low voltage offsets and bias currents
with time and temperature or whenever external offset
adjustments are not practical in the application. Using carrier
modulation techniques, these designs achieve bandwidths to
20MHz, drifts to O.l/JV/OC and long term stability of
2uV/month. Typical applications include error summing
amplifiers for servo loops, precision regulators, or as input
amplifiers for laboratory grade metering instruments and

test equipment.

5. Low voltage drift - differential input, high CMRR
“Chopperless” low drift designs with differential inputs
should be considered for high accuracy instrumentation,
low level transducer bridge circuits, precision voltage
comparators and for impedance buffer designs. In general,
they should be selected over single ended choppers where

a differential input is required or whenever possible chopper
modulation spikes are objectionable in the circuit design.

Amplifiers in this group feature differential bipolar transistor
input stages achieving input drifts as low as 1/4 uV/°C, offset
voltages to 100V and exceptionally stable long term drifts
of 3uV/month. These devices offer differential performance
with input noise of 1uV p-p, a CMV of 10V and 100d3 of
CMR. For comparison, chopper stability approaches 1uV/
month but they are useful as single ended amplifiers only.

6. Electrometer - ultra low bias current

Amplifiers with bias currents less than 1pA are classified

as suitable for electrometer use where frequency response
and voltage drift are usually secondary requirements. Both
varactor bridge and FET input designs are employed to
achieve these bias currents ranging from one picoamp

(1012 A) to ten femptoamps (10 ** A). These amplifiers are
used as current-to-voltage converters with high impedance
transducers such as photomultiplier tubes, flame detectors,
pH cells and radiation detectors.

7. High output - voltage/current

Amplifiers offered here have bipolar or FET inputs with
output voltage swings of +20 volts or output current to
+100mA. Also included is model B100, a 100mA wideband
booster for op amps. Typical applications include audio
amplifiers, voltage or current regulators and driver stages for
sonar transducers, galvanometers and deflection coils.
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8. Instrumentation

The instrumentation amplifier is a committed gain amplifier
with internal precision feedback networks. Its excellent
drift, linearity and noise rejection capability make it a
natural choice for extracting and amplifying low level signals
in the presence of high common mode noise voltages. These
devices are commonly used as transducer amplifiers for
thermocouples, strain gage bridges, current shunts and
biological probes. As preamplifiers they are capable of
extracting small differential signals superimposed on large
common mode voltages. Wideband designs are also available
for data acquisition systems.

9. Isolation - medical, industrial

Isolation amplifiers are committed gain designs with FET and
bipolar inputs and total ground isolation between input and
output signals. With 120dB of CMR, they are useful for pro-
cessing millivolt signals in noisy environments (up to 5000 volts
CMV) or for interrupting ground loops in medical or

industrial applications. Using carrier modulation techniques
and fail safe designs, the isolation amplifier is an excellent
choice for ECG patient amplifier designs, offering complete
patient protection, and for off-ground measurement systems.

10. Logarithmic Amplifier and Elements

Log modules from Analog Devices develop the instantaneous
value of the log or antilog of an input signal. Contrary to
communications type log amplifiers, which basically compress
AC signals, the 700 series log modules operate on single
polarity inputs from DC to an upper cutoff frequency. These
temperature-compensated designs will work over 6 decades
of input current (1nA to 1mA) and 4 decades of voltage
(1mV to 10V). Typical applications include transducer
linearization, data compression and basic computational
circuits for acoustical and optical instruments in chemical,
medical and industrial design.
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11. Comparators

Comparators in this group are specialized operational
amplifiers with differential inputs and two bi-stable output
states. They are available with either FET or bipolar input
stages and have been optimized for stable switching and
threshold characteristics. These devices are useful as thres-
hold level detectors for A/D converters, voltage to frequency
converters, pulsewidth modulators and a wide variety of
square wave and pulse generators.

12. Low Noise Module Amplifiers

In many applications, the key performance requirement is low
noise. A special section is devoted to recommended products,
for each application category, when low noise is critical. Pro-
ducts selected for this section include a high accuracy, low drift
(1uv/°C) FET amplifier (model 52) with guaranteed input vol-
tage noise less than 1.5uV p-p (1Hz BW). In addition, a wide-
band (100MHz BW), fast settling amplifier (model 50) is inclu-
ded, featuring high output current (:100mA) and wideband noise
of 6uV rms (5Hz to 2MHz). For recorder preamps, bridge, and
null detector applications requiring a high impedance differen-
tial preamplifier, a precision instrumentation amplifier (model
606) with guaranteed input voltage noise less than 1uV p-p
(10Hz BW), is also included. Economy (model 43K), chopper
stabilized (models 230, 234), non-inverting chopper (model
261) and bipolar (model 184) low noise amplifiers are also
covered in this section.



HOW TO SELECT OPERATIONAL AMPLIFIERS

INTRODUCTION
In selecting the right device for a specific application, you

should have clearly in mind your design objectives and a

firm understanding of what published specifications mean.
Beyond this, you should detail the significant variables that
are pertinent to your application. The purpose of this section
is to put these many decision factors into perspective to

help you make the most meaningful buying decisions.

To properly choose an operational amplifier for any given
set of requirements, the designer must have:

1. A complete definition of the design objectives.
Signal levels, accuracy desired, bandwidth require-
ments, circuit impedance, environmental

conditions and several other factors must be well
defined before selection can e tffectively undertaken.

2. Firm understanding of what the manufacturer means
by the numbers published for the parameters.
Frequently, any two manufacturers may have com-
parable published specifications, which may have been
arrived at using differing measurement techniques.

This creates a pitfall in op amp selection. To avoid
these difficulties, the designer must know what the
published specifications mean and how these para-
meters are measured. He then must be able to translate
these published specifications in terms meaningful to.
his design requirements. In the following discussion,
Analog Devices provides the designer: 1) a checklist
which he can apply to his application to assure that

all significant factors are taken into account; 2) mean-
ingful definitions for each of our published specifica-
tions; and 3) illustrations of how the requirements of
-his design are translated in terms of these specifications
to help make an effective and economical choice.

APPLICATION CHECKLIST ) )
By way of an application checklist, the designer will need to
account for the following:

Character of the application: The character of the
application (inverter, follower, differential amplifier,
etc.) will often influence the choice of amplifier.
Chopper stabilized amplifiers, for example, are not
generally applicable where differential inputs are
required.

Accurate description of the input signal: It is
extremely important that the input signal be
thoroughly characterized. Is the input a voltage source
or current source? Range of amplitude? Source imped-
ance? Time/frequency characteristics?

Environmental conditions: What is the maximum
range of temperature, time, and supply voltage over
which the circuits must operate (to the required
accuracy) without readjustment?

Accuracy desired: The accuracy requirement deter-
mines the extent to which the foregoing considerations
are critical, and ultimately points the way to a device
(or series of devices) which are acceptable. Accuracy
must, of course, be defined in terms meaningful to

the application with regard to bandwidth, DC offset,
and other parameters.

SELECTION PROCESS

In general, the objective of amplifier selection should be to
choose the least expensive device which will meet the
physical, electrical, and environmental requirements imposed
by the application. This suggests that a “General Purpose”
amplifier will be the best choice in all applications where

the desired performance requirements can be met. Where
this is not possible, it is generally because of limitations
encountered in two areas — bandwidth requirements, and/or
offset and drift parameters.

To make it easier to relate bandwidth requirements with the
drift and offset characteristics, a capsule view of bandwidth
considerations precedes the DC discussions below. The
reader is then returned to an expanded discussion of gain-
bandwidth considerations.

Gain Bandwidth Considerations, A Capsule View

Although all selection criteria must be met simultaneously,
determination of the bandwidth requirements is a logical
starting point because:

A) If DC information is not of interest, a suitable
blocking capacitor can usually be connected at the
amplifier input and all of the “‘drift” specifications
may be ignored, and

B)  Where high frequency (>>10MHz) characteristics
are of primary importance, the choice will be limited
to those amplifiers designated “Wide Bandwidth/Fast
Settling.”

Where DC information is required and where frequency
requirements are relatively modest (full power response
below 100kHz, unity gain of less than 1.5MHz) other criteria
will probably influence the final choice. It is important,
however, to choose an amplifier with which an adequate
value of loop gain is assured (at the maximum frequency of
interest) to obtain the desired accuracy. Loop gain is the
excess of open loop gain over closed loop gain, and is
responsible for the diminishing error due to fluctuations in
the open loop gain due to time, temperature, etc. Typically,
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"voltage (epg)s bias current (1b) and difference current can

aloop gain of 100 will yield an error of no more than 1%, 0.1%

from loop gain of 1000, etc. Where undistorted response is
required, the specifications for full linear response and
slewing rate should be chosen such that they are not
exceeded at the highest frequency of operation.

Offset and Drift Considerations

In the majority of op-amp applications, final selection is
determined by the DC offset and drift characteristics. To
undertake amplifier selection in these cases, it is necessary
to translate the requirements listed above as follows. (It is
assumed that bandwidth requirements have been established
at this point.)

1. What input impedance must the circuit present to the
signal source? This depends primarily on the source
impedance, R, and the amount of loading error which

is acceptable. Most amplifier circuits are designed around
either the inverting or noninverting circuit of Figure 1. The
choice is often made between the two to accommodate the
impedance requirement. Input impedance for the inverting
circuit is approximately equal to the summing impedance,
R; and the upper limit on the magnitude of R; is determined
by the allowable drift error because of input bias current as
discussed below. The noninverting circuit offers inherently
higher input impedance than the inverting circuit (due to
“bootstrapping” feedback) and in this case input impedance
is approximately equal to the common mode impedance of
the amplifier R¢py, .

2. How much drift error can be tolerated? The question is

related to the input signal level, eg, and the required accuracy.

For example, to amplify or otherwise manipulate a DC input
signal of one volt with an accuracy of 0.1%, the offset

drift error, V4, must be one millivolt or less. (This assumes
that other sources of error such as input loading, noise and
gain error have already been allowed for.) By the same
reasoning, the allowable drift error for a 1 volt signal and
0.01% accuracy would be 100pV.

_When this has'been defined; the

loWaBle limits of offset

be calculated by the equations Qf Flgure 1.

Figure 1 gives the equations which relate offset voltage
(eys), bias current (iy,), difference current (iy) and the
external circuit impedances to the drift error, V4, for both
the inverting and the noninverting circuits. From these
equations it can be seen how the input impedance require-
ments of the foregoing paragraphs are related to the drift
error.

For example, in the case of the inverting circuit, an offset
error voltage, iyR;, is generated by the bias current flowing
through the summing impedance. This error increases for
increasing R;. Since R; also sets the input impedance, there
is a conflict between high input impedance and low offset
errors. Likewise, for a given offset error, higher values for R;
can be used with an amplifier which has lower bias current.

Where it will otherwise function properly, the noninverting
circuit generally makes a better choice for high input
impedance circuits. Also, for the same source and input
impedance requirement, a given amplifier will generate lower
offset errors for the noninverting circuit than for the inverting
circuit. This is so because the bias current flows only through
R, for the noninverter and this will always be less than the
mput impedance, R;, of the inverter. Input impedance of the
noninverter (approx1mately RcM) is typically 107 ohms
even for the least expensive bipolar amplifiers and up to 10!
ohms for FET types.

Unfortunately, however, the noninverting configuration

can not always be used since it will not perform many circuit
functions such as integration or summation. A further
limitation occurs in high accuracy applications, where
common mode errors may rule out this circuit configuration.

Initial offsets can usually be zeroed at room temperature so
that only the maximum temperature excursion (AT) from
+25°C need be considered. For example, over the range of
-25 to +85°C, the maximum temperature excursion (AT)
from +25°C would be 60°C. As a practical matter, offset
errors due to supply voltage and time drift can generally

be neglected since errors due to: temperature drift are usually
much greater
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Figure 1B. Noninverting Configuration
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Current Amplifier Considerations

Before leaving the subject of offset errors, we shall discuss
briefly the current amplifier configuration which is shown
in Figure 2A. The obvious approach to measuring current

is to develop a voltage drop across a load resistor, Ry, and to
measure this potential with a high impedance amplifier as
shown in Figure 2B.

This approach has several disadvantages as compared to the
circuit of Figure 2A. First the noninverting amplifier intro-
duces common mode errors which do not occur for Figure
2A. Second, an ideal current meter would have zero
impedance whereas, R¢ in Figure 2B may become very
large since this resistor determines the sensitivity of the
measurement. Third, the changes of input impedance, R,
for the noninverting amplifier with temperature will cause
variable loading on R and hence a change in sensitivity.

The current amplifier of Figure 2A circumvents all of these
difficulties and approaches an ideal current meter; that is,
there is essentially no voltage drop across the measuring
circuit, since with enough open loop gain, A, the input
impedance Ry becomes very small.

In selecting a current amplifier, the most important
consideration is current noise, and bias current drift.
Measuring accuracy is largely the ratio of current noise and
drift to signal current, ig. To obtain the drift of error current
I referred to the input, use the following expression.

Aegs [ Rf+ Ry Aig
= — — |AT
e [ AT( RR, | AT

Now, to make a proper selection you must pick an amplifier
with an error current, I, over the operating temperature
which is small compared to the signal current, ig. Do not
overlook current noise which may be more important than
current drift in many applications.

Gain Bandwidth Considerations, Expanded Discussion

From the previous discussion, it is apparent that most
general purpose operational amplifiers will usually give
adequate performance for the DC and audio frequency range
applications. However, to obtain unity gain bandwidth above
2MHz, full power response above 20kHz and slewing rate
above 6V/usec, in general, requires special design techniques.
All amplifiers with wideband, fast response characteristics
have been listed in the wide bandwidth group to simplify

the selection for higher frequency applications.

One factor often overlooked is that stray capacitance and
impedance levels of the external feedback circuit can be the
major limitation in high frequency applications. For example,
in Figure 1A, if R were one megohm and stray capacitance,
C,, were one picofarad then the closed loop bandwidth
would be limited to 160kHz (1/(27mRCg)) regardless of
how fast the amplifier is. Moreover, output slewing rate will
be limited by how fast Cq can be charged which in turn is
related to signal level, eg, and input impedance, R;, by
dey/dt = -e4/R;C. For these reasons it is usually not

possible to obtain both fast response and high input
impedance for an inverting circuit since both R; and R¢ must
be large to obtain high input impedance.

Another advantage of the noninverting circuit (Figure 1B)

is that input impedance, being determined by potentiometric
feedback, does not depend on the impedance levels for Ry
and R;. Therefore, a low impedance can be used for R, so
that stray capacitance of Cg will not limit the circuit’s band-
width. In this case the minimum value for R is constrained
only by the output current rating of the amplifier. Again the
trade-off between the frequency response and input
impedance of the inverting and noninverting circuits must
be evaluated in light of the common mode rejection error
introduced by the noninverter.

AN\
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r— 77 s =
| | €o
: : RiN — Rd —
Rs
[ 0 ‘ n
| |
IR (S (P 1
R + R
g, = —Ry [|s+eos( £ s)+ 'b]
Rs Rf
Signal Drifterror =1e¢
I | d R < i )( : >
nput Impedance =
p p N \Rr, + R/ \ 1 + AB
Rt (Rg + Ry) 1001 ¢
where 1/ = 1 + ——— % Drift Error =——

Ry i
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Figure 2A. Current Amplifier
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Figure 2B. Voltage Amplifier With Sampling Resistor
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In the past, many wideband amplifiers, especially chopper
stabilized units, did not offer fast response on the positive
input and therefore were restricted to use in inverting
circuits. However, new FET amplifiers from Analog Devices
are available to meet the needs for high speed performance
for either configuration.

For greater emphasis wideband applications can be separated
into two categories — steady state and transient. Since the
amplifier requirements for the two are somewhat different,
these categories will be discussed separately.

A. Steady State Applications
Steady state applications involve amplifying or otherwise
manipulating continuous sinusoidal, complex or random
waveforms. In these applications the significant issues in
choosing an amplifier are as follows:
1. Is DC coupling required? If DC information is of no
consequence, then the offset drift errors are not usually
important and a capacitor can be used if necessary to block
the output DC offset. Your only concern here is that DC
offset at the output does not become so large, as might be
the case with a high gain stage, that the output is saturated
or the dynamic swing for AC signals is limited. One way to
circumvent the latter problem is to use feedback to limit
the gain at DC as shown in Figure 3. The gain of these circuits
can be small at DC but large at high frequencies.

2. What closed loop gain and bandwidth are required?
Closed loop gain, G, is dictated by the application. To a first
approximation the intersection of the open and closed loop
gain curves in Figure 4 gives the closed loop bandwidth,
fo1(=3dB). For high gain, wideband requirements, it may be
necessary, or more economical, to use two amplifiers in
cascade each at lower gain.

3. What loop gain is required or alternatively what gain
stability, output impedance and/or linearityy are necessary?
The available loop gain at a particular frequency or over a

range of frequencies is very often more important than
closed loop bandwidth in selecting an amplifier. Loop gain
as illustrated in Figure 4, is defined as the difference, in dB,
or as the ratio, arithmetically, of the open to closed loop
gain (A = A/G). You will find in most of the equations
defining the closed loop characteristic of a feedback
amplifier that the loop gain (Af3) is the determining factor
in performance. Some of the more notable examples of this
point are as follows:

a. Closed loop gain stability = AG/G
AG/G = (AA/A) [1/(1 + AB)] where AA/A is the
open loop gain stability, usually about 1%/°C.

b. Closed loop output impedance = Z, = Z,/(1 + Af),
where Z is the open loop output impedance,
usually 200 to 5000 ohms.

¢. Closed loop nonlinearity = Ly = Lo1/(1 + Af), where L
is the open loop linearity, usually less than 5%.

Loop gain of 100, or 40dB, is adequate for most application
and this is readily achievable at DC and low frequencies. But
note that loop gain decreases with increasing frequency
which makes it difficult to obtain large loop gains at high
frequencies. For this reason it may be necessary to use a
10MHz unity gain amplifier in order to obtain adequate
feedback over a 10kHz bandwidth.

4. What full power response and/or slew rate are required?
You should examine your expected output waveform and
select an amplifier whose slewing rate exceeds the maximum
rate of change of output signal. For a sinusoidal waveform
with a peak voltage output equal to the rated amplifier
output the frequency should not exceed f,, the full power
response of the amplifier. As the output signal voltage is
reduced below the rated output voltage, the usable maximun

[ R Ry
Ry
c
Ry :_D
e O— VN —4
SO SR,
. R;R;
=
e,/e; = R: * R,
? R,Ry4
g - RaRe
& R, + Ry
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Rl Re |l ~ T T T
|
R, + Ry :
R | |
L 1
e - w —
(Rs + Rs)C R,C
Figure 3. DC Feedback Minimizes Output Offset
for AC Applications
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Figure 4. Closed Loop Bandwidth and Loop Gain
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frequency can be extended proportionately. If you do not
observe these restrictions you will get distortion and
unexpected DC offsets at the output of the amplifier.

There are many monolithic amplifier designs available today
whose frequency response is not a simple 6dB roll-off and
which may be shaped with external RC compenents for
improved performance. Using feed-forward or phase lag
compensation networks, gain-bandwidth product and/or full
power response may be shaped to meet varying design require-
ments. Most discrete op amps offer the stable 6dB roll-off
with specified unity gain-bandwidth and slew rate thereby
limiting maximum speed and response to those published
specifications.

B. Transient Applications
In applications such as A/D and D/A converters and pulse
amplifiers, the transient response of the wideband amplifier
is generally more important than the gain bandwidth
characteristic described above. Slewing rate, overload
recovery and settling time are the specifications which
determine the transient response.

When applying the high frequency amplifier, it is important
to understand how amplifier performance is affected by
component selection as well as impedance levels used
around the amplifier.

Settling Time

The time and frequency response of a linear, bilateral
network or amplifier are related by well known mathematics.
For example, the step response for a well behaved, linear,
6dB/octave amplifier with a closed loop bandwidth of

is shown in Figure 5.

To a first approximation, the curve in Figure 5 can be used
to relate settling time to closed loop bandwidth of Figure 4.
Settling time is defined as the time elapsed from the
application of a perfect step input to the time when the
amplifier output has entered and remained within a specified
error band symmetrical about the final value (Figure 6).
Settling time therefore includes the time required for the
amplifier to slew from the initial value, recover from slew
rate limited overload, and settle to a given error in the linear
range.

However, the approximation soon breaks down since settling
time is determined by a combination of amplifier character-
istics (both linear and non-linear) and because it is

a closed loop parameter. Therefore, it cannot be readily pre-
dicted from the open loop specifications such as slew rate,
small signal bandwidth, etc.

Analog Devices specifies settling time for the condition of
unity gain, relatively low impedance levels, and no
capacitive loading. A full-scale step input is used to deter-
mine settling time and the step is generally unipolar — i.e.:
from zero to plus or minus full scale. The settling time
indicated is generally the longest time resulting from a step
of either polarity and is given as a percentage of the full
scale step transition.

Settling time is a non-linear function. It varies with the input
signal level and it is greatly affected by impedances external
to the amplifier. The non-linear dependence of settling time
on these two parameters can be demonstrated by an
examination of experimental data from Analog Devices’ wide
bandwidth model 46 amplifier.
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" I

I
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Figure 5. Step Response for Linear 6dB/Octave Amplifier
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Figure 6. Typical Settling Time Characteristics
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Settling Time vs. Signal Swing

The curves in Figure 7 illustrate model 46 settling time error

versus input signal level. These “V’’ curves are useful asa

design aid for bracketing settling time versus step input level.

Percentage settling time error is calculated by forming the
ratio of output error to input voltage step. Shown in
Figure 7 are 1%, 0.1% and 0.01% error points for a +10V
input step. The settling times for these errors are read off
the vertical axis.

Because of nonlinear factors, extrapolation of settling times

from one set of conditions to another becomes very

difficult, if not impossible. This point becomes very apparent,

in Figure 7, when reviewing settling time as a function of
input signal swing. Using this measurement technique, the
settling time error voltage, measured at point V, is equal to
one-half of the null voltage between the input signal

and the output signal.

Settling Time vs. R¢, R; and Cj,

Experience indicates that for wide bandwidths and ultra fast
settling times, 50082 to 2.5k§2, gain resistors should be used

to keep stray capacitance to a minimum. The effects of
various resistance values.on settling time are given in the
following table. In developing the data, the test circuit of
Figure 7 was used, but with an output load capacitor (Cj)
added to the circuit.

TABLE : 0.1% Setding Time vs Rf, Rj, CL

With load capacitance set to zero, the settling time to 0.1
error improved two-fold as R¢ and R were reduced from
2.5kS2 to 50082. To show the interaction of R, R; and
Cy,, settling time to 0.1% error was then held constant at
150ns while varying R¢, R; and Cy . Cy, was increased
until settling time reached the 150ns level. This value of
Ci, did not create an oscillatory condition at the output,
was that value of capacitance which increased settling tim
to 150ns for a specified R¢ and R;. Heavier capacitive load
would have degraded settling time further because of rate
limiting effects.

From these data, the effect of R and R on performance
is significant enough to recommend selecting the proper
range of R¢and R; with the amplifier operating in its final
configuration. The small feedback capacitor placed in
parallel with R¢ (Figure 7) partially cancels the pole forme
in the loop gain response by the input resistor, R;, and the
amplifier input capacitance. It is selected to minimize
settling time.

Rf = Rj ts (0.1%) Cap Load (Cy))
2.5kQ2 115nsec < 10pF
1.0kS2 80nsec <10pF
50052 64nsec <10pF
10.0kQ2 150nsec 270pF
5.0k2 150nsec 190pF
2.5k 150nsec 100pF
1.0kS2 150nsec 65pF
50082 150nsec . 55pF
2-6pF g 300f " -
Ry (1K) EF_‘T 8 SHRGR N 001% = o
b w —"\_/.
R¢ (1) é 200 + -+
— <
46 —0 € = 0.1%
Cin L < 10mV ERROR
. < B =Ra Il Ry = 1007 1
™M 50 7 z \'—L\’\/—/%
I =]
>—’\;‘V\r——- = = 100mV ERROR
el L ¢ = Vv (ERROR) & _jov ov 10v

Figure 7A. Model 46 Inverting Configuration Test Circuit

Figure 7B. Input Voltage Step
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ERRORS DUE TO NOISE

A major criterion in the selection of an amplifier for low level
signals is the amplifiér input noise, since this is usually the
limiting factor on system resolution. In the general case, ampli-
fier noise can be characterized by a voltage source in series with
the summing junction and a current source in parallel with the
summing junction. Whenever high source impedance is encoun-
tered, current noise flowing through the source impedance will
appear as an additional voltage noise, combining with the amp-
lifier voltage noise. The sum of these noise sources will then be
amplified along with the desired signal. For this reason, selec-
tion of a particular amplifier must consider both the amplifier
noise performance as well as the source impedance.

Consideration must also be given to noise sources other than
the amplifier whenever determining total system noise. RF
noise may be fed into an amplifier through any connecting wire,
including power supply and output leads. Adequate shielding
and low-pass filters on all incoming leads will usually prevent
noise pick-up.

Thermal noise is generated in any conductor or resistor as a
result of thermal agitation of the electrons. This noise voltage
source, sometimes referred to as ‘‘Johnson Noise”, is generated
in the resistive component of any impedance and has a value:
en =+ 4KTBR
where e, = the rms value of the noise voltage

K = Boltzman’s Constant (1.38 x 10> joules/°K)

T = absolute temperature of the resistance, °K

B = the bandwidth in which the noise is measured
Since noise is related to the bandwidth over which the meas-
urement is made, no noise specification is meaningful unless
the bandwidth for the specification is given. Although the
Thermal Noise equation may appear unweildly for practical
noise calculations, all that is required to enable rapid approxi-
mations is to apply a few simple rules of thumb.

Rules of Thumb

(1) Remember that a 100k§2 resistor generates 40nV rms in
a 1Hz bandwidth. The noise voltages generated by other values
of resistances in other bandwidths can be calculated by remem-
bering that the noise is proportional to the square root of the
resistance and the bandwidth;i.e.

en (rms) = (40nV/A/Hz) ( /ng (BW))

(2) To convert the rms noise to a p-p value, a conversion
factor of 6.6uV p-p/uV rms is applied for less than 0.1% pro-
bability of noise peaks exceeding calculated limits.

(3) The total rms noise contribution due to several noise
sources is determined by the square root of the sum of the
squares:

2
er=Vet el rel + ... e

If any noise source is less than a third of another, it may be
neglected. The resulting error will be approximately 5 %.

(4) Restricting the bandwidth of a system to the minimum
usable and using the lowest impedances possible are ways to
reduce noise.

DESIGN EXAMPLE

Figure 8A illustrates a typical circuit with noise calculations
shown for each noise source. The total of the noise sources is
obtained by adding each of the individual sources in a RMS
fashion.

Figure 8B illustrates how the Rules of Thumb may be applied
in a practical case to approximate the total output noise. In this
example, model 261], the lowest noise non-inverting chopper
type amplifier is being used with a 50k§2 source impedance. The
two major noise sources, in addition to the 261]J input voltage
noise of 1uV p-p, are the Johnson noise (58uV p-p) and current
noise (100uV p-p).

Rin Re
= =
e iny +
/
Ing Rs
€n
COMPONENT CAUSE OUTPUT CONTRIBUTION
Rin Johnson Noise VAKTBR|y (RE/Rin)
Rs Johnson Noise VAKTBRs (Rg/Riy + 1)
Re Johnson Noise VAKTBRg
ing Amp. Current Noise in, RE

Amp. Current Noise
Amp. Voltage Noise

(ingRs) (RE/Riy + 1)
en (RE/Ry + 1)

TOTAL NOISE =1/(er,, G)’ +[epg (G+ 1)]° +€* g, + in, RE)* +[(in, Rs) (G+ 1] +[en (G +1)]

Figure 8A. Noise Components
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1) RESISTOR NOISE: R¢ - 13nVA /Hz
Rin - (1.3nVA/ Hz) 100
Rs -~ (28nVA/Hz) 101 = 2.8uVA /Hz
TOTAL RESISTOR NOISE IN 10Hz BW =
(2.8uVA/Hz) §/10Hz) 6.6V p-p/uV rms = 58uV p-p

2) AMPLIFIER CURRENT NOISE: (20pA p-p) (50k) (101) = 100uV p-p
(20pA p-p) (10k) =0.2pV p-p

3) AMPLIFIER VOLTAGE NOISE: (14V p-p) (101) = 1004V p-p
TOTAL OUTPUT NOISE = /(100)° + (100)° + (58)° ~ 1504V p-p

Figure 8B. Design Example
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APPLYING THE INSTRUMENTATION AMPLIFIER

The preceding discussion has focused on developing selection
criteria for op amps which require external feedback
networks. In transducer and certain other instrumentation
applications it is important that an amplifier be able to
extract signals in the presence of common mode noise while
retaining its gain adjustment ability. In the conventional
operational amplifier, a mismatch between the input gain
setting resistors can cause substantial errors in CMRR. An
instrumentation amplifier, by virtue of its committed gain
configuration, employing internal feedback networks,
suffers minimal degradation in CMRR as the gain is varied.

From Figure 9 the instrumentation amplifier appears to be
little more than an operational amplifier operated in a
differential mode. In fact, the modern instrumentation
amplifier is an appreciably more sophisticated device, which
usually requires three basic differential amplifiers in order
to provide for the solution of “Common Mode” noise
problems as found in many industrial and laboratory
environments.

The appearance of this noise in the simplest possible system

is shown in Figure 10. It is clear that the single ended
amplifier has no ability to differentiate between the signal
voltage and the “Common Mode” voltage.

24 AMPLIFIERS

A first attempt to solve the problem might involve the use
of an operational amplifier in the differential mode. In
principle it works. In practice, its use is restricted to fixed,
low gain situations for the following reasons. To avoid
source loading errors, it is necessary to use high value resistol
networks which can result in troublesome bias current noise
and drift. Therefore, low gains are used to keep the gain
ratio R¢/R;, as low as possible.

Another problem arises in maintaining high CMR with gain
changes. Since CMR is directly related to gain resistor
balance, any resistor changes, as encountered when varying
gain, will require a retuning. This procedure is both time
consuming and impractical for most applications. These
difficulties are highlighted in the example of Figure 11.

In this example a gain of 1000V /V is desired to amplify a
10mV signal. To avoid loading down the 1k§2 source
impedance, a 1MS2 resistor is used for a 0.1% loading error.
The desired gain is set using a 5M2 feedback resistor and
output attenuator. To preserve a CMR of 80dB for noise
rejection, the gain resistor network must be balanced to an
accuracy of 1 part in 10,000 which is difficult. If the

gain must now be adjusted to another value, the delicate
tweaking procedure must be repeated which is one of the
difficulties in using this circuit. The second obstacle
obviously arises from using high gains and resistor values
which lead to excessive input noise and drift.



The instrumentation amplifier, with differential inputs,
overcomes these two difficulties. High input impedance is
achieved without an external summing resistor and high

An output sense terminal is usually available to either
convert the output for current feedback operation or to

CMRR is maintained as gain adjustments from 1 to allow the use of a booster amplifier inside the feedback loop.

1000V /V are made by varying only one resistor. The circuit
of Figure 9 demonstrates that gain adjustment using one
resistor does not require changing several sets of resistors as
is required to alter the gain with differential amplifiers.
Close matching of internal gain resistors and other compon-

The equivalent model of Figure 9 reveals the main circuit
elements to consider when applying this device. Zgp and
Z4 will yield gain errors due to loading of the source
resistance and are frequency dependent. Z4 will vary with
gain and is specified at its minimum value. Z, will also yield

ents during manufacture assures extremely high CMRR.

small gain error under heavy loading.

. GAIN ADJUST
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Figure 9. Instrumentation Amplifier Equivalent
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Figure 10. Single Ended Amplifier Sees Both
Input and Error as the Signal
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External Component Parameters for Adjustable Gain
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Specifying the Instrumentation Amplifier

When applying the instrumentation amplifier, several new
parameters appear which are not common to the operational
amplifier. For example, using a committed gain config-
uration eliminates open loop gain as a parameter which leads
to new gain non-linearity and stability terms. Drift terms
also appear differently and are gain dependent since input
and output amplifiers make up the total design. Drift is
specified as “referred to input (RTI) or output (RTO)” at
minimum and maximum gains. Total drift, referred to input,
is then calculated as: Total RTI drift = [RTI drift +

RTO drift/gain] /.LV/OC.

Probably the quickest way to understand and specify the
instrumentation amplifier is to apply this device in a
straightforward application. This is done in Figure 9. An
error budget for the design is developed below to illustrate
a possible selection technique.

The error calculations are based on the following considera-
tions:

Gain Errors: Absolute gain errors become negligible by trim-
ming R . Gain nonlinearity is 0.002% max at 10V f.s. This

value usually can be maintained at less than full scale swings by

calibrating gain at the maximum anticipated output voltage,
i.e., 5V out @ G = 1000. Gain drift and time stability contri-
bute 0.015% error, with long term effects becoming negligible.

Offset Drift & Bias Current Errors: The importance of having
low offset drift is evident in this error term, since offset drift
usually predominates and is crucial in high accuracy designs,
even where temperature changes are moderate. Initial amplifier
offset is zeroed using the balance pot.

Bias current, flowing through the 30052 source impedance, will
develop offset voltages which are trimmed to zero during ini-
tial balance. In general, the 20pA/°C current drift error pro-
duces less than 0.5uV/°C equivalent drift for up to 100k
bridges. For the 30082 bridge, drift error is 0.00015%. Supply
voltage rejection also introduces an equivalent offset which is
nulled out with initial balance. Line voltage and temperature
changes may be 0.1% adding a negligible error of 0.00045 %.

CMR & Noise Errors: Since the CMV is virtually constant at
5V, the CMR error appears as an output offset which is nulled
out with initial balance. However, for other applications, with
widely varying CMV, high CMR is essential for low errors. The
CMR is specified for CMV = 10V and source imbalance of
1k$2 and requires no trimming to achieve values of 90dB min
(G =1000).

The input noise at G = 1000 contributes less than 0.01% in a
10Hz bandwidth and may be reduced by heavier filtering for
lower frequency applications.

ERROR BUDGET ANALYSIS
(For Circuit of Figure 9)

Operating Conditions Amplifier Specifications*

En = £10mV eos Drift = #%mV/°C (RTO, G = 1000V/V)
Egut = 10V Gain Drift = £0.0015%/°C

Ecm = +5V Gain Nonlinearity = £0.002%

AT =£10°C CMRR = 100dB (G = 1000V/V)

Tamp = +25°C Z4q = 1000MQ

Ry 0AD = 10kQ Zcm = 1000MQ

Bridge = 30082 Iy = 60nA

*Model 606L used for this example

COMPUTATION

Error Source % of F.S. (10V) Calculation

Gain Nonlinearity +0.002% Specified @ 10V f.s.
Gain Drift +0.015% 0.0015%/°C x AT
Offset Drift
Amplifier Offset +0.05% 0.5mV/°C (RTO)
x AT x 1/10V
Current Offset +0.0006% 20pA/°C x G x AT

x 300 x 1/10V
0.1% x 0.45uV/%

xGx1/10V
Noise £0.01% Specified (10Hz BW)
Total Output Error 10.078% max (0.03% typical)

Power Supply Change +0.00045%
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APPLYING THE ISOLATION AMPLIFIER
Analog Devices has recently developed and introduced a

series of unique DC coupled isolation amplifiers. Offering
total ground isolation and low stray coupling capacitance

(< 10pF) between input and output grounds, these compact
modules develop extremely high CMR (126dB @ 60Hz) and
CMV ratings (to 5kV) using modulation techniques with
transformer isolation. Capable of transmitting millivolt
signals in the presence of up to 5000 volts common mode,
with unity gain or with adjustable gain, these amplifiers

are ideal for medical (ECG) applications where it is important
to isolate hospital patients from potentially lethal ground
fault currents, and for industrial applications, to interrupt
ground loops between transducers and output conditioning
circuits.

All models are designed to improve on the existing patient
safety specifications of Underwriter’s Laboratories and
other regulatory agencies. When used for ECG and EEG
patient-monitoring equipment, these amplifiers will do their
job without exposing the hospital patient to the hazards of
microshock and possible electrocution.

ISOLATION VS INSTRUMENTATION AMPLIFIERS
There are several aspects of the isolation amplifier design
which make it a useful alternative to the instrumentation
amplifier for a specific set of operating conditions. In
general, isolation amplifiers should be considered for
applications requiring: 1) moderate gain (1 to 100V/V);
2) high CMR and CMV under heavy source imbalance
(5k2); 3) moderate RTO drifts (to 3004V/°C); and

4) wherever it is necessary to eliminate bias currents for two
wire systems or the more carefree three lead transducer
hook-ups. Total signal ground isolation is an added feature

which may be found useful for improving overall performance.

Circuit Description

These designs have committed gain circuits with internal feed-
back networks as do instrumentation amplifiers. Each model
in this series operates from DC to 2kHz and is designed in
two parts — an isolated front end amplifier section, followed
by a grounded output section. The front end circuitry
includes: 1) an input op amp with fixed gain (see Figure 12
for models 272, 273) or adjustable gain (see 274 block
diagram in product specification section); 2) a modulator;
and 3) a DC regulator circuit, all enclosed in a floating
guard-shield. The output section contains a demodulator
circuit with low pass filter and power oscillator circuit
operating from a single +15VDC supply. Operating power

is transformer-coupled into the shielded input circuits and
capacitively or magnetically coupled (model 274) to the
output demodulator circuit.

CMR Holds Up at Low Gain

Common mode performance of isolation amplifiers is
independent of amplifier gain, and is determined primarily
by the amount of stray capacitance from input circuit to
guard-shield (CMR 1) and from guard-shield to output
common (CMR 2) (see Figure 13). Shielding and transformer
design are essential to high common-mode rejection.
Conversely, CMR performance of instrumentation amplifiers
is gain dependent, although significantly improved over
conventional differential amplifier designs.

At gains below 10, CMR is reduced to typical values of 60dB
with 1k§2 source imbalance. For isolation amplifiers,
typical ratings of 150dB with a 5k€2 source imbalance are
not uncommon — 90dB (3000:1) improvement. High CMV
ratings up to 5000 volts are also readily achieved with
isolation designs which do not require the well balanced and
complex circuits used in instrumentation amplifiers.

Zero Bias Current, Low RTO Drift, Linearity

Isolation amplifiers operating with single ended input stages
result in only differential current flow between input high
and signal ground with zero net bias current flow.

Instrument amplifiers, with differential inputs and signal
ground returns, have bias current and differential current
flow which require the use of a third wire return or external
circuitry to accommodate these ““housekeeping’ bias currents.

Regarding amplifier drift: at low gains (below 10V/V), drift of
instrument amplifiers (typically 100 to 500uV/°C RTO) usually
becomes a significant part of the overall drift specification and
approaches the performance of isolation amplifiers (typically
100uV/°C x Gain).

GUIDELINES FOR MEDICAL APPLICATIONS
Several unique problems arise when designing front-end

amplifiers for biological applications. These relate to:

1) electrode voltage offsets setting a limit on amplifier gain;

2) trading off amplifier input noise to achieve defibrillator
protection; 3) dealing with multiple CMV noise sources arising
along the surface of a patient’s body and between patient/
amplifier ground points; and 4) providing patient protection
from lethal stray leakage currents. The following discussion
describes isolation amplifier features which afford some
design relief when applying these devices in medical
applications.

Two CMR Ratings Available
The guard shield, enclosing the input circuitry, is brought
out to an external pin for connection to a common mode
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source voltage. In fact, the transformer isolation technique
develops two common mode barriers, one on either side

of the guard shield. This makes it possible to reject two
sources of common mode error voltage. These conditions
appear as CMV voltages, CMV1 and CMV2 in Figure 13, with
typical values of CMR also shown.

These features are useful when CMV sources and their
internal impedances are obscured or buried as might occur
in fetal heart monitoring and ECG monitoring applications,
whenever signal and transducer sources are not discretely
defined, or when the amplifier is not in close proximity to
the signal source.

Effects of Electrode Offset Voltage (ECG, EEG, etc.)
Biological signals are frequently superimposed on normal
mode (as opposed to common mode) offset voltages which
arise from galvanic bias potentials at the patient/electrode
interface. These signals, which may be as high as 500mV
(ECG) limit the amount of amplifier gain one may use before
AC coupling the signal to the following high gain circuits.
The unity gain buffers (272, 273, 279]) with *3V signal range
are useful for processing the larger ECG signals. If amplifica-
tion is desired, a gain of 20V/V may be taken with the

274] to process ECG signals before saturation occurs at
offsets beyond 500mV. With lower offsets, as encountered
with EEG electrodes and direct blood pressure transducer
circuits, higher gains of up to 100V/V may be taken in the
model 274] amplifier.

Amplifier Noise Performance vs. Defibrillator Protection
Relatively large noise voltage is developed in the large input
resistor used to support repeated blasts of up to 5kV of defi-

brillator voltage. This resistor is required to limit the maximum
input current to the input amplifier and to limit current out of
the amplifier in the event an internal failure occurs. Unfortun-
ately this input resistor introduces noise according to the
expression

E, = 0.825 v/R (MQ) x BW (Hz) uV p-p

The Johnson noise for a 1 megohm resistor is 8.25uV p-p in a
100Hz bandwidth, based on the above equation. Combined
with 3-5uV p-p input amplifier noise, the 273] with 1 megohm
input resistor has approximately 10uV p-p of input noise in

a 100Hz bandwidth. Model 272] has approximately 35uV p-p
of noise; model 276] has approximately 8uV p-p in a 100Hz
bandwidth.

Patient Safety

Safety is the primary concern to medical users. In medical
applications, where patients may be in contact with poorly
grounded equipment, the isolation amplifier reduces leakage-
to-ground paths, thus preventing electrocution of the patient.

All isolation amplifiers achieve the highest safety standards for
patient protection in two ways:

(1) Input Protection; the input protection resistor is made up
of a series, parallel combination of the most reliable, conserva-
tively rated resistors, capable of repeatedly absorbing the rated
peak input power as well as limiting fault currents between the
signal input leads.

(2) Input/Output Isolation; the “patent applied for” carrier
modulation technique results in exceptionally low input/outpur
coupling capacitance (<10pF).
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DEFINITION OF SPECIFICATIONS

Absolute Maximum Differential

Under most operating conditions, feedback maintains the
error voltage between inputs to near zero volts. How-

ever, in some applications, such as voltage comparators,

the voltage between inputs can become large. E4 defines the
maximum voltage which can be applied between inputs
without causing permanent damage to the amplifier.

Common Mode Rejection

An ideal operational amplifier responds only to the difference
voltage between inputs (e+ minus e-) and produces no out-
put for a common mode voltage, that is, when both inputs
are at the same potential. However, due to slightly different
gains between the plus and minus inputs, common mode
input voltages are not entirely subtracted at the output. If
the output error voltage is referred to the input (dividing by
closed loop gain) it reflects the common mode error voltage
between the inputs. Common mode rejection ratio (CMRR)
is defined as the ratio of common mode voltage to common
mode error voltage. CMRR is sometimes expressed in dB.

Precisely specifying CMRR is complicated by the fact that
common mode voltage error, egcm, can be a highly non-
linear function of common mode voltage and it also varies
with temperature. This is particularly true for FET input
amplifiers. As a consequence, CMRR data published by
Analog Devices are average figures assuming an end point
measurement at the common mode voltage specified.

The incremental CMRR about some large common mode
voltage may be less than the average CMRR which is
specified. Published CMRR specifications apply only to DC
input signals. CMRR becomes lower with increasing
frequency.

Drift vs. Supply

Offset voltage, bias current and difference current vary as
supply voltage is varied. Usually errors due to this effect are
negligible compared to temperature drift.

Drift vs. Time

Offset voltage, bias current and difference current change
with time as components age. It is important to realize that
the published time drift for amplifiers does not accumulate
linearly. For example, voltage drift for a chopper stabilized
amplifier (which is by far the best amplifier type for long
term stability) might be quoted as 1uV/day whereas
cummulative drift over 30 days would not exceed 54V nor
15UV in a year. In general the drift accumulation may be
extrapolated by multiplying the specified drift/day by the
square root of the number of days. Since our catalog
specifies drift/month, divide by 4/30 or 5.5 to obtain drift/
day.

Full Power Response

The large signal and small signal response characteristics of
operational amplifiers differ substantially. An amplifier will
not respond to large signal changes as fast as the small

signal bandwidth characteristics would predict, primarily
because of slew rate limiting in the output stages. We specify
full power response in two ways: Full linear response and
full peak response.

Full linear response, fp, is the maximum frequency at unity
closed loop gain, for which a sinusoidal input signal will
produce full output at rated load without exceeding
pre-determined distortion level. Note that this specification
does not relate to “response’ in the sense of gain reduction
with frequency but refers only to distortion in the output
signal. There is no industry wide accepted value for the
distortion level which determines the full linear response
limitation but we use 3% as a maximum acceptable limit. One
subtle point here is that in many applications the distortion
which is caused by exceeding the full linear response can be
comfortably ignored. But a far more serious effect, often
overlooked, is that a DC offset voltage can be generated
when the full linear response is exceeded. This is due to
rectification of the asymmetrical feedback waveform or
overloading the input stage with large distortion signals at
the summing junction.

Certain amplifiers designed to optimize high frequency
performance will provide full output swing substantially
beyond the full linear response (3% distortion) limit
described above. Since linear waveshape is not generally a
consideration in the use of these devices, they are specified
to the maximum frequency at which they will produce full
output swing. This is termed ““full peak response” and is
indicated as such on the specification charts by the word
“peak” in the row marked “Full Power Response.”

Initial Bias Current

Bias current, ib, is defined as the current required at either
input from an infinite source impedance to drive the output
to zero (assuming zero common mode voltage). For
differential amplifiers, bias current is present at both the
negative and positive inputs. All Analog Devices
specifications pertain to the worst of the two (not average
or mean). For single ended amplifiers, bias current refers to
the current at the negative input only.

Initial bias current, Ip, is the bias current at either input
measured at +25°C, rated supply voltages and zero common
mode voltage. The designation (0. +) or (0.—) indicates that
no internal compensation has been used to reduce initial
bias current and hence the polarity is always known. The
sign indicates to which power supply voltage an external
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compensating resistor should be connected to zero the
initial bias current. The designation (¥) indicates that internal
compensation has been used to reduce initial bias current
and that the residual bias current may be of either polarity.
In general, compensating initial bias current has little effect
on the bias current temperature coefficient. One should

note that the bias current of FET amplifiers increases by a
factor of 2 for each 10°C rise in temperature.

Initial Difference Current

Difference current, id, is defined as the difference between
the bias currents at each input. The input circuitry of
differential amplifiers is generally symmetrical so that bias
currents at both inputs tend to be equal and tend to track
with changes in temperature and supply voltage. Therefore,
difference current is about .1 times the bias current at
either input, assuming that initial bias current has not been
compensated.

Input Impedance

Differential input impedance, Rd, is defined as the
impedance between the two input terminals, measured at
+25°C, assuming that the error voltage e is nulled or very
near zero volts. To a first approximation, dynamic
impedance can be represented by a capacitor, C{, in parallel
with Ry.

Common mode impedance, Rey, is defined as the impedance
between each input and ground (or power supply common)
and is specified at +25°C. For most circuits common mode
impedance on the negative input Repy—, has little significance
except for the capacitance which it adds to the summing
junctions. However, common mode impedance on the plus
input, R¢m+, sets the upper limit on closed loop input
impedance for the non-inverting configuration. Dynamic
impedance can be represented by a capacitor, Cepy, in
parallel with R ¢y which usually runs from 5 to 25pF on the
plus input.

Common mode impedance is a non-linear function of both
temperature and common mode voltage. For FET
amplifiers, common mode impeaance is reduced by a factor
of two for each 10°C temperature rise.

As a function of a common mode voltage, Rep, is defined
as average impedance for a common mode voltage change
from zero to *E;p, that is, maximum common mode
voltage. Incremental R¢py, about some large common mode
voltage may be considerably less than the specified average
R¢m, especially for FET input amplifiers.

Initial Offset Voltage
Offset voltage, eos, is defined as the voltage required at the
input from a zero source impedance to drive the output to
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zero. Initial offset voltage, Eqg, defines the offset voltage
at +25°C and rated supply voltages. In most amplifiers,
provisions are made to adjust initial offset to zero with an
external trim potentiometer.

Input Noise

Input voltage and current noise characteristics can be
specified and analyzed very much like offset voltage and
bias current characteristics. In fact, drift can be considered
noise which occurs at very low frequencies. The primary
difference in measuring and specifying noise as opposed to
DC drift is that bandwidth must be considered. At low
frequencies, 100Hz or less, 1/f noise prevails which means
that the noise per root cycle increases inversely with the
square root of frequency. At the mid-band frequencies
noise per root cycle is constant or “white.”

For this reason two noise specifications are given. Low
frequency noise in a bandpass of 0.01 to 1Hz is specified as
peak-to-peak with a 3.30 uncertainty, signifying that 99.9%
of the observed peak-to-peak excursions will fall within the
specified limits. Wideband noise in a bandpass of 5Hz to
50kHz is specified as rms.

Maximum Common Mode Voltage

For differential input amplifiers, the voltage at both inputs
can be raised above ground potential. Common mode voltage,
Ecm, is defined as the voltage (above ground) when both
inputs are at the same voltage. E¢py is defined as the
maximum peak common mode voltage which will produce
less than a 1% error at the output. E, establishes the
maximum input voltage for the voltage follower connection.

Open Loop Gain

Open loop gain, A, is defined as the ratio of a change of output
voltage to the error voltage applied between the amplifier
inputs to produce the change. Gain is usually specified only

at DC(A,), but in many applications the frequency dependence
of gain is also important. For this reason the typical open loop
gain response is published for each amplifier.

Overload Recovery

Overload recovery, 7, defines the time required for the output
voltage to recover to the rated output voltage Eq from a
saturated condition. In some amplifiers the overload recovery
will increase for large impedances (greater than 50k§2) in the
input circuit. Published specifications apply for low
impedances and assume that overload recovery is not
degraded by stray capacitance in the feedback network.
Overload recovery is defined for 50% overdrive.

Rated Output
Rated output voltage is the minimum peak output voltage
which can be obtained at rated output current before



clipping or excessive non-linearity occurs. Rated output
current is the minimum guaranteed value of current
supplied at the rated output voltage. Load impedance less
than Ey/l, can be used but E, will decrease, distortion may
increase and open loop gain will be reduced. (All models
are short circuit protected.)

Settling Time

(See discussion in previous section on Selecting an
Amplifier.)

Slewing Rate

Slewing rate, S, usually in volts/usec, defines the maximum
rate of change of output voltage for a large input step
change. S = 2mf,E,

Temperature Drift

Offset voltage, bias current and difference current all
change or ““drift” from their initial values with temperature.
This is by far the most important source of error in most
applications. The temperature coefficients of these
parameters, Ae, /AT, Aip/AT, and Aig/AT are all defined
as the average slope over a specified temperature range. In
general,-however, drift is a non-linear function of
temperature and the slopes are greater at the extremes of
temperature than around normal (+25°C) ambient which
generally means that for small temperature excursions, the
specification is conservative.

For example, a rather popular method of specifying this
extremely important parameter consists of: a) arithmetically
subtracting the measured offset values at the upper and
lower temperature extremes and b) dividing this difference

by the temperature excursion. This can yield-an extremely
misleading result, particularly where offset drifts in the same
direction at the two extremes. It is obviously possible to
have no difference in the two end-point measurements, yet
severe slopes may exist between the two as illustrated in
Figure 14. In this case the apparent (specified) drift would
be zero MV/°C.

Analog Devices employs two methods of drift specification —
a “true butterfly” curve characteristic for the high
performance/low drift models, and a ““modified butterfly”
for the lower cost amplifiers. Both overcome the deficiencies
described above. A comparison of these methods is shown
with definitive equations in Figure 15. Essentially, the

butterfly characteristic insures that if the amplifier is adjusted

to zero at room temperature (Ty), the offset at any tempera-
ture would, in no case, exceed the value predicted by
multiplying the specified drift rate (in uV/°C) by the
temperature excursion.

Unity Gain Small Signal Response
Unity gain small signal response, ft, is the frequency at which
the open loop gain becomes unity or zero dB. *“Small signal”
indicates that in general it is not possible to obtain large
output voltage swing at high frequencies because of
distortion due to slew rate limiting or signal rectification.
For amplifiers with symmetrical response on each input, f¢
may be obtained by either the inverting or non-inverting
configurations. Some wideband amplifiers with feed forward
design have fast response only on the negative input which
restricts high speed use to the inverting circuit.

Aeos B €osH — €osL = OuV/C
AT Ty =T,
Figure 14

BUTTERFLY CHARACTERISTICS
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CAPSULE SELECTION TABLE AMPLIFIER PRODUCTS

Open Loop Offset Voltage
Description Model ! Gain Rated Output Frequency Response vs. Temperature
Unity Gain Full Power Slew Rate
VIV v mA MHz kHz Vius UV/°C max
General Purpose — Bipolar
Moderate Performance Op Amps
Good Performance Economy, Low Noise 118 A/K 250k 10 15 1.5 100 min 6.0 +20/%5
Low Cost, 20mA Output 119 A/K 500k *10 +20 15 100 min 6.0 +20/%5
Economy, Speed, IC AD201A 50k *10 5 1.0 10 0.5 *15
Lowest Cost, General Purpose, IC AD741 J/K/L* 50k +10 +10/5/5 1.0 10 0.5 . +20/%15/%5
Super Beta-Low 2nA Ipjs IC AD208/A 50k/80k £13 1.3 1.0 10 03 +15/45
High Accuracy IC . AD301 AL 80k +10 15 1-10 0-150 025-9 15
General Purpose FET —
Low Bias Current, High Z;, Op Amps
Lowest Cost Discrete 40 J/K 50k 10 +5 4.0 100 min 6.0 150/£20
Guaranteed CMR — Low Bias, Low Noise 43 J/K 50k +10 15 4.0 100/200 min 6.0/12.0 +30/%5
Lowest Bias — High CMR 41 J/K/L 100k +10 5 1.0 50 min 30 +25/£10/+25
Lowest Drift — 20mA Output 146 J/K 100k 10 20 5.0 150 min 10 £7/22
Best Choice — Economy IC AD503 J/K* 20k/50k 10 5 1.0 100 6.0 +30/£10
Hybrid — Lowest Offset & Bias, IC AD511 A/B 25k +10 5 1.0 70 5.0 +75/%25
High GBW, Slew Rate, IC AD513 J/K* 20k/50k *10 5 1.0 to 800 to 50 +75/425
Low Vg Economy IC AD506 J/K/L* 50k/120k/100k *10 5 1.0 100 6.0 +30/£10/%5
Low Noise IC AD514 J/K/L 20k/50k/50k *10 5 Wi 8 0.5 +75/%25/%25
Low Vs Externally Compensated 1C AD516 J/K 20k/50k *10 15 1.0 100 6.0 £75/£25
Economy IC AD540 J/K/S 20k/50k/50k 10 5 1.0 100 6.0 75/4£25/£50
Wide Bandwidth —
Fast Settling Op Amps
1000V /us Slew, 100ns Settling, 100mA 46 J/K 25k +10 +100 40 10MHz min 1000 +75/£25
125V /us, 250ns Settling to 0.1% 48 J/K 100k +10 20 15 1.5MHz(inv.) min 125 (inv.) +50/15
100mA Output — 8MHz fp — Diff Input 50 J/K 25k +10 1100 40 8MHz min 500 50/%15
100mA Output — Wide Temperature Range 51A/B 50k +10 +100 10 6MHz min 400 150/£20
Lowest Cost — 1us Settling to 0.01% 45 J/K 50k +10 +20 10 1MHz min 75 +50/£15
0.01% Buffer, 1us to 0.01% 44 J/K 100k 10 120 10 1MHz min 75 +50/%15
100MHz GBW, Lowest Drift 120 A/B 500k *10 125 10-100 4MHz min 250 +15/+8
FET Input, IC AD528 J/K 25k/50k *10 x5 10 800 50 +50/+25
Wideband, 130V/us, IC ADS505 J/K* 500k 10 5 4-10 2MHz 150 *+15/%8 typ
Slew Rate, High Gain, IC AD507 J/K* 50k *+10 10 35 320 35 +15/%+15 max
High Speed, Diff Input IC AD509 J/K* 15k +12 +10 1.6/2.0 1600/2000 120 20
High Speed, Low Cost IC AD518 J/K* 200k 13 10 12 10,000 70 +4/£2mV
Low Voltage Drift —
Chopper Stabilized Op Amps
0.1}1V/°C Drift — Lowest Noise 234 J/K/L 10M 10 +5 2.5 500 min 30 +1.0/20.3/%0.1
Lowest Cost — General Purpose 233 J/K/L 10M *10 5 0.5 4.0 min 025 +1.0/%0.3/%0.1
Low Cost, Non-Inverting, High Zj, 260 J/K 5M *10 +5 100Hz 2-50Hz min 100V /sec +0.3/%0.1
Low Noise, Non-Inverting, High Zj, 261 J/K 10M +10 +5 100Hz 2-50Hz min 100V /sec 0.3/20.1
General Purpose — 25mA Output 231J/K 10M +10 125 0.5 3.0 min 0.2 10.25/%0.1
High Bandwidth — 20mA Output 210/211 100M +10 +20 20 500 100 +0.5/£1.0
Low Voltage Drift —
Differential Input, High CMR Op Amps
Lowest Cost —0.25uV/°C 184 J/K/L 300k *10 +5 1.0 5.0 min 03 +1.5/%0.5/%0.25
FET Input, Guaranteed Low Noise 52 J/K 1M +10 +5 0.5 4.0 min 0.25 +3.0/£1.0
Battery Powered — General Purpose 153 J/K 50k +1.0 1.0 0.15 5.0 min 0.02 +5.0/+2.0
Lowest Bias, 4nA, 0.5uV/°C 180 J/K 300k +10 25 1.0 10 min 0.6 £1.5/40.5
Super Beta, 3uV/°C, 25nA, IC AD508] 4M £10 5 0.3 1.5 0.12 3.0
Highest CMR, Low Offset and Drift, IC AD504 J/K/L*? 4M/8M/8M £10 5 0.3 1.5 0.12 $0.5/40.5/0.3
Electrometers —
Ultra Low Bias Current
Varactor, Inverting 310 J/K 100k £10 5 2kHz 7Hz min 0.4V/ms $30/110
Varactor, Non-Inverting 311 J/K 100k £10 15 2kHz 7Hz min 0.4V/ms $30/%10
Lowest Cost — High Gain FET 42 J/K/L 300k +10 +5 1.0 4.0 min 0.25 150/£15/425
High CMR, Wideband 41 J/K/L 100k +10 +5 1.0 50 min 3.0 125/%10/425
FET, Input, IC AD523 J/K/L* 50k/50k/75k +10 5 0.5 70 50 $25/£15/425
High Output Voltage or Current Op Amps
100mA Booster — Lowest Cost B100 0.85 +10 100 - 1MHz min - £1.0mV/°C
20V, 20mA Output — High CMR 163 A/K 500k £20 +20 1.5 50 min 6.0 $20/45
20uV, 5SmA Output — Economy 165 A/K 250k +20 +5 1.5 50 min 6.0 $20/%5
140V Output 171 J/K 10M +140 +10 3.0 15 min 10 £50/%15
100mA Output — 8MHz fp — Diff Input 50 J/K 25k +10 £100 40 8MHz min 500 +50/%15
100mA Output — Wide Temperature Range 51 A/B 50k £10 +100 10 6MHz min 400 $50/£20
Guaranteed 10mA vs. Temp., IC AD512 K/S 50k +12/+10 +12/%10 1.0 10 0.5 $20/425
Instrumentation Amplifiers
Low Drift — Wideband — Low Noise 606 J/K/L/M 1-10,000 +10 %5 1.0 12 08 12/%1/%Y%/+%(G=1000)
Low Drift — High CMR 605 J/K/L 1-1,000 *10 15 0.3 1.5 0.1 +3/%1/%0.5(G=1000)
Low Cost, General Purpose 603 J/K/L 1-2,000 +10 +5 1.0 10 min 20 +50/+15/£5(G=1000)
Low Drift — Fixed Gains 602 J10/
J100/K100 10/100/100 +10 +4 75kHz -1% @ 1kHz - +10/£1000/+200
Low Cost, General Purpose, IC AD520 J/K/S 1-1,000 +10 $5 0.2 75 4.0 +5/42/%2(G=1000)
Isolation Amplifiers,
Medical, Industrial |
EEG/ECG Inputs, Adjust Gain 274] 1-100 10 0.2 1.2kHz 200Hz - $200RTI, G =100 typ
ECG Input, 5kV Safety 273K 1.0 +3 0.06 4kHz 200Hz - 1100 typ
Low Noise Buffer 273) 1.0 +3 0.06 4kHz 200Hz - *100 typ
ECG Input, 5kV Safety 272) 1.0 3 0.06 2kHz 200Hz - 150 typ
Low Noise, Gain = 3, Economy 276] 3.0 +1.5 0.06 1kHz 200Hz - +100 typ, RTO
Multi-Channel Systems 279] 1.0 +3 0.06 4kHz 200Hz =5 +100 typ

! Rated specifications for J, K, and L versions apply over the
0 to +70°C temperature range; for A and B versions over

-25°C to +85°C; for S and T versions over -55°C to +125°C.

?1C devices priced at 1-24 units, othersat 1-9.
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SPECIFICATIONS (Typical @ +25°C and +15VDC power supply unless otherwise noted)

Input Bias Current Input Input Noise Prices
@ +25°C vs. Temperature Impedance Voltage (Small Quantity?)
Differential Common Mode 0.01-1Hz 5-50kHz Dollars
pPA pA/°C Q Q uv p-p WV rms $
0, +35nA max +0.6/0.5nA/°C 10° 10° 1.0 3.0 14/21
0, +35nA max +0.6/+0.5nA/°C 10° 10° 1.0 3.0 26/37
+75nA - 4 x 108 - 4.0 5.0 (10Hz to 10kHz) 3.00
+200/+75/+50nA . 2 x 10° = 2.0 4.0 (10Hz to 10kHz) 1.85/3.40/9
+2.0nA - 10 x 10° - - - 10.50/21
+30nA +0.1nA/°C 4 x 108 - 20 4.0 (10Hz to 10kHz) 6
0, -50/-20 max 2x/10°C 101t 10! 6.0 3.0 15/21
0, -10/-20 max 2x/10°C 10t 10t} 4.0/2.0 max 4.0/3.0 max 22/35
0,-0.5/-0.25/-0.15 max 2x/10°C 10'3 1l 8.0 10 53/64/75
0, -30/-20 max 2x/10°C 10'! 10" 6.0 16 61/75
5/2.5 2x/10°C 10" 10'? 15 5 16.80/23
0,-25/-10 2x/10°C 10!t 10'2 30 15 20/24
0,-30/-20 2x/10°C 10! 10'? 30 15 16.45/20.15
5/2.5/2 2x/10°C 10! 10'? 15 75 13/15.50/24
+50/+20/+10 - 10'° 10'?! 5/5/2 - 8.85/11.85/14.85
+20/£10 2x/10°C 10'! 10'2 30 15 19.45/23.20
£50/+25/25 2x/10°C 10'? 10'! 15 5 6.45/8.95/14.95
0, -100 max 2x/10°C 10'! 10'! 10 5.0 85/105
0, -50/-25 max 2x/10°C 10'! 10'! 20 3.0 50.50/61
0, -2nA max 2x/10°C 10'! 10'! 5 3(10Hz to 10kHz) 75/92
0,-2nA max 2x/10°C 10'° 10'° 5 3(10Hz to 10kHz) 99/119
0, -50/-25 max 2x/10°C 10'! 10'! 5.0 3.0 38/48
0, -50/-25 max 2x/10°C 10! 10!t 20 3.0 46/56
0, +55nA max 0.9/0.7nA/°C 2 x 10° = 0.5 3.0 82/98
+30/%15 - 10'° 10'? 5 - 18/24
+75nA - 2x 108 = 8(0.01 to 10Hz) 20 17.25/20.70
+25/+15nA max = 300 x 10® - - 7 (1 to 100kHz) 9.50/15
125/100nA = 300 x 10° - - - 11.50/18.75
120nA = 3x10° - - - 3/7.20
+100 max +4/2/42 3 x 10° NA 1.0 2.0 56/65/89
+50 max $2/£1/40.5 6 x 10° NA 1.0 3.0 46.50/56/77
+300 max £10 8 x 10%]0.01uF 10°10.02uF 0.4 - 49/64
4300 max +10 4 x10*/|0.02uF 10°(/0.02 uF 0.4 max - 51/67
£100/£50 max *1/40.5 3x10° NA 1.5 5.0 88/127
+100/£150 max +1/43 5x 10° NA 5/10 10 189/147
0, +25nA max 40.25nA/°C 4x10° 2x10° 1.0 4.0 43/58/68
0, -3 max 2x/10°C 10'? 10'2 1.5 max 3 max (10 to 10kHz) 42/49
+3nA max 40.1nA/°C 10° 2x10° 1.0 4.0 54/65
+4nA max +0.1/£0.05nA/°C 2x10° 10° 1.0 4.0 77/97
125 100 4 x 10° 100 x 10° 1.0 2.0 21
+200/+100/+80nA 300/250/200 108 108 1.0 2.0 11.20/19.80/28
+10fA max +1fA/°C 3x10'! - 10 10 (1 to 100Hz) 59/95
+10fA max +1fA/°C 3x 10! - 10 10 (1 to 100Hz) 62/100
350/100/75fA max 4(0 to +70°C) 10'? 10'? 6.0 8.0 32/38/42
0,-0.5/-0.25/-0.15 max 4(0 to +70°C) 10'3 1013 8.0 10 53/64/75
-1.0/-0.5/-0.25 2x/10°C 10!? 103 20 - 21/25/28
+500uA max - 9x 103 NA o - 33.50
0, +35nA max 40.6/+0.5nA/°C 108 10° 1.0 4.0 44/55
0, +35nA max #0.6/£0.5nA/°C 108 10° 1.0 4.0 26/37
0, -50/-20 max 2x/10°C 10'! 10! 4.0 2.5 (10Hz to 10kHz) 71/81
0, -2nA max 2x/10°C 10! 10! 5 3 (10Hz to 10kHz) 75/92
0, -2nA max 2x/10°C 10'° 10'° 5 3 (10Hz to 10kHz) 99/119
+200nA = 2 x 108 — 4.0 5 (10Hz to 10kHz) 6.90/10.35
0, +60nA max 0.2nA/°C 10° 10° 1(G=1000) max 1(G = 1000) (10Hz to 10kHz)  69/85/98/150
0,+100nA max -1nA/°C max 10° 10° 1.5(G=1000) 5(G=1) 59/68/80
0, -50/-20/-20 max 2x/10°C 10'2 10'2 2(G=1000) 80 (G=1) 43/49.50/55
+50nA max *1nA/°C 10° - - - 76/76/90
+40/420/+20nA 0.5/0.2/0.5nA/°C 2 x 10° — 5uV(G=1000) = 18/24/33
0,-50 2x/10°C 1ol? 10'! 5(0.05 to 100Hz)* 7(5Hz to 1kHz) G = 100 125
0,-50 2x/10°C 10'? 10! 14(0.05 to 100Hz) 5(5Hz to 1kHz) 109
0,-50 2x/10°C 10'? 10"! 10(0.05 to 100Hz) 5(5Hz to 1kHz) 109
0,-50 2x/10°C 10'? 10! 35(0.05 to 100Hz) 15(5Hz to 1kHz) T 114
+7nA $0.1nA/°C 108 10'! 8(0.05 to 100Hz) 5(5Hz to 1kHz) 98
0,-50 2x/10°C 102 10'! 14(0.05 to 100Hz) 5(5Hz to 1kHz) 89

3 Also available in **M” version — 0.5mV/°C max Offset Voltage Drift:
0.6mV p-p max Input Voltage Noise (0.1 to 10Hz); $30.00 (1-24).

4G = 100: Input #2
*Also available in “‘S” version.
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GENERAL PURPOSE-MODERATE PERFORMANCE

MODELS 118, 119, AD20I, AD741, AD208, AD30IAL

GENERAL DESCRIPTION

Amplifiers in this group include Analog’s lowest cost devices.
They are best suited for general purpose designs with
moderate drift requirements in the range from 5 to 40uvV/°C,
unity gain bandwidths to 1MHz, and full power response

to 100k Hz. Using silicon bipolar transistors as the differential
input stage, bias currents range from 2 to 75nA placing upper
limits of 10k to 100k ohms on circuit impedances for best
performance. Typical applications include linear designs for
summing, inverting, impedance buffering (followers) and
active filtering. They are also useful for developing non-
linear transfer functions.

MODEL 118 A/K: LOWEST COST

The first op amp to consider for general purpose applications
is model 118, a discrete component amplifier which surpasses
the performance of lower cost IC’s. It has high open loop
gain and good slew rate with drifts of 20uV/°C (118A) and
5uV/°C (118K). Careful component selection and advanced
design techniques yield low bias current and low thermal
overshoots for improved performance over earlier discrete

op amp designs.

MODEL 119 A/K: 20mA OUTPUT

Model 119 A(K) is identical to 118 A(K) except for its higher
20mA output current at £#10V. For #20 volt output voltage re-
quirements, select model 163 to replace model 118, and model
165 for model 119 replacement. (See page 50, ‘“High Output-
Voltage, Current.”)

AD201/AD201A: ADJUSTABLE BANDWIDTH

The low cost AD201 series combines the dynamic response
flexibility, afforded by external frequency compensation,
with good DC performance. Because frequency compensation
is performed externally, the AD201 provides a greater degree
of design control, and permits the dynamic operating
characteristics to be fitted to the specific system application.
Other models to consider in this series are AD101A

(military grade) and AD301A (industrial grade). The device
offers full short circuit protection, external offset voltage
nulling, and the absence of latch-up. (See also Linear

IC Section.)

AD301AL: LOW COST, HIGH ACCURACY, SPEED

The low cost AD301AL combines the dynamic response flexi-
bility afforded by external frequency compensation with ex-
cellent DC performance. The amplifier increases overall accu-

Discrete

Good Performance,

Economy
118
Model A K
Open Loop Gain
DC Rated Load, V/V min 250,000
Rated Output, min +10V@5mA
Frequency Response
Unity Gain, Small Signal 1.5MHz
Full Power Response, min 100kHz
Slewing Rate, min 6V//.ls1
Overload Recovery 0.5ms
Input Offset Voltage
Initial, 25°C, (adj. to zero) max +5mV?
Avg. vs. Temp, max +20 | +5uV/°C
vs. Supply Voltage *10UV/%
vs. Time +200u4V/mo.
Input Bias Current
Initial, 25°C, max +35nA
Avg. vs. Temp, max +0.6 | _+0.5nA/°C
Input Difference Current
Initial, 25°C, max +3nA
Avg. vs. Temp, max +0.1 | +0.05nA/°C
Input Impedance
Differential 10°Q
Common Mode 10°
Input Noise
Voltage, 0.01 to 1Hz, p-p 1uvV
10Hz to 10kHz, rms 2uV
Current, 0.01 to 1Hz, p-p 20pA
Input Voltage Range
Common Mode Voltage, min 10V
Common Mode Rejection 86dB
Max Safe Differential Voltage 15V
Power Supply Range (VDC) (12 to 18)V
Rated Specification (VDC) +15V@4mA

Temperature Range
Operating, Rated Specification

-25 to +85°C 0t0+70°C

Package Outline
Case Dimensions

M-1
1" x 1" x 0.5"”

Price
1-9 $14.00 $21.00
10-24 $13.00 $19.00

(1)20kHz and 1.2V/us for non-inverting operation.
(2)With external 24.9k§2 trim resistor.

(3)Compensated gain of 20dB.

34 AMPLIFIERS



racy over the standard AD201A by 30%, and by a factor of 4
over the AD301A by reducing errors due to Vg, AVog/AT,
I, CMRR, etc. (See also Linear IC Section.)

AD741 J/K/L/S: LOWEST COST, HIGH ACCURACY

These low cost devices are general purpose op amps with inter-

nal frequency compensation and significantly tighter specifica-
tions which allow substantial upgrading in performance of de-

signs desiring 741 simplicity and operating familiarity. Results

of error budget analyses of typical applications show factors of
improvement in accuracy ranging from 2.5 to 8 over the
industry-standard AD741 and AD741C. (See also Linear IC Section.)

AD208/208A: LOW BIAS CURRENT

Using a superbeta input device, AD208A offers low bias
current, to 2nA, for use with higher circuit impedances or
for lower current drift. The “A” selection has lower offset
voltage and drift with specified minimum gain and CMRR
ratings. Included in this series are models AD108/AD108A
(military grade) and AD301/AD301A (industrial grade) with
varying specifications for temperature operating range and
input characteristics. (See also Linear IC Section.)

Microcircuit
Low Cost, Low Cost Super Beta High Accuracy,
20mA Output Economy, Speed High Accuracy Low 2nA Bias Economy, Speed
119 AD201A AD741 AD208 AD301AL
A K J K L s AD208 AD208A
500,000 50,000 50,000 50,000 80,000 80,000
+10V@5mA +10V@5mA | t10V@10mA | +10V@5mA | *10V@10mA +13V@1.3mA +10V@5mA
1.5MHz IMHz 1MHz 1MHz 1-10MHz
100kHz 10k Hz typ 10kHz typ 10kHz typ® 6-150kHz
6V/us 0.5V/us typ 0.5V/us typ 0.3V/us typ 0.25-9V/usec
0.5ms — = - -
+5mV? +2mV £3mV £2mvV, ‘ +0.5mV +2mV +2mv* +0.5mV +0.5mV
+20 | t5uv/°C +15uV/°C +20uv/°C +15uv/°C t5uv/°C | #15pv/°C +15 +5uv/°C *5uv/°C
+104V/% 15uV/% max | 100uV/V max 15uV/V max 15V/% max 90dB min
+200uV/mo. == = - -
+35nA +75nA +200nA | #75nA | *50nA | %75nA +2nA +30nA
+0.6 | +0.5nA/°C - — _
+3nA +10nA +50nA +10nA i +5nA l +10nA +0.2nA +5nA
+0.1 +0.05nA/°C +0.2nA/°C +0.1nA/C +0.2nA/°Cmax ' #0.1nA/°Cmax ' +0.25nA/°C max +2.5pA/°C +0.1nA/°C
106 4 x 10°Q 2x10°Q 70 x 10°Q 4x10°Q
10° - — - _
11V 2uv 2uv 2uv
2uV 4uv 3uv 4uv
20pA == - - _
10V +12V t12v +14V +12V
86dB 96dB 100dB 100dB 100dB
+15V +30V +30V Note’ 130V
(12 to 18)V (3 0 22V | (G0 18V | (5 to 22)V 2 o 200V I3 t0 18)V
+15V@2mA +15V@3mA +15V@2.8mA +15V@0.6mA $15V@3mA
-25 to +85°C 010 +70°C -25 to +85°C 0 to +70°C -25 to +85°C 0 to +70°C
F—1 TO—99 TO-99, Mini-DIP I TO-99 TO—99 TO-99, Mini-DIP
1.5 x 1.5" x 0.4" - _
$26.00 $37.00 $4.10 $1.85 $3.40 $9.00 | $4.95 $10.50 $21.00 $6.00
$24.50 $34.00 $4.10 $1.85 $3.40 $9.00 $4.95 $10.50 $21.00 $6.00

(4)No provision for external Vg pull.
(5)Shunt-diode input protection. Current must be limited to +10mA.
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GENERAL PURPOSE FET-LOW BIAS HIGH Z |y
MODELS 52, 40, 43, 41, 42, 146, AD503, AD506,

AD540, AD5II, AD514

GENERAL DESCRIPTION

General purpose FET amplifiers should be considered for
moderate performance designs requiring high input imped-
ance, low bias currents and bandwidths to 1MHz. These
models should meet most design requirements, especially
those which cannot be satisfied by bipolar input designs
because of excessive bias currents or too low input imped-
ance. The lower bias currents (1 to 100pA) and higher
input impedances (10" ' ohms) of FETS make them a
natural choice when amplifier gain networks exceed 100k
ohms and it is necessary to minimize input loading and
current offset errors for improved accuracy. Significant
applications include integrators, sample and hold amp-
lifiers, current to voltage converters and low bias current
log circuits.

MODEL 52 J/K: HIGH ACCURACY, LOW NOISE

Model 52 combines guaranteed voltage noise of 1.5uV p-p
(1Hz BW), low voltage drift, 3uv/°C (52]), 1uV/°C (52K), low
input bias, 3pA (max) and CMR of 100dB (min) making it an
excellent selection for high impedance, high accuracy applica-
tions. Supplied in a reliable, compact (1.1" x 1.1" x 0.4") epoxy
module, model 52 offers complete protection from input trans-
ients as well as freedom from latch up when the common mode
voltage range is exceeded. Short term offset stability equals the
performance of chopper stabilized amplifiers, suggesting model
52 be used in auto-zero applications. Model 52 is an excellent
choice to replace more expensive chopper stabilized amplifiers
where significant sources of error are introduced from zero
beating, “chopper spikes’ and ground loop currents.

MODEL 40 J/K: ECONOMY, LOW BIAS

The popular model 40] is a best choice for OEM designs and
for the general class of applications requiring low bias current
(50pA), moderate offset drift (SO/JV/OC), and high input
impedance (101 Q). Designed with minimum performance
tradeoffs, it has high gain, for improved closed loop accuracy,
and 4MHz bandwidth with stable 6dB roll-off. Select model
40K for a lower 20uV/°C offset drift and a bias current of
20pA.

MODEL 43)J: GUARANTEED 80dB CMR

Closely resembling model 40] in performance, model 43] has
improved bias currents of 10pA and offset drift of 30uv/°C.
It is especially noted for its guaranteed CMR of 80dB at

*11 volts for accurate noninverting buffer or differential
applications. Its 10pA bias and high input impedance are
desirable for accurately amplifying small current or voltage
signals approaching those levels requiring electrometer
designs. ‘

MODEL 43K: 5uV/°C, ECONOMY, LOW NOISE

This economy, low noise, low drift design features a guaranteed
noise specification of 2uV rms (max) in a 10kHz bandwidth.
Added to a 5uV/°C (max) voltage drift from 0 to +70°C, model
43K is an excellent choice at only $35 (1-9). Bias current of
20pA (max) and input impedance of 10!  are also compatible
with the excellent drift and noise performance of this amplifier.
Other excellent characteristics include unity gain bandwidth of
200kHz and open loop gain of 50,000.
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MODEL 41 J/K/L: HIGH CMR, 0.5pA DIFFERENTIAL FET
Model 41 has guaranteed bias currents from 0.5pA to

0.15pA max, typical CMR of 94dB, and a 1MHz bandwidth.
It was specifically designed for low level current measure-
ments demanding minimal errors when used with high
impedance sources such as pH transducers, photomultipliers
and long term integrators. Its speed, high CMR and low

input capacitance also make it useful for medium speed
automated test systems.

MODEL 42 J/K/L: LOWEST BIAS CURRENT, 110dB GAIN
Undoubtedly one of the best values for OEM designs, the
model 42 is an ultra low bias current FET useful for measur-
ing low level currents or voltages from high source impedance
such as photo/ion detectors and pH transducers. Typical
specifications include 110dB open loop gain, 1 MHz band-
width and CMR of 66dB at £1V for differential designs.
Models are available with bias current as low as 75fA and drift
to IS/JV/OC. Refer to Electrometer Amplifier product group
for further information. (See page 48)

MODEL 146 J/K: LOW VOLTAGE DRIFT, 20mA

Model 146 features low voltage and current drift for use
with high impedance sources. High CMR performance make
this differential FET amplifier especially useful for bridge
circuits and buffer designs where good CMR performance
is required for accuracy. For source impedances below
100k{2, the 184 series low drift amplifiers are a good
alternative to model 146. The models 146] and 146K have
7uV/°C and 2/.1V/°C voltage drift respectively, with 80dB
CMR and 20mA output. Other specifications include
101'Q input impedance, 5SMHz bandwidth, 10V /usec

slew rates, bias currents to 20pA and 100dB gain for use
with high speed integrators, current to voltage converters,
accurate buffer designs and, in general, where

speed and FET characteristics must be combined with
good drift performance.



AD503 J/K/S GENERAL PURPOSE, LOW PRICED IC
These internally compensated FET op amps, with stable 6dB
roll-off provide a good combination of economy and perfor-
mance for most FET applications. In addition to their high
CMRR, slew rate and low bias current, the nulling technique
for trimming offset voltage results in only minor changes in
drift performance — unlike other comparable IC FET designs.

AD506 J/K/L/S HIGH ACCURACY IC

These devices are high accuracy FET-input op amps which
combine the low current characteristics typical of FET am-

plifiers with the low initial offset voltage and offset voltage
stability of bipolar amplifiers. Active laser trimming and close
matching of circuit elements provide maximum warmed-up off-
set voltage below 1.0mV, maximum offset voltage drift of
10uV/°C, and warmed-up bias current below 5pA max. Other
excellent characteristics include open loop gain above 75,000
and minimum CMRR of 80dB.

Discrete
Economy High Performance
Lowest Cost Guaranteed CMR Lowest Biag Low Drift
Discrete — $15 Low Bias, Low Noise High CMR 20mA Output
40 43 41 146
Model J K J K J K L J K
Open Loop Gain
DC Rated Load, V/V min 50,000 50,000 100,000 100,000
Rated Output, min +10V@5mA +10V@5mA +10V@5mA +10V@20mA
Frequency Response
Unity Gain, Small Signal 4MHz 4MHz IMHz 5MHz
Full Power Response, min 100kHz 100kHz 200kHz 50kHz 150kHz
Slewing Rate, min 6V/us 6V/us 12V/us 3V/us 10V/us
Overload Recovery 4us 4us 0.5us 2 us 1.5ms
Input Offset Voltage
Initial, 25°C, (adj. to zero) max +2mV! £2mVv! +2mv? +0.7mV°>
Avg. vs. Temp. max +50 1£20uV/°C +30 +5uv/°C +25 | t10  kasuvic | 27 | £2uv/°C
vs. Supply Voltage *50UV/% *50 ‘ +10uV/% +10uV/% *15uV/%
vs. Time +250MV/mo. +250 +50uV/mo. +2504V/mo. 1004 V/mo.
Input Bias Current
Initial, 25°C, max 0,-50pA | 0,-20pA 0,-10pA I 0, -20pA 0,-0.5pA | -0.25pA | -0.15pA 0,-30pA | -20pA
(Doubles every +10°C)
Input Difference Current
Initial, 25°C +25pA | *10pA +3pA $0.2pA | *0.1pA | *0.1pA +10pA
(Doubles every +10°C)
Input Impedance
Differential 10" Q//3.5pF 10'1§2//3.5pF 10" Q//3.5pF 10" Qr/3.5pF
Common Mode 10'* Q//3.5pF 10" Q//3.5pF 10'° Q//3.5pF 10" Qu/3.5pF
Input Noise
Voltage, 0.01 to 1Hz, p-p 6V 6uV 21V max 8uvV 6uV
5Hz to 50kHz, rms 3uV 3uv 3uV max 10uV 16 uV
Current, 0.01 to 1Hz, p-p 0.1pA 0.1pA - 0.1pA
Input Voltage Range
Common Mode Voltage, min +8, -10V +10V *10V 10V
Common Mode Rejection 80dB(+8, -10V) 80dBmin @10V | 80dB@(+8V,-10V) 94dB @ 5V 80dB(+5, -10V)
Max Safe Differential Voltage 15V +15V +15V 15V
Power Supply Range, +V¢ (VDC) +(12 to 18)V (1210 18)V (12 to 18)V (12 to 18)V
Rated Specification (VDC) +15V@5.5mA +15V@5.5mA | +15V@8mA +15V@8mA +15V@5mA
Temperature Range
Operating, Rated Specifications 0 to +70°C 0to +70°C 0 to +70°C 0 to +70°C
Package Outline M-2 M-2 F-2 F—1
Case Dimensions 1" x 1™ x 057 1"x1"x05" 1.5" x 1.5" x 0.4" L5" x 1.5" x 0.4"
Price
1-9 $15 $21 $22 $35 $53 I $64 I $75 $61 $75
10-24 $13.50 $19 $20 $33 $50 $59 $71 $58 $69

(1) With external 499% trim
(2)With trim terminals open

(3)With external trim resistor supplied
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52

new product

AD540 J/K/S LOWEST COST IC

The AD540 is the lowest priced IC FET-input op amp which
provides the user with low bias currents, high overall perfor-
mance, and accurately specified, predictable operation. Despite
its low cost, the AD540 provides such benefits as bias current

and offset voltage specified under fully warmed-up conditions,
gain guaranteed with the offset voltage both nulled and un-

nulled, and minimal variation in offset voltage drift with nulling.

AD511 A/B: HYBRID, LOWEST BIAS AND OFFSET

These devices are low cost replacements for AD501 and
ADP501 type hybrid amplifiers and are manufactured by
combining FET input chips with a monolithic bipolar op amp
on a laser trimmed substrate. Offsets are held below 1mV
while drift and bias currents are less than 254V/°C and 5pA
respectively. See Linear IC section for more information.

Discrete Microcircuit
General Purpose
Low Cost High Accuracy
AD503 AD506
Model J K S J K L S
Open Loop Gain
DC