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How to Find Product Data in This Datahook

The Databook contains Data Sheets for all products recommended for new designs, lists of Available Products not databooked
here (data sheets upon request), and a Substitution Guide for products no longer available, plus Selection Guides and a wealth of
background information.

THERE ARE TWO VOLUMES
VOLUME I contains technical data on our integrated circuits and hybrids for data acquisition.
VOLUME II has all data-acquisition products manufactured in the form of modules, cards, instruments, discrete-assembly
subsystems and systems.

DO YOU KNOW THE MODEL NUMBER?
If you know the model number, turn to the product index on page 1-14 (back of book) and look up the model number. You
will find the Volume, Section, and Page location of data sheets bound into Volume I and Volume II.

If you’re looking for a form-and-function-compatible version of an integrated circuit or hybrid product originally brought to
market by some other manufacturer (second source), add our “AD” prefix (or “ADSP”, for digital signal processing ICs) and
look it up in the index.

IF YOU DON’T KNOW THE MODEL NUMBER

There are two ways to find a device to perform your function:

1. FIND YOUR FUNCTION IN THE LIST ON THE OPPOSITE PAGE OR ON PAGE 2-1
Turn directly to the appropriate Section (or Volume). You will find one or more functional Selection Guides at the
beginning of the Section. The Selection Guides will help you find the products that are closest to satisfying your need, and
their Volume-Section-Page locations. Use them to compare all products in the category by salient criteria, no matter which
Volume their technical data resides in.

2. IF THE FUNCTION IS NOT LISTED BY A NAME THAT YOU RECOGNIZE
Find it in the diagram (opposite page). It will help you find the Selection Guides for products in that functional category.
Then use the Selection Guide(s) to find the Volume-Section-Page locations of products that will come closest to satisfying
your need.

A RELATED PRODUCT MAY BE WHAT YOU REALLY WANT
Text in each section often mentions related or complementary product categories having a greater or lesser degree of functional
integration.

IF YOU CAN’T FIND IT HERE . . . ASK!

See Worldwide Service Directory, 1-12 and 1-13, at the back of this volume.
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General Introduction

Analog Devices designs, manufactures, and sells worldwide
sophisticated electronic components and subsystems for use in
precision measurement and control. More than six hundred
standard products are produced in manufacturing facilities located
throughout the world. These facilities encompass all relevant
technologies, including bipolar, I’L, CMOS, and hybrid integrated
circuits—and assembled products in the form of potted modules,
_ printed-circuit boards, and instrument packages.

State-of-the-art technologies have been utilized (and, in many
cases, invented) to provide timely, reliable, easy-to-use advanced
designs at realistic prices. Nearly twenty years of successful
applications experience and continuing vertical integration insure
that these products are oriented to user needs. The continuing
application of present state-of-the-art and the invention of future
state-of-the-art processes strengthens the leadership position of
Analog Devices in data-acquisition products. °

MAJOR PROGRESS

Since the publication of our two-volume 1982 Databook and its
1983 companion update volume, nearly 50 significant new products
have been introduced. They are identified by bullets (@) in the .
index and in the table of contents for each section of this Databook.
Examples of these new products include: The AD7226 Quad
DAC - 4 bus-interfaced voltage-output 8-bit DACs on a single
monolithic CMOS chip; the AD670 8-bit “ADCPORT,” a

complete ready-to-go monolithic pP-compatible 8-bit a/d converter,

with on-chip instrumentation amplifier; the AD667 complete
12-bit voltage-output D/A converter with 2ps voltage-settling
time; the AD9700 monolithic DAC for raster displays; the ADSP-
1110 single-port 16-bit multiplier/accumulator for digital signal-
processing; and the complete, expandable, stand-alone pMAC-
5000 single-board measurement-and-control system, programma-
ble in powerful xMACBASIC,

INTEGRATED CIRCUITS

The list of product-category “bleed tabs” opposite the “How to
Find It” Guides on the inside front cover of this Volume is a
functional summary of our integrated-circuit and hybrid compo-
nent and subsystem product classes. The complete table of
contents, starting on page 2-1, provides a detailed panorama of
products and functions, irrespective of technology, appearing in
both Volumes of this Databook.

VOL. I, 1-2° GENERAL INFORMATION

TECHNICAL SUPPORT

Analog Devices offers extensive technical literature, which dis-
cusses the technology and applications of products for precision
measurement and control. Besides comprehensive data sheets, of
which there are many outstanding examples in this book, we
offer Application Notes, Application Guides, Technical Hand-
books (at reasonable prices), and several serial publications; for
example, Analog Productlog, which provides brief information

on new component products being introduced and Analog Dialogue,
our technical magazine, which provides-in-depth discussions of
new developments in analog and digital circuit technology as
applied to data-acquisition and control. We maintain a mailing
list of engineers, scientists, and technicians with a serious interest .
in our products. In addition to data-book catalogs-such as this
one-we also publish several short-form catalogs, on specific
product families. You will find typical publications described on
page 1-11 at the back of the book.

SALES OFFICES

Backing up our design and manufacturing capabilities and our
extensive array of publications is a network of sales offices and
representatives throughout the United States and most of the
world. They are staffed by experienced sales and applications
engineers, and many of them maintain a local stock of Analog
Devices products. Our Worldwide Service Directory appears on
pages 1-12 and 1-13 at the back of the book.

PRODUCTS NOT CATALOGUED HERE

For maximum usefulness to designers of new equipment, without
unwieldy size, we have limited the contents of the Databook to
products most likely to be used for the design of new circuits
and systems. If the data sheet for a product you are interested
in is not in either Volume turn to page 1-9, at the back of this
book, where you will find a list of older products for which data
sheets are available upon request. On page 1-10 you will find a
guide to substitutions for products no longer available.

PRICES ‘
At Analog Devices, we recognize that accurate, up-to-date prices
of our products are an important consideration in making a

choice among the many available product families. However,

since prices are subject to change, current price lists and/or
quotations are available upon request from our sales offices.

(this section continues at the back of the book)
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INTRODUCTION
This Ordering Guide should make it easy to order Analog Devices products, whether you’rc‘buying one IC op amp, a

. multi-option subsystem, or 1000 each of 15 different items. It will help you:
1. Find the correct part number for the options you want.
2. Get a price quotation and place an order with us.

3. Know our warranty for components and subsystems.
- For answers to further questions, call the nearest sales office (listed at the back of the book) or our main office in Norwood,
Mass. U.S.A. (617-329-4700).

MODEL NUMBERING
Many of the data sheets in the Databook have an Ordermg Guide. Use it to specify the correct part number for the exact
combination of options you want. I.C. and hybrid part numbers are created using one of these two systems:

Figure 1 shows the form of model number used for our proprietary standard monolithic ICs and many of our hybrids. It
consists of an “AD” (Analog Devices) prefix, a 3- or 4-digit model number, an alphabetic performance/temperature-range
designator and a package designator. One or two additional letters may immediately follow the digits (“‘A” for second-generation
redesigned ICs, “DI” for dielectrically isolated CMOS switches, e.g., AD536AJH, AD7512DIKD).

Figure 2 shows the somewhat different numbering scheme used by our Computer Labs Division for hybrid circuits. The

number starts with a three-character alphabetic prefix, followed by a hyphen, a three- or four-digit number, and alphabetic
designators (as applicable) to indicate additional functional designations or options and packaging options.

AD MX_A},%’_ XX - YYZZ W M
ANALOG I THREE OR
DEVICES . FOUR-CHARACTER
PREFIX ALPHABETIC
PREFIX
THREE OR
FOUR-DIGIT THREE-OR-FOUR-
NUMBERS NUMERAL FUNCTIONAL
GROUPING. FOR
1 OR 2 LETTERS CONVERTERS,
PROVIDE ASDITIONAL YY MAY DI PACKAGE OPTION
NERAL INFORMATION RESOLUYION ZZ SPEED R H
A SECOND GENERATION HERMETICALLV
D DELECTRICALLY PACKAGE OPTIONS: ADDITIONAL FUNCTIONAL
ISOLATED METALCASE DIP
2: OPERATION ON =+ 12V _SUPPLIES / o 25:2"5%"3%&%&”’”‘ DESIGNATION OR OPTION
E  LEADLESS CHIP CARRIER eg. E C A, ETC.
PERFORMANCE- F  CERAMIC FLATPACK
TEMPERATURE RANGE Ly H  METAL CAN, HERMETICALLY EXAMPLES:
DESIGNATOR’ SEALED :
| | INCREASING M METAL-CANDIP, HERMETICALLY HAS 1202 M
J * PARAMETRIC SEALED-COMPUTER LABS J = T
K 1 PERFORMANCE N PLASTIC DIP HYBRID HERMETIC
07O +70°C { a METAL CASE
M BEST OVERALL CHIPS MONOLITHIC CHIP' . ‘V‘L "
ERfo! CONVERTER 2208
EXAMPLES: 12817
. LI\JECI;SAi:r:?‘CE AD521KCHIPS .
" RFORI AD7524AD - -
_25°C T0+85%C < B pretsrain S 10 15 E, HDS-1015EM
C BEST OVERALL H
: PERFORMANCE "BR‘D HERMETIC
'MONOLITHIC CMOS CHIPS IN THE AD75XX CASE
INCREASING | SERIES WERE FORMERLY DESIGNATED °°“V‘R75“
04125C < T PERFORMANCE | AD75XX/COM/CHIPS AND AD7SXX/MIL/ICHIPS 10-BITS
—56°C TO+125°C 4 ) gest oveRaLL | AND MAY APPEAR ON PRICE LISTS WITH 15ns TO 0.1%
PERFORMANCE THOSE DESIGNATIONS. CONSULT ANALOG {VOLTAGE)
DEVICES FOR CURRENT PRICING OF AD75XX
CHIPS. ECL
Figure 1. Model-Number Designations for Standard Figure 2. Computer Labs Video Hybrid Product
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SECOND SOURCE

In addition to our many proprietary products, we also manufacture devices that are fit-, form-, and function-compatible
(and often superior in performance and reliability) to popular products that originated elsewhere. For such products, we
add the prefix “AD” to the familiar model number (example: ADDAC85C-CBI-V).

ORDERING FROM ANALOG DEVICES -

When placing an order, please provide specific information regarding model type, number, option designations, quantity,
ship-to and bill-to address. Prices quoted are list; they do not include applicable taxes, customs, or shipping charges. All
shipments are F.O.B. factory. Please specify if air shipment is required.

Place your orders with our local sales office or representative, or directly with our customer service group located in the
Norwood facility. Orders and requests for quotations may be telephoned, sent via TWX or TELEX, or mailed. Orders
will be acknowledged when received; billing and delivery information is included.

Payments for new accounts, where open-account credit has not yet been established, will be C.O.D. or prepaid. On all
orders under fifty dollars ($50.00), a five-dollar ($5.00) processing charge is required.

When prepaid, orders should include $2.50 additional for packaging and postage (and a 5% sales tax on the price of the
goods if you are ordering for delivery to a destination in Massachusetts).

WARRANTY AND REPAIR CHARGE POLICIES

All Analog Devices, Inc., products are warranted against defects in workmanship and materials under normal use and
service for one year from the date of their shipment by Analog Devices, Inc., except that components obtained from others
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Orientation
Operational Amplifiers

The amplifiers listed in this catalog are intended to provide
cost-effective solutions to the bulk of op-amp requirements in
precision measurement and control, as well as to more-general
requirements in electronic circuits. The technical data included
here* cover the properties of some 36 op-amp families, com-
prising about 100 distinct types. Some are general purpose,
others provide near-optimum performance for specific classes
of applications.

They differ in a variety of ways, for example, circuit technolo-
gy, circuit architecture, input properties, output properties,
operating temperature range and in terms of the many per-
formance specifications.

BACKGROUND

The operational amplifier is today the most-widely used analog
subassembly. It is safe to say that its basic properties and appli-
cations are sufficiently understood by most circuit designers
and builders. However, the basis for choice, the subtleties of
using op amps in circuits for best results (especially in preci-
sion measurement and control), and the varieties of possible
applications are less clearly understood by op amp users, in
varying degrees.

In these few pages, we shall address the question of making a
proper choice of op amp type for an application, in relation to
the extensive array of device properties presented in the data
sheets that follow. ‘

For those users requiring basic tutorial material, and detailed
information on getting the most out of op amps, we have
provided on page 4-16 a bibliography that should make avail-
able up to 99% of information needed now and then, with
“fanout” to the vast body of literature that — with some re-
dundancy — will provide the remainder. It should come as no
surprise to successful users of Analog Devices op amps that a
number of the references are to the applications sections of
data sheets included in this catalog.

SELECTION PRINCIPLES

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 purpgse 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 other factors must be well defined
before selection can be effectively undertaken.

*In addition to the products listed here, which are recommended for
new designs, a number of older products are still available; data sheets
are available upon request,

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 and then must be able to translate
these published specifications in terms meaningful to
the design requirements.

There are three fundamental aspects to the rational selection
of an operational amplifier for a given application: (1) es-
tablishing the circuit architecture, (2) defining the per-
formance levels, and (3) choosing the amplifier(s).

1. To obtain a circuit building block to implement a defined
functional job, the principal choices are either to purchase a
committed functional device or to design a circuit employing
op amps to perform the function. For example, to obtain a dif-
ference between two voltages, one may either purchase an in-
strumentation or isolation amplifier, or design a suitable sub-
traction circuit using op amps. If a committed functional
building block, with appropriate specs and price, is not avail-
able, the circuit designer must start by developing schematic
diagrams of circuits that will perform the function simply
using “ideal”” operational amplifiers. Many commonly used
circuits can be found in textbooks, ‘“‘cookbooks’”, and linear
circuit books, as well as in application notes and data sheets.

2. Recognizing that the choice of an op amp depends on both
the overall circuit requirements and the characteristics of avail-
able op amps, the designer should interpret the desired overall
performance in terms of the parameters of op amps, and es-
tablish acceptable ranges of parameters, and their variation
with time, temperature, supply voltage, etc. Examples of the
key parameters are the input offset voltage, input bias and off-
set currents, and the high-frequency performance and transient
behavior of the op-amp block (and its effect on the closed-
loop circuit) for large and small signals. It will be helpful to
develop an application checklist, which includes such con-
siderations as the character of the input signals and their im-
pedance, the output load, the desired accuracy — static and
dynamic — and the environmental conditions.

3. The designer must then relate acceptable performance of
the op-amp building block to the specifications and prices of
available devices from preferred suppliers, bearing in mind a
firm understanding of the way in which manufacturers define
their specifications, and how definitions can differ in a way
that may be misleading. A set of definitions used by Analog
Devices follows the next section. )
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.
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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 be connected at the ampli-
fier input and all of the “drift” specifications may
usually 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. For ex-
ample, if the closed-loop gain is 1000, the open-loop gain
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must be at least 100,000 to yield an error of no more than
1%, and 1,000,000 to yield an error no greater than 0.1%.
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 and temperature range
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, Ry, 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 Rep.

2. How much drift error can be tolerated? The question is
related to the input signal level, ey, 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 100uV. '

When this has been defined, the allowable limits of offset
voltage (e,), bias current (ip), and difference current can
be calculated by the equations of Figure 1.

Figure 1 gives the equations which relate offset voltzige
(eg), bias current (iy,), difference current (ig) 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.



ForRc = 0
and Ry << R;

R¢ Rt + R;
e,:-w [e, + ey ( Rr ') + 1y Hi]
—
Signal Input Drift Error = Vg

to=- :—»" [e. . For Rg = R Ry/(R; + Ry}
1

i S S
Signal Input Drift Error = Vy

€os —R'R;RL + g Ri]
! and R, <<R;

tnput Impedance Ry ~ R;

% Drift Error = 102&
'S

Figure 1A. Inverting Configuration

+ R;
oo =12+ Ri e Ri [e, + oo + ip R,] forRg = 0
eyt e —
Signal  Drift Error = Vg
Rz + R; [ R ] Ri Rz
8p = —— logg + +ig R = -—_—
o ® s + €os + id Rs| for Rg Ry R, + Rz

[S—

———
Signal . Drift Error = Vy4 -

Input Impedance Riy ~ Rem

% Drift Error = —":D#
¢]

Figure 1B. Noninverting Configuration

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 1mpedance of the
noninverter (approx1mately Rcp) is typically 107 ohms
even for the least expensive bipolar amplifiers and up to 101!
ohms for FET types.

Unfortunately, however, the noninverting configuration can-
not always be used since it is not convenient to use for many
circuit functions such as integration or summation. A further
limitation occurs in high accuracy applications, where com-
mon 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°Cto +85 °C, the max1mum 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.

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, Rg¢, 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, Ry in Figure 2B may become very
large since this resistor determines the sensitivity of the
measurement. Third, the changes of input impedance, Ry,

. Ri + R N
8o = -Ry¢ ['l + eos (———’R. Rt _’) + 'b]

—~
Signal  Drifterror = le
) - ( BRtRq 1
Input Riy <R, L Ra) (1 - Aﬂ)
+
where 1/8=1 + E:q‘_R'_RM % Drift Error = 100 100 le
s d

Figure 2A. Current Amplifier

e, =Ryis + eg + ip Ry for Ry> Ry

——
Signal  Drift Error = Vg
Input Impedance Ry ~ Rg¢

% Drift Error = 1:—°:’—"

Figure 2B. Voltage Amplifier with Sampling Resistor
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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.

Deosf Re+R Ai
Al = osf £Z 2 ), B AT
AT \ R¢Rg 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,
Cg, were one picofarad then the closed loop bandwidth
would be limited to 160kHz (1/(27RpCg)) regardless of
how fast the amplifier is. Moreover, output slewing rate will
be limited by how fast Cg can be charged which in turn is
related to signal level, e, and input impedance, R;, by

dey/dt = -€4/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 Rj 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 Rj 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.
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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.

Rz [RatRp |t _ _ _ ____ .
e (R ;
1
Rz +Ryg :
R 1 !
] 1
1 L
1 A W ——
Ra+R,1C RsC

Figure 3. DC Feedback Minimizes Output Offset
for AC Applications

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,
fc1(~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 linearity 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 (A§) is the determining factor
in performance. Some of the more notable examples of this
point are as follows:



OPEN LOOP GAIN A
A _—— LOOP GAIN-Ag
A/G
CLOSED LOOP CLOSED LOOP
GAIN-G BANDWIDTH-fy
G
R — fa 1 ——

F/‘gure‘4. Closed Loop Bandwidth and Loop Gain

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 = Zyq) = Zo/(1 + AB),
where Z is the open loop output impedance,
usually 200 to 5000 ohms.

c. Closed loop nonlinearity = L = Li/(1 + AB), where L
is the open loop linearity, usually less than 5%.

Loop gain of 100, or-40dB, is adequate for most applications
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 fy,, the full power
response of the amplifier. As the output signal voltage is
reduced below the rated output voltage, the usable maximum
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.

For some monolithic amplifier designs available today their
frequency response is not a simple 6dB roll-off; the response
may be shaped with external RC components for improved
performance. Using feedforward or phase lag compensation
networks, gain-bandwidth product and/or full power response
may be shaped to meet varying design requirements. Most in-
ternally compensated op amps offer a stable 6dB per octave
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

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 5).
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.

ERROR

BAND
EQ—AE; .

—

N

SLEW
RATE

j———

AD
TIME SLEWING RECOVERY | LINEAR SETTLING

st SETTLING TIME TO = AE—OI

onzfum

Figure 5. Typical Settling Time Characteristics

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

is shown in Figure 6.

However, since settling time is determined by a combination
of amplifier characteristics (both linear and nonlinear) and
because it is a closed loop parameter, 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.
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Figure 6. Step Response for Linear 6dB/Octave Amplifier

Settling time is a nonlinear function. It varies with the input
signal level and it is greatly affected by impedances external
to the amplifier.

ERRORS DUE TO NOISE

A majbr criterion in the,selection of an amplifier for low level
signals is the amplifier 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 juriction. 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 2
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 ep = the rms value of the noise volta; e
K = Boltzman’s Constant (1.38 x 10°3 ]oulcs/ K)
T absolute temperature of the resistance, °K
= the bandwidth in which the noise is measured
Since noi;c 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 unwieldy for practical
noise calculations, all that is required to enable rapid approxi-
mations is to apply a few simple rules of thumb.
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Rules of Thumb

(1) Remember that a IOOkQ 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. :

€ (rms) = (40nV/\/_)( /100k o) (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
ee=vVet tep? 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 1mpedanccs possible are ways to

reduce noise.

DESIGN EXAMPLE o
Figure 7A 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.

COMPONENT  CAUSE QuTPUT conTRIBUTION
Rin Johnson Noise VAKTBRiN (Re/RiN)

Rs g Johnson Noise AKTBRs (Re/Riy + 1)

f: Johnzon Noise AKTBRy -
iny Amp. Current Noise in RF

ing Amp. Current Noise {ingRs) (Re /Ry + 1)

o Amp. Voltage Noise o (RE/Ryy + 1)}

TOTAL NOISE =+/leR,y, GI? (g (G + 11]° + 87, * ling RE)® +(liny Rs) (G+ 1] +[eq G+ 1]]”
Figure 7A. Noise Components

Figure 7B illustrates how the Rules of Thumb may be applied
in a practical case to approximate the total output noise. In this
example, AD504, or a low noise type amplifier is being used
with a 50k§2 source impedance. The two major noise sources,

in addition to the AD504M input voltage noise of 0.6uV p-p,
are the Johnson noise (58uV p-p) and current noise (2.5uV

p-p)-



GAIN = 100
BW =0.01TO 10Hz
Rg = 50k
Rf = 10k
RN = 1002

1) RESISTOR NOISE: R * 13nVA/HZ
Rin * (1.3nVA/Hz) 100
Rs + (28nVA/Hz) 101 = 2.8uVA/HT
TOTAL RESISTOR NOISE IN 10Hz BW =
(2.8uVA/Hz) (/TOHzZ) 6.6uV p-p/uV rms = 584V p-p

2) AMPLIFIER CURRENT NOISE: (50pA p-p) (50k) {101) = 252uV
(S0pA p-p) (10K) = 0.5uV

3) AMPLIFIER VOLTAGE NOISE: (0.6uV p-p} (101) = 60.6pV p-p

TOTAL OUTPUT NOISE = 1/(252)7 +(60.6)° +(58)? =~ 265uV p-p

Figure 7B. Design Example

HOW THE OPERATIONAL AMPLIFIERS ARE CLASSIFIED
To assist the designer in distinguishing among the many types
available from Analog Devices, we have provided a Selection
Guide, in which amplifiers are grouped in terms of common
properties which have been optimized in order to satisfy the
needs of specific classes of applications. Once the choice has
been narrowed to the manageable number of types in any
group, distinctions can be drawn in terms of other reqmre-
ments or considerations.

Temperature Range and Nomenclature. Analog Devices oper-
ational-amplifier nomenclature uses suffixes to permit ready
. identification of the temperature range for which device
operation to meet critical specifications has been designed
or selected. The most popular range comprises the “‘com-
mercial” temperatures from 0 to 70°C; it is designated by
suffixes such as J, K, L, M, in order of increasingly tighter
specs (eg., AD741L) Also popular is the “extended” range,
-55°C to +125°C, designated by S, T, U, (e.g., AD510S); not
all families have types with specified performance in this
range. There are a few types desngned for operation in the
“industrial” range, ~25°C to +85°C, designated by A, B.
Wide-range types will generally meet the same or better
specs in a narrower temperature range. A few types are
second-sources for products originally introduced by other
manufacturers. In those instances, the generic nomenclature is
used (AD741C) or enlarged upon, if superior selections are
offered (e.g., AD301AL). .

1. General-Purpose ICs. Amplifiers in this group include our
lowest-cost devices. They are best-suited for general purpose
designs with moderate drift requirements, down to 5uV/°C
max (AD301AL), and gain-bandwidth to 8MHz (AD301A).
Typical applications include summing, inverting, impedance
buffering (followers), and active filtering. They are also use-
ful for developing nonlinear transfer functions, with appro-
priate external circuitry.

Bipolar monolithic technology is used for all types. The
AD741 is internally compensated; it does not require external
capacitance for frequency compensation. On the other hand,
the AD301A’s ability to be externally compensated, by either
lag or feedforward circuitry, permits circuits with a wide range
of dynamic performance characteristics ‘to be handled. Extend-
ed-temperature-range equivalents are the AD101A, AD201A,
and AD741.

2. Low Bias-Current, High Input-Impedance, FET-Input ICs.
These types use the inherently high impedance and low
leakage current of junction field-effect transistors (FET’s)
to deal with configurations that either provide the mea-
surement of low currents or require the use of high-resist-
ance circuitry.

Typical applications range from general-purpose high-im-
pedance circuitry to integrators, current-to-voltage converters,
and log-function generation, to measurements with high-im-
pedance transducers, such as photomultipliers, flame detectors,
pH cells, and radiation detectors.

The performance range is from the 75fA (75 x 1075 A) maxi-
mum bias current of the AD515L electrometer to the 100pA
max of the general purpose, lowest-cost AD611. The AD542

is a low-cost, laser-wafer-trimmed (LWT) monolithic imj)i?mted
FET input amplifier with low offset and drift. The AD544 is
similar, but has higher speed. Low bias current does not ne-
cessarily imply large voltage offsets; the AD515K combines a
150fA (0.15pA) max bias current with 1.0mV max offset and
15uV/°C max voltage drift; comparable figures for the
AD547L are 25pA, 0.25mV and 1uV/°C.

The types of amplifiers in this group ecither are completely
monolithic or employ matched FET's and a special bipolar
amplifier chip designed to accommodate the input FET’s
electrically. In nearly all the IC’s, thin-film resistors are
deposited on the chip at critical circuit locations to ensure
stability ; low offsets and drift are achieved by laser-trimming
of circuit balance. All FET-input op amps from Analog
Devices are manufactured to meet their published bias-current
specifications after full warmup (some manufacturers specify
initial current, which is lower than warmed-up bias current).
Our published max bias-current specification applies to either
input (some manufacturers call “bias current’ the average of
the two input currents). Bias current of junction FET’s ap-
proximately doubles for every 10°C increase of temperature.

3. FET-Input Dual ICs. The AD642, AD644, and AD647 are
a single-chip pair of wimmed implanted-FET-input (TRIFET)
op amps similar to-the AD542, AD644, and AD547 with low
warmed-up bias current (35pA max — K, L, S), low offset
voltage (0.5mV max — L), low offset-voltage drift (2.5uv/°C
max — L), and excellent Vyg matching (0.25mV max — L).
Besides applications calling for more than one FET-input op
amp at low cost per function, the AD647 is especially useful
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in applications calling for matched duals, such as log-ratio
amplifiers, FET-input instrumentation amplifiers, and buf-
fering of differential signals. The AD644, a wideband version,
was designed for fast DAC amplifiers, sample and hold, filters
and wideband instrument amplifiers, .

4. Electrometers. This class comprises the lowest bias-current
devices, the AD515. The AD515L, with its 75fA input bias
current, 1mV max offset, and 254V/°C offset tempco, has
differential inputs, and can be used in voltage measurements
at high impedance, as a follower, or in current measurements,
as an inverter, or even differendally.

5. High-Accuracy Low-Drift Differential-Input ICs. “Chopper-
less’’ low-drift designs with differential inputs, optimized for
voltage offset and drift, dc open-loop gain, and CMR, should
be considered for high-accuracy instrumentation, low-level
transducer bridge circuits, precision voltage comparators, and
for impedance buffer designs.

Performance of internally compensated premium amplifiers in
this group ranges from the ADOP-07A’s 254V max offset volt-
age and 0.6uV/°C drift, and the AD517L’s 50uV max offset
voltage and 1.3uV/°C drift, combined with 1nA max bias cur-
rent (1.5nA max over the temperature range), and CMR of
110dB min, to the low-cost AD741L’s maximum offset of
0.5mV and max offset tempco of 5uV/°C, with 100nA max
bias current over the temperature range, and CMR of 90dB min.

The ADOP-07 is a superior second source to other OP-07
families; for example, ADOP-07AH has minimum gain of

3 x 10° V/V compared to 3 x 10° V/V.

Among uncompensated op amps, the premium range is from
the AD OP-27 with 254V maximum offset voltage, 0.6uV/°C
max drift, 40nA max bias current over the temperature
range, and 114dB CMR, to the low-cost AD301AL, with
max offset of 0.5mV, max drift of 5uV/°C, max bias cur-
rent of 45nA over the temperature range, and minimum
CMR of 90dB. For applications in which low noise is es-
sential, the AD OP-27 has 100%-tested guaranteed maxi-
mum voltage noise of 0.18uV p-p, for the frequency range
0.1 to 10Hz, and maximum spot noise of 5.5 and 3.8V/A/Hz
and 4.0 and O.6pA/\/FI—z, at 10Hz, and 1000Hz, respectively.

The AD741J/K/L and thc AD301AL are selected from
production lots of the generic AD741 and AD101A types.
The AD504, AD510, and AD517 are thermally balanced

for low drift and high gain (independent of output loading),
with inputs that are bootstrapped for high CMR and protected
against overloads to prevent bias-current degradation due to

. reverse breakdown. Thin-film resistors, deposited on the chip,
are another key to the stability of these amplifiers. The AD510
and the AD517 employ super-beta input transistors to achieve
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low bias current, and they are laser-trimmed at the wafer-probe
stage (LWT) to achieve their excellent offset-voltage specifi-
cations at low cost. Since the bias currents are always of one
polarity, they can be nulled at a given temperature with simple
circuitry; and the change over the temperature range will be
considerably less than for low-cost FET-input amplifiers having
comparable specifications.

Extended-temperature-range equivalents are AD504S, AD510S,
AD714S, and AD517S.

6. Wide Bandwidth, Fast-Settling 1Cs. High-speed op amps
are characterized by high slewing rates, fast settling time,
and wide bandwidth. Fast settling time is especially im-
portant in applications with rapidly changing or switched
analog data, in buffers, d/a converters, and multiplexer cir-
cuitry; wide small-signal bandwidth is important in preampli-
fication and in handling low-level wideband ac signals; high
slewing rate is associated with fast settling time and is also
important in handling ac signals having large magnitudes with
minimal distortion, since the large-signal bandwidth is closely
related to the slewing rate.

The products in this category with outstanding specifications
are models HOS-050, AD3554 and AD380. Settling of the
hybrid HOS-050 is to within 0.01% in 300ns in the invert-
ing connection. Model AD3554 max slewing rate is 1000V/
ps inverting, and small-signal unity-gain bandwidth is 70MHz;
full-power bandwidth is 16MHz, min. In addition, all of these
devices will deliver £100mA of output current at 10V, an
important factor in video and line-driver circuitry, and in
driving capacitive loads. For example, the current required

to sustain 500V /us in a 100pF load is I =.C dV/dt = 50mA.
AD380 is optimized for settling time: 250ns maximum to
0.01%, inverting or noninverting, with output of £50mA

at 10V, ' '

There are three families of monolithic ICs listed in this cate-
gory, with slewing rates ranging from 25V/us min to 100V /us
min. The AD509S is the fastest slewing (100V/us min) and
settling (500ns min to 0.1% and 2.5us min to 0.01%). The
AD507K is the best all-around performer, with small-signal
bandwidth of 35MHz, slewing rate of 25V /us min, and typi-
cal settling to 0.1% within 900ns, in addition to open-loop dc
gain of 10° min, drift of 15uV/°C max, and bias current of
15nA max. The AD518J is the lowest in cost, yet it slews at
50V/us min, and typically settles to within 0.1% in 800ns,
with single-capacitor compensation.

Extended-temperature-range equivalents are models AD507S,
AD509S and AD518S.



DEFINITIONS OF SPECIFICATIONS

Absolute Maximum Differential Voltage

Under most operating conditions, feedback maintains the error
voltage between inputs to nearly zero volts. However, in some
applications, such as voltage comparators, the voltage between
the inputs can become large. This specification defines the
maximum voltage which can be applied between inputs with-
out causing permanent damage to the amplifier.

Common-Mode Rejection

An ideal operational amplifier responds only to the difference
voltage between inputs (e* — 7) and produces no output for
a common;mode voltage, that is, when both inputs are at the
same potential. However, due to slightly different gains be-
tween the plus and minus inputs, or variations in offset voltage
as a function of common-mode level, common-mode input
voltages are not eliminated at the output. If the output error
voltage, due to a known magnitude of common-mode voltage,
is referred to the input (dividing by the closed-loop gain), it re-
flects the equivalent common-mode error voltage (CME) be-
tween the inputs. Common-mode rejection ratio (CMRR) is
defined as the ratio of common-mode voltage to the resulting
common-mode error voltage. Common-mode rejection is often
expressed logarithmically: CMR (in dB) = 20 log;o (CMRR).

The precise specification of CMR is complicated by the fact
that the common-mode voltage error can be a highly nonlinear
function of common-mode voltage and also varies with tem-
perature. As a consequence, CMR data published by Analog
'Devices are average figures, assuming an end-point measure-
ment over the common-mode range specified. The incremental
CMR about small values of common-mode voltage may be

greater than the average CMR specified (on the other hand, the -

incremental CMR may be less in the neightborhood of large
CMYV). Published CMR specifications for op amps pertain to
very low-frequency voltages, unless specified otherwise; CMR
decreased with increasing frequency.

Common-Mode Voltage, Maximum

For differential-input amplifiers, the voltage at both inputs can
swing about ground (power-supply common) level. Common-
mode voltage is defined as any voltage (above or below ground)
that could be observed at both inputs. The maximum com-
mon-mode voltage is defined as that voltage which will pro-
duce less than a specified value of common-mode error. This
establishes the maximum input voltage for the voltage-follower
connection. )

Drift vs. Supply .

Offset voltage, bias current, and difference current vary as
supply voltage is varied. Usually, dc errors due to this effect
are negligible compared to drift with temperature. No infer-
ence may be drawn from this low-frequency specification con-
cerning the effects of rapid variation of voltage at the supply
terminals.

Drift vs. Temperature
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 precision
applications. The temperature coefficients (tempcos) of those
parameters are all defined as the average slope over a specified

" temperature range. Drift can be a nonlinear function of tem-

perature (though it is often quite linear over limited tempera-
ture ranges); the slopes generally are greater at the extremes of
temperature than around normal ambient (+25°C), which gen-
erally means that for small temperature excursions in the vi-
cinity of +25°C, the specification is conservative.

Analog Devices precision operational amplifiers are specified
by three- (or more-) point measurements, at 25°C and at the
high and low extremes of the range (TH, T1,), with the ampli-
fier adjusted to zero at room temperature. The sum of the
magnitudes of the drifts in the two ranges must be less than
the specified drift rate (uV/°C or nA/°C) multiplied by the
total temperature range (modified “butterfly”’), or, in some
cases, the magnitude of the drifts in both ranges must be less

True Butterfly Spec Modified Butterfly Spec

Aeos < _fosH o CosL Seos _ leosh | + leost |
aT Tu—-Tr TL-Tr AT TH =T

A egg
(TR = TL)

aT €osH
€asL { Tr ae
(Th —Tr) A‘f"
T TH

Aeys | N - -
AT IS the max. drift coefficient permissible

than the specified drift rate multiplied by the respective tem-
perature ranges (“‘true butterfly”).

The lowest-cost second-source 1C amplifiers are specified only
in terms of the maximum value of the parameter (e.g., offset
voltage) over temperature in the specified range.

Drift vs. Time

Offset voltage, bias current, and difference current change with
time as components age. It is important to realize that drift
with time is random, and rarely — if ever — accumulates line-
arly for healthy devices. For example, voltage drift for a chop-
per-stabilized amplifier might be quoted at 1uV/day, whereas
cumulative drift over 30 days might not exceed 5uV, or 15uV
in a year (e.g., model 235). A convenient rule of thumb for
extrapolation is to divide the drift for a stated interval by the
square root of its ratio to any other interval of interest.

Full-Power Response

The large-signal and small-signal response characteristics of
operational amplifiers differ substantially. An amplifier’s out-
put will not respond to large signal changes as fast as the small-
signal bandwidth characteristics would predict, primarily be-
cause of slew-rate limiting in the output stages. Full-power re-
sponse is specified in two ways: full linear response and full
peak response. Full linear response is specified in terms of the
maximum frequency, at unity closed-loop gain, for which a
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sinusoidal input signal will produce full output at rated load
without exceeding a pre-determined distortion level. 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 for modules.

In many applications, the distortion caused by exceeding the
full linear response can be comfortably ignored, but a more-
serious effect (often overlooked) is an effect equivalent to a
de offset voltage that can be generated when full linear
response is exceeded, due to rectification of the asymmetrical
feedback waveform or overloading of the input stage by large
distortion signals at the summing junction.

Another frequency response that is often if interest is the
maximum frequency at which full output swing may be ob-
tained, irrespective of distortion. This is termed “‘full peak re-
sponse’” and can often be found in a plot of output voltage
swing vs. frequency.

Initial Bias Current :

Bias current 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 ampli-
fiers, bias current is present at both the negative and the posi-
tive input. All Analog Devices specifications pertain to the
larger of the two, not the average. For single-ended amplifiers
(i.e., chopper types), bias current refers to the current at the
input terminal.

Analog Devices specifies initial bias current, I, as the bias
current at either input, specified at +25°C ambient with the
input junctions at normal operating temperature (some manu-
facturers specify initial bias current at power turn-on. Such
specifications may be mlsleadmg For cxample in FET-input
amphflcrs bias current is doubled for each 10° C increase;
since junction temperatures may warm up to 20°C or more
above ambient, the “initial bias current” spec used by some
manufacturers may be met only during a brief interval after
the power is burned on, and I, may be quadrupled under
ordinary operation conditions.)

_ Initial Difference Current
Difference current is defined as the difference between the bias
currents at the two inputs. 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 often about 0.1 times the bias current at either input,
assuming that initial bias current has not been compensated at
the input terminals. For amplifiers in which bias currents
track, it is often possible to reduce voltage errors due to bias
“current and its variations by the use of equal resistance loads
at both inputs.

Input Impedance

Differential input impedance is defined as the 1mpedance
between the two input terminals at +25°C, assuming that the
error voltage is nulled or very near zero volts. To a first approxi-
mation, dynamic impedance can be represented by a capacitor
in parallel with a resistor.
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Common-mode impedance expressed as a resistance in parallel
with a capacitance, is defined as the impedance between each
input and power-supply common, specified at +25°C. For
most circuits, common-mode impedance on the negative input
has little significance, except for the capacitance which it adds
at the summing junction (one exception is electrometer cir-
cuitry). However, common-mode impedance on the plus input
sets the upper limit on closed-loop input impedance for the
non-inverting configuration. Common-mode impedance is a
nonlinear function of both temperature and common-mode
voltage. For FET-input amplifiers, common-modc resistance is
reduced by a factor of two for each 10° of temperature rise.
As a function of common-mode voltage, the rcsnstwc com-
ponent is defined as the average resistance for a common-mode
change from zero to the maximum common-mode voltage.
Incremental resistance may be less than the specified average
value, especially at full-scale for some FET-input amplifiers.

Input Offset Voltage

Offset voltage is defined as the voltage required at the input
from zero source impedance to drive the output to zero; its
magnitude is measured by closing the loop (using low values of
resistance) to establish a large fixed gain, measuring the ampli-

fied error at the output, and dividing the measured value by

the gain.

The initial offset voltage is specified at +25°C and rated supply
voltage. In most amplifiers, provisions are made to adjust in-
itial offset to zero with an external trim potentiometer.

_Input Noise

Input voltage- and current-noise characteristics can be speci-
fied and analyzed in much the same way as offset-voltage and
bias-current characteristics. In fact, long-term drift can be con-
sidered as noise which occurs at very low frequencies. The

_primary difference is that, when evaluating noise performance,

bandwidth must be considered. Also rms noise from different
sources is summed by root-sum-of-squares, rather than linear,
addition. Depending on the amplifier design, noise may have
differing characteristics as a function of frequency, being
dominated by “1/f noise”, resistor noise, or junction noise, at
various frequencies.

For this reason, several noise specifications are given. Low-
frequency noise in the band 0.01 to 1Hz (or 0.1 to 10Hz) is
specified as peak-to-peak, with a 3.36 uncertainty, signifying
that 99.9% of the observed peak-to-peak excursions will fail
within the specified limits. Wideband noisc is specified as rms.
For some types, spectral-density plots or *spot noise”, at spe-
cific frequencies, in uV/A/Hz or pA/\/_z- are provided.

Open-Loop Gain’

Open-loop gain is defined as the ratio of a change of output
voltage to the voltage applied between the amplifier inputs

to produce the change. Gain is specified at dc. In many appli-
cations, the frequency dependence of gain is important; for
this reason, the typical open-loop gain as a function of fre-
quency is published for each amplifier type. See also unity gain
small-signal response.



Overload Recovery

Overload recovery is defined as the time required for the out-

put voltage to recover to the rated output voltage from a satu-
rated condition caused by a 50% overdrive. Published specifi-

cations apply for low impedances and contain the assumption
that overload recovery is not degraded by stray capacitance in
the feedback network.

Rated Output

Rated output voltage is the minimum peak output voltage
which can be obtained at rated current or a specified value of
resistive load before clipping or out-of-spec nonlinearity occurs.
Rated output current is the minimum guaranteed value of cur-
rent supplied at the rated output voltage (or other specified
voltage). Load impedances less than the specified (or implied)
value can be used, but the maximum output voltage will de-
crease, distortion may increase, and the open-loop gain will be
reduced. (All models are short-circuit protected to ground, and
many are safe against shorts to the supplies.)

Settling Time

Settling time is defined as the time elapsed from the applica-

tion of a perfect step input to the time when the amplifier out-

put has entered and remained within a specified error band

symmetrical about the final value. Settling time, therefore, in-

cludes the time required: for the signal to propagate through

the amplifier, for the amplifier to slew from the initial value,

recover from slew-rate-limited overload (if it occurs), and set-
tle to a given error in the linear range. It may also include a

" “long tail” due to the time required to reach thermal equilib-

rium, or the settling time of compensation circuits. Settling
time is usually specified for the condition of unity gain, rela-
tively low impedance levels, and no (or a specified value of)
capacitive loading, and any specified compensation. A full-
scale unipolar step input is used, and both polarities are tested.

Although settling time can generally be grossly inferred from
the other amplifier specifications (an amplifier that has extra-
wide small-signal bandwidth, extra-fast slewing, and excellent
full-power response may reasonably — but not always — be
expected to have fast settling), the settling time cannot usually
be rationally predicted from the other dynamic specifications.

Slewing Rate

The slewing rate of an amplifier, usually in volts per micro-
second (V/us), defines the maximum rate of change of output
voltage for a large input step change.

Unity-Gain Small-Signal Response

Unity-gain small-signal response is the frequency at which the
open-loop gain falls to 1V/V, or 0dB under a specified com-
pensation condition. “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 responsc
for signals applied to either input, the dynamic behavior will
be consistent for both inverting and non-inverting configura-
tions. However, if feedforward compensation is used, fast re-
sponse will be available only on the negative input, restricting
fast applications of the device to the inverting mode.
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A BRIEF BIBLIOGRAPHY ON OP AMPS

BOOKS (Not available from Analog Devices except where
noted) :

IC Op-Amp Cookbook by Walter Jung, Howard Sams & Co.,
Second Edition, 1980, down-to-earth and practical
paperback

Linear Integrated Circuit Applications by George B. Clayton,
The Macmillan Press Ltd., London, 1975

Modern Operational Circuit Design, by J. 1. Smith, John Wiley
& Sons, Inc., 1971

Nonlinear Circuits Handbook, edited by D. H. Sheingold.
1976. $5.95. Analog Devices, Box 796, Norwood, MA
02062

Operational Amplifiers and Linear IC’s, by R. F. Coughlin
and F, F. Driscoll, Prentice-Hall, Second Edition, 1982,
Practical textbook

Operational Amplifiers, Theory and Practice, by J. K. Roberge,
J. Wiley & Sons, 1975. Authoritative book on op amp
principles and circuitry; contains extensive material onl
compensation to optimize dynamic performance

Transducer.Interfacing Handbook, edited by D. H. Sheingold.
1980. $14.50. Analog Devices, Box 796, Norwood, MA
02062

AR'I;ICLES AND APPLICATION NOTES (Available Upon
Request; ask for specific issue of Analog Dialogue)

*‘Analog Signal Handling for High Speed and Accuracy’ by
A. P. Brokaw, ANALOG DIALOGUE 11-2
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“Current Inverter with Wide Dynamic Range” by Barrie
Gilbert, ANALOG DIALOGUE 9-1, 1975

“How to Select Operational Amplifiers”, Application Note
Section 20 of Volume 1

“An IC-Amplifier User’s Guide to Decoupling, Grounding, and
Making Things Go Right for a Change,* by A. P. Brokaw,
Application Note Section 20 of Volume I

“Laser-Trimming on the Wafer, A Powerful New Tool for IC’s”
by R. Wagner, ANALOG DIALOGUE 9-3, 1975

“Simple Rules for Choosing Resistance Values in Adder-
Subtractor Circuits” by D. Sheingold, ANALOG
DIALOGUE 10-1, 1976

‘“‘Specifying and Measuring a Low-Noise FET-Input IC Op
Amp” by Bill Maxwell, ANALOG DIALOGUE 8-2, 1974

‘“How to Test Operational Amplifier Parameters”, Application
Note Section 20 of Volume I

USEFUL TUTORIAL MATERIAL IN DATA SHEETS

Electrometer Circuitry, see AD515
High-Speed Amplifiers, see AD518 and Models 50/51
Low-Drift Differential Op Amp Performance, sece AD504

Low-Level Applications of Chopper-Stabilized Amplifiers:
Inverting, see Models 234, 235
Non-Inverting, see Model 261



ANALOG General Purpose Low Cost
DEVICES IC Operational Amplifier

AD101A, AD201A, AD301A, AD301AL

Low Bias and Offset Current . ) AD101 SERIES FUNCTIONAL BLOCK DIAGRAMS
Single Capacitor External Compensation

for Operating Flexibility
Nullable Offset Voltage ComPENsATION
No Latch'Up BALANCE
Fully Short Circuit Protected

Wide Operating Voltage Range '
) weuTS

TO-99 MINI DIP
TOP VIEW

BALANCE UJ .
compensation L] 8 | COMPENSATION
INVERTING INPUT I 2 3 Vs
(6) outrur
.NON-INVERTING
oy it [ ] output

- [ 5] Bavan
(5 savance v 2] BALANCE

GENERAL DESCRIPTION SCHEMATIC DIAGRAM

The Analog Devices AD101A, AD201A, AD301A and COMPENSATION  CONPERSATION

AD301AL are high performance monolithic operational ampli- ® ® v
fiers. All the circuits feature full short circuit protection, ex-
ternal offset voltage nulling, wide operating voltage range, and Ijm
the total absence or “latch-up”. Because frequency compensa- meuts
tion is performed externally with a single capacitor (30pF

maximum), the AD101A, AD201A, AD301A and AD301AL 4
provide greater flexibility than internally compensated ampli-
fiers since the degree of compensation can be fitted to the
specific system application.

The AD101A and AD201A have identical specxflcatlons in the
TO-99 package; the former guaranteed over the —55 C to
+125°C temperature range, and the latter over -25°C to +85°C.
The AD201A is also available in the mini- -DIP package for high TR e ;

ouTPUT

or

1) BALANCE

performance operanon over the 0 to +70°C temperature range.
The AD301A is specified for operation over the 0 to +70°C s 3™
temperature range in both the T0O-99 and mini-DIP packages. =
The AD301AL is the highest accuracy version of this series.

Improved processing and additional electrical testing allow the

user to achieve precision performance at low cost. The device

provides substantially increased accuracy by reducing errors

due to offset voltage (0.5mV max), offset voltage drift

(5.04V/°C max), bias current (30nA max), offset current

(5nA max), voltage gain (80,000 min), PSRR (90dB min),

and CMRR (90dB min). The AD301AL is also specified

from O to +70°C and is available in the TO-99 can or 8-pin

mini-DIP.
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SPECIFICATIONS (typical @ +25°C and £15V dc, unless otherwise specified)

ABSOLUTE MAXIMUM RATINGS

AD101A, AD201A, AD301A, AD301AL

unless otherwise specified

Supply Voltage
AD101A, AD201A
AD301A, AD301AL

Power Dissipation’

TO-99 (Metal Can)

Dual In-Line (Mini-DIP)
Differential Input Voltage
Input Voltage?

Output Short Circuit Duration®
Operating Temperature Range

AD101A

AD201A (TO-99)

AD201A (Mini-DIP)

AD301A, AD301AL

Storage Temperature Range

Lead Temperature (Soldering, 60sec)

*22v
18V

500mwW
500mwW

30V
15V

Indefinite

-55°C
-25°C

to +125°C
to +85°C

0to +70°C
0to +70°C

-65°C
300°C

to +150°C

ELECTRICAL CHARACTERISTICS (T4 = +25°C unless otherwise specified)*

AD101A/AD201A AD301A AD301AL
Parameter Conditions Min . Typ Max | Min Typ Max | Min Typ Max | Unis
Input Offset Voltage Rg<50kQ 0.7 20 20 715 03 05 | mv
Input Offset Current 1.5 10 3 50 nA
Input Biz
Input Bias Current 30 75 70 250 15 - 30 nA
Input Resistance 1.5 4 0.5 2 1.5 4 MQ
Supply Current =20V 1.8 3.0 mA
Vg = 15V 1.8 3.0 1.8 3 mA
Large Signal Voltage Gain Vg =%15V, Vo = 210V, 50 160 25 160 80 300 V/mV
R; 2 2kQ
The Following Specifications Apply Over the Operating Temperature Ranges*
Input Offset Voltage Rg<10k§2 3.0 10 0.5 1 mV
Input Offset Current 20 70 5 10 nA
Average Temp. Coefficient T (min)<T, <TA(max) 3.0 15 6.0 30 2 5 uv/°c
of Input Offset Voltage
Average Temp. Coefficient +25°C<T, QTA(ma.x) 0.01 0.1 001 03 0.01 0.1 nA/°C
of Input Offset Current Ty (mm)gTA <+25°C 0.02 0.2 0.02 0.6 .0.01 0.1 nA/°C
Input Bias Current 100 300 30 45 nA
Large Signal Voltage Gain Vg = £15V, Vour = £10V,
Ry >2kQ 25 15 40 100 V/mVvV
Input Voltage Range Vg =20V *15 v
Vg = 115V 12 +12 L,V
Common Mode Rejection Ratio | Rg <50k§2 80 96 70 90 90 100 dB
Supply Voltage Rejection Ratio | Rg<50k§2 80 96 70 96 g0 100 dB
Output Voltage Swing Vg = 15V, Ry = 10kQ2 12 14 12 14 +12 14 \4
Vg = +15V, Ry, = 2kQ2 %10 +13 10 13 $10 %13 \4
Supply Current Ty = Ty (max), Vg = 20V 1.2 2.5 1.8 3 mA
NOTES .
!The i desirable junction e of the AD101A is +150°C; that of the AD201A, AD301A and AD301AL is

+100°C. For operating at elevated temperatures, devices must be derated based upon a thermal resistance of +150°C/W,
junction to ambient, or +45° C/w junction to case. The thermal resistance of the Dual In-Line package is +160°C/W, junction

to ambient.

2 For supply voltages less than +15V, the absolute maximum input voltage is equal to the supply voltage
3For the AD301A and AD301AL continuous short circuit is allowed for case temperatures to +70°C and ambient temperatures

to +55°C.

4 Unless otherwise specified, these specifications apply for supply ag
to +125°C for the AD101A, +5V to +20V and -25°C to +85°C for the AD201AH (0 to +70 C for the AD201AN), and %5V to

£15V and 0 to +70°C for the AD301A and AD301AL.
Specifications subject to change without notice.,
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Applying the IC Operational Amplifier

ORDERING GUIDE
PACKAGE
MODEL TEMP RANGE ORDER NUMBER*®* OPTION**
AD301AL 0 to +70°C AD301AL TO-99, N8A
AD201A —25°C to +85°C AD201A TO-99, NSA
AD301A 0 to +70°C AD301A TO-99, NSA
ADI101A —55°Cto +125°C AD101AH TO-99
*Add package type leter: H = TO-99, N = Mini DIP.
**See Section 19 for package outline information,
FREQUENCY COMPENSATION CIRCUITS
34
I\
iy in R 2 Vin_ 01 2N\ Rz
Vout ' 6 Vout
+vy PRa +vn Rs 3 ~ C2 . ] S
R ! Ll
R, C. 3 C "R
[N Cs = 30pF G- 300F 102 = C, 1o = 3MHz
- 106, 1 150pF
Figure 1. Single Pole Compensation Figure 2. Two Pole Compensation Figure 3. Feedforward Compensation
GUARANTEED PERFORMANCE CURVES  (Curves apply over the Operating Temperature Ranges)
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TYPICAL PERFORMANCE CURVES
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ANALOG
DEVICES

Wideband, Fast-Settling
FET-Input Op Amp

AD380

FEATURES

High Output Current: 50mA @ + 10V

Fast Settling to 0.1%: 130ns

High Slew Rate: 330V/ps

High Gain-Bandwidth Product: 300MHz
High Unity Gain Bandwidth: 40MHz

Low Offset Voltage {1ImV for AD380K, L, S)

PRODUCT DESCRIPTION

The AD380 is a hybrid operational amplifier that combines the
low input bias current advantages of a FET input stage with the
high slew rate and line driving capability of a fast, high power
output amplifier.

The AD380 has a slew rate of 330V/ps and will output + 10V at
+50mA. A single external compensation capacitor allows the
user to optimize the bandwidth, slew rate, or settling time for
the given application.

A true differential input ensures equally superior performance
in all system designs whether they are inverting, noninverting,
or differential, '

The AD380 is especially designed for use in applications, such
as fast A/D, D/A and sampling circuits, that requirc fast and
smooth settling and FET input parameters.

The AD380 is offered in three commercial versions, J, K and L
specified from 0 to + 70°C and one extended temperature version,
the S, specified from —55°C to + 125°C. All grades are packaged
in hermetically sealed TO-8 style cans.

AD380 FUNCTIONAL BLOCK DIAGRAM
Ne @Nc FREQUENCY

® COMPENSATION

o @

I .

\
NONINVERTING o 0 QFFSET

@

12-PIN TO-8 STYLE
TOP VIEW

PRODUCT HIGHLIGHTS

1.

The AD380’s high output current (S0mA @ = 10V) makes it
suitable for driving terminated 200Q} twisted pairs.

. The fast settling output (250ns to 0.01%) makes the AD380

an ideal choice for video A/D and D/A converters and sample
and hold applications.

. The settling wave forms are not only fast but are also very

smooth. The absence of large overshoot and oscillations

makes the AD380 a very predictable and dependable system

element.

. The high gain-bandwidth product (300MHz) ensures low

distortion in high frequency applications.

. Quick, symmetrical overdrive recovery time (250ns) is assured

by an internal antisaturation diode. This is useful in applications
where large transient signals may occur.

. The precision input (1mV offset, max), along with fast settling

and high current output make the AD380 an excellent choice
for:

« ATE pin drivers

« precision coax buffers

« signal conditioning on pulse waveforms

* high resolution graphics displays.
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s P Ec I FI CATI 0 NS (typical @ +25°C and Vg = =15V dc unless otherwisevspeciﬁed)

MODEL AD380JH AD380KH " AD380LH - AD380SH
OPEN LOOP GAIN ) :

Vour = *10V,noload . 40,000 min * * *

Vour = 10V, Ry =200 25,000 min * * *

OUTPUT CHARACTERISTICS :

Voltage @ Ry, = 20092, T4 = mintomax +12V(+10Vmin) = * * *
Output Impedance (Open Loop) 10002 * * *
Short Circuit Current 100mA * * *

DYNAMICRESPONSE
Unity Gain, Small Signal 40MHz - * *
Gain-Bandwidth Product, f= 100kHz,Cc=1pF ~ 300MHz(200MHz min) * o* *

Full Power Response 6MHz ' * * *

Slew Rate, Cc= 1pF, 20V Swing 330V/ps (200V/us min) * * *

Settling Time: 10V Stepto 1% 90ns * * *
10V Step100.1% 130ns * * * ’
10V Step100.01% 250ns 250ns (400ns max)  ** *x

INPUT OFFSET VOLTAGE ~2.0mV max 1.0mV max *x / **
vs. Temperature!, T4 = min to max 50p.V/°C max 20p.V/°C max 10pV/°Cmax 50 V/°C max
vs. Supply ImV/V max * ’ * * .

INPUT BIASCURRENT
Either Input, Initial® 10pA (100pA max) * *

Input Offset Current SpA * *

INPUT IMPEDANCE ,
Differential 10''9)l6pF * * *
Common Mode 10''Q|/6pF * * *

INPUT VOLTAGE RANGE
Differential® +20V * * *
Common Mode +12V (£ 10V min) * * *
Common Mode Rejection, Vi = =10V 60dB min * * *

POWERSUPPLY
Rated Performance +15V * * *
Operating +(61020)V * * *
Quiescent Current 12mA (15mA max) * * *

VOLTAGENOISE
0.1Hz to 100Hz 3.3uVp-p(0.5uVrms) * * *
100Hz to 10kHz 6.6uVp-p(1pVrms) * * *
10kHzto IMHz 40pV p-p (6pV rms) * * *

TEMPERATURE RANGE
Operating, Rated Performance 0to +70°C * * —55°Cto +125°C
Storage —-65°Cto +150°C * * *

Thermal Resistance 054 100°C/W * * *
01c 70°C/W * * *

PACKAGE*

TO-8 Style HI12A * * *

NOTES \

'Input Offset Voltage Drift is specified with the offset voltage unnulled.

Nulling will induce an additional 3u.V/°C/mV of offset nulled.

2Bias Current specifications are guaranteed maximum at either input at

Tcase = +25°C. For higher temperatures see Figure 16.

3Defined as the maximum safe voltage between inputs such that neither

exceeds +10V from ground.

“See Section 19 for package outline information.
*Specifications same as AD380JH.
**Specifications same as AD380KH.
Specifications subject to change without notice.
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Typical Characteristics
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Figure 25a. Unity Gain Inverter
Settling Time Test Circuit
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Figure 25b. Unity GainInverter
Large Signal Response

Figure 26b. Unity Gain Buffer

Figure 24b. Overdrive Recovery
Response (Symmetrial 20ns
Version Available)

Figure 25c. Unity Gain Inverter
Small Signal Response

Figure 26c. Unity Gain Small

Figure 26a. Unity Gain Buffer Circuit Large Signal Response Signal Response
APPLICATIONS INFORMATION
Compensation Capacitor Offset Null

For low gain applications a 5pF to 27pF capacitor between the
frequency compensation input (pin 11) and the output (pin 9)
will reduce the risk of oscillation by adding phase margin. A
compensation capacitor is especially needed when driving capaci-
tive loads. For gains greater than 30 a 1pF compensation capacitor
is recommended; see Figure 22.

For unity gain buffer applications it may be necessary to add a

small (10pF to 20pF) capacitor between pins 8 and 10 for improved -

phase margin; see Figure 26a.

If the initial offset voltage is not low enough for the user’s ap-
plication offset nulling is required. To null the offset tie a 20k}
potentiometer between the offset null pins (pins 2 and 8). The
wiper of the potentiometer is tied to the positive supply. With
the analog input signal to the circuit grounded, adjust the
potentiometer for zero output.

To minimize the effects of offset voltage drift as a function of
temperature, null the offset at the midpoint of the operating
temperature range. For example, if the operating environment is
0°C to 70°C do the offset nulling at 35°C. This will insure a
maximum offset voltage drift of 35 times the Vg dnft specification
at either temperature extreme.
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Typical Circuits

3pF 3
—
Rg 10ks2 tg
AV l—o
10k 3 l—o
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1 o |in| ADS78 °
INPUT 10k(1* AD380 12-BIT [~© \DiGitaL
GROUND O—AAA- 4 AD |—o (ouTputs
1" —o
"— —o
10ks2* 15pF =)
A
L | AGND °J
3pF* -

*Optional Differential Input Components Used to Reject
Noise Between Input Ground and the A/D Analog Ground.

Figure 27. Fast-Settling Buffer

Its quick recovery from load variations makes the AD380 an
excellent buffer for fast successive approximation A/D
converters; see Figure 27.

Many high speed A/D converters require a wideband buffer that
can hold a constant output voltage under dynamically-changing
load conditions that fluctuate at the bit decision rate.

DIGITAL

AD565A |
INPUTS D/A

Vour

PoPeTTTTiTet

10pF

Figure 28. 12-Bit Voltage Output DAC Circuit Settles to
1/2LSB in 300ns

The AD565A 12-bit digital to analog converter with an AD380
output amplifier will give a voltage output that typically settles
to within 1/2LSB in less than 300ns. Total settling time is the
root mean square of the DAC current output settling time and
the output amplifier settling time.
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Figure 29. CMOS DAC Output Amplifier

CMOS DAC output amplifiers require low offset voltage op
amps. The output impedance of CMOS DAGCs varies with input
code. This can cause a code dependent error term at the output
that approaches the op amps’ offset voltage. If the DAC has a
differential nonlinearity of 1/2LSB, it will require an output
amplifier with less than 1/2LSB offset error to remain monotonic.
An LSB for a 12-bit DAC such as the AD7545 is 2.44mV (10
volts full scale/4096). Thus, the AD380KH, with only 1mV
offset maximum, will contribute less than 1/2LSB to differential
linearity error.

- VinO

VOUT
R

b3
> 3.45k{)

<

50102

=
AN
VWA—&

Figure 30. Video Amplifier

The high output current capability of the AD380 makes it suitable -
for video speed driver applications. In the circuit above the
closed loop gain of 70 (37dB) is available over a bandwidth of
5SMHz. Note that a 1pF compensation capacitor is required in
this high gain application.



ANALOG High Speed, Low Drift
DEVICES FET Operational Amplifier

AD381/AD382

FEATURES AD381 AD382 “
High Slew Rate 30V/ps PIN CONFIGURATION PIN CONFIGURATION

Fast Settling to 0.1%: 750ns 128

High Output Current: 50mA for AD382

(10mA for AD381) il c
Low Drift (5uV/°C-L Grades) oresér @®

Low Offset Voltage (0.25mV-L Grades) .wm.ﬂ!? o
Low Input Bias Currents i NNeoT S 0«} (® outrur INPOT (©opreur
NONINVERTING () (8)orrser
. INPUT . NULL

Low, Noise (2pV p-p)
NON:&!;I&:TING ®NC® NE
V- FFSET OF\FSET OFFSET
oﬁsﬁT . ONULL NULL 10kQ NULL
v- v
TOP VIEW TOP VIEW
PRODUCT DESCRIPTION PRODUCT HIGHLIGHTS
The AD381/AD382 are hybrid operational amplifiers combining 1. Laser trimming techniques reduce offset voltage drift to
the very low input bias current advantages of a FET input stage 5pV/°C max and reduce offset voltage to only 0.25mV max
with high slew rate and line driving capability of a high power on the L grade versions. .
output stage. 2. Analog Devices FET processing provides 100pA max (20pA
The offset voltage (0.25mV maximum for.the L grades) and typical) bias currents specified after 5 minutes of warm-up.
offset voltage drift (51V/°C maximum for the L grades) are 3. Internal frequency compensation, low offset voltage, and full
exceptionally low for high speed operational amplifiers. device protection eliminate the need for external components
In addition to superior low drift performance, the AD381 and and adjustments. This reduces circuit size and complexity
AD382 offer the lowest guaranteed input bias currents of any and increases reliability.
wideband FET amplifier with 100pA max f°_r the J grades Of 4. The fast settling output (750ns to 0.1%) makes the AD381
each and 50pA max for the AD382L grade. Since Analog Devices, and AD382 ideal for D/A and A/D converter amplifier

unlike most other manufacturers, specifies input bias current
with the amplifiers warmed-up, our FET amplifiers are specified
under actual operating conditions. -

applications.

5. The AD382’s high output current (S0mA minimum at =10
. . N R volts) makes it suitable for driving terminated (200(2) twisted
The AD381 and AD382 are especially designed for use in appli- pair outputs over the commercial temperature ranges.

cations, such as precision high speed data acquisition systems . . i .
and signal conditioning circuits, that require excellent input 6. The high slew rate (30V/ps) and high gain bandw1d.th product
(5MHz) make the AD381 and AD382 an ideal choice for

parameters and a fast, high power output. lo-and holds and for high qi rolee
sample and holds and for speed integrator circuits.

The AD381 and AD382 are offered in three commercial versions, P gh spe gra

J, K and L specified from 0 t6 +70°C, and one extended tem-

perature version, the S specified from —55°C to +125°C. All

grades are packaged in hermetically sealed metal cans.
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SPECIFICATIONS e e

+25°C and Vs = =15V de unless otherwise specified)
AD381JH AD381KH AD3SILH AD381SH
Model AD382JH AD382KH AD382LH AD382SH
OPEN LOOP GAIN
Vour = +10V, Ry =2k)(AD381) 60,000 min 100,000 min b b
Vour = :10V,Ry. = 2000 (AD382) 25,000 min 35,000 min ** **
Ry = 10k(2 (AD382) 100,000 150,000 ** **
OUTPUT CHARACTERISTICS (AD382)
Voltage @R = 2009} *12V (£ 10V min) * * Note 1
Voltage @R = 10k} +13V (£ 12V min) * * *
Short Circuit Current, Continuous 80mA * * *
OUTPUT CHARACTERISTICS (AD381)
Voltage @Ry = 1kQ2, To = mintomax +12V (% 10V min) * * Note2
Voltage @Ry, = 2kQ, T = mintomax =12V (= 10V min) * * . *
Voltage @Ry, = 10k}, T4 = min tomax +13V (= 12V min) *® * *
Short Circuit Current, Continuous 20mA * * *
DYNAMICRESPONSE
Unity Gain, Small Signal SMHz b » *
Full Power Response 500kHz * * *
Slew Rate, Unity Gain 30V/ps (20V/pus min) hd * *
Settling Time: 10V Stept00.1% 700ns * * *
10V Step100.01% 1.2ps 1.215 (2.0ps max) *k b
INPUT OFFSET VOLTAGE 1.0mV max 0.5mV max 0.25mV max *
vs. Temperature, To = mintomax® 15pV/°C max 10p.V/°C max SuV/°Cmax 1042 V/°C max
vs. Supply 200 V/V max 100p.V/V max *x i
INPUT BIAS CURRENT*
Either Input 20pA (100pA max) 10pA (50pA max)(* for AD381)  **(*for AD381) **(*for AD381)
Input Offset Current SpA * * *
INPUT IMPEDANCE
Differential 10'2Q|7pF * * *
Common Mode 10'2|[7pF * * *
INPUT VOLTAGE RANGE
Differentiat® *20V * * *
Common Mode * 12V (+ 10V min) * . * *
Common-Mode Rejection, Viny = =10V 70dB min 80dB min : falad o
POWER SUPPLY
Rated Performance + 15V * * *
Operating +(5t018)V * b
QuiescentCurrent AD382 3.4mA (6mA max) * * *
AD381 3.2mA (SmA max) * * *
VOLTAGENOISE
0.1Hz-10Hz 2uVp-p * * *
10Hz 35nV/VHz * * *
100Hz 22nV/VHz * * *
1kHz 18nV/VHz * * *
10kHz 16nV/VHz * * *
TEMPERATURE RANGE
Operating, Rated Performance 0to +70°C * * ~55°Cto +125°C
Storage —65°Cto +150°C * * *
Thermal Resistance -6JA (AD382) 100°C/W * * *
Thermal Resistance -8]JC (AD382) 70°Crw * * *
NOTES ) o
"The AD381SHhasan output voltage of + 12V (+ 10V min)fora 1kQ “Bias Current d cither input

load from Tiato + 70°C. From + 70°C to + 125°C the output current

is7TmA.

2The AD382SH has an output voltage of + 12V (= 10V min) for
220002 load from Ty, to + 100°C. To + 125°C the output
currentis 35mA.

after S minutesof operationat T, = +25°C. For higher temperatures,
the current doubles every 10°C.

3Defined as the maximum safe voltage between inputs, such that
neither exceeds * 10V from ground.

3Input Offset Voltage Drift is specified with the offset voltage fled.
Nulling will induce an additional 3uV/°C for every mV of offset nulled.

Model

AD381JH

AD381KH
AD381LH
AD381SH

AD382JH

AD382KH
AD382LH
AD382SH
NOTE

!See Section 1

e,
to change without notice.

*Specifications same as ] grade.
e Kagrad

ORDERING GUIDE

Initial

Offset OffsetT.C. Output  Package’
1mV 15puV/°C 10mA HO08B
0.5mV 10pV/°C 10mA HO08B
0.25mV SpV/eC 10mA HO08B
1ImV 10pV/°C 10mA HO08B
ImV 15pV/C 50mA HI2A
0.5mV 10pV/°C 50mA HI12A
0.25mV SuV/rPC 50mA HI2A
1mV 10pV/°C 50mA HI2A

9 for package outline information.
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Typical Characteristics
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- Applications Information
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Figure 24c. AD382 Unity Gain

Figure 25a. AD382 Overdrive
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C ion C
The AD381 and AD382 have sufficient phase margin to insure
stability in most applications without compensation. However,
in applications with capacitive load, very high speed, low gain
or high resistor values (Rjny=5kQ) the high frequency noise
rejection will be improved by adding a compensation capacitor.
The AD381 and AD382 have an input capacitance of 7pF.
When soldered on a printed circuit board or inserted in a socket
the total input capacitance could be 10pF. This input capacitance
can lower the 0° phase margin crossover point from 8MHz, as
shown in Figure 14, to around 1MHz.

By adding a small compensation capacitor in the feedback loop
we can cancel the effects of the input capacitance and reduce
high frequency noise gain. 5 to 10pF will suffice in most appli-
cations. In some current output, digital-to-analog converter
applications the output capacitance of the DAC may be 200pF
which would require a large compensation capacitor in the amplifier
feedback loop.
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A scheme for compensating inverting and noninverting circuits
is shown in Figure 29. Choose Cr = Cin %
—

{INCLUDE HIGH FREQUENCY SOURCE
IMPEDANCE IN R1)

a. Inverting Amplifier

AD3810R,
AD382

b. Noninverting Amplifier
Figure 29.



Offset Null

The AD381/AD382 should not have to be offset nulled for most
applications because of its low initial offset voltage. If nulling is
required for very high precision applications, such as an output
amplifier for 13-bit or better digital-to-analog converters, connect
a 10k(} potentiometer between the offset null pins (pins 1 and 5
for the AD38! and pins 2 and 8 for the AD382). The wiper of
the potentiometer is tied to the negative supply. With the analog
input signal to the circuit grounded, adjust the potentiometer
for zero output.

AD?382 Heat Sinking

A heat sink for convection cooling is required if operating at full
power and at ambient temperatures greater than 70°C. As shown
in Figure 5 the free air power dissipation curve for the AD382
crosses the full power dissipation point (0.75W) at 70°C. The
power dissipation can be improved by using a heat sink up to
the case power dissipation curve (also referred to as the infinite
heat sink power dissipation curve). We recommend connecting
the heat sink to the AD382 case and keeping the combination
ungrounded. :

TYPICAL CIRCUITS

In many digital-to-analog converter applications, including auto-
matic test equipment, the load may be large enough to require a
buffer amplifier. The AD382 can supply 10V into a 2000
load. The AD381 can supply up to +10V into a 1kQ) load.

The AD381 and AD382 are also well suited for CMOS DAC
output amplifier applications due to their low initial offset
voltage.

Figure 30. Buffer Amplifier to a 12-Bit Voltage Output
DAC

No external trims are required with 12-bit CMOS DACs. Since
the output impedance of CMOS DAGCs varies with input code,
the output voltage could appear nonmonotonic if the offset
voltage is greater than 1/2LSB. An LSB for a 12-bit DAC such
as the AD7545 is 2.44mV (10 volts full scale/4096). Thus the
AD381 and AD382, with only ImV of offset maximum, assure
monotonic performance without external trims.
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Figure 31. CMOS DAC Output Amplifier
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*Optional Differential Input Components Used to Reject
Noise Between Input Ground and the A/D Analog Ground.

Figure 32. Fast;Setlling Buffer

Many high speed A/D converters require a wideband buffer that
can hold a constant output voltage under dynamically-changing
load conditions that fluctuate at the bit decision rate.

Its quick recovery from load variations makes the AD382 an
excellent buffer for fast successive approximation A/D
converters.
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Figure 33. High Q Notch Filter

The above notch filter will have a notch of —55dB. To obtain a
Q of 100 the capacitors should be well matched. Polystyrene,
Teflon or NPO ceramic capacitors and metal-film resistors are
recommended. For low frequency filter applications resistor
values will be large. The AD381 is well suited for this application
due to its low input bias current. It is also good for high frequency
filtering because of its wide gain bandwidth product. This filter
is capable of driving 1k( loads over a + 10V output range.

Figure 34 shows a fast sample and hold circuit that can acquire
a sample to 0.01% in 2ps (20 volt swing). The AD381 is well
suited for fast 12-bit sample/hold amplifier circuits. R1 and R2
set the circuit gain. R3 is adjusted for minimum ac feedthrough.
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Potentiometer R4 is set for minimum sample/hold offset voltage.
R6 improves the settling time and circuit stability by adding
phase margin. Bias resistors R7 and R8 insure complete shut-off
of the D-MOS FET switches at TTL logic zero. Pull up resistors
R9 and R10 lower the on resistance of the D-MOS switches.
The SD5000 D-MOS switch is recommended for its fast transition
speed and low on resistance.
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Figure 34. Fast Sample/Hold Amplifier



ANALOG
DEVICES

High Accuracy

Low Offset IC FET-Input Op Amps

AD303, AD506

FEATURES .

Low Iy: 15pA max (AD503J, AD506J)
5pA max (AD506L)

Low Vgs: 1mV max (AD5S06L)

Low Drift: 25uV/°C max (AD503K, AD506K)
10uV/°C max (AD506L)

PRODUCT DESCRIPTION

The AD503J/AD506], AD503K/AD506K, AD506L and
AD503S/AD5068S are IC FET input op amps that provide
the user with input currents of a few pA, high overall per-
formance, low cost, and accurately specified, predictable
operation. The devices achieve maximum bias currents as low
as 5pA, minimum gain of 75,000, CMRR of-80dB, and a mini-
mum slew rate of 3V/us. They are free from latch-up and are
short circuit protected. No external compensation is required
as the internal 6dB/octave rolloff provides stability in closed
loop applications.

The AD503 is suggested for all genera.l purpose FET input
amplifier requirements where low cost is of prime importance.
The AD506, with specifications otherwise similar to the
ADS503, offers significant improvement in offset voltage and
nulled offset voltage drift by supplementing the AD503 con-
figuration with internal laser trimming of thin film resistors .
to provide typical offset voltages below 1mV.

The AD503 and AD506 are especially designed for applica-
tions involving the measurement of low level currents or small
voltages from high impedance sources, in which bias current
can be a primary source of error. Input bias current con-
tributes to error in two ways: (1) in current measuring con-
figurations, the bias current limits the resolution of a current
signal; (2) the bias current produces a voltage offset which is
proportional to the value of input resistance (in the case of an
inverting configuration) or source impedance (when the non-
inverting “buffer”” connection is used). The AD503 and
AD506 IC FET input amplifiers, therefore, are of use where
small currents are to be measured or where relatively low

voltage drift is necessary despite large values of source resistance.

All the circuits are supplied in the TO-99 package; the AD503],
K and AD506], K and L are specified for 0 to +70°C tempera-
ture range opcratlon the AD503S and AD506S for operation
from -55°C to +125°C.

AD503, AD506 FUNCTIONAL BLOCK DIAGRAM n

GUARD PIN

orrseTnuLL (1)

INVERTING
INPUT OUTPUT

FFSET NULL

TO-99
TOP VIEW

NON-INVERTING
INPUT

PRODUCT HIGHLIGHTS

1.

The AD503 and AD506 op amps meet their published input
bias current and offset voltage specs after full warmup. Con-
ventional high speed IC testing does not allow for self-
heating of the chip due to internal power dissipation under
operating conditions.

. The bias currents of the AD503 and AD506 are specified

as a maximum for either input. Conventional IC FET op
amps generally specify bias currents as the average of the
two input currents.

. Offset voltage nulling of the AD503 and AD506 is ac-

complished without affecting the operating current of the
FET’s and results in relatively small changes in temperature
drift charactenstlcs The additional drift induced by nulling
is only $0. 8uv/°c per millivolt of nulled offset for the
AD506 and £2.04V/°C per millivolt of nulled offset for the
AD503, compared to several times this for other IC FET
op amps. :

. The gain of the AD503 and AD506 is measured with the

offset voltage nulled. Nulling a FET input op amp can cause
the gain to decrease below its specified limit. The gain of
the AD503 and AD506 is fully guaranteed with the offset
voltage both nulled and unnulled.

. Bootstrapping of the input FET’s achieves a superior CMRR

of 80dB, while reducing bias currents and maintaining them
constant through the CMV range.
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SPECIFICATIONS (typical @+25°C and +15V dc, unless otherwise noted)

PARAMETER ADS503) ADS03K ADS503S
OPEN LOOP GAIN'

Vour=110V, Ry >2k§ 20,000 min (50,000 typ) 50,000 min (120,000 typ) *s

TA = min to max 15,000 min 40,000 min 25,000 min
OUTPUT CHARACTERISTICS

Voltage @ R, = 2k$2, T = min to max 110V min (13V typ) * *

@Rp =10k, To = minto max  +12V min (£14V typ) * *

Load Capacitance? 750pF . *

Short Circuit Current 25mA * *
FREQUENCY RESPONSE

Unity Gain, Small Signal 1.0MHz . *

Full Power Response 100kHz * *

Slew Rate, Unity Gain 3.0V/us min (6.0V/us typ) * *

Settling Time, Unity Gain (to 0.1%) 10us * *
INPUT OFFSET VOLTAGE? 50mV max (20mV typ) 20mV max (8mV typ) .

vs. Temperature, Tp = min to max
vs. Supply, Ta =min to max

75uV/°C max (30uV/°C typ)

25uV/°C max (10uV/°C typ)

200uV/V max (100uV/V typ)

50uV/°C max (20uV/°C typ)

L3

INPUT BIAS CURRENT
Either Input®

400uV/V max (200uV/V typ)

15pA max (5pA typ)

10pA max (2.5pA typ)

INPUT IMPEDANCE
Differential 10" Qli2pF * *
Common Mode 102 Ql2pF . *
INPUT NOISE
Voltage, 0.1Hz to 10Hz 151V (p-p) . *
5Hz to 50kHz 5.0uV (rms) . *
f = 1kHz (spot noise) S0.0nVI\/i-E . b
INPUT VOLTAGE RANGE
Differential® 3.0V . *
Common Mode, T = min to max +10V min (£12V typ) * *

Common Mode Rejection, Vpy = 10V

70dB min (90dB typ)

80dB min (90dB typ)

POWER SUPPLY .~

Rated Performance 15V . .

Operating +(5 to 18)V . (5 to 22)V

Quiescent Current 7mA max (3mA typ) * *
TEMPERATURE

Operating, Rated Performance 0 to +70°C .

Storage

-65°C to +150°C

-55°Cto +125°C
L

PACKAGE OPTIONS:® TO-99 Style (H08B) ADS503JH AD503KH ADS503SH
NOTES

! Open Loop Gain is specified with Vog both nulled and unnulled.

2 A conservative design would not exceed 500pF of load capacitance.

3 Input offset voltage specifications are guaranteed after 5 minutes of operation at Tp = +25°C.

4 Bias current specifications are guaranteed after S minutes of operation at TA = +25°C. For higher temp the current doubles every 10°C.

#Sec comments in Input Considerations Section.
®See Section 19 for package outline information.
*Specifications same as for AD503].
**Specifications same as for AD503K.
Specifications subject to change without notice.
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AD506) AD506K AD506L AD506S

* ** ' 75,000 min (100,000 typ) -

* b 50,000 min 25,000 min

* L4 * *

» * * *

1000pF . . *

* * » *

* * * -

hd - L] *

* » - *

* * . »

3.5mV max (1.0mV typ) 1.5mV max (0.5mV typ) 1.0mV max (0.4mV typ) ) 1.5mV max (0.5mV typ)
* i i 10uV/°C max (SuV/°Ctyp)  S0uV/°C max (20uV/°C typ)
¥ 100pV/V max (50uV/V typ)  100uV/V max (S0uV/V typ)  100uV/V max (50uV/V typ)
* b 5pA max (2pA typ) e

* * » : . *

- - * *

40uV (p-p) . . .

8uV (rms) * : 6uV (rms) *

80nV/A/Hz * 25nVA/Hz *

E¥AY . . *

* * * -

» "k e e

* * * *

. ‘ . . *(5 to 22)V

7mA max (5mA typ) * ok *

: : oot -55°C to +125°C

* * * *

AD506JH ADS506KH ADSO6LH AD506SH

-Vs

Standard Offset Null Circuit
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APPLICATIONS CONSIDERATIONS

Bias Current

Most IC FET op amp manufacturérs specify maximum bias
currents as the value 1mmed1ately after turn-on. Since FET bias
currents double every 10°Cand smcc most FET op amps have
case temperature incréases of 15°C to 20°C above ambient,
initial “maximum’’ readings may be only % of the true warmed
up value. Furthermore, most IC FET op amp manufacturers
specify 1, as the average of both input currents, sometimes
resulting in twice the “maximum” bias current appearing at
the input being used. The total result is that 8X the expected
bias current may appear at either input terminal in a warmed
up operating unit.

The AD503 and AD506 specify maximum bias currents at
either input after warmup, thus giving the user the values he
expected.

Improving Bias Current Beyond Guaranteed Values

Bias currents can be substantially reduced in the AD503 and
AD506 by decreasing the junction temperature of the device.
One technique to accomplish this is to reduce the operating

. supply voltage. This procedure will decrease the power dissi-
pation of the device, which will in turn result in a lower
junction temperature and lower bias currents. The supply
voltage effect on bias current is shown in Figure 1.

10

/
N ; 08 /
A
L v
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s
Teg

£15V)

NORMALIZED BIAS CURRENT —
(18 Vs

03

0.2

‘0 5 10 15
SUPPLY VOLTAGE — Vs ~ Volts

Figure 1. Normalized Bias Current vs. Supply Voltage

bperation of the AD503K and AD506K at £5V reduces the
warmed up bias current by 70% to a typical value of 0.75pA.

A second technique is the use of a suitable heat sink. Wakefield
Engineering Series 200 heat sinks were selected to demonstrate
this effect. The characteristic bias current vs. case temperature
above ambient is shown in Figure 2. Bias current has been
‘normalized with unity representing the 25°C free air reading.
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Figure 2. Normalized Bias Current vs. Case Temperature
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Note that the use of the model 209 heat sink reduces warmed
up bias current by 60% to 1.0pA in the AD503/AD506K.

Both of these techniques may be used together for obtaining
lower bias currents. Remember that loading the output can -
also affect the power dissipation.

100

/

¥

{
. //

0 25 50 70
AMBIENT TEMPERATURE Ta —°C
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Figure 3. Input Bias Current vs. Temperature

Input Considerations

The common mode input characterlsnc is .shown in Figure 4.
Note that positive common mode inputs up to +13.5 volts
and negative common mode inputs to -Vg are permissible,
without incurring excessive bias currents. To prevent possible
damage to the unit, do not exceed Ve = Vs.

100

INPUT BIAS CURRENT - Ig — pA

0.1
-16 Sz -8 -4 0 +4 '8 +12

COMMON MODE INPUT VOLTAGE — Volts

Figure 4. Input Bias Current vs. Common Mode Voltage

Like most other FET input op amps, the AD503 and AD506
display a degraded bias current specification when operated
at moderate differential input voltages. The AD503 maintains
its specified bias current up to a differential input voltage of
+3V typically, while the AD506’s bias current performance is

- not significantly degraded for Vgir <4V typically. Above

Vgitf = 3V in the AD503 and Vggr = £4V in the AD506, the
bias current will increase to approximately 400uA. This is

not a failure mode. Above 10V differential input voltage, the
bias current will increase 100uA/Vgig (in volts), and other
parameters may suffer degradation.



ANALOG
DEVICES

High Accuracy
IC Operational Amplifier

“AD504

FEATURES

Low Vpg: 5001V max (AD504M)
High Gain: 10° min (AD504L, M, S)
Low Drift: 0.5uV/°C max (AD504M)
Free of Popcorn Noise

PRODUCT DESCRIPTION
The Analog Devices AD504], K, L, M and S IC operational
amplifiers provide ultra-low drift and extremely high gain, com-
parable to that of modular amplifiers, for precision applica-
tions. A new double integrator circuit concept combined with
a precnse thermally balanced layout achxcves gain greater than
108, offset voltage drift of less than 1uV/°C, small signal unity
gain bandwidth of 300kHz, and slew rate of 0.12V/us. Because
of monolithic construction, the cost of the AD504 is signifi-
cantly below that of modules, and becomes even lower with
larger quantity rcquirements The amplifier is externally
compensated for unity gain with a single 470pF capacitor;
no compensation is required for gains above 500. The inputs
are fully protected, which permits differential input voltages
of up to £Vg without voltage gain or bias current degradation
due to reverse breakdown. The output is also protected from
short circuits to ground and/or either supply voltage, and is
capable of driving 1000pF of load capacitance. The AD504],
K, L and M are supplied in the hermetically sealed TO-99
package, and are specified for operation over the 0 to +70°C
temperature range. The AD504S is specified over the -55°C
to +125”C temperature range and is also supplied in the TO-99
package. :

AD504 FUNCTIONAL BLOCK DIAGRAM

OFFSET NULL

OFFSET
NULL

- INVERTING
INPUT °

FREQUENCY

NON-INVERTING
INPUT o COMPENSATION *

TO-99
TOP VIEW

PRODUCT HIGHLIGHTS

1. Fully guaranteed and 100% tested 12V/°C maximum voltage
drift combined with voltage offset of 500uV (AD504L).

2. Fully protected input (¥Vg) and output circuitry. The input
protection circuit prevents offset voltage and bias current
degradation due to reverse breakdown, and is of critical
importance in this type of device whose overall performance
is strongly dependent upon front-end stability.

3. Single capacitor compensation eliminates elaborate stabi-

lizing networks while providing flexibility not possible with™ °

an internally compensated op amp. This feature allows
bandwidth to be optimized by the user for his particular
application.

4. High gain is maintained independent of offset nulhng,
power supply voltage and load resistance:

5. Bootstrapping of the critical input transistor quad produces
CMRR and PSRR compatible with the tight 1uV/°C drift.
CMRR and PSRR are both in the vicinity of 120dB. .

6. Noise performance is closely monitored at Outgoing QC to
ensure compatibility with the low error budgets afforded by
the performance of all other parameters.

7. Every AD504 receives a stabilization bake for 24 hours at
150°C to ensure reliability and long term stability. )

8. The 100 piece price of the AD504 is 1/3 to 1/2 less than
that of modular low drift operational amplifiers, and is
competitive with the price of less accurate IC op amps.

o
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SPECIF|CAT|0NS (typical @ +25°C and 15V dc unless otherwise noted)

PARAMETER

AD504)

AD504K

AD504L

OPEN LOOP GAIN !
Vos =10V, R >2kQ
Tmin<TASTmax

250,000 min (4 x 105 typ)
125,000 min (10° typ)

500,000 min (4 x 10° typ)
250,000 min (10° typ) -

10° min (8 x 10° typ)
500,000 min (10° typ)

OUTPUT CHARACTERISTICS

Voltage at R, 22k, Tmin<STASTmax +10V min (£13V typ) . *
Load Capacitance 1000pF * *
Output Current 10mA min * *
Short Circuit Current 25mA * *
FREQUENCY RESPONSE
Unity Gain, Small Signal, C. = 390pF 300kHz * *
Full Power Response, C. = 390pF 1.5kHz * *
Slew Rate, Unity Gain, C = 390pF 0.12V/ys * *

INPUT OFFSET VOLTAGE
Initial Offset, Rg<10k
vs Temp, Tmin<TA STmax, Vos nulled
TminSTA <Tmax, Vos unnulledt

2.5mV max (0.5mV typ)
5.04V/°C max (0.5uV/°C typ)
10uV/°C max (1.5uV/°C typ)

1.5mV max (0.5mV ty/g)
3.0uV/°C max (0.5uV/ C typ)
5.04V/°C max (1.5uV/°C typ)

0.5mV max (0.2mV typ)"
1.0uV/°C max (0.3uV/°C typ)
2.0uV/°C max (1.0uV/°C typ)

Differential or Common Mode, Max Safe
Common Mode Rejection, Vi = £10V

Vs
94dB min (120dB typ)

100dB min (120dB typ)

vs Supply 25uV/V max 15uV/V max 10pV/V max
@ Tinin<TA <Tmax 40uV/IV 25uV/V max 154V/V max
vs Time 20uV/mo 15uV/mo 10uV/mo
INPUT OFFSET CURRENT
@Ty =25°C 40nA max 15nA max 10nA max
INPUT BIAS CURRENT
Initial 200nA max 100nA max 80nA max
Tmin 10 Tmax 300nA max 150nA max 100nA max
vs Temp, Trin t0 Trax 300pA/°C 250pA/°C 200pA/°C
. INPUT IMPEDANCE ’
Differential 0.5MQ 1.0MQ 1.3MQ
Common Mode 100MQll4pF * *
INPUT NOISE
Voltage, 0.1 to 10Hz 1.0uV (p-p) * *
100H2 10nVA/Hz(rms) . *
1kHz 8nV/\/Hz(rms) * *
Current, 0.1 to 101z 50pA(p-p) * *
100Hz 0.6pA/A/Hz(rms) * *
1kHz 0.5pA/A/Hz(rms) * *
INPUT VOLTAGE RANGE

L3

110dB min (120dB typ)

. POWER SUPPLY
Rated Performance
Operating

, Current, Quiescent

15V
£(5 to 18)V
+4.0mA max (+1.5mA typ)

-
L
+3.0mA max (£1.5mA typ)

*
- .
+3.0mA max (£1.5mA typ)

TEMPERATURE RANGE
. Operating, Rated Performance
{Tmin t0 Tmax)
Storage

0 to +70°C
-65°C to +150°C

L]
*

*

*

PACKAGE OPTION:' TO-99 Style (HO8B)

AD504JH

ADS504KH

AD504LH

NOTES
*Specifications same as for AD504).
! See Section 19 for package outline i

Specifications subject to change without notice.
NOTE

r?

Analog Devices 100% tests and guarantees all specified maximum and
minimum limits. Certain parameters, because of the relative difficulty
and cost of 100% testing, have been specified as “typical” numbers. At

ADI, “typical” bers are subjected to rigid

)
3

going quality control

1 ling and

lting in "typicals"rthat are

indicative of the perfom;ance that can be expected by the user.

o

VOL. I, 4-40 OPERATIONAL AMPLIFIERS



AD504M

AD504S(AD5045/883)

10® min ( 8 x 10° typ)

10° min (8 x 10% typ)

500,000 min (10° typ) 250,000 min
. .
. -
* L]
. L]
. -
. -
- -
0.5mV max

0.5mV max (0.2mV typ)
0.5u4V/°C max (O.ZuVIgC typ)
1.0uV/°C max (0.5uV/°C typ)
10uV/V max

1.04V/°C max (0.3uV/°C typ)
2.0uV/°C max (1.0uV/°C typ)
10uV/V max

15uV/V max 20uV/V max
104V/mo 10u4V/mo
10nA max 10nA max
80nA max 80nA max
100nA max 200nA max
200pA/°C 200pA/°C
1.3MQ 1.3MQ
- »
0.6uV (p-p) max b
10nV/A/Hz max hd
9nV//Hz max .
50pA p-p max .
0.6pA/A/Hz max *

»

0.3pA/\/Hz max

110dB min (120dB typ)

L]

110dB min (120dB typ)

L
.
+3.0mA max (*1.5mA typ)

.
.

*3mA max (£1.5mA typ)

-55°Cto +125°C
-65°Cto +150°C

ADS504MH

ADS504SH
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OFFSET VOLTAGE DRIFT AND NULLING

Most differential operational amplifiers have provisions for ad-
justing the initial offset voltage to zero with an external trim
potentiometer. It is often not realized that there is a resulting
increase in voltage drift which accompanies this initial offset
adjustment. The increased voltage drift can often be safely
ignored in conventional amplifiers, since it may be a small per-
centage of the specified voltage drift. However, the voltage
drift of the AD504 is so small that this effect cannot be
ignored.

To achieve low drift over temperature, it is necessary to main-
tain equal current densities in the input pair. Unless the ini-
tial offset nulling circuit is carefully arranged, the nulling cir-
cuits will themselves drift with temperature. The resulting
change in the input transistor current ratio will produce an
additional input offset voltage drift. This drift component
can actually be larger than the unnulled drift.

Typically, IC op amps are nulled by using an external poten-
tiometer to adjust the ratio of two resistances. These resis-
tances are part of a network from which the input stage emit-
ter currents are derived. Most commercially available op amps
use diffused resistors in their internal nulling circuitry, which
typically display lalge positive temperature coefficients of the
order of 2000ppm/ C. As a result of the failure of the external
potentiometer resistance to track the diffused resistors over
temperature, the two resistance branches will drift relative to
one another. This will cause a change in the emitter current
ratio and induce an offset drift with temperature,

In the AD504, this problem is reduced an order of magnitude
by the use of thin film resistors deposited on the monolithic
amplifier chip. These resistors, which make up the critical bias
network from which the input stage emitter current balance is
determined, display typical temperature coefficients of less
than 200ppm/°C, an order of magnitude improvement over
diffused types. Thus, when the initial offset of the AD504 is
trimmed using a low TC pot in combination with the thin film
network, the drift induced by nulling even relatively large off-
sets is extremely small. This means that AD504 units of all
three grades (J, K, L) will typically yield significantly better
temperature performance in nulled applications than an all-
diffused amplifier with comparable initial offset.

Since the intrinsic offset drift of the amplifier is improved by
nulling, the direct measurement of any additional drift induced
by differing temperature coefficients of resistors would be ex-
tremely difficult. However, the induced offset drift can be es-
tablished by calculating the change in the emitter current ratio
brought about by the differing TC’s of resistances. From the
change in this ratio, the offset voltage contribution at any
temperature can be easily calculated.

A simple computer program was written to calculate induced
offset drift as a function of initial offset voltage nulled. This
calculation, was made assuming zero TC of the amplifier
resistors, and TC's of 200ppm/°C and 2000ppm/°C for the
null pot. These results are very nearly equivalent to the case
where the pot has zero temperature coefficient and the am-
plifier resistors drift. The results of these calculations are
summarized graphically in Figure 1.

Figure 1 shows the variation of induced voltage drift with
nulled offset voltage for: :

a. AD504 op amp.
b. 725 typ op amp.
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Note that as a result of nulling 1.4mV of offset, the AD504
induces 30X less offset drift (only 0.05uV/°C) than the 725
type op amp with its actual diffused resistor values and the rec-
ommended 100k pot to trim the offset. Actual induced drifts
from this source for the AD504 may be even lower in the prac-
tical case when metal film resistors or pots are used for nulling,
since their TC's tend to closely match the negative TC’s of the
thin film resistors on the AD504 chip.

725 TYPE OF AMP
(RECOMMENDED Vog
NULL POT)
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Figure 1. Induced Offset Drift vs. Nulled Offset Using Manu-
facturer’s Recommended Adjfustment Potentiometer

NULLING THE AD504 )
Since calculations show that superior drift performance can be
realized with the AD504, special care should be taken to null
itin the most advantageous manner. Using the actual values of
resistors in the AD504, it is possible to calculate, under worst
case conditions, that the total adjustment range of the AD504
is approximately 8mV. Since the amplifier may often be trim-
med to within 1uV, this represents an adjustment of 1 part in
8000. This type of accuracy would require a pot with 0.0125%
resolution and stability. Because of the problems of obtaining
a pot of this stability, a slightly more sophisticated nulling op-
eration is recommended for applications where offset drift is
critical (see Figure 2a).

k)

RP

Figure 2a, High Resolution, High Stability Nulling Circuit



NULLING PROCEDURE
1. Null the offset to zero using a commercially available
pot (suggest Rp = 10k{2).

2. Measure pot halves R1 and R2.

3. Calculate:

s Ry X 50kQ +_ Ry X 50k
T50kQ2 —R,’ " * T 50k - R,

4, Insert R1’ and R2' (closest 1% fixed metal film resistors).

Ry

5. Use an industrial quality 100kQ2 pot (Rp) to fine tune
the trim.

For applications in which stringent nulling is not required, the
user may choose a simplified nulling scheme as shown in Fig-
ure 2b. For best results the winer of the norenticmeter should
be connected directly to pin 7 of the op amp. This is true for
both nulling schemes.

.

®
10k

Figure 2b. Simplified Nulling Circuit

INPUT BIAS CURRENT
The input bias current vs. temperature characteristic is dis-
played in Figure 3.
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Figure 3. Input Bias Current vs, Temperature
GAIN PERFORMANCE

Most commercially available monolithic op amps have gain
characteristics that vary considerably with:

1. Offset Nulling.

2. Load Resistance.

3. Supply Voltage.

Careful dcmgn allows the AD504 to maintain gain well in

excess of 10°, independent of nulling, load or supply voltage.

Nulling — The gain of a 741 op amp varies considerably with
nulling (see Figure 4).

Vos UNNULLED +7.5mV Vos NULLED

I {]
1004V 1004V
. .
} f 4
-
2
£ GAIN = 800K / -
S
—o] 25V [ (.. 25V fu—
-10 ) +10 -10 +10
OUTPUT — VOLTS OUTPUT —V

Figure 4. Gain Error Voltage Before and After Nulling a
Typical 741 Op Amp
The gain of the AD504 is independent of nulling.

Voe UNNIILER HULLED viamv vos

6uV 5V
5 { GAIN = 4 x 10° ’ GAIN =6 X 10
2
bt
—.1 25V pet— —.‘ 2.5V [~a—
-10 [ +10 -10 +10
OUTPUT -V OUTPUT -V

Figure 5. Gain Error Voltage Before and After Nulling
the AD504

Load Resistance — The gain of the AD504 is flat with load
resistance to 1k§2 loads and below.
100M

10M

GAIN

100k

k. 10k 100k
LOAD RESISTANCE ~ 02

Figure 6. Gain vs. Load Resistance

Supply Voltage — The gain of the AD504 stays well above 1M
down to Vg = *5V.

oM

) L]
rd

GAIN

6 9 12 15 218
SUPPLY VOLTAGE - V

Figure 7. Gain vs. Supply Voltage
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Figure 8. Normalized Open Loop Gain vs. Temperature

NOISE CHARACTERISTICS

An op amp with the precision of the AD504 must have cor-
respondingly low noise levels if the user is to take advantage
of its exceptional dc characteristics. Of primary importance
in this type of amplifier is the absence of popcorn noise and
minimum I/f or “flicker” noise in the 0.01Hz to 10Hz fre-
quency band. Sample noise testing is done on every lot to
guarantee that better than 90% of all devices will meet the
noise specifications.

Separate voltage and current noise levels referred to the input
are specified to enable the designer to calculate or optimize
signal-to-noise ratio based on any desired source resistance.
The spot noise figures are useful in determining total wide-
band noise over any desired bandwidth (see Figure 9).

100

En

10

En NOISE VOLTAGE — nVA/Hz
In NOISE CURRENT — pA/Hz

\\

FREQUENCY — Hz

Figure 9. Spot Noise vs. Frequency

- The key to success in using the AD504 in precision low noise
applications is “‘attention to detail”,

Here are a few reminders to help the user achieve optimum
noise performance from the AD504.

1. Use metal film resistors in the source and feedback
networks.

2. Use fixed resistors instead of potentiometers for nulling
or gain setting.

3. Take advantage of the excellent common-mode noise
rejection qualities of the AD504 by connecting the input
differentially.
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4. Limit the bandwidth of the system to the minimum pos-
sible consistent with the desired response time.

5. Use input guarding to reduce capacitive and leakage noise
pickup.

6. Avoid ground loops and proximity to strong magnetic or
electrostatic fields, etc.

1=0.01T0 10kHz

£=0.01TO tkHz

—

£=0.01TO 10Hz ot
0.1 i >

£=0.01TO 100Hz

RMS INPUT NOISE VOLTAGE — uV

0.01

1 10k 100k ™
SOURCE RESISTANCE — 2

Figure 10. RMS Noise vs. Source Resistance

DYNAMIC PERFORMANCE

The dynamic performance of the AD504, although comparable
to most general purpose op amps, is superior to most low drift
op amps, Figure 11 shows the small signal frequency response
for both open and closed loop gains for a variety of compen-
sating values. Note that the circuit is completely stable for

Cc = 390pF with a -3dB bandwidth of 300kHz; with C¢ = 0,
the -3dB bandwidth is 50kHz at a gain of 2000.

10M Iy
A
™
S
N
100k ¥
X<,
w AN N T\
u cc\‘\ % \? (4
2 10k ;\,-Sh!\\% N
z GeL = 2000 824 T D% OPEN-LOOP [
g L N GAIN
g OTrTar N NI
= IR N NI X
P = GeL = 200
] =1 nf T HANT N
100
—Gey = 10 ANTIAY
ol e EHE T
T Cc
LI LI 5 AY
1 GeL=1T 2]
| et L L]
N
_3.+ 6
TN
1 10 100 %k 10k 100k M-

FREQUENCY — Hz

Figure 11. Small Signal Gain vs. Frequéncy



More important, at unity gain (390pF), full power bandwidth
is (Figure 12) 2kHz which corresponds to a 0.12V/us slew rate,
At a gain of 10 (39pF), it increases to 20kHz, corresponding
to 1.2V/us, a considerable improvement over *‘725 type”
amplifiers.
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2— AL =20 b N \\
T I
0100 0.5k 1k 5k 10k 50k 100k 500k 1M

FREQUENCY ~Hz

Figure 12. Qutput Voltage Swing vs. Frequency

Figure 13 shows the voltage follower step response for
Vg = £15V, R = 2k§2, C; = 200pF and C¢ = 390pF.
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Figure 13. Voltage Follower Step Response

The common mode rejection of the AD504 is typically 120dB,
and is shown as a function of frequency in Figure 14.

130

120

110

100
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Figure 14. CMRR vs. Frequency

The power supply rejection ratio of the AD504 is shown in
Figure 15.

OUTPUT VOLTAGE - VPEAK

POV'ER SUPPLY REJECTION - uV/V

COMMON MODE VOLTAGE -V

/|

I
o

100 1k
FREQUENCY — Hz
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Figure 15. PSRR vs. Frequency
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Figure 16. CMV Range vs. Supply Voltage
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Figure 17. Output Characteristics
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THERMAL PERFORMANCE

Temperature Gradients

Most modular and bybrid operational amplifiers are extremely
sensitive to thermal gradients. The transient offset voltage
response to thermal shock for a high performance modular op
amp is shown in Figure 18.

the final value within 30 seconds, for both increases and de-
creases in temperature. Note that the offset goes directly to
its final value, with no spikes or hysteresis.

Warmup Drift

Modular and bybrid op amps bave bistorically been plagued by
excessive thermal time constants, Figure 20 shows the typical
warmup drift of a high performance modular op amp.

Figure 18. Response to Thermal Shock for High Performance
Modular Op Amp

The graph shows the transient offset voltage resulting from a
thermal shock when the amplifier’s temperature is abruptly
changed from 25°C to 50°C by dipping it into a hot silicon
oil bath. Note the large overshoot (approximately 60uV) and
long settling time (2.5 minutes). Also note the hysteresis of
about 30uV.

Monolithic technology affords the AD504 significant improve-
ments in this area. Thermal transients in the AD504 are small
and over with quickly (see Figure 19).

Vos )
7% =T T
NO OVERSHOOT 25°C HEAT-SINK
OR REVERSAL /APPLIED HERE
0 .
>
ES
1
8
w
<
25
25°C THERMAL
EQUILIBRIUM © NO
75°C PROBE HYSTERESIS
APPLIED HERE L
o | h
0 30 60 90 120 - 180

TIME — SECONDS
Figure 19. Response to Thermal Shock for AD504
In Figure 19, a 50°C step change in ambient temperature, ap-

plied to the can via « room temperature heat sink, then a 75°C
thermal probe and back to the heat sink, results in scttling to

VOL. I, 4-46 OPERATIONAL AMPLIFIERS

A
1MIN ‘
20pV
| f —
THERMAL ——d
TRANSIENT
FOR 25°C
TO 50°C oc
SHOCK %0 <] /
A\ &M
75 MIN
. I
28°c 284V = 11uV/°C r
TURN 10pv
ON }

Figure 20. Warmup Voltage Drift for High Performance
Modular Op Amp

Note that although warmup drift is low (20uV), it requires a
long time to settle (>20 minutes).

Monolithic technology results in significant reduction of ther-
mal time constants (see Figure 21).

60 [— 721 TvPE
OP AMP _

100kQ

’}:8.
S

patel

1k
W

OFFSET VOLTAGE DRIFT — uV
Now
o o

T
J ADS504
5

0 1 2 3 4 5 6 7 8 9

TIME ~ MINUTES

Figure 21. Warmup Voltage Drift for AD504 and 741 Type
Op Amp

Note that warmup drift remains low (104V), but that the ther-
mal time constant decreases significantly to about 2 minutes.
If a heat sink were used, total settling time would be com- )
pleted within 30 seconds. Note that the 741 type op amp has
a significantly longer warmup drift and thermal time constant.



| ANALOG
DEVICES

IC, Wideband, Fast Slewing,

General Purpose Operational Amplifier

AD307

FEATURES

Gain Bandwidth: 100MHz

Slew Rate: 20V/us min

Ig: 15nA max (AD507K)

Vos: 3mV max (AD507K)

Vs Drift: 15uV/°C max (AD507K)
High Capacitive Drive

PRODUCT DESCRIPTION

The Analog Devices AD507], K and S are low cost monolithic
operational amplifiers that are designed for general purpose
applications where high gain bandwidth and high speed are
significant requirements. The devices also provide excellent dc
performance with low input offset voltage, low offset voltage
drift and low bias current. The AD507 is a low cost, high
performance alternative to a wide variety of modular and IC
op amps; a brief review of the specifications confirms its out-
standing price/performance characteristics.

The AD507 is recommended for use where low cost and all
around performance, especially at high frequencies, are
needed. It is particularly well suited as a fast, high impedance
comparator, integrator or wideband amplifier and in sample/
hold circuits. It is unconditionally stable for all closed loop
gains above 10 without external compensation; the frequency
compensation terminal is used for stability at lower closed
loop gains. The circuit is short circuit protected and offset
voltage nullable. The AD507] and K are specified over the

0 to +70°C temperature range, the AD507S over the extended
temperature range, -55°C to +125°C. All devices are
packaged in the hermetic TO-99 metal can.

AD507 FUNCTIONAL BLOCK DIAGRAM

FREQUENCY
COMPENSATION

OFFSET
NULL

INVERTING
INPUT o

-
NON-INVERTING OFFSET
INPUT NULL

V-

TO-99
TOP VIEW

PRODUCT HIGHLIGHTS

1. Excellent dc and ac performance combined with low cost.

2. The AD507 will drive several hundred pF of output capaci-
tance without oscillation.

3. All guaranteed dc parameters, including offset voltage drift,
are 100% tested.

4. To insure compliance with gain bandwidth and slew rate
specifications, all devices are tested for ac performance
characteristics.
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SPECIF'CATIONS (typical at +25°C and +15V dc, unless otherwise noted)

PARAMETER

AD507)

AD507K -

AD507S

OPEN LOOP GAIN
RL = 2kQ, C[, = 50pF
@ T min to T max

80,000 min (150,000 typ)
70,000 min

100,000 min (150,000 typ)
85,000 min

100,000 min (150,000 typ)
70,000 min

OUTPUT CHARACTERISTICS

Voltage @ Ry, = 2k, ). = 50pF, T 10 Tynax

Current @ V, = 10V

10V min (£12V typ)
+10mA min (20mA typ)

£10V min (£12V typ)
+15mA min (¥22mA typ)

Short Circuit Current 25mA 25mA
FREQUENCY RESPONSE
Unity Gain, Small Signal
@A= 1 (openloop) 35MHz * *
@ A =100 (closed loop) 1MHz * *

Full Power Response
Slew Rate
Settling Time (to 0.1%)

320kHz min (600kHz typ)
+20V/us min (£35V/us typ)
900ns

400kHz min (600kHz typ)
£25V/us min (£35V/us typ)
. .

400kHz min (600kHz typ)
20V/us min (£35V/us typ)
.

INPUT OFFSET VOLTAGE
Initial
Avg vs Temp, Tyin t0 Trax

5.0mV max (3.0mV typ)
15uv/°C

3.0mV max (1.5mV typ)
15uV/°C max (8uV/°C typ)

4mV max (0.5mV typ)
20uV/°C max (8uV/°C typ)

vs Supply, Tmin t0 Trax 200uV/V max 100uV/V max 100uV/V max

INPUT BIAS CURRENT

Initial 25nA max 15nA max 15nA max

Tmin 10 Trpax 40nA max 25nA max 35nA max
INPUT OFFSET CURRENT

Initial 25nA max 15nA max 15nA max

Tmin 10 Tmax 40nA max 25nA max " 35nA max

Avg vs Temp, Trmin 10 Trmax 0.5nA/°C 0.2nA/°C 0.2nA/°C
INPUT IMPEDANCE

Differential 40MS$2 min (300M$2 typ) 65MQ min (500MQ typ)

Common Mode 1000M£2 b
INPUT VOLTAGE NOISE

f=10Hz 100nV/y/Hz * *

f = 100Hz 30nV//Hz * *

f = 100kHz 12nV/y/Hz * *
INPUT VOLTAGE RANGE

Differential, Max Safe 12.0V * *

Common Mode Voltage Range, Trin to Tmax *11.0V * *

Common Mode Rejection @ 25V, Tryin to Trax 74dB min (100dB typ) 80dB min (100dB typ) 80dB min (100dB typ)
POWER SUPPLY

Rated Performance 15V * *

Operating (5 to 20)V * *

Current, Quiescent 4.0mA max (3.0mA typ) * *
TEMPERATURE RANGE : R o

Rated Performance 0 to +70°C * -55Cro +125°C

Operating -25°C o +85°C * -65°Cto +150°C

Storage -65°C to +150°C * *
PACKAGE OPTION:! TO-99 Style (HO8A) -AD507JH AD507KH AD507SH
NOTES
*Specifications same as AD507].
!See Section 19 for package outline information,
Specifications subject to change without notice.
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Applying the AD507

APPLICATION CONSIDERATIONS

The AD507 combines excellent dc characteristics and dynamic
performance with ease of application. Because it is a wideband,
high speed amplifier, care should be exercised in its stabiliza-
tion. Several practical stabilization techniques are suggested to
insure proper operation and minimize user experimentation.

GENERAL PURPOSE WIDEBAND COMPENSATION

The following considerations are intended to provide guidance
in critical wideband applications. While not necessary in all
cases, the considerations are of prime importance for the user
attempting to obtain the highest performance from his circuit
design.

High Gain Conditions

The AD507 is fully compensated internally for all closed loop
gains above 10; however, it is necessary to load the amplifier
with 50pF. In many applications this minimum capacitive load
will be provided by the load or by a cable at the output of the
AD507, making an additional 50pF unnecessary. Figure 1
shows the suggested configuration for general purpose use for
closed loop gains above 10.

The 0.1uF ceramic power supply bypass capacitors are consid-
erably more important for the AD507 than for low frequency
general purpose amplifiers. Their main purpose is.to convert
the distributed high frequency ground to a lumped single point
(the V+ point). The V+ to V- 0.1uF capacitor equalizes the
supply grounds while the 0.1uF capacitor from V+ to signal’
ground should be returned to signal common. The signal
common, which is bypassed to pin 7, is defined as that point
at which the input signal source, the feedback network, and
the return side of the load are joined to the power common.

Note that the diagrams show each individual capacitor
directly connected to the appropriate terminal (pin 7 [V+]
and pin 6 [Output]). In addition, it is suggested that all

. connections be made short and direct, and as physically close
to the can as possible, so that the length of any conducting
path shared by external components will be minimized.

0.tuF (CERAMIC DISC}

TO SIGNAL
‘COMMON POINT

OFFSET NULL

INVERTING
INPUT

=0 OUTPUT

NON-INVERTING
INPUT

° = 0uF

. {CERAMIC DISC)

OFFSET

NuLL 1008

o OFFSET NULL *NOT REQUIRED FOR LOAD OR

CABLE CAPACITANCE >60pF
&0

L%

Figure 1. General Purpose Configuration to Closed Loop
Gain > 10 ‘
Low Gain Conditions
For low closed loop gain applications, the AD507 should be
compensated with 2 20pF capacitor from pin 8 (frequency
compensation) to signal common or pin 7 (V+). This configur-
ation also requires a 30pF feedback capacitor from pin 6
(Output) to-pin 8 (see Figure 2). The 50pF minimum load
capacitance recommended for uncompensated applications is
not required when the AD507 is used in the compensated
mode. This compensation results in a unity gain frequency of
approximately 10 to 12MHz.

The excellent input characterisites of the AD507 make it
useful in low frequency applications where both dc and ac
performance superior to the 741 type of op amp is desired.
Some experimentation may be necessary to optimize the
AD507 for the specific requirement. The unity gain bandwidth
can be reduced by increasing the value of the compensation
capacitor in inverse proportion to the desired bandwidth
reduction. It is advisable to increase the feedback capacitor at
the same time, maintaining its value about 50% larger than the
compensation capacitor. Because the AD507 is fundamentally
a wideband amplifier, careful power supply decoupling and
compensation component layout are required even in low
bandwidth applications.

OFFSET VOLTAGE NULLING

Note that the offset voltage null circuit includes a 2k§2 resictor
in series with the wiper arm of the 100k potentiometer.

This resistor is not absolutely required, but its use can prevent
a condition of false null that can be obtained at the ends of
the pot range. The knowledgeable user should have no trouble
differentiating between nulling in the pot mid-range and
erratic end-range behavior when the wiper is connected

directly to V+. '
C = 30pF

FREQ COMP
0.1uF
OFFSET NULL Y
INVERTING
INPUT

TO SIGNAL
COMMON POINT

O OUTPUT
NON-INVERTING
INPUT

O 0.uF

Figure 2. Cohflyuratian for Unity Gain Applications

HIGH CAPACITIVE LOADING

Like all wideband amplifiers, the AD507 is sensitive to capa-
citive loading. Unlike many, however, the AD507 can be

used to effectively drive reasonable capacitive loads in virtually
all applications, and capacitive loads of several hundred pico-
farads in a number of specific configurations.

In an inverting gain of ten configuration, the internally com-
pensated amplifier will drive more than 200pF in addition to
the recommended 50pF load, or a total of over 250pF. Under
such conditions, the slew rate will be only slightly reduced,
and the overall settling time somewhat lengthened.

In general, the capacitive drive capability of the AD507 will
increase in high gain configurations which reduce closed loop
bandwidth.

In any wideband application, it is essential to return the load

currents supplied by the amplifier to the power supply with-
out sharing a path with input or feedback signals. This con-
sideration becomes particularly important when driving capa-
citive loads which may resonate with short lengths of inter-
connecting wire.

FAST SETTLING TIME

A small capacitor (Cg in Figure 3) will improve the settling
time of the AD507, when it is used with large feedback
resistors. The AD507 input capacitance (typically 2 or 3pF),
together with additional circuit capacitance, will introduce an
unwanted pole of open-loop response. The extra phase shift
introduced, for example; by 4pF of input capacitance, and
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5k§2 input source impedance, will result in an underdamped
transient response, and long settling time. A small (1.5 to
3.0pF) feedback capacitor will introduce a zero in the open-
loop transfer function, reducing the phase shift and increasing
the damping, which will more than compensate for the slight
reduction in closed-loop bandwidth.

BIAS COMPENSATION NOT REQUIRED

Circuit applications using conventional op amps generally
require that the source resistances be matched at the inputs to
cancel the effects of the input currents and take advantage of
low offset current. In circuits similar to that shown in

Figure 3, the compensation resistance would be equal to the
parallel combination of Ry and RF, and for large values
would require a bypass capacitor. The AD507 is specially
designed to cancel the input currents so as to reduce them to
the offset current level. As a result, optimum performance
can be obtained even though no bias compensation is used,
and the non-inverting input can be connected directly to the
signal common.

Ca=2pF

R = 10k Cp = 30pF

CONSIDERATIONS OF FIGURE 1 APPLY EXCEPT FOR
THE LOAD CAPACITOR

Figure 3. Fast Settling Time Configuration
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ANALOG
DEVICES

High Speed,
Fast Settling IC Op Amp

AD309

FEATURES
Fast Settling Time
0.1% in 500ns max
0.01% in 2.5us max }
High Slew Rate: 100V/us min
Low lgs: 25nA max
Guaranteed Vg Drift: 30uV/°C max
High CMRR: 80dB min
Drives 500pF

APPLICATIONS

D/A and A/D Conversion
Wideband Amplifiers
Multiplexers

Pulse Amplifiers

PRODUCT DESCRIPTION

The AD509], AD509K and AD509S are monolithic
operational amplifiers specifically designed for applications
requiring fast settling times to high accuracy. Other compar-

able dynamic parameters include a small signal bandwidth of

20MHz, slew rate of 100V/us min and a full power response
of 150kHz min. The devices are internally compensated for

all closed loop gains greater than 3, and are compensated with

a single capacitor for lower gains.
The input characteristics of the AD509 are consistent with

0.01% accuracy over limited temperature ranges; offset current
is 25nA max, offset voltage is 8mV max, nullable to zero, and

offset voltage drift is limited to 30uV/°C max. PSRR and
CMRR are typically 90dB.

The AD509 is designed for use with high speed D/A or A/D
converters where the minimum conversion time is limited by
the amplifier settling time. If 0.01% accuracy of conversion
is required, a conversion cannot be made in a shorter period
than the time required for the amplifier to settle to within
0.01% of its final value.

AD509 FUNCTIONAL BLOCK DIAGRAM

FREQUENCY COMPENSATION

INPUT

NON INVERTING ~~(4)— " OFFSET

INPY
NPUT vt NULL

TO-99
TOP VIEW

All devices are supplied in the TO-99 package. The AD509]
and AD509K are specified for 0 to +70°C temperature range;
the AD509S for operation from -55°C to +125°C.

PRODUCT HIGHLIGHTS

1.

The AD509 is internally compensated for all closed loop
gains above 3, and compensated with a single capacitor for
lower gains thus eliminating the elaborate stabilizing tech-
niques required by other high speed IC op amps.

. The AD509 will drive capacitive loads of 500pF without

deterioration in settling time. Larger capacitive loads
can be driven by tailoring the compensation to minimize
settling time.

. Common Mode Rejection, Gain and Noise are compatible

with a2 0.01% accuracy device.

. The AD509K and AD509S are 100% tested for minimum

slew rate and guaranteed to settle to 0.01% of its final
value in less than 2.5us. .
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SPEGIFIGA."UNS (@ +25°C and Vg = =15V dc unless otherwise specified)

AD509) . ADS09K AD509S
Model . Min Typ Max Min Typ Max Min Typ Max Units
OPEN LOOPGAIN .
Vo = £10V,R =2kQ) 75,000 15,000 10,000 15,000 10,000 15,000 viv
Tmin 10 Truxs RL = 2k} 5,000 7,500 ) 7,500 v
OUTPUT CHARACTERISTICS
Voltage @Ry, = 2k, Tomin t0 Timax =10 =12 *10 *12 +10 +12 v
FREQUENCY RESPONSE
Unity Gain Small Signal 20 20 20 MHz
Full PowerResponse 1.2 1.6 1.5 2.0 15 2.0 . { MHz
Slew Rate, Unity Gain 80 120 80 120 100 120 Vs .
Settling Time '
100.1% 200 200 200 500 ms
t00.01% 1.0 ' 1.0 1.0 2.5 s
INPUT OFFSET VOLTAGE
Initial Offset 5 10 4 8 4 8 mV
Input Offset Voltage Tpin t0 Tinax 14 1 11 mV
Input Offset Voltage vs. Supply,
Tnin 10 Trnax 200 100 100 pVV
INPUT BIAS CURRENT
Initial 125 250 100 200 100 200 nA
Tomin 10 Trnux 500 400 400 nA
INPUT OFFSET CURRENT
Initial 20 50 10 25 10 25 nA
Ta =min to max 100 50 50 nA
INPUT IMPEDANCE C .
Differential 40 100 '50 100 50 100 MQ
INPUT VOLTAGERANGE ,
Differential +15 =15 =15 v
Common Mode *10 =10 =10 v
Common Mode Rejection ' 74 90 80 90 80 90 . dB
INPUT NOISE VOLTAGE .
f=10Hz 100 100 100 nV/VHz
f = 100Hz 30 30 30 nV/VHz
f = 100kHz 19 19 19 nV/VHz
POWER SUPPLY
Rated Performance =15 =15 =15 A%
Operating *5 *20 +S +20 +5 *20 v
Quiescent Current ' .4 .6 4 6 4 6 mA
TEMPERATURERANGE .
Operating, Rated Performance 0 +70 o - +70 ~55 . +70 °C
Storage . —-65 +150 —-65 + 150 -65 +150 } °C
PACKAGE! )
TO-99 Style (HO8A) ADS09JH ADSO9KH ADS09SH
NOTES

ISee Section 19 for package outline information.

Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality
levels. All min and max specifications are guaranteed, although only those
shown in boldface are tested on all production units.

Vs .

Simplified Nulling Circuit
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Applying the AD509

APPLYING THE AD509

MEASURING SETTLING TIME. Settling time is defined as
that period required for an amplifier output to swing from
0 volts to full scale, usually 10 volts, and to settle to within
a specified percentage of the final output voltage. For high
accuracy systems, the accuracy requirement is normally
specified as either 0.1% (10-bit accuracy) or 0.01% (12-bit
accuracy) of the 10 volt output level. The settling time
period is comprised of an initial propagation delay, an
additional time for the amplifier to slew to the vicinity of
10 volts, and a final time period to recover from internal
saturation and other effects, and settle within the specified
error band. Because settling time depends on both linear
and nonlinear factors, there is no simple approach to
predicting its final value to different levels of accuracy. In
particular, extremely high slew rates do not assure a rapid
settling time, since this is only one of many factors affecting
settling time. In most high speed amplifiers, after the
amplifier has slewed to the vicinity of the final output
voltage, it must recover from internal saturation and then
allow any overshoot and ringing to damp out. These
definitions are illustrated in Figure 1.

_E_"_*__A_E_\s________./-_\ ___________
ERROR {[FINAL VALUE, Eo —
BAND N
J_E—o—:_A_E;;—_ j]/_ - =7~

g

SLEWV|
RATE

DEAD —
TIME| SLEWING |RECOVERYILINEAR SETTLING

<+ SETTLING TIME TO * AE —hl
AE
OR 1-E-3 x100%

Figure 1. Settling Time

The AD509K and AD509S are guaranteed to settle to 0.1%

in 500ns and 0.01% in 2.5us when tested as shown in Figure 2.

There is no appreciable degradation in settling time when

the capacitive load is increased to 500pF, as discussed below.
The settling time is computed by summing the output and the
input into a differential amplifier, which then drives a scope

DECOUPLING CAPACITORS
OMITTED FOR CLARITY

SCOPE

DIFFERENTIAL
AMPLIFIER

Figure 2. AD509 Settling Time Test Circuit

display. The resultant waveform of (Eg — EjN) of a typical
AD509 is shown in Figure 3. Note that the waveform crosses
the 1mV point representing 0.01% accuracy in approximately
1.5us. The top trace represents the output signal; the bottom
trace represents the error signal.

ouTPuT | /
.oy =Tns I
!
erRroR ||| s
SIGNAL m
4 *1ns

Figure 3. Settling Time of AD509

SETTLING TIME VS. Rf AND Rj. Settling time of an
amplifier is a function of the feedback and input resistors,
since they interact with the input capacitance of the amplifier.
When operating in the non-inverting mode, the source
impedance should be kept relatively low; e.g., 5k€2; in order
to insure optimum performance. The small feedback
capacitor (5pF) is used in the settling time test circuit in
parallel with the feedback resistor to reduce ringing. This
capacitor partially cancels the pole formed in the loop gain
response as a result of the feedback and input resistors, and
the input capacitance. ‘

SETTLING TIME VS. CAPACITIVE LOAD. The AD509
will drive capacitive loads of 500pF without appreciable
deterioration in settling time. Larger capacitive loads can be
driven by tailoring the compensation to minimize settling
time. Figure 4 shows the settling time of a typical AD509,
compensated for unity gain with a 15pF capacitor, with a
500pF capacitive load on the output. Note that settling time
to 0.01% is still under 2.0us.

OUTPUT /
.oy 1 s )
!
ERROR *
SIGNAL
my .
Q []ns

Figure 4. AD509 with 500pF Capacitive Load

SUGGESTIONS FOR MINIMIZING SETTLING TIME. The
AD509 has been designed to settle to 0.01% accuracy in

1 to 2.5us. However, this amplifier is only a building block

in a circuit that also has a feedback network, input and output
connections, power supply connections, and a number of
external components. What has been painstakingly gained in
amplifier design can be lost without careful circuit design.
Some of the elements of a good high speed design are..........

CONNECTIONS. It is essential that care be taken in the
signal and power ground circuits to avoid inducing or
generating extraneous voltages in the ground signal paths.
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The 0.1uF ceramic power supply bypass capacitors are *
considerably more important for the AD509 than for low
frequency general purpose amplifiers. Their main purpose
is to convert the distributed high frequency ground to a
lumped single point (the V+ point). The V+ to V— 0.1uF
capacitor equalizes the supply grounds while the 0.1uF
capacitor from V+ to signal ground should be returned to
signal common. The signal common, which is bypassed to
pin 7, is defined as that point at which the input signal
source, the feedback network, and the return side of the load
are joined to the power common.

Note that the diagram shows each individual capacitor
directly connected to the appropriate terminal (pin 7 [V+]).

0.F
CERAMIC DISC

INVERTING TO SIGNAL
INPUT COMMON POINT
—O OUTPUT

NONINVERTING
INPUT

O
CERAMIC DISC

Figure 5. Configuration for Unity Gain Applications

In addition, it is suggested that all connections be short and
direct, and as physically close to the case as possible, so that
the length of any conducting path-shared by external
components will be minimized.

COMPONENTS. Resistors are preferably metal film types,
because they have less capacitance and stray inductance
than wirewound types, and are available with excellent
accuracies and temperature coefficients. ‘-

Diodes are hot carrier types for the very fastest-settling
applications, but 1N914 types are suitable for more
routine uses.

Capacitors in critical locations are polystyrene, teflon, or
polycarbonate to minimize dielectric absorption.

CIRCUIT. For the fastest settling times, keep leads short, -
orient components to minimize stray capacitance, keep
circuit impedance levels as low as consistent with the out-
put capabilities of the amplifier and the signal source,
reduce all external load capacitances to the absolute
minimum. Don’t overlook sockets or printed circuit

board mounting as possible sources of dielectric absorption.
Avoid pole-zero mismatches in any feedback networks used
with the amplifier. Minimize noise pickup.

DYNAMIC RESPONSE OF AD509
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Figure 6. Open Loop Frequency and Phase Response
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Figure 7. Open Loop Frequency Response for Various C¢'s

THE AD509 AS AN OUTPUT AMPLIFIER FOR FAST
CURRENT-OUTPUT D-TO-A CONVERTERS

Most fast integrated circuit digital to analog converters have
current outputs. That is, the digital input code is translated
to an output current proportional to the digital code. In
many applications, that output current is converted to a volt-
age by connecting an operational amplifier in the current-to-
voltage conversion mode.

The settling time of the combination depends on the settling
time of the DAC and the output amplifier. A good approxima-
tion is: ,

ts TOTAL = v/(t; DAC)? + (t; AMP)?

 Some IC DAG:s settle to final output value in 100-500 nano-
seconds. Since most IC op amps require a longer time to settle
to $0.1% or £0.01% of final value, amplifier settling time can
dominate total settling time. And for a 12-bit DAC, one least
significant bit is only 0.024% of full-scale, so low drift and
high linearity and precision are also required of the output
amplifier, )
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Figure 8 shows the AD509K connected as an output amplifier
with the AD565K, high speed 12-bit IC digital-to-analog con-
verter. The 10 picofarad capacitor, Cl1, compensates for the
25pF AD565 output capacitance. The voltage output of the
AD565K/AD509K combination settles to £0.01% in one
microsecond. The low input voltage drift and high open loop
gain of the AD509K assures 12-bit accuracy over the operating
temperature range.

ADEG5K AAA
5k <+
I 5 o
Lo TI0%F 2N vour
070 2mA R g L0 W
DIGITAL INPUTS * s VWV + 07O +10V
12) 3 | 24 Vhg0ak
L

Figure 8. AD509 as an Output Amplifier for a Fast Current-
Output D-to-A Converter



ANALOG
DEVICES

Low Cost, Laser

Trimmed, Precision IC Op Amp

AD310

FEATURES

Low Vgs: 254V max (AD510L), 100V max (AD510J)
Low Vs Drift: 0.5uV/°C max (AD510L)

Internally Compensated

High Open Loop Gain: 10¢ min

Low Noise: 1V p-p 0.01 to 10Hz

PRODUCT DESCRIPTION

The AD510 is the first low cost high accuracy IC op amp
available. Analog Devices’ precise thermally-balanced layout
combined with high-yield IC processing provides truly super-
lative op amp performance at the lowest possible cost. The
device is internally compensated, thus eliminating the need
for an additional external capacitor.

A truly precision device, the AD510 achieyes laser trimmed
offset voltages less than 25uV max and offset voltage drifts of
0.5uV/°C max (nulled). Bias currents and offset currents are
-available at less than 10nA and 2.5nA respectively, while open
loop gain is maintained at over 1,000,000, even under loaded
conditions. Designed along a thermal axis, the AD510 is un-
affected by thermal gradients across the monolithic chip

. caused by current loading. ’

The AD510 has fully protected inputs, permitting differential
input voltages of up to ¥V without voltage gain or bias current
degradation due to reverse breakdown. The output is also pro-
tected from short circuits and drives 1000pF of load capaci-
tance without oscillation.

The AD510 is specifically designed for applications requiring -
high precision at the lowest possible cost, such as bridge instru-
ments, stable references, followers and analog computation.
Packaged in a hermetically-sealed TO-99 metal can, the AD510
is available in three versions of performance (J, K and L) over
the commercial temperature range, 0 to +70°C and one version
(S) over the extended temperature range, -55 °C to +125°C.

AD510 FUNCTIONAL BLOCK DIAGRAM

OFFSET .
NULL 8
1 7 +Vg

— I
AN 2 6 OUTPUT

+

+N 3 5 NC
4
_vs
TO-99
TOP VIEW

PRODUCT HIGHLIGHTS

1.

Offset voltage drift is guaranteed and 100% tested on all
models with a controlled temperature drift bath with the
offset voltage nulled. Offset voltage on the AD510L is
tested following a 3 minute warm-up.

. The AD510 offers fully protected input (to +Vs) and output

circuitry. The input protection circuit prevents offset vol-
tage and bias current degradation due to reverse breakdown,
a critical factor in high accuracy op amps where overall
performance is strongly dependent on front-end stability.

. Internal compensation eliminates the need for elaborate and

costly stabilizing networks, often required by many high
accuracy IC op amps.

. A thermally balanced layout maintains high gain (1,000,000

min, K, L and S) independent of offset nulling, power sup-
ply voltage and output loading.

. Bootstrapping of critical input transistors produces CMRR

and PSRR of 110dB min and 100dB min, respectively.
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SPECIFICATIONS (typical @ +25°C and +15V dc unless otherwise noted)

AD510LH ADS510SH

MODEL ADS510JH ADS510KH
OPEN LOOP GAIN
Vgs = 10V, R > 2kQ 250,000 min 10° min *» .oxs
Tmin 10 Tmax 125,000 min 500,000 min b 250,000
OUTPUT CHARACTERISTICS
Voltage @ Ry 2 2k, Trin t0 Tax +10V min * * *
Load Capacitance 1000pF * * *
Output Current 10mA min * * *
Short Circuit Current 25mA . * *
FREQUENCY RESPONSE
Unity Gain, Small Signal 300kHz * * *
Full Power Response 1.5kHz * * *
Slew Rate, Unity Gain 0.10V/us * * *
INPUT OFFSET VOLTAGE
Initial Offset, Rg < 10k Q2 100uV max 50V max 25uV max **
vs. Temp., Trin t0 Trnax 3.0pV/°C max 1.0pV/°C max 0.5uv/°Cmax **
vs. Supply 25uV/V max 104V/V max ** .o
Tmin t0 Tmax 40uV/V max 15p4V/V max > 20uV/V max
INPUT OFFSET CURRENT :
Initial 5nA max 4nA max 2.5nA max i
Tmin 10 Tmax 8nA max 6nA max 4nA max 10nA max
INPUT BIAS CURRENT
Initial 25nA max 13nA max 10nA max ** )
Tmin t© Tmax 40nA max 20nA max - 15nA max 30nA max
vs. Temp, Tmin t0 Trax +100pA/°C +50pA/°C +40pA/°C s
INPUT IMPEDANCE
Differential 4MQ 6MQ b **
Common Mode 100MQ2||4pF * * *
INPUT NOISE
Voltage, 0.1Hz to 10Hz 1uV p-p * * *
f=10Hz 18nv/Hz * . *
f = 100Hz 13nVAVHZ . * *
f = 1kHz 10nV/A/Hz * * *
Current, f = 10Hz O.SpA/\/-!E * * *
f = 100Hz 0.3pA/\/Hz . * *
f = 1kHz 0.3pA/N/Hz . . .
INPUT VOLTAGE RANGE
Differential or Common Mode.
max safe *Vg * * *
Common Mode Rejection, Vi, = . ‘
1oV 94dB min 110dB min ** b
Common Mode Rejection, T -
10 Trmax 94dB 100dB min ** s
POWER SUPPLY
Rated Performance 15V * * *
Operating *(5 to 18)V * * +(5 10 22)V
Current, Quiescent 4mA max 3mA max i . b '
TEMPERATURE RANGE
Operating Rated Performance 01to +70°C * * -55°Cto +125°C
Storage -65°Cto +150°C  * * *
PACKAGE OPTIONS:! T0O-99 Style (HO8B) AD510JH ADS510KH AD510LH AD510SH

NOTES

*Specifications same as AD510JH.
**Spccifications same as ADS10KH.

! See Section 19 for package outline information.
Specification subject to change without notice.
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Applying the AD510

TYPICAL
NON-INVERTING AMPLIFIER CONFIGURATION

NULLING THE AD510
Nulling the AD510 can be achieved using the high resolution
circuit of Figure 1.

1. Null the offset to zero using a commercially available pot
(approximately 10k£2).

2.-Measure pot halves, Ry and Rp.
¢ Ry x50kQ2 + Rz x 50kQ
" 50kQ - Ry " 50k - R,
4. Insert Rll and Rzl (closest 1% fixed metal film resistors).

3. Calculate . .. Ry

5. Use an industrial quality 100k pot (rp) to fine tune the trim.

Nulling to within 1 microvolt can be achieved using this tech-
nique. For best results, the wiper of the potentiometer should
be connected directly to pin 7 of the op amp.

@

p

Figure 1. High Resolution, High Stability Nulling Circuit

THE AD510L IN A SIMPLE INSTRUMENTATION AMPLIFIER
The circuit of Figure 2 illustrates a simple instrumentation
amplifier suitable for use with strain gauges, thermocouples

and other transducers. It provides high input impedance to
ground at each of the differential input terminals and excellent
common mode rejection,

INPUT 3

- +

ATN6

ADS10L
R1 9k 0.01% 2

Y R2 1k 0.01%
GAIN R3 1k 0.01%

SELECT A

R F Avvv
7 S R4 %K 0.01%

A2
ADS10L,

b————Q ouTPUT

INPUT

Figure 2. Instrumentation Amplifier

The configuration shown is designed for a gain of 10, however
the gain can be varied upwards by adding a gain select

resistor Rs. In operation, amplifier Ay provides a gain of 10/9
for signals at the negative input terminal. This output feeds the
inverting amplifier Ay, which has a gain of 9, resulting in an
overall gain of 10. For signals at the positive input, the output
of Ay is at ground potential and the amplifier Ay provides a
gain of 10. Thus, the circuit has a gain of 10 for differential
signals and 0 for common mode signals; the very high CMRR
and open loop gain of the AD510L automatically produces
common mode rejection of at least 25,000 at dc at a gain of
10 and over 1,000,000 at a gain of 1000, The common mode
rejection, of course, depends upon the resistor ratios and their
specified tolerance. Less accurate resistors can be used if the
network is trimmed.

For gains of 10 the frequency response is down 3dB at 500kHz,
for gains of 1000, 2kHz. Full output of £10V can be attained
up to 1800Hz.

The common mode rejection at 60Hz is limited by the finite
gain bandwidth of A; causing a phase lag on the negative input
signal. At 60Hz the CMRR measures 72dB at a gain of 1000
and 62dB at a gain of 10.
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ANALOG
DEVICES

Precision, Low-Power

FET-Input Electrometer Op Amp

AD515

FEATURES

Ultra Low Bias Current: 0.075pA max (AD515L)
0.150pA max (AD515K)
0.300pA max (AD515J)
1.5mA max Quiescent Current
(0.8mA typ)

Low Offset Voltage: 1.0mV max (AD515 K & L)

Low Drift: 15uV/°C max (AD515K)}
1 ow Nnica: du\l n.n, 0.1 ¢ 10>

Low Cost

Low Power:

PRODUCT DESCRIPTION
The AD515 series of FET-input operational amplifiers are
second generation electrometer designs offering the lowest in-

put bias currents available in any standard operational amplifier.

The AD515 also delivers laser-trimmed offset voltage, low drift,
low noise and low power, a combination of features not pre-
viously available in ultra-low bias current circuits. All devices
are internally compensated, free of latch-up, and short circuit
protected.

The AD515 delivers a new level of versatility and precision to a
wide variety of electrometer and very high impedance buffer

. measurement situations, including photo-current detection,
vacuum ion-gauge measurement, long term precision integra-
tion, and low drift sample/hold applications. The device is also
an excellent choice for all forms of biomedical instrumentation
such as pH/plon sensitive electrodes, very low: current oxygen
sensors, and high impedance biological microprobes. In addi-
tion, the low cost'and pin compatibility of the AD515 with
standard FET op amps will allow designers to upgrade the per-
formance of present systems at little or no additional cost.
The 10" ohm common mode input impedance, resulting from
a solid bootstrap input stage, insures that the input bias current
is essentially independent of common mode voltage.

As:with previous electrometer amplifier designs from Analog
Devices, the case is brought out to its own connection (pin 8)
so that the case can be independently connected to a point at
the same potential as the input, thus minimizing stray leakage
to the case. This feature will also shield the input circuitry
from external noise and supply transients, as well as reducing
common mode input capacitance from 0.8pF to 0.2pF.

The AD515 is available in three versions of bias current and
offset voltage, the “J”, K", and ““L”; all are specified for
rated performance from O to +70°C and supplied in a hermetic-
ally sealed TO-99 package.

AD515 FUNCTIONAL BLOCK DIAGRAM

GUARDPIN (CONNECTED TO CASE)
TAB

OFFSET
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INVERTING
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v-

1099
TOP VIEW

PRODUCT HIGHLIGHTS
1. The AD515 provides the lowest bias currents available in an
integrated circuit amplifier.
® The ultra low input bias currents are specified as the max-
imum measured at either input with the device fully
warmed up on *15 volt supplles at +25°C ambient with
no heat sink. This parameter is 100% tested.
‘® By using %5 volt supplies, input bias current can typically
be brought below 50fA.

2. The input offset voltage on all grades is laser. trimmed to a
level typically less than 500uV.
® The offset voltage drift is the lowest available in an FET
electrometer amplifier.
® If additional nulling is desired, the amount requlrcd will
have a minimal effect on offset drift (approximately
3uV/°C per millivolt nulled).

3. The low quiescent current drain of 0.8mA typical and
1.5mA maximum, which is among the lowest available in opera-
tional amplifier designs of any type, keeps self-heating effects
to a minimum and renders the AD515 suitable for a wide range
of remote probe situations.

4. The combination of low input noise.voltage and very low in-
put noise current is such that for source lmpcdances from much
over one Megohm up to 10 ' ohm, the Johnson noise of the
source will easily dominate the noise characteristic.
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SPECIFICATIONS (@ + 2% i, -

+15V dc unless otherwise specified)

ADS515) ADSISK ADSISL
Model . Min Typ Max Min Typ Max Min Typ Max Units
OPEN LOOPGAIN!
Vo = =10V,RL = 2k} 20,000 40,000 25,000 A%
Vo = £10V,Rp = 10k 40,000 100,000 50,000 v
Tmin 10 Taxs R = 2kQ2 15,000 40,000 25,000 A\
OUTPUT CHARACTERISTICS
Voltage @ Ry, = 2k, Tpin 10 Tpnax +10 +12 +10 +12 =10 *12 v
Voltage @ Ry, = 10k, T 10 Trnax +12 +13 +12 =13 +12 +13 v
Load Capacitance? 1000 1000 1000 pA
Short Circuit Current ‘10 25 50 10 25 50 10 25 50 mA
FREQUENCY RESPONSE
Unity Gain Small Signal 350 350 350 MHz
Full Power Response ’ 5 16 5 - 16 5 MH:z
Slew Rate, Unity Gain 0.3 L0 0.3 1.0 0.3 1.0 Vips
Overload Recover, Inverting Unity Gain 16 100 16 100 16 100 ns
INPUT OFFSET VOLTAGE?
Initial Offset * 0.4 3.0 0.4 1.0 0.4 1.0 mV
Input Offset Voltage vs. Temperature 50 15 25 wvrc
Input Offset Voltage vs. Supply, '
Trmin 10 Trax 50 400 100 200 pVviv
INPUT BIASCURRENT
Either Input* 300 150 75 FA
INPUT IMPEDANCE
Differential . 101.6 10131.6 1071.6 MQ|pA
Common Mode 10%%}0.8 10'%0.8 1040.8 MQJpA
INPUT VOLTAGE RANGE .
Differential =20 *20 *20 \%
Common Mode =10 +12 +10 *12 x10 *12 \%
Common Mode Rejection 66 94 80 70 dB
INPUT NOISE
Voltage,0.1Hz to 10Hz 4.0 4.0 4.0 wVp-p
f=10Hz 75 75 75 nV/VHz
f = 100Hz B 55 55 55 aVVHz
f=1Hz 50 50 50 nV/VHz
Current, 0.1Hzto 10Hz 0.003 0.003 0.003 pA(p-p)
10Hz 10 10kHz 0.01 0.01 0.01 pA (rms)
POWER SUPPLY
Rated Performance =15 =15 =15 v
Operating +5 +18 =5 =18 +5 =18 A%
Quiescent Current ) 0.8 5 0.8 1 0.8 5 mA
TEMPERATURE RANGE .
Operating, Rated Performance 0 +70 0 +70 0 +70 °C
Storage -65 +150 -65 +150 -65 +150 | °C
PACKAGE® v
TO-99 Style (HO8B) ADSISJTH ADSISKH ADSISLH
NOTES
!Open Loop Gain is specified with or without nulling of Vos.
2A conservative design would not exceed 750pF of load capacitance.
3Input Offset Voltage specifications are d after 5 mi of op at Tp = +25°C.
“Bias Current specifications are d after 5 mi of operation at To = +25°C. For

higher temperatures, the current doubles every +10°C.

*If it is possible for the input voltage to exceed the supply voltage, a series
protection resistor should be added to limit input current to 0.5mA. The
input devices can handle overload currents of 0.3mA indefinitely without

damage. Sec next page.
6See Section 19 for package outline information.

Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality
levels. All min and max specifications are guaranteed, although only those

shown in boldface are tested on all production units.
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Applying the AD515

LAYOUT AND CONNECTION CONSIDERATIONS 4. Another important concern for achieving and maintaining
The design of very high impedance measurement systems intro- low leakage currents is complete cleanliness of circuit boards
duces a new level of problems associated with the reduction of and components. Completed assemblies should be washed
leakage paths and noise pickup. thoroughly in a low residue solvent such as TMC Freon or

high-purity methanol followed by a rinse with deionized
water and nitrogen drying. If service is anticipated in a high
contaminant or high humidity environment, a high dielectric n

1. A primary consideration in high impedance system designs is
to attempt to place the measuring device as near to the signal
source as possible. This will minimize current leakage paths,
noise pickup and capacitive loading. The AD515, with its
combination of low offset voltage (normally eliminating the
need for trimming), low quiescent current (minimal source
heating, possible battery operation), internal compensation
and small physical size lends itself very nicely to installation
at the signal source or inside a probe. Also, as a result of the
high load capacitance rating, the AD515 can comfortably
drive a long signal cable.

conformal coating is recommended. All insulation materials
-except Kel-F or teflon will show rapid degradation of surface
leakage at high humidities.

OPTIONAL PROTECTION .
(SEE TEXT) 10pF

\

| ouT
I -| AD515 & L—
I

capability of the ultra-low input currents of thc AD515. 3 ' Eo = ImV/picesmp

Guarding is achieved by applying a low impedance bootstrap
potential to the outside of the insulation material surrounding
the high impedance signal line. This bootstrap potential is held
at the same level as that of the high impedance line; therefore,  Figure 2. Picoampere Current-to-Voltage Converter Inverting
there is no voltage drop across the insulation, and hence, no Configuration

leakage. The guard will also act as a shield to reduce noisepick- OPTIONAL Rp

up and serves an additional function of reducing the effective ]
capacitance to the input line. The case of the AD515 is brought
out separately to pin 8 so that the case can also be connected

to the guard potential. This technique virtually eliminates poten-
tial leakage paths across the package insulation, provides a

H +
, CASE

i
1
2. The use of guarding techniques is essential to realizing the f Is .I
{
{
~

Rg
= 1+=F
Eo=Vs | Rs'

ZiN = 105 Q10.2pF
noise shield for the sensitive circuitry, and reduces common-
mode input capacitance to about 0.2pF. Figure 1 shows a /
proper printed circuit board layout for input guarding and OPTIONAL CONNECTION FOR
connecting the case guard. Figures 2 and 3 show guarding GUARDING CABLE (SEE TEXT) ‘%Rs
connections for typical inverting and non-inverting applica- =
tions, If pin 8 is not used for guarding, it should be connected Figure 3. Very High Impedance Non-Inverting Amp//fler
to ground or a power supply to reduce noise. INPUT PROTECTION

The AD515 is guaranteed for a maximum safe input potential

INPUTS 4 34 equal to the power supply potential. The unique bootstrapped
% @5 . input stage design also allows differential input voltages of up
. ' . to *20 volts (or within 10 volts of the sum of the supplies)
4 qun while maintaining the full differential input resistance of
GUARD - R 6 same paTTERN SHouLp ge 10282, as shown in Figure 10. This makes the AD515 suitable
q LAID OUT ON BOTH SIDES for low speed comparator situations employmg a direct connec-
OF P.C. BOARD
o 7@V tion to a high impedance source.
Many instrumentation situations, such as flame detectors in
(BOTTOM VIEW) .
gas chromatographs, involve measurement of low level currents
Figure 1. Board Layout for Guarding Inputs with Guarded from high-voltage sources. In such applications, a sensor fault
T0-99 Package condition may apply a very high potential to the input of the
. current-to-voltage converting amplifier. This possibility neces-
3. Printed circuit board layout and construction is critical for sitates some form of input protection. Many electrometer type
achieving the ultimate in low leakage performance that the devices, especially CMOS designs, can require elaborate zener
AD515 can deliver. The best performance will be realized protection schemes which often compromise overall perfor-
by using a teflon IC socket for the AD515; but at least a mance. The AD515 requires input protection only if the source
teflon stand-off should be used for the high-impedance lead. is not current-limited, and as such is similar to many JFET-
If this is not feasible, the input guarding scheme shown in input designs. The failure mode would be overheating from

Figure 1 will minimize leakage as much as possible; the guard  excess current rather than voltage breakdown. If the source is
ring should be applied to both sides of the board. The guard not current-limited, all that is required is a resistor in series
ring is connected to a low impedance potential at the same with the affected input terminal so that the maximum over-
level as the inputs. High impedance signal lines should not be  load current is 0.5mA (for example, 200kS2 for a 100 volt
extended for any unnecessary length on a printed circuit; to overload). This simple scheme will cause no significant reduc-
minimize noise and leakage, they must be carried in rigid, tion in performance and give complete overload protection.
shielded cables. Figures 2 and 3 show proper connections.
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COAXIAL CABLE AND CAPACITANCE EFFECTS

If it is not possible to attach the AD515 virtually on top of the
signal source, considerable care should be exercised in designing
the connecting lines carrying the high impedance signal. Shielded
coaxial cable must be used for noise reduction, but use of coax-
ial cables for high impedance work can add problems from cable
leakage, noise, and capacitance. Only the best polyethylene or
virgin teflon (not reconstituted) should be used to obtain the
highest possible insulation resistance.

Cable systems should be made as rigid and vibration-free as
possible since cable movement can cause noise signals of three
types, all significant in high impedance systems. Frictional
movement of the shield over the insulation material generates a
charge which is sensed by the signal line as a noise voltage. Low
noise cable with graphite lubricant will reduce the noise, but
short rigid lines are better. Cable movements will also make
small changes in the internal cable capacitance and capaci-
tance to other subjects. Since the total charge on these
capacitances cannot be changed instantly, a noise voltage
results as predicted from: AV = Q/AC. Noise voltage is also
generated by the motion of a conductor in 2 magnetic field.

The conductor-to-shield capacitance of coaxial cable is nor-
mally about 30pF/foot. Charging this capacitance can cause
considerable stretching of high impedance signal rise-time, thus -
cancelling the low input capacitance feature of the AD515,
There are two ways to circumvent this problem. For inverting
signals or Jow-level current measurements, the signal is carried
on the line connected to the inverting input and shielded (guar-
ded) by the ground line as shown in Figure 2. Since the signal
is always at virtual ground, no voltage change is required and
no capacitances are charged. In many circumstances, this will
de-stabilize the circuit; if so, capacitance from output to invert-
ing input will stabilize the circuit.

Non-inverting and buffer situations are more critical since the
signal line voltage and therefore charge will change, causing sig-

_nal delay. This effect can be reduced considerably by connect-

ing the cable shield to guard potential instead of ground, an
option shown in Figure 3. Since such a connection results in
positive feedback to the input, the circuit may destabilize and
oscillate. If so, capacitance from positive input to ground must
be added to make the net capacitance at pin 3 positive. This
technique can considerably reduce the effective capacitance .
which must be charged.

| Typical Performance Curves
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ELECTROMETER APPLICATION NOTES

. The AD515 offers the lowest input bias currents available in an . _Js.c
integrated circuit package. This design will open up many new ;:
application opportunities for measurements from very high £ NPT SURTENT / 't
impedance and very low current sources. Performing accurate g§ - /_/ .
measurements of this sort requires careful attention to detail; gg 0 &
the notes given here will aid the user in realizing the full meas- g — | g
-urement potential of the AD515 and perhaps extending its » wm,‘,?,r.m o8 §
performance limits. |
5 110 118 18
1. As with all junction FET input devices, the temperature POWER SUPPLY ~ Vol
of the FET's themselves is all-important in determining Figure 8. Input Bias Current and Supply Current Versus
the input bias currents. Over the operating temperature Supply Voltage
range, the input bias currents closely follow a characteristic
of doubling every 10°C; therefore, every effort should be s —
made to minimize device operating temperature. W nEvRENC: 10+ 6h 7ve) /
2. The heat dissipation can be reduced initially by careful H u?‘fisf;\ﬂ'ﬁ:’,g:
investigation of the application. First, if it is possible to re- g SO e
duce the required power supplies, this should be done since 2
internal power consumption contributes the largest compo- 5 * 4
nent of self-heating. To minimize this effect, the quiescent 2 /
current of the AD515 has been reduced to a level much g //
lower than that of any other electrometer-grade device, but g0 7
additional performance improvement can be gained by low- 2 2 /
ering the supply voltages, to £5 volts if possible. The effects ’ //
of this are shown in Figure 8, which shows typical input bias ) wbet L 1 L L L 1
current and quiescent current versus supply voltage. ADDITIONAL INTERNAL POWER DISSIPATION — Milliwstts
3. Output loading effects, which are normally ignored, can Figure 9. Input Bias Current Versus Additional Power
cause a significant increase in chip temperature and there- Dissipation .
fore bias current. For example, a 2k§2 load driven at 10
volts at the output will cause at least an additional 25 milli- 10001 (151 I 7
watts dissipation in the output stage (and some in other H Vg - 115VOLTS
stages) over the typical 24 milliwatts, thereby at least dou- ; e
bling the effects of self-heating. The results of this form of :
additional power dissipation are demonstrated in Figure 9, £
which shows normalized input bias current versus additional 5, -
power dissipated. Therefore, although many dc performance £ o
parameters are specified driving 2 2k§2 load, to reduce this 2 P
additional dissipation, we recommend restricting the load % P
impedance to be at least 10kS2. g [
100 !‘ -20 15 -0 -6 o 45 410 415 +20 +25

Voife - Volrs

Figure‘ 10. Input Bias Current Versus Differential Input Voltage
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AD515 CIRCUIT APPLICATION NOTES )

The AD515 is quite simple to apply to a wide variety of appli-
cations because of the pre-trimmed offset voltage and internal
compensation, which minimize required external components
and eliminate the need for adjustments to the device itself. The
major considerations in applying this device are the external
problems of layout and heat control which have already been
discussed. In circuit situations employing the use of very high
value resistors, such as low level current to voltage converters,
electrometer operational amplifiers can be destabilized by a
pole created by the small capacitance at the negative input. If
this occurs, a capacitor of 2 to 5pF in parallel with the resistor
will stabilize the loop. A much lirger capacitor may be used if
desired to limit bandwidth and thereby reduce wideband noise.

Selection of passive components employed in high impedance
situations is critical. High-megohm resistors should be of the
carbon film or deposited ceramic oxide to obtain the best in
low noise and high stability performance. The best packaging
for high-megohm resistors is a glass body sprayed with silicone
varnish to minimize humidity effects. These resistors must be
handled very carefully to prevent surface contamination.
Capacitors for any high impedance or long term integration
situation should be of a polystyrene formulation for optimum
performance. Most other types have too low an insulation
resistance, or high dielectric absorption.

Unlike situations involving standard operational amplifiers with
much higher bias currents, balancing the impedances seen at
the input terminals of the AD515 is usually unnecessary and
probably undesirable. At the large source impedances where
these effects matter, obtaining quality, matched resistors will
be difficult. More important, instead of a cancelling effect, as
with bias current, the noise voltage of the additional resistor
will add by root-sum-of-squares to that of the other resistor thus
increasing the total noise by about 40%. Noise currents driving
the resistors also add, but in the AD515 are significant only
above 10" Q.

R4
R X
R3 N\ AD510
3m1 E::GAW M ouTRUT
R2 R3
R4
) 8
| : 2. om = 10" S210.2pF
'
—© ( §>———“‘_‘-' + - A0515

{ALL RESISTORS OF SAME NUMBER SHOULD BE MATCHED *0.1%)

(BUFFER A1 BOOSTS COMMON MODE Zy BY DRIVING CABLE SHIELDS
AT COMMON MODE VOLTAGE AND NEUTRALIZING CM CAPACITANCE)

Figure 11. Very High Impedance Instrumentation Amplifier
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LOW-LEVEL CURRENT TO VOLTAGE CONVERTERS
Figure 2 shows a standard low-level current-to-voltage conver-
ter. To obtain higher sensitivity, it is obvious to simply use a
higher value feedback resistor. However, high value resistors
above 10°Q tend to be expensive, large, noisy and unstable.
To avoid this, it may be desirable to use a circuit configuration
with output gain, as in Figure 13. The drawback is that input
errors of offset voltage drift and noise are multiplied by the
same gain, but the precision performance of the AD515 makes
the tradeoff easier.

Re R1

N énz

O
A
{

Eo =-1mV/pA x (1+ 51
Rz

Figure 13. Picoampere to Voltage Converter with Gain

One of the problems with low-level leakage current testing or
low-level current transducers (such as Clark oxygen sensors) is
finding a way to apply voltage bias to the device while still
grounding the device and the bias source. Figure 14 shows a
technique in which the desired bias is applied at the non-invert-
ing terminal thus forcing that voltage at the inverting terminal.
The current is sensed by Rg, and the AD521 instrumentation
amplifier converts the floating differential signal to a single-
ended output.

— 10°Q
ARSHE Ve e
APPE, HERE Re
\ 1y 2 P /
b
SENSOR || aosis >E
D.UT. ot 3]s
I JT ) e
= T Eo = +ImV/pA
. o
L L
= BIAS=Vg =

Figure 14. Current-to-Voltage Converters with Grounded
Bias and Sensor



ANALOG
DEVICES

Low Cost, Laser

Trimmed, Precision IC Op Amp

AD517

FEATURES

Low Input Bias Current: 1nA max (AD517L)

Low Input Offset Current: 0.25nA max (AD517L)
Low Vgg: 50uV max (AD517L), 150uV max (AD517J)
Low Vos Drift: 1.3uV/°C (AD517L)
Internal Compensation

PRODUCT DESCRIPTION

The AD517 is a high accuracy monolithic op amp featuring ex-
tremely low offset voltages and input currents. Analog Devices’
thermally-balanced layout and superior IC processing combine
to produce a truly precision device at low cost.

The AD517 is laser trimmed at the wafer level (LWT) to pro-
duce offset 'vo]tafes less than 504V and offset voltage drifts
less than 1.3uV/"C unnulled. Superbeta input transistors pro-
vide extremely low input bias currents of 1nA max and offset.
currents as low as 0.25nA max. While these figures are com-
parable to presently available BIFET amplifiers at room tem-
perature, the AD517 input currents decrease, rather than
increase, at elevated temperatures. Open-loop gain in many IC
amplifiers is degraded under loaded conditions due to thermal
gradients on the chip. However, the AD517 layout is balanced
along a thermal axis, maintaining open-loop gain in excess of
1,000,000 for a wide range of load resistances.

The input stage of the AD517 is fully protected, allowing dif-
ferential input voltages of up to *Vg without degradation of
gain or bias current due to reverse breakdown. The output
stage is short-circuit protected and is capable of driving a load
capacitance up to 1000pF.

The AD517 is well suited to applications requiring high pre-
cision and excellent long-term stability at low cost, such as
stable references, followers, bridge instruments and analog
computation circuits.

The circuit is packaged in a hermetically sealed TO-99 metal
can, and is available in three performance versions (J, K, and
L) specified over the commercial 0 to +70°C range; and one
version (AD517S) specified over the extended temperature
range, -55°C to +125°C.

AD517 FUNCTIONAL BLOCK DIAGRAM

OFFSET
NULL 8
1 7 +Vg
-IN 2 6 OUTPUT
+
+#IN 3 5 NC
4
-Vg
TO-99
TOP VIEW
PRODUCT HIGHLIGHTS :

1. Offset voltage is 100% tested and guaranteed on all models.

2. The AD517 exhibits extremely low input bias currents
without sacrificing CMRR (over 100dB) or offset voltage
stability.

3. The AD517 inputs are protected (to £Vg), preventing offset
voltage and bias current degradation due to reverse break-
down of the input transistors.

4. Internal compensation is provided, eliminating the need for
additional components (often required by high accuracy IC
op amps).

5. The AD517 can directly replace 725, 108, and AD510 am-
plifiers. In addition, it can replace 741-type amplifiers if the
offset-nulling potentiometer is removed.

6. Thermally-balanced layout insures high open-loop gain inde-
pendent of thermal gradients induced by output loading,
offset nulling, and power supply variations.
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SPEC|F|CATIONS (@ +25°C and Vg= =15V dc)

Model ADS17] ADSITK ADS17L AD517S
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Units
OPEN LOOP GAIN
Vo = *10V,Rp = 2k} 10¢ 10¢ 10° 10¢ vV
Tonin 10 Tyngxy Ry = 2k 500,000 500,000 500,000 250,000 vV
OUTPUT CHARACTERISTICS
Voltage @ Ry, =2Kk{Y, Trin 10 Trnax =10 *10 %10 *10 v
Load Capacitance 1000 1000 1000 1000 pF
Output Current 10 10 10 10 mA
Short Circuit Current 25 25 25 25 mA
FREQUENCY RESPONSE
Unity Gain Small Signal 250 250 250 250 kHz
Full Power Response 15 1.5 15 1.5 kHz
Slew Rate, Unity Gain 0.10 0.10 0.10 . 0.10 Vins
INPUT OFFSET VOLTAGE
Initial Offset 150 75 50 75 wv
Input Offsetvs, Temp. 3.0 1.8 1.3 1.8 wvrc
Input Offsetvs. Supply 25 10 10 10 pvv
Trnin 10 Trnax 40 15 15 20 _VIV
INPUT BIAS CURRENT
Initial 5 2 1.0 20 nA
Taint0 Trax 8 3.5 L5 10 nA
vs. Temp, Temin 10 Trnax *20 +10 +4 =10 pArC
INPUT OFFSET CURRENT .
Initial 1.0 0.75 , 0.25 2.0 nA
Tmint0 Trnax 1.5 1.25 0.4 10 nA
INPUT IMPEDANCE
Differential 1501.5 2001.5 2015 2001.5 MOJpF
Common Mode 2.0x10" 2.0x10" 2.0x10" 2.0x 10" 1)
INPUT VOLTAGE RANGE
Differential +Vs *Vs =Vs +Vg \Y
Common Mode Rejection 110 110 110 dB
Common Mode Rejection
Tenin 10 Trnax 110 100 100 dB
INPUT NOISE
Voltage, 0.1Hzto 10Hz 2 2 2 2 rVp-p
f=10Hz 35 35 35 35 aV/VHz
f=100Hz . 25 25 25 25 nV/VHz
f=1kHz 20 20 20 20 nV/VHz
Curent, f=10kHz 0.05 0.05 0.05 0.05 pAVHz
f=100Hz 0.03 0.03 0.03 0.03 pA/VHz
f=1kHz 0.03 0.03 0.03 0.03 pA/VHz
POWER SUPPLY ]
Rated Performance =15 =15 =15 +15 \%
Operating =5 +18 *5 *18 +5 +18 B =18 v
Quiescent Current 4 3 3 3 mA
TEMPERATURE RANGE
Operating, Rated Performance 0 +70 0 +70 [] +70 -55 +125 °C
Storage -65 +150 -65 +150 -65 +150 T-65 +150 °C
PACKAGE!
TO-99 Style (H08B) ADS17JH ADSI17KH ADSI7LH ADSI7SH

NOTES

ISee Section 19 for packsge outline information,

Specifications subject to change without notice.

Specifications shown in boldface are tested cn 2l production units ot final
electrical test. Results from those. tests are used to calculate outgoing quality
levels. All min and max specifications are guaranteed, although only those
shown in boldface are tested on all production units.
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Typical Performance Curves
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Applying the AD517

NULLING THE AD517

Theinternally-trimmed offset voltage of the AD517 will be low
enough for most circuits without further nulling. However, in
high precision applications, the AD517 may be nulled using
either of the following methods: )
Figure 1A shows a simple circuit using a 10k§2, ten-turn poten-
tiometer. This circuit allows nulling to within several microvolts.
The circuit of Figure 1B is reccommended in applications where
nulling to within 1uV is desired. This circuit has the advantage
that potentiometer instability effects are reduced by a factor
of ten. Values of Ry’ and R, are calculated as follows:

1. Null the offset to zero using a standard 10k pot, as shown
in Figure 1A.

2. Measure pot halves Ry and R,.
3. Calculate:
, R; x 50k, ,

R = ———— Ry =
! 502K, z

R, x 50k
S0KQ-R,
4. Replace the pot with Ry’ and Rj’ using the closest value
1% metal film resistors.

5. Use a 100k, ten-turn pot for R, to complete the nulling.

O—
10k
10 TURNS

A. Simple

®

B. High Precision

Figure 1. Nulling Circuits

AN INSTRUMENT INPUT AMPLIFIER USING THE AD517L
The circuit shown in Figure 2 represents a typical input stage
for laboratory instruments and panel meters. The amplifier is
non-inverting and offers selectable gains from 1 to 1000 in
decade steps.

+15V
$R3 |Reg
R2 7 )
10k 1% 3 VA
INPUT + 1Rs
R1
1M : 8
1% AD517 5 r——o
2
- R6
A 10k 1% t
Py / R7 < R10
90k 0.02%
R8 R11
9.09k 1%

R12
90022 0.02%

R13
10052 0.02%

Figure 2. Stable Instrument Input Amplifier

o

Input impedance of this amplifier is 10 megohms, determined
by resistor R;. The offset nulling network comprised of R,
R4 and R; is the same one described earlier. If a less precise
adjustment can be tolerated, a single 10k potentiometer can be
substituted for R3, Ry and Rg. ‘ '

Gain switching is accomplished in the feedback network. The
divider consisting of Ryg, Ryy, Ry, and Ry3 determines the
gain by dividing the output and returning it to the inverting
input of the amplifier. The ratio tolerances of these resistors
uniquely determine the gain of the amplifier. The impedance
seen by the inverting input is held constant at 10k ohms by
Rg, Ry Rg or Rg depending on the gain selected. Since input
bias currents flow through equal resistances, the offset voltages
produced will cancel each other. The input offset currents will
produce an insignificant offset voltage on the order of 1 micro-
volt. If this offset is nulled out at the highest gain selected, it
will be nulled on all ranges.

The AD517 offers excellent temperature stability in this cir-
cuit. Once the offset has been zeroed, the error produced by
offset current drift will remain quite low due to the extremely
low offset current drift of the AD517. A FET-input op amp
would not work well in this application, since the input offset
currents would double for each 10°C increase in temperature,
soon exceeding the input offset currents of the AD517:
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ANALOG
DEVICES

Low Cost

AD518

‘FEATURES
High Slew Rate: 70V/us-
Wide Bandwidth: 12MHz
60° Phase Margin (At Unity Gain Crossover)
- Drives 300pF Load
Guaranteed Low Offset Drlft
© 15uV/°C Max (AD518K)
Pin Compatible With 118-Type
Op Amp Series

PRODUCT DESCRIPTION
The AD518], AD518K, and AD518S are high speed precision
monolithic operational amplifiers designed for applications
where slew rate and wide bandwidth are required, but low
cost and ease of use are essential. The devices are internally
compensated for unity gain applications with a 60° phase
margin to insure stability, a minimum unity gain slew rate of
50V/us, and a typical bandwidth of 12MHz. In addition, in
inverting applications external feedforward compensation
‘ may be added to increase the slew rate to over 100V /us,
and nearly double the bandwidth. If desired, settling time to
0.1% can be reduced to under lus with a single external
capacitor.

The AD518’s dc performance is consistent with its precision
dynamic characteristics. The devices feature offset voltages -
below 2mV, maximum offset drifts of 15uV/°C, and offset
currents below 50nA max.

The high slew rate, fast settling time, ease of use, and low cost
" of the AD518 make it ideal for use with D/A and A/D
converters, as well as active filters, sample-and-hold circuits,
and as a general purpose, fast, wideband amplifier. The
ADS518 is supplied in the TO-99 package. The AD5 181 and
AD518K are specified for operation over the 0 to +70° C
temperature range; the AD518S for operation from -55°C to
+125°C.

AD518 FUNCTIONAL BLOCK DIAGRAM

BALANCE
COMPENSATION 2
=
BALANCE ®
COMPENSATION 1 (1)

(Q v+

-INPUT () 6) OUTPUT
. T
BALANCE
+inpuT B (5) COMPENSATION -3

V- .
TO-99

TOP VIEW

PRODUCT HIGHLIGHTS

1. The AD518 offers the user high speed performance and -
flexibility previously unavajlable at low cost ... ......

® Internal compensation for unity gain applications

® Capability to increase slew rate to over 100V /us and
double the bandwidth by an external feedforward *
technique

® Capability to reduce settling time to under 1us to B

0.1% with a single external capacitor
© Differential input capability
2. The phase margin of the AD518, uncompensated at the
unity gain crossover frequency, is 60°, providing .
unconditional stability for all conditions. This conservative
phase margin represents a clear improvement over that of
the 118 series IC op amps currently available.

3. The static performance of the AD518 is consistent with its ’

excellent dynamic performance, providing offset voltage .
drift under 15uV/°C, CMRR of 80dB, and offset current
below 50nA. ‘
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SPECIFICATIONS (@ +25°C and Vg = =15V dc unfess otherwise ;peciﬁed)

ADS18) AD518K ADS518S

Model Min Typ Max Min Typ Max Min Typ Max ‘| Units
OPEN LOOPGAIN

Vo = £10V,Ry =2k 25,000 100,000 50,000 100,000 50,000 100,000 Vv

Tmin 10 Trnaxs R = 2kQ 20,000 25,000 . 25,000 Vv
OUTPUT CHARACTERISTICS

Voltage @ Ry, = 2kQ, Tin 10 Tnax +12 =13 +12 +13 +12 =13 \4

Output Current . +10 . =10 =10 mA

Short Circuit Current 25 25 25 mA
FREQUENCY RESPONSE :

Unity Gain Small Signal 12 12 12 MHz

Slew Rate, Unity Gain 50 70 50 70 50 70 Vips

Settling Time t00.1% . 800 800 800 ns

Phase Margin, Uncompensated at Unity

Gain Crossover Frequency 60 60 60 Degrees
" INPUT OFFSET VOLTAGE .

Initial Offset 4 10 2 4 2 4 mV

Input Offset Voltage or Tpnin 10 Trnex 15 6 6 mV

Input Offset Voltage vs. Supply or

Tomin t0 Tmax 65 80 80 90 80 . 9% dB

INPUT BIASCURRENT

Initial . 120 500 120 250 120 250 nA

Trmin 10 Trnax 750 400 400 nA
INPUT OFFSET CURRENT .

Initial 30 200 6 50 6 50 nA

Trmint0 Trax 300 100 100 nA

INPUT IMPEDANCE 0.5 3.0 0.5 3.0 0.5 3.0 MQ

INPUT VOLTAGERANGE' N
Differential *11.5 +1L5 *11.5 v
Common Mode *Vs ' *=Vs *Vg v
Common Mode Rejection 70 100 80 100 80 100 dB

POWER SUPPLY )

+ Rated Performance *15 =15 =15 =18 v
Operating =5 Cox20 x5 +20 =5 *20 v
Quiescent Current 5 10 s 7. H 7 pA

TEMPERATURERANGE |
Operating, Rated Performance 10 +70 0 +70 -55 +125 °C
Storage -65 +150 —-65 +150 -65 +150 | °C

PACKAGE? . . .
TO-99 Style (HO8A) } ADSI18JH ADS18KH AD5I18SH

, Plastic MINIDIP(NSA) ADSI8]N ADSI8KN

NOTES

"The inputs are shunted with back-to-back diodes; if the
differential input may exceed = 1 volt, a resistor should
be used to limit the input current to 10mA

2See Section 19 for package outline information.

Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final electri-
cal test. Results from those tests are used to calculate outgoing quality levels. All
1o

min and max specifications are g; d h only those shownin !
boldface are tested on all production units.
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STABILITY & PHASE MARGIN

" Perhaps one of the most meaningful ways to express the .
relative stability of a closed loop amplifier is in terms of phase
margin. Phase margin is measured at that frequency where the @
open loop gain of the amplifier becomes unity or 0dB. Itis
the additional amount of phase shift that, if introduced in the
loop, would make the loop unstable.

At very low frequencies the gain of most operational
amplifiers is generally large. Moreover, the amplifier output
signal is very nearly in phase with the differential input signal.
This output is, therefore, nearly 180° out of phase with the ’ \
feedback signal applied to the inverting input. At sufficiently
high frequencies the gain of the amplifier begins to decrease as
a function of frequency, with the resulting consequence of a :
lagging phase characteristic. That is, as the gain falls with Figure 1. Transient Response of the AD518
increasing frequency, the phase of the output signal at a given
frequency will lag the phase of the input signal. The phase

100pF

shift depends most critically on the slope of the gain curve
with respect to the logarithm of the frequency at the w0 T-"TS
frequency where the phase is measured. If the gain changes h 180
more rapidly than 12dB/octave over a substantial frequency o 80 AN 160
range, the minimum resulting phase shift may exceed 180°. z N /A 1o 3
= N\ 5
To insure amplifier stability, it is necessary that the phase 3 eo S~ 120 &
shift near the unity gain frequency (12MHz in the AD518) is § N 100 &
less than 180°. Moreover, it is generally required that the 2% N 804
phase shift be substantially below the critical stability point g L3 60 @
to insure proper system performance. If the unity gain phase 20 N 40 8
shift approaches 180°, the system will be on the verge of N 20
oscillation. As a result, there will be a large peak in the closed ° N 0
loop response near the unity loop gain frequency. This 10 100 10k 100k M 10M “100M
sharply peaked frequency response generally causes an FREQUENCY-Hz

undesirable small signal transient response with a poorly
damped overshoot.

The term phase margin refers to the difference between 180° Figure 2. Amplitude and Phase Response of the AD518

and the actual frequency-dependent phase shift at the system
unity gain frequency. It is the margin between the actual
system phase shift and the critical phase shift at which
oscillation will occur. Not only does it indicate the relative
immunity to oscillation, but it also gives some indication
about the peaking and overshoot that can be expected.

THE FLEXIBILITY OF THE AD518

MINIMUM SETTLING TIME APPLICATIONS

For applications where a minimum settling time is desired, the
settling time of the AD518 may be reduced significantly by

. . employing the compensation scheme suggested in Figure 3.
The simple pole or frequency response of a single R-C network ~

has a gain slope of 6dB/octave. This response has an
associated phase shift which is asymptotic to —90°. Linear
systems which are dominated by this characteristic in their e
open loop response are stable. They show no overshoot or
ringing in their small signal transient response. Additional
poles, either above or below the unity loop gain frequency,
will add phase shift. As phase shift increases up to a lagging
phase of about 120°, representing a 60° phase margin, little
or no peaking will result. As the unity gain phase shift
increases, peaking becomes more and more evident. For
example, as the phase shift reaches 160° (20° of phase
margin), between 9 and 10dB of peaking will occur.

The AD518 has been designed for 2 60° phase margin at the

unity gain crossover frequency, for absolute stability and Figure 3. Minimum Settling Time Compensation
absence of ringing and overshoot. (Note the transient response

of the AD518 in Figure 1.) Note also in Figure 2 that the i

phase shift at 12MHz, the unity gain crossover frequency, is Using the 0.1uF capacitor from Pin 5 to V+ (Pin 7), the
120°, representing 60° of phase margin. settling time to 0.1% is reduced from 2us to 800ns.
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HIGHER BANDWIDTH OR

HIGHER SLEW RATE APPLICATIONS

For applications where higher bandwidth is desired, the -
bandwidth of the AD518 may be increased to nearly
25MHz by using the feedforward technique shown in
Figure 4.

Figure 4. High Bandwidth Configuration

For applications where higher slew rate is desired, the slew
rate of the AD518 may be nearly doubled using the technique
shown in Figure 5. )

5k
INPUT O—AAA—4

2.5k BALANCE

Figyre 5. High Slew Rate Configuration

Note that the techniques of Figures 4 and 5 may be used in
conjunction with each other to both double the bandwidth
to 25MHz and increase the slew rate to 100—140V /us.

USING THE AD518

The connection scheme employed when using the AD518 is
considerably more important than for low frequency, general
purpose amplifiers. The primary purpose of the 0.1uF bypass
capacitors shown in Figure 6 is to convert the distributed
high frequency ground to a lumped single point (the V+ point).
The V+ to V— 0.1uF capacitor equalizes the supply grounds,
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while the 0.1uF capacitor from V+ to signal ground should be
returned to signal common. This signal common, which is
bypassed to pin 7, is defined as that point at which the input
signal source, the feedback network, and the return side of the
load are joined to the power common.

When using the AD518, this decoupling configuration should
be used in conjunction with the configuration of Figures 3,
4 and 5, depending on the specific application.

Note that the diagram shows each individual capacitor directly
connected to the appropriate terminal. In addition, it is
suggested that all connections be made short and direct, and as
physically close to the can as possible, so that the length of
any conducting path shared by external components will be
minimized. -

FEEDFORWARD
COMP.

T 0.14F (CERAMIC DISC)
INVERTING O * 7O SIGNAL COMMON
h——0 OUTPUT

NON-INVERTING © <4 O.WF
(CERAMIC DISC)

Figure 6. General Purpose Connection Diagram

NULLING THE AD518

C 200k @

200k

OTHER IC HIGH SPEED AMPLIFIERS AVAILABLE

- ADS507 35MHz Gain Bandwidth
Slew Rate of 25V/us min
Bias Current of 15nA max
Offset Voltage Drift of 15uV/°C max
AD509  Settles to 0.01% in 1us '

Settles to 0.1% in 200ns
Slew Rate of 100V/us min



ANALOG
DEVICES

Precision Low Cost BIFET Op Amp

AD342

FEATURES

Low Bias Current: 25pA max, warmed-up
(AD542K,L), 50pA max (AD542J)

Low Offset Voltage: 0.5mV max (AD542L),
1.0mV max (AD542K)

Low Offset Voltage Drift: 5uV/°C max
(AD542L), 10uV/°C max (AD542K)
20uV/°C max (AD542J)

Low Quiescent Current: 1.5mA max

Low Frice

PRODUCT DESCRIPTION

"The AD542 is a precision, monolithic FET-input operational
amplifier fabricated with the most advanced BIFET and

laser trimming technologies. The AD542 offers bias currents.
significantly lower than currently available BIFET devices:
25pA max, warmed-up for the AD542K and L, 50pA max for
the AD542]. In addition, the offset voltage is laser trimmed to
less than 0.5mV on the AD542L and 1.0mV on the AD542K
utilizing Analog’s exclusive laser-wafer-trimming (LWT) proc-
ess. When combmed with the AD542 s low offset voltage
drift (5uV/°C max for “L"", 10uV/°C max for “K"’), these
features offer the user IC performance truly superior to exist-
ing BIFET op amps — and at low, BIFET pricing.

The key to BI-FET technology is the ion-implanted JFET.
Ion-implantation (as opposed to diffusion) permits the fab-
rication of precision, matched JFETs on a monolithic bipolar
chip. Analog Devices optimizes the BIFET process to produce
bias currents lower than other popular BIFET op amps and
specifies each device for the maximum value at either input in
the fully warmed-up condition. Additional benefits of this op-
timization include low voltage noise (2uV p-p, 0.1 — 10Hz),
and low quiescent current.

The AD542 is recommended for any operational amplifier
application requiring excellent dc performance at low and
moderate costs. Precision instrument front ends requiring
accurate amplification of millivolt level signals from megohm
source impedances will benefit from the device’s excellent
combination of low offset voltage and drift, low bias current
and low 1/f noise. High common mode rejection (80dB, min
on the “K" and “L” versions) and high open-loop gain—even
under heavy loading—ensures better than ““12-bit” linearity
in high impedance buffer applications. Additionally, band-

AD542 FUNCTIONAL BLOCK DIAGRAM

INVERTING
INPUT o

NONINVERTING (5
iUt

"\@/"

TO-99
TOP VIEW

width and slew rate are much increased over presently. avaxl-
able precision, bipolar op amps.

The AD542 is available in three versions: the ], “K” and
“L"”, all specified over the 0 to +70°C temperature range and
one version, “‘S”, over the -55°C to +125°C extended oper-
ating-temperature range. All devices are packaged in the
hermetically-sealed, TO-99 metal can.

PRODUCT HIGHLIGHTS
1.- Improved BIFET processing on the AD542 results in the
lowest bias current available in a BIFET op amp. ’

2. Analog Devices, unlike some manufacturers, specifies each
device for the maximum bias current at either input in the
warmed-up condition, thus assuring the user that the
ADS542 will meet its published specifications in actual use.

3. Laser-wafer-trimming reduces offset voltage to as low as
0.5mV max (AD542L), thus eliminating the need for ex-
ternal nulling in many situations,

4. 'If offset nulling is required, the additional offset voltage
drift induced will be minimal. (Offset voltage drift can
increase an additional 3uV/°C per mV of offset nulled.)

5. Low voltage noise (2uV, p-p), and low offset voltage drift
enhance the AD542’s performance as a precision op amp.

6. The 1.5mA max quiescent current enables the device to be
used in numerous portable applications where low battery
drain is essential. This is achieved without sacrificing open
loop gain or the ability to drive up to a 10mA load.
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SPEC'FICAT'ONS (@ +25°C and V5= £15V dc)

'Open Loop Gain is specified with Vos both nulled and unnulled.
Input Offset Voltage specifications are guaranteed after § minutes

of operation at Ty = +25°C.
3Bias Current specifications are

at either

“Defined as voltage between inputs, such that ncither exceeds
+ 10V from ground.

input after 5 minutes of operation at T =

: .
+25°C. For

}u’ghcr temperatures, the current doubles every 10°C.

3See Section 19 for package outline information.
i subject to change without notice.

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality
levels. All min and max specifications are guaranteed, although only those
shown in boldface are tested on all production units.
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Model AD542] AD542K AD542L AD5428
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Units
OPEN LOOPGAIN'
Vo = =10V,Rp = 2k2 100,000 250,000 250,000 250,000 viv'
Tmin 10 Trnaxs R = 2k} 100,000 250,000 250,000 100,000 v
OUTPUT CHARACTERISTICS )
Voltage @ R =2k, Trnin 10 Trnax +10 +12 *10 =12 =10 =12 +10 *12 \4
Voltage @ Ry, = 10kQ, Tpmin 10 Trax *12 =13 +12 =13 +12 =13 *12 =13 v
Short Circuit Current 25 25 25 25 mA
FREQUENCY RESPONSE
Unity Gain Small Signal 1.0 1.0 1.0 1.0 MHz
Full Power Response 50 50 50 50 kHz
Slew Rate, Unity Gain 3.0 3.0 3.0 3.0 Vius
INPUT OFFSET VOLTAGE?
Initial Offset 2.0 1.0 0.5 L0 mV
Input Offset Voltage vs. Temp. 20 10 5 15 pvrc
Input Offset Voltage vs. Supply,
Tenin t0 Trnax 200 100 100 100 rVIV
INPUT BIASCURRENT
Either Inpur® 50 25 25 25 pA
Offset Current 5 2 2 2 pA
INPUT IMPEDANCE
Differential 1026 1076 10'Zj6 10126 MQ|pF
Common Mode 1026 1026 1036 10196 MQ|pF
* INPUT VOLTAGERANGE !
Differential =20 20 20 =20 v
Common Mode £10 =12 +10 12 =10 +12 x10 =12 v
Common Mode Rejection 76 80 80 80 dB
INPUT NOISE
Voltage 0.1Hz to 10Hz 2 2 2 2 nVp-p
f=10Hz 70 70 70 70 nV/VHz
f=100Hz 45 45 45 45 nV/VHz
f=1kHz 30 30 30 30 nV/VHz
{=10kHz 25 25 25 25 nV/VHz
POWER SUPPLY ,
Rated Performance =15 =15 =15 =15 v
Operating =5 =18 =5 =18 =5 =18 =5 *18 v
Quiescent Current 1.5 1.5 5 L5 mA
TEMPERATURE RANGE
Operating, Rated Performance 0 +70 0 +70 0 +70 ~55 +125 °C
Storage -65 +150 -~ 65 +150 -65 +150 -65 +150 °C
PACKAGE®
TO-99 Style(H08B) ADS42JH AD342KH AD542LH AD542SH
NOTES



Typical Characteristics
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ANALOG
DEVICES

High Speed

-'-lmplanted FET- -Input Op Amp

AD544

'FEATURES.

Low Bias Current: 25pA max, warmed-up

Low Offset Voltage: 5001V max

Low Offset Voltage Drift: 5uV/°C max

Low Input Voltage Noise: 2uV p-p

Low Quiescent Current: 2.5mA max

High Slew Rate: 13V/us

Fast Settling to £0.01%: 3us

Low Total Harmonic Distortion: 0.0015% at 1kHz

PRODUCT DESCRIPTION

The AD544 is a high speed monolithic FET-inpur operational
amplifier fabricated with the most advanced bipolar, JFET and
laser trimming technologies. The AD544 offers bias currents

""" significantly lower than currently available monolithic FET-

input devices: 25pA max, warmed-up for the AD544K and L,
50pA max for the AD544]. In addition, the offset voltage is
laser trimmed to less than 0.5mV on the AD544L and 1.0mV
on the AD544K utilizing Analog’s laser-wafer-trimming (LWT)

.:process, When combined with the AD544’s low offset voltage
drift (5uV/°C max for “L", 10uV/°C max for “K"), these
features offer the user IC performance truly superior to exist-
ing FET-input op amps—and at low, monolithic pricing.

The key technology required for monolithic JFET-input op
amps is the jon-implanted JFET. lon-implantation (as opposed
to diffusion) permits the fabrication of precision, matched
JFET’s on a monolithic bipolar chip. Analog Devices optimizes
the process to produce bias currents lower than other popular
FET-input op amps and specifies each device for the maximum
value at either input in the fully warmed-up condition. Addi-
tional benefits of this optimization include low voltage noise
(2uV p-p, 0.1-10Hz), and low quiescent current.

The AD544 is reccommended for any operational amplifier
application requiring excellent ac and dc performance at low
cost. The 2MHz bandwidth and low offset of the AD544 make
it an excellent choice as an output amplifier for current out-
put D/A Converters such as the AD7541, 12-Bit CMOS DAC.
High common mode rejection (80dB, min on the “K”

and “L” versions) and open-loop gain ensures better than
*“12-bit” linearity in high impedance buffer applications.

The AD544 is available in four versions: the “J”, “K" and
“L” are specified over the 0 to +70 C temperature range and
the “‘S” over the -55°C to +125°C operating temperature
range. All devices are packaged in the hermetically-sealed,
TO-99 metal can.

N n

AD544 FUNCTIONAL BLOCK DIAGRAM
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PRODUCT HIGHLIGHTS

1. lmproved bipolar and JFET processing on the AD544 .
results in the lowest bias current available in a hlgh peed K
monolithic FET op amp.

2. Analog Devices, unlike some manufacturers, specifies each
device for the maximum bias current at either input in the
warmed-up condition, thus assuring the user that the )
AD544 will meet its published specifications in actual use; . -

3. Laser-wafer-trimming reduces offset voltage to as low as -
0.5mV max (AD544L), thus eliminating the need for ex-
ternal nulling in many situations.

4. If offset nulling is required, the additional offset voltage
drift induced will be minimal. (In some devices, offset
voltage drift can increase an additional 3uV/°C per mV
of offset nulled.) .

5. Low voltagc noise (2uV, p-p), and low offset voltage drift
(5uV/°C) enhance the AD544's performance as a precision
op amp.

6. The high slew rate (13.0V/us) and fast settling time to
0.01% (3.0us) make the AD544 ideal for D/A, A/D, sample-
hold circuits and high speed integrators.

7. Low harmonic distortion (0.0015%) makes the AD544 an
ideal choice for audio applications. -

OPERATIONAL AMPLIFIERS VOL. |, 4-79



SPECIFICATIONS @ .zt vt e

Model AD54] ADS544K ADS544L AD544S8 .
Min Typ Max Min Typ | Max Min -Typ Max Min Typ Max Units
OPEN LOOP GAIN!
Vo = =10V,R; = 2k2, 30,000 50,000 50,000 50,000 v
Tomin t0 Trnaxs R = 2k(1 20,000 40,000 40,000 20,000 Vv
OUTPUT CHARACTERISTICS . :
Voltage @ Ry, = 2k€Y, Trmin t0 Trmax +10 =12 +10 =12 +10 =12 +10 =12 v
Voltage @ Ry = 10kQ, T in 10 Tpnax *12 =13 *12 =13 12 *13 =12 =1 v
Short Circuit Current . 25 25 25 25 mA
FREQUENCY RESPONSE
Unity Gain Small Signal 2.0 2.0 2.0 2.0 MHz
Full Power Response ) 200 200 200 200 kHz
Slew Rate, Unity Gain 8.0 13.0 8.0 13.0 8.0 13.0 8.0 13.0 Vius
Settling Time 100.01% 3.0 3.0 30 3.0 ps
- Total Harmonic Distortion 0.0025 0.0025 0.0025 0.0025 %
INPUT OFFSET VOLTAGEf )
Initial Offset ) 2.0 1.0 0.5 L0 mV
Input Offset Voltage vs. Temp.
OF Trin 10 Truax 20 10 5 15 wvrc
Input Offset Voltage vs. Supply,
Tonin 10 Trnax 200 100 100 100 wvv
INPUT BIAS CURRENT?
Either Input “10 50 10 25 10 25 10 25 pA
Offset Current 5 2 2 PA
INPUT IMPEDANCE
Differential* 10'6 10'6 106 10?6 MQ|pF
Common Mode 1013 10'33 1033 1033 MQ|pF
INPUT VOLTAGERANGE
Differential =20 +20 20 20 v
Common Mode s =10 *12 =10 =12 =10 =12 %10 =12 v
Common Mode Rejection 74 80 80 80 dB
INPUT NOISE
Voltage 0.1Hz10 10Hz 2 2 2 2 wVpp
f=10Hz 35 35 35 35 nV/VHz
f=100Hz 22 22 22 22 nV/VHz
f=1kHz 18 18 18 18 nV/VHz
f=10kHz ’ 16 16 16 16 nV/VHz
POWER SUPPLY
Rated Performance : =15 *15 =15 =15 v
Operating +5 *18 =5 =18 =5 =18 =5 =18 v
Quiescent Current 1.8 25 1.8 ] 1.8 1.8 2.5 mA
TEMPERATURERANGE
Operating, Rated Performance 0 +70 0 +70 0 +70 -55 +125 C
Storage ~65 +150 -65 +150 -65 +150 —~65 +150 °C
PACKAGE® .
TO-99 Style (HO8B) ADS44JH ADS44KH ADS44LH ADS44SH
NOTES

'Open Loop Gain is specified with Vos both nulled and unnulled.
Input Offset Voltage specifications are guaranteed after S minutes
of operation at T, = +25°C.
*Bias Current specifications are at maxi at either
input after 5 minutes of operation at T, = +25°C., For

higher temperatures, the current doubles every 10°C.

“Defined as voltage between inputs, such that neither exceeds + 10V
from ground.
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$See Section 19 for package outline information.

Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final

electrical test. Results from those tests are used to calculate outgoing quality

levels. All min and max specifications are guaranteed, although only those
shown in boldface are tested on all production units.



Typical Characteristics
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ANALOG
DEVICES

Precision, Low Drift
“FET-Input Op Amp

AD345

FEATURES

Low Offset Voltage: 0.5mV max (AD545L),
0.25mV max (AD545M)

Low Offset Voltage Drift: 5uV/°G max (AD545L),
3uV/°C max (AD545M)

Low Power: 1.5mA max

Low Bias Current: 1pA max (AD545K, L, M)

Low Noise: 3uV p-p, 0.1 to 10Hz

PRODUCT DESCRIPTION

The AD545 is a precision FET-input operational amplifier with
overall performance far superior to the general purpose IC
FET-input op amp. The device is fabricated using a low leakage
FET paired with a low power op amp. Bias current is specified
as 2pA max for the AD545] and 1pA max for the AD545K,

L and M. Offset voltage is laser trimmed to 0.5mV max for the
ADS545L, 0.25mV max for the AD545M. All devices also
feature low voltage noise and power consumption. The AD545
is internally compensated, short circuit protected and free of
latch-up.

The AD545 series offers a broad combination of performance
features previously unavailable from a single device. For pre-
cision apphcatxons the AD545M specifies a 0.25mV max offset
voltage, 3V/°C max drift and 1pA max bias current. The
ADS545], with a ImV max offset voltage, 25uV/°C max drift
and 2pA max bias current, is the best price performance choice.

These devices are recommended for a variety of general
purpose and precision applications requiring low bias currents
and high input impedance such as pH/plon sensitive electrodes,
- photo-current detectors, biological microprobes, long term
precision integrators and vacuum iongauge measurements. The
versatility of the AD545 is further enhanced by its excellent
low frequency noise (3uV p-p, 0.1 to 10Hz) and low power
consumption (1.5mA max) for portable applications.

As with previous electrometer amplifier designs from Analog
Devices, the case is guarded thus minimizing stray leakage.
This feature will also shield the input circuitry from external
noise and supply transients, as well as reducing common mode
input capacitance from 0.8pF to 0.2pF.

The AD545 is available in four versions of bias current and
offset voltagc, the “J”, “K”, “L”, and “M". All are specified
from 0 to +70°C and supplied in a hermetically sealed TO-99
package.

AD545 FUNCTIONAL BLOCK DIAGRAM:

GUARD PIN {CONNECTED TO CASE}
TAB

OFFSET
NULL

NONINVERTING
INPUT

TO-99
TOP VIEW

PRODUCT HIGHLIGHTS ‘

1. The offset voltage on the AD545 is laser trimmed to a level
typically less than 250uV. Offset voltage drift is signifi-
cantly lower than previously available FET-input devices
(3uV/°C max for the AD545M). If additional external
nulling is desu'ed the effect on drift is minimal (approxi-
mately 3uV/°C per millivolt, nulled).

2. Bias current is specified as the maximum measured at either
input w1th the device fully warmed up on 15V supplies
at +25°C ambient.

3. The low quiescent current drain of 0.8mA typical, and,
1.5mA max, is among the lowest of any IC op amp and
keeps self heating to a minimum. '

4. The combination of low input noise voltage and very low
input noise current is such that for source impedances from
much over one megohm up to 10! ohm, the Johnson noise
of the source will easily dominate the noise characteristics.
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SPECIF'CAT'ONS (typical @ +25°C with Vg = +15V dc, unless othe.rwise specified)

MODEL ADS545] AD545K ADS45L AD545M

OPEN LOOP GAIN'

Vourt = 10V, R, = 2kQ 20,000V/V min 40,000V/V min 40,000V/V min 40,000V/V min
RL>10kQ 40,000V/V min 50,000V/V min 50,000V/V min 50,000V/V min
Ta = min tomax Ry, = 2k§2 15,000V/V min 25,000V/V min 40,000V/V min 40,000V/V min

OUTPUT CHARACTERISTICS

Voltage @ Ry, = 2k, TA = min to max 10V min (£12V typ) * * *

@Ry = 10k§2, TA = min tomax  *12V min (x13V typ) * * *
Load Capacitance? 500pF * . * M
Short Circuit Current 10mA min (25mA typ) . * *

. FREQUENCY RESPONSE

Unity Gain, Small Signal 700kHz * * *
Full Power Response SkHz min (16kHz typ) * * *
Slew Rate Inverting Unity Gain 0.3V/us min (1.0V/us typ) * * *
Overload Recovery Inverting Unity Gain 100ps max (16ys typ) * * *

INPUT OFFSET VOLTAGE? 1.0mV max 1.0mV max 0.5mV max 0.25mV max
vs. Temperature, To = min to max 25uV/°C max 15uV/°C max 5uV/°C max 3uV/°C max
vs. Supply, T = min to max 400uV/V max (50uV/Vtyp)  200uV/V max 200uV/V max 200pV/V max

INPUT BIAS CURRENT
Either Input* 2pA max 1pA max 1pA max ‘ 1pA max

"INPUT IMPEDANCE
Differential 1.6pF|[10'°Q * d .
Common Mode 0.8pF|[10'582 . hd .
INPUT NOISE
Voltage, 0.1Hz to 10Hz 3.0uV (p-p) . * 5uV (p-p) max
f = 10Hz s5nVA/Tiz . . .
f=100Hz 45nV/A/Hz . hd .
f=1kHz 35nVA/Hz hd . *
Current, 0.1 to 10Hz 0.01pA (p-p) * * *
10Hz to 10kHiz 0.03pA rms * * *

INPUT VOLTAGE RANGE
Differential 420V min . . d
Common Mode, T4 = min to max 10V min (£12V typ) * N *

Common Mode Rejection, VN = 10V 66dB min (80dB typ) 70dB min 76dB min 76dB min
Maximum Safe Input Voltages® +Vg * * *

POWER SUPPLY
Rated Performance 15V typ * * *

Operating 15V min (£18V max) * * *
Quicescent Current 1.5mA max (0.8mA typ) . * *

TEMPERATURE
Operating, Rated Performance 010 +70°C N . *

Storage -65°C 1o +150°C . . *

PACKAGE OPTION®

TO-99 Style (HO8B) AD545)JH ADS545KH AD545LH AD545MH

*Specifications same 2s AD545).

NOTES

! Open Loop Gain is specified with or without nulling of Vos.

A conservative design would not exceed SOOpF of load capacitance.
*Input Offset Voltage specifications are guaranteed after 5 minutes of operation at Tp = +25°C.

4 Bias Current specifications are guaranteed after 5 minutes of operation at TA = +25°C. For higher

temperatures, the current doubles every +10°C.

#If it is possible for the input voltage to exceed the supply voltage, a series protection resistor should
be added to limit input current to 0.5mA. The input devices can handle overload currents of 0.5SmA

indefinitely without damage.
4See Section 19 for package outline information.
Specifications subject to change without notice.

Vg

Standard Offset Null Circuit

VOL. |, 4-84 OPERATIONAL AMPLIFIERS



LAYOUT AND CONNECTION CONSIDERATIONS

The design of very high impedance measurement systems intro-
duces a new level of problems associated with the reduction of
leakage paths and noise pickup.

1. A primary consideration in high impedance system designs
is to attempt to place the measuring device as near to the
signal source as possible. This will minimize current leakage
paths, noise pickup and capacitive loading.

2. The use of guarding techniques is essential to realizing the
capability of the low input currents of the AD545. Guarding
is achieved by applying a low impedance bootstrap poten-
tial to the outside of the insulation material surrounding the
high impedance signal line. This bootstrap potential is held
at the same level as that of the high impedance line; there-
fore, there is no voltage drop across the insulation, and
hence, no leakage. The guard will also act as a shield to
reduce noise pickup and serves the additional function of
reducing the effective capacitance to the input line. The
case of the AD545 is brought out separately to pin 8 so
that it can also be connected to the guard potential. This
technique virtually eliminates potential leakage paths across
the package insulation, provides a noise shield for the sensi-
tive circuitry, and reduces common-mode input capacitance
to about 0.2pF. Figure 10 shows a proper printed circuit
board layout for input guarding and connecting the case
guard. Figures 2 and 3 show guarding connections for typi-
cal inverting and non-inverting applications. If pin 8 is not
used for guarding, it should be connected to ground or one
of the amplifier’s power supplies to reduce noise.

3. Printed circuit board layout and construction is critical in
achieving low leakage performance. The best performance
will be realized by using a teflon IC socket for the AD545
but at least a teflon stand-off should be used for the high-
impedance lead. If this is not feasible, the input guarding
scheme shown in Figure 10 will minimize leakage as much
as possible and should be applied to both sides of the board.
The guard ring is connected to a low impedance potential at

10pF

GUARD \
Vi
1 6 out
f 1, $—e AD545
I 3 7 Eg = ImV/picoamp
[N ; CASE

Figure 1. Picoampere Current-to-Voltage Converter
Inverting Configuration

the same level as the inputs. High impedance signal lines
should not be extended for any unnecessary length on a
printed circuit; to minimize noise and leakage, they must be
carried in rigid, shielded cables.

APPLICATION NOTES }

The AD545 offers one of the lowest input bias currents availa-
ble in an integrated circuit package. Performing accurate
measurements with this device requires careful attention to
detail;; the notes given here will aid the user in realizing the full
measurement potential of the AD545 and extending its per-
formance limits.

1.

As with all junction FET input devices, the temperature of
the FET’s themselves is all-important in determining the in-
put bias currents. Over the operating temperature range, the
input bias currents closely follow a characteristic of doubling
every 10°C; therefore, every effort should be made to mini-
mize device operating temperature

. The heat dissipation can be reduced initially by careful in-

vestigation of the application. First, if possible, reduce the
required power supplies, since internal power consumption
contributes the largest component of self-heating. The ef-
fects of this are shown in Figure 7, which shows typical in-
put bias current and quiescent current versus supply voltage.

. Output loading effects, which are normally ignored, can

cause a significant increase in chip temperature and there-
fore bias current. For example, a 2k£2 load driven at 10 volts
at the output will cause at least an additional 25 milliwatts
dissipation in the outpurt stage (and some in other stages)
over the typical 24 milliwatts, thereby at least doubling the
cffects of self-heating. The results of this form of additional
power dissipation are demonstrated in Figure 9, which
shows normalized input bias current versus additional power
dissipated (it doubles every 10°C); we recommend restricting
the load impedance to be at least 10k€2.

R
E‘?:V““n—:’

Ziy = 105 Q0.2pF

OPTIONAL CONNECTION FOR
GUARDING CABLE (SEE TEXT)

1HAAA

Figure 2. Very High Impedance Non-Inverting Amplifier
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ANALOG
DEVICES

Ultra Low Drift
BIFET Operational Amplifier

AD541

FEATURES

Ultra Low Drift (1uV/°C—AD547L)

Low Offset Voltage (0.25mV—AD547L)

Low Input Bias Currents (25pA—ADS47L K)
Low Quiescent Current (1.5mA)

Low Noise (2uV p-p)

High Open Loop Gain (110dB—ADS547K, L, S)

PRODUCT DESCRIPTION

The AD547 is a monolithic, FET input operational ampllfler
combining the very low input bias current advantages of a
BIFET op amp with offset and drift performance previous-
ly available only from high quality bipolar amplifiers.

The exclusive Analog Devices laser wafer trim process trims
both the input offset voltage and offset voltage drift to levels
far lower than any compctmg BIFET amplifier (1mV, 5uV/°C-
AD547]H, 0.25mV, 1uV/°C-AD547LH).

In addition to superior low drift performance, the AD547
offers the lowest guaranteed input bias currents of any BIFET
amplifier with 50pA max for the ] grade and 25pA max for
the L grade. Since Analog Devices, unlike most other manu-
facturers, specifies input bias current with the amplifiers
warmed-up, our BIFET amplifiers are specified under actual
operating conditions.

The AD547 is especially designed for use in applications,
such as instrumentation signal conditioning and analog
computation, that require a high degree of precision at low
cost.

The AD547 is offered in threc commercial versions, J, K and
L are spec1f1cd from 0 to +70°C and the § is specified from
~55°C to +125°C. All grades are packaged in hermetically
sealed TO-99 cans.

AD547 FUNCTIONAL BLOCK DIAGRAM

TO-99
TOP VIEW

PRODUCT HIGHLIGHTS

1.

Advanced laser wafer mmmmg techniques rcduce offset
voltage drift to 1uV/°C max and reduce offset voltagc to
only 0.25mV max on the AD547L. N

. Analog Devices BIFET processing provides 25pA max

(10pA typical) bias currents specified after 5 minutes of
warm-up.

. Low voltage noise, high open loop gain and outstandmg

offset performance make the AD547 a true precision
BIFET amplifier.

. The low quiescent supply current, typically 1.1mA, en-

ables the AD547 to bring a new level of precision to appli-
cations where low power consumption is essential.

. A further benefit on the AD547's low power consumption

and low offset voltage drift is a minimal warm-up drift after ~ -
power is applied (typically 7uV shift for the AD547L).

OPERATIONAL AMPLIFIERS VOL. |, 4-87



SPECIFICATIONS. (@ +2s¢ s ve=15v 001

Model AD547) ADS47K ADS4TL ADS347S
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Units
OPEN LOOPGAIN'
Vo = =10V,Ry =2k 100,000 250,000 250,000 250,000 viv
Tomin 10 Tnaxs RL = 2k02 100,000 250,000 250,000 100,000 viv
OUTPUT CHARACTERISTICS
Voltage @ Ry, = 2k}, Tin 10 Trax +10 +12 *10 *12 +10 *12 *10 =12 \Y
Voltage @ Ry = 10k, Tpin 10 Trnax =12 =13 =12 *13 =12 =13 *12 =1 v
Short Circuit Current 25 25 25 25 mA
FREQUENCYRESPONSE
Unity Gain Small Signal 1.0 1.0 1.0 1.0 MHz
Full Power Response 50 50 50 50 kHz
Slew Rate, Unity Gain 3.0 3.0 3.0 3.0 Vius
INPUT OFFSET VOLTAGE?
Initial Offset 1.0 0.5 0.25 0.5 mV
Input Offset Voltage vs. Temp.? 2 1.0 5.0 wvreC
Input Offset Voltage vs. Supply,
Tomint0 Trmax 200 100 100 100 A%
INPUT BIASCURRENT
Either Input* 10 50 10 25 . 10 25 10 25 PA
Offset Current 5 2 2 PA
INPUT IMPEDANCE i .
Differential® 10'36 1026 1036 10"l6 MQ|pF
Common Mode 10'%6 10'6 10126 10"6 MQ|pF
INPUT VOLTAGERANGE
Differential =20 =20 *20 =20 v
Common Mode +10 *12 +10 =12 =10 =12 =10 =12 v
Common Mode Rejection 76 80 80 80 dB
INPUT NOISE
Voltage 0.1Hz to 10Hz 2 4 4 4 wVp-p
f=10Hz 70 70 70 70 nV/VHz
f=100Hz " 45 45 45 45 nV/VHz
f=1kHz 30 30 30 30 nV/VVHz
f=10kHz 25 25 25 25 nV/VHz
POWER SUPPLY
Rated Performance =15 =15 =15 =15 \4
Operating =5 =18 *5 =18 =5 =18 =5 =18 v
Quiescent Current . 1.1 1.1 1.5 1.1 1. 1.1 1.5 mA
TEMPERATURE RANGE
Operating, Rated Performance [ +70 0 +70 0 +70 —-55 +125 °C
Storage — 63 +150 —-65 +150 —-65 +150 —65 + 150 °C
PACKAGE®
. TO-99 Style(HO8B) ADS47JH AD547KH ADS47LH AD547SH
NOTES

’Open‘ Loop Gain is specified with Vg both nulled and unnutled.
?Input Offset Voltage specifications are guaranteed after S minutes

of operation at Ty "= +25°C.

*Input Offset Voltage Drift is specified with the offset voltage
unnulled. Nulling will induce an additional 3uV/°C/mV of

nulled offset.
“Bias Current ifications are

higher temperatures, the current doubles every 10°C.

VOL. |, 4-88 >0PEHA TIONAL AMPLIFIERS

at either
input after 5 minutes of operation at T, = +25°C. For

$Defined as the maximum safe voltage between inputs, such that
neither exceed * 10V from ground.

$See Section 19 for package outline information.
Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality
levels. All min and max specifications are guaranteed, although only those
shown in boldface are tested on all production units.
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Typical Characteristics
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ANALOG
DEVICES

Low Cost

Implanted FET-Input Op Amp
| AD611

FEATURES

Low Offset Voltage: 0.5mV max (AD611K)

Low Offset Voltage Drift: 10nV/°C max (AD611K)
Low Bias Current: 50pA max (AD611K)

High Slew Rate: 8V/us min

Low Supply Current: 2.5mA max

Fast Settling Time: 3ps

PRODUCT DESCRIPTION

The AD611 is a precision monolithic BIFET operational amplifier
designed and manufactured to offer offset voltages of 0.5mV
max and offset voltage drifts of 10,.V/°C max, yet is priced in
the same range as lower performance devices. Analog Devices
precision BIFET fabrication technology and proprietary laser
wafer drift trimming process are combined with years of experience
in manufacturing precision analog integrated circuits to insure
consistently high performance at low cost. The offset voltage
specifications mentioned above, coupled with the lowest input
bias current of any general purpose BIFET amplifier, 100pA
max guaranteed after five minutes of operation, make the AD611
the most precise BIFET amplifier in its price range.

In addition to the excellent dc specifications, the design of the
AD611 is optimized to deliver 13V/us slew rate, 2MHz unity
gain bandwidth and a 0.01% settling time of 3ps. This combination
of performance makes the AD611 ideal for any FET application
where excellent performance at low cost is required. Its wide
bandwidth, low offset voltage and fast settling time make this
device ideal as an output amplifier for current output D/A con-
verters of all types. 80dB of CMRR and 94dB of open loop gain
ensure “12-bit” performance in high speed buffer circuits. The
devices’ excellent low frequency noise performance and low
supply current requirements will benefit any general purpose

. BIFET application. :

AD611 FUNCTIONAL BLOCK DIAGRAM

NON-INVERTING INPUT (:Q\@/(Q OFFSET NULL

V—
NOTE: PIN 4 CONNECTED TO CASE

TO-99
TOP VIEW ,

The ADG611 is available in two grades rated over the 0 to +70°C "

temperature range; the general purpose AD611J and the high
precision AD611K. Both grades are available in hermetically
sealed TO-99 packages. The AD611 is pinned out in standard
operational amplifier configuration to facilitate low cost upgrading
of existing designs using older, less accurate amplifiers.

PRODUCT HIGHLIGHTS

1. The AD611 is laser wafer drift trimmed to offer offset voltages
of 0.5mV max and offset voltage drifts of 10uV/°C. :

2. Analog Devices BIFET processing results in maximum in-
put bias currents of 50pA, guaranteed after 5 minutes of
operation.

3. The high slew rate (8V/ps min.) and fast settling time (3pus
to 0.01%) make the AD611 ideal for use in D/A, A/D, sample-
hold circuits and precision high speed integrators.

4. Monolithic construction, along with advanced processing and
manufacturing technologies result in extremely high perform-
ance at very low cost.
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SPECIFICATIONS (tvpucal @ +25°C and +15V dc, unless otherwise noted)

AD611) AD611K
Model Min Typ Max Min Typ Max Units
OPEN LOOPGAIN' .
Vour= * 10VR =2k} 30,000 80,000 50,000 80,000 vV
Ta=mintomax Ry =2k} 20,000 50,000 40,000 50,000 /A
FREQUENCY RESPONSE . .
Unity Gain, Small Signal 2 2 MHz
Full Power Response 200 200 kHz
Slew Rate, Unity Gain 8 13 8 13 Vips
Total Harmonic Distortion f= lkHz 0.0025 0.0025 %
INPUT OFFSET VOLTAGE? 0.25 2.0 0.25 0.5 mV
vs. Temperature 5 20 5 10 nvrC
vs. Supply 50 200 50 100 wvv
T =min to max 70 200 70 100 nViv
INPUT BIASCURRENT
Either Input® 25 100 10 50 pA
Input Offset Current 10 50 5 25 PA
INPUT IMPEDANCE
Differential 10'2Q)|6pF 10'20)||6pF
Common Mode 10'2Q)13pF 10'2Q)|3pF
INPUT VOLTAGE RANGE :
Differential* +20 - +20 \Y
Common Mode +10 +12 +10 +12 \
Common-Mode Rejection, Vin= =10V | 74 80 dB
POWER SUPPLY
Operating Range +5 =18 %5 +18 \Y
Quiescent Current 1.8 2.5 1.8 25 mA
VOLTAGENOISE
0.1-10Hz 2.0 2.0 nVp-p
10Hz 35 35 nV/VHz
100Hz 22 22 nV/VVHz
1kHz 18 18 nV/VHz
10kHz 16 16 nVVHz
TEMPERATURE RANGE
Operating, Rated Performance 0 +70 0 +70 °C
. Storage -65 +150 —65 +150 °C
PACKAGE OPTIONS? AD611JH AD611KH
TO-99
NOTES
'Open Loop Gain is specified with Vs both nulled and unnulled.
Input Offset Voltage specifications are g d after 5 mi of op at Ty = +25°C.

3Bias Current specifications are guarameed maximum at either mput after 5 minutes of operation at T, = +25°C. For higher temperatures, the current doubles

every 10°C.

“Defined as voltage between inputs, such that neither exceeds + 10V from ground.

%See Section 19 for package outline information.
Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality
levels. All min and max specifications are guaranteed, although only those
shown in boldface are tested on all production units.

VOL. I, 4-92 OPERATIONAL AMPLIFIERS

-Vs
Standard Offset Null Circuit




*Vin

/
vl

INPUT VOLTAGE - *V

//
o 5 10 15 20
SUPPLY VOLTAGE — tV

Figure 1. Input Voltage Range vs.

Crrvomomber 1 /A
-

[T
Upply vonage

25 /
I /
Q
H
3 +Vour /
8
Rl
5 '/-Vo\n
<]
>
5 25°C
% AL =2k
3 s ,/ -
0 1 15 20

SUPPLY VOLTAGE - :V
Figure 4. Output Voltage Swing vs.
Supply Voltage
30

T TTT 7
FREQ = TkHz
15V dc SUPPLIES |1

//

~

.3

OUTPUT VOLTAGE SWING — Volts p-p

A

1
) 100 1k
LOAD RESISTANCE — Ohms

Figure 7. Output Voltage Swing vs.
Resistive Load

0

10k

Figure 2. Output Settling Time vs. Output

OUTPUT VOLTAGE SWING FROM OV — Volts

+10
10mv %7 mv
+5 / //
0
N
3
|0mV\ SmV ImV
-10
) 1 2 3 4

SETTLING TIME - s

O ol e e o e o APV A e A
IJVVI'I& QUM LTV (wlteUit v lgutr; 1rway
30
2
ll
w20
g 25°C
s Vs = 115V
3 RL=2k
S
z
2
2
g
3 \
2
¥
s N\
¥
o
10 100 * 10k 100k ™ 1M
FREQUENCY - Hz
Figure 5. Large Signal Frequency
Response
110 T
Vg = 158V
Vem = 1V pp +25°C
100
80 \
o
2
i
£ e
3
Q
40 \
20
]
10 100 1k 10k 100k ™ oM

PHASE MARGIN

100 +100
T~
\. ~
\,
80 +80
\\
2 60 N A\ leo
] \ \
z
E \
S \
5 40 +40
3
S
& GAIN
& PHASE — — — 20
MARGIN
WITH NO LOAD N
o
~20) -20
10 00 1 W 100k M 1M

FREQUENCY — Hz

Figure 10. Open Loop Voltage
Gain vs. Supply Voltage

FREQUENCY — Hz
Figure 8. Common-Mode Rejection
vs. Frequency

10
B
]
a
z
=4
z 010
<]
£
&
=]
2 /
i1 4
g FOLLOWER WITH
& GAIN OF 10
E 0.0 7z
E a
z /
K LA unity ain
13 1] roLiower

mill A
0.001
100 T 100k

hl
uFREOUCNCV - Hz
Figure 11. Total Harmonic Distortion
vs. Frequency :

WA

100nA

Vs = 15

10nA

100pA

INPUT BJAS CURRENT
s
>

1008 /
A
55 25 0 35 70 9% 125

TEMPERATURE - °C
Figure 3. Input Bias Current vs.

- .
1 ul“/.lcldluld
100
I
.
£
< 80
2
2
I
S 70 .
=4
2 &
H
H
: 50
(3
5 a0
Y
w 30 N
] AR
2 2 s
\.____*
10
0 100 1k 10k 100k
FREQUENCY -~ Hz
Figure 6. Input Noise Voltage
Spectral Density
10 I T
Vg = $15V WITH
1V p-p SINE WAVE
100
o
2
‘ \
g w0 N\ +SUPPLY
I
5
]
g
S0
E -SUPPLY \
2
4 40
g \ )
20 N
10
10 100 k& 10k 100k ™ 10oM

FREQUENCY ~ Hz
Figure 9. Power Supply Rejection
vs. Frequency
75

£

25°C
Vs = 15V

/

0
‘COMMON MODE VOLTAGE ~ V

Figure 12. Input Bias Current vs. CMV

3
A

INPUT BIAS CURRENT — pA

—-—"/

-10

+10

OPERATIONAL AMPLIFIERS VOL. I, 4-93



o
SQUARE
WAVE
INPUT

Figure 13a. Unity Gain Follower Figure 13b. Unity Gain Follower
Pulse Response (Large Signal) Pulse Response (Small Signal)
4.99kQ

Figure 14a. Unity Gain Inverter Figure 14b. Unity Gain Inverter Figure 14c. Unity Gain Inverter
Pulse Response (Large Signal) Pulse Response (Small Signal)
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R6

10k NOTES:
1. R3/R4 MATCH 0.05% OR BETTER.
2.R1,R2USED ONLY {F GAIN

ADJUSTMENT IS REQUIRED

Figure 15a. AD611 Used as DAC Output Amplifiers

Figure 15a illustrates the 10-bit digital-to-analog converter,
AD7533, connected for bipolar operation. Since the digital

input can accept bipolar numbers and Vrgr can accept a bipolar
analog input, the circuit can perform a 4-quadrant multiplying
function. The photos exhibit the response to a step input at
‘Vrer. Figure 15b is the large signal response and Figure 15cis
,;[he small signal response.

The output impedance of a CMOS DAC varies with the digital
word thus changing the noise gain of the amplifier circuit. The
effect will cause a nonlinearity the magnitude of which is dependent
on the offset voltage of the amplifier. The AD611 with trimmed
offset will minimize the effect. The Schottky protection diodes
recommended for use with many CMOS DACs are not required :
when using the AD611.- Figure 15¢c. Small Signal Response

VOL. |, 4-94 OPERATIONAL AMPLIFIERS

i



ANALOG -
DEVICES

1]

 Precision wa'Cost
Dual BIFET Op Amp

AD642

FEATURES

Matched Offset Voltage

Matched Offset Voltage Over Temperature
Matched Bias Current

Crosstalk-124dB at 1kHz

Low Bias Current: 35pA max Warmed Up
Low Offset Voltage: 5001V max

Low Input Voltage Noise: 2uV p-p

Hiah Open Loob Gain

Low Quiescent Current: 2.8mA max

Low Total Harmonic Distortion

Standard Dual Amplifier Pin Out

PRODUCT DESCRIPTION ‘
The AD642 is a pair of matched high speed monolithic BI-
FET operational amplifier fabricated with the most advanced
bipolar, JFET and laser trimming technologies. The AD642
offersmatched bias currents that are significantly lower than
currently available monolithic dual FET input operational
amplifiers: 35pA max matched to 25pA for the AD642K
and L; 75pA max, matched to 35pA for the AD642] and S.
In addition, the offset voltage is laser rimmed to less than
0.5mV and matched to 0.25mV for the AD642L, 1.0mV and
matched to 0.5mV for the AD642K, utilizing Analog’s laser-
wafer trimming (LWT) process.

The tight matching and temperature tracking between the

' operational amplifiers is achieved by ion-implanted JFETs

and laser-wafer trimming. Ion-implantation permits the fab-
brication of precision, matched JFETs on a monolithic bipolar
chip. This optimizes the process to produce matched bias
currents which have lower initial bias currents than other
popular BIFET op amps. Laser-wafer trimming each am-
plifier’s input offset voltage assures tight initial match and
combined with superior IC processing guarantees offset volt-
age tracking over the temperature range.

The AD642 is recommended for applicatons in which excel-
lent ac and dc performance is required. The matched ampli-
fiers provide a low cost solution for true instrumentation
amplifiers, log ratio amplifiers, and output amplifiers for four
quadrant multiplying D/A converters such as the AD7541.

The AD642 is available in three versions: the “J”, ““K” and
“L”, all specified over the 0 to +70°C temperature range and
one version, “S”, over the -55°C to +125°C extented oper-
ating temperature range. All devices are packaged in the
hermetically-sealed, TO-99 metal can.

AD642 FUNCTIONAL BLOCK DIAGRAM

NoN-Inv(3 5) NON-INV
INPUT INPUT
V-

TO-99
TOP VIEW

PRODUCT HIGHLIGHTS

1. The AD642 has tight matching specifications to ensure
high performance, eliminating the need to match indi-

vidual devices.

2. Analog Devices, unlike some manufacturers, specifies each
device for the maximum bias current at either input in the
warmed-up condition, thus assuring the user that the
ADG642 will meetits published specificationsin actual use.

3. Laser-wafer-trimming reduces offset voltage to as low as’
0.5mV max and matched side to side to 0.25mV (AD642L),

thus eliminating the need for external nulling.

4. Low voltage noise (2uV, p-p), and high open loop gain
enhance the AD642’s performance as a precision op amp.

5. The standard dual amplifier pin out allows the AD642 to
replace lower performance duals without redesign.

OPERATIONAL AMPLIFIERS
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SPECIFICA“ONS (@ +25°C and Vg= =15V do)

Model AD642] AD642K AD642L AD642S
Min Typ Max Min Typ - Max Min Typ Max Min Typ Max Units
OPEN LOOP GAIN
Vo = =10V,Ry. = 2k} 100,000 250,000 250,000 250,000 viv
Tmin 10 Trmaxs RL = 2kQ 100,000 250,000 250,000 100,000 viv
OUTPUT CHARACTERISTICS
Voltage @ Ry =2k}, Trmin 10 Trnax 10 12 , =10 =12 =10 *12 =10 *12 v
Voltage @ Ry =10k, Tpmin 10 Trnax =12 =13 *12 =13 +12 =13 =12 =13 . v
Short Circuit Current 25 25 25 25 mA
FREQUENCY RESPONSE
Unity Gain Small Signal Lo 1.0 1.0 1.0 MHz
+ Full Power Response 50 50 50 50 kHz
Slew Rate, Unity Gain 3.0 3.0 3.0 3.0 Vips
INPUT OFFSET VOLTAGE' .
Initial Offset T 20 1.0 0.5 1.0 mvV
Input Offset Voltage Tmin 10 Trnax 35 20 1.0 35 mV
Input Offset Voltage vs. Supply, .
Tmin 10 Trax 200 100 100 100 wvv
INPUT BIAS CURRENT? .
Either Input 10 75 10 35 10 35 10 35 PA
Offset Current b 2 pA
MATCHING CHARACTERISTICS?
Input Offset Voltage Lo 0.5 0.25 0.5 mV
Input Offset Voltage Tmin t0 Trmax 35 2.0 1.0 35 mV
Input Bias Current 35 25 25 35 PA
Crosstalk . ~124 -124 -124 -124 dB
INPUT IMPEDANCE
Differential 1026 106 1026 10'%6 MQpF
Common Mode 10'l6 10%26 1036 - 10*%6 MQJpF
INPUT VOLTAGE RANGE
Differential* =20 *20 20 =20 \4
Common Mode *=10 =12 =10 =12 =10 =12 *10 *12 \Y
Common Mode Rejection 76 80 80 80 dB
INPUTNOISE -
Voltage 0.1Hz o 10Hz 2 2 2 2 prVp-p
f=10Hz 70 70 70 70 nV/VHz
“f=100Hz 45 45 45 45 nV/VHz
f=1kHz 30 3n 30 30 nV/VHz
f=10kHz 25 25 25 25 nV/VHz
POWER SUPPLY
Rated Performance =15 =15 =15 =15 \4
Operating =5 =18 =5 =15 =5 =15 =5 =15 v
Quiescent Current 2.8 2.8 8 2.8 mA
TEMPERATURERANGE i
Operating, Rated Performance 0 +70 0 +70 0 +70 —-55 +125 °C
Storage -65 +150 -65 +150 -~ 65 +150 -65 +150 °C
PACKAGE® .
TO-99 Style (H08B) AD642JH AD642KH AD642LH AD642SH
NOTES

'Input Offset Voltage specifications are guaranteed after 5 minutes

of operation at To = +25°C.
*Bias Current specifications are

input after 5 minutes of operation at T,

higher temperatures, the current doubles every 10°C.
3Matching is defined as the difference between parameters of

the two amplifiers.

at cither

+25°C. For

“Defined as the maximum safe voltage between inputs, such that
neither exceeds + 10V from ground.

3See Section 19 for package outline information.
Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality
levels. All min and max specifications are guaranteed, although only those
shown in boldfac: are tested on all production units.
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ANALOG -
DEVICES

Dual High Speed
Implanted BIFET Op Amp

AD644

FEATURES

Matched Offset Voltage

Matched Offset Voltage Over Temperature
Matched Bias Currents

Crosstalk -124dB at 1kHz

Low Bias Current: 35pA max Warmed Up

Low Offset Voltage: 5001V max

Low Input Voltage Noise: 2uV p-p

Hioh Slew Rata: 12V/ne

Low Quiescent Current: 4.5mA max

Fast Settling to +0.01%: 3us

Low Total Harmonic Distortion: 0.0015% at 1kHz
Standard Dual Amplifier Pin Out :

PRODUCT DESCRIPTION
The AD644 is a pair of matched high speed monolithic FET-

input operational amplifiers fabricated with the most advanced

bipolar, JFET and laser trimming technologies. The AD644
offers matched bias currents that are significantly lower than
currently available monolithic dual BIFET operational ampli-
fiers: 35pA max, matched to 25pA for the AD644K and

L, 75pA max matched to 35pA for the AD644] and S. In ad-
dition, the offset voltage is laser trimmed to less than 0.5mV,

and matched to 0.25mV for the AD644L, 1.0mV and matched

to 0.5mV for the AD644K, utilizing Analog Devices’ laser-
wafer trimming (LWT) process.

The tight matching and temperature tracking between the

_ operational amplifiers is achieved by ion-implanted JFETSs
and laser-wafer trimming. Ion-implantation permits the fabri-
cation of precision, matched JFETs on a monolithic bipolar
chip. This process optimizes the ability to produce matched
amplifiers which have lower initial bias currents than other
popular BIFET op amps. Laser-wafer trimming each ampli-
fier’s input offset voltage assures tight initial match and super-
ior IC processing guarantees offset voltage tracking over the
temperature range.

The AD644 is recommended for applications in which both
excellent ac and dc performance is required. The matched
amplifiers provide a low cost solution to true wideband in-
strumentation amplifiers, low dc drift active filters and output
amplifiers for four quadrant multiplying D/A converters such
as the AD7541, 12-bit CMOS DAC.

The AD644 is available in four versions: the “J”, /K’ and
“L” are specified over the 0 to +70°C temperature range and
the “S” over the -55°C to +125°C operating temperature
range. All devices are packaged in the hermetically-sealed,
TO-99 metal can.

AD644 FUNCTIONAL BLOCK DIAGRAM

AMPLIFIER NO. 1 E

AMPLIFIER NO. 2

INV INV
INPUT INPUT
NGOl
O
V-

TO-99
TOP VIEW

PRODUCT HIGHLIGHTS

1,

The AD644 has tight side to side matching specifications to
ensure high performance without matching individual
devices.

. Analog Devices, unlike some manufacturers, specifies each

device for the maximum bias current at either input in the
warmed-up condition, thus assuring the user that the
AD644 will meet its published specifications in actual use.

. Laser-wafer-trimming reduces offset voltage to as low as

0.5mV max matched side to side to 0.25mV (AD644L),
thus eliminating the need for external nulling. ,

. Improved bipolar and JFET processing on the AD644 result

in the lowest matched bias current available in a high speed
monolithic FET op amp.

. Low voltage noise (2uV p-p) and high open loop gain en-

hance the AD644’s performance as a precision op amp.

. The high slew rate (13.0V/us) and fast settling time to

0.01% (3.0us) make the AD644 ideal for D/A, A/D, sample-
hold circuits and dual high speed integrators.

. Low harmonic distortion (0.0015%) and low crosstalk

(-124dB) make the AD644 an ideal choice for stereo audio
applications.

. The standard dual amplifier pin out allows the AD644 to

replace lower performance duals without redesign.
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SPECIFICATIONS (@ 2% ant vo= 151 00

Model AD644) AD644K AD6ML ADS44S
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Units
OPEN LOOP GAIN '
Vo = =10V,Ry =2k 30,000 50,000 50,000 50,000 A%
Tmint0 Traxs R, = 2k2 20,000 40,000 40,000 20,000 vV
OUTPUT CHARACTERISTICS
Voltage @@ Ry = 2k, Tyyin 10 Trnax +=10 =12 =10 =12 *10 =12 *10 *12 v
Voltage (¢ Ry, = 10k, Tonin 10 Trnax +12 =13 +12 =13 *12 *1 %12 =13 v
Short Circuit Current 25 25 25 25 mA
FREQUENCYRESPONSE
Unity Gain Small Signal 2.0 2.0 2.0 2.0 MHz
Full Power Response 200 200 200 200 kHz
Slew Rate, Unity Gain 8.0 13.0 8.0 13.0 8.0 13.0 8.0 13.0 Vius
Total Harmonic Distortion 0.0015 0.0015 0.0015 0.0015 %
INPUT OFFSET VOLTAGE'
Initial Offset 2.0 1.0 0.5 1.0 mV
Input Offset Voltage Tmin t0 Trax 35 2.0 1.0 35 mV
Input Offset Voltage vs. Supply,
Trmin 10 Trnax 200 100 100 100 Vv
INPUT BIAS CURRENT?
Either Input 10 ¥E] 10 35 10 35 10 35 PA
Offset Current 10 5 PA
MATCHING CHARACTERISTICS?
Input Offset Voltage 1.0 0.5 0.25 0.5 mV
Input Offset Voltage Tmin 10 Trax . 35 2.0 1.0 3.5 mV
Input Bias Current 35 25 25 35 PA
Crosstalk -124 -124 -124 -124 dB
INPUT IMPEDANCE .
Differential 1036 1026 1026 10'6 MQjpF
Common Mode 10'23 1073 10123 10173 MOfpF
INPUT VOLTAGERANGE
Differential* . =20 +20 *20 20 v
Common Mode +10 +12 *10 =12 =10 *12 +10 =12 v
.Common Mode Rejection - . 76 80 80 80 dB
INPUT NOISE
Voltage 0.1Hz to 10Hz 2 -2 2 2 nVp-p
f=10Hz 35 35 35 35 nV/VHz
f=100Hz 22 22 2 22 nV/VHz
f=1kHz 18 18 18 18 nV/VHz
f=10kHz 16 16 16 16 nV/VHz
POWER SUPPLY
Rated Performance =15 =15 =15 =15 v
Operating +5 =18 +5 ) +18 =5 ’ +18 *5 =18 v
Quicescent Current 35 4.5 35 4.5 35 4.5 3.5 mA
TEMPERATURE RANGE
Operating, Rated Performance 0 +70 0 +70 0 +70 -55 +125 °C
Storage - 65 +150 ~65 +150 -65 +150 -65 +150 . °C
PACKAGE® ' :
TO-99 Style (H08B) AD644JH AD644KH AD644LH AD644SH
NOTES

'Input Offset Voltage specifications are guaranteed after S minutes
of operation at T, = +25°C.

?Bias Current ifications are d at i at either
input after 5 minutes of operation at Ty = +25°C. For

higher temperatures, the current doubles every 10°C.

3Matching is defined as the diff between of the two

“Defined as voltage between inputs, such that neither exceeds + 10V
from ground.

VOL. I, 4-100 OPERATIONAL AMPLIFIERS

*See Section 19 for package outline information.
Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final

electrical test. Results from those tests are used to calculate outgoing quality

levels. All min and max specifications are guaranteed, although only those

shown in boldface arc tested on ail production units.



Typical Characteristics
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DEVICES

5

Ultra-Low Drift
Dual BIFET Op Amp

T ADG4T

FEATURES

Low Offset Voltage Drift’

Matched Offset Voltage

Matched Offset Voltage Over Temperature
Matched Bias Current

Crosstalk -124dB at 1kHz

Low Bias Current: 35pA max Warmed Up
Low Offset Voltage: 250uV max

Low Input Voltaae Noise: 2uV p-n

High Open Loop Gain: 108dB"

Low Quiescent Current: 2.8mA max

Low Total Harmonic Distortion

Standard Dual Amplifier Pin Out

PRODUCT DESCRIPTION

- The AD647 is an ultra low drift dual JFET amplifier that
combines high performance and convenience in a single
package. ) )
The AD647 uses the most advanced ion-implantation and

laser wafer drift trimming technologies to achieve the highest
performance currently available in a dual JFET. lon-implan-

tation permits the fabrication of matched JFETs on a mono-
lithic bipolar chip. Laser wafer drift trimming trims both the
initial offset voltage and its drift with temperature to provide
offsets as low as 100uV (250uV max) and drifts of 2.5uV/°C

max.

In addition to outstanding individual amplifier performance,
the AD647 offers guaranteed and tested matching performance

on critical parameters such as offset voltage, offset voltage
drift and bias currents.

This high level of pcrfonﬁancc makes the AD647 especially
well suited for high precision instrumentation amplifier
applications that previously would have required the costly
selecdon and matching of space wasting single amplifiers.

The AD647 also offers high levels of performance for

. Digital to Analog Converter output amplifiers, and filtering
applications. ‘

The AD647 is offered in four performance grades, three
commercial (the J, K, and L) and one extended (the S). All
are supplied in hermetically sealed 8-pin TO-99 packages.

AD647 FUNCTIONAL BLOCK DIAGRAM
AMPLIFIER NO. 1 AMPLIFIER NO. 2
L]

NDN-I‘NV

NON-INV
INPUT INPUT
V-
TO-99
TOP VIEW

PRODUCT HIGHLIGHTS

1.

The AD647 is guaranteed and tested to tight matching
specifications to ensure high performance and to elimi-
nate the selection and matching of single devices.

. Laser wafer drift trimming reduces offset voltage and off-

set voltage drifts to 2501V and 2.5uV/°C max.

. Voltage noise is guaranteed at 4uV p-p max (0.1 to

10Hz) on K, L and'S grades.

. Bias current (35pA K, L, S; 75pA ]) is specified after

five minutes of operation.

5. Total supply current is a low 2.8mA max.

7.

. High open loop gain ensures high linearity in precision

instrumentation amplifier applications.

The standard dual amplifier pin out permits the direct sub-
stitution of the AD647 for lower performance devices.
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SPECIFICATIONS (@ +25°C and Vg= £ 15V dc)

Model AD647) AD647K AD64TL AD647S
Min Typ Max Min Typ - Max Min Typ Max Min Typ Max Units
OPEN LOOP GAIN
Vo = =10V,Ry =2k} 100,000 250,000 250,000 250,000 viv
Trmin 10 Trnaxs Re. = 2kQ2 100,000 ,250,000 250,000 100,000 v
OUTPUT CHARACTERISTICS
Voltage @ Ry, = 2k, Tpnin to Tmax +10 =12 +10 =12 +10 +12 *10 =12 \'a
Voltage ¢ Ry = 10k€2, Tin 10 Trnex 12 =13 +12 =1 +12 =13 12 =13 v
Short Circuit Current 25 25 25 25 mA
FREQUENCY RESPONSE '
Unity Gain Small Signal 1.0 1.0 1.0 1.0 MHz
Full Power Response 50 50 S0 50 kHz
Stew Rate, Unity Gain 3.0 3.0 3.0 3.0 Vips
INPUT OFFSET VOLTAGE!
Initial Offset 1.0 0.5 0.25 0.5 mV
Input Offset Voltage vs. Temp. 10 5 2.5 5.0 wVrC
Input Offset Voltage vs. Supply,
Tonin 10 Trnax 200 100 100 100 pVIV
INPUT BIAS CURRENT?
Either Input 10 75 10 35 10 35 10 35 PA
Offset Current . 2 2 2 PA
MATCHING CHARACTERISTICS?
Input Offset Voltage 1.0 0.5 0.25 0.5 mV
Input Offset Voltage Tmin 10 Trax 10 s 25 10.0 wvrc
Input Bias Current 35 25 25 25 pA
Crosstalk -124 -124 -124 -124 dB
INPUTIMPEDANCE
Differential 10126 1076 106 1016 MQjpF
Common Mode 10'6 1076 106 10136 MQpF
INPUT VOLTAGERANGE
Differential* =20 20 20 =20 v
Common Mode +10 =12 +10 =12 *10 =12 =10 =12 v
Common Mode Rejection 76 80 80 80 dB
INPUTNOISE
Voltage 0.1Hzto 10Hz 2 4 4 4 wVp-p
f=10Hz 70 70 70 70 nV/VHz
f=100Hz 45 45 45 - 45 nV/VHz
f=1kHz 30 30 30 30 nV/VHz
f=10kHz 25 25 25 25 nV/VHz
POWER SUPPLY .
Rated Performance =15 =15 =15 =15 A
Operating =5 =18 =5 +18 =5 =18 =5 =18 v
Quiescent Current 8 2.8 28 2.8 mA
TEMPERATURE RANGE
Operating, Rated Performance 0 +70 [} +70 0 +70 -55 +125 °C
Storage ~65 +150 - 65 © +150 ~65 +150 -65 +150 °C
PACKAGE® -
TO-99 Style (H08B) AD647JH ADG647KH AD647LH AD647SH
NOTES

'nput Offset Voltage specifications are guaranteed after 5 minutes
C

of operation at T, = +25°C.
2Bias Current specifications are d at

at either

input after 5 minutes of operation at T, =

+25°C. For

higher temperatures, the current doubles every 10°C.
*Matching is defined as the difference between parameters of

the two amplifiers.

*Defined as the maximum safe voltage between inputs, such that
neither exceeds = 10V from ground.

3See Section 19 for package outline information.
Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality
levels. All min and max specifications are guaranteed, although only those
shown in boldface are tested on all production units.
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Typical Characteristics
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Low Cost
High Accuracy IC Op Amps

AD741 SERIES

FEATURES
Precision Input Characteristics
Low Vgs: 0.5mV max (L)
Low Vs Drift: 5uV/°C max (L)
Low lp: 50nA max (L)
Low lgs: 5nA max (L)
High CMRR: 90dB min (K, L)
High Output Capability
Aql = 25,000 min, 1kS2 load (J, S)

Tmin t0 Tmax
Vg = 10V min, 1kS2 load (J, S)

GENERAL DESCRIPTION .
The Analog Devices AD741 series are high performance
monolithic operational amplifiers, All the devices feature
full short circuit protection and internal compensation.

The Analog Devices AD741], AD741K, AD741L and AD741S
are specially tested and selected versions of the standard
AD?741 operational amplifier. Improved processing and ad-
ditional electrical testing guarantee the user precision perform-
ance at a very low cost. The AD741], K and L substantially
increase overall accuracy over the standard AD741C by pro-
viding maximum limits on offset voltage drift and significantly
reducing the errors due to offset voltage, bias current, offset
current, voltage gain, power supply rejection, and common
mode rejection. For example, the AD741L features maximum
offset voltage drift of 5uV/°C, offset voltage of 0.5mV max,
offset current of 5nA max, bias current of 50nA max, and a
CMRR of 90dB min. The AD741S offers guaranteed perform-
ance over the extended temperature range of -55°C to
+125°C, with max offset voltage drift of 15uV/°C, max off-
set voltage of 4mV, max offset current of 25nA, and a mini-
mum CMRR of 80dB.

AD741 SERIES FUNCTIONAL DIAGRAMS
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O,
orrser .uuuv.
INVERTING INPUT (2) } ouTPUT
SET UL

NON-INVERTING INPUT u,-, v-[3] [8] orrser nuw
TO-99 8-PIN MINI DIP
TOP VIEW TOP VIEW

HIGH OUTPUT CAPABILITY

Both the AD741] and AD741S offer the user the additional
advantages of high guaranteed output current and gain at low
values of load impedance. The AD741] guarantees a
minimum gain of 25,000 swinging *10V into a 1k{2 load
from 0 to +70°C. The AD741S guarantees a minimum gain
of 255000 swinging 10V into a 1k load from -55°C to
+125°C.

All devices feature full short circuit protection, high gain, high
common mode range, and internal compensation. The
AD741}J, K and L are specified for operation from 0 to
+70°C, and are available in both the TO-99 and mini-DIP
packages. The AD741S is specified for operation from
—55°C to +125°C, and is available in the TO-99 package.
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SPECIFICATIONS

{typical @ +25°C and +15V dc, unless otherwise specified)

AD741C AD741 AD741)
Model Min Typ Max Min Typ Max Min Typ Max Units
OPEN LOOP GAIN
Ry = 1k§, Vg = £10V - 50,000 200,000 Vv
Ry = 2k, Vg = 10V 20,000 200,000 50,000 200,000 VIV
Ta = min to max R, = 2k 15,000 25,000 25,000 viv
OUTPUT CHARACTERISTICS
Voltage @ Ry, = 1k§2, T4 = min to max +10 13 v
Voltage ® R, = 2k§2, T4 = min to max [$10 13 110 *13 v
Short Circuit Current 25 25 25 mA
FREQUENCY RESPONSE
Unity Gain, Small Signal 1 1 1 MHz
Full Power Response - 10 10 10 kHz
Slew Rate 0.5 0.5 0.5 Vius
Transient Response (Unity Gain)
Risc Time Cp < 10V p-p 0.3 0.3 0.3 us
Overshoot 5.0 5.0 5.0 %
INPUT OFFSET VOLTAGE
Initial, Rg < 10k§2, Adj. to Zero 1.0 6.0 1.0 5.0 1.0 3.0 mV
Ta = min to max 1.0 7.5 1.0 6.0 4.0 mV
Average vs. Temperature (Untrimmed) 20 uv/°c
vs. Supply, T = min to max 30 100 HVIV
INPUT OFFSET CURRENT
Initial 20 200 20 200 5 50 nA
Ta = min'to max 40 300 85 500 . 100 nA
Average vs, Temperature 0.1 nA/°C
INPUT BIAS CURRENT
Initial 80 500 80 500 40 200 nA
Ta = min to max 120 800 . 300 1,500 400 nA
Average vs. Temperature 0.6 nA/°C .
INPUT IMPEDANCE DIFFERENTIAL 0.3 2.0 0.3 2.0 1.0 MQ
INPUT VOLTAGE RANGE'
Differential, max Safe +30 v
Common Mode, max Safe *12 +13 *12 +13 +15 v
Common Mode Rejection,
Rg = <10k, T5 = min to max,
VN = £12V 70. 90 70 90 80 90 dB
POWER SUPPLY
Rated Performance +15 %15 : +15 v
Operating ) 15 +18 \4
Power Supply Rejection Ratio 30 150 30 150 INZA4
Quiescent Current 1.7 2.8 1.7 2.8 2.2 3.3 mA
Power Consumption 50 85 50 85 50 85 mW
TA =min 60 100 mW
Ta = max 45 75 mW
TEMPERATURE RANGE
Operating Rated Performance 0 +70 -55 +125 0 +70 °c
Storage -65 +150 -65 +150 -65 +150 °c
NOTES

! For supply voltages less than £15V, the absolute maximum input voltage is equal to the supply voltage.

Specifications subject to change without notice.
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AD741K AD741L AD741S
Model Min Typ Max Min Typ Max - Min Typ Max Units
OPEN LOOP GAIN ’
Ry = 1k, Vo = £10V 50,000 200,000 viv !
Ry =2kR2, Vg = £10V 50,000 200,000 50,000 200,000 viv
Ta = min to max R, = 2kQ 25,000 25,000 25,000 viv
OUTPUT CHARACTERISTICS
Voltage @ Ry, = 1k§2, To = min to max v
Voltage @ Ry = 2kQ2, To = min to max | #10 +13 110 13 *+10 +13 v
Short Circuit Current 25 25 25 mA
FREQUENCY RESPONSE
Unity Gain, Small Signal 1 1 1 MHz
Full Power Response 10 10 10 kHz
Slew Rate 0.5 . 0.5 0.5 Vius
Transient Respone (Unity Gain) .
Rise Time 0.3 0.3 0.3 Hs
Overshoot 5.0 5.0 5.0 %
INPUT OFFSET VOLTAGE
Initial, Rg < 10k, Adj. to Zero 0.5 2.0 0.2 0s 10 2 mY
Ta = min to max 3.0 1.0 4 mV
Average vs. Temperature (Untrimmed) 6.0 15.0 2.0 ‘5.0 6.0 15.0 uv/°c
vs. Supply, To = min to max 5 15.0 5 15.0 30 100 uv/v
INPUT OFFSET CURRENT
Initial : 2 10 2 5 2 10 nA
Ta = min to max 15 10 25 nA
Average vs. Temperature 002 - 0.2 0.02 0.1 0.1 0.25 nA/°c
INPUT BIAS CURRENT | ’
Initial 30 75 30 50 30 75 nA
T = min to max . 120 . 100 250 nA
Average vs. Temperature 0.6 1.5 0.6 - 1.0 0.6 2.0 nA/°C
INPUT IMPEDANCE DIFFERENTIAL 2 2 2 MQ
INPUT VOLTAGE RANGE'
Differential, max Safe 130 +30 130 \Y
Common Mode max Safe *15 +15 115 v
Common Mode Rejection, . \ .
Rs < 10k§2, T4 = min to max
Vin = 12V 90 100 90 100 20 100 dB
POWER SUPPLY .
Rated Performance 15 +15 115 v
Operating 5 122 15 22 15 +22 v
Power Supply Rejection Ratio ! rV/IV
Quiescent Current 17 2.8 17 2.8 -20 2.8 mA
Power Consumption 50 85 50 85 50 85 mW
TA = min 60 100 mW
Ta =max . ’ 75 115 mW
TEMPERATURE RANGE .
Operating Rated Performance 0 +70 0 +70 -55 +125 °c
Storage -65 +150 -65 +150 -65 +150 °c
NOTES
! For supply voltages less than £ 15V, the absolute maximum input voltage is equal to the supply voltage.  Specifications shown in boldface are tested on all production units at
Specifications subject to change without notice. final electrical test. Results from those tests are used to calculate out-
going quality levels. All min and max specifications are guaranteed,
although only those shown in boldface are tested on all production
units.
ORDERING GUIDE : ABSOLUTE MAXIMUM RATINGS
Temperature Initial Off-
Model Range Package' Set Voltage Absolute Maximum Ratings AD741,},K,L,S AD741C
AD741CN 0to +70°C MINI-DIP (N8A)  6.0mV Supply Voltage +22V . +18V
AD741CH 0to +70°C TO-99 6.0mV Internal Power Dissipation 500mw! 500mwW
AD741JN 010 +70°C MINI-DIP (N8A)  3.0mV Differential Input Voltage £30V 130V
AD741JH 0 to +70°C TO-99 3.0mV Input Voltage 15V 15V
AD741KN 0 to +70°C MINL-DIP (N8A)  2.0mV Storage Temperature Range ~ -65°Cto +150°C  -65°C to +150°C
AD741KH 0to +70°C TO-99 2.0mV Lead Temperature 300°C 300°C
AD741LN 0 to +70°C MINI-DIP (N8A)  0.5mV (soldering, 60 seconds)
AD741LH 0 t°°+70°C ., T0-99 0.5mv Output Short Circuit Duration  Indefinite? Indefinite
AD741H -SSOC to +125uC TO-99 5.0mV NOTES
AD741SH -55°Cro+125°C  TO-99 2.0mv ! Rating applies for case temperature to +125°C. Derate TO-! 99 linearity
NOTE — . ! at 6.5mW/°C for ambient temperatures above +70°C,
See Section 19 for package outline information. 3 Rating applies for shorts to ground or cither supply at case umpcnturcs

to +125°C or ambient temperatures to +75°C.
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ANALOG
DEVICES

Fast-Settling, Wideband,
FET-Input Op Amp

AD3554

FEATURES

Very High Slew Rate: 1000V/us

Fast Settling: 150ns max to +0.05%

Gain Bandwidth Product: 1.7GHz typical

High Output Current: 100mA min @ Vgyt = 10V
Full Differential Input

PRODUCT DESCRIPTION

The AD3554 is a FET-input, hybrid operational amplifier
that features an excellent combination of high slew rate, fast
settling time and large gain-bandwidth product. The AD3554
has a full differential input with matched input FETs for low
offset voltage. .

The AD3554 can supply £100mA at 10 volts, The slew rate

is 1000V/us minimum; 1200V/us is typical. Settling time

to £0.05% of final value is only 150ns when configured as an
inverting amplifier. The user can optimize the combination of
bandwidth, slew rate, and settling time for a particular applica-
tion by selecting the external compensation capacitor.

The AD3554 is recommended for any operational ampli-

fier application where speed and bandwidth are important
considerations. The high slew rate and fast settling time make
the AD3554 an excellent choice for use in fast D/A con-
verters, fast current amplifiers, integrators, waveform gener-
ators and multiplexer buffers.

The AD3554 is available in three versions: the “A” and “B”
are specified over the -25°C to +85°C temperature range and
“§” over the -55°C to +125°C operating temperature range.
All devices are packaged in the hermetically-sealed TO-3 style
metal can.

The AD3554 is a pin-compatible replacement for 3554 devices
from other manufacturers.

AD3554 FUNCTIONAL BLOCK DIAGRAM

NONINVERTING/\

INPUT

INVERTING
INPUT

o)

OFFSET

et i
~ - 1
FREQUENCY
COMPENSATION v+

TO-3 STYLE
BOTTOM VIEW

PRODUCT HIGHLIGHTS

1.

The high slew rate (1000V/us min) and fast settling time
t0 0.01% (250ns max) make the AD3554 ideal for D/A,
A/D, sample-hold, and video instrumentation circuits.

. Laser trimming techniques reduce inital offset voltage to

as low as ImV max (AD3554B), thus eliminating the need
for external nulling in many applications.

. Very high gain-bandwidth product (1.7GHz typical at

A =1000) makes the AD3554 an ideal choice for high
frequency amplifier applications.

. FET inputs result in a low bias current (50pA max, 10pA

typ) in a high gain-bandwidth product operational amplifier.

. Full differential input makes the AD3554 ideal for all

standard operational amplifier applications such as high
speed integrators, differentiators, and high gain amplifiers.

. The 100mA at 10V output makes the AD3554 suitable

for many applications that require high output power,
such as cable drivers. The capacitance of coaxial cable
(e.g., 29pF/foot for RG-58) does not load the AD3554
when the coaxial cable or transmission line is terminated
in its characteristic impedance.

OPERATIONAL AMPLIFIERS VOL. I, 4-111



SPEC|FICATIONS (typical @ TCASE = +25°C and Vg = £15V dc unless otherwise specified)

tion is established to a 90% conf idence level
2 Bias Current specifi

every 10°C.

at cither input
at TCAS!E = +25°C. For hxgher temperatures, the current doubles

*Specifications same as AD3S54AM.

VOL. I, 4112 OPERATIONAL AMPLIFIERS

**Specifications same as AD3554BM.
Specifications subject to change without notice.

MODEL AD3554AM AD3554BM AD35545M
OPEN LOOP GAIN
No Load 106dB (100dB min) * .
Ry, = 100Q 96dB (90dB min) . .
OUTPUT CHARACTERISTICS
Voltage @ Ig = +100mA +11V (£10V min) * *
Qutput Resistance, Open Loop @ f = 10MHz 200
Current @ Vg = 10V +125mA (+100mA min) * *
FREQUENCY RESPONSE
Bandwidth (0dB, Small Signal, Cg = 0)* 90MHz (70MHz min) . .
Gain-Bandwidth Product, Cp = 0
G=10V/V 225MHz (150MHz min) * *
G = 100V/V 725MHz (425MHz min) * *
G = 1000V/V 1700MHz (1000MHz min) * *
Full Power Bandwidth, Cg = 0, Vg = 20V p-p,
Ry = 100 19MHz (16MHz min) * *
Slew Rate, Cp = 0, Vg = 20V p-p, .
Ry, = 10082 1200V /us (1000V/uts min) . .
Settling Time, A = -1, to 1% 60ns * .
t0 +0,1% 120ns * .
to £0.05% 140ns (150ns max) * hd
to £0.01% 200ns (250ns max) * *
INPUT OFFSET VOLTAGE
Initial Offset 0.5mV (2.0mV max) 0.2mV (1.0mV max) hid
vs. Temperature 20uV/C (50uV/°C max) 8uV/°C (15uV/°C max) 12uV/°C (25uV/°C max)
vs. Supply, TA = min to max 80uV/V (300uV/V max) . .
INPUT BIAS CURRENT
Either Input? 10pA (50pA max) . *
Initial Difference 2pA (10pA max) . .
vs. Supply Voltage 1pA/V * *
" INPUT IMPEDANCE
Differential 10" Qli2pF b *
Common Mode 10" Q||2pF * *
INPUT VOLTAGE RANGE
Max Safe Input Voltage, Diff H([Vecl-8) . .
Common Mode (Ve 4 . N
Common Mode Rejection, Voy = +7V, =10V 78dB (60dB min) . .
POWER SUPPLY
Rated Performance +15V . .
Operating (7 to 18)V * d
Quiescent Current 28mA (45mA max) . *
INPUT NOISE!
Voltage, f, = 1Hz 125nV/A/Hz (450nV/y/Hz max) * .
fo = 10Hz 50nV/y/Hz (160nV//Hz max) . .
fy = 100Hz 25nVA/Hz (90nV/7/Hz max) * .
fo = 1kHz 15nVA/Hz (50nVA/Hz max) * *
fo = 10kHz 10nVA/Hz (35nV/A/Hz max) * *
f, = 100kHz 8nV/A/Hz (25nVA/Hz max) . .
fy = IMHz 7nVA/Hz (25nVA/Hz max) + .
fg = 0.3Hz to 10Hz 2uV p-p (7uV p-p max) * .
fg = 10Hz to 1IMHz 8uV rms (25uV rms max) * he
Current, fg = 3Hz to 10Hz 45fA pp * *
fg = 10Hz to 1MHz 2pA rms . .
TEMPERATURE RANGE
Operating, Rated Performance -25°C to +85°C . -55°C to +125°C
Storage ~65°C to +150°C * *
PACKAGE® — TO-3 Style (HO8C) AD3554AM AD3554BM AD3554SM
NOTES
!These p are d and not g1 d. This specifica- 3Sce Section 19 for package outline information.
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LAYOUT CONSIDERATIONS

As is the case with any high-speed design, proper layout is
critical to avoid the introduction of unnecessary errors due to
high-frequency coupling and stray capacitance.

Large ground planes should be used whenever possible to
provide a low resistance, low inductance circuit path, as well
as shielding the effects of high-frequency coupling. Sockets
should be avoided, as the increased inter-lead capacitance can
degrade bandwidth. Input and output connections should be
kept as short as practical, particularly to the inverting input,
which is especially sensitive to stray capacitances.

Low value resistors should be used to assure that the time
constants formed with the circuit capacitances will not limit
the amplifier performance. Resistor values less than 5.6k$2
are recommended.

Each power supply lead should be bypassed to ground as close

as possible to the amplifier pins. A 10uF clcctrolytic or tan-

talum capacitor in parallel with a 0.01uF ceramic capacxtor
_is recommended.

GROUNDING
Grounding the case will add a slight capacitance to each pin,
Therefore, we recommend leaving the case ungrounded.

In inverting applications we recommend grounding the non-
inverting input rather than connecting it to a bias current
compensating resistor. FET input amplifiers do not require
compensating resistors because of their low input bias cur-
rents,

GUARDING

In high input impedance applications the input terminals may
be surrounded by a conductive path to divert leakage currents,
This guard ring should be connected to a low impedance point
at the input signal potential,

In high frequency applications guarding may not be desirable
as it increases the risk of oscillation due to increased printed
circuit board capacitance.

COMPENSATION _

The user can optimize the bandwidth, slew rate, or settling
time by selecting the external frcqucncy compensation ca-
pacitor, No compensation capacitor is required for closed loop
gains above 50 and when the load capacitance is less than
100pF. When driving capacitive loads greater than 470pF, in
low closed loop gain configurations, connect 2 1000pF ca-
pacitor between pin 8 and the positive supply. The perform-
ance may be improved by connecting a small resistor in series
with the output and a small capacitor from pin 1 to 5. See
Typical Circuits.

The flat high frequency response of the AD3554 may be pre-
served and any high frequency peaking avoided by connecting
a small capacitor in parallel with the feedback resistor. This
capacitor will compensate for the closed loop, high frequency,
transfer function zero that results from the time constant
formed by the input capacitance of the amplifier, typically
2pF, and the input and feedback resistors. Using small resistor
values will keep the break frequency of this zero sufficiently
high, avoiding peaking and preserving the phase margin,

The selected compensation capacitor may be a trimmer, a
fixed capacitor or a planned PC board capacitance The -

capacitance value is strongly dcpcndcnt on circuit layout

and closed loop gain.

SHORT CIRCUIT PROTECTION

The AD3554 is short circuit protected for continuous output
shorts to ground. Output shorts to either supply w111 destroy
the device.

HEAT SINKING

The AD3554 does not require heat sinking for most applica-
tions. However, at extreme temperature and full load
conditions a heat sink will be necessary as indicated in the
maximum power dissipation curve. We recommend connecting
the heat sink to the amplifier case and keeping the combina-
tion ungrounded.

TYPICAL CIRCUITS

5.6k
VINO—AAM——4

270" .
AN o Vout

+Vs

*THESE COMPONENTS MAY BE ELIMINATED WHEN NOT
DRIVING LARGE CAPACITIVE LOADS.

Figure 19. Unity Gain Inverter

o Vout

+Vsg

*THESE COMPONENTS MAY BE ELIMINATED WHEN NOT
DRIVING LARGE CAPACITIVE LOADS.

Figure 20. Follower
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*THESE COMPONENTS MAY BE ELIMINATED WHEN NOT
DRIVING LARGE CAPACITIVE LOADS.

Figure 21. Inverting Gain of 10 Amplifier
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ANALOG
DEVICES

Ultra-Fast Comparators

AD9685/AD9687

FEATURES

2.2ns Propagation Delay — AD96858D/BH
2.7ns Propagation Delay - AD9687BD
0.5ns Latch Set-Up Time

Pin-Compatible to Am685/687 but FASTER
+5V, —5.2V Supply Voltages

APPLICATIONS

Ultra-High-Speed A/D Converters
Ultra-High-Speed Line Receivers
Peak Detectors

Threshold Detectors

GENERAL DESCRIPTION

The AD9685BD/BH and AD9687BD are ultra-fast comparators
manufactured with a high performance bipolar process which
makes it possible to obtain incredibly short propagation delays
and latch set-up times.

The AD9685BD/BH is a single comparator which is pin-compatible
with the Amé685, but has speed capabilities that far outstrip the
earlier unit. The AD9687BD is pin-for-pin compatible with the
Am687 and, like its predecessor, is a"dual comparator; its speed
capabilities are far superior to the Amé687.

Both Analog Devices units have differential inputs and com-
plementary outputs fully compatible with ECL logic levels.
Their output current levels are capable of driving 50} terminated
transmission lines, and their high resolution make them ideally
suited for a variety of analog-to-digital signal processing applica-
tions.

ADY685BD/BH Single Comparator

A latch function allows the AD9685BD/BH to be operated in a
sample-hold mode. When the Latch Enable (LE) is ECLL HIGH,
the comparator functions normally. When the Latch Enable is
driven LOW, its outputs are locked in the logic state dictated
by the input conditions at the time of the latch input transition.
If the latch function is not used, the Latch Enable input should
be connected to ground.

In addition to its speed advantages over the earlier Am685, the
AD9685BD/BH also dissipates less power because it operates on
a positive 5 volt supply instead of the 6 volts required by the
AMD device.

AD9685BD/BH FUNCTIONAL BLOCK DIAGRAM
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RESISTORS. THESE RESISTORS MAY BE IN THE
RANGEOFSQH—ZWHCDNNECTED70 2.0V; OR 200120002
CONNECTEDTO -5.2V.
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ADS687D0 FUNCTIONAL BLOCK DIAGRAM
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THE QUTPUTS ARE OPEN EMITTERS, REQUIRING EXTERNAL
PULL-DOWN RESISTORS. THESE RESISTORS MAY BE INTHE
RANGE OF 5012-2000CONNECTED TO — 2. 0V; OR 20012-20002
CONNECTEDTO -5.2V.

ADY687BD Dual Comparator

The latch function of the AD9687BD provides an ability to
operate the unit in either a track-hold or sample-hold mode.
The latch function inputs are separated on the two comparators
and are designed to be driven from the complementary outputs-
of a standard ECL logic gate. When LE is High and LE is.
LOW, the normal comparator function is in operation. When
LE is forced LOW and LE is driven HIGH, the outputs of the
comparator being exercised are locked in their existing logical
states, as determined by the input conditions present at the time
of arrival of the latch signal. If the latch function is not used on
either one of the two comparators in the AD9687BD, the appro-
priate Latch Enable input should be connected to ground; the
companion Latch Enable input can be left open.

The AD9687BD is basically two AD9685BD/BH units in a
single package and operates in a similar fashion to a pair of the
single comparators.
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s PEC I FI CATI 0 N s (typical @ + 25°C with nominal supply voltag'es unless ot.herwise noted)

ABSOLUTE MAXIMUM RATINGS AD9685BD/BH ADY%687BD . '
Supply Voltages (Vecand Vig) *6V *
Power Dissipation 336mW 500mW R
Input Voltage =5V * .
Differential Input Voltage 3.5V *
Output Current 30mA *
Operating Temperature Range ~30°Cto +85°C *
Storage Temperature Range —55°Cto +150°C *

Lead Temperature (soldering, 10 seconds) 300°C * N .
ELECTRICAL CHARACTERISTICS | Symbol Min Typ Max Min Typ Max Units
Input Offset Voltage' Vos -5 +5 * * mV

Temperature Coefficient AVos/AT 20 * rV/,C
Input OffsetCurrent Ios 5 * pA
Input Bias Current | 10 20 * * pA
Input Voltage Range Vim -2.5 . +2.5 * v
Common Mode Rejection Ratio CMRR 80 * dB
Input Resistance Rin 60 * kQ
Input Capacitance Civ 3 * pF
Input/Output Logic Levels
Output HIGH Voltage Vor ~0.9 -081 | * * v
Output LOW Voltage VoL -1.85 ~1.65 * * v
Positive Supply Voltage Vee +4.75 +5 +5.25 * * * v
Negative Supply Voltage Vee -4.95 -5.2 —5.45 * * * \4
Positive Supply Current Icc 19 23 30 mA
Negative Supply Current Igg 23 34 54 mA
Supply Voltage Rejection Ratio Svrr 60 * dB -
Power Dissipation Ppiss 210 300 430 mW
SWITCHING CHARACTERISTICS
Propagation Delays’
Input to Output HIGH tha + 2.2 3 27 4 ns
Input to Output LOW tha— 22 3 2.7 4 ns
Latch Enable to Output HIGH tpa+(E) 2.5 3 2.7. 4 ns
Latch Enable to Output LOW tpa—(E) 2.5 3 2.7 4 ns
Latch Enable
Pulse Width tou(E) 3 2 * * ns
Minimum Set-Up Time 1 0.5 1 * * ns
Minimum Hold Time th 1 ns
NOTES
'Rg = 1000hms !
2Propagation delays measured with 100mV pulse; SmV overdrive.
*Specifications same as AD9685BD/BH.

DEFINITION OF TERMS »

Vos INPUT OFFSET VOLTAGE - The potential difference Tpa+ INPUT TOOUTPUT HIGHDELAY ~The
required between the input terminals to obtain zero propagation delay measured trom the time the input
potential difference between the outputs. signal crosses the input offset voltage to the 50% point

Tos INPUT OFFSET CURRENT - The difference between of an output LOW to HIGH transition.
the currents into the inputs when there is zero potential tha— INPUT TOOUTPUT LOW DELAY ~The
difference between the outputs. . propagation delay measured from the time the input

Ig INPUT BIAS CURRENT —The average of the two signal crosses the input offset voltage to the 50% point
input currents. This is a chip design trade-off parameter. R of an output HIGH to LOW transition.

Internally, itis desirable to have high values of I for tpa+(E) LATCHENABLETOOUTPUT HIGH DELAY -The
circuit performance requirements; externally, it is desir- propagation delay measured from the 50% point of the
able to have Iz aslow as possible. Latch Enable (LE) signal LOW to HIGH transition to the

Vem INPUT VOLTAGE RANGE - The range of input 50% point of an output LOW to HIGH transition.-
voltages for which offset and propagation delay ta-(E) LATCHENABLETOOUTPUT LOW DELAY-The
specifications are valid. propagation dclay measured from the 50% point of the

CMRR COMMON MODEREJECTION RATIO - The ratio of Latch Enable signal LOW to HIGH transition to the 50%
input voltage range 1o the peak-to-peak change in point of an output HIGH to LOW transition.
input offset voltage over that range. tw(E) MINIMUMLATCHENABLE PULSE WIDTH-The

Rin INPUT RESISTANCE - The resistance looking into minimum time the Latch Enable signal must be HIGH to
either terminal with the other grounded. acquire and hold an inpur signai.

Cin INPUT CAPACITANCE - The capacitance looking into ts MINIMUM SET-UP TIME - The minimum time be-
either input pin with the other grounded. fore the negative transition of the Latch Enable pulse -

Vou OUTPUT HIGH VOLTAGE - The logic HIGH output that an input signal must be present to be

- voltage with an external pull-down resistor acquired and held at the outputs.
returned toa negative supply. th MINIMUM HOLD TIME - The minimum time after

Vor OUTPUT LOW VOLTAGE - The logic LOW output the negative transition of the Latch Enable signal
voltage with an external pull-down resistor returned thatan input signal must remain unchanged to be ac-
toanegative supply. quired and held at the outputs.

Icc POSITIVE SUPPLY CURRENT - The current required
from the positive supply to operate the comparator.

Ige NEGATIVE SUPPLY CURRENT - The current
required from the negative supply to operate the OTHER SYMBOLS
comparator. inati

Svke  SUPPLY VOLTAGEREJECTION RATIO - The Te  CoseTemperature Ve ﬁ,‘{:f; {oad erminating
ratio of the change in input offset voltage to the Rs Inputsourceresistance Ry Output load resistance
changein power supply voltage producing it. Vs Supply voltages Vin  Inpur pulse amplitude

Ppiss POWER DISSIPATION - The power dissipated by Ve Positivesupply voltage  Vop  Input overdrive
the comparator with both outputs terminated in Vie  Negative supply voltage Frequency

50 chmsto —2V.
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The Timing Diagram illustrates a series of events in the
AD9685BD/BH; the terms and their relationships are also valid
for the AD9687BD. The relationships which are shown should
not be interpreted as “typical”, since several parameters have
multiple values; and the worst case conditions are shown in the
Timing Diagram.

The top line of the diagram shows two Latch Enable (LE) pulses;
each is high for “compare” and low for “latch”. The first pulse
illustrates the compare function in which part of the input action
takes place during the “compare” mode. The second one illustrates
a compare function interval during which there is no change in
input, .

The leading edge of the input signal, shown here as a large
amplitude, small overdrive pulse, switches the comparator after
a time interval tpq. Output Q and Q transitions are essentially
similar in timing. The input signal must occur at a time tg before
the latch trailing (falling) edge and, to be acquired, must be

TIMING DIAGRAM

LATCH
ENABLE

DIFFERENTIAL
INPUT
VOLTAGE

- —==50%

———=50%

maintained for a time ty, after that edge. After ty,, the output is
no longer affected by the input status until the latch is again
strobed. A minimum latch pulse width of tpw(E) is required for
the strobe operation, and the output transitions occur after a
time tp4(E).

PIN CONFIGURATIONS

TO-100 DIP DIP
S PIN 1 MARKED
Gropnet rouno.1 1] 16 |GROUND 2 \ s
GROUND 2 B aoureut 1 [16]acuteur
+v[2 15]ne
Eouwur[z 15| @outeuT
NONINVERTING INPUT( 3 | 14N
NONIIaI‘VER‘I’XNG BOUTPUT GROUNDE 14 |GROUND
PuT iNVERTING INPUT [ 4] 13]ne :l
= 13 LATCHENABLE
nef 5] 1z] @ouTPuT LaTcH E"‘B’"E
TCHENABLEL 5 12 CATCH ENABLE
INVERTING QouTPUT LatcHENABLE[ 6 | 11] aouTPUT LATC E a ; YA
v-[e W]v+
ne[7] 0] Ne <]
nveaTINGINpuT [ 7 ] 10 INVERTING INPUT
ERABLE -] s]ne —
- TING INPUT
V= PINSCONNECTEDTOCASE TOP VIEW e TOP VIEW >
TOP VIEW PINS CONNECTED TO CASE

ADSY685BH Pin Configuration
Package Option* — TO-100

NOTE

ADY685BD Pin Configuration
Package Option' — Q16C

AD9687BD Pin Configuration
Package Option' — D16A

! See Section 19 for package outline information.
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| ANALOG
DEVICES

Ultra Fast FET
Operational Amplifier

ADLH0032G/ADLH0032CG

FEATURES

2nd Source; Replaces All LH0032G

High Slew Rate; 500V/us

Wide 70MHz Bandwidth

Operation Guaranteed -55°C to +125°C (ADLH0032G)
High Input Impedance of 10122

2mV Input Offset Voltage

APPLICATIONS

iligh Specd DAC Cuinparaiurs
ADC and SHA Input Buffers
High Speed Integrators

Video Amplifiers

GENERAL DESCRIPTION

The ADLH0032G and ADLH0032CG are high slew rate, high
input impedance, differential operational amplifiers, suitable
for numerous applications in high-speed signal processing.
These second source devices are the same in every character-
istic as other LH0032G/LH0032CG amplifiers, and thus are
particularly suited for comparator applications due to their
high allowable differential input capabilities (£15V), ease of
output clamping, and high output drive capabilities.

Featuring a wide 70MHz bandwidth, high input impedance
(10'2Q2), and high output drive capacity, the ADLH0032G
and ADLHO0032CG have already been designed into such
applications as summing.amplifiers in high-speed DACs, Buffer
Amps in ADCs and high-speed SHAs, as well as other applica-
tions normally reserved for special purpose video amplifiers.
The ADLHO0032G is guaranteed over the extended tempera-
ture range from -55°C to +125°C, while the commercial grade
ADLH0032CG is guaranteed from -25°C to +85°C. Both
devices are packaged in a TO-8 metal can package.

ADLH0032G/ADLH0032CG
PIN DESIGNATIONS

—~ '-
0 7
BALANCE/ \\
COMPENSATION

NC

NONINVERTED

INPUT &

2
NC

INVERTED
NPUT OuTPUT

OUTPUT
COMPENSATION

TO-8 PACKAGE
BOTTOM VIEW

Figure 2. Outbut Short Circuit Protection
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SPECIFICATIONS

Model

- ADLH0032G, ADLH0032CG

ABSOLUTE MAXIMUM RATINGS'

Supply Voltage
Power Dissipation
Differential Input Voltage

+18V N
See Characteristic Curves
30V

Input Voltage iVs
Operating Temperature Range ADLH0032G -55 Cto +125 °c
ADLHO0032CG -25°Cto +85°C
Storage Temperature Range -65°C to +150°C
Lead Temperature (soldering, 105ec) 300°C
. ADLH0032G ADLH0032CG
Parameter Conditions min typ max min typ max Units
DC ELECTRICAL CHARACTERISTICS! i
Input Offset Voltage? Ty = +25°C 2 5 5 15 mV
10 20
Input Offset Current® T = +25°C 5 25 10 50 pPA
25 S nA
Input Bias Current* Ty = +25°C 10 100 25 200 pA
50 15 nA
Average Offset Voltage Drift 25 50 25 50 uv/°C
Large Signal Voltage Gain Vour = £10V, F = 1kHz,
Ry, = 1k, T¢ = +25°C |60 70 ' 60 70 dB
. Vour = $10V, Ry, = 1k, '
: F =1kHz 57 57 dB
Input Voltage Range 10 *12 +10 +12 v
Output Voltage Swing Ry = 1k§2 +10 +13.5 10 +13 \%
Power Supply Rejection Ratio AVg = 10V 50 60 50 60 dB
Common Mode Rejection Ratio  AVpy = 10V 50 60 50 60 dB
Supply Current Tc =+25C 18 20 20 22 mA
AC ELECTRICAL CHARACTERISTICS?
Slew Rate Ay = +1, Avpy =20V 350 500 350 500 Vius
Settling Time )
to 1% of Final Value Ay = -1, Avpy = 20V 100 100 ns
Settling Time .
to 0.1% of Final Value Ay = -1, AV = 20V 300 300 ns
Small Signal Rise Time Ay = +1, AVpy =1V 8 20 8 20 ns
Small Signal Delay Time Ay =+1,AVy =1V 10 25 10 25 ns
MTBF
Meantime Between Failures 1.0608 X 107 Hours
PACKAGE OPTION* H12A H12A
NOTES'

! These specifications apply for VS =115V and -55°C to +125°C
for the ADLH0032G and ~25°C to +85°C for the ADLH0032CG.

2 Duc to high speed ic test techniques employed these parameters
are correlated to junction temperature.

® These specifications apply for Vg = £15V, R, = 1kQ2, T = +25°C.

4See Section 19 for package outline information.

Specifications subject to change without notice.

ORDERING INFORMATION

Model Temperature Range
ADLH0032CG -25 Cto +85° C
ADLH0032G

-55°C to +125°C
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Applying fhe ADLH00326G /ADLH0032CG

POWER SUPPLY DECOUPLING

The ADLH0032G/ADLH0032CG, like most high-speed cir-
cuits, are sensitive to stray capacitances and layout. Power sup-
plies should be bypassed as near to +V (Pins 10 and 12) as
possible, using low inductance capacitors such as 0.01uF disc
ceramics. Components for compensation should also be
located close to the appropriate pins to reduce stray capaci-
tances. A large ground plane area for low-impedance ground
paths is highly recommended.

HEAT SINKING

The ADLH0032G/ADLHO0032CG are specified for operation
without any heat sink. Since internal power dissipation does
create a significant temperature rise, improved bias current
performance can be achieved by using a small heat sink such

PO om aMmee DDA it nmealonn Tame ©F eha anon ~F eha
a3 wad ..n.uuanu, ««fra OF SQuUivaliit, Sinill il SasC o ad

ADLH0032G/ADLH0032CG has no internal connection, it
may be electrically connected to the heat sink. This, however,

p—o TTL
OUTPUT

Figure 3. High Impedance, High Speed Comparator

TO ADDITIONAL
SWITCHES

AM1000

R1
ANALOG 10k
INPUT

tov e t ']_l'

O
QuTPUT
+0V -0V
e o
Ll U
'
| S S |

Vout = ;f—

v-

Figure 4. Current Mode Multiplexer

will affect the stray capacitances to all pins, therefore requiring
adjustment of all circuit compensation values.

INPUT CAPACITANCE ,
Inverting Input: ‘

For optimum performance, the inverting input should be
compensated by a small capacitance, around 10pF, across the
feedback resistor. This is because the SpF input capacitance
may cause significant time constants with high-value resistors.
The capacitor value may be changed somewhat depending on
the effects of layout and closed loop gain.

Noninverting Input:
To divert leakage currents away from the noninverting input
and to reduce the effective input capacitance, it is desirable

tc bogtstran the coce and/or o muard conductor to the in-
8 CCClt ol Pt

verting input. The resulting input capacitance of a unity gain
follower configured this way will be less than 1 picofarad.

}——O0 OUTPUT

Figure 5. Unity Gain Follower

—o -
QuTPUT
c1*

I 1000pF

Y IN4148

VA —d v
—— — ———
l' 1/2 DHO034 1
| -useroLvsTYReNE DIELECTRIC
LOGIC 1 FOR MINIMUM DRIFT
CONTROL H
| DY, S— |

V-

Figure 6. High Speed Sample and Hold
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Typical Performance Curves
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ANALOG

High Speed
Buffer Amplifiers

DEVICES

ADLH0033G/ADLH0033CG

FEATURES

2nd Source—Replaces All LHO033G Series

Wide Bandwidth—dc to 100MHz

High Slew Rate—1500V/us

Operates on Single or Dual Power Supplies

Operation Guaranteed -55°C to +125°C (ADLH0033G)
High 10"  Input Impedance .

APPLICATIONS

High-Spccd Linc Drivers

Video Impedance Transformation
High-Speed A/D Input Buffers
Nuclear Instrumentation Amplifiers
Coaxial Cable Drive

GENERAL DESCRIPTION

The ADLH0033G and ADLH0033CG are superhigh speed
(1500V/us slew rate) and high input impedance (10" Q)
buffer amplifiers, designed to replace all LHO033 series
amplifiers in applications such as high-speed line drivers or as
high impedance buffers for fast A/D converters and.com-
parators. '

The ADLH0033G and ADLHO0033CG are rated for operation
over the voltage range of 5V to £20V. The ADLH0033G is
guaranteed over the temperature range of -55°C to +125°C,
while the commercial grade ADLH0033CG is guaranteed over
the range of -25°C to +85°C.

Guaranteed operation over temperature of the ADLH0033G
is achieved by using specially selected junction FET’s and the
latest state-of-the-art laser trimming techniques. They are
available in the industry standard 12 pin TO-8 metal can.

OPERATION WITHIN AN OP AMP LOOP

When using the ADLHO033G/ADLH0033CG as a current
booster or isolation buffer with op amps such as LH0032,
118, 741, etc., an isolation resistor of at least 472 must be

INPUT o—i

OFFSET 6
PRESET

(OPEN) 7

10002

Figure 1. Offset Adjustment

ADLH0033G/ADLH0033CG
PIN DESIGNATIONS

OFFSET Ne

NC
NC +Ve

BOTTOM VIEW

TO-8 PACKAGE

used between the op amp’s output and the input of the
ADLHO0033G.

HEAT SINKING

To assure maximum output drive capability of the
ADLHO0033G/ADLHO0033CG over temperature, heat sinks
should be used. The cases are electrically isolated from the
circuit and thus may be connected to system grounds.

POWER SUPPLY BYPASSING )

To prevent oscillation, power supply bypassing is recommended.
Use low-inductance ceramic disc caps, keeping lead lengths as
short as possible (1/4” to 1/2" max from device package),
connected between ground plane and each supply lead. Use
one or two 0.1uF caps in parallel with a 4.7uF tantalum for
best results.

oWF |p c20.014F

v

OUTPUT

LIM

C=0.014F

Figure 2. Short Circuit Protection Using Current
Limiting Resistors (R im)
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SPECIFICATIONS

-ADLH0033G ADLHO0033CG

ABSOLUTE MAXIMUM RATINGS

Supply Voltage (V+ - V-) 40V

Maximum Power Dissipation (see curves) 1.5W

Maximum Junction Temperature 175°C

Input Voltage Equal to Supplies

Continuous Output Current +100mA

Peak Output Current *+250mA

-55°C to +125°C
-25°C to +85°C
~65°C to +150°C

ADLH0033G
ADLHO0033CG
Storage Temperature Range

Operating Temperature

! Unless otherwise specified, these specifications apply for +15V applied to pins 1 and 12, -15V
applied to pins 9 and 10, and pin 6 connected to pin 7.

2 Unless otherwise noted, spcc:f:cauons npply over a temperature range. -55°C<T<+125°C
for the ADLH0033G, and ~25° C<T¢<+85°C for the ADLH0033CG. Typical values shown
are for T¢ = 25°C.

3See Section 19 for package outline information.
Specifications subject to change without notice.
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ORDERING INFORMATION

Model
ADLHO0033CG
ADLHO0033G

Lead Temperature (Soldering, 10 sec.) 300°C
ADLH0033G ADLH0033CG
Parameter | Conditions min typ max min typ max Units
DC ELECTRICAL CHARACTERISTICS'»?
Input Bias Current Tc = 25°C : 0.1 0.15 0.15 nA
) 10 5 nA
Input Impedance Ry, =1k 10'° 10" 10'° 10'! Q
Voitage Gain ViN = 1V ims, f = 1kHz, 096 | 098 1.0 096 | 098 1.0 ViV
Ry = 1k§2, Rc = 100k2
Output Offset Voltage Rg =100kS2, Tc=25C 5 10 12 20 mV
Rg = 100kQ 15 25 mv
Output Offset Voltage TC | Rg = 100k§2 50 100 50 100 | pv/°’c
Output Impedance VN =1V ms, f= 1kHz 6 10 6 10 Q
RS = 100k$2. RL = 1kQ2 .
Output Voltage Swing Ry = 1k 12 *13 +12 +13 \4
Ry =100%, Tc =25°C 9 +9 v
Vg = 5V, Ry, = 1kQ 6 6 Vpp
Supply Current ViN = 0V, Vg =215V 20 25 21 25 mA
Vg = £5V 18 18 mA
Power Consumption VN = 0V, Vg = £15V i 600 660 630 720 mW
‘ Vg = 5V b 180 180 mW
AC ELECTRICAL CHARACTERISTICS (T¢ = 25°C, Vg = 15V, Rg = 502, Ry = 1kQ)
Slew Rate VN =110V 1000 | 1500 1000 | 1400 Vius
Bandwidth VN =1V rms 100 100 MHz
Phase Nonlinearity - BW =1 to 20MHz 2 2 Degrees
Rise Time AViN = 0.5V 29 3.2 ns
Propagation Delay AVpy =0.5V 1.2 1.5 ns
Harmonic Distortion f>1kHz <0.1 <0.1 %
MTBF
Meantime Between Failure| 1.962X10” hours
PACKAGE OPTION? H12A H12A
'NOTES

Temperature Range
-25°C to +85°C
-55°C to +125°C



Applying the ADLH0033G/ADLH0033CG

LAYOUT CONSIDERATIONS ve
As is the case with any high-speed design, proper layout is
critical to avoid the introduction of unnecessary errors due to
high-frequency coupling, stray capacitance, and the like,

Rum
0.1uF | 100Q 1W 0.001uF

Large ground planes should be used whenever possible to
provide a low resistance, low inductance circuit path, as well
as shielding the effects of high-frequency coupling. Sockets
should be avoided, as the increased inter-lead capacitance can
degrade bandwidth. Input and output connections should be
kept as short as practical.

OFFSET ADJUSTMENT \ SELECT C1 FOR OPTIMUM
The ADLH0033G/ADLHO0033CG are factory trimmed for v- PULSE RESPONSE
output voltage offsets well within the guaranteed limits, Figure 5. Coaxial Cable Drive
thereby eliminating the need to calibrate each device in- R1

dividually. To use this feature, simply connect Pin 6 (OFFSET G

PRESET) to Pin 7 (OFFSET ADJUST).

When it is desirable to eliminate any errors due to output
_offsets, the circuit of Figure 1 may be used to adjust these -
€errors to zero. 100pF

INPUT 0—|

outhuT
SHORT CIRCUIT PROTECTION

The circuit of Figure 2 is used to protect the ADLH0033G/
ADLHO0033CG from short circuits on the output. The value : 5
of Ry v is determined by the following: ‘

V+ V-
B A W

Where I = Output Current under short circuit condi-
tions <100mA.

Note that output voltage swing will also be somewhat limited
in this configuration; however, decoupling of Pins 1 and 9
through disc type capacitors to ground as shown in Figure 2
will restore full output swing for transient pulses.

OPERATION WITH ASYMMETRICAL SUPPLIES

Since Symmetrical Power Supplies may not always be desirable
or available, the ADLH0033G/ADLH0033CG is designed to
operate on Asymmetrical Supplies. This causes an apparent )
output offset; however, this is because of the amplifier’s gain

SAMPLE/
HOLD

of less than unity. To accurately predict the output voltage pestTo—ol2 . gm0
shift due to Asymmetrical Supplies, use the following formula: | \aw a3
2N4391 =
7 5 10
Avo = (1-Ay) Y22YD _ 6,005 (v+-v-) L
2 -15V
Where Ay = No Load Voltage Gain, typically 0.99 Figure 7. High Speed Peak Detector

V+ = Positive Supply Voltage
V- = Negative Supply Voltage

OUTPUT

Of course, these apparent offsets may be adjusted to zero by (UNTERMINATED)

using the circuit shown in Figure 1, OFFSET ADJUSTMENT.

CAPACITIVE LOADING
The ADLH0033G/ADLHO0033CG have been designed to drive ! ,)“_TJ
capacitive loads of several thousand picofarads (such as

coaxial cable) without oscillation. In these applications, peak

current resulting from (C X dv/dt) should be limited below the

absolute maximum peak current rating of £250mA.

Also, power dissipation due to driving capacitive loads plus
. standby power should be kept below the total power rating
of 1.5W. Figure 8. High Speed Shield/Line Driver
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Typical Performance Curves
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ANALOG
DEVICES

Ultra-Low Offset
Voltage Op Amp

AD OP-07

FEATURES

Ten Times More Gain Than Other OP-07 Devices
(3.0M min)

Ultra-Low Offset Voltage: 10uV

Ultra-Low Offset Voltage Drift: 0.2uV/°C

Ultra-Stable vs. Time: 0.2uV/month

Ultra-Low Noise: 0.35uV p-p

No External Components Required

Monolithic Construction

High Common Mode Input Range: +14.0V

Wide Power Supply Voltage Range: £3V to £18V

Fits 725, 108A/308A Sockets

PRODUCT DESCRIPTION

The AD OP-07 is an improved version of the industry-standard
OP-07 precision operational amplifier. A guaranteed minimum
open-loop voltage gain of 3,000,000 (AD OP-07A) represents
an order of magnitude improvement over older designs; this
affords increased accuracy in high closed loop gain applica-
tions. Input offset voltages as low as 10uV, bias currents of
0.7nA, internal compensation and device protection eliminate
the need for external components and adjustments. An input
offset voltage temperature coefficient of 0.2uV/°C and long-
term stability of 0.2uV/month eliminate recalibration or loss
of initial accuracy.

A true differential operational amplifier, the AD OP-07 has a
high common mode input voltage range (+14V) high common
mode rejection ratio (up to 126dB) and high differential input
impedance (50M{2); these features combine to assure high ac-
curacy in noninverting configurations. Such applications in-
clude instrumentation amplifiers, where the increased open-
loop gain maintains high linearity at high closed-loop gains.

The AD OP-07 is available in five performance grades. The AD
OP-07E, AD OP-07C and AD OP-07D are specified for opera-
tion over the 0 to +70°C temperature range, while the AD
OP-07A and AD OP-07 are specified for -55°C to +125°C
operation. The devices are packaged in either TO-99 hermeti-
cally-sealed metal cans or plastic 8-pin mini DIPS.

AD OP-07 FUNCTIONAL BLOCK DIAGRAM

OFFSET
NULL

OFFSET OFFSET
TRIM TRIM
AN n Vg
-IN OUTPUT -
14 wnla h b2 6 |our
vs NIC
+IN o e NC
®
-Vs -
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PRODUCT HIGHLIGHTS

1. Increased open-loop voltage gain (3.0 million, min) resuits
in better accuracy and linearity in high closed-loop gain
applications.

2. Ultra-low offset voltage and offset voltage drift, combined
with low input bias currents, allow the AD OP-07 to main- .
tain high accuracy over the entire operating temperature
range.

3. Internal frequency compensation, ultra-low input offset
voltage and full device protection eliminate the need for
additional components. This reduces circuit size and com-
plexity and increases reliability.

4. High input impedances, large common mode input voltage
range and high common mode rejection ratio make the
AD OP-07 ideal for noninverting and differential instrumen-
tation applications.

5. Monolithic construction along with advanced circuit design
and processing techniques result in low cost.

" 6. The input offset voltage is trimmed at the wafer stage. Un-

mounted chips are available for hybrid circuit applications.
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SPECIFICATIONS ‘(TA =+25°C, Vg=+15V, unless otherwise specified)

MODEL

AD OP-07E AD OP-07C AD OP-07D
PARAMETER SYMBOL | MIN TYP MAX MIN TYP MAX MIN TYP MAX
OPEN LOOP GAIN Avo 2,000 5,000 1,200 4,000 ' 1,200 4,000
‘ 1,800 4,500 1,000 4,000 1,000 4,000
300 1,000 300 1,000 300 1,000
OUTPUT CHARACTERISTICS
Maximum Output Swing Vom 12,5 *13.0 *12.0 +13.0 +12.0 +13.0 -
t +12.0 +12.8 111.5 +12.8 *11.5 *12.8
+10.5 *12.0 +12.0
*12.0 *12.6 +11.0 +12.6 +11.0 +12.6
Open-Loop Output Resistance Rg 60 60 60
FREQUENCY RESPONSE
Closed Loop Bandwidth BW 0.6 0.6 0.6
Slew Rate "SR 0.17 0.17 0.17
INPUT OFFSET VOLTAGE
Initial Vos 30 75 60 150 60 150
45 130 85 250 85 250
Adjustment Range 4 4 4
Average Drift ‘(Note 2) (Note 2)
No External Trim TCVps 0.3 1.3 0.5 1.8 0.7 25
With External Trim TCVasN 0.3 1.3 0.4 1.6 0.7 2.5
Long Term Stability Vos/Time 0.3 1.5 0.4 (ZN(;’ e 0.5 (3N(;) 2
INPUT OFFSET CURRENT .
Initial Ios 0.5 3.8 0.8 6.0 0.8 6.0
0.9, 5.3 16 8.0 1.6 8.0
Average Drift TClps 8 35 12 50 12 50
(Note 2) (Note 2) (Note 2)
INPUT BIAS CURRENT
Initial Ig +1.2 4.0 +1.8 7.0 2.0 *12
1.5 5.5 2.2 9.0 3.0 14
Average Drift TClp 13 35 18 50 18 50
(Note 2) (Note 2) (Note 2)
INPUT RESISTANCE
Differential RN 15 50 8 33 7 31
Common Mode RiN CM 160 120 120
INPUT NOISE
Voltage en pp 0.35 0.6 0.38 0.65 0.38 0.65
Voltage Density €n 10.3 18.0 10.5 200 10.5 20.0
10.0 13.0 10.2 13.5 10.2 13.5
9.6 11.0 9.8 11.5 9.8 11.5
Current in p-p 14 30 15 35 15 35
Current Density in 0.32 0.80 0.35 0.90 0.35 0.90
0.i4 0.23 0.15 0.27 0.15 0.27
0.12 0.17 0.13 0.18 0.13 0.18
INPUT VOLTAGE RANGE
Common Mode CMVR 13.0 *14.0 *13.0 *t14.0 +13.0 +14.0
13.0 *13.5 +13.0 135 +13.0 *13.5
Common Mode Rejection Ratio CMRR 106 123 100 120 94 110
103 123 97 120 94 106
POWER SUPPLY
Current, Quiescent Ig 3.0 4.0 3.5 5.0 3.5 5.0
Power Consumption Pp 90 120 105 150 105 150
6.0 8.4 6.0 8.4 . 6.0 8.4
Rejection Ratio PSRR 94 107 90 104 920 104
90 104 86 100 86 100
OPERATING TEMPERATURE
RANGE Tmin» Tmax | O +70 ] +70 0 +70
PACKAGE OPTION?
“N” Package
8-Pin MINI DIP — (N8A) AD OP-07EN AD OP-07CN AD OP-O7DN
“H” Package .
TO-99 — (HO8B) AD OP-07EH AD OP-07CH AD OP-07DH
NOTES ) .
! Input offset voltage measurements are performed by d test eq ly 0.5 ds after appli of

power. Additionally, AD OP-07A offset voltage is measured five minutes

3Parameter is not 100% tested; 90% of units meet this specification.

3 Long Term Input Offset Voltage Stability refers to the averaged trend line of V(g vs. Time over extended periods of time

and is ext it

p d from high

P

30 operating days arc typically 2.5uV — Parameter is not 100% tested: 90% of units meet this specification.
*See Section 19 for package outline information.

Specifications subject to change without notice.

VOL. I, 4-130 OPERATIONAL AMPLIFIERS

after po:vrtr supply application at 25°C, ~55°C and +125°C.

test data. Excluding the intitial hour of operation, changes in Vog during the first



l

AD OP-07AH AD OP-07H
MIN TYP MAX MIN TYP ©  MAX TEST CONDITIONS UNITS
3,000 5,000 + 2,000 5,000 Ry >2kQ, Vg =10V VimV'
2,000 4,000 1,500 4,000 Ry 22k, Vg = £10V, Trip 10 Tmax | V/mV
300 1,000 300 1,000 Ry >500Q, Vg =%0.5V, Vg =3V | V/mV
+12.5 +13.0 +12.5 +13.0 Ry >10k§2 v
£12.0 +12.8 +12.0 +12.8 Ry >2kQ \
+10.5 +12,0 +10.5 +12.0 RL>1kQ \Y
+12.0 +12.6 +12.0 +12,6 Ry >2kQ, Ty t0 Trax v
60 60 Vo=0,Ig=0 Q
0.6 0.6 AycL=+1.0 MHz
0.17 0.17 Ry 22k Vius
10 25 30 75 Note 1 uv
25 se & 208 Noze 1, Tyin 10 Tu & '
*4 *4 Rp = 20k§2 mv
0.2 0.6 0.3 13 Trnin t0 Trmax uvi'c
0.2 0.6 0.3 1.3 Rp = 20k, Trin 10 Tmax uvi’c
0.2 1.0 0.2 1.0 Note 3 uViMonth
0.3 2.0 0.4 2.8 nA
0.8 4.0 1.2 5.6 Trnin t© Tmax nA
5 25 8 50 Trmin 10 Tmax pALC
0,7 +2,0 +1.0 3.0 nA
£1.0 4.0 +2.0 6.0 Trnin t0 Tmax nA
8 25 13 50 Tmin 1 Tmax pA/°C
30 80 20 60 MQ
200 200 GO
0.35 0.6 0.35 0.6 0.1Hz to 10Hz, Note 2 uv p- {,.'
10.3 18.0 10.3 18.0 fo = 10Hz, Note 2 nVA/Hz
10.0 13.0 10.0 13.0 fo = 100Hz, Note 2 nVA/Hz
9.6 11.0 9.6 11.0 fo = 1kHz, Note 2 nVA/Hz
14 30 14 30 0.1Hz to 10Hz, Note 2 PAp-
0.32 0.80 0.32 0.80 fg = 10Hz, Note 2 pAA/Hz
0.14 0.23 0.14 0.23 fo = 100Hz, Note 2 pAA/Hz
0.12 0.17 0.12 0.17 fo = 1kHz, Note 2 pA~/Hz
£13.0 +14.0 +13.0 £14.0 v
+13.0 +13.5 +13.0 +13.5 Trmin t© Trmax v .
110 126 110 126 Vcm = *CMVR dB
106 123 106 123 Veum = 2CMVR, Tin 10 Trax dB
3.0 4.0 3.0 4.0 Vg = 215V mA
90 120 90 120 Vg = :15V mwW
6.0 8.4 6.0 8.4 s = *3V mwW
100 110 100 110 Vs = +3V to £18V dB
94 106 94 106 Vs = #3V to 18V, Tnin t0 Trnax dB N
-55 +125 -55 +125 °c
AD OP-07AH AD OP-07H

Specifications shown in boldface are tested on all production units at
“final electrical test. Results from those tests are used to calculate out-
going quality levels. All min and max specifications are guaranteed,
although only those shown in boldface are tested on all production

units.
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ABSOLUTE MAXIMUM RATINGS

Supply Voltage. . .. ........ ... o i *22V . Storage Temperature Range. . ... ......
Internal Power Dissipation (Note 1) . . ......... .. 500mW  Operating Temperature Range
Differential Input Voltage. . . . ................. 30V OP-07A,0P-07.................
Input Voltage (Note 2). . .. ................... +22V OP-07E, OP-07C, OP-07D. . . .. .....
Output Short Circuit Duration. . . . ........... Indefinite Lead Temperature Range (Soldering, 60sec)
NOTES: .
Note 1: Maximum package power dissipation vs. ambient temperature.
Maximum Ambient Derate Above Maximum
Package Type Temperature for Rating Ambient Temperature
TO99 (H) 80°C 7.1mw/°C

Note 2: For supply voltages less than £22V, the absolute maximum input voltage is equal to the supply voltage.

200k2

—AAA

AD OP-07

VW

Offset Voltage Test Circuit

- -18V

ALL OTHER PINS
ARE NOT CONNECTED

Burn-In Circuit

VOL. |, 4-132 OPERATIONAL AMPLIFIERS

. -65°Cto +150°C

. -55°Cto +125°C
..... 0to +70°C

300°C



Applying the AD OP-07

The AD OP-07 may be directly substituted for other OP-07’s
as well as 725, 108/208/308, 108A/208A/308A, 714, OP-05
or LM11 devices, with or without removal of external fre-

quency compensation or offset nulling components. If used to .

replace 741 devices, offset nulling components must be re-

Figure 1. Optional Offset Nulling Circuit and
Power Supply Bypassing

moved (or referenced to +Vg). Input offset voltage of the AD
OP-07 is very low, but if additional nulling is required, the cir-
cuit shown in Figure 1 is recommended.

The AD OP-07 provides stable operation with load capaci-

tances up to 500pF and 10V swings; larger capacitances

should be decoupled with 50 resistor.

Stray thermoelectric voltages generated by dissimilar metals n
(thermocouples) at the contacts to the input terminals can pre-

vent realization of the drift performance indicated. Best opera-

tion will be obtained when both input contacts are maintained

at the same temperature, preferably close to the temperature
of the device’s package.

Although the AD OP-07 features high power supply rejection,
the effects of noise on the power supplies may be minimized
by bypassing the power supplies as close to pins 4 and 7 of the
AD OP-07 as possible, to load ground with a good-quality

"0.01uF ceramic capacitor as shown in Figure 1.

Performance CllI'VES {typical @ TA = +26°C, Vg = +156V, AD OP-07 Grade Device unless otherwise noted)

Vin, 10uV/DIV

VourT, 5V/DIV

AD OP-07 Open Loop Gain Curve

OPEN LOOP GAIN -~ V/mV

-50 +50 +100 +150
TEMPERATURE - °C

Open Loop Gain vs. Temperature

200nV/DIV (Referred to Input)

VouT 5mV/DIV (Referred to Output)

1SEC/DIV

AD OP-07 Low Frequency Noise (See Test Circuit,
on the Previous Page) .
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Open Loop Frequency Response
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| Typical Performance Curvés - ,
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ANALOG
DEVICES

Ult.ra-Lov.J Noise
Precision Op-Amp

AD OP-27.

FEATURES

Ultra-Low Noise: 80nV p-p (0.1Hz to 10Hz),
3nV/VHz at 1kHz

Ultra-Low Offset Voltage Drift: 0.2puV/°C

High Offset Stability Over Time: 0.2.V/month

High Slew Rate: 2.8V/ps

High Gain Bandwidth Product: 8MHz

Low Offset Voltage: 10V

Hiagh CMRR: 1926dR over +11V Innut Valtaga Range

Fits OP-07, OP-05, OP-OG 5534, 725 714 and
741 Sockets

PRODUCT DESCRIPTION

The AD OP-27 offers the combined features of high precision,
ultra-low noise and high speed in a monolithic bipolar operational
amplifier. State-of-the-art performance for high accuracy ampli-
fication of very low level signals, where inherent device noise
can be the limiting factor, is attainable with the AD OP-27. As
a device directly compatible with other low noise op amps, the
AD OP-27 features industry standard dc performance; input
offset voltages of 10n.V and input offset voltage temperature
coefficients of 0.2uV/°C. The super low input voltage noise
performance of the AD OP-27 is characterized by an e, p-p of
80nV (0.1Hz to 10Hz), an e, of 3.0nV/VHz (at 1kHz) and a U/f
noise corner frequency of 2.7Hz. AC specifications including a
2.8V/us slew rate and an 8MHz gain bandwidth product are
possible without sacrificing dc accuracy. Long term stability is
assured by an input offset voltage drift specification of 0.2p.V/
month.

Source resistance related errors with the AD OP-27 are minimized
by a low input bias current at ambient of +10nA and an input
offset current of 7nA. An input bias current cancellation circuit
limits bias and offset currents over the extented temperature
range to =20nA and 15nA, respectively. Other factors inducing
input referred errors such as power supply variations and common-
mode voltages are attenuated by a PSRR and CMRR of at least
120dB.

The AD OP-27 is available in six performance grades. The AD
OP-27E, AD OP-27F and AD OP-27G are specified for operation
over the —25°C to + 85°C temperature range, while the AD
OP-27A, AD OP-27B and AD OP-27C are specified for —55°C
to + 125°C operation. All devices are available in TO-99 her-
metically sealed metal cans, while the E, F and G grades are
also packaged in plastic mini-DIPs.

AD OP-27 FUNCTIONAL BLOCK DIAGRAM

OFFSET NULL

orrser nuw [7] [8] orrser nuu

INVERTING INPUT [Z ] 7] vo
OUTPUT fon-inveRTinG iNpuT [3 ] (8] outeur

ve v- [1] [5] ne

TO-99 8-PIN MINI DIP
TOP VIEW TOP VIEW
PRODUCT HIGHLIGHTS

1. Precision amplification of very low level, low frequency voltage
inputs is enhanced by ultra-low input voltage noise.

2. The AD OP-27 maintains high dc accuracy over an extended
temperature range due to ultra-low offset voltage, offset 1
voltage drift and input bias current.

3. Internal frequency compensation, factory adjusted offset
voltage and full device protection eliminate the need for
additional components. Circuit size and complexity are reduced
while reliability is increased.

4. Long-term stability and accuracy is assured wuh low offset
voltage drift over time.

5. Input referred errors are greatly reduced by supenor common
mode and power supply rejection characteristics.

6. Monolithic construction along with advanced circuit design
and processing techniques result in low cost.

¥
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SPECIFICATIONS .- +25% .- 1 i i e

MODEL AD OP-27G AD OP-27F AD OP-27E
PARAMETER SYMBOL | MIN ' TYP MAX | MIN TYP MAX | MIN TYP MAX
OPEN LOOP GAIN Avo 700 1,500 1,000 1,800 1,000 1,800
- 1,500 800 1,500 800 1,500
200 500 250 700 250 700
450 1,000 700 1,300 750 1,500
OUTPUT CHARACTERISTICS
Voltage Swing Vo +*11.5 =*13.5 +12.0 =13.8 *12.0 =138
100 =115 =100 =115 +10.0 =115
. *11.0  +13.3 *11.4 =*135 *11.7 13,6
Open-Loop Output Resistance  Rg 70 70 70
FREQUENCY RESPONSE
Gain Bandwidth Product GBW 5.0 8.0 5.0 8.0 5.0 8.0
Slew Rate SR 1.7 2.8 1.7 2.8 1.7 2.8
INPUT OFFSET VOLTAGE
Initial Vos 30 100 20 60 10 25
) 55 220 40 140 20 50
Average Drift TCVos 0.4 1.8 0.3 1.3 0.2 0.6
Long Term Stability Vos/Time 0.4 2.0 0.3 1.5 0.2 1.0
Adjustment Range *+4.0 *+4.0 +4.0
INPUT BIASCURRENT
Initial In +15 +80 +12 *55 *40
+25 +150 +18 +95 14 +60
INPUT OFFSET CURRENT
Initial Ios 12 75 9 50 35
20 135 14 85 10 50
INPUT NOISE
Voltage e,p-p 0.09 0.25 0.08 0.18 0.08 0.18
Voltage Density en 3.8 8.0 3.5 5.5 3.5 5.5
33 5.6 3.1 4.5 3.1 4.5
3.2 4.5 3.0 3.8 3.0 3.8
Current Density in 1.7 - 1.7 4.0 1.7 4.0
1.0 - 1.0 23 1.0 2.3
0.4 0.6 0.4 0.6 0.4 0.6
INPUT VOLTAGE RANGE ’
Common Mode CMVR +11.0 =123 *11.0 =123 *11.0 =123
*10.5 =118 +105 =11.8 105 =11.8
Common-Mode Rejection
Ratio CMRR 100 120 106 123 114 126
96 118 102 121 110 124
INPUT RESISTANCE
Differential Rin 0.8 4 1.2 5 1.5 6
Common Mode RlNCM 2 2.5 3
POWER SUPPLY
Rated Performance +15 +15 *15
Operating *(4-18) +(4-18) +(4-18)
Current, Quiescent Iq 3.3 5.6 3.0 4.6 3.0 4.6
Rejection PSR 2 20 1 10 1 10
2 32 2 16 2 15
Power Consumption Py 100 170 90 140 90 140
OPERATING TEMPERATURE RANGE :
Tamm Tuax -25 +85 =25 +85 =25 +85
NOTES
'Input Offset Voltage measurements are performed by ted test equip approxi ly 0.5 seconds after application of

power. A and E grades are guaranteed fully warmed up.
2The TCVos performance is within the specifications unnulled or when nulled with R, =8k to 20kQ2.
3Long Term Input Offset Voltage Stability refers to the average trend line of Vg vs. time after the first 30 days.
Specifications subject to change without notice.
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ADOP-27C AD OP-27B ADOP-27A CONDITIONS UNITS
MIN TYP MAX | MIN TYP MAX | MIN TYP MAX

700 1,500 1,000 1,800 1,000 1,800 Rp=2kQ, Voyr= =10V V/mV
- 1,500 800 1,500 800 1,500 Rp=1kQ, Voyr= =10V V/mV
200 500 250 700 250 700 Rp=600Q, Voyr= 1V, Vg= +4V VimV
300 800 500 1,000 600 1,200 Rp=2kQ, Voyr = * 10V, T, = min to max|V/mV
+11.5 =135 +12.0 =>13.8 +12.0 +13.8 Rp=2kQ \Y
+10.0 =115 +10.0 =115 +10.0 =115 Ry =600Q \%
+10.5 =*=13.0 +11.0 =13.2 +11.5 =135 Rp=2kQ,T,=min to max A%
70 70 70 Iour=0A,Voyur=0V Q
5.0 8.0 5.0 8.0 5.0 8.0 MH:z
1.7 2.8 1.7 2.8 1.7 2.8 R =2kQ Vips
30 100 20 - 60 10 25 (Note 1) Y
70 300 50 200 30 60 T,=mintomax nv
0.4 1.8 0.3 1.3 0.2 0.6 T, =min to max (Note2) pvrC
0.4 2.0 0.3 1.5 0.2 1.0 (Note 3) rV/month
+4.0 . x40 +4.0 | Rpy=10kQ2 mV
+15 +=80 +12 %55 +10 +40 nA
+35 +150 +28 +95 +20 +60 T, =min tomax nA
12 75 9 50 7 35 nA
30 135 22 85 15 50 T, =min tomax nA
0.09 0.25 0.08 0.18 0.08 0.18 0.1Hzto 10Hz wVp-
3.8 8.0 3.5 5.5 3.5 5.5 f,=10Hz nV/VHz
3.3 5.6 3.1 4.5 3.1 4.5 f,=30Hz nV/VHz
3.2 4.5 3.0 3.8 3.0 3.8 f,=1000Hz nV/VHz
1.7 - 1.7 4.0 1.7 4.0 f,=10Hz pA/VHz :
1.0 - 1.6 . 23 1.0 2.3 fo=30Hz pA/VHz
0.4 0.6 0.4 0.6 0.4 0.6 f,=1000Hz pA/VHz
+11.0 =123 +11.0 =123 +11.0 =123 A%
*10.2 =115 . +10.3 =115 +£10.3  =11.5 .| T.=mintomax v
100 120 ' 106 123 ' 114 126 Vem= =11V dB
94 116 100 119 108 122 Vem = =10V, T, = min tomax dB
0.8 4 1.2 5 1.5 6 MQ
2 2.5 3 GQ
+15 +15 +15 v
+(4-18) +(4-18) +(4-18) \Y%
33 5.6 3.0 4.6 3.0 4.6 Vs= =15V mA
2 20 1 10 1 10 Vs=+4Vio =18V wViv
4 51 2 20 2 16 Vs= *4.5Vto =18V, T,=min tomax nViv
100 170 90 140 90 140 Vour=0V mW -
-55 +125 | -55 +125 ~55 +125 °C

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality -
levels. All min and max specifications are guaranteed, although only those
shown in boldface are tested on all production units.
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ABSOLUTE MAXIMUM RATINGS Differential Input Current (Note 3) . . . .
Supply Voltage . . . ... ...... .. ....... +18V  Storage Temperature Range . . . . . . .
Internal Power Dissipation (Note 1) . . . . ... .. 500mW  Operating Temperature Range
"Input Voltage(Note 2) . ... ............. +18V AD OP-27A, AD OP-27B, AD OP-27C
Output Short Gircuit Duration . . ... ...... Indefinite | AD OP-27E, AD OP-27F, AD OP-27G
Diff’erential Enput Voltage WNote 3) . . ... ...... 10.7\7 Lead Temperature Range (Soldering 60sec)
- NOTES: ' '
Note 1: Maximum package power dissipation vs. ambient temperature.
Maximum Ambient Derate Above Maximum
Package Type Temperature for Rating ~ Ambient Temperature
TO-99(H) 80°C 7.1mW/°C
MINI-DIP(N) 36°C 5.6mW/°C

Note 2: For supply voltages less than + 18V, the absolute maximum input voltage is equal to the supply voltage.

Note 3: The AD OP-27’s inputs are protected by back-to-back diodes. To achieve low noise current limiting resistors could
not beused. If the differential input voltage exceeds = 0.7V, the input current should be limited to 25mA.

AD OP-27 ORDERING GUIDE
Package Temperature MaxInitial - Max Offset

Model Option! Range (°C) Offset(rV)  Drift(wv/°C)
ADOP-27-GH TO-99 —25t0 +85 100 - 1.8

! : ADOP-27-GN : MINI-DIP (N8A) —25t0 +85 100 1.8
ADOP-27-FH TO-99 —25to0 +85 60 1.3
ADOP-27-FN MINI-DIP(N8A) —25t0 +85 60 1.3
ADOP-27-EH TO-99 —25t0 +85 25 0.6
ADOP-27-EN MINI-DIP(N8A) —2510 +85 25 0.6
ADOP-27-CH TO-99 ~55t0 +125 100 1.8
ADOP-27-BH TO-99 —55t0 +125 60 1.3
ADOP-27-AH TO-99 —55t0 +125 25 0.6

NOTE
!See Section 19 for package outline information.
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APPLICATION NOTES FOR THE AD OP-27

The AD OP-27 can be used in the sockets of many of the popular
precision bipolar input operational amplifiers on the market.
Elimination of external frequency compensation or nulling cir-
cuitry may be possible in many cases. In 741 replacement situa-
tions, if nulling has been implemented, it should be modified or
removed for optimum AD OP-27 performance.

In applications where the initial factory adjusted input offset
voltage provides insufficient accuracy, further offset trimming
can be accomplished with the resistor network shown in Figure
1. The adjustment range attainable using a 10k{) potentiometer
will be =4mV. If a smaller adjustment range is required, the
sensitivity of the nulling can be increased by using a smaller
potentiometer in series with fixed resistor(s). For example, a

1kO. not in serias with two 4 700 resictore will vield o =280V
range.

Figure 1. Optional Offset Nulling Circuit

Zeroing the initial offset with potentiometers other than 10k(Q,
but between 1k} and 1M, will introduce an additional input
offset voltage temperature drift error of from 0.1 to 0.2pV/°C.
Additionally, by intentionally trimming in a dc level shift a
voltage dependent offset drift will be created. It will be approxi-
mately the input offset voltage at 25°C divided by 300 (in wV/
°C).
Parasitic thermocouple EMF’s can be generated where dissimilar
metals meet the contacts to the input terminals of the AD OP-27.
These temperature dependent voltages can manifest themselves

* as drift type errors. Optimized temperature performance will be
obtained when both contacts are maintained at the same temper-
ature—a temperature close to the device’s package.

OQutput stability with the AD OP-27 is possible with capacitive
loads of up to 2000pF and + 10V output swings. Larger capaci-
tances should be decoupled with a 50} resistor.

High closed loop gain and excellent linearity can be achieved by
operating the AD OP-27 within an output current range of
+10mA. Minimizing output current will provide the highest
linearity.

+18v
o ’

—e-

ALL OTHER PINS
ARE NOT
-18V CONNECTED

Figure 2. Burn-In Circuit

SLEW RATE DISCUSSION

In unity gain buffer applications with feedback resistances of
less than 100 where the input is driven with a fast, large (greater
than 1V) pulse, the output waveform will appear as in Figure 3.

<1002

AAA

VWA~

2.8Vips

v
OUTPUT
——0O

oV

v

+
O
ov INPUT

Figure 3. Unity Gain Buffer/Pulsed Operation

During the initial portion of the output slew the input protection
back-to-back diodes effectively short the output to the input. A
current limited only by the output short circuit protection will
be drawn from the source. After the input diodes saturate, the
amplifier will slew at its nominal 2.8V/ps. With feedback resis-
tances of more than 500Q) the output is capable of handling the
current requirements without limiting (less than 20mA at 10V)
and the amplifier will stay in the linear region.

As with all operational amplifiers a feedback resistance of greater
than 2k} will create a pole with the input capacitance (8pF).
Additional phase shift will be introduced and the phase margin
will be reduced. A small capacitor (20 to S0pF) in parallel with
the feedback resistor will alleviate this problem.

CAUTION: NOISE MEASUREMENTS }

Precise measurement of the extremely low input noise associated
with the AD OP-27 is a difficult task. In order to observe the
rated noise in the 0.1Hz to 10Hz frequency range the following
cautions should be exercised.

(1) The test time to measure 0.1Hz to 10Hz noise should not
exceed 10 seconds. As shown in the noise test frequency response
plot in this data sheet the 0.1Hz corner is only defined by a
single zero. A test time of 10 seconds acts as an additional zero
to eliminate noise contributions from frequencies lower than -
0.1Hz.

(2) Warm-up for a least five.minutes will eliminate temperature
induced effects. During the first few minutes the offset voltage
typically increases 4pV. In a 10 second measurement interval
prior to temperature stabilization the reading could include
several nanovolts of warm-up offset error in addition to the
noise.

(3) For reasons similar to (2) the device under test should be
well shielded from air currents or other heat sinks to eliminate
the possibility of temperature changes over time invalidating the
measurements. Sudden motion in the vicinity or physical contact
with the package can also increase the observed noise.

"An input voltage noise spectral density test is recommended

when measuring noise on a large number of units. Because the
Vf noise corner frequency is around 3Hz, a 1kHz noise voltage
density measurement combined with a 0.1Hz to 10Hz peak-to-peak
noise reading will guarantee Vf and white noise performance
over the rated frequency spectrum.
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ANALOG
DEVICES

Ultra-Low Noise,
High Speed Precision Op Amp

AD OP-37

FEATURES
Ultra-Low Noise: 80nV p-p (0.1Hz to 10Hz),
3nV/VHz at 1kHz
High Speed: 17V/ps
High Gain Bandwidth Product: 63MHz
Ultra-Low Offset Voltage Drift: 0.2uV/°C
High Offset Stability Over Time: 0.2unV/month
Low Offset Voltage: 10uV
High CMRR: 126dB Over =11V Input Voltaae Ranae
Fits OP-07, OP-05, OP-06, 5534, LH0044,
5130, 3510, 725, 714 and 741 Sockets
in Gains > 5

PRODUCT DESCRIPTION
The AD OP-37 offers the combined features of high precision,
ultra-low noise and high speed in a monolithic bipolar operational
amplifier. High speed accurate amplification of very low level
signals, where inherent device noise can be the limiting factor,

is attainable with the AD OP-37 in applications requiring gains
greater than five. This instrumenation grade op amp features
industry standard dc performance; input offset voltages of 10
and input offset voltage temperature coefficients of 0. Zp.V
The super low input voltage noise performance of.the A
is charactenzed by an e, p-p of 80nV . 1Hz~( > \10

minimized by a low input bias current of + 10nA and an mput
offset current of 7nA. An input bias current cancellation circu
restricts bias and offset currents over the extended temperature
range to =20nA and 15nA, respectively. Other factors inducing
input referred errors such as power supply variations and common-
mode voltages are attenuated by a PSRR and CMRR of at least
120dB.

The AD OP-37 is available in six pcrfoi'mancc grades. The AD

OP-37E, AD OP-37F and AD OP-37G are specified for operation

over the —25°C to + 85°C temperature range, while the AD
OP-37A, AD OP-37B and AD OP-37C are specified for —55°C
to + 125°C operation. All devices are available in TO-99 her-
metically sealed metal cans, while the industrial grades are also
packaged in plastic mini-DIPs.

AD OP-37 FUNCTIONAL BLOCK DIAGRAM

OFFSET NULL
®
OFFSET
NULL ~ +Vs
-IN - OUTPUT
+
L
+IN N/C
—-Vs
TO-99
TOP VIEW
PRODUCT HIGHLIGHTS

1. High speed accurate amplification (gains > 5) of very low
level low fr qgcncy voltage inputs is enhanced by a high gain
band\y' th pmduct and ultra-low input voltage noise.

iternal-fr luency compensation, factory adjusted offset
- device protection eliminate the need for

\ reliability is increased.
ong—term stability and accuracy is assured with low offset

mode ‘and power supply rejection characteristics.
Monolithic construction along with advanced circuit design
and processing techniques result in low cost.
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SPECIFICAT'ONS (Ta= +25°C, Vg= =15V, unlt:.ss otherwise specified)

MODEL AD OP-37G - AD OP-37F AD OP-37E
PARAMETER SYMBOL | MIN TYP MAX | MIN TYP MAX | MIN TYP MAX
OPEN LOOP GAIN Avo 700 1,500 1,000 1,800 1,000 1,800

400 1,500 800 1,500 800 1,500

200 500 250 700 250 700

450 1,000 700 1,300 750 1,500
OUTPUT CHARACTERISTICS )

Voltage Swing Vo *11.5 =135 +12.0 =*13.8 +12.0 =+13.8
+10.0 =115 +10.0 =115 +10.0 =115
+11.0 =133 *+11.4 %135 *11.7 =*13.6

Open-Loop Output Resistance  Ro 70 70 70

FREQUENCY RESPONSE

Gain Bandwidth Product GBW 45 63 45 63 45 63
- 40 - 40 - 40

Slew Rate SR 11 17 11 17 11 17

INPUT OFFSET VOLTAGE
Initial Vos 30 100 20 60 10 25
' 55 220 40 140 20 50

Average Drift TCVos 0.4 1.8 0.3 1.3 0.2 0.6

Long Term Stability Vos/Time 0.4 2.0 0.3 1.5 0.2 1.0

Adjustment Range~ +4.0 +4.0 +4.0

INPUT BIASCURRENT
Initial I *15 +80 *12 +55 +10 *40
*25 *150 +18 +95 +14 +60
INPUT OFFSET CURRENT
Initial Tos 12 75 9 50 35
20 135 14 85 10 50
INPUT NOISE

Voltage enP-p 0.09 0.25 0.08 0.18 0.08 0.18

Voltage Density €n 3.8 8.0 35 5.5 3.5 5.5

' : 3.3 5.6 3.1 4.5 3.1 4.5

3.2 4.5 3.0 3.8 3.0 3.8

Current Density in 1.7 - 1.7 4.0 1.7 4.0

1.0 - 1.0 2.3 1.0 2.3
0.4 0.6 0.4 0.6 0.4 0.6
INPUT VOLTAGE RANGE : 4
Common Mode CMVR *11.0 =123 +11.0 =123 *11.0 123
. +10.5 11.8 +10.5 =11.8 +*10.5 =*11.8
Common-Mode Rejection
Ratio CMRR 100 120 106 123 114 126
96 118 102 121 110 124
INPUT RESISTANCE
Differential Riv 0.8 4 1.2 5 1.5 6
Common Mode Rincm 2 2.5 3
POWER SUPPLY

Rated Performance +15 +15 *15

Operating +(4-18) +(4-18) +(4-18)

Current, Quiescent I 3.3 5.6 3.0 4.6 3.0 4.6

Rejection ) PSR 2 20 1 10 1 10

2 32 2 16 2 15

Power Consumption Py 100 170 90 140 90 140

OPERATING TEMPERATURE RANGE
Tamno TMAX -25 +85 —-25 + 85 -25 +85
PACKAGE*
TO-99 AD OP-37GH ADOP-37FH ADOP-37EH
MINI-DIP(N8A) AD OP-37GN AD OP-37FN AD OP-37EN
NOTES
"Input Offset Voltage measurements are performed by d test 1 ds after application of

power. A and E grades are guaranteed fully warmed up.
2The TCV g performance is within the specifications unnulled or when nulled with R, =8k} to 20kQ2.
3Long Term Input Offset Voltage Stability refers to the average trend line of Vg vs. time after the first 30 days.
4See Section 19 for package outline information.

Specifications subject to change without notice.
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AD OP-37C AD OP-37B AD OP-37A CONDITIONS UNITS
MIN TYP MAX | MIN TYP MAX | MIN TYP MAX
700 1,500 1,000 1,800 1,000 1,800 Rp.=2kQ, Voyr= = 10V V/mV
- 1,500 800 1,500 800 1,500 Rp=1kQ, Voyr= + 10V . |Vimv
200 500 250 700 250 700 RL =600, Voyr= =1V, Vg= x4V V/imV
300 800 500 1,000 600 1,200 Ry =2k, Vour = * 10V, T, =min to max | V/mV
+11.5 =135 +12.0 +13.8 +12.0 =138 R; =2k} v
+10.0 =115 +10.0 =11.5 +100 =115 Ry =6000 \%
+10.5 =13.0 +11.0 =13.2 +11.5 =13.5 Ry =2k}, T, =min to max \Y%
70 70 70 Iour=0A, Vour=0V Q
45 63 45 63 45 63 f,=10kHz MH:z
- 63 - 40 - 40 f,=1MHz MH:z
11 17 11 17 11 17 Rp=2k() Vius
30 100 20 60 10 25 (Note 1) rV
70 300 50 200 30 60 T, =min to max wV
0.4 1.8 0.3 1.3 0.2 0.6 T,=mintomax (Note2) pVreC
0.4 2.0 0.3 1.5 0.2 1.0 (Note3) pV/month
+4.0 +4.0 +4.0 R,=10kQ mV
*15 +80 *12 +55 *10 +40 nA
+35 +150 *28 +95 +20 +60 T, = min to max nA
12 75 9 50 7 35 ) nA
30 135 22 85 15 50 T, =min to max nA
0.09 0.25 0.08 0.18 0.08 0.18 0.1Hzto 10Hz wVp-
3.8 8.0 35 5.5 35 5.5 f,=10Hz nV/VHz
3.3 5.6 3.1 4.5 3.1 4.5 f,=30Hz nV/VHz
3.2 4.5 3.0 3.8 3.0 3.8 f,=1000Hz nV/VHz
1.7 - 1.7 4.0 1.7 4.0 f,=10Hz pA/VHz
1.0 - 1.0 23 1.0 2.3 f,=30Hz pA/VHz
0.4 0.6 0.4 0.6 0.4 0.6 f,=1000Hz pA/VHz
*=11, +12.3 +11. +12.3 +11. *1
+10.2 =+11.5 +10.3 =*115 *103 =*11.5 T, =min tomax \Y%
100 120 106 123 114 126 Vem= =11V dB
94 116 100 119 108 122 Vem = =10V, T, = min to max dB
0.8 4 1.2 5 1.5 6 MQ
2 2.5 3 GQ
+15 =15 +15 v
+(4-18) +(4-18) +(4-18) v
33 5.6 3.0 4.6 3.0 4.6 Vs= =15V mA
2 20 1 10 ° 1 10 Vs=+4Vio =18V wVv
4 51 2 20 2 16 Vs= *+4.5Vto +18V,T,=min tomax pV/V
100 170 90 140 90 140 Vour=0V mW
-55 +125 | 55 +125 | —55 +125 °C
ADOP-37CH ADOP-37BH ADOP-37AH

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality
levels. All min and max specifications are guaranteed, although only those

shown in boldface are tested on all production units.
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ABSOLUTE MAXIMUM RATINGS o Differential Input Current (Note 3) . . . . ... ... +25mA
Supply Voltage . . :...... e e e - =18V Storage Temperature Range . . . . ... .. -65°C to +150°C
Internal Power Dissipation (Note 1) . . .. ... .. 500mW  Operating Temperature Range - .
Input Voltage(Note 2) . ... ... .......... +18V AD OP-37A, AD OP-37B, AD OP-37C . =55°C to +125°C
Output Short Circuit Duration . . . . ... .... Indefinite AD OP-37E, AD OP-37F, AD OP-37G .. -25°Cto +85°C
Differential Input Voltage Note 3) . . . ... ..... +0.7V  Lead Temperature Range (Soldering 60sec) . . . . . . . 300°C
NOTES: ‘
Note 1: Maxi ) power dissipation vs. ambi p e
Maximum Ambient Derate Above Maximum

Package Type Temperature for Rating ~ Ambient Temperature

TO-99(H) 80°C 7.1mW/°C

MINI-DIP(N) 36°C 5.6mW/°C

Note 2: For supply voltages less than + 18V, the absolute maximum input voltage is equal to the supply voltage.

Note 3: The AD OP-37s inputs are protected by back-to-back diodes. To achieve low noise current limiting resistors could
not beused. If the differential input voltage exceeds + 0.7V, the input current should be limited to 2SmA.

Optional Offset Nulling Circuit

—e

ALL OTHER PINS
E NOT

ARI
-18V CONNECTED

Burn-In Circuit

AD OP-37 ORDERING GUIDE
Temperature MaxInitial  Max Offset

Model Package Range (°C) Offset(uV)  Drift (uV/°C)
AD OP-37-GH TO-99 —25t0 +85 100 1.8
. ADOP-37-GN MINI-DIP —-25to +85 100 1.8
ADOP-37-FH TO-99 —25t0 +85 60 1.3
ADOP-37-FN MINI-DIP —-25t0 +85 60 1.3
ADOP-37-EH TO-99 —-25to0 +85 25 0.6
¢ ADOP-37-EN MINI-DIP ~25t0 +85 25 0.6
ADOP-37-CH TO-99 —55t0 +125 100 1.8
. ADOP-37-BH TO-99 —55t0 +125 60 1.3
k ADOP-37-AH TO-99 —55t0 +125 25 0.6
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ANALOG

» ’

Fast S_ett’li‘ng
Video Operational Amplifier

DEVICES

HO0S-050, 050A, 050C

FEATURES

80ns Settling to 0.1%; 200ns to 0.01%
100MHz Gain Bandwidth Product
55MHz 3dB Bandwidth

100mA Output @ =10V

APPLICATIONS

D/A Current Converter
Video Pulse Amplifier

CRT Deflection Amplifier
Wideband Current Booster

GENERAL DESCRIPTION

The HOS-050, HOS-050A, and HOS-050C op amps are very
high speed wideband operational amplifiers designed to comple-
ment the Analog Devices’ lines of high speed data acquisition
products. They feature a 100MHz gain bandwidth product; slew
rate of 300V/us; and settling time of 80ns to +0.1%.

~ The HOS-050A, HOS-050, and HOS-050C have typical input
offset voltages of 10mV, 25mV, and 45mV, respectively.

All models have a rated output of +100mA minimum, and an
exceptional noise spec of only 7uV rms, dc to 2MHz; they are
ideally suited for a broad range of video applications.

FAST-SETTLING OP AMPS )

At one time, operational amplifiers could be specified according
to slew rates, bandwidth, and drive capability; and these param-
eters would be sufficient. Settling time was not considered until
the use of high speed video D/A converters became widespread.

The conversion speed of the D/A can be limited by the settling
time of the output amplifier, so it has become essential to select
an op amp whose settling time is compatible with the D/A
converter. .

The increased emphasis on settling time has, in some cases,

~ created a preoccupation with slew rates in the minds of some
designers. Bur slew rate is only one component in establishing
settling time.

The amount of overshoot, and the ringing which are present at
the end of a step function change also have an effect. These
parameters, in turn, are influenced by the bandwidth (or lack of
it) when operating the op amp with closed loop gains greater
than one.

HOS-050/A/C PIN DESIGNATIONS
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OFFSET v+
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*PINS FOR CONNECTING OPTIONAL
OFFSET POTENTIOMETER. RECOMMENDED
VALUE IS 10k OHMS, WITH CENTER ARM
CONNECTED TO +15V,
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100

GAIN {1005} LOAD)

3
g

a
E4
H
i
]
1
1
I
Iy
/
s
o
&

4
PHASE SHIFT — Degrees.

COMMON MODE REJECTION - dB
OPEN LOOP VOLTAGE GAIN - dB
2
‘
7
/
P
'
.3

AN

1 10 100 1 06 100k M 1M 100M
FREQUENCY - Hz

Figure 1. HOS-050 Frequency Response
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Figure 2. Power Dissipation vs. Temperature
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SPECIFICATION S (typical @ + 25°C and : 15V unless otherwise specified)

Model ' HOS-050 HOS-050A HOS-050C
ABSOLUTE MAXIMUMRATINGS :
Supply Voltages (Vs) *18V * *
Power Dissipation See Figure 2 * *
Input Voltage *Vg * *
Differential Input Voltage *Vg * *
Operating Temperature Range (case) —55°Cto +125°C * —25°Cto +85°C
Junction Temperature 175°C * *
Storage Temperature Range —65°Cto +150°C * *
Lead Temperature (soldering, 10 sec.) 300°C * *
DCELECTRICAL CHARACTERISTICS
Parameter Conditions Min Typ Max | Min Typ Max Min Typ Max Units
Open Loop Gain Ry = 100 100 * * dB
Rated Output
Current
(notshortcircuit protected) Ry = >1000) +100 * * mA
Voltage Ry = >200Q *10 * * \Y
Input Offset Voltage Adjustable to Zero
Initial | @ +25°C 25 35 10 15 45 65 mV
vs. Temperature 50 150 20 35 75 200 rV/rC
vs. Power Supply Voltage 0.5 * * mV/V
Input Bias Current
Initial @ +25°C 1 2 * * * * nA
vs. Temperature ’ Doubles * * /10°C
Input Offset Current '
Initial @ +25°C =100 * * PA
Input Impedance
Differential . 10'° * * Q
CommonMode }In parallel with SpF 10 . . a
Input Voltage Range
Common Mode =10 *1 * * * * \%
Differential *1 * * v
Common Mode Rejection 70 * * dB
Input Noise Rer = 1000; Rgg = 1kQ
dcto 100kHz S * * pVrms
dcto2MHz 7 * * pVrms
ACELECTRICAL CHARACTERISTICS!
Parameter Conditions Min Typ Max | Min Typ Max | Min Typ Max | Units
Slew Rate A = —1;Rgr = Rgp = 5000;
Load = 1000 300 * * Vins
Noninverting Slew Rate A = 2;Rgr = Rpp = 100002
Load = 10002 320 * * Vips
Overload Recovery 50% Overdrive 400 * * ns
Gain Bandwidth Product Rer = Rep = 50000 100 * * MH:z
Small Signal Bandwidth, —3dB A = —1;Rgr = Rpp = 50002 45 * * MH:z
= —1;Rgr = Rpp = 100002 35 * * MHz
= =2;Rpr = Rep = 50000;
Rgp = 100002 35 * * MHz
A = —4;Rpr = Rgp = 2500); .
Rgp = 100002 30 * * MH:z
Output Impedance <1 * * 2
Noninverting Bandwidth, —3dB A = 2; Rgr = Rgp = 1000Q);
. 10002 load; 10pF capacitance
5-volt p-p output 25 * * MHz
4-volt p-p output 30 * * MHz
2-volt p-p output 55 * * MHz
A = 3;Rer = 500Q);
Rrg = 100092; 1009, 1000 Q;
or 200011 load; 10pF
capacitance
10-volt p-p output - 17 * * MHz
S-volt p-p output 25 * * MHz
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ACELECTRICAL CHARACTERISTICS' (Continued) HOS-050 HOS-050A HOS-050C
Parameter ’ Conditions Min Typ Max Min Typ Max Min Typ Max Units
Noninverting Bandwidth, —3dB A = 5;Rgr = 500Q;
(continued) Rgp = 200002; 10012, 100092,
or 20002load/10pF
capacitance
5-volt p-p output 15 * * MHz
4-volt p-p output 30 * * MHz
2-volt p-p output 40 * * MHz
" 1-volt p-p output 40 * * MHz
Full Power Bandwidth Output = =5V;A = —1;
(—3dB) Ry = 1000 20 * * MHz
Settling Time 100.1% A = - 1;Rgr = Rpp = 5000
Inverting Vour = =5V 100 * * ns
(See Figure S) Vour = 2.5V 80 * * ns
Noninverting A = 2;Rpp = Rgp = 50002
Max Load capacitance = 75pF
Vorrr = =5V 200 * * ne
Vour = *2.5V 135 * * ns
Harmonic Distortion A = —1;Load = 10000
(See Figure 9) Signal = 4MHz; 2V output -63 * ‘ * dB
Noninverting Harmonic A= 2;Rpr = Rgp = 10000;
Distortion (See Figure 10) Load = 1000Q);
Signal = 4MHz; 2V output -59 * * dB
Power Supply
Voltage Rated performance *15 * * Vdc
Voltage Operating range +12 *18 * * * * Vdc
Current Quiescent +20 *25 * * * * mA
Power Consumption Quiescent 0.6 * * w
Power Dissipation 1.25 * * w
Temperature Range
Operating (Case) (See Figure 2 for -55 +125] * * -25 +85 °C
Storage ’ Derating Information) —65 +150f * * * * °C
Meantime Between Failures MIL-HNBK 217; Ground; 6.27 Hours
(MTBF) Fixed; Case = 70°C x 10®
Notes:

1Specification for Inverting Mode unless otherwise noted.

*Specification same as HOS-050

Individual socket assemblies (one per pin) are available from AMP as part number 6-330808-0.
Specifications subject to change without notice.

PIN DESIGNATIONS'

PINS FUNCTION

1 +V

2 GROUND -
3 OFFSETADJ*
4 OFFSETADJ*
5 ~INPUT

6 +INPUT

7 NC

8 GROUND

9 -V

-V
n OUTPUT
+V

SEE SECTION 19 (H12A) FOR
PACKAGE QUTLINE INFORMATION.

*PINS FOR CONNECTING OPTIONAL *
OFFSET POTENTIOMETER. RECOMMENDED
VALUE IS 10k OHMS, WITH CENTERARM
CONNECTED TO +15V.
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The HOS-050 Series stands up under close scrutiny of these
characteristics because of its 100MHz gain bandwidth product.
The use of these amplifiers in a wide variety of applications has
confirmed their suitability for video circuits.

VOLTAGE AMPLIFIERS/CURRENT BOOSTERS
Video op amps such as the HOS-050 are generally characterized
by high gain bandwidth products, fast settling times, and high
output drive.
One of the most common uses of video op amps is for D/A

- converter output voltage amplification or current boosting.
Figure 3 is one example of this type of application. In this circuit,
the internal resistance of the D/A is the feed forward resistor for
the op amp.

15V +15V

0.1pF 0.9uF

HDS
D/A
CONVERTER

Figure 3. Inverting Unipolar or Bipolar Voltage Output

R1

TAGE
OuTPUT

-
SPOLARCS
OFFSE

Y

HOS-050

(UNIPOLAR = Ry x ~10.24mA}
(BIPOLAR = R, x -5.12mA}

The HDS Series D/A converters are fast-settling, current output
D/As available in 8-, 10-, and 12-bit resolutions. Both TTL and
ECL versions are available, and settling times range from 10ns-
for 8-bit units through 40ns for 12-bit units.

The circuit which is shown will provide a negative unipolar
output with binary coding on the input, and bipolar offset ground-
ed. It-will provide a bipolar output with complementary offset
binary coding on the input, and bipolar offset connected to Io.

An approximation of the total settling time for the D/A op amp
combination is calculated by:

= \/TD2+ Toz
where Tp is D/A settling time and Tg is HOS-050 settling time.
This approximation is valid because both the D/A and the HOS-
050 exhibit 6dB/octave roll-off charateristics (single pole response);
and the combination of low D/A output capacitance and op amp
input capacitance does not materially affect the formula.

The user of the HOS-050 should remember the current flowing
in the feedback resistor (R1) must be subtracted from the output
available from the HOS-050.

There is'a tendency, because of this fact, to use a high value of
feedback resistor to assure maximum current drive being available
for driving low impedances; but this approach may create unde-
sirable side effects.

Calculating the minimum load that can be driven under two

conditions of feedback resistor values will serve to illustrate the
difference.

Assume the feedback resistor value is 500¢). If output voltage of
the HOS-050 is 10 volts, and output current is 100mA, minimum
load would be: )
Eg max B 10V 10v
" 100mA - 20mA ~ 80mA

= 1250 minimum load
Iomax — Iggep

VOL. I, 4-150 OPERATIONAL AMPLIFIERS

where: Eg max = peak voltage needed
Ip max = maximum continuous current HOS- 050 can
produce
Irps = current in feedback resistor at peak voltage

Assume the feedback resistor value is 5,000, Minimum load
would be:

Eg max 10V ov
~ 100mA — 2mA ~ 98mA

= 102 minimum load
Iomax — Ixpp
Designs which strive for driving a minimum load (by increasing
the feedback resistor) can create settling problems because of a
fundamental characteristic of op amp circuits . . . the higher the
feedback resistance, the slower the system response.

This phenomenon is the result of increased impedance for driving
stray capacitances in the circuit employing the op amp, and
fixed capacitances in the summing node.

Impedances need to be kept as low as possible consistent with
low distortion; and stray capacitances need to be eliminated to
the maximum possible extent. A large ground plane structure is
recommended to help assure low ground impedances. In addition,
0.1pF ceramic capacitors and 3-10uF tantalum capacitors con-
nected as close as possible to power.supply inputs will decrease
the potential for parasitic oscillations and other noise ‘signals.

Another argument for limiting the size of the feedback resistor
is because of its effect on bandwidth. Bandwidth of the HOS-050
op amp and the value of the feedback resistor are inversely
related.

At any given gain of the op amp, the gain setting with the widest
bandwidth will be the one which employs the lower value of
feedback. As an example, a gain of 1 can be achieved with Rgg
= Rgp = 5000); or Rgr = Rpg = 1,000€2. Small-signal bandwidth
for the first combination is typically 4SMHz; bandwidth for the
second is typically 35SMHz.

OFFSET AND GAIN ADJUSTMENT
Figure 4 shows a method of using the HOS-050 op amp which
allows adjusting the offset and gain of the output voltage.

OFFSET
ADJUST
20k
= Ve O———tWA———0 + Ve
0.1uF

KEEP LEADS /I GAIN
TO SUMMING "

NODE SHORT Roan
ASPOSSISLE A n
—
Ree
Rey

VinO=—A—4

b——OVour
LY

GAIN= - (:;_g) \v4
Figure 4. HOS-050 Offsetand Gain Adjust .

As shown, the gain of the circuit is established by the equation:
~ (Re)
Rep

where Rpg is the total of Rgan and Gain Adjust.

G =

Once the user has established the desired gain for the illustrated
circuit, the value of Rgg can be used to determme the correct
value of Roppser with the equation:

Vee X Rpp )

Roprser = — ( AE,

where AEg is the desired amount of offset on the output.



Assume *Vce = =15V; Rgan = 90002; Gain Adjust = 100Q;
the desired change on the output = =1 volt.

Under these conditions, Roppsir will be 15k():

. (15v X [900 + 100])

v
(e

RoFFsET = 15,0000

1

RoFFsET

RoFFsET =

Figure 4 shows bipolar output operation. If unipolar output is
desired, the appropriate V¢ should be removed from the Offset
Adjust potentiometer. -

The 0.1pF capacitor attached to the wiper arm of the Offset
Adjust control isolates the control and helps prevent adjustment
noise from appearing on the output of the HOS-050.

Cgp can be any value between 0 and 20pF, depending on the
value of Rgamn; and should be selected to optimize settling time
for the particular circuit layout in which the HOS-050 is being
used. )

The Gain Adjust control should be a low value, low inductance
cermet trimming potentiometer.

Note: Rgr, Rgamns Crs and Roppser must be located as close to
the summing node of the HOS-050 as physically possible. This
helps prevent additional capacitance in the summing node and
corresponding bad effects on frequency response and settling
times.

Variable controls (such as Offset Adjust and Gain Adjust) should
never be tied to the summing node of the op amp. Their correct
electrical locations are those shown in Figure 4.
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Figure 5. Settling Time - Inverting Mode

SETTLING TIME MEASUREMENT

Although there are some exceptions, most members of industry

are in agreement on the description which says settling time is:
The interval of time from the application of an ideal step
function input until the closed-loop amplifier output has
entered and remains within a specified error band.

The well-informed user needs to be alert to the consequences of
settling time specs which do not meet that description.

This definition encompasses the major components which comprise

settling time. They include (1) propogation delay through the
amplifier; (2) slewing time to approach the final output value;
(3) the time of recovery from the overload associated with slewing;
and (4) linecar settling to within the specified error band.

Expressed in these terms, the measurement of settling time is
obviously a challenge and needs to be done accurately to assure
the user that the amplifier is worth consideration for his
application.

Figure 6 is the test circuit for measuring settling time to 0.1%.

" This method creates a “false” summing junction and the error

band is observed at that point.

Rea

c,

Rer

l uut p———————¢c¢

QL ot b

- HP2811

\ O1F = connEcTION

—Df——i 2N2369A / 3

== FALSE-SUMMING

= NODE 50012 475

—m»——( SCOPE

27000 DIRECT 1 MEG
20pF

OUTPUT ERROR [n—:‘f m] -5V "

SUMMING NODE ERROR =

Figure 6. Settling Time Test Circuit for 0.1% Settling

If one were to attempt the measurement at the “true” summing
junction of the op amp, the results would be misleading. All
scope probes will add capacitance to the input and will change
the response of the system. Making the measurement at the

_output of the amplifier is also impractical, since scope nonlinearities

and reading inaccuracies caused by overdriving the scope preclude
accurate measurements to the tolerances which are required.

The false summing junction method causes the amplifier to
subtract the output from the input; only one-half the actual
error appears at the false junction, and it can be measured to
the required accuracies.

The false junction is clamped with diodes to limit the voltage
excursion appearing at that point. This is necessary because the
amplifier will be overdriven and one-half its input voltage will
appear at the junction. Without the clamps, the scope used for
making the measurement would be overdriven and its recovery
time would mask the settling time of the amplifier.

The test circuit for measuring settling time to 0.01%, Figure 7,
is simply an extension of the same basic technique. Measuring
to the closer tolerance requires additional gain in the circuit
driving the oscilloscope.

415V

FROM FALSE g 100011 =
SUMMING
NODE

3301 TRIM FOR
GAIN OF 5

TO 5mv.
SENSITIVITY
OF 475 SCOPE

'I‘o lnF%:ﬂmn
I . 100!

SET TO BALANCE
DIFFERENTIAL
PAIR CURRENT

-15v

2N3823 2N2369A

e .
t
asoor O™ Sy Saromn

0.1uF 390011 39k
I ™I

-5V -5V

Figure 7. Settling Time Test Circuit for 0.01% Settling

IMPEDANCE MATCHING

The characteristics of the HOS-050 operational amplifier make
it an ideal choice for matching the impedances of video circuits
to the impedances of transmission lines.

In this application, source and load terminating resistors will
cause the output voltage to be halved at the end of the cable
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being driven by the op amp. This makes it nccéssary to set the
gain of the circuit to provide twice the desired voltage.

Three different values of resistors and cables are “phantomed”
into the figure as examples of possible characteristic impedances
which might be used. Figure 8 is not meant to imply the HOS-050
can drive three cables simultaneously.

Cro

]

Vour
p————0 LowW Z OUTPUT

5051
-
s011
7500 Vour '
I_%_o_s ! 3 qur
750
9231
9312

Figure 8. HOS-050 Impedance Matching

NONINVERTING OPERATION

The vast majority of video operational amplifiers display marked
differences in settling times and bandwidths when operated in a
noninverting mode instead of the inverting mode. There are a
number of valid reasons for this characteristic.

Most high-speed op amps use feed-forward compensation for
optimizing performance in the inverting mode. This is necessary
to obtain wide gain-bandwidth products while maintaining dc
performance in these types of devices. In effect, the op amp has
a wideband ac channel which is not perfectly matched to the dc
channel.

Feed-forward techniques enhance the performance of the op
amp in the inverting mode by incresing the slew rate and small-
signal bandwidth. These techniques, however, also decrease the
amplifier’s tolerance to stray capacitances, so must be employed
judiciously.

The overall input capacitance of the op amp is kept as low as
possible in the design; and any mismatch in the capacitance of
the two channels appears as an error in the output. Because of
the inherently low total input capacitance of the op amp,.even a
small capacitive mismatch between channels shows up as a large
effective error signal.

Decreasing the channel mismatch can be achieved only by com-
plicating the design of the op amp with additional components,
and rigorous selection of those components in the manufacturing
process.

As a consequence, the mismatch is reduced to the smallest practical
value consistent with the economics.of producing and using the
op amp. But it remains a mismatch, and manifests itself as a
difference in performance in the inverting versus noninverting
modes.

There are video op amps available at low cost which use a 741-type
amplifier for high dc open loop gain in the noninverting channel.
The user of these kinds of designs may sometimes gain an economic
advantage, but at a high cost in performance. Bandwidths for
noninverting applications are often measured in kHz, not MHz,
for this approach.

A video op amp is acting as a voltage mode device at both inputs
when operating in the noninverting mode. This contrasts with
the inverting mode, where it is operating as a current mode
device.
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The Analog Devices HOS-050 has different performance charac-
teristics when operating as a noninverting amplifier, but the
care used in the design makes the differences less pronounccd
than they are in many competing units.

The HOS-050 can be considered a true differential video op
amp. It requires little or no external compensation because its
rolloff characteristics approach a 6dB/octave slope. This helps
the user determine summing errors and loop response; and
helps assure the stability of the system.

The performance parameters for both inverting and noninverting
operation ‘are shown elsewhere in this data sheet (see SPECIFI-
CATIONS section and figures). A comparisonof the characteristics
will highlight the similarities in performance, with the exceptions
noted above.
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Figure 9. Harmonic Distortion - Inverting
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Figure 10. Harmonic Distortion — Noninverting

IN SUMMARY . .. A CAVEAT )

Settling time specifications, bandwidth capabilities, harmonic
distortion performance, and other parameters for video op amps
cannot possibly include all possible situations and applications.

A multitude of seemingly insignificant conditions can have a
major impact on the unit and its ability to operate in any given
circuit.

The potential user is strongly urged to evaluate the effectiveness
of the HOS-050 in the actual circuit in which it will be used.
In many instances, the application conditions are different from
the conditions used in specifying; there is no substitute for a
trial in the proposed circuit to determine if the op amp will
provide the desired results.
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ANALOG
DEVICES

Low Offset, Fast Settling
Video Operational Amplifier

HOS-060

FEATURES

<1mV Vgg

Low Drift

80ns Settling to 0.1%; 200ns to 0.01%
100mA Output @ =10V

APPLICATIONS

D/A Current Converter
Video Pulse Amplifier

CRT Deflection Amplifier
Wideband Current Booster

GENERAL DESCRIPTION

The HOS-060 Operational Amplifier is an extension of the
proven hybrid technology used in the HOS-050 series of op
amps.

The FET input and high-performance characteristics, including
wide bandwidth and fast settling, make it useful for a variety of
applications in the processing of video signals.

Recent innovations in circuit design have been incorporated into
the HOS-060 to make it extremely useful to the designer who
needs outstanding performance in current boosting, voltage
amplification, impedance matching, or a multiplicity of other
high-frequency requirements.

Voltage offset and its temperature coefficient have been dramati-

cally improved in the HOS-060; offset is as low as most high
performance monolithic op amps.

The HOS-060 op amp is pin-for-pin compatible with its forerunner
HOS-050 and is useable in the same diversity of video require-
ments. The reader is strongly urged to refer to the six-page data
sheet for the HOS-050 op amp to obtain additional insight and
details on potential uses for the HOS-060.

The HOS-060 Operational Amplifier package is the industry
standard TO-8 metal can and operates over a case temperature
range of —55°C to + 125°C; the model number for the standard
unit is HOS-060SH. :

HOS-060 PIN DESIGNATIONS

GROUND

ADJUST
V4 ’NNS FOR CONNECTING OPTIONAL
ADJUSYO GROUND QFFSET POTENTIOMETER. RECOMMENDED
VALUE IS 10k OHMS, WITH CENTER ARM
CONNECTED TO +15V.
TO-8 PACKAGE
BOTTOM VIEW
33 GAIN {1001 LOAD)
L
é% 180
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§§ MR N / 1
§§ 60 N / 135 §
'
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=§ 0| 0 %
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F/gure 1. HOS-060 Frequency Response
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Figure 2. Power Derating
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' SP Ec IFI CATI 0 N S (typical @ + 25°;2 ;nd + 15V unless otherwise specified)

Model HOS-060SH
ABSOLUTE MAXIMUM RATINGS' N
Supply Voltages (V) +18V
Power Dissipation See Figure2 -
Input Voltage i +Vs
Differential Input Voltage *Vg
Operating Temperature Range (case) —55°Cto +125°C
Junction Temperature 175°C
Storage Temperature Range —-65°Cto +150°C
Lead Temperature (soldering, 10 sec.) 300°C
DCELECTRICAL CHARACTERISTICS
Parameter ‘Conditions Min Typ Max | Units
Open Loop Gain Ry = 1000 100 dB
Rated Qutput
Current :
(notshortcircuit protected) Ry, = >10002 +100 mA
Voltage Ry = >20001 +10 A\
Input Offset Voltage Adjustable to Zero
Initial ' @ +25°C +0.5 =1 mV
—25°Cto +125°C *2 mV
vs, Case Temperature
~55°Cto +125°C 10 nvre
vs. Power Supply Voltage 0.5 mV/V
Input BiasCurrent
Initial @ +25°C 1 2 nA
vs. Temperature Doubles 110°C
Input Offset Current -
Initial @ +25°C +100 PA
Input Impedance ©
el —— o e
Input Voltage Range
Common Mode +10 18 v
Differential 18 v
+ Common Mode Rejection 70 dB
Input Noise Rgr = 1000; Rgp = 1k}
dcto 100kHz 5 uVrms
dcto2MHz 7 pVrms
ACELECTRICAL CHARACTERISTICS!
Parameter Conditions Min Typ Max Units
Slew Rate = —1;Rgr = Rpp = 5000
Load = 10002 300 Vips
Noninverting Slew Rate A = 2;Rgr = Rpp = 10009);
Load = 1000 320 Vips
Overload Recovery 50% Overdrive 400 ns
‘Gain Bandwidth Product Rfr = Rgp = 50002 100 MHz
Small Signal Bandwidth, ~3dB A = —1;Rgr = Rgg = 5000 45 MHz
A = —1;Rgr = Rgp = 100002 35 MHz
A = —2;Rgr = 50002;
Rgp = 100002 35 MHz
A = —4;Rpg = 2500);
Rgp = 10000 30 MHz
Output Impedance <1 0
Noninverting Bandwidth, —3dB A = 2; Rgr = Rep = 10009;
10042 load; 10pF capacitance
. . S-volt p-p output 25 MHz
4-volt p-p output 30 MHz
2-volt p-p output S5 MHz
A = 3;Rgp = 5000;
Rpp = 100092;
load = 10092, 100012, or 20000);
capacitance = 10pF
R 10-volt p-p output 17 MHz
S-volt p-p output 25 MHz
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ACELECTRICAL CHARACTERISTICS' (Continued) . HOS-060SH
Parameter Conditions Min Typ Max Units )
Noninverting Bandwidth, —3dB A = 5;Rgr = 5000); .
(continued) Rgep = 200002; 10002, 100002,
or 2000€2load/10pF
capacitance
S-volt p-p output 15 MHz
4-volt p-poutput 30 MHz
2-volt p-poutput 40 MH:z
1-volt p-p output ! 40 MHz
Full Power Bandwidth Output = £5V;A = - 15
(—3dB) Load = 100Q 20 MHz
Settling Time 100.1% = — I;Rgr = Rpp = 50000
Inverting Vour = =5V 100 ns , A
Vour = =2.5V 80 ns o
Noninverting A = 2;Rpr = Rgg = 5000 <
Max Load capacitance = 7SpF ’
Vour = =5V 200 ns
Vour = 2.5V 135 ns
Harmonic Distortion A = —1;Load = 10000 .
(See Figure 5) Signal = 4MHz; 2V output -63 dB .
Noninverting Harmonic A= 2;Rgr = Rgg = 10000); .
Distortion (See Figure 6) Load = 100002;"
Signal = 4MHz; 2V output -59 dB
Power Supply
Voltage Rated performance +15 Vde i
Voltage Operating range *12 +18 | Vdc
Current Quiescent +20 *25 mA
Power Consumption Quiescent 0.6 w
Power Dissipation 1.25 W
Temperature Range
. Operating (Case) (See Figure 2 for —-55 +125 | °C
Storage Derating Information) -65 +150 | °C .
NOTES \ -
'Speci ion for I ing Mode unl isenoted.  Individual socket blies (one per pin; ilable from AMP as part number 6-330808-0.

*Specifications same as HOS-060SH.

Specifications subject to change without notice.

PIN DESIGNATIONS!
PINS FUNCTION
1 +V
2 GROUND
3 OFFSETADJ*
4 OFFSETADJ*
5 —INPUT
6 +INPUT
7 NC
8 GROUND
9 -V
10 -V
n OUTPUT
12 +V

. NOTES
SEE SECTION 19 {H12A) FOR
F OUTL TION.
*PINS FOR CONNECTING OPTIONAL
OFFSET POTENTIOMETER. RECOMMENDED
VALUEIS 10k OHMS, WITH CENTER ARM
CONNECTED TO +15V.
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VOLTAGE AMPLIFIERS/CURRENT BOOSTERS

Video op amps such as the HOS-060 are characterized by high
gain bandwidth products, fast settling times, and high output
drive.

One of the most common uses of video op amps is for D/A
current to voltage conversion or current boosting. Figure 3 is
one example of this type of application. In this circuit, the
internal resistance of the D/A is the feed-forward resistor for the
op amp.
=15V +15V
0.1uF 0.1uF

HDS
D/A f——of
CONVERTER |BIPOLAR
OFFSET %

Figure 3. Inverting Unipolar or Bipolar Voltage Output

R1

VOLTAGE
OUTPUT

HOS-060
g

(UNIPOLAR = R, x ~10.24mA}
(BIPOLAR = R, x ~5.12mA]

- The circuit which is shown will provide a negative unipolar
output with binary coding on the input, and the bipolar offset
pin grounded. It will provide a bipolar output with complementary
offset binary coding on the input, and bipolar offset connected
to Ip.

OFFSET AND GAIN ADJUSTMENT
The low value of offset may preclude the need for adjustment,
but Figure 4 shows a method of adjusting both offset and gain.

OFFSET
ADJUST
20k

= Vo O A AA e + Ve
0.1uF
—
orrser 3
KEEPLEADS ” GAIN

TOSUMMING "
NODE SHORT

R
ASPOSSIBLE vl
—
Rrs
o Rep

Vi O—-AAN——4
—O0Vour
Ry
R
GAIN = — (Rﬁ) v

Figure 4. HOS-060 Offset and Gain Adjust

As shown, the gain of the circuit is established by the equation:

R
G= - (Rg) where Rpp = Rgay + Gain Adjust.

Once the user has established the desired gain for the illustrated
circuit, the value of Rgp can be used to determine the correct
value of RopgsgT With the equation:

R _ (Vcc x RFB)
OFFSET = ~ \™aE5

where AEg is the desired amount of offset on the output.

Note: Rgg, Rgamn, Crs and Roppser must be located as close to
the summing node of the HOS-060 as physically possible. This
helps prevent additional capacitance in the summing node and
corresponding bad effects on frequency response and settling
times.

Variable controls (such as Offset Adjust and Gain Adjust) should
never be tied to the summing node of the op amp. Their correct
electrical locations are those shown in Figure 4.
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NONINVERTING OPERATION

The vast majority of video operational amplifiers display marked
differences in settling times and bandwidths when operated in a
noninverting mode instead of the inverting mode. There are a
number of valid reasons for this characteristic.

Most high-speed op amps use feed-forward compensation for
optimizing performance in the inverting mode. This is necessary
to obtain wide gain-bandwidth products while maintaining dc
performance in these types of devices. In effect, the op amp has
a wideband ac channel which is not perfectly matched to the dc
channel.

Feed-forward techniques enhance the performance of the op
amp in the inverting mode by increasing the slew rate and small-
signal bandwidth. These techniques, however, also decrease the

. amplifier’s tolerance to stray capacitances, so must be employed
p P p

judiciously.

The Analog Devices HOS-060 has different performance charac-
teristics when operating as a noninverting amplifier, but the
care used in the design makes the differences less pronounced
than they are in the designs of competing units.

The HOS-060 can be considered a true differential video op
amp. It requires little or no external compensation because its
rolloff characteristics approach a 6dB/octave slope. This helps
the user determine summing errors and loop response; and
helps assure the stability of the system.

The performance parameters for both inverting and noninverting
operation are shown elsewhere in this data sheet (see SPECIFI-
CATIONS section and figures). A comparison of the characteristics
will highlight the similarities in performance, with the exceptions
noted above.

(Res = Reg = 50050, A = =1)

T
! {-—===02VP-P; R = 15001
=== =@ AV P-P; R, = 15011

w
St .
Q .
-4 \
4 sl PN
3 s AN, Y Pl
@ LD A 24 -z
@ N 2
% 60 a2 o
\/
-65

051 2 ) 8
OUTPUT FREQUENCY - MHz

Figure 5. Harmonic Distortion — Inverting

(Rer = Ren = 1k; A = 2)

O= = = =0 2V ;’»P,‘ R, = 15012
@+ - - —8 4VP-P; R, = 15002
Q=m0 2VP-P; R, = 1k
‘\ &—t—=a 4VPP; R =1k

a P
05 1 2 4 ’
QUTPUT FREQUENCY - MHz
Figure 6. Harmonic Distortion — Noninverting
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THE READER IS URGED TO CONSULT THE HOS-050
DATA SHEET FOR ADDITIONAL APPLICATIONS IN-
FORMATION. THE HOS-060 IS PIN-FOR-PIN COMPATI-
BLE WITH THE HOS-050 SERIES AND CAN BE USED
IN SIMILAR WAYS.




ANALOG
DEVICES

Wide Bandwidth,

High Speed Buffer Ampllflers

HOS-100AH, 100SH

FEATURES

Wide Bandwidth — dc to 125MHz

High Slew Rate — 1500V/us

Operation Guaranteed -55°C to +125°C (SH)
High Output Drive — 10V with 100S2 Load

APPLICATIONS

Current Roonsters

High Speed A/D Input Buffers
Nuclear Instrumentation Amplifiers
Coaxial Cable Drive

High Speed Line Drivers

Video Impedance Transformation

GENERAL DESCRIPTION

The HOS-100SH and HOS-100AH Bipolar Buffer Amplifiers

are high-speed, voltage follower/buffers designed to provide

high-current drive at frequencies from dc to over 125MHz, as
well as providing £10mA into 1k§2 loads (£100mA peak) at

" slew rates of 1500V /us. Both units also exhibit excellent phase

linearity (2°), and low distordon (<0.1%).

For commercial temperature ranges the HOS lOOAH is speci-
fied for operation over the range of —25°C to +85°C (case).
The HOS- 100SH is spec1ﬁed for operation over the cxtended
range of -55°C to +125°C (case).

The HOS-100SH and HOS-100AH are intended to fulfill a
wide range of buffer applications, such as video impedance
transformation, high impedance input buffers for A/D con-
verters and comparators, as well as high-speed line drivers and

\1 12

pE ]

21000 4Q

q.s)——l @)

<
< 100€2 a0

33k

Mv&ﬂ’

Figure 1. Schematic Diagram HOS-100

HOS-100SH/HOS-100AH PIN DESIGNATIONS

TO-8 PACKAGE
BOTTOM VIEW

nuclear instrumentation amplifiers. Additionally, both ampli-
fiers will continuously drive 5082 coaxial cables or serve as
yoke drives in high resolution CRT displays.

They are particularly well suited for current booster applica-
tions (Figure 3) within an op-amp loop where input impedance
and bias current requirements are less stringent than in FET
design.

s oy
3 20—\
) N
2 \CAS
RIS
4
=}

10
= AMBIENTI NS N\
§ o

L
25 50 75 100 125 150

TEMPERATURE - °C
Figure 2. Power Derating

Figure 3. Current Booster

OPERATIONAL AMPLIFIERS VOL. I, 4-157



SPECIFICATIONS

HOS-100AH

HOS-100SH
PARAMETER CONDITIONS MIN TYP MAX | MIN TYP MAX | UNITS
DC ELECTRICAL CHARACTERISTICS!/? '
Input Bias Current Tc = 25°C 5 20 5 25 uA
25 LA
Input Impedance VIN = 1V rms, f = 1kHz 100 200 100 200 kQ
Ry, = 1k, Tc = 25°C
Voltage Gain Vin = 1V rms, f = 1kHz | 0.95 0.97 1.0 0.94 0.96 1.0 viv
Ry = 1k, T¢ = 25°C
Output Offset Voltage Rg = 500, T¢ = 25°C 5 10 10 25 mV
25 35 mV
Output Offset Voltage T¢ Rg = 508 25 75 25 75 uv/rc
Output Impedance VIN = 1V rms, f = 1kHz 8 12 8 12 Q
Rg = 5000, Ry = 1k
Output Voltage Swing Rg = 500, R = 1k _ 12 $13 12 13 v
Vs =+5V, Ry = 1k 6 6 A
Supply Current Vin = 0V, T¢ = 25°C
: Vg = %15 13 16 15 20 mA
Vg =15 10 10 mA
Power Consumption ViN =0V, Vg =115V 390 480 450 600 mW
Tc = 25°C
AC ELECTRICAL CHARACTERISTICS? v
Slew Rate Vin = $10V 1000 1500 10001400 Vips
Bandwidth VN = 1V rms 100 125 100 125 MHz
Rise Time Avyy = 0.5V 2 5 2 5 ns
Propagation Delay AvViy = 0.5V 1.5 15 ns
Phase Nonlinearity BW = 1 to 20MHz 2 2 Degrees
Harmonic Distortion i <0.1 <0.1 % :
MTBF 1.509X107 hours
PACKAGE TYPE* H12A H12A
NOTES

! Unless otherwise noted, these specifications apply for +15V applied to Pin 12, and -15V applied to Pin 10,
2 Unless otherwise noted, specifications apply over a temperature range, -55°C < T¢ < +125°C for the HOS-100SH, and

-25°C < T < +85°C for the HOS-100AH. Typical values shown are for T¢ = +25°C.

3 These specifications all measured with the following conditions: T = +25°C, Vg = £15V, Rg = 502, Ry, = 1k,

*See Section 19 for package outline information.
Specifications subject to change without notice.

ABSOLUTE MAXIMUM RATINGS

ORDERING INFORMATION

Supply Voltage (V+=V=). ... ... oo, 40V
Maximum Power Dissipation. .. ................ 1.5W
Input Voltage. . . ... .vvvne.n. Equal to Supply Voltage Model Temperature Range
Maximum Continuous Output Current .......... +100mA i _9&® o
Maximflm Peak Output Current. . .......... X .iZSOrx;A ﬁgz_igggg -§:°g :Z :?; SSC
Operating Temperature Range (Case) .. ... -55 Cto+125 C
Storage Temperature . . . ............. -65°C to +150°C
Lead Temperature (Soldering, 10sec). .. ........ +300°C

+175°C

Maximum Junction Temperature . . . ... ... . ...
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Instrumentation & Isolation Amplifiers

ctmtents
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General Information 5-8
AD293A/B Hybrid Industrial Isolation Amplifier 5-13
AD294A Hybrid Medical Isolation Amplifier 5-13
AD5211/K/T/S Monolithic 1C Re<i<rnr-Prngrammahle Amplifi»r 5-21
AD522A/B/S Hybrid IC Resistor-Programmable Amplifier 5-27
AD524A/B/C/S Precision Instrumentation Amplifier 5-31
AD624A/B/C/S High Precision Low Noise Instrumentation Amplifier 5-43
®AD625A/B/C/S Programmable Gain Instrumentation Amplifier ) 5-55

®New product since publication of 1982—1983 Databook Update.
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Selection Guide
Instrumentation Amplifiers

OUTPUT
O SIGNAL
COMMON

Cmmme— -~
OPTIONAL
OFFSET
TRIM

O REFERENCE

(6) REFERENCE
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| AD521 Page
Programmable Gains from 0.1 to 1000 Vol. I

Differential Inputs 5-21

High CMRR: 110dB min :

Low Drift: 21V/°C max (L)

Complete Input Protection, Power ON and Power
OFF

Functionally Complete with the Addition of Two
Resistors

Internally Compensated

Gain Bandwidth Product: 40MHz

Output Current Limited: 25mA

Very Low Noise: 0.5V p-p, 0.1Hz to 10Hz, RTlI @
G = 1000

AD522
Performance Vol. 1
Low Drift: 2.0pV/°C (AD522B) 5-27

Low Nonlinearity: 0.005% (G = 100)
High CMRR: >110dB (G_= 1000)
Low Noise 1.5pV p-p (0.1 to 100Hz)
Low Initial Vps: 100uV (AD522B)

Versatility

Single-Resistor Gain Programmable: 1=G=1000
Output Reference and Sense Terminals

Data Guard for Improving ac CMR

AD524
Low Noise: 0.3V p-p 0.1Hz to 10Hz Vol. 1
Low Nonlinearity: 0.003% (G = 1) 5-31

High CMRR: 120dB (G = 1000}

Low Offset Voltage: 50puV

Low Offset Voltage Drift: 0.5uV/°C

Gain Bandwidth Product: 25MHz

Pin Programmable Gains of 1, 10, 100, 1000
Input Protection, Power On - Power Off
No External Components Required
Internally Compensated



AD624 | Page

AD624 Low Noise: 0.2pV p-p 0.1Hz to 10Hz Vol. 1
Low Gain TC: 5ppm max (G = 1}
Low Nonlinearity: 0.001% max (G = 1 to 200)
High CMRR: 130dB max (G = 500 to 1000)
(10) sense Low Input Offset Voltage: 25pV, max
Low Input Offset Voltage Drift: 0.25pV/°C max
() oureur Gain Bandwidth Product: 25MHz
" Pin Programmable Gains of 1, 100, 200, 500, 1000
No External Components Required
REFERENCE Internally Compensated

10ki}

10k}

+INPUT - ok

g
+
N+

AD625 .

Low Noise: 0.2pV p-p 0.1Hz to 10Hz Vol. 1
10k " Low Nonlinearity: 0.001% max (G =1 to 500) 5-55
(1) SENSE High CMRR: 130dB max (G = 500)

10 4 IS Low Offset Voltage: 25pV max
; 10) OUTPUT Low Offset Voltage Drift: 0.25.V/°C max
- Gain Bandwidth Product: 25MHz

Internally Compensated
7 ) REFERENCE Versatile Gain Programming

Resistor Programmable Gain Amp

Software Programmable Gain Amp

AD625

10k

10k

INSTRUMENTATION & ISOLATION AMPLIFIERS VOL. I, 5-3
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Selection Guide
Isolation Amplifiers -

g ------- s T ; MODEL 277 Page

oyt
OFFSET TRIM

"

* TRM t 101 - Versatile Op Amp Front End: Inverting, Vol. 11
™ i Ny Noninverting, Differential Applications 5-9
], D'SSSL I:il:d oemon [:t“" m‘@ our Low Nonlinearity: 0.025% max, Model 277K

i & ourcom Low Input Offset Voltage Drift: 1uV/°C max,
ol (wzze 3 e P p::q o Model 277K
W com j“" S i 1@ Puncom Floating Power Supply: +15V dc @ =15mA
Umeursme A .. _ouruisue | High CMR: 160dB min @ dc

High CMV: 3500V,ms

e ‘ MODEL 289

Low Nonlinearity: +0.012% max (289L) Vol. 11
Your Frequency Response: (—3dB) dc to 20kHz 5-17
(Full Power) dc to 5kHz
Gain Adjustable 1 to 100V/V, Single Resistor
il3 3-Port Isolation: =2500V CMV lsolation
socaten Input/Output
SUPPLY Low Gain Drift: +0.005%/°C max
Floating Power Output: =15V @ =5mA
oL ATED 120dB CMR at 60Hz: Fully Shielded Input Stage
- Meets UL Std. 544 Leakage: 2pA rms max, @
115V ac, 60Hz

INPUT

ISOLATED
POWER

COMMON SuPpLY

“ VOL. I, 5-4 INSTRUMENTATION & ISOLATION AMPLIFIERS



F”'l‘ oUTPUT !::: ‘ AD293 ' Page
: Z) High Common-Mode Voltage: AD293 2500V Vol. 1
e 2 SR vol.
S o Nonlinearity: +0.05% max (AD293B)
T Qureut Adjustable Input & Output Gain: 1V/V to 1000V/V
(@) comne Complies with NEMA ICS1-111
I (@ v Hermetically Sealed Hybrid Construction
D POWER
OSCILLATOR 7) CoMo:

POWER OSCILLATOR

L. oue  AD294
INPUT 2 ouTPUT

m @ High Common-Mode Voltage: +8000V Vol. 1
lr W bmooluuvokl.. "1amouruwu Nod ver peak max 5-13
. 1wy Nonlinearity: +0.05% of max .
~Q S nerr aureur Adjustable Input & Output Gain: 1V/V to 1000V/V
s | 4> moouaros B Complies with NEMA ICS1-111
@ it Meets UL Std 544 Leakage: 2.0pA max @
115V ac, 60Hz
I as0kmz ORZ Hermetically Sealed Hybrid Construction
KP.] oschtiton ) com,
r 20) SYNC
—"— POWER OSCILLATOR
.
, o
[}
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Selection Guide
Isolation Amplifiers

BIPOLAR INPUT AMPLlFIER_}
HIINeUT (S, |
: (2 outrut
Al
GAIN ¢, 'I
1 l
Ri1 ) | ) TRIM
3 |
LOIN/
150 PWRN\ N1 INPUT FLT. | (D) +vs
com CcoMm. | ~
GUARD (& ]
+15V "I £ | osciuLaton ®7) 1000
+Viso(3 \ BUFFER a ) INpUT
-15v
Viso (4 | POWER
| (e) com
POWER 1
SUPPLY I
L INPUT SHIELD|
______________ =
s20k BIPOLAR INPUT AMPLIFIER | DC TO 1kHz
HIINPUT(S *
» mMoD
GAIN “ .
2 VW\e-
15 WQ 100k
R
A S DEMOD
o - n
Lo IN/ 1 ORIve DRIVE
1S0 PWR INPUT FLT.
com coM.
GUARD (&
OSCILLATOR
+Viso(3 118V BUFFER
-15v
“Viso (4
POWER
SUPPLY
b e e o — . INFUT SHIELD
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MODEL 284

High CMV Isolation: +5000V pk, 10ms Pulse;
+2500V dc Continuous

High CMR: 110dB min with 5k Imbalance

Low Nonlinearity: 0.05% @ 10V pk-pk Output

High Gain Stability: +0.0075%/°C, £0.001%/1000
hours

Low Input Offset Voltage Drift: 10uV/°C, G =
100V/V

Resistor Programmed Gain: 1 to 10V/V (284J)

Isolated Power Supply: £8.5V dc @ + 5mA (284J)

Meets IEEE Std 472: Transient Protection (SWC)

Meets UL Std 544 Leakage @ 115V ac, 60Hz:
2.0pA max (284J)

MODEL 286

High CMYV Isolation: 5000V pk, 10ms Puise;
+2500V dc Continuous

High CMR: 110dB min with 5k Imbalance

Low Nonlinearity: 0.05% @ 10V pk-pk Output

High Gain Stability: £0.0075%/°C, +0.001%/1000
hours

Low Input Offset Voltage Drift: 10uV/°C, G =
100V/V

Resistor Programmed Gain: 1 to 100V/V (286J)

Isolated Power Supply: £15V dc @ + 15mA (286J)

Meets |EEE Std 472: Transient Protection (SWC)

Meets UL Std 544 Leakage @ 115V ac, 60Hz:
2.5uA max {284J)

Page
Vol. II
5-11

Vol. I1
5-11



HIINPUT (5

{0
ISANZ

100k§2

BIPOLAR INPUT AMPLIFIER
+

=1

MoD

AAA

ist
RSy
i

1

AA
VWS-

w2

VWV~
100k
MOD
DRIVE T~

LO IN/
SO PWR COM

GUARD (B
Viso (3
“Viso (4

413V
-13v

INPUT FLT
cOoMm.

f

POWER | [—

SUPPLY .

DC TO 1kHz

OSCILLATOR

VW
100k
MoD
DRIVE T~

INPUT FLT.
com.

s

100kHz
osc

Input

MODEL 290A

Isolated Power Supply: =13V dc @ =5mA (290A)

Low Nonlinearity: 0.1% @ 10V pk-pk Output

High Gain Stability: 0.001%/1000 Hours; 0.01%/°C

Small Size: 1.5" x 1.5” x 0.62"

Low Input Offset Voltage Drift: 10n.V/°C (Gain =
100V/V)

Wide Input/Output Dynamic Range: 20V pk-pk

High CMV Isolation: 1500V dc, Continuous

Wide Gain Range: 1 to 100V/V

MODEL 292A

Multichannel Capability Using External Oscillator
{292A)

Isolated Power Supply: +15mA (292A)

Low Nonlinearity: 0.1% @ 10V pk-pk Output

High Gain Stability: 0.001%/1000 Hours; 0.01%/°C

Small Size: 1.5 x 1.5"x 0.62"

Low Input Offset Voltage Drift: 10.V/°C (Gain =
100V/V)

Wide Input/Output Dynamic Range: 20V pk-pk

High CMV Isolation: 1500V dc, Continuous

Wide Gain Range: 1 to 100V/V

Page
Vol. Il

Vol. 11
5-21
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Orientation

Instrumentation & Isolation Ampllflers

An instrumentation amplifier is a committed ‘“‘gain block” that
measures the difference between the voltages existing at its
two input terminals, amplifies it by a precisely set gain — usually
from 1V/V to 1000V/V or more — and causes the result to
appear between a pair of terminals in the output circuit.
Referring to Figure 1,

Vg —VR=G(V+—-V")

An ideal instrumentation amplifier responds only to the differ-

ence between the input voltages. If the input voltages are equal
(V* = V= = Voum, the common-mode voltage), the output of
the ideal instrumentation amplifier will be zero.

DC POWER
SUPPLIES

OFFSET
ADJUST’

Vour = Vin }'(HGH
OR

Vour =Vin {1(RG.Rs)}

SIGNAL
SOURCE

ERROR VOLTAGE
AND/OR GROUND

DROPS SUPPLY GROUNI

(LOAD RETURN‘))
EXTERNAL GAIN-SETTING RESISTOR OR
RESISTOR-PAIR.

Figure 1. Basic Instrumentation Amplifier

Functional Diagram

An amplifier circuit which is optimized for performance as an
instrumentation-amplifier gain block has high input impedance,
low offset and drift, low nonlinearity, stable gain, and low
effective output impedance. It is commonly used for applica-
tions which capitalize on these advantages. Examples include:
transducer amplification — for thermocouples, strain-gage
bridges, current shunts, and biological probes, preamplification
of small differential signals superimposed on high common-
mode voltages, signal conditioning and (moderate) isolation
for data acquisition, and signal translation for differential and
single-ended signals wherever the common ‘“‘ground’ is noisy
or of questionable integrity.

Instrumentation-amplifiers are usually chosen in preference

to user-assembled op-amp circuitry, because they offer op-
timized, specified performance in low-cost, easy-to-use,
compact packages. If the application calls for high com-
mon-mode voltages (typically, voltages in excess of the amplifier
supply voltage), or if isolation lmpedances must be very high
(e.g., 10°Q, with galvanic isolation, as in medical and indus-
trial applications), the designer should consider an isolation
amplifier.

VOL. I, 5-8 INSTRUMENTATION & ISOLAﬂbN AMPLIFIERS

SPECIFYING INSTRUMENTATION AMPLIFIERS

The instrumentation amplifier chosen for a given application
will be the lowest-cost device that satisfies the performance
and environmental requirements. In addition to the products
listed here, which are recommended for new designs, a number
of older products are still available; data sheets are available
upon request. It is essential that the designer have a firm un-
derstanding of the specifications of instrumentation ampli-
fiers and of the contributions of the various sources of error
to the total error. The data sheets provide much useful applica-
tion data on these devices, as well as examples of basic error
analyses.

Definitions of the key specifications follow a brief discussion
of instrumentation-amplifier architectures. For more-complete
information on the fundamentals and applications of instru-
mentation amplifiers, a number of publications are avallable
from Analog Devices.!»?,?

INSTRUMENTATION-AMPLIFIER ARCHITECTURE

All Analog Devices instrumentation amplifiers have two high-
impedance input terminals, a set of terminals for gain-
programming, an ‘‘output’’ terminal, and a pair of feedback
terminals, labeled sense and reference, as well as terminals for
power supply and offset trim.*

Two basic circuit concepts are employed. The AD522, AD524,
AD624 and AD625 use variations of the well-known three-op-
amp configuration, consisting of a differential input-output gain
stage and subtractor stage. Gain (>1V/V) is set by the choice
of a single gain-setting resistor, Rg. When the sense (Vg) feed-
back terminal is connected to the output terminal, and the
reference terminal (VR) is connected to power common,
the output voltage appears between the output terminal and
power common.

The Vg and VR terminals may be used for remote sensing — to
establish precise outputs in the presence of line drops; they
may be used with an inside-the-loop booster follower to obtain
power amplification without loss of accuracy; and they may be
used to establish an output current that is precisely propor-
tional to the difference signal. A voltage applied to the Vg
terminal will bias the output by a predetermined amount. It is
important always to maintain very low impedance (in relation
to the specified Vg and VR input impedances), when driving

“the Vg and VR inputs, in order not to introduce common-mode,

gain, and/or offset errors. In devices using the 3-amplifier con-
figuration, the VR terminal is sometimes used for “tweaking”

g R 4
common-mode rejection.

NOTES

! “Applications Guide for Isolation Amplifiers, 1984 edition, avallable
upon request.

24A User’s Guide to IC Instrumentation Amplifiers,” by J. Riskin,
1978, available upon request.

3Transducer Interfacing Handbooks, D.H. Sheingold, ed., 1980,

© $14.50, Analog Devices, Inc., P.O. Box 796, Norwood, MA 02062,

*In Model 612, sense is internally connected to the output terminal.



SPECIFICATIONS

Specification tables are generally headed by the legend: *speci-
fications are typical at Vg = +15V, Ty = +25°C, and rated
load, unless otherwise noted.” This tells the user that these are
the normal operating conditions under which the device is test-
ed. Deviations from these conditions might degrade (or im-
prove) performance. When deviations from the “normal” con-
ditions are likely (such as a change in temperature), the sig-
nificant cffccts aic usually indicaicd widnn the specs.
“Typical” means that the manufacturer’s characterization
process has shown this number to be “average,” but individual
devices vary.

Specifications not discussed in detail are self-explanatory and
require only a basic knowledge of electronic measurements.
Such specs are not uniquely applicable to instrumentation
amps.

GAIN These specifications refer to the linear transfer function

of the device; for example, the AD524 gain equation is: G =

40,000
Rg

1+ V/V. The value of Rg for a given gain value is:

_ 40,000
G-1
Rg =201 ohms.

Rg Q. For example, if G is to be 200V/V,

Gain Range Specified at 1 to 1000, for example, the device
may work at higher gains (1 V/V is minimum, except for the
AD521), but the manufacturer does not specify performance
outside the range. In practice, noise and drift may make higher
gains impractical for a given device.

Equation Error (or “Gain Accuracy”’) The number given by this
specification describes deviation from the gain equation when
Rg is at its nominal value. The user can trim the gain or com-
pensate for gain error elsewhere in the overall system. Systems
using microprocessors (or computers, or other digital ‘‘intelli-
gence”) can be made self-calibrating, to take into account the
lumped gain errors of all the stages in the analog portion of the
system, from transducer to a/d converter.

Nonlinearity (or Gain Nonlinearity) Nonlinearity is defined as
the deviation from a straight line on the plot of output vs. in-
put. The magnitude of linearity error is the maximum deviation
from a ‘“‘best straight line,” with the output swinging through
its full-scale range. Nonlinearity is usually specified in percent
of full-scale output range.

Gain vs. Temperature These numbers give the deviations from
the gain equation as a function of temperature.

SETTLING TIME is defined as that length of time required for
the output voltage to approach and remain within a certain ()
tolerance of its final value. It is usually specified for a fast step
that will drive the output through its full-scale range and it in-

cludes slewing time. Since several-factors contribute to the

overall settling time, fast settling to 0.1% does not necessarily
mean proportionally fast settling to 0.01%, nor is settling time
necessarily proportional to gain. Principal contributing factors
include slew-rate limiting, underdamping (ringing), and thermal
gradients (“long tails”).

VOLTAGE OFFSET Voltage offset and common-mode re-
jection (see below) specifications are often considered the key
figures of merit for instrumentation ampiifiers. While initial
offset can be adjusted to zero, shifts in offset voltage with time
and temperature introduce errors. Systems that involve *“in-
telligent” processors can correct for offset errors in the whole
measurement chain, but such applications are still relatively in-
frequent; in most applications, the instrumentation amplifier’s
contribution to system offset error must be defined. [

Voltage offset and offset drift in instrumentation amplifiers
are functions of gain." The offset, measured at the output, is
equal to a constant plus a term proportional to gain. For an
amplifier with specified performance over a gain range from 1
to 1000, the constant is essentially the offset at unity gain, and
the proportionality term (or slope) is equal to the change in
output offset between G = 1 and G = 1000, divided by 999. To
refer offset to the input (RTI), divide the total output offset
by the gain. Since offset at a gain of 1000 is dominated by the
proportional term, the slope is often called the “RTI offset,

G =1000.” At any value of gain, the offset is equal to the
unity-gain offset plus the product of the gain and the “RTI
offset”.

The same considerations apply to the offset drift. For
example, the maximum RTI drift of the AD624C is specified
at 0.25uV/°C. Thus, the output drift is (0.25uV/°C X G)
+10uV/°C at any gain, G, in the range.

Voltage offset as a function of power supply level is also speci-
fied RTI at one or more gain settings.

INPUT BIAS AND OFFSET CURRENTS Input bias currents
are those currents needed to bias the input transistors of a dc
amplifier or to supply the junction-leakage of FET’s. FET-input
devices have lower bias currents than those using bipolar tran-
sistors, but FET leakage currents increase dramatically with
temperature, approximately doubling every 11°C. Since bias
currents can be considered as a source of voltage offset (when
multiplied by source resistance), the change in bias currents is .
of more concern than the magnitude of the bias currents. Input
offset current is the difference between the two input bias
currents.

*There is a good explanation of the specification of offset in
instrumentation amplifiers in ANALOG DIALOGUE 6—-2
(1972), p. 14
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Important Note

Although instrumentation amplifiers have differential
inputs, there must be a return path for the bias currents.
If it is not provided, those currents will charge stray
capacitances, causing the output to drift uncontroll-
ably or to saturate. Therefore, when amplifying out-
puts of “floating” sources, such as transformers and
thermocouples, as well as ac-coupled sources, there
must still be a dc path from each input to common,
or to the guard terminal. If a dc return path is im-
practicable, an fsolator must be used.

COMMON-MODE REJECTION (CMR) is a measure of the
change in output voltage when both inputs are changed by
equal amounts. CMR is usually specified for a full-range com-.
mon-mode voltage change (CMV), at a given frequency, and a
specified imbalance of source impedance (e.g. 1k§2 source un-
balance, at 60Hz). CMR is a logarithmic expression of the
common-mode rejection ratio (CMRR): CMR = 20 logyo
(CMRR). The common-mode rejection ratio is defined as the
ratio of the signal gain, G, to the ratio of common mode signal
appearing at the output to the input CMV.

In most instrumentation amplifiers, the CMR increases with
gain, because the front-end configuration does not amplify
common-mode signals, and the amount of common-mode sig-
nal appearing at the output stays relatively constant as the
signal gain (G) increases.

However, at higher gains, amplifier bandwidth decreases. Since
differences in phase shift through the differential input stage
will show up as common-mode errors, CMR becomes more fre-
quency-dependent at high gains.

ISOLATION AMPLIFIERS

The isolation amplifier (or isolator) has an input circuit that
is galvanically isolated from the power supply and the output
circuit. Isolators are intended for applications requiring safe,
accurate measurement of dc and low-frequency voltage or
current in the presence of high common-mode voltage (to
thousands of volts) with high CMR, line-receiving of signals
transmitted at high impedance in noisy environments, and for
safety in general-purpose measurements where dc and line-fre-
quency leakage must be maintained at levels well below certain
mandated minima.* Principal applications are in electrical en-
vironments of the kind associated with medical equipment,
conventional and nuclear power plants, automatic test equip-
ment, and industrial process-control systems. '

Analog Devices Isolators described in this catalog use electro-
* magnetically coupled high-frequency carrier techniques for
communication of power to and signals from the input circuit.

*Examples of such requirements may be found in UL STD 544 and
SWC (Surge Withstand Capability) in IEEE Standard for Transient
Voltage Protection 472-1974.

! Analog Devices Applications Guide for Isolation Amplifiers (1984)
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CHOOSING AN ISOLATOR

The choice of an isolator depends on the desired functional
characteristics and the required specifications. Functional
characteristics include such considerations as number of chan-
nels, range of output common-mode (output to power sup-
ply), nature of the front-end amplifier (amplification only or
general op-amp functioning), and the availability of isolated
power for additional external front-end circuitry. Key specifi-
cations include performance specs and ‘‘absolute max/min”
mandated safety specifications. Definitions of specifications
follow this section. In addition to the products listed here,
which are recommended for new designs, a number of older
products are still available; data sheets are available upon re-
quest. In addition to the useful applications information on
the data sheets published here, 2 designers’ guide!, available
upon request, provides information useful to the circuit
designer. '

Functional Characteristics The basic design of both amplifiers
is identical. As shown in Figure 1, an amplifier is divided into
three isolated sections—input, output, and power—coupled
together by a single transformer. A power oscillator (which
may be powered by system power or a separate power source)
furnishes isolated power to the input amplifier, plus a carrier,
which is modulated by the amplified input signal, coupled
across the isolation barrier to the output section, demodulated,
and buffer-amplified by a system-powered output amplifier.

Two significant innovations are responsible for the small size
and excellent performance of these amplifiers. The first is an
ultra-compact transformer, using screened wiring and well-
conceived assembly technology. The second is an improve-
ment in the use of the flyback (unclamped) portion of a
blocking-oscillator waveform as the modulated signal carrier
(U.S. Patent 4,286,225).

AD293/AD294
INPUT

L ourr
.

e ooen
i F, N
1

z7onI

=1

Figure 1. AD293/AD294 Block Diagram



As the block diagram shows, the synchronizable oscillator
requires a two-wire power supply, which may be different (and
(and isolated) from the power supply for the output ampli-
fier, A2. The oscillator’s output is coupled to (and loaded by.
but isolated from) the circuitry connected to the other five
identical transformer windings. One winding delivers power to
the input amplifier, Al.

The flyback portion of the oscillator waveform is amplitude-
modulate by A1’s output signal, then coupled through separ-
ate transformer windings to a demoduiator (1) in the ampli-
fier’s feedback path. Since A1 is an operational amplifier, the
feedback signal must replicate the input signal (gain, from 1 to
100V/V, is equal to 1 + Rg/Rg), and the transformer flux
during flyback must be whatever is necessary to make this
happen. The common flux, through an identical winding,
applied to an identical demodulator (II), causes its output to

be very nearly identical to the voltage at the output of the

first demodulator, i.e., an accurately amplified version of the
input signal. The other winding connected to Demodulator Il
provides a reference signal. The output of the demodulator is

filtered and buffered by output amplifier, A2, which may be
connected for gain values from 1 to 10V/V.

The AD293 and AD294 are 3-port isolators; the input, output,
and power sections are mutually isolated from one another.
The use of separate substrates for the spiral-winding triplets

of the transformer makes possible isolation of £2500V (peak
or continuous) for the AD293, and 8000V (peak, 10ms
pulse) for the AD294, between the input and output/power
circuits. The high-temperature-fired dielectrics between the
individual windings permit 500V rms of isolation between the
output and power ports.
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ANALOG
DEVICES

Hybrid Industrial/
Medical Isolation Amplifier

AD293/AD294

FEATURES
High Common-Mode Voltage:
AD293 =+2500V peak max, cont.
AD294 +3500 peak max, cont.; =8000V peak
max Pulse :
Nonlinearity: +0.05% max (AD293B)
Adjustable Input & Qutput Gain: 1V/V to 1000V/V
Meets UL Std 544 Leakage: 2.0pA max @ 115V ac,
60Hz

APPLICATIONS

Off Ground Signal Measurement

Industrial Control

Nuclear Instrumentation

High Voltage Protection for Data Acquisition Systems
Medical Diagnostic and Patient Monitoring Equipment

GENERAL DESCRIPTION

The AD293/AD294 are low cost, high performance isolation
amplifiers designed for accurate processing of low level,
industrial sensor or biomedical signals, with true galvanic
isolation from high common-mode voltages, transients and lethal
ground fault currents. The true hybrid architecture of the
AD293/AD294 includes a proprietary hybrid magnetic trans-
former, all housed in a low profile (0.3") epoxy sealed, 40-pin
ceramic package.

The AD293 features a maximum nonlinearity of 0.1% (AD293A)
or 0.05% (AD293B) and maximum common-mode voltage
isolation of either 2500V peak (continuous ac or dc) or 2500V
rms (ac 60Hz, 1 minute). The AD294A provides a maximum
nonlinearity of 0.1% and maximum common-mode voltage

" isolation of 3500V peak (continuous ac, dc) and common-mode
voltage pulse (defibrillator) or transient protection of + 8000V
peak.

In medical applications requiring patient isolation from lethal
ground fault currents, the AD293/AD294 meet UL STD 544
leakage requirements by guaranteeing a maximum leakage
current of 2pA rms (115V, 60Hz).

All versions provide small signal (—3dB) frequency response of
~ 2.5kHz and a full power response of 200Hz (at gain of 1V/V).
Both the input and output sections of the AD293/AD294 are
gain programmable, allowing the user to tailor the amplifier to
meet an application requirement.

AD293/AD294 FUNCTIONAL BLOCK DIAGRAM

AD293/AD294

INPUT HL‘ OUTPUT
m 100k

oemooulator| P14 |oemobuLaToR
- v
1M

mpr]‘
> ¥

MODULATOR

I  1soxnz
POWER
OSCILLATOR

' " POWER OSCILLATOR

WHERE TO USE THE AD293/AD294

Industrial: In process control systems, high CMV instrumentation
and multi-channel computer interface systems, the AD293/AD294
provide guaranteed protection against high transient voltages,
lethal ground fault currents and high common-mode voltages.

Medical: In biomedical and patient monitoring equipment such
as ECG recorders, diagnostic systems and blood pressure
monitors, the AD294A offers protection from lethal ground
fault currents as well as 8kV peak defibrillator pulse inputs.

Low level signal recording and monitoring is achieved with the
AD294A’s low input noise (10pnV p-p v G = 100V/V) high
CMR (100dB min (v 60Hz).

DESIGN FEATURES AND USER BENEFITS

Adjustable Gain: Gain can be selected at either the input,
output, or both. Thus, circuit response can be tailored to the
user’s application. The input gain can be selected from 1V/V to
100V/V with a single resistor. The output gain can be selegted
from 1V/V to 10V/V with or without compensation. The
AD293/AD294 provides the user with flexibility for circuit
optimization without requiring external active components.

Buffered Output: The AD293/AD294 prevent inaccuracies
related to low impedance loads by providing an uncommitted
output amplifier capable of supplying + 10V (@ SmA min.
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SPEC I F I CA." ONS (typical @ + »25°c, &V =15V unless otherwise noted) ’

MODEL AD293A AD293B AD294A
PIN DESIGNATIONS
GAIN
Range R, ' ) PIN| FuNCTION | PIN] FUNCTION
Formula (Input) Gin = ( 1+ Re ); Rg = 1k€}; Gy max = 1 | Ra 40 | H-IN
Ra 2 | COMy,
(Output) Gour = (l + R ); 1 < Gour < 10; Goyr max 3 | ~Vos TRIM | 38 | INPUT FILTER
Deviation from Formula 4 | LON 37 1 -1V
G=1 ~1.0% . « 5 ) +Vos TRM | 36 | —13V
G>1 +3.0% * *
vs. Temperature (—25°Cto +85°C)"2(Gain = 1) =+ 60ppm/°C max * * 16 { +Vosc 25 | Eos TRIM
(Gain>1) = 120ppm/°C max N » 17 | COMgsc 24 | Vour
Nonlinearity ( = SV swing)® +0.1% max +0.05% max * 18 | ~15V 23 | FEEDBACK
INPUT VOLTAGE RATINGS 19 | +15V 22 | OUTPUT FILTER
Linear Differential Range 10V min * *5Vmin 20 | SYNC 21 | COMgyr
Max Safe Differential Input
Continuous 120V rms max * *
1 Minute 240V rms max * *
Max CMV (Inputs to Qutputs)
Continuous(ac or dc) * 2500V peak - + 3500V peak
ac, 60Hz, 1 minute Duration 2500V rms * 3500V rms
Pulse, 10ms Duration, 1 pulse/10 sec —_ _ + 8000V peak
CMR (60Hz2), G = 10V/V
Rs = 1k Balanced Source Impedance 108dB * *
Rg = 1k Source Impedance Imbalance 100dB min . *
Rs = 5k Balanced Source Impedance - — 100dB
R = 5k Source Impedance Imbalance _ - 95dB min
Leakage Current, Input to Qutput
(@ 115V ac, 60Hz 2pA rms max * *
Input Impedance, G = 1
Differential 150pF|10°2 * "
Overload 100k} * *
Common Mode 30pF|(S x 10'°0) * *
Input Bias Current
Initial @« +25°C 2nA (SnA max) * *
vs. Temperature 20pArC * *
Input Noise
Voltage
0.05Hz10100Hz 10uVp-p * *
10Hz to 1kHz S5uVrms * *
Current
0.05Hzto 100Hz 50pA p-p * *
FREQUENCY RESPONSE .
Small Signal ( - 3dB)G = 1V/Vto 100V/V 2.5kHz * -
Full Power, 20V p-p Output (10V p-p AD294)
G = IVNV (Gix = IV/V, Gout = 1V/V) 200Hz * *
G = 100V/V(Gin = 100V/V, Gour = 1V/V) 100Hz * *
G = 10V/V(Gin = IV/V,Goyr = 10V/V) 1.5kHz * *
Slew Rate 9.1V/ms * *
OFFSET VOLTAGE, REFERRED TO INPUT
Inital, G +25°C, max (23 %)mv . -
vs. Temperature
(0t 4 70°C) (232 glf) wVrC (£10+ GM&) WVFC max
(-25°Cto +85°C)max (:10:%)uw=cﬂm (:s:é%)uwvc (:10:%)uw’c
+ + * *
vs. Supply Voltage ( +0.01% ﬁ)mwv
RATED OUTPUT
Voltage, 2k Load +10Vmin * *
Output Impedance <10 * *
Output Ripple, (dc to 100kHz) Bandwidth 4mV p-p * *
POWER SUPPLY? N
Veltage, Rated Performance *15Vdc 23% * *
Voltage, Operating* +12Vdc +18Vde * *
Current, Quiescent (Vs = =15V) +1mA, - 1ImA * *
(+Vosc = +15V) +11mA * .
ISOLATED POWER - 13Vdc @ 200uA * *
TEMPERATURERANGE
Rated Performance —25°Cto +85°C * *
Operating —40°Cto +100°C * *
CASE DIMENSIONS 2.64" x 0.86" x 0.35" * *
PACKAGE OPTION?® HY20A * *
NOTES

*Specifications same as AD293A.

'Gain temperature drift is specified as a percentage of output signal level @ 10V pk-pk.
2Gain nonlinearity is specified as a percentage of 10V pk-pk output span.

3Recommended power supply, ADI Model 904, + 15V @ 50mA output.
*Output Swing = 0.66Vs :

*See Section 19 for package outline information.
Specifications subject to change without notice.
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Understanding the Isolation Amplifier Performance

Synchronization: The unique hybrid transformer design and
low power consumption of the AD293/AD294 result in very low
RFI (carrier) levels which make it unnecessary to synchronize
adjacent amplifiers in a multi-channel application, since “beat
frequency” and cross talk caused by intermodulation are virtu-
ally eliminated.

If desired by the user, multiple AD293/AD294’s may be
synchronized by connecting a 0.0015.F capacitor in series with
each amplifier’s SYNC terminal (pin 20) and driving them with
a TTL compatible, 150kHz (= 10%) source. SYNC input
impedance for each amplifier is approximately 8k(}.

High Reliability: The AD293/AD294 are designed specifically
to provide highly reliable operation in extremely harsh environ-
ments. These devices are available in epoxy sealed ceramic
packages which use hybrid techniques and incorporate a
revolutionary new hybrid magnetic transformer eliminating
traditional wire wound methods.

INTERCONNECTIONS AND SHIELDING TECHNIQUE
To preserve the high CMR performance of the AD293/AD294,
care must be taken to keep the capacitance balanced about the
input terminals. Use twisted shielded cable, for the input signal,
to reduce inductive and capacitive pickup. The cable shield
should be connected to the common-mode signal source and as
close as possible to their respective terminal connections so
pick-up can be minimized (shown in Figure 1).

SHORT LEADS

nuusnucu

Hi- IN

mmsouc:u (NOTE &)
L0 m

"7 tRansbuCER GROUND
(NOT REQUIRED}

NOTES:
1. GAIN RESISTORS Rg, Ra AND Rg, 1% 50ppm/°C METAL FILM TYPE.

2. INPUT GAIN =1 + 1%°—-" Ra >1k; MAX INPUT GAIN =100V/V.
3. OUTPUT GAIN =1 +§£ ;1< OUTPUT GAIN < 10.

FOR OUTPUT GAIN > 1, A 33pF MAY BE REQUIRED ACROSS Ra.

= -
4.Cp = gl FARADS - 330pF.
. = —1 ADS  —270pF.
5. Cor = goorom  FARADS -270p
6. Ro IS REQUIRED ONLY FOR THE AD294 TO PROVIDE PROTECTION

AGAINST DEFIBRILLATOR PULSES. USE TWO 240k{) 1/2 WATT RESISTORS.
WHEN MOUNTING, PLACE THEM IN SERIES AND AWAY FROM THE PCB.

Figure 1. Basic Isolator Interconnection

THEORY OF OPERATION

The AD293/AD294 attribute their ou[standmg performance to
the innovation of a hybrid magnetic ceramic transformer T1
(shown in the block diagram of Figure 2). Windings are
screened on two ceramic alumina substrates which are placed
together separated by a ceramic isolation barrier. Then an
E-core is carefully fitted around the substrates to complete the
transformer.

AD293/AD294 DY
INPUT ul ouTPUT

L1

pemoouLator [~ 4 DI DEMODULATOR loox
l

Ra (1
~15v.
CoMa (2 270pF.
b * @
375k A MODULATOR FILTER
o 1 (@) comour
LON
- - B
INPUT 1
FILTER
POWER 8§ lug
Ry ’@ SUPPLY
+Vos 4V
am (5) REFERENCE U

POWER OSCILLATOR

Figure 2. AD293/AD294 Block Diagram

Incorporating the carrier isolation technique, both power and
signals are transferred between the amplifier’s input stage and
output circuitry via T1. The input signal is filtered and appears
at the noninverting input of amplifier Al. This signal is then
amplified by Al, with its gain (1V/V to 100V/V) determined by
the value of resistance connected between Rg and COMn. The
output of Al is modulated, carried across the isolation barrier
by signal transformer T1, and demodulated. The demodulator
output voltage is filtered and then buffered by A2. Output,gain
(1V/V to 10V/V) and frequency compensation is determined by
the value of resistance and capacitance selected between A2’s
feedback, Vour, and COM terminals. The 150kHz asymmetric
square wave power oscillator drives the primary windings of
transformer T1. The secondary windings of T1 then energizes
the input power supply and drives both the modulator and
demodulator.

INTERELECTRODE CAPACITANCE AND TERMINAL
RATINGS

Capacitance: Interelectrode terminal capacitance effects are
developed from stray capacitance that couple the input and
output terminals together. The difference shown in Figure 3
between the AD293 and AD294 is a result of the separate

. transformer designs. Each terminal capacitance is shunted by

leakage resistance exceeding 3.4 x 102Q.

Terminal Ratings: CMV performance is given in peak pulse
and continuous ac or dc peak ratings. Continous peak ratings
apply from dc up to the normal full power response frequen-
cies. Figure 3 illustrates the AD293/AD294 ratings between
terminals.

AD293 [zsnov mms MAX

Sof
AD294 [zaaoov PEAK MAX

QUTPUT
AD293/AD294

»
INPUT

OSCILLATOR
AD293 1
O

R
AD294 [250V rms MAX

13pF
AD293 [zsoov rms MaxX

D294 | %500V peAK Max

Figure 3. Interelectrode Capacitance and Terminal Ratings
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OFFSET AND GAIN TRIM PROCEDURES

The calibration procedure, shown in Figure 4, illustrates the
recommended techniques which can be used to minimize output
error. In this example, the output span is +10V to — 10V and
gain = 100V/V (G = 10V/V; Gour = 10V/V).

+Vg ~Vg
o 0

Rour
100k12

Eo
F SR, = skl

M

Ra
$ 90001

Figure 4. Recommended Offset & Gain Adjustments
Offset Adjustment )
1. Set Gour = 1V/V by disconnecting Ry from COM.
2. Apply Ein = 0 volts and adjust Ry for Eg = 0 volts.
3. Connect Rp to COM.
4. Adjust Royr for Eg = 0 volts.

Gain Adjustment

5. Set Goyr = 1V/V by disconnecting Rg from COM.

6. Apply E;n = +1.000V and adjust Rg, for Eo = +10.000V.
7. Connect Rg to COM.

8. Apply Exny = +0.100V and adjust Rg, for Eo = +10.000V.

LEAKAGE CURRENT LIMITS

" The low coupling capacitance between input and output yields a
ground leakage current of less than 2pA rms of 115V ac, 60Hz
in the AD293/AD294 which meet standards established by UL
STD 544.

For medical applications, the AD293/AD294 are designed to
improve on patient safety current limits proposed by the
F.D.A,, U.L., A.A.M.I. and other regulatory agencies.

In paticnt monitoring equipment, such as ECG recorders, the
AD293/AD294 will provide adequate isolation without exposing
the patient to potentially lethal microshock hazards. With the
use of passive components for input protection, this design
limits input fault currents even under amplifier failure condi-
tions.

PERFORMANCE CHARACTERISTICS

Phase vs. Frequency: The phase vs. frequency responses for
the AD293/AD294, is shown in Figure 5. The bandwidth is
sufficient for the majority of isolation applications where
accurate signal measurements must be made in the presence of
noise and high common-mode voltages.

360
300 /
! 240 /
g
?, 180
/
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Figure 5. Typical AD293/AD294 - Phase vs. Frequency

Common-Mode Rejection: Input-to-output CMR is dependent
on source impedance imbalance, input signal frequency and
amplifier gain. CMR is rated at 60Hz and 1k (AD293)/5k)
(AD294) source impedance imbalance at a gain of 1V/V. Figure
6 illustrates the CMR vs. frequency characteristics for the
AD293/AD294. CMR approaches 144dB at dc with sources
impedance as high as 1kQ (AD293)/5k) (AD294). Figure 7

" AD234A

3

D293 4 \§=F\ L

AR Y

1 100 i 10k
FREQUENCY - Hz

Figure 6. Typical AD293/AD294— CMR vs. Frequency

illustrates the effect of source impedance imbalance on CMR
performance at 60Hz for various gain settings. CMR is maintained
greater than 60dB for source imbalances up to 100kQ). As
shown, increasing isolator gain increases CMR.

140|
GAIN = 1000
SN =1 | G = 100V, (Gour = 10VIV)
| 1 —
100 T T $== N
GAIN = 100 - (= -~ r \
G = 100VV) B
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3

COMMON MODE REJECTION-dB

1M8Vac
TEST CIRCUIT - ki) (AD293), 5kit [AD294) EACH RESISTOR
CMR VALUE GIVEN FOR WORST CASE RESISTOR COMBINATION.

g g 1

SOURCE IMPEDANCE- ()

Figure 7. Typical AD293/AD294 — CMR vs. Source Impe-
dance .

Input Voltage Noise: Voltage noise, referred to input, is
dependent on gain and bandwidth as illustrated in Figure 8.
RMS voltage noise in a bandwidth from 10Hz to 100kHz is
shown on the horizontal axis. The peak-to-peak value is derived
by multiplying the rms value @ F = 100Hz (0.75p.V rms) by
6.6.
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Figure 8. Typical AD293/AD294 - Input Noise vs.
Frequency
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Applications -

For applications requiring improved noise performance,
additional low pass filters may be placed at either the input or
output sections to selectively roll-off noise and undesired signals
beyond the bandwidth of interest. :

Gain Nonlinearity vs. Gain

Figure 9, shows the AD293/AD294 gain nonlinearity vs. gain as
‘a function of output gain. As input gain is increased, gain
nonlinearity increases. Conversely, as output gain is increased to
ten, gain nonlinearity decreases.
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Figure 9. Typical AD293/AD294 — Gain Nonlinearity vs.
Gain as a Function of Output Gain

Full Power Bandwidth vs. Gain

Figure 10 shows the full power bandwidth vs. gain with the
input and output gain curves shown separately. As shown, the
full power bandwidth with gain provided at the input is
typically 200Hz. But with gain provided only at the output, the
full power bandwidth approaches the small signal bandwidth.

/

DUTPUT AMP WITH INPUT
MP AT UNITY,

INPUT AMP WITH OUTPUT
AMP AT UNITY

- ™

0
GAIN - vV

FULL POWER BANDWIDTH — Hz

100

Figure 10. Typical AD293/AD294 - Full Power Bandwidth
vs. Gain

Gain Nonlinearity vs. Qutput Swing-
The gain nonlinearity vs. output swing, for the AD293/AD294,
is illustrated in Figure 11. As shown, increasing either the input

01

=% NONLINEARITY

NPUT
GAIN =
100viV
Lt
. / = INPUT
/ /,/ G|‘\./5‘v=
_A

2 4

0.0t

8 2
OUTPUT SWING - p-p

Figure 11. Typical AD293/AD294 - Gain Nonlinearity vs.
Output Swing

gain or the output swing will cause the gain nonlinearity to
increase if the output gain is held to 1V/V.

OPTIMIZING THE AD293/AD294 .
The AD293/AD294 can be optimized for many applications as
shown by the performance charts on the previous page. Gain
and filtering can be implemented on both the input and output
stages while providing true galvanic isolation. Provisions for an
additional two poles of filtration are also available without the
addition of external operational amplifiers. Due to their low
power consumption and novel transformer design, the beat
frequency problem normally associated with adjacent isolation
amplifiers is eliminated. A sync terminal is provided for
applications where ultra-sensitive circuitry might interpret the °
isolator carrier frequency.

SELECTING GAIN

The AD293/AD294 contain both input and output amplifiers
(see Figures 1 and 2), the gains of which can be set independently.
The selection of a particular combination tailors isolator
properties to the application, minimizes errors, and optimizes
frequency response.

Nonlinearity is the deviation of response from a straight line.
This error arises from slight differences in responses of the

input demodulator I and demodulator II, their respective
transformer windings responses, and rectification of carrier

signal in the input stage due to large signal amplitudes in this™
section. Hence, linearity is best obtained by raising output gain
and lowering input gain.

Gain errors are deviations in slope from the predicted gain
equation. Gain errors dre attributable to the difference in gain
between demodulators I and II. These errors are quite small,
due to the highly predictable and uniform nature of the thick-
film transformer. The gain drift of this portion of gain error is
also small. Since this gain error source dominates at unity gain,
the unity gain temperature coefficients of these units is very
small. As input gain is taken, errors arise due to the inaccuracies
of the internal feedback resistor R1, and user selected Rg.
Failure of these resistors to temperature track introduces a gain

- TC. Rl is trimmed within *+3% and has a TC of = 100ppm/°C.

Since the temperature coefficient of R1 is not user controllable,

best gain TC at low gains is favored by taking output gain. The
output stage also contributes gain error only when gain is taken.
Here, both the feedback and gain resistors are user supplied and
can be made as accurate as desired. .

Offset errors are apparent both in the input stage and in the
transformer-output stage combination. Provisions are available
to eliminate these initial offset errors at both the input and
output stages through trim potentiometers. These errors also
have temperature dependence where at unity gain, output offset
drift dominates. Taking output gain multiplies output drift by'
the gain taken. Taking input gain helps dilute output stage
offset drift and is recommended where offset drift is to be
minimized. A
Errors due to small signal and large signal bandwidth limitations
can also be optimized in the AD293/AD294. Small signal
bandwidth is limited by lack of gain as frequency is raised, a
condition caused by the necessity to limit bandwidth internally
to preserve stability in the A1, modulator, input demodulator
loop. The input stage contains most of the small signal bandwidth
limitations thus, taking input gain limits small signal bandwidth
(see Figure 10). The demodulators limit slew rate and large
signal bandwidth. Apparent slew rate at the isolator output is

INSTRUMENTATION & ISOLATION AMPLIFIERS VOL. I, 5-17



multiplied by gain taken in the output stage. With maximum
gain taken in the output stage, large signal bandwidth for
moderate swings approaches small signal bandwidth (shown in
Figure 10). Thus applying input gain limits bandwidth while
output gain enhances it. '

FILTERING .

With the AD293/AD294, the addition of filtering can be
implemented in a number of different configurations without
the use of external operational amplifiers. Capacitors can be
placed in series with the input or output terminals or configured
in combination with the gain setting resistors to tailor performance.
An input filter terminal and an output filter terminal are
provided for user selectable filtration. Characteristics are
determined by the formulas shown in Figure 1.

REDUCING NORMAL-MODE VOLTAGE

A prime isolator function is the rejection of common-mode
signals. The extremely high input to output resistance of
isolators allows excellent rejection of dc common-mode voltages.
As frequency rises, the small capacitance across the isolation
barrier causes an ac common-mode current to flow through that
barrier, which is proportional to applied common-mode voltage,
frequency and barrier capacitance. Since the isolation mechanism
(transformer T1) is more initimately connected to the input low
terminal than the input high terminal, the bulk of common-mode

current flows through the input low terminal. Any resistance in
series with the input source and the input low terminal then
develops a normal-mode voltage, which may constitute objec-
tionable interference.

An isolator cannot separate normal-mode interference from the
desired signal without help, but interference can be rejected in
several ways.

Conversion of common-mode current to normal-mode voltage
can be reduced by minimizing resistance in the input low lead.
In the AD293/AD294 CMR is enhanced and input trimming
sacrificed by returning the input signal to pin 2. With known
stable source resistances common-mode current to normal-mode
voltage conversion can also be cancelled as shown in Figure 13.

ISOLATED INDUSTRIAL APPLICATIONS

As illustrated in Figure 14, the AD293 can be applied where
differential signal sources are used such as an isolated strain
gauge. With a third wire connected to the common-mode
potential of that source, a common-mode current is forced to
flow through the third wire and through the isolation barrier;
thus, sparing the differential input wires the necessity of
conducting the common-mode current. In this manner, the
isolator is responsive to only the differential inputs while
ignoring the passage of common-mode currents. Input gain is
selected via Rg and determined by the input gain formula.

MEDICAL APPLICATIONS

In medical applications, a good connection to the patient, even
on the third wire cannot be guaranteed due to electrode
resistance to and through the skin. Hlustrated in Figure 12 is a
medical front end with right leg drive powered by the AD294A.
Here the common-mode drive amplifier helps force common-mode
current to flow in the third wire in preference to the differential
input wires. The FET input has low noise current to avoid
development of voltage noise in the input protection resistors.

& &

These resistors protect the input from defibrillator pulses with
the AD294A having the capability of withstanding an 8kV
pulse. The patient is also protected from fault currents due to
input component failure. It is necessary to connect the third
wire to establish the input common-mode level. If not connected
the input common-mode level, with respect to common of the
input section power supplies, will cause the isolator to drift out
of its linear range. Layout is also very important, both for
common-mode rejection and isolation.

) A ; 251k
l 100kq S 50kQ 1’50kn 3%
4 ; ‘
y 12
=]_2_N3954
¢ v \
e B 9) FTen
—]£N3954 +o
T 100k
AAA
WA AD294
é B c > G < 105',«, INPUT
$100kQ | 100k :;9;;" 1oom% %
‘ <91k
% 100k g
1w
b
2N3565 -
x3 c NC
+
SET
20k S 20kQ < 20k e
o, {7
DIODES - FD333 V% 1% 5% }
A-H - RESISTOR NETWORK o Y s L
OP-AMP LM346

Figure 12. Multilead Medical Application Using the AD294A with Right Leg Drive
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19F, MUST WITHSTAND FULL CMV AD293 conditions the OV to 10V input signal and provides a

I proportional voltage at the isolator’s output. Then the circuitry
5KAL, Rymne shown converts it into a 4 to 20mA current, which in turn, may
DEPENDS ON H

s be applied to the loop load Ry..
7‘-1 +24V, 00
ADJUST FOR 2V ACROSS R, P l

WITH 0V INTO THE AD293. y

6190 3 3 1.6mAV

Figure 13. Improving CMR by Cancellation v (@2 T+vese INanes 1,!

Ry = 50000 3
+EXCITATION p:

FOR 0-+10V IN J
4-20mA OUT

100k42 100ks2 =Vioor

Figure 15. Isolated Current Loop Interface

TEMPERATURE MEASUREMENT AND COLD
JUNCTION COMPENSATION
Illustrated in Figure 16, the AD293 can be used for isolated
temperature measurements while providing cold junction
compensation. With the circuitry connected as shown, the
1.M334 must be thermally connected to the cold junction
terminal for an accurate temperature measurement to be made
of this terminal. In this configuration, accurate temperature
measurements using the industry’s popular J type thermocouple

ALL 100k6s RESISTORS PART OF A RESISTOR NETWORK can be made. For example, assume 1V out of the AD293 at

GAIN = 1 4 500K 100°C. From the ANSI tables, the output voltage of a |
Fa thermocouple at 100°C is 0.005268V. Set the gain of the AD293

Figure 14. Isolated Strain Gauge Using Front End of AD293 at 1V/0.005268V = 189.8, Rg=5300). With the thermocouple
junction open, set the voltage between points A and B to

STRAIN
GAUGE

500k{}

100k{2

12 A1B

100k12 100k$2

—EXCITATION

CURRENT LOOP INTERFACE 0.015V by adjusting the 50002 pot. Connect a voltage reference
Illustrated in Figure 15, the AD293 provides an isolated sensor source in place of the thermocouple. Set its output to zero. Set
interface that is compatible with standard 4-t0-20mA current the output of the AD293 to zero by adjusting the 100Q pot. Set
loops. Here high common-mode rejection and high common-mode the reference source to 0.005268V. The output of the AD293
voltage suppression are easily attained with the AD293. The should read 1V.
THERMAL
CONNECTION
r‘ I |
CcOLD
JUNCTION COMin

HOT
JUNCTION

G -15V

Q +Vosc (+15V)

COMgsc

Figure 16. Temperature Measurement & Cold Junction Compensation

INSTRUMENTATION & ISOLATION AMPLIFIERS VOL. I, 5-19




v »
'

DRIVING CAPACITIVE LOADS
For driving capactive loads greater than 1000pF, compensation
should be implemented as shown in Figure 17. Here a 100pF

‘ capacitor and 10042 resistor are used to insure that the AD293
output stage remains stable. These components can also be
changed to tailor frequency response to the particular application.

- The 100€} resistor isolates the output of the AD293 while the

100pF provides response lead.

Rg
v RA
FEEDBACK b
——100pF
Vour 1 n
10002 | C. >1000pF

AA

4 T

O

+Vosc (;15V)

~15V

COMosc

Figure 17. Driving Capacitive Loads

INCREASING OUTPUT DRIVE CAPABILITY

For applications requiring increased output drive, Figure 18
illustrates a single solution. Here the output voltage of-the
AD293 is conditioned and applied to the drive circuitry. Ra will
supply the output stage with unity gain as connected. For gain .
to be added to the output stage, connect Rg as shown. Output
gain will be determined by the output eqliation/ previously
stated in the specifications. For output gain >1V/V, Co should
also be implemented so output stability will be insured. With
this output drive circuitry, 20002 loads can be easily driven with
+10V @ 50mA.

+15V

-I-_J 68uF . Z10k0
b

Co
33pF

+Vosc (+15V)

COMosc

Figure 18. Increasing Output Drive Capability
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ANALOG
DEVICES

Integrated Circuit

Precision Instrumentation Amplifier

AD521

FEATURES

Programmable Gains from 0.1 to 1000

Differential Inputs ‘

High CMRR: 110dB min

Low Drift: 2uV/°C max (L)

Complete Input Protection, Power ON and Power OFF
Functionally Complete with the Addition of Two Resistors
Internally Compensated

Gain Bandwidth Froduct: 40iviriz

Output Current Limited: 25mA

Very Low Noise: 0.5uV p-p, 0.1Hzto 10Hz, RTI @ G = 1000

PRODUCT DESCRIPTION

The AD521 is a second generation, low cost, monolithic IC
instrumentation amplifier developed by Analog Devices. As a.
true instrumentation amplifier, the AD521 is a gain block with
differential inputs and an accurately programmable input/
output gain relationship.

The AD521 IC instrumentation amplifier should not be con-
fused with an operational amplifier, although several manu-
facturers (including Analog Devices) offer op amps which can
be used as building blocks in variable gain instrumentation
amplifier circuits. Op amps are general-purpose components
which, when used with precision-matched external resistors,
can perform the instrumentation amplifier function.

An instrumentation amplifier is a precision differential volt-
age gain device optimized for operation in a real world envi-
ronment, and is intended to be used wherever acquisition of a
useful signal is difficult. It is characterized by high input im-
pedance, balanced differential inputs, low bias currents and
high CMR.

As a complete instrumentation amplifier, the AD521 requires
only two resistors to set its gain to any value between 0.1 and
1000. The ratio matching of these resistors does not affect the
high CMRR (up to 120dB) or the high input impedance (3 X
10°Q) of the AD521. Furthermore, unlike most operational
amplifier-based instrumentation amplifiers, the inputs are
protected against overvoltages up to £15 volts beyond the
supplies.

The AD521 IC instrumentation amplifier is available in four

different versions of accuracy and operating temperature range.

The economical “J” grade, the low drift “K” grade, and the
lower drift, higher linearity “‘L” grade are specified from 0 to
+70°C. The “S” grade guarantees performance to specxfncanon
over the extended temperature range: -55°C to +125°C.

AD521 FUNCTIONAL BLOCK DIAGRAM

+INPUTI 1 ﬂSA,N
R R
GAIN [Z E] SCALE
-INPUT E El SENSE

OFFSET [0} NX= +7 [mlrer
1w l__ ALdD21 e
v- | 5 El SeaLe
OFFeET s zl COMP.

outeut [7 | (8] v+

TO-116

PRODUCT HIGHLIGHTS )

1. The AD521 is a true instrumentation amplifier in integrated
circuit form, offering the user performance comparable to
many modular instrumentation amplifiers at a fraction of
the cost.

2. The AD521 has low guaranteed input offset voltage drift
(2uV/°C for L grade) and low noise for precision, high gain
applications. )

3. The AD521 is functionally complete with the addition of

two resistors. Gain can be preset from 0.1 to more than
1000.

4, The AD521 is fully protected for input levels up to 15V
beyond the supply voltages and 30V differential at the
inputs.

5. Internally compensated for all gains, the AD521 also offers
the user the provision for limiting bandwidth.

6. Offset nulling can be achieved with an optional trim pot.

7. The AD521 offers superior dynamic performance with a
gain-bandwidth product of 40MHz, full peak response of
100kHz (independent of gain) and a settling time of Sus
t0 0.1% of a 10V step.
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SPECIF|CAT|0NS {typical @ Vg = +15V, R = 2kS2 and TA = 25°C unless otherwise spleciﬁed)

MODEL ADS21)D ADS521KD ADS21LD ADS521SD
GAIN
Range (For Specified Operation, Note 1) 1 to 1000 . . *
Equation G = Rg/RgV/V M M .
Error from Equation (£0.25--0.004G)% . . .
Nonlinearity (Note 2)
1<G<1000 0.2% max * 0.1% max . N
Gain Temperature Coefficient +(3 £0.05G)ppm/°C * * (15 20.4G)ppm/°C
OUTPUT CHARACTERISTICS
Rated Output 110V, £10mA min . . .
Outpur at Maximum Operating Temperature £10V @ 5SmA min . . M
Impedance 0.1 . M *
DYNAMIC RESPONSE .
Small Signal Bandwidth (£3dB)
G=1 >2MHz . . °
G=10 300kHz * * *
G =100 200kHz . * M
G = 1000 . 40kHz . * *
Small Signal, £1.0% Flatness
G=1 75kHz . * *
G=10 26kHz N . *
G =100 24kHz * * *
G = 1000 6kilz . . .
Full Peak Response (Note 3) 100kHz . * *
Slew Rate, 1<G < 1000 10Vius * . *
Settling Time (any 10V step to within 10mV of Final Value)
G=1 Tus . . .
G=10 Sus . . .
G =100 10us . . .
G = 1000 3Sus . . .
Differential Overload Recovery (£30V Input to within
10mV of Final Value) (Note 4}
G =1000 . . 50us . * *
Common Mode Step Recovery (30V Input to within
10mV of Final Value) (Note 5)
G = 1000 10us . . .
VOLTAGE OFFSET (may be nulled)
Input Offset Voltage (Vos,) 3mV max (2mV typ) 1.5mV max (O.SmV/tdvp) 1.0mV max (0.5mV typ) .
vs. Temperature 15uV/°C max (7uV/°C typ) SuV/°C max (1.5uV/Ctyp) 2uV/°C max i
vs. Supply 3uV/i% M . *
Output Offset Voltage (Vos,) 400mV max (200mV typ) 200mV max (30mV ty,g) 100mV max b4
vs. Temperature 400uV/°C max (150uV/C typ) 150uV/°C max (50uV/ C typ) 75uV/C max .
vs. Supply (Note 6) 0.005Vos,/% i * .
INPUT CURRENTS .
Input Bias Current (either input) 80nA max 40nA max .- .
vs, Temperature 1nA/C max 500pA/°C max i ..
vs. Supply 2%/V . M .
Input Offset Current 20nA max 10nA max A hid
vs. Temperature 250pA/°C max 125pA/°C max . **
INPUT
Differential Input Impedance (Note 7) 3 x 10°Q11.8pF . . .
Common Mode Input Impedance (Note 8) 6 x 10'°0Q(3.0pF . . .
Input Voltage Range for Specified Performance
(with respect to ground) 10V . . .
Maximum Voltage without Damage to Unit, Power ON
or OFF Differential Mode (Note 9) 3ov . ! . .
Voltage at either input (Note 9) Vg 215V . . .
Common Mode Rejection Ratio, DC to 60Hz with 1k§2
source unbalance ;
G=1 70dB min (74dB typ) 74dB min (80dB typ) s. ..
G=10 90dB min (94dB typ) 94dB min (100dB typ) . A
G =100 100dB min (104dB typ) 10448 min (114dB typ) . .
G = 1000 100dB min (110dB typ) 110dB min (120dB typ) [ b
NOISE
Voltage RTO (p-p) @ 0.1Hz to 10Hz (Note 10) V(0.5G) +gzzsg‘uv . * ' .
RMS RTO, 10Hz to 10kHz (1.2G)* +(50)°uv . * .
Input Current, rms, 10Hz to 10kHz 15pA (rms) . * M
REFERENCE TERMINAL
Bias Current 3uA . * *
Input Resistance 10M82 M * *
Voltage Range 10V d * .
Gain to Output 1 M * M
POWER SUPPLY
Operating Voltage Range 15V 10218V . . .
Quiescent Supply Current SmA max . . .
TEMPERATURE RANGE .
Specified Performance 010 +70°C . . -55°Cto +125°C
Operating -25°C 10 +85°C . . -55°C 1o +125°C
Storage -65°Cto +150°C * N .
PACKAGE OPTION!: TO-116 Style (D14A) AD521]JD ADS521KD AD521LD AD521SD

NOTES

! See Section 19 for package outline information.
*Specifications same as AD521)D.

**Specifications same as ADS21KD.

Specifications subject to change without notice.
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- Applying the AD521

NOTES:

1. Gains below 1 and above 1000 are realized by simply ad-
justing the gain setting resistors. For best results, voltage at
either input should be restricted to £10V for gains equal to
or less than 1.

- 2. Nonlinearity is defined as the ratio of the deviation from
the “best straight line” through a full scale output range of
+9 voles. With a combination of high gain and 10 volt output
swing, distortion may increase to as much as 0.3%.

3. Full Peak Response is the frequency below which a typical
amplifier will produce full output swing.

4. Differential Overload Recovery is the time it takes the ampli-,

fier to recover from a pulsed 30V differential input with 15V
of common mode voitage, to within 1UmV of final vatue. ‘Ihe
test input is a 30V, 10us pulse at a 1kHz rate. (When a differ-
ential signal of greater than 11V is applied between the inputs,
transistor clamps are activated which drop the excess input
voltage across internal input resistors. If a continuous overload
is maintained, power dissipated in these resistors causes temper-
ature gradients and a corresponding change in offset voltage,
as well as added thermal time constant, but will not damage
the device.)

5. Common Mode Step Recovery is the time it takes the amp-
lifier to recover from a 30V common mode input with zero
volts of differential signal to within 10mV of final value. The
test input is 30V, 10us pulse at a 1kHz rate. (When a com-

-mon mode signal greater than Vg -0.5V is applied to the

inputs, transistor clamps are activated which drop the excessive
input voltage across internal input resistors. Power dissipated
in these resistors causes temperature gradients and a correspon-
ding change in offset voltage, as well as an added thermal time
constant, but will not damage the device.)

6. Output Offset Voltage versus Power Supply Change is a
constant 0.005 times the unnulled output offset per percent
change in either power supply. If the output offset is nulled,
the output offset change versus supply change is substantially
reduced. '

7. Differential Input Impedance is the impedance between the
two inputs.

8. Common Mode Input Impedance is the impedance from
either input to the power supplies.

9. Maximum Input Voltage (differential or at either input) is
30V when using 15V supplies. A more general specification is
that neither input may exceed either supply (even when

Vg =0) by more than 15V and that the difference between the
two inputs must not exceed 30V. (See also Notes 4 and 5.)

10. 0.1Hz to 10Hz Peak-to-Peak Voltage Noise is defined as
the maximum peak-to-peak voltage noise observed during 2
of 3 separate 10 second periods with the test circuit of Fig-
ure 8.

DESIGN PRINCIPLE

Figure 1 is a simplified schematic of the AD521. A differential
input voltage, V[N, appears across Rg causing an imbalance in
the currents through Q; and Qz, AI=ViN/Rg. That imbalance
is forced to flow in Rg because the collector currents of Q3
and Q4 are constrained to be equal by their biasing (current
mirror). These conditions can only be satisfied if the differen-
tial voltage across Rg (and hence the output voltage of the
ADS521) is equal to Al X Rg. The feedback amplifier, App

Vi
performs that function. Therefore, Voyt = };—N X Rg or
G

Vour _ Rs

ViNn Rg’

=
o

1 a2
[FeL) W N ( ' v.:
EXTERNAL
Rg
*, X, Vour _Vin
Vin -V, Rs  Rg
Y
G or - Your _ :i
EXTERNAL W e
| 61— R
i Vour —e=
a- Dour nd fis fox
* } 9 SENSE

1}
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t
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+
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Figure 1. Simplified AD521 Schematic

£

' INSTRUMENTATION & ISOLATION AMPLIFIERS VOL. I, 5-23



APPLICATION NOTES FOR THE AD521 Rs
These notes ensure the AD521 will achieve the high level of :
performance necessary for many diversified 1A applications.

1. Gains below 1 and above 1000 are realized by adjusting  «
the gain setting resistors as shown in Figure 2 (the resistor,
Rg between pins 10 and 13 should remain 100k§2 +15%,
see application note 3). For best results, the input voltage
should be restricted to £10V especxally for gain equal to
or less than 1.

{5
T

2. Provide a return path to ground for input bias currents. The
AD521 is an instrumentation amplifier, not an isolation
amplifier. When using a thermocouple or other “floating”

- source, this return path may be provided directly to ground
or indirectly through a resistor to ground from pins 1-and/ 3 100k
or 3, as shown in Figure 3. If the return path is not pro- 13l
vided, bias currents will cause the output to saturate. The 1 f 7
wvalue of the resistor may be determined by dividing the >q - Ro 2 AD52? I
maximum allowable common mode voltage for the appli- n
cation by the bias current of the instrumentation amplifier. ' : 3 E’E

V+

GAIN TRIM

il
I

b). Thermocouple, Direct Return

aNo— & Rs
14
. 110 100k
Rgain (Rg) O OUTPUT + 13
2 . 14 12,
3 % 7
Rg
3 ADS521 ]
-IN O—— OUTPUT . J 2 T
O SIGNAL
! COMMON 31 LOAD
| S o>
1 S
B GAIN | VALUE OF Rg b f
“OPTIONAL 0.1 MO
OFFSET 1 100ks2 ’ =
v. TRIM 10 10k )
100 1kQ c). AC Coupled, Indirect Return
1000 1000 :

Figure 3, Ground Returns for “Floating” Transducers
Figure 2, Operating Connections for AD521

3. The resistors between pins 10 and 13, (RgcaLg) must equal
100k #15% (Figure 2). If RgcALE is too low (below 85k§2) .
the output swing of the AD521 is reduced. At values below Vi @
80k{2 and above 120k2 the stability of the AD521 may be
impaired.

4. Do not exceed the allowable input signal range. The line-
arity of the AD521 decreases if the inputs are driven within
5 volts of the supply rails, particularly when the device is" Vem (VP

used at a gain less than 1. To avoid this possibility, atten-
uate the input signal through a resistive divider network and

1. INCREASE Rg TO PICK UP GAIN LOST BYR

use the AD521 as a buffer, as shown in Figure 4. The resis- ' DIVIDER NETWORK

tor R/2 matches the impedance seen by both AD521in- 2 L"A%%L:'ﬁgﬁ‘:r'g%%u%%’;ﬁgk’f\gt\’/g‘imcs LEVEL
puts so that the voltage offset caused by bias currents will -

be minimized. Figure 4. Operating Conditions for Viy~V§= 10V

'
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5. Use the compensation pin (pin 9) and the applicable com- crrprs'into two categories. Those errors which simply add to

pensation circuit when the amplifier is required to drive a the output signal and are unaffected by the gain-can be classi-
capacitive load. It is worth mentioning that coaxial cables fied as output errors. Those which act as if they are associated
can “‘invisibly” provide such capacitance since many popu- with the input signal, such that their effect at the output is
lar coaxial cables display capacitance in the vicinity of 30pF  proportional to the gain, can be classified as input errors.
per foot. As an illustration, a typical AD521 might have a +30mV output
This compensation (bandwidth control) feature permits the offset and a -0.7mV input offset. In a unity gain configuration,
user to fit the response of the AD521 to the particular appli- the tozal output offset would be +29.3mV or the sum of the
cation as illustrated by Figure 5. In cases of extremely high two. At a gain of 100, the output offset would be ~40mV or:
load capacitance the compensation circuit may be changed 30mV + 100(-0.7mV) = 40mV.
as follows: By separating these errors, one can evaluate the total error
1. Reduce 6802 to 2402 independent of the gain settings used, similar to the situation
2. Reduce 33082 to 7.5Q2 with the input offset specifications on an op amp. In a given
3. liwrease 16G0pT w0 8.1ul gain configuration, both er an be combined to give 2 rotal
4. Set Cx to 1000pF if no compensation was originally error referred to the input (R.T.L.) or output (R.T.0.) by the
used. Otherwise, do not alter the original value. ) following formula:
This allows stable operation for load capacitances up to Total Error R.T.L = input error + (output error/gain)

3000pF, but limits the slew rate to approximately 0.16V/us. .
Total Error R.T.O. = (Gain x input error) + output error _

6. Signals having frequency components above the Instrumen-
tation Amplifier’s output amplifier closed-loop bandwidth
will be transmitted from V- to the output with little or no
attenuation. Therefore, it is advisable to decouple the V-
supply line to the output common or to pin 11.*

The offset trim adjustment (pins 4 and 6, Figure 2) is associ-
ated primarily with the output offset. At any gain it can be
used to introduce an output offset equal and opposite to the
input offset voltage multiplied by the gain. As a result, the
total output offset can be reduced to zero.

v+ As shown in Figure 6, the gain range on the AD521 can be
extended considerably by adding an attenuator in the sense
terminal feedback path (as well as adjusting the ratio, Rg/Rg).
+ 1 _ Since the sense terminal is the inverting input to the output
1 Ra amplifier, the additional gain to the output is controlled by
{ Rj and Rj. This gain factor is 1 + Ry/R;.
VIN Rg
2
3
— o—‘
1
1000pF |
————
O Vout
V-
! . , .
Cx = To0T, when f¢ is the desired bandwidth.

(fy in kHz, Cy in yF)

Figure 5. Optional Compensation Circuit )
OUTPUT COMMON

INPUT OFFSET AND OUTPUT OFFSET

When specifying offsets and other errors in an operational
amplifier, it is often convenient to refer these errors to the
inputs. This enables the user to calculate the maximum error

he would see at the output with any gain or circuit configura- Figure 6. Circuit for utilizing some of the unique features of the

tion. An op amp with 1mV of input offset voltage, for ADS521. Note that gain changes introduced by changing R1 and
example, would produce 1V of offset at the output in a gain R2 will have a minimum effect on output offset if the offset is
of 1000 configuration. carefully nulled at the highest gain setting.

In the case of an instrumentation amplifier, where the gain is
controlled in the amplifier, it is more convenient to separate

! For further details, refer to ““An L.C. User’s Guide to Decoupling,
Grounding, and Making Things Go Right for a Change,” by A.
Paul Brokaw. This application notc is available from Analog Devices
without charge upon request.
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Where offset errors are critical, a resistor equal to the parallel
combination of Ry and R; should be placed between pin 11
and VRgr. This minimizes the offset errors resulting from the
input current flowing in Ry and R at the sense terminal. Note
that gain changes introduced by changing the Ry /R attenua-
tor will have a minimum effect on output offset if the offset

is carefully nulled at the highest gain setting. |

Vin Rg

When a predetermined output offset is desired, VRgF can be L _:’ﬂ")_

placed in series with pin 11. This offset is then multiplied by T T -

the gain factor 1 + Ry/R; as shown in the equation of .

Figure 6. Figure 7. Ground loop elimination. The reference input, Pin 11,
allows remote referencing of ground potential. Differences in
ground potentials are attenuated by the high CMRR of the
AD521,

+15V 100k
) Y
0.15uF [ %
1k 10k 10k
ADSISL O rconoen
ADS521 K 34
D.U.T.
100k ‘°°‘2’ ‘ < " 0.254F .
COMMON 3 M 1
- N P 2.54F :1:
: J o00F
L d_ J1omMe
°"5“FT 3000 - 1
. g
-15Vv
O COMMON

Figure 8. Test circuit for measuring peak to peak noise in the
bandwidth 0.1Hz to 10Hz. Typical measurements are found by
reading the maximum peak to peak voltage noise of the device
under test (D.U.T.) for 3 observation periods of 10 seconds each.
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ANALOG
DEVICES

High Accuracy Data Acquisition

Instrumentation Amplifier

AD522

FEATURES

Performance

Low Drift: 2.0uV/°C (AD522B)

Low Nonlinearity: 0.005% (G = 100)

High CMRR: >110dB (G = 1000)

Low Noise: 1.5uV p-p (0.1 to 100Hz)

Low Initial Vog: 100V (AD522B)
Versatility

Single-Resistor Gain Programmable: 1< G < 1000
Output Reference and Sense Terminals

Data Guard for Improvmg ac CMR

Value

Internally Compensated

No External Components except Gain Resistor
Active Trimmed Offset, Gain, and CMR

PRODUCT DESCRIPTION

The AD522 is a precision IC instrumentation amplifier designed
for data acquisition applications requiring high accuracy

under worst-case operating conditions. An outstanding com-
bination of high linearity, high common mode rejection, low
voltage drift, and low noise makes the AD522 suitable for

use in many 12-bit data acquisition systems.

An instrumentation amplifier is usually employed as a bridge
amplifier for resistance transducers (thermistors, strain gauges,
etc.) found in process control, instrumentation, data processing,
and medical testing. The operating environment is frequently
characterized by low signal-to-noise levels, fluctuating tempera-
tures, unbalanced input impedances, and remote location which
hinders recalibration.

The AD522 was designed to provide highly accurate signal con-
ditioning under these severe condmons It provides output off-
set voltage drift of less than 10uV/°C, input offset voltage drift
of less than 2,0uV/°C, CMR above 80dB at unity gain (110dB
at G = 1000), maximum gain nonlmeamy of 0.001% atG = 1,
and typical input impedance of 10°Q2.

AD522 FUNCTIONAL BLOCK DIAGRAM

+INPUT u M RGAIN
RGAIN E E DATA GUARD
-INPUT E E SENSE

o [7]
o[

-In REF
] ne.

NULL E E] GND
OUTPUT [7‘ —;] v+
14-PIN DIP

This excellent performance is achieved by combining a proven
circuit configuration with state-of-the-art manufacturing tech-
nology which utilizes active laser trimming of tight-tolerance
thin-film resistors to achieve low cost, small size and high relia-
bility. This combination of high value with no-compromise per-
formance gives the AD522 the best features of both mono-
lithic and modular instrumentation amplifiers, thus providing
extremely cost-effective precision low-level amplification.

The AD522 is available in three versions with differing accu-
racies and operating temperature ranges; the “A”, and “B”
are specified from -25°C to +85°C, and the “S” is guaran-

“ teed over the extended aerospace temperature range of ~55°C

to +125°C. All versions are packaged in a 14-pin DIP and are
supplied in a pin configuration similar to that of the popular
AD521 instrumentation amplifier.
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SPECIFICATIONSI (iypical @ +Vg = +15V, R = 2kQ & TA = +25°C unless otherwise specified)

!

MODEL ADS22AD ADS22BD ADS522SD
GAIN - Y
Gain Equation 1+ 2407 . .
Rg
Gain Range 1 to 1000 . .
Equation Error
G=1 0.2% max 0.05% max b
G = 1000 1.0% max 0.2% max .
Nonlinearity, max (see Fig. 4)
’ G=1 0.005% 0.001% .
G = 1000 0.01% 0.005% hid
vs. Temp, max
G=1 2ppm/°C (1ppm/°C typ) * .
G = 1000 50ppm/°C (25ppm/°C typ) > hd
OUTPUT CHARACTERISTICS
Output Rating 110V @ SmA * *
DYNAMIC RESPONSE (see Fig. 6)
Small Signal (<3dB)
G=1 300kHz . .
G =100 3kHz . *
Full Power GBW 1.5kHz * *
Slew Rate 0.1Vius . .
Settling Time to 0.1%, G = 100 0.5ms . .
t0 0.01%,G = 100 5Sms d *
10 0.01%,G = 10 2ms d *
0 0.01%,G=1 0.5ms * .
VOLTAGE OFFSET
Offsets Referred to Input
Initial Offset Voltage
(adjustable to zero)
G=1 £400uV max (£2004V typ) +2004V max (£100uVtyp) *2004V max (£1004V typ)
vs. Temperature, max (sce Fig. 3) N Y N N o o
G=1 £504Y/°C (£104V/°C typ) £25uV/°C (£5uV/°C typ) £100uV/°C (£10uV/°C typ)
G = 1000 +6uV/°C £2uV/°C 16uv/°C
1 <G <1000

vs. Supply, max

50 o
(= + 6)uV/C
(G A

25 °
2+ 2uv/i°C
(G M

:(% +6)uV/°C

G=1 20uV/% N *
G = 1000 £0.2uV/% * M
INPUT CURRENTS .
Input Bias Current
Initial max, +25°C 125nA B .
vs. Temperature +100pA/°C . *
Input Offset Current
Initial max, +25°C +20nA A .
vs. Temperature +100pA/°C M *
INPUT
Input Impedance
¢, Differential 10°Q \ . .
Common Mode 10°Q . ¢
Input Voltage Range
Maximum Differential Input, Linear 10V * *
Maximum Differential Input, Safe 120v " *
Maximum Common Mode, Lincar 10V * *
Maximum Common Mode Input, Safe $15V * *
Common Mode Rjection Ratio,
Min @ £10V, 1k§2 Source
Imbalance (see ng, 5) :
G = 1 (dc to 30Hz) 75dB (90dB typ) 80dB (100dB typ) 75dB (90dB typ)
G = 10 (dc to 10Hz) 90dB (100dB typ) 95dB (110dB typ) 90dB (110dB typ)
G = 100 (dc to 3Hz) 100dB (110dB typ) 100dB (120dB typ) 100dB (120dB 1yp)
G=1000(dcto 1Hz) - 100dB (120dB typ) 110dB (>120dB typ) 100dB (>120dB typ)
G = 1 to 1000 (dc to 60Hz) 75dB (88dB typ) 80dB (88dB typ) *
NOISE
Voltage Noise, RTI (scc Fig. 4)
0.1Hz to 100Hz (p-p)
G=1 15uv * . *
. G=1000 1.5uv . .
10Hz to 10kHz (rms)
G=1 154V . *
TEMPERATURE RANGE °
Specified Performance -25°C to +85°C * -55°Cto +125°C
Operating -55°C to +125°C * M
Storage -65°C 10 +150°C . M
POWER SUPPLY
Power Supply Range (5 1o 18)V . . ¢
Quiescent Current, max @ $15V +10mA +8mA **
PACKAGE OPTION? Ceramic® — HY14A Ceramic® — HY14A Metal — HY14D
NOTES

! Specifications guaranteed after 10 minute warm-up.

2See Section 19 for package outline information.

? Analog Devices tescrves the right to ship metal packages in lieu
of the standard ceramic packages for A and B grades.

*Specifications same as AD522A.
**Specifications same as AD522B.
Specifications subject to change without notice.
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Applying the AD522

GENERAL APPLICATION CONSIDERATIONS

Figure 1 illustrates the AD522 wiring configuration when used
in a typical bridge amplifier application. In any low-level, high
impedance, noise-dominated environment, proper shielding and
grounding are requisite for optimum performance; a recommen-
ded technique is shown.

SIGNAL RETURN GROUND LOAD RETURN

Rg
(NOTE 1)

(0
| INOTE 2)

RESISTANCE
SIG  BRIDGE
GND

o ) o) - (52 )]

NOTES:

1. GAIN RESISTOR Rg SHOULD BE <Sppm/"C (VISHAY TYPE RECOMMENDED).

2. SHIELDED CONNECTIONS TO R RECOMMENDED WHEN MAXIMUM SYSTEM BANDWIDTH
AND AC CMR IS REQUIRED, AND WHEN R IS LOCATED MORE THAN SiX INCHES FROM
ADS522. NO INSTABILITIES ARE CAUSED BY REMOTE R LOCATIONS. WHEN NOT USED,
THE DATA GUARD PIN CAN BE LEFT UNCONNECTED.

3.POWER SUPPLY FILTERS ARE RECOMMENDED FOR MINIMUM NOISE IN NOISY ENVIRON-
MENTS.

4.NO TRIM REQUIRED FOR MOST APPLICATIONS. IF REQUIRED, A 10k$2, 25ppm/"C, 25 TURN
TRIM POT (SUCH AS VISHAY 1202-Y-10k] IS RECOMMENDED.

Figure 1. Typical Bridge Application

Direct coupling of the AD522 inputs makes it necessary to
provide a signal ground return for input amplifier bias currents.
This can be achieved by direct connection as shown, or through
an indirect path of less than 1M resistance such as other sys-
tem interconnections.

To minimize noise, shielding should be provided for the input
leads and gain resistor connections. A passive data guard is pro-
vided to improve ac common mode rejection by “bootstrap-
ping” the capacitance of the input cabling, thus minimizing
differential phase shift. This will also reduce degradation of
system bandwidth.

Balanced design eliminates the need for external bypass capa-
citors for most applications. If, however, the power supplies
are remotely located (farther than 10 feet or so) or if they are
likely to carry more than a few millivolts of noise, local filter-
ing will enable the user to retain optimal performance.

Reference and sense pins are provided to permit remote load

sensing. These points can also be used to trim the device CMR,
add an output booster, or to offset the output to a reference
level. These applications are illustrated in following sections.

It is good practice to place Rg within several inches of the
AD522. Longer leads will increase stray capacitance and cause
phase shifts that will degrade CMR at higher frequencies. For
frequencies below 10Hz, a remote Rg is generally-acceptable;
no stability problems are caused. Bear in mind that a leakage
impedance of 200MS2 between Rg pins will cause an 0.1% gain
error at G = 1, Unity gain is not trimmable.

TYPICAL APPLICATION AND ERROR BUDGET ANALYSIS
(See Figure 1 and Table I)

A floating transducer with a 0 to 1 volt output has a 1kQ2 source
imbalance. A noisy environment induces 2 one volt 0 to 60Hz
common mode signal in the ground return. This signal must be
amplified to interface with a data acquisition system calibrated
for a 0 to 10 volt signal range. The operating temperature range
is 0 to +50°C and an AD522B is to be used. Table 1 lists

error sources and their effect on system accuracy.

The total effect on absolute accuracy is less than £0.2%, allowing
adjustment-free 8-bit operation. In computer or microproces-
sor controlled data-acquisition systems, automatic recalibration
can nullify gain and offset drifts leaving noise, distortion and
CMR as the only error sources. In this case, full 12-bit opera-
tion is achieved.

Gain Errors: Absolute gain errors can be nulled by trimming
Rg. Gain drift is a linear effect, not detrimental to resolution ",
and is caused by the change in value of internal resistors over
the operating temperature range. An “intelligent’ system can
correct for these errors with an automatic calibration cycle.
Gain nonlinearity never exceeds 0.002% at G = 10.

Offset Drift & Pins Current Errors: Special care has been taken
in the design of the AD522 input stage to minimize offset drift.
Unless transducer impedances are unbalanced by more than
2kS2, errors caused by offset current drift are negligible com-
pared to offset voltage drift. Although initial offset voltages

are laser-nulled for most applications, provisions have been
made to allow further adjustment to correct for initial system
offset. In this example, all offset drifts amount to +0.014%
and do not effect resolution (can be corrected with an auto-
matic calibration cycle).

CMR and Noise Errors: Common mode rejection and noise
performance of instrumentation amplifiers are critical because

Effect on Absolute Effect on Resolution

Error Source Specification Accuracy, % of F.S. % of F.S.

Gain Nonlinearity +0.002% max, G = 10 0.002 +0.002

(from Spec. Sheet and Fig. 4) .
o

Voltage Drift ”—g:’#‘:— +2.04V/°C = 4.5uV/°C +0.011 -—
R.T.L = 0.00055%/°C
(from Spec. Sheet)

CMR 86dB (from Spec. Sheet, CMR vs. F +0.005 +0.005
vs. G, typical curve)

Noise, R.T.O. 15uV (p-p) R.T.O. (from Spec. Sheet, 0.0015 +0.0015

(0.1 to 100Hz) Noise vs. G typical curve)

Offset Current +50pA/°C x 1k source imbalance 10.000125 —-—=

Drift (Spec. Sheet) = +50uV/°C =
*#1.25uV R.T.I.

Gain Drift 60ppm/°C £0.15 -—

(add 10ppm/°C for
external Rg)

(Spec. Sheer)

Table I. Error Sources
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these errors can not be corrected by calibration. Common mode
rejection of the AD522 is active laser-trimmed to the limits of
thin-film resistor stability. Further trimming could improve
CMR on a short term basis, but regular readjustment would be
necessary to maintain this improvement (see Figure 2). In this
example, untrimmed CMR and noise cause a total error of
+0.0065% of full scale and are the major contributors to reso-
lution error.

100
Figure 2. Optional CMR Trim

PERFORMANCE CHARACTERISTICS

Offset Voltage and Current Drift: The AD522 is available in
four drift selections. Figure 3 is a graph of maximum RTO off-
set voltage drift vs. gain for all versions. Errors caused by off-
set voltage drift can thus be determined for any gain. Offset
current drift will cause a voltage error equal to the product of
the offset current drift and the source impedance unbalance.

V

5 [ MAXIMUM OFFSET DRIFT
© FOR AD522A e
LY AD5228
H AD5225
.o
H
: /
2
w3
&
£
° /
g 2 /.
3 / A
1 / <] N
1 -
T et
o et
1 10 100 1000
GAIN -VV .

Figure 3. Output Offset Drift (RTO) vs. Gain

Gain Nonlinearity and Noise: Gain nonlinearity increases with
gain as the device loop-gain decreases. Figure 4 is a plot of
typical nonlinearity vs. gain. The shape of the curve can be
safely used to predict worst-case nonlinearity at gains below
100. Noise vs. gain is shown on the same graph.
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Figure 4. Gain Nonlinearity and Noise (RTO) vs. Gain
Common Mode Rejection: CMR is rated at 210V and 1k
source imbalance. At lower gains, CMR depends mainly on
thin-film resistor stability but due to gain-bandwidth consider-
ations, is relatively constant with frequency to beyond 60Hz.
The dc CMR improves with increasing gain and is increasingly
subject to phase shifts in limited bandwidth high-gain ampli-
fiers. Figure 5 illustrates CMR vs. Gain and Frequency.
Dynamic Performance: Settling time and unity gain bandwidth
are directly proportional to gain. As a result, dynamic perfor-

mance can be predicted from the well-behaved curves of
Figure 6.

G = 1000

Yza-m
120
LG =107~/

100 P L]

i
-] \\

~

80

\\

TYPICAL CMR, AD5228
k{2 SOURCE IMBALANCE

Op— % (2\1_:5) = COMMON MODE INPUT VOLTAGE

100
FREQUENCY - Hz

Figure 5. Common Mode Rejection vs. Frequency and Gain

COMMON MODE REJECTION — dB.

NOTE:
THE SHAPES OF THESE CURVES CAN
BE USED TO PREDICT TYPICAL CMR
VS. GAIN AND FREQUENCY FOR
ADS22A ANDS. | | i
by iy
16

20 f—

1000
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|
G»100

01% | £ %
RESPONSE  RESPONSE
ERROR ERROR

G=10

AMPLIFIER GAIN  dB

N

o 100 1« 10k 100k ™
FREQUENCY ~Hz-3mm

Figure 6. Small Signal Frequency Response (-3dB)

SPECIAL APPLICATIONS .
Offset and Gain Trim: Gain accuracy depends largely on the
quality of Rg. A precision resistor with a 10ppm/°C tempera-
ture coefficient is advised. Offset, like gain, is laser-trimmed to
a level suitable for most applications. If further adjustment is
required, the circuit shown in Figure 1 is recommended. Note
that good quality (25ppm) pots are necessary to maintain vol-
tage drift specifications.

CMR Trim: A short-term CMR improvement of up to 10dB at
low gains can be realized with the circuit of Figure 2. Apply a
low-frequency 20/G volt peak-to-peak input signal to both
inputs through their equivalent source resistances and trim the
pot for an ac output null .

Sense Output: A sense output is provided to enable remote
load sensing or use of an output current booster. Figure 7 illu-
strates these applications. Being “inside the loop”, booster
drift errors are minimized. When not used, the sense output
should be tied to the output.

OUTPUT BOOSTER

RL

Vaer
{FoR ouTPUT
LEVEL SHIFT)

AD747L
OR EQUIVALENT

v

Figure 7. Output Current Booster and Buffered Output

Level Shifter .
Reference Output: The reference terminal is provided to permit
the user to offset or “level shift” the output level to a datum
compatible with his load. It must be remembered that the total
output swing is £10 volts to be shared between signal and refer-
ence offset. Furthermore, any reference source resistance will
unbalance the CMR trim by the ratio 10k/Ryef. For example, if
the reference source impedance is 12, CMR will be reduced to
80dB (10k§2/1£2 = 10,000 = 80dB). A buffer amplifier can be
used to eliminate this error, as shown in Figure 7, but the
drift of the buffer will add to output offset drift. When not

" used, the reference terminal should be grounded.
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ANALOG
DEVICES

Precision Instrumentation Amplifier

AD524

FEATURES

Low Noise: 0.3uV p-p 0.1Hz to 10Hz
Low Nonlinearity: 0.003% (G = 1)

High CMRR: 120dB (G = 1000)

Low Offset Voltage: 50V

Low Offset Voltage Drift: 0.5,V/°C

Gain Bandwidth Product: 25MHz

Pin Programmable Gains of 1, 10, 100, 1000
Input Protection, Power On - Power Off
No External Components Required
Internally Compensated

PRODUCT DESCRIPTION

The AD524 is a precision monolithic instrumentation amplifier
designed for data acquisition applications requiring high accuracy
under worst-case operating conditions. An outstanding combina-
tion of high linearity, high common mode rejection, low offset
voltage drift, and low noise makes the AD524 suitable for use in
many data acquisition systems.

The AD524 has an output offset voltage drift of less than 25uV/°C,
input offset voltage drift of less than 0.5,.V/°C, CMR above
90dB at unity gain (120dB at G = 1000) and maximum nonlinearity
0f 0.003% at G = 1. In addition to the outstanding dc specifications
the AD524 also has a 2SMHz gain bandwidth product (G =
100): To make it suitable for high speed data acquisition systems
the AD524 has an output slew rate of 5V/us and settles in 15us
to 0.01% for gains of 1 to 100.

As a complete amplifier the AD524 does not require any external
components for fixed gains of 1, 10, 100 and 1,000. For other

ADS524 FUNCTIONAL BLOCK DIAGRAM

-wor )
YT AD524 5
G = 10(13) ,
4040
G = 100(12) 20k02
G = 1000 (13) (10) sense
060 | 2062
RG, (16 WA AN
Bn. x 22 o Vour
* -
REFERENCE
20kQ

PROTECTION

PRODUCT HIGHLIGHTS )
1. The AD524 has guaranteed low offset voltage, offset voltage
drift and low noise for precision high gain applications.

2. The AD524 is functionally complete with pin programmable
gains of 1, 10, 100 and 1000, and single resistor programmable
for any gain. :

3. Input and output offset hulling terminals are provided for
very high precision applications and to minimize offset voltage
changes in gain ranging applications.

4. The ADS524 is input protected for both power on and power
off fault conditions.

5. The AD524 offers superior dynamic performance with a gain
bandwidth product of 25MHz, full power response of 75kHz
and a settling time of 15us to 0.01% of a 20V step (G =
100).

gain settings between 1 and 1000 only a single resistor is required.

The AD524 input is fully protected for both power on and
power off fault conditions.

The AD524 IC instrumentation amplifier is available in four
different versions of accuracy and operating temperature range.
The economical “A” grade, the low drift “B” grade and lower
drift, higher linearity “C” grade are specified from —25°C to
+85°C. The “S” grade guarantees performance to specification
over the extended temperature range —55°C to +125°C.
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SPECIFICATIONS @ -

ilsv, Rl = 2kQ and TA =

+25°C unless otherwise specified)

Model ADS24A ADS24B ADS24C ADS524S
, Min Typ Max Min Typ Max Min Typ Max Min Typ Max Units
GAIN
Gain Equation
(External Resistor Gain 40,000 “; 000 . 40,000 40,000
i 208 + 30,000 +209 49,000 - 40,000 + 20
Programming) [ Re + l] *20% [ Rg + ]] *20% [ Re + l] *20% [ Ro + 1] *20%
Gain Range (Pin Programmable) 1t0 1000 110 1000 1101000 1to 1000
Gain Error .
G=1 *0.05 +0.03 +0.02 +0.05 %
G=10 +0.25 +0.15 *0.1% +0.25 %
p G=100 +0.5 +0.35 +0.25 +0.5 %
G = 1000 +2.0 +1.0 +0.5 *2.0 %
Nonlinearity
G=1 +0.01 +0.005 +0.003 =0.01 %
G = 10,100 +0.01 *0.005 +0.003 =0.01 %
G =1000 =0.01 +0.01 =0.01 =0.01 %
Gain vs. Temperature .
G=1 5 5 5 5 ppm/°C
G=10 15 10 10 10 ppm/°C
G'= 100 35 25 25 25 ppm/°C
G =1000 100 50 50 50 ppm/°C
VOLTAGE OFFSET (May be Nulled)
Input Offset Voltage 250 100 . 50 100 Y
vs. Temperature 2 0.75 0.5 2.0 wVrC
Output Offset Voltage 5 3 20 3.0 Y
vs. Temperawre 100 50 25 50 wvre
Offset Referred to the -
Inputvs, Supply
70 75 80 75 dB
85 95 100 95 dB
95 105 110 105 dB
100 110 115 110 dB
INPUT CURRENT
Input Bias Current +50 +25 %15 +50 nA
vs. Temperature =100 *100 =100 *100 pArC
Input Offset Current +35 +15 +10 +35 | nA
vs. Temperature =100 *100 =100 =100 pArC
INPUT )
Input Impedance
- Differential Resistance 10° 10° 10° 10° n
Differential Capacitance 10 10 10 10 pF
Common Mode Resistance 10° 10° 10° 10° 0
Common Mede Capacitance 10 10 10 10 pF
Input Voltage Range
Max Differ. Input Linear (Vp) *10 +10 =10 =10 A%
Max Common Mode Lincar (Vcy) 12v - (29 va) 12V - (2g x v,,) 12v- (29 x v,,) 12v - (;—; x vn) v
Common Mode Rejectiondc
to 60Hz with 1kQ2 Source Imbalance
G=1 . 70 75 80 70 dB
G=10 90 95 100 %0 dB
G =100 100 105 110 100 dB
G = 1000 110 115 120 110 dB
OUTPUT RATING
VoursRL = 2kQ +10 =10 *10 *10 v
DYNAMIC RESPONSE
Small Signal —3dB
G=1 1 1 1 1 MHz
G=10 - 400 400 400 400 kHz
G =100 150 150 150 150 kHz
G = 1000 25 25 25 25 kHz

o
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Model ADS24A ADS24B AD5S24C AD524S
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Units
Slew Rate 5.0 5.0 N 5.0 - : 5.0 Vips
Settling Time 10 0.01%, 20V Step .
G=1t0100 . 15 15 15 15 us
G = 1000 75 75 75 75 ps
NOISE
Voliage Noise, 1kHz . .
R.T.L 7 7 7 7 av/vVHz
R.T.O. % %0 %0 90 nV/VHz
R.T.I.,0.1t0 10Hz
G=1 15 15 15 15 wVp-p
G=10 2 2 2 2 wVp-p
G =100, 1000 0.3 0.3 03 0.3 wVp-p
Current Noise
0.1Hzt0 10Hz 60 60. 60 60 PAp-p
SENSEINPUT R
Rin 20 . 20 20 20 kY =20%
Iinv 15 15 15 15 nA
Voltage Range +10 =10 =10 +10 A%
Gain to Output 1 1 1 1 %
REFERENCE INPUT
Rin 40 40 N 40 40 kQ +20%
Iy 15 15 15 15 wA
Voliage Range =10 *10 10 10 \%
Gain to Qutput 1 1 1 1 %,
TEMPERATURERANGE . .
Specified Performance -25 +85 =25 +85 -25 +85 -55 +125 °C
Storage -65 +150 -65 - +150 —-65 +150 - 65 + 150 °C
POWER SUPPLY '
Power Supply Range +6 =15 +18 *6 =15 *18 x6 =15 *18 6 =15 +18 v
Qui Current 3.5 5.0 3.5 5.0 3.5 5.0 3.5 5.0 mA
PACKAGE' DI6A DI6A DI6A D16A
NOTES

'See Section 19 for package outline information.

Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality ,
levels. All min and max specifications are guaranteed, although only those

shown in boldface are tested on all production units. ,

N
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Typical Characteristics
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Typical Characteristics

T T T
+Vg = 15Vdc +
1VP/P SINEWAVE

POWER SUPPLY REJECTION - dB
2
0
S

0 100 1k 10k 10
FREQUENCY - Hz

Figure 13. Positive PSRR vs.
Frequency

m\

AN

- N

CURRENT NOISE SPECTRAL DENSITY - fA/VHz

0 1 10 100 W 1
FREQUENCY - Hz

Figure 16. Input Current Noise

-12T012
1% 0.1% 0.01%)
-8T08 / / ,/
atos / A
17
OUTPUT
STEP -V
[ [
470 -4
N
N
8TO -8
\1% \0‘1% 0.01%|
1270 -12
('] 5 10 15

SETTLING TIME - us

Figure 19. Settling Time Gain =

Figure 22.

Large Signal Pulse
Response and Settling Time
G=10

20

1

I—v. = I—lsvlc +
VPP SINEWAVE
i S~
~~ Ge
§ ™~ S ,,%
E ~i NG 0 \\\ ~—]
£
£, \Q\\\\\\
a
. N
« ™.
N
10 100k

I3 10k
FREQUENCY — Hz

Figure 14. Negative PSRR vs.
Frequency

: [
VERTICAL SCALE;

1 DIVISION = 5uV

Figure 17. Low Frequency Noise —
G = 1 (System Gain = 1000)

Figure 20. Large Signal Pulse
Response and Settling Time —

G=1
~127012 l
- 0% | oo1%
/
-4T04| // //
QUTPUT
STEP-V
470 \\ \\
870 -8
N Yo
Y e [NO01%
1270 -12 l
0 10 5 0

SETTLING TIME- s

Figure 23. Settling Time Gain = 100

\ G=1

100 P
g
H \ G=10
'
2 10
z
s G =100, 1000 S,
] G=1000V,
>

1
0.1
0 100 03 10k 100k

FREQUENCY — Hz

Figure 15. RTI Noise Spectral
Density vs. Gain

0.1 - 10Hz

VERTICAL SCALE; 1 DIVISION = 0.1uV

Figure 18. Low Frequency Noise —
G = 1000 (System Gain = 100,000)

o ||
‘_.m. / ™o /o,om
-470 [ 7 /‘ /
OUTPUT
STEP-V
470 -4 \\ l\
o \m ‘M,m \Mw.
1270 -
| |
) 10 15 2

SETTLING TIME - ps

Figure 21. Settling Time Gain = 10

Figure 24. Range Signal Pulse
Response and Settling Time
G =100

INSTRUMENTATION & ISOLATION AMPLIFIERS VOL. I, 5-35



-127012 ‘ L%
. 0.01%
1 // /
-4T704 / A /
V171 Y
ouTPUT
STEP-V
A
4TO-4 \\ AN \\
870 -8 \
\1-/. \o.m-/.
1210 -12 o‘lw'

0 10 2 30 40 50 60 70 80
SETTLINGTIME- ps

Figure 25. Settling Time Gain = 1000

Figure 26. Large Signal Pulse Response and
Settling Time G = 1000
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Figure 27. Settling Time Test Circuit

Theory of Operation

The AD524 is a monolithic instrumentation amplifier based on
the classic 3 op amp circuit. The advantage of monolithic con-
struction is the closely matched components that enhance the
performance of the input preamp. The preamp section develops
the programmed gain by the use of feedback concepts. The
programmed gain is developed by varying the value of Rg (smaller
values increase the gain) while the feedback forces the collector
currents Q1, Q2, Q3 and Q4 to be constant which impresses the
input voltage across Rg.

. As Rg is reduced to increase the programmed gain, the trans-
conductance of the input preamp increases to the transconductance
of the input transistors. This has three important advantages.
First, this approach allows the circuit to achieve a very high
open loop gain of 3 x 10® at a programmed gain of 1000 thus
reducing gain related errors to a negligible 30ppm. Second, the
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Figure 29. Simplified Circuit of Amplifier; Gain is Defined as
((R56 + R57)/(Rg) + 1. Fora Gain of 1, Rg is an Open Circuit

gain bandwith product which is determined by C3 or C4 and
the input transconductance, reaches 25MHz. Third, the input
voltage noise reduces to a value determined by the collector
current of the input transistors for an RTI noise of 7nV/VHz at

‘G = 1000.

INPUT PROTECTION

As interface amplifiers for data acquisition systems, instrumen-
tation amplifiers are often subjected to input overloads, i.e.,
voltage levels in excess of the full scale for the selected gain
range. At low gains, 10 or less, the gain resistor acts as a current
limiting element in series with the inputs. At high gains the

" lower value of Rg will not adequately protect the inputs from

excessive currents. Standard practice would be to place series
limiting resistors in each input, but to limit input current to
below SmA with a full differential overload (36V) would require
over 7k of resistance which would add 10nVV Hz of noise. To
provide both input protection and low noise a special series
protect FET was used. ~ .

A unique FET design was used to provide a bidirectional current
limit, thereby, protecting against both positive and negative
overloads. Under nonoverload conditions, three channels CH,,
CH3;, CHy, act as a resistance (=1k(}) in series with the input as
before. During an overload in the positive direction, a fourth
channel, CHj, acts as a small resistance (=3k{2) in series with
the gate, which draws only the leakage current, and the FET
limits Ipss. When the FET enhances under a negative overload,
the gate current must go through the small FET formed by CH,
and when this FET goes into saturation, the gate current is
limited and the main FET will go into controlled enhancement.
The bidirectional limiting holds the maximum input current to
3mA over the 36V range.



Applying the AD524

INPUT OFFSET AND OUTPUT OFFSET

Voltage offsct specifications are often considered a figure of
merit for instrumentation amplifiers. While initial offset may be
adjusted to zero, shifts in offset voltage due to temperature
variations will cause errors. Intelligent systems can often correct
for this factor with an auto-zero cycle, but there are many small-
signal high-gain applications that don’t have this capability.

Voltage offset and drift comprise two components each; input
and output offset and offset drift. Input offset is that component
of offset that is directly proportional to gain i.e., input offset as
measured at the output at G = 100 is 100 times greater than at
G = 1. Output offset is independent of gain. At low gains,
output offset drift is dominant, while at high gains input offsct
drift dominates. Therefore, the output offset voltage drift is
normally specificd as drift at G = 1 (where input cffects arc
insignificant), while input offset voltage drift is given by drift
specification at a high gain (where output offset effects are neg-
ligible). All input-related numbers are referred to the input
(RTI) which is to say that the effect on the output is “G” times
larger. Voltage offset vs. power supply is also specified at one or
more gain settings and is also RTI.

By separating these errors, one can evaluate the total error inde-
pendent of the gain setting used. In a given gain configuration
both errors can be combined to give a total error referred to the
input (R.T.L) or output (R.T.O.) by the following formula:

Total Error R.T.I. = input error + (output error/gain)

Total Error R.T.O. = (Gain X input error) + output error

As an illustration, a typical AD524 might have a + 250V output
offset and a — 50V input offset. In a unity gain configuration,
the total output offset would be 2001V or the sum of the two.
At a gain of 100, the output offset would be ~4.75mV or:
+250pV + 100(—50pV) = —4.75mV.

The AD524 provides for both input and output offset adjustment.
This simplifies very high precision applications and minimize
offset voltage changes in switched gain applications. In such
applications the input offset is adjusted first at the highest pro-
grammed gain, then the output offset is adjusted at G = 1.

GAIN

The ADS524 has internal high accuracy pretrimmed resistors
for pin programmable gain of 1, 10, 100 and 1000. One of
the preset gains can be selected by pin strapping the appropri-
ate gain terminal and RG; together (for G=1 RG; is not
connected).

+Vs

—INPUT O

O Vour

OuTPUT
O SIGNAL

+INPUT O COMMON

Figure 30. Operating Connections for G = 100

The AD524 can be configured for gains other than those that
arc internally preset; there are two methods to do this. The first
method uses just an external resistor connected between pins 3
and 16 which programs the gain according to the formula

R; = G40—k] (sce Figure 31). For best rcsults R¢; should be a
precision resistor with a low temperature coefficient. An external

Rg; affects both gain accuracy and gain drift due to the mismatch
between it and the internal thin-film resistors. Gain accuracy is’
determined by the tolerance of the external R¢; and the absolute
accuracy of the internal resistors ( = 20%). Gain drift is determined

by the mismatch of the temperature coefficient of Rg and the
temperature cocfficient of the internal resistors (— 50ppm/°C

typ).

-INPUT O

1.5k{}

ks

0
+INPUT O REFERENCE

G=20000 4 1= 20020%
Vs .

Figure 31. Operating Connections for G = 20

The second technique uses the internal resistors in parallel with’
an external resistor (Figure 32). This technique minimizes the
gain adjustment range and reduces the effects of temperature
coefficient sensitivity.

~INPUT O
RG,

O Vour

RG, O REFERENCE

+INPUT O

*Rig - 4o = 44444300
*Rlg _ 400 = 404.0410
*Rlg 1000 = 40040

*NOMINAL { =20%)

-V

Figure 32. Operating Connections for G = 20, Low Gain
T.C. Technique .

The AD524 may also be configured to provide gain in the output
stage. Figure 33 shows an H pad attenuator connected to the
reference and sense lines of the AD524. R1, R2 and R3 should .
be made as low as possible to minimize the gain variation and
reduction of CMRR. Varying R2 will precisely set the gain

without affecting CMRR. CMRR is determined by the match of

R1 and R3.

O Vour

(Ry40k) + R, + Ry <7
= (Ry + Rz + Ry) Ry ~2k
G _—m——z\}loki h 2 3) R

Figure 33. Gain of 2000
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Output Nominal
Gain R2 R1,R3 Gain
2 SkQ 2.26kQ 2.02
5 105k} 2.05k€) 5.01
10 1kS} 4.42kQ 10.1

Table I. Output Gain Resistor Values

INPUT BIAS CURRENTS

Input bias currents are those currents necessary to bias the
input transistors of a dc amplifier. Bias currents arc an additional
source of input error and must be considered in an total error
budget. The bias currents when multiplied by the source resistance
appear as an offset voltage. What is of concern in calculating
bias current errors is the change in bias current with respect to
signal voltage and temperature. Input offsct current is the dif-
ference between the two input bias currents. The effect of offsct
current is an input offset voltage whose magnitude is the offset
current times the source impedance imbalance.

Although instrumentation amplifiers have differential inputs,
there must be a return path for the bias currents. If this is not
provided, those currents will charge stray capacitances, causing
the output to drift uncontrollably or to saturate. Therefore,
when amplifying “floating” input sources such as transformers
and thermocouples, as well as ac-coupled sources, there must
still be a dc path from each input to ground.

TO POWER
SUPPLY
GROUND

+Vg
2)+ 8
3
11 50
12 ADS24 3
13, 3
16,
) — 3 | LOAD I
TO POWER
v SUPPLY
. s GROUND
T
b. Thermocouple
+Vg
— 2)+ 0
3
O 10)
12) ADS24 D
3 6,
o—{16’
|_4. 99— l LOAD I
T 7
4: < TO POWER
$ ¢ R - SUPPLY
s GROUND

¢. AC Coupled
Figure 34. Indirect Ground Returns for Bias Currents
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COMMON-MODE REJECTION

Common-mode rejection is a measure of the change in output
voltage when both inputs are changed cqual amounts. These
specifications arc usually given for a full-range input voltage
change and a spccified source imbalance. “Common-Mode Re-
jection Ratio” (CMRR) is a ratio expression while “Common-Mode
Rejection” (CMR) is the logarithm of that ratio. For example, a
CMRR of 10,000 corresponds to a CMR of 80dB.

In an instrumentation amplifier, ac common-mode rejection is
only as good as the differential phase shift. Degradation of ac
common-mode rejection is caused by unequal drops across differing
track resistances and a differential phase shift due to varied
stray capacitances or cable capacitances. In many applications
shiclded cables arc used to minimize noise. This technique can
creatc common mode rejection errors unless the shield is properly
driven. Figures 35 and 36 shows active data guards which areé
configured to improve ac common mode rejection by “‘bootstrap-
ping” the capacitances of the input cabling, thus minimizing
differential phase shift.

10002

-Ve . .

Figure 36. Differential Shield Driver
GROUNDING
Many data-acquisition components have two or more ground
pins which are not connected together within the device. These
grounds must be tied together at one point, usually at the system
power-supply ground. Ideally, a single solid ground would be
desirable. However, since current flows through the ground
wires and etch stripes of the circuit cards, and since these paths
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ANALOG DIGITAL
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Figure 37. Basic Grounding Practice



have resistance and inductance, hundreds of millivolts can be
generated between the system ground point and the dataacquisition
components. Separate ground returns should be provided to
minimize the current flow in the path from the sensitive points
to the system ground point. In this way supply currents and
logic-gate return currents are not summed into the same return
path as analog signals where they would cause measurement
errors.

Since the output voltage is developed with respect to the potential
on the refercnce terminal an instrumentation amplifier can solve
many grounding problems.

SENSE TERMINAL

The sense terminal is the feedback point for the instrument
amplifier’s output amplifier. Normally it is connected to the
instrument amplifier output. If heavy load currents are to be
drawn through long leads, voltage drops due to current flowing
through lead resistance can cause errors. The sense terminal can
be wired to the instrument amplifier at the load thus putting the
IxR drops “inside the loop” and virtually eliminating this error
source.

Figure 38. AD524 Instrumentation Amplifier with Output
Current Booster
Typically, IC instrumentation amplifiers are rated for a full
=+ 10 volt output swing into 2kQ). In some applications, however,
the need exists to drive more current into heavier loads. Figure
38 shows how a high-current booster may be connected “inside
the loop” of an instrumentation amplifier to provide the required
current boost without significantly degrading overall performance.
Nonlinearities, offset and gain inaccuracies of the buffer are
minimized by the loop gain of the IA output amplifier. Offset
drift of the buffer is similarly reduced.

REFERENCE TERMINAL

The reference terminal may be used to offset the output by up
to % 10V. This is useful when the load is “floating” or does not
share a ground with the rest of the system. It also provides a
direct means of injecting a precise offset. It must be remembered
that the total output swing is = 10 volts to be shared between
signal and reference offset. )

Figure 39. Use of Reference Terminal to Provide Output
Offset

When the IA is of the three-amplifier configuration it is necessary
that nearly zero impedance be presented to the reference terminal.

Any significant resistance from the reference terminal to ground
increases the gain of the noninverting signal path thereby upsetting
the common-mode rejection of the IA.

In the AD524 a reference source resistance will unbalance the
CMR trim by the ratio of 20kQ}/Rggr. For example, if the reference
source impedance is 1Q, CMR will be reduced to 86dB (20k()/
10 =86dB). An operational amplifier may be used to provide
that low impedance reference point as shown in Figure 39. The
input offset voltage characteristics of that amplifier will add
directly to the output offset voltage performance of the in-
strumentation amplifier.

An instrumentation amplifier can be turned into a voltage-to-cur-
rent converter by taking advantage of the sense and reference
terminals as shown in Figure 40.

Figure 40. Voltage-to-Current Converter

By establishing a reference at the “low” side of a current setting
resistor, an output current may be defined as a function of
input voltage, gain and the value of that resistor. Since only a
small current is demanded at the input of the buffer amplifier
A,, the forced current I will largely flow through the load.
Offset and drift specifications of A, must be added to the output
offset and drift specifications of the IA.

PROGRAMMABLE GAIN

Figure 41 shows the AD524 being used as a software programmable
gain amplifier. Gain switching can be accomplished with mechani-
cal switches such as DIP switches or reed relays. It should be
noted that the “on” resistance of the switch in series with the
internal gain resistor becomes part of the gain equation and will
have an effect on gain accuracy.

hocc
[%50n

pe

Figure41. 3Decade Gain Programmable Amplifier
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The AD524 can also be connected for gain in the output stage.
Figure 42 shows an AD547 used as an active attenuator in the
output amplifier’s feedback loop. The active attenuation presents
a very low impedance to the feedback resistors therefore minimiz-
ing the common rejection ratio degradation. .

o
INPUT)
-iNoLHINPUN L1 {ProTecTion | 6] ourpur
OFFSE
~ NULL
+INo(ZINPUT Lo i}__ﬁro
v
£l 4 okn
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13}
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+Vg E Vour
¢ 1pF —

35v

39.2k2
28,7k

‘ |1Itll

316k12

R

A1 A2 A3 As ym

Figure42. Programmable Output Gain
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20k2

20k§1
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ADB47

Figure 43. Programmable Output Gain Using a DAC
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Another method for developing the switching scheme is to use a
DAC. The AD7528 dual DAC which acts essentially as a pair of
switched resistive attenuators having high analog linearity and
symmetrical bipolar transmission is ideal inthis application.
The multiplying DAC’s advantage is that it can handle inputs of
cither polarity or zero without affecting the programmed gain.
The circuit shown uscs an AD7528 to set the gain (DAC A) and
to perform a fine adjustment (DAC B).

AUTO-ZERO CIRCUITS

In many applications it is necessary to provide very accurate
data in high gain configurations. At room temperature the offset
effects can be nulled by the use of offset trimpots. Over the
operating temperature range, however, offset nulling becomes a
problem. The circuit of Figure 44 show a CMOS DAC operating
in the bipolar mode and connected to the reference terminal to
provide software controllable offset adjustments.

GND

Figure 44. Software Controllable Offset

In many applications complex software algorithms for auto-zero
applications are not available. For those applications Figure 45
provides a hardware solution.

A

AD75100IKD

200us
2EROPULSE

Figure 45. Auto-Zero Circuit



Error Budget Analysis

ERROR BUDGET ANALYSIS

To illustrate how instrumentation amplifier specifications are
applied, we will now examine a typical case where an AD524 is
required to amplify the output of an unbalanced transducer.
Figure 46 shows a differential transducer, unbalanced by 100(2,
supplying a 0 to 20mV signal to an AD524C. The output, of the
1A feeds a 14-bit A to D converter with a 0 to 2 volt input
voltage range. The operating temperature range is —25°C to

+ 85°C. Therefore, the largest change in temperature AT within
the operating range is from ambient to + 85°C (85°C —25°C

=60°C).

Error Source

Gain Error

Gain Instability

Gain Nonlinearity

Input Offset Voltage
Input Offset Voltage Drift

Output Offset Voltage'
Output Offset Voltage Drift!

Bias Current— Source
Imbalance Error
Bias Current~ Source
Imbalance Drift
Offset Current- Source
Imbalance Error
Offset Current - Source
Imbalarice Drift
Offset Current— Source
Resistance — Error
Offset Current — Source
Resistance - Drift
Common Mode Rejection
5Vdc
Noise, RTI
(0.1-10Hz)

AD524C
Specifications

+0.25%
25ppm
+0.003%
+50nV, RTI
+0.5uV/°C

+2.0mV
+25pV/°C

+15nA
+100pA/°C
+10nA
+100pA/°C
+ 10nA
+100pA/°C

115dB

0.3nVp-p

Figure46. Typical Bridge Application

Calculation

+0.25% = 2500ppm
(25ppm/°C)(60°C) = 1500ppm
+0.003% = 30ppm
+501V/20mV = +2500ppm
(£0.5uV/°CY60°C) = 30V
301V/20mV = 1500ppm
+2.0mV/20mV = 1000ppm
(£25pV/°CY(60°C) = 1500V
1500.V/20mV = 750ppm
(= 150A)(100Q2) = 1.5pV
1.5uV/20mV = 75ppm
(=100pA/°C)(1002)(60°C) = 0.6V
0.6,V/20mV = 30ppm
(£10nA)100Q2) = 1pV
1pV/20mV = 50ppm

_ (100pA/°C)(1000)(60°C) = 0.6V

0.6L.V/20mV = 30ppm

(10nAX(175Q)) = 3.5pV
3.5uV/20mV = 87.5ppm

(100pA/°CY(17502X(60°C) = 1pV
1nV/20mV = 50ppm

115dB = 1.8ppm x 5V = 8.8,V

8.8uV/20mV = 444ppm

0.3uV p-p/20mV = 15ppm

Total Error

'Output offset voltage and output offset voltage drift are given as RTI figures.

" Table Il. Error Budget Analysis of AD524CD in Bridge Application

In many applications, differential linearity and resolution are of
prime importance. This would be so in cases where the absolute
value of a variable is less important than changes in value. In
these applications, only the irreducible errors (45ppm = 0.004%)
are significant. Furthermore, if a system has an intelligent pro-
cessor monitoring the A to D output, the addition of a auto-gain/
auto-zero cycle will remove all reducible errors and may eliminate
the requirement for initial calibration. This will also reduce
errors to 0.004%.

Effecton Effecton

Absolute Absolute Effect

Accuracy Accuracy on

atTa = 25°C at T, = 85°C Resolution

2500ppm 2500ppm -

- 1500ppm -

- - 30ppm

2500ppm 2500ppm -

- ! 1500ppm -

1000ppm 1000ppm -

- 750ppm -

75ppm 75ppm -

- 30ppm -

50ppm 50ppm -

- 30ppm -,

87.5ppm 87.5ppm -

- 50ppm -

444ppm 444ppm -

- - 15ppm
10516.5ppm 45ppm

6656.5ppm
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Figure 47 shows a simplc application,, in which the variation of
the cold-junction voltage of a Type J thermocouple-iron( +)-
constantan- is compensated for by a voltage developed in scrics
by the temperature-sensitive output current of an AD590
semiconductor temperature sensor.

* The circuit is calibrated by adjusting R for proper output
voltage with the measuring junction at a known reference tem-

perature and the circuit near 25°C. If resistors with low tempcos
are used, compensation accuracy will be to within +0.5°C, for
temperatures between + 15°C and “+ 35°C. Other thermocouple
types may be accommodated with the standard resistance values
shown in the table. For other ranges of ambient temperature,
the equation in the figure may be solved for the optimum values
of R'r and RA.

+Vs 7.5V ‘
Ta_ - *'A 25V
REFERENCE Adial N AD580
JUNCTION 7 .
16°C< Ta <35°C vAt ‘ AD590 G = 100
/ +Vs
~N >
IRON Ra 1
T e 044 Eo |: AD524
( >Vr CONSTANTAN —< M >—cu 52.30 i
_ 0O -
<
SUNETIoN © €= Ve -va+ S2IUI2EV 5 oy Saesa Y
- TR Ry WL OUTPUT
=V Q  AMPLIFIER
- OR METER
NOMINAL
_ VALUE
91350

Figure47. Cold-Junction Compensation

The microprocessor controlled data acquisition system shown in
Figure 48 includes both auto-zero and auto-gain capability. By
dedicating two of the differential inputs, one to ground and one
to the A/D reference, the proper program calibration cycles can
eliminate both initial accuracy errors and accuracy errors over
temperature. The auto-zero cycle, in this application, converts a

number that appears to be ground and then writes that same
number (8 bit) to the AD7524 which eliminates the zero error
since its output has an inverted scale. The auto-gain cycle converts
the A/D reference and compares it with full scale. A multiplicative
correction factor is then computed and applied to subsequent
readings.

1 VREF
ADS583 LN
L AD7507 w | ADS74A
F; AGND Vv
] —
o] =
A0 A2
EN A1 —V?aEF
| .
10k = 1
- VWA~ AD7524
+
12
NG AD642 N
AD642 5k |
LATCH

CONTROL

MICRO-
PROCESOR

ADDRESS BUS

Figure 48. Microprocessor Controlled Data Acquisition System

VOL. |, 5-42 INSTRUMENTATION & ISOLATION AMPLIFIERS



ANALOG
DEVICES

Precision Instrumentation Ampli

1

fier -

AD624

FEATURES :

Low Noise: 0.2uV p-p 0.1Hz to 10Hz

Low Gain TC: 5ppm max (G = 1)

Low Nonlinearity: 0.001% max (G = 1 to 200)
High CMRR: 130dB max (G = 500 to 1000)
Low Input Offset Voltage: 25pV, max

Low Input Offset Voltage Drift: 0.25.V/°C max
Gain Bandwidth Product: 25MHz

Pin Programmable Cainc of 1, 100, 200, ECC, 1000
No External Components Required

Internally Compensated

PRODUCT DESCRIPTION )

The AD624 is a high precision low noise instrumentation amplifier
designed primarily for use with low level transducers, including
load cells, strain gauges and pressure transducers. An outstanding
combination of low noise, high gain accuracy, low gain temperature
coefficient and high linearity make the AD624 ideal for use in
high resolution data acquisition systems. ’

The AD624C has an input offset voltage drift of less than 0.25uV/
°C, output offset voltage drift of less than 100.V/°C, CMRR
above 80dB at unity gain (130dB at G=500) and a maximum
nonlinearity of 0.001% at G=1. In addition to these outstanding
dc specifications the AD624 exhibits superior ac performance as
well. A 25MHz gain bandwidth product, 5V/us slew rate and
15ps settling time permit the use of the AD624 in high speed
data acquisition applications.

The AD624 does not need any external components for pre-
trimmed gains of 1, 100, 200, 500 and 1000. Additional gains
such as 250 and 333 can be programmed within one percent
accuracy with external jumpers. A single external resistor can
also be used to set the 624’s gain to any value in the range of 1
to 10,000.

AD624 FUNCTIONAL BLOCK DIAGRAM

AD624

10k02

(10) sense

20k42 mmJ

20k} 10k12

(o) oureur

10k4!

(6) REFERENCE

PRODUCT HIGHLIGHTS

1. The AD624 offers outstanding noise performance. Input
noise is typically less than 4nV/VHz at 1kHz.

2. The AD624 is a functionally complete instrumentation am-
plifier. Pin programmable gains of 1, 100, 200, 500 and 1000
are provided on the chip. Other gains are achieved through
the use of a single external resistor.

3. The offset voltage, offset voltage drift, gain accuracy and
gain temperature coefficients are guaranteed for all pre-trimmed
gains. )

4. The AD624 provides totally independent input and output_
offset nulling terminals for high precision applications. This
minimizes the effect of offset voltage in gain ranging applica-
tions.

5. A sense terminal is provided to enable the user to minimize
the errors induced through long leads. A reference terminal
is also provided to permit level shifting at the output.
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SPECIFICATIONS ., - =150, R = KQand T, =

+25°C unless otherwise specified)

Model AD624A | AD624B AD624C . AD624S
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Units
GAIN '
Gain Equation '
(External Resistor Gain
. 40,000 ]+ [40,000 ]‘ [40,000 ]‘ [mooo ]’
. Programming) [ Re +1[=20% Re +1|220% Re +1[+20% Re +1|=20%
Gain Range (Pin Programmable) 1t0 1000 1101000 1101000 1101000
Gain Error
G=1 +0.05 +0.03 +0.02 +0.05 %
G =100 £0.25 +0.15 0.1 £0.25 %
G = 200,500 +0.5 +0.35 +0.25 *0.5 %
G.= 1000 *1.0 +1.0 +1.0 +1.0 %
Nonlinearity
G=1 =0.005 +0.003 *0.001 +0.005 %
G = 100,200 *0.005 =0.003 %0.001 +0.005 %
G = 500, 1000 =0.005 =0.005 +0.005 +0.005 %
Gain vs. Temperature !
G=1 5 5 5 5 ppm/°C
G = 100,200 10 10 10 10 ppm/°C
G = 500, 1000 25 15 15 15 ppm/°C
VOLTAGE OFFSET (May be Nulled)
Input Offset Voltage 200 75 25 75 Mm%
vs, Temperature 2 0.5 0.25 20 wvrc
Output Offset Voltage 5 3 2 3 (N
vs. Temperature 50 25 10 50 wVrC
Offset Referred to the
Inputvs. Supply
G=1 . 75 75 80 75 dB
G = 100,200 95 105 110 105 dB
G = 500,1000 100 110 115 110 dB
INPUTCURRENT
Input Bias Current +50 . +25 =15 +50 nA
vs. Temperature =50 =50 =50 *50 pA/rC
Input Offset Current +35 =15 =10 *35 nA
vs. Temperature =20 *20 =20 =20 pArC
INPUT
Input Impedance
Differential Resistance 10° 10° 10° 10° a
Differential Capacitance 10 10 10 10 pF
Common Mode Resistance 10° 10° 10° 10° Q
Common Mode Capacitance 10 10 10 10 pF
Input Voltage Range
Max Differ. Input Linear (Vp) =10 +10 +10 x10
Max Common Mode Linear (Vy) 12v - (?— x v,,) 12v- (2g x vD) 1nv- (;—; x v,,) 12v- (;—; xvp)
Common Mode Rejection dc
to 60Hz with 1k{} Source Imbalance
G=1 70 75 80 70 dB
G = 100,200 100 105 110 100 dB
G = 500, 1000 110 120 , 130 110 dB
OUTPUT RATING
~ Vour,Re = k0 =10 *10 =10 *10 v
DYNAMICRESPONSE
Small Signal -3dB
G=1 1 1 1 1 MHz
G =100 150 150 150 150 kHz
G =200 ' 100 100 100 100 kHz
© G =500 b 50 50 S0 kHz
G = 1000 25 25 25 25 kHz
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Model A‘D624A AD624B AD624C AD624S
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Units
Slew Rate 5.0 5.0 5.0 5.0 Vips
Settling Time 100.01%, 20V Step
G = 110200 15 15 15 15 s
G = 500 35 35 35 35 S
G = 1000 75 75 7 75 ]
NOISE
Voltage Noise, 1kHz _
RT.L 4 4 4 4 avivHz
R.T.0. 75 75 75 75 nV/VHz
R.T.L,0.1t010Hz
G=1 10 10 10 10 uwVpp
G=100 0.3 0.3 0.3 0.3 wVpp
G =200, 500, 1000 0.2 0.2 0.2 0.2 wVpp
Current Noise
0.1Hzto 10Hz 60 60 60 60 PApP-p
SENSEINPUT
Rix 8 10 12 8 10 12 8 10 12 8 10 12 ka
Iy 30 30 30 30 nA
Voltage Range =10 +10 =10 =10 v
Gain to Qutput 1 1 1 1 %
REFERENCEINPUT
Rin 16 20 24 16 20 24 16 20 24 16 20 24 k1
Iin 30 30 30 30 rA
Voltage Range =10 =10 =10 =10 \4
Gain to Qutput 1 1 1 1 %
TEMPERATURE RANGE ‘
Specified Performance -25 +85 =25 +85 -25 +85 -55 +125 °C
Storage - 65 +150 —-65 +150 —65 +150 —65 +150 °C
POWER SUPPLY .
Power Supply Range +5 =15 +18 *5 =15 +18 *5 =15 +18 +5 =15 +18 v
Quiescent Current 35 5 ER 5 35 5 35 5 mA
PACKAGE! Dl6A D16A Di16A -DI16A
NOTES

!See Section 19 for package outline information.
Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality
levels. All min and max specifications are guaranteed, although only those
shown in boldface are tested on all production units.
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Typical Characteristics
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Typical Characteristics
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Theory of Operation

The AD624 is a monolithic instrumentation amplifier based on
a modification of the classic three-op-amp instrumentation am-
plifier. Monolithic construction and laser-wafer-trimming allow
the tight matching and tracking of circuit components and the
high level of performance that this circuit architecture is capable
of.

A preamp section (Q1-Q4) develops the programmed gain by
the use of feedback concepts. Feedback from the outputs of Al
and A2 forces the collector currents of Q1-Q4 to be constant
thereby impressing the input voltage across Rg.

The gain is set by choosing the value of Rg from the equation,
Gain =R. * 1. The value of R also sets the transconductance
of the inp%t preamp stage increasing it asymptotically to the
transconductance of the input transistors as Rg is reduced for -
larger gains. This has three important advantages. First, this
approach allows the circuit to achieve a very high open loop
gain of 3 x 10 at a programmed gain of 1000 thus reducing gain
related errors to a negligible 3ppm. Second, the gain bandwidth
product which is determined by C3 or C4 and the input trans-
conductance, reaches 2SMHz. Third, the input voltage noise
reduces to a value determined by the collector current of the
input transistors for an RTI noise of 4nV/VHz at G = 500.

Figure 26. Noise Test Circuit

INPUT CONSIDERATIONS

Under input overload conditions the user will see R+ 100Q2
and two diode drops (~1.2V) between the plus and minus inputs,
in either direction. If safe overload current under all conditions
is assumed to be 10mA, the maximum overload voltage is ~ +2.5V.
While the AD624 can withstand this continuously, momentary
overloads of =10V will not harm the device. On the other hand
the inputs should never exceed the supply voltage.

RS2
10k
SENSE

R53
10k

+
s 20k 0k
oA . a3 hoe az.a¢ R54
=N RG, REF

RG,

RS
] l —AM———0 4+ IN
5004

4445 §—— 200

Figure 27. Simplified Circuit of Amplifier; Gain is Defined as
((R56 + R57)/(Rg) + 1. For a Gain of 1, Rg is an Open Circuit.

The AD524 should be considered in applications that require
protection from severe input overload. If this is not possible,
external protection resistors can be put in series with the inputs
of the AD624 to augment the internal (50Q2) protection resistors.
This will most seriously degrade the noise performance. For this
reason the value of these resistors should be chosen to be as low
as possible and still provide 10mA of current limiting under
maximum continuous overload conditions. In selecting the value
of these resistors, the internal gain setting resistor and the 1.2
volt drop need to be considered. For example, to protect the
device from a continuous differential overload of 20V at a gain
of 100, 1.9k} of resistance is required. The internal gain resistor
is 404); the internal protect resistor is 100Q. There is a 1.2V
drop across D1 or D2 and the base-emitter junction of either

Q1 and Q3 or Q2 and Q4 as shown in Figure 27, 1400Q

of external resistance would be required (700Q in series with
each input). The RTI noise in this case would be

VA4KTR,, + (4nV/VHZ? = 6.2nV/VHz.

INPUT OFFSET AND OUTPUT OFFSET

Voltage offset specifications are often considered a figure of
merit for instrumentation amplifiers. While initial offset may be
adjusted to zero, shifts in offset voltage due to temperature
variations will cause errors. Intelligent systems can often correct
for this factor with an auto-zero cycle, but there are many small-
signal high-gain applications that don’t have this capability.

Voltage offset and offset drift each have two components; input
and output. Input offset is that component of offset that is
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Applying the AD624

directly proportional to gain i.e., input offset as measured at the
output at G = 100 is 100 times greater than at G = 1. Output
offset is independent of gain. At low gains, output offset drift is
dominant, while at high gains input offset drift dominates.
Therefore, the output offset voltage drift is normally specified
as drift at G = 1 (where input effects are insignificant), while
input offset voltage drift is given by drift specification at a high
gain (where output offset effects are negligible). All input-related
numbers are referred to the input (RTI) which is to say that the
effect on the output is “G” times larger. Voltage offset vs. power
supply is also specified at one or more gain settings and is also
RTI.

By separating these errors, one can evaluate the total error inde-
pendent of the gain setting used. In a given gain configuration
beth crrors can be combined o give a total civor icfened iv ihe

input (R.T.L.) or output (R.T.0.) by the following formula:

Total Error R.T.1. = input error + (output error/gain)

Total Error R.T.O. = (Gain X input error) + output error '

As an illustration, a typical AD624 might have a +250u.V output

offset and a — 50wV input offset. In a unity gain configuration,
the total output offset would be 200pV or the sum of the two.
At a gain of 100, the output offset would be —4.75mV or:
+250pV + 100(—-50uV) = —4.75mV.

The AD624 provides for both input and output offset adjustment.
This optimizes nulling in very high precision applications and
minimizes offset voltage effects in switched gain applications. In
such applications the input offset is adjusted first at the highest
programmed gain, then the output offset is adjusted at G = 1.

GAIN

The AD624 includes high accuracy pre-trimmed internal gain
resistors. These allow for single connection programming of
gains of 1, 100, 200 and 500. Additionally, a variety of gains
including a pre-trimmed gain of 1000 can be achieved through
series and parallel combinations of the internal resistors. Table I
shows the available gains and the appropriate pin connections
and gain temperature coefficients.

The gain values achieved via the combination of internal resistors
are extremely useful. The temperature coefficient of the gain is
dependent primarily on the mismatch of the temperature coeffi-
cients of the various internal resistors. Tracking of these resistors
is extremely tight resulting in the low gain TC’s shown in

Table I.

If the desired value of gain is not attainable using the internal
resistors, a single external resistor can be used to achieve any
gain between 1 and 10,000. This resistor connected between

+Vs
o)

—INPUT O

O Vour

ouTPUT
O SIGNAL
COMMON
+INPUT O

—Vg

Figure 28. Operéting Connections for G =200

Temperature
Gain Coefficient  Pin3
(Nominal) (Nominal) toPin  ConnectPins
1 -1.5ppm/°C -~ -
100 —1.5ppm/°C 13 -
125 —Sppm/°C 13 111016
137 ~5.5ppm/°C 13 111012
186.5 —6.5ppm/°C 13 11t1012t0 16
200 —3.5ppm/°C 12 -
250 —5.5ppm/°’C 12 111013
333 —15ppm/°C 12 Jlwo16
375 —0.5ppm/°C 12 13t0 16
500 —10ppm/°C 11 -
624 —5ppm/°C 11 13t016
633 —X.SP}JAAUMC il ilio 12; i3wio
831 +4ppm/°C 11 161012
1000 Oppm/°C 11 16t012;13t011
Table 1.

pins 3 and 16 programs the gain according to the formula
Rg = G4 Ofl (see Figure 29). For best results Rg should be a

precision resistor with a low temperature coefficient. An external
Rg affects both gain accuracy and gain drift due to the mismatch
between it and the internal thin-film resistors R56 and R57.
Gain accuracy is determined by the tolerance of the external Rg
and the absolute accuracy of the internal resistors (% 20%). Gain
drift is determined by the mismatch of the temperature coefficient
of Rg and the temperature coefficient of the internal resistors
(= 15ppm/°C typ), and the temperature coefficient of the internal
interconnections. -

+Vs

-INPUT O

1.5k .
OR

Tk

o
+INPUT O REFERENCE

- 40,

G =Sqgg + 1= 20 £20%

Ve
Figure 29. Operating Connections for G = 20

The AD624 may also be configured to provide gain in the output
stage. Figure 30 shows an H pad attenuator connected to the
reference and sense lines of the AD624. The values of R1, R2
and R3 should be selected to be as low as possible to minimize -
the gain variation and reduction of CMRR. Varying R2 will
precisely set the gain without affecting CMRR. CMRR is deter-
mined by the match of R1 and R3,

+Vg
R1
ki1
-INPUT 1 8 M
RG, 16) S nzﬂ
G = 100 ® io sk
G = 200 12 AD624 £) Vour
G = 500 1 B
RG, 3 3R
+INPUT 2 7
. . SR3
2 ekt
Vs

_ (RJ20K) + R, + R,

G- R[20k) (R, + R, + Ryf|Re=2k

Figure 30. Gain of 2500
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NOISE

The AD624 is désigned to provide noise performance near the
theoretical noise floor. This is an extremely important design
criteria as the front end noise of an instrumentation amplifier is
the ultimate limitation on the resolution of the data acquisition
system it is being used in. There are two sources of noise in an
instrument amplifier, the input noise, predominantly generated
by the differential input stage, and the output noise, generated
by the output amplifier. Both of these components are present
at the input (and output) of the instrumentation amplifier. At
the input, the input noise will appear unaltered; the output
noise will be attenuated by the closed loop gain (at the output, |
the output noise will be unaltered; the input noise will be amplified
by the closed loop gain). Those two noise sources must be root
sum squared to determine the total noise level expected at the
input (or output).

The low frequency (0.1 to 10Hz) voltage noise due to the output
stage is 10V p-p, the contribution of the input stage is 0.2uV

p-p. At a gain of 10, the RTI voltage noise would be 1nV p-p,
vV (G—)IU "+ (0.2)%. The RTO voltage noise would be 10.2uV p-p
V107 + (0.2 (G)) These calculations hold for applications
using either internal or external gain resistors.

INPUT BIAS CURRENTS

Input bias currents are those currents necessary to bias the
input transistors of a dc amplifier. Bias currents are an additional
source of input error and must be considered in an total error
budget. The bias currents when multiplied by the source resistance
imbalance appear as an additional offset voltage. (What is of
concern in calculating bias current errors is the change in bias
current with respect to signal voltage and temperature.) Input
offset current is the difference between the two input bias currents.
The effect of offset current is an input offset voltage whose
magnitude is the offset current times the source resistance.

Although instrumentation amplifiers have differential inputs,
there must be a return path for the bias currents. If this is not
provided, those currents will charge stray capacitances, causing
the output to drift uncontrollably or to saturate. Therefore,
when amplifying “floating” input sources such as transformers
and thermocouples, as well as ac-coupled sources, there must
still be a dc path from each input to ground, (see Figure 31).

+Vg

2)+ 8

’ g1 10,
42) . AD624 3
13 6
4 T,

[ee]

TO POWER
—-Vg SUPPLY
GROUND
Figure 31a. Transformer Coupled
+Vg
D+ e
3
11 (0
12 AD624 0
J3, 6
16,
) — 3 | Loap l
TO POWER
SUPPLY
PR ~Vs GROUND
¢

Figure 31b. Thermocouple
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Figure 31c. AC Coupled
Figure 31. Indirect Ground Returns for Bias Currents

COMMON-MODE REJECTION

Common-mode rejection is a measure of the change in output
voltage when both inputs are changed by equal amounts. These
specifications are usually given for a full-range input voltage
change and a specified source imbalance. “Common-Mode Re-
jection Ratio” (CMRR) is a ratio expression while “Common-Mode
Rejection” (CMR) is the logarithm of that ratio. For example, a
CMRR of 10,000 corresponds to a CMR of 80dB.

In an instrumentation amplifier, ac common-mode rejection is
only as good as the differential phase shift. Degradation of ac
common-mode rejection is caused by unequal drops across differing
track resistances and a differential phase shift due to varied
stray capacitances or cable capacitances. In many applications
shielded cables are used to minimize noise. This technique can
create common-mode rejection errors unless the shield is properly
driven. Figures 32 and 33 shows active data guards which are
configured to improve ac common-mode rejection by “bootstrap-
ping” the capacitances of the input cabling, thus minimizing
differential phase shift.

REFERENCE

Figure 33. Differential Shield Driver

GROUNDING

Many data-acquisition components have two or more ground
pins which are not connected together within the device. These
grounds must be tied together at one point, usually at the system
power supply ground. Ideally, a single solid ground would be
desirable. However, since current flows through the ground
wires and etch stripes of the circuit cards, and since these paths
have resistance and inductance, hundreds of millivolts can be
generated between the system ground point and the data acquisition
components. Separate ground returns should be provided to
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minimize the current flow in the path from the most sensitive
points to the system ground point. In this way supply currents
and logic-gate return currents are not summed into the same
return path as analog signals where they would cause measurement
errors (see Figure 34).

Since the output voltage is developed with respect to the potential
on the reference terminal an instrumentation amplifier can solve
many grounding problems. '

SENSE TERMINAL

The sense terminal is the feedback point for the instrument
amplifier’s output amplifier. Normally it is connected to the
instrument amplifier output. If heavy load currents are to be
drawn through long leads, voltage drops due to current flowing
through lead resistance can cause errors. The sense terminal can
be wired to the instrument amplifier at the load thus putting the
IxR drops “inside the loop” and virtually eliminating this error
source.

OUTPUT
CURRENT
BOOSTER

Figure 35. AD624 Instrumentqtian Amplifier with Output
Current Booster

Typically, IC instrumentation amplifiers are rated for a full

+10 volt output swing into 2k(}. In some applications, however,
the need exists to drive more current into heavier loads. Figure
35 shows how a current booster may be connected “inside the
loop” of an instrumentation amplifier to provide the required
current without significantly degrading overall performance.
The effects of nonlinearities, offset and gain inaccuracies of the
buffer are reduced by the loop gain of the IA output amplifier.
Offset drift of the buffer is similarly reduced.

REFERENCE TERMINAL

The reference terminal may be used to offset the output by up
to *10V. This is useful when the load is “floating” or does not
share a ground with the rest of the system. It also provides a
direct means of injecting a precise offset. It must be remembered
that the total output swing is = 10 volts, from ground, to be
shared between signal and reference offset.

Figure 36. Use of Reference Terminal to Provide Output

Offset

When the IA is of the three-amplifier configuration it is necessary
that nearly zero impedance be presented to the reference terminal.
Any significant recictance | including thoce cansed hy PC lavonte
or other connection techniques, which appears between the
reference pin and ground will increase the gain of the noninverting
signal path, thereby upsetting the common-mode rejection of
the IA. Inadvertent thermocouple connections created in the
sense and reference lines should also be avoided as they will
directly affect the output offset voltage and output offset voltage
drift.

In the AD624 a reference source resistance will unbalance the
CMR trim by the ratio of 10kQ}/Rrgg. For example, if the reference
source impedance is 1Q}, CMR will be reduced to 80dB (10k{V/
10 =80dB). An operational amplifier may be used to provide
that low impedance reference point as shown in Figure 36. The
input offset voltage characteristics of that amplifier will add
directly to the output offset voltage performance of the in-
strumentation amplifier.

An instrumentation amplifier can be turned into a voltage-to-cur-
rent converter by taking advantage of the sense and reference
terminals as shown in Figure 37.

= g = Ve {1+ to,o:u)

Figure 37. Voltage-to-Current Converter

By establishing a reference at the “low” side of a current setting
resistor, an output current may be defined as a function of
input voltage, gain and the value of that resistor. Since only a
small current is demanded at the input of the buffer amplifier
A,, the forced current Iy will largely flow through the load.
Offset and drift specifications of A, must be added to the output
offset and drift specifications of the IA. ’

PROGRAMMABLE GAIN

Figure 38 shows the AD624 being used as a software programmable
gain amplifier. Gain switching can be accomplished with mechani-
cal switches such as DIP switches or reed relays. It should be
noted that the “on” resistance of the switch in series with the
internal gain resistor becomes part of the gain equation and will
have an effect on gain accuracy.
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Figure 38. Gain Programmable Amplifier

A significant advantage in using the internal gain resistors in a
programmable gain configuration is the minimization of ther-
mocouple signals which are often present in multiplexed data
acquisition systems.

If the full performance of the AD624 is to be achieved, the user
must be extremely careful in designing and laying out his circuit
to minimize the remaining thermocouple signals.

The AD624 can'also be connected for gain in the output stage.
Figure 39 shows an AD547 used as an active attenuator in the
output amplifier’s feedback loop. The active attenuation presents
a very low impedance to the feedback resistors therefore minimiz-
ing the common-mode rejection ratio degradation.

1+ NPYT)

™ 1-INPUT)

0
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v
e (DS
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Figure 39. Programmable Output Gain

Another method for developing the switching scheme is to use a
DAC. The AD7528 dual DAC which acts essentially as a pair of
switched resistive attenuators having high analog linearity and
symmetrical bipolar transmission is ideal in this application.
The multiplying DAC’s advantage is that it can handle inputs of
either polarity or zero without affecting the programmed gain.
The circuit shown uses an AD7528 to set the gain (DAC A) and
to perform a fine adjustment (DAC B).

20000

INPUT (7 L+ _+
(HNPUT) S0

4 DAC A
oaTA 19 oo
INPUTS 7) o8
& —f=() AD7528
WA —4 QO
GRCADAC 8 —=-(s
18] DACE

1z
ADeaz

Figure 40. Programmable Output Gain Using a DAC

AUTO-ZERO CIRCUITS

In many applications it is necessary to provide very accurate
data in high gain configurations. At room temperature the offset
effects can be nulled by the use of offset trimpots. Over the
operating temperature range, however, offset nulling becomes a
problem. The circuit of Figure 41 shows a CMOS DAC operating
in the bipolar mode and connected to the reference terminal to
provide software controllable offset adjustments.

Figure 41. Software Controllable Offset .

In many applications complex software algorithms for auto-zero
applications are not available. For these applications Figure 42
provides a hardware solution.

ADTS100KO

Figure 42. Auto-Zero Circuit
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The microprocessor controlled data acquisition system shown in
Figure 43 includes includes both auto-zero and auto-gain capa-
bility. By dedicating two of the differential inputs, one to ground
and one to the A/D reference, the proper program calibration
cycles can eliminate both initial accuracy errors and accuracy
errors over temperature. The auto-zero cycle, in this application,
converts a number that appears to be ground and then writes
that same number (8 bit) to the AD7524 which eliminates the
zero error since its output has an inverted scale. The auto-gain
cycle converts the A/D reference and compares it with full scale.
A multiplicative correction factor is then computed and applied
to subsequent readings.

L.

ADST4A

CONTROL

MICRO-
PROCESOR

ADDRESS BUS -

Figure 43. Microprocessor Controlled Data Acquisition
System

WEIGH SCALE

Figure 44 shows an example of how an AD624 can be used to
condition the differential output voltage from a load cell. The
10% reference voltage adjustment range is required to accommo-
date the 10% transducer sensitivity tolerance. The high linearity
and low noise of the AD624 make it ideal for use in applications
of this type particularly where it is desirable to measure small
changes in weight as opposed to the absolute value. The addition
of an auto gain/auto tare cycle will enable the system to remove
offsets, gain errors, and drifts making possible true 14-bit
performance.

218V

1
= 1
1
1
oW i
100
TRANSOUCER
zeRO
a2 SEE NOTE 1 =
ey
R7
00
R
1000 1
ERQ
ADWST
(COARSE)

v

NOTES
1. LOAD CELL TEDEA MODEL 1010 10KG. OUTPUT 2mV/V +10%.
2. R1, B2 and K3 SELECTED FOR ADSBA. OUTPUT 10V £ 10%.

Figure 44. AD624 Weigh Scale Application

AC BRIDGE

Bridge circuits which use dc excitation are often plagued by
errors caused by thermocouple effects, Vf noise, dc drifts in the
electronics, and line noise pick-up. One way to get around these
problems is to excite the bridge with an ac waveform, amplify
the bridge output with an ac amplifier, and synchronously de-
modulate the resulting signal. The ac phase and amplitude in-
formation from the bridge is recovered as a dc signal at the
output of the synchronous demodulator. The low frequency
system noise, dc drifts, and demodulator noise all get mixed to
the carrier frequency and can be removed by means of a low
pass filter. Dynamic response of the bridge must be traded off
against the amount of attenuation required to adequately suppress
these residual carrier components in the selection of the filter.
Figurc 45 1s an cxnmpic of au ac 'ulidgc sysicui wiih inie ADG30
used as a synchronous demodulator. The oscilloscope photograph
shows the results of a 0.05% bridge imbalance caused by the
1Meg resistor in parallel with one leg of the bridge. The top
trace represents the bridge excitation, the upper middle trace is
the amplified bridge output, the lower-middle trace is the output
of the synchronous demodulator and the bottom trace is the
filtered dc system output.

This system can easily resolve a 0.5ppm change in bridge im-
pedance. Such a change will produce a 6.3mV change in the low
pass filtered dc output, well above the RTO drifts and noise.

The AC-CMRR of the AD624 decreases with the frequency of
the input signal. This is due mainly to the package-pin capacitance
associated with the AD624’s internal gain resistors. If AC-CMRR
is not sufficient for a given application, it can be trimmed by
using a variable capacitor connected to the amplifier’s RG; pin
as shown in Figure 45.

iz

o
 MOOULATION
v NPUT
pove
woouATED
oo
SIGNAL
T
ey

BRIDGE EXCITATION
{20Vidiv) (A)

AMPLIFIED BRIDGE
QUTPUT (5Vediv) (8)

DEMODULATED BRIDGE
OUTPUT (5Vrdiv) (C)
FILTER OUTPUT (2Vidivl
D)

Figure 46. AC Bridge Waveforms
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Figure 47. Typical Bridge Application

ERROR BUDGET ANALYSIS

To illustrate how instrumentation amplifier specifications are
applied, we will now examine a typical case where an AD624 is
required to amplify the output of an unbalanced transducer.
Figure 47 shows a differential transducer, unbalanced by =5(},
supplying a 0 to 20mYV signal to an AD624C. The output of the
IA feeds a 14-bit A to D converter with a 0 to 2 volt input
voltage range. The operating temperature range is —25°C to

+ 85°C. Therefore, the largest change in temperature AT within
the operating range is from ambient to +85°C (85°C —25°C
=60°C). :

'Output offset voltage and output offset voltage drift are given as RTI figures.

In many applications, differential linearity and resolution are of
prime importance. This would be so in cases where the absolute
value of a variable is less important than changes in value. In
these applications, only the irreducible errors (20ppm = 0.002%)
are significant, Furthermore, if a system has an intelligent pro-
cessor monitoring the A to D output, the addition of a auto-gain/
auto-zero cycle will remove all reducible errors and may eliminate
the requirement for initial calibration. This will also reduce
errors to 0.002%.

Effecton Effecton
Absolute Absolute Effect
AD624C Accuracy Accuracy on .
Error Source Specifications  Calculation atTy = 25°C atT, = 85°C Resolution
Gain Error +0.1% +0.1% = 1000ppm 1000ppm 1000ppm -
Gain Instability 10ppm (10ppm/°C)(60°C) = 600ppm - 600ppm -
Gain Nonlinearity +0.001% +0.001% = 10ppm - - 10ppm
Input Offset Voltage +25uV,RTI +25uV/20mV = *1250ppm 1250ppm 1250ppm -
Input Offset Voltage Drift +0.25pV/°C (£0.25pV/°CY(60°C) = 15uV
15uV/20mV = 750ppm - 750ppm -
Output Offset Voltage! +2.0mV +2.0mV/20mV = 1000ppm 1000ppm 1000ppm -
Output Offset Voltage Drift!  +10pV/°C (= 10pV/°CY60°C) = 600V )
600 V/20mV = 300ppm - 300ppm -
Bias Current~Source +15nA (£ 15nA)(5Q) = 0.075nV
Imbalance Error 0.075uV/20mV = 3.75ppm 3.75ppm 3.75ppm -
Offset Current - Source +10nA (£ 10nA)(50) = 0.050pV
Imbalance Error 0.050.V/20mV = 2.5ppm 2.5ppm 2.5ppm -
Offset Current—Source +10nA (10nA)(175Q2) = 3.5uV
Resistance—Error . 3.5uV/20mV = 87.5ppm 87.5ppm 87.5ppm -
Offset Current—Source +100pA/°C (100pA/°CY(1750)(60°C) = 1pV
Resistance- Drift 1pV/20mV = 50ppm - 50ppm -
Common Mode Rejection 115dB 115dB = 1.8ppm X 5V = 9uV
5Vdc 9uV/20mV = 444ppm 450ppm 450ppm -
Noise, RTI '
(0.1-10Hz) 0.22pVp-p 0.22p.V p-p/20mV = 10ppm - - 10ppm
Total Error 3793.75ppm 5493.75ppm 20ppm

Table Il. Error Budget Analysis of AD624CD in Bridge Application
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ANALOG Programmable Gain
DEVICES Instrumentation Amplifier

AD625

FEATURES . AD625 FUNCTIONAL BLOCK DIAGRAM
Low Gain TC: 5ppm/°C max
" Low Nonlinearity: 0.005% max

Low Noise 4nV/VHz (at 1kHz) RTI ~INPUT
Gain Bandwidth Product: 25MHz i
User Programmed Gains 1 to 10,000 SomN SENSE
-GAIN 12
DRIVE
10) OUTPUT
soam (g o 117
+GAIN 2 7 ) REFERENCE
SENSE w 10kQ
+INPUT > -
500
PRODUCT DESCRIPTION PRODUCT HIGHLIGHTS
The AD62S is a precision instrumentation amplifier intended 1. The AD625 allows user selected fixed gains from 1 to 10,000.
for use where flexible gain programmability is required. The Any gainin ‘this range can be programmed by 3 external
performance of the AD625 enables its use in many applications resistorsy
which previously required tradeoffs between expensive external 2. A'software programmable gain amphﬁer can be configured

! nsing the AD625 a CMOS multiplexer and a resistor network.
“Unlike prev:ous instrumentation amplifier designs, the ON
res;slancc ofa ‘CMOS switch does not affect the gain
CCuracy ) ‘

components and performance.

In resistor programmable gain applicau’ons (RPGA), as shmfv 'in,
Figure 2, the user can select any gain between 1 and 10, OOD 5
Gain programming is accomplished through the:use of 3 extemal
resistors. Gain accuracies and temperature coefﬁcxents are deter-/
mined primarily by the match between’ thc user provxded gain
setting resistors. Common-mode mjecuon (CMR) ranges fro
70dB to 115dB minimum, for overall gains of 1, to
independent of the feedback resistor matchmg

The AD625 provides totally independent input and output

-offset nulling terminals for high precision applications. This

minimizes the effects of offset voltage in gain-ranging

i«”applxcatmns

. The gdin accuracy and gain temperature coefficients of the
uamphﬁer circuit are primarily dependent on user selected

external resistors.

5. The proprietary design of the AD625 provides the lowest

input voltage noise of any resistor programmable instrumen-

tation amplifier — 4nV/VHz at 1kHz.

A software programmable gain amplifier (SPGA) can be conﬁgured
with the addition of a CMOS multiplexer (or other switch network),f
and a suitable resistor network (see Figure 3). The AD625
based SPGA can be programmed for any set of gains between 1

and 10,000, with completely user-selected gain steps. 6. The match of the two feedback resistors is not critical to

The AD625 exhibits excellent ac performance; its 2MHz gain maintain high common-mode rejection. This is possible because
bandwidth product, 5V/ps slew rate and 15ps settling time the gain sense current is insensitive to common-mode

permit the use of the AD625 in high speed data acquisition voltage.-

applications.
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SPECIFICATIUNS (typical @ Vs = ¥15V, R = ékﬂ and T,

+25°C unless otherwise specified)

Model ADG625A ADG625B AD625C ADG625S
GAIN
Gain Equation
(External Resistor Gain Rp
1 —_— * * *
Programming) 2 Re +1
Gain Range 1to 10000 had * *
Gain Error, Max +0.05% +0.03% +0.02% *
Nonlinearity, max " +0.005% +0.003% +0.001% *
Gain vs. Temperature, max Sppm/°C * * *
VOLTAGEOFFSET (May be Nulled) .
Input Offset Voltage, max 200p.V 750V 25pV okl
vs. Temperature, max 2uV/°C 0.5uV/°C 0.25uV/°C 2uV/rC
Output Offset Voltage, max 5mV 3mV 2mV falod
vs. Temperature, max S0pV/°C 25uV/°C 10uV/°C 50pV/°C
Offset Referred to the
Input vs. Supply
G=1 70dB 75dB 80dB **
G=10 85dB 105dB 110dB *x
G= 100 95dB 105dB 110dB **
G= 1000 100dB 110dB 115dB holol
INPUT CURRENT
Input Bias Current, max +50nA +25nA +15nA *
vs. Temperature +50pA/°C * * *
Input Offset Current, max +35nA +15nA +10nA *
vs. Temperature +20pA/°C * * *
INPUT
Input Voltage Range
Max Differ. Input Linear (Vp) +10V o * *
Max Common Mode Linear (Vep) 12v - (29 x VD) * * *
Common Mode Rejection dc
to 60Hz with 1kQ2Source Imbalance, min
G=1 70dB 75dB 80dB *
G=10 90dB 105dB 110dB *
G =100 100dB 105dB 110dB *
G = 1000 110dB 120dB 130dB *
OUTPUT RATING +10V @ 5mA * * *
DYNAMICRESPONSE
Small Signal —3dB
G=1 650kHz *. * *
G=10 400kHz * * *
G =100 100kHz * * *
G = 1000 25kHz * * b
Slew Rate 5.0V/ps * * *
ettling Time t0 0.01%, 20V Step
G = 110200 ' 15ps * * *
G =500 35us * * *
G = 1000 75us * * *
NOISE
Voltage Noise, 1kHz
R.T.L 40V/VHz * * *
R.T.O. 75nV/VHz * * *
R.T.I.,0.1t0 10Hz
G=1 10V p-p * * *
G=10 1.0pV p-p * * *
G=100 0.3uVp-p * * *
G=1000 0.2pVp-p * * *
Current Noise
0.1Hzto 10Hz 60pA p-p * * *
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Model AD625A AD625B AD625C AD625S
TEMPERATURE RANGE

Specified Performance —25°Cto +85°C * * —55°Cto +125°C

Storage —65°Cto +150°C * * *
POWER SUPPLY ’

Power Supply Range +5Vio =18V * * *

Quiescent Current 3.5mA (5mA max) * * *

Gain Sense Current, max 500nA 250nA 100nA *

Gain Sense Current vs.

Temperature, max 25nA/PC 15nA/°C 10nA/C *

" Gain Sense Offset Current 500nA 250nA 100nA *

Gain Sense Offset Current vs.

Temperature 20nA/°C 10nA/°C 5nA/°C *
PACKAGE OPTION! " DI6A DI16A D16A DI6A
AD625AD AD625BD AD625CD ADG625SD
“‘E;;ﬁcations sameas AD625A. !See Section 19 for package outline information.
**Specifications same as AD625B. Specifications subject to change without notice.
PIN CONFIGURATION iy
s0pA +v. w»‘é
+mneut [ (36} - mpuT = ]
— 5 G

+GAINSENSE [Z
Am v 3]
RTI NULL [ﬂ

+canpRive 5]

[15] -GAINSENSE
14] RTO NULL

AD625
73] RTO NULL

12 l —GAINDRIVE

e [&] 11] SENSE
REFERENCE [ 7 | 10] Vour
ulE v

Theory of Operation

The AD625 is a monolithic instrumentation amplifier based on
a modification of the classic three-op-amp approach. Monolithic
construction and laser-wafer-trimming allow the tight matching
and tracking of circuit components. This insures the high level
of performance inherent in this circuit architecture. A preamp
section (Q1-Q4) provides additional gain to Al and A2, which
increases the overall transconductance of the input stage. Feedback
from the outputs of Al and A2 forces the collector currents of
Q1-Q4 to be constant thereby impressing the input voltage
across Rg. This creates a differential voltage at the outputs of

Al and A2 which is given by the gain (%+ 1) times the

differential portion of the input voltage. The unity gain subtractor,
A3, removes any common-mode signal from the output voltage
yielding a single ended output, Vo, referred to the reference
potential.

The value of Rg is the determining factor of the transconductance

of the input preamp stage. As Rg is reduced for larger gains the

transconductance increases. This has three important advantages.
First, the approach allows the circuit to achieve a very high
open-loop gain of 3 x 108 at programmed gains = 500 thus reducing
gain related errors. Second, the gain-bandwidth product, which
is determined by C3, C4, and the input transconductance, increases
with gain, thereby optimizing frequency response. Third, the
input voltage noise is reduced to a value determined by the
collector current of the input transistors resulting in an RTI
noise of 4nV/VHz.

a1 Az @
SENSE

«@ el 10k02

10k11
A3 Vo
+

GAIN GAN 10k

ORIVE DRVE 10k0)

1 REF

500 Ry Ry 500}
=IN O~=AAA~4 Q1,03 Q2,04 —A"—0O +IN
AR x

GAIN
SENSE
50pA

GAIN
SENSE
S0uA

-Ve

Figure 1. Simplified Circuit of Amplifier

RESISTOR PROGRAMMABLE GAIN AMPLIFIER

In the resistor-programmed mode (see Figure 2) only three
external resistors are needed to seléct any gain from 1 to 10,000.
Depending on the application, discrete components or.a pre-
trimmed network can be used. The gain accuracy and gain TC
are primarily determined by the external resistors since the
AD625 typically contributes less than 0.02% to gain error and

"under Sppm/°C gain TC. The gain sense current is insensitive to

common-mode voltage, making the CMRR of the resistor prog-
rammed AD625 independent of the match of the two feedback
resistors (Rg).

<,
G—Eol

+INPUT

+ GAIN DRIVE

Ne E
Ve E

Figure 2. AD625in Fixed Gain Configuration
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Selecting Resistor Values

AD7502

As previously stated each Rg provides feedback to the input

TTUDTL TO CMOS LEVEL TRANSLATOR J

I

stage and sets the unity gain transconductance. These feedback

DECODERDRIVER

resistors are provided by the user. The AD625 is tested and
specified with a value of 20k() for Rg. In the unity gain config- GNDO
uration Rg should be 20k(}; for gains > 1 Ry can be in the

range of 10kQ to 30k(}. The gain resistor (Rg) is determined by

the formula RG ZRS

1 20602 15660

39kit 97N 65011 9750 39KkN

For single gain apphcauons, only one offset null adjust is necessary; ot weur
in these cases the RTI null should be used. ~ ]—_'

. ° 1 1
SOFTWARE PROGRAMMABLE GAIN AMPLIFIER R S
An SPGA provides the user the abiliy to externally program =] (e —
precision gains from digital inputs. To date, the problem in NS [
systems requiring electronic switching of gains has been the ON e ml ™
resistance (Ron) of the multiplexer, which appears in seties with fm AL AToNuLL
the gain setting resistor Rg. This can result in substantial gain WE YAAY, E‘W
errors and gain drifts. The AD625 eliminates this problem by nefe] - "
making the gain drive and gain sense pins available (Pins 2, 15, 3 S 3 m Yo
S, 12; see Figure 4). Consequently the multiplexer’s ON resistance A WY A i
is removed from the signal current path. This transforms the [ AD625 v
ON resistance error into a small nullable offset voltage error. To
clarify this point, an error budget analysis has been performed Figure 3. SPGA in a Gain of 16

" in Table I. Figure 4 shows the AD625 based SPGA used for the
analysis in Table 1. The output of the AD625 feeds a 12-bit

DAS with a 0-10V input voltage range. The gain used for the
RTI calculations is set at 16; as the gain is changed, the ON
resistance of the multiplexer and the feedback resistance will
change, which will change the values in the table.

Figure 3 shows an SPGA at a gain of 16. To determine the

gain, it'is necessary to calculate R and Rg. Rg equals the resistance
between the gain sense lines (Pins 2 and 15) of the AD62S. In
Figure 3, Rg equals the sum of the two 975() resistors and the
6501 resistor, therefore, Rg equals 260002+ Ry equals the resistance
between the gain sense and gain drive pins (Pins 12 and 15, or
Pins 2 and 5). In Figure 3, Rg equals the 15.6k(2 resistor plus
the 3.9kQ resistor, or Rg equals 19.5kQ. The gain equals:

2Rg , (19:5k2)

+1=16

R T TP ek

As the switches of the differential multiplexer proceed syn-
chronously, Rg and R change, resulting in the various

programmed gain settings. Figure 4. SPGA with Multiplexer Error Sources
. . Specification ' Voltage Offset
Induced Error AD625 AD7502 Calculation Induced RTI
Gain Sense Switch ’
RTI Offset Voltage OffsetCurrent  Resistance 150nA x 17000 =25.5uV  25.5uV
150nA 17001
Gain Sense Differential
RTIOffset Voltage Current Switch Resistance 300nA x 6.8 =2.04uV  2.04pV
300nA 6.80
Feedback Differential Leakage
Resistance’ Current (Is)?
RTO Offset Voltage 20k} +0.2nA 2(0.2nA x 20k(2) =8uV  0.5nV
—02nA
Feedback Differential Leakage
_ Resistance' Current (Iom)
RTO Offset Voltage 20k +1nA 2(1nA x 20kQ2) =400V 2.5pV
—1nA .
NOTES

"The resistor for this calculation is the user provided f
programmable gain amplifier section)

dback resi: (Rg), 20k2is ded (sec resistor

*The leakage currents (Ig and Ioyr) will induce an offset voltage, however, the offsel will be determined by !he difference
iplexer. Th )

between the leakages of each “*half”” of the differential kag is mul d by
the feedback resi (seeNote 13, tods ine offset voltage. B diffe ial leakag isnota

specified on multiplexer data sheets, the most extreme difference (one most posnuve and one most negative) was used for the

calculation in Table I. Typical performance will be much better.

Tablel. Errorsinduced byMuItipIexer toan SPGA
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Analog Signal Processing Components

Contents

Selection Guides
Multipliers
Dividers
Log-Antilog Amplifiers
RMS-to-DC Converters
Modulators/Demadulators
General Information
Definitions of Specifications
AD532]/K/S Gcncral-Purpbsc Internally Trimmed IC 4-Quadrant Multiplier/Divider
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ADS534]J/K/L/SIT Highest Performance Internally Trimmed IC 4-Quadrant Multiplier/Divider
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Selection Guide
Analog Signal Processing (:omponents

Internally Trimmed Multipliers

v , Xq O——+ AD532 Page
X N
v 20— Pretrimmed to +1.0% (AD532K) Vol. 1
. R R No External Components Required 6-17
X z Guaranteed * 1.0% max 4-Quadrant Error (AD532K)
Diff Inputs for (X, — XY, —Y,)/10 Transfer Function
. i "°—>_] ouTPUT Monolithic Construction
Y29 > 10R :
Vos
Vour = X1-X2) Y1 - ¥a) R
'out oV 1
(WITH Z TIED TO OUTPUT) ADS32
et STABLE [f———————0 +Vs ADS34
$F Q= REFERENCE .
ANDBIAS  f————————0 Vs Pretrimmed to *0.25% max 4-Quadrant Error . Vol. 1
(AD534L) . 6-27
x l TRANSFER FUNCTION All Inputs (X, Y and 2) Differential, High Impedance
! ::[}- Vo - A BN V2 ) for [(Xy—X2) (Y1 = Y2)/10V] +2; Transfer Function
X2 TRANSLINEAR SF Scale-Factor Adjustable to Provide up to X100 Gain
Mgtg,;’éﬁ" Low Noise Design: 90V rms, 10Hz—-10kHz
Y l . Low Cost, Monolithic Construction
Y2 >——o out Excellent Long Term Stability
- HIGH GAIN

OUTPUT

Z; O
0.75 ATTEN AMPLIFIER

. 220
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21— AN AN—— W1

\ ! ADS39 Page
Vo - L _V“;"‘_: Two Quadrant Multiplication/Division Vol. 1
et T muLr x Vv Two Independent Signal Ch 1 649
Vi EXTERNAL Signal Bandwidth of 60MHz (loyt)
cHz2 ¥ muLT OP AMPS Linear Control-Bandwidth of 5SMHz
Vwz = Full-Calibrated, Monolithic Circuit
Vyz - r
/ 1 =Vx-Vy;
|
22 e AANA—————AM—L— W2
STABELECE Smmremmm—— ¢ B AD632
REFEREN N
ANDBIAS e o0 g Pretrimmed to *0.5% max 4-Quadrant Error Vol. 1
All Inputs (X, Y and 2) Differential, High Impedance 6-67
I TRANSFER FUNCTION for [(Xy—X2)(Y1—Y2)/10V] +2Z; Transfer Function
X , Scale-Factor Adjustable to Provide up to X10 Gain
) (X3 - X)(¥y - ¥3)
X2 v Vo= A[ 10 @ z"] Low Noise Design: 90uV rms, 10Hz-10kHz

TRANSLINEAR

' MULTIPLIER Low Cost, Monolithic Constr
Y1 ELEMENT ) | Excellent Long Term Stability
> .
>—w out . .

““HIGH GAIN

OUTPUT
AMPLIFIER

0.75 ATTEN
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Internally Trimmed Multipliers

MODEL 429 Page

1.0%/0.5% Accuracy Without Trimming (429A/B) Vol. 11
Low Drift to 1.0mV/°C max 6-9

Wideband - 10MHz N
0.2% Nonlinearity max {429B)
External Amplifiers not Required
MTBF: 169, 268 Hours

Internally Trimmed Dividers

sTABLE [0 +Vs AD535
§F OQ=———————— REFERENCE .
AND BIAS Vs Pretrimmed to *0.5% max Error, 10:1 Denominator Vol. I

Range (AD535K) c 6-37
I +2.0% max Error, 50:1 Denominator Range

— o
X1 Y1 (AD535K}
" v All Inputs (X, Y and 2) Differential
2 TRANSLINEAR 2 Monolithic Construction

MULTIPLIER
ELEMENT

AD535

2 2 E l HIGH GAIN
OUTPUT
AMPLIFIER
22

ouTt

Y
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Log-Antilog Amplifiers

755,759

MODEL 755, MODEL 759 Page

High Accuracy: Models 755N, 755P Vol. I
Low Cost: Models 759N, 759P 8-7
Complete Log-Antilog Amplifiers: External
DU . Components not Required
=+ L7 ame . Temperature-Comp ted Internal Reference
o o 0 o 6 Decades Current Operation: 1nA to TmA
1% max Error: 1nA to 1mA (755)

20nA to 200pA (759)
4 Decades Current Operation: 1mV to 10V
1% max Error: 1mV to 10V (755)

1mV to 2V (759)

ANTILOG
ELEMENT

pomfmmmmmmem—m—io oo MODEL 757

6 Decade Operation — 1nA to TmA . Vol. 11

1/2% Log Conformity - 10nA to 100pA 8-11

Symmetrical FET Inputs ‘

Voltage or Current Operation

Temperature Comp ed

Complete Log Ratio Amplifier: External
Components not Required
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RMS-to-DC Converters

w

mioicinioinis
M EEEHEE

4

SQUARER
I DIVIDER I
CURRENT

MIRROR

10

sicicicioioia)
FEEHEEEE
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AD536A

True rms-to-dc Conversion
Laser-Trimmed to High Accuracy
0.2% max Error (AD536AK)
0.5% max Error (AD536AJ)
Wide Response Capability:
Computes rms of ac and dc Signals
300kHz Bandwidth: V,p,s>100mV
2MHz Bandwidth: Vims>1V
Signal Crest Factor 7 for 1% Error
dB Output with 60dB Range
Low Power: 1TmA Quiescent Current
Single or Dual Supply Operation
Monolithic Integrated Circuit
~55°C to + 125°C Operation (AD536AS)

AD636

True rms-to-dc Conversion
200mV Full Scale
Laser-Trimmed to High Accuracy
0.5% max Error {AD636K)
1.0% max Error (AD636J)
Wide Response Capability:
Computes rms of ac and dc Signals
1MHz —3dB Bandwidth: V,,,s>100mV
Signal Crest Factor of 6 for 0.5% Error
dB Output with 50dB Range
Low Power: 800pA Quiescent Current
Single or Dual Supply Operation
Monolithic Integrated Circuit

P#ge
Vol. 1
6-43

Vol. 1
6-71



o BUFFER V ADE3T _ AD637 Page
E + | j High Accuracy Vol. 1
- 0.02% Max Nonlinearity, 0 to 2V rms Input 6-77
SOLUTE
E . AVALLE E 0.10% Max Error to Crest Factor of 3
- E Wide Bandwidth
E BIAS 8MHz at 2V rms Input
E" SECTION | | SQUARER/DIVIDER - 600kHz at 100mV rms
I Computes:
E ] 4 ol Tiiie iins
. m Square
25ki) Mean Square
E » 3 Absolute Value
E V I] dB Output (- 60dB Range)
] frer [ Chip Select-Power Down Feature Allows:
Analog *3-State’” Operation

Quiescent Current Reduction from 2.2mA to
350pA

5|0 +s MODEL 442
o O—8 AOcom DC to 8MHz Response (—3dB) Vol. 11
cANO—7 42 : O Vs High Accuracy: 7-7
[—O——0 cour With No Ext. Trim: £2mV *0.15% of Rdg., max
sO—{s 1p—O0——0Cs With Ext. Trim: £1mV +0.05% of Rdg., max
Low Drift: £(35uV +0.01% of Reading)/°C
max, 442L

Fast Settling Time: 5ms to 1%
All Hermetically Sealed Semiconductors
No External Components Required

to Meet Specifications

ANALOG SIGNAL PROCESSING COMPONENTS VOL. |, 6-7
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Modulator/Demodulator
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'AD630 C bage
Recovers Signal from +100dB Noise Vol. I
2MHz Channel Bandwidth 6-57

45V/ps Slew Rate

—120dB Crosstalk @ 1kHz

Pin Programmable Closed Loop Gains of =1 and +2
0.05% Closed Loop Gain Accuracy and Match

100V Channel! Offset Voltage (AD630BD)

350kHz Full Power Bandwidth



Orientation

Analog Signal Processing Components

MULTIPLIERS/DIVIDERS

Multiplication For two inputs, Vy and Vy, a multiplier will
provide the output, Eqy; = VxVy/Epef, where Ert is a dimen-
sional constant, usually of 10V nominal value. If E¢ = 10V,
Eour = 10V when Vy and Vy, are 10V. Multipliers are used for
modulation and demodulation, fixed and variable remote gain
adjustment, power measurement, and mathematical operations
in analog computing, curve fitting, and linearizing.

If the inputs may be of either positive or negative polarity, and
the output polarity is in a correct relationship for multiplica-
tion, the device is called a “‘four-quadrant” multiplier, reflect-
ing the 4 quadrants of the X-Y plane.

Squarmg If Vx = Vy = Vi, a multiplier’s output will be

Vin2 /Eret. A four-quadrant multiplier, used as a squarer, will
have an output that is positive, whether Vj, is positive or nega-
tive. Squarers are useful in frequency doubling, power meas-
urement of constant loads, and mathematical operations.

Division For a numerator input, V;, and a denominator input,
Vi, an analog divider will provide the output,

Eout = Eref(Vz/Vy). If Eef = 10V, Egy¢ will be 10V or less

for V, <Vy. Vy is of a single polarity and will not provide
meaningful results if it approaches zero too closely. If V, may
be of cither positive or negative polarity, the device is de-
scribed as a “two-quadrant” divider, and the output will

reflect the polarity of V,. Analog dividers are used to compute -

ratios—such as efficiency, attenuation, or gain; they are also
used for fixed and variable remote gain adjustment, ratiometric
measurements, and for mathematical operations in analog
computing.

Square rooting For a numerator input, Vi, and a denominator
input, E, (the output fed back to the denominator input), the
output of a divider is Eq = Eref(Vin/E,); hence Ey = +/Eref Vin-
A square-rooter works in one quadrant; some devices require
external diode circuitry to prevent latchup if the input polarity
changes, even momentarily. Square roots are used in vector
“and rms computation, to linearize flowmeters, and for mathe-
matical operations in analog computing.

CHOOSING A MULTIPLIER, DIVIDER, etc.

A number of devices are listed here, differing in internal archi-
tecture, external functional configuration, device technology,
and performance specifications. Some have essentially fixed r=f-
erences; others have an actively variable or programmable ref-
erence as a third input (multifunction devices), and one type
(model 433) performs the one-quadrant operation, Eq = .
Vz(Vy/Vx)m, where m is an exponent adjustable from 1/5 to
5. With one exception (model 436 precision 2-quadrant
divider), all of the devices listed here can be used for any of
the functions defined above.

Considerable information on these functions, the nature of
devices to perform them, and extensive discussions of their
applications can be found in two publications available from
Analog Devices. ** A wealth of information is also tobe
found in the data sheets for the individual devices, published

in this section. In addition to the products listed here, 2 num-
ber of popular earlier products are still available; data sheets
are available upon request.

Internal Architecture All of the devices in this selection rely on
the logarithmic properties of silicon P-N junctions. With the
exception of models 433 and 436, the circuit employed is
basically like that of the “Gilbert cell” (its 4-quadrant-multi-
plying circuitry and performance are described in (1) and (2),
with further references to originai sources). The input voiuges
are converted to currents, the currents are multiplied together
and divided by a reference, and the net output current, Iyly /kef,
is converted to voltage by feedback around the output amplifier.
The feedback terminals are available as inputs for applications
involving division. In the AD53 1, the I¢f terminals are avail-
able for external programming or variation; thus, the AD531
is a 3-variable “multifunction” IC which can divide without ex-
ternal feedback. This versatile feature offers greater bandwidth
as a divider.

I3+lg fatlg

l oureur |

Basic 4-Quadrant Variable-Transconductance Multiplier Circuit

o= + + /. S44
/ (I3 /5) (/4 /5) /R Ry

EXTERNAL RESISTORS ARE
CONNECTED HERE TO ADJUST m.

AJsTcl  DIRECTCONNECTION YIELDS m = 1.
r - --Vx--- 1
] m—I" y 1
[ z 1
z * 21,
LOG
. s RaTio _ (X w0 1 Eo
[] o v,
I © VRer ¥ | x
1
10 1
Y LOG VREF 1 REF
9V(15%)
1mA

e e e e e o e o e e e e v o o ]

gOPpm/“ c
Functional Block Diagram of Model 433

In multifunction devices like Model 433, the feedback cur-
rents of the input op amps are used to develop logarithmic

lMull‘iplier Application Guide, available upon reqhest

2 Nonlinear Circuits Handbook, D. H. Sheingold, ed., 1976, 536pp.,
$5.95,P.0. Box 796, Norwood MA 02062
3 Data sheet available upon request.
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voltages across transistor base-emitter junctions; these voltages
are summed and differenced and produce an exponential cur-
rent proportional to V,V,/V, via another transistor junction in
the input path of the output amplifier. Thus, the output volt-
age is proportional to VyV;/Vy; an internally generated refer-
ence voltage is available as a fixed reference for the odd input
in two-variable operations. In the 433, the internal emitter-
voltage difference proportional to log (V,/Vy) can be amplified
or attenuated by the appropriate connection of a resistive at-
tenuator with an attenuation ratio, m; since the antilog of
m(log V,/Vy) is (V,/Vx)™, the output of the 433 is propor-
tional to Vy(Vz/Vx)m. In the model 436 divider, the inputs-
are scaled and linearly combined, before the log-antilog com-
putation takes place; the result is that the numerator (of-
V,/Vx) may have positive or negative values. The 436 circuit
is optimized and trimmed for performance as a dedicated
_divider; it has a fixed reference. Its circuit principles are
discussed in some detail on the data sheet.

External functional configuration As noted earlier, with the
exception of the model 436 dedicated divider, all of the devices
listed here can be used for multiplication, division, squaring,
and/or square-rooting (MDSSR), by the appropriate connec-
tion of external jumpers. As an example, the AD534 is shown
connected for multiplication, and the AD535, which has sim-
ilar architecture but is optimized for division, is shown con-
nected for division and square-rooting. Performance of pre-
trimmed devices is optimized in specified modes of operation,
usually multiplication. The data sheets show how devices are
connected for the various modes of operation; where appro-
priate, the trim circuits and procedures for optimizing per-
formance are provided.

Some devices have differential inputs, which provide a great
deal of flexibility. They permit polarity changes without ex-
ternal inversion, direct subtraction of inputs, insertion of bias
voltages for additive constants, and direct multiplication of the
results of differential measurements.

Technologies The devices described here are either monolithic
integrated circuits or high-performance modules. For any
application, the user will evaluate a device on the basis of its
performance in the desired mode(s). The modules provide the
highest performance: speed (model 429), accuracy as a divider
(436), and accuracy in multifunction applications (433). On
the other hand, the IC’s provide economy of cost and space, and
the availability of “mil-temp”’ range (-5 5°C to +125°C) ver-

sions. The pretrimmed IC’s (AD534, AD535 and AD532) use
laser trimming of thin-film-on-silicon chips at the wafer stage
and buried-Zener reference circuitry, as well as thermally
balanced input stages and ‘“‘core” circuitry, for overall maxi-
mum errors to 0.25%, and linearities as yet unmatched in the
industry.

Performance Multiplier performance, specifications and test
circuitry are described in great detail in the NONLINEAR
CIRCUITS HANDBOOK. Here is a brief digest of the factors
relating to low-frequency performance.

In theory, 2 multiplier has an output which is ideally the prod-
uct of two input variables, X and Y, divided by the 10V scaling
voltage. However, the practical multiplier is subject to various
offset errors and nonlinearities, which must be accounted for
in its application. This discussion is intended to assist the
designer in understanding and interpreting multiplier and
divider specifications and obtaining insight into device
performance. i

In practice (see the figure), the multiplier may be considered
as having two parts, one (M) contains the input circuitry and
the multiplying cell; the other is the gain-conditioning op

amp, A.

M~ ~—~—~— =777 1
| M==g * FIX.Y) R |
| ———W— 0 Z (DIVIDE INPUT)
| 1
| [
P '

X X' |
| R |
| M~ O ouT
| Iy

Y o——o— v | = S5 (MULTIRLY)
Iy 0

' [ e -10Z

| ! %~ (DIVIDE)
e o J

Functional Block Diagram of Typical Multiplier/Divider

Also summed at the op-amp input is the feedback variable, Z.
In multiplication, Z is connected to the output circuit. In di-
vision, Z and X are the inputs, and Y is connected to the output.
The figure shows a model used for considering errors. X,

and Y, are input offset voltages, Z, is the offset-referred-to-
the-input of the output amplifier, and F(X', Y') is the non-
lir}ea}rity, viewed as the departure from the ideal multiplication,

% . The output equation, including the errors is of the form

OUT, E,

. .
VxINO=IX1 sDB3a DENOMINATOR X1 - A LOAD
x2 Y T—x out QOUTRUT, E, {MUST BE PROVIDED)
e e 7 o
SF ° AD535 . ADS35
7 n .
 NUMERATOR, V, 21
Vy IN Y1 2 -% r Y1 22 T 2 — INPUT,V,
v2 vz v vi
i . Y
A WN=2

BASIC RELATIONSHIP: (Xy - Xp) (Yy - Yp) = 10V (2y-25)

V,Vy = 10VE, , Ve (-Eg} =10V V,

Multiplier

VOL. I, 6-10 ANALOG SIGNAL PROCESSING COMPONENTS

E,=-100%
A
Divider

Eo(-Eo) = 10V V,

Square Rooter



_ XY XoY XY,
B = 0B *[—103 t o8 t Zy o+ f(XY)

Product * Xoffser Yoffset Output  Nonlinearity
- offset  and feedthrough
Linear Feedthrough
wyn g

The errors are included in the bracketed term, except for gain
error, which is the departure of “‘B”, the gain-error term, from
its nominal value of unity. The effects of input offsets (called
“linear feedthrough”) can be set to zero by applying external
input biases, the output offset can be set to zero by biasing the
output amplifier, and the gain can be externally calibrated by
adjusting the reference or the feedback resistance. The remain-
ing departure from the ideal output for any combination of
input values is the irreducible linearity error, or nonlinearity,
a function of X and Y"that differs from device to device and,
with temperature, within a given device. The component of
nonlinearity for X = 0 is called “Y feedthrough’ and for

Y =0, it is called ““X feedthrough”.

The “total error” specification includes the effects of all these
errors. Although a guide to performance, it may produce an
excessively conservative design in some applications. For ex-
ample, output offset is not important if the output is to be
capacitively coupled or the initial offset is nulled. Gain error
is not important if system gain is to be adjusted elsewhere in
‘the system or if gain is not a critical factor in system perform-
ance. If frequent calibration of offset and scale-factor errors
is available (e.g., in a “smart” instrument, via software) non-
linearity becomes the limiting parameter. In such cases, im-
provements in predicted error can be achieved by using the
approximate linearity equation:

f(X,Y) = [Vyle + [Vy | g

were € and €y are the specified fractional linearity errors
(%/100) and Vy and Vy, are the input signals.

When multipliers are fed back for use in division applications,
it is important to recognize that maximum multiplication
errors are increased approximately in proportion to the inverse
of the denominator voltage (10V/Vy), and bandwidth is
decreased in proportion to denominator voltage. Pretrimmed
multipliers used in such applications, with wide dynamic range
of X (e.g., 10:1), will always benefit greatly by the trimming
of offsets, especially Z, (affects offsets) and X, (affects gain),
for small values of X.

LOGS AND LOG RATIOS
In the logarithmic mode, the ideal output equation is

I

Eo =-Klog (l—:T)
E, can be positive or negative; it is zero when the ratio is
unity, i.e., lin = Ies. K is the output scale constant; it is
equal to the number of output volts corresponding to a de-
cade® change of the ratio. In the 755 and 759 log amplifiers,
K is pin-programmable to be either 1V, 2V, or 2/3V, or exter-
nally adjustable to any value 2 2/3V; in the model 757 log-

OUTPUT VOLTS

MODEL 755P A MODEL 755N
- INPUT CURRENT -10+ +INPUT CURRENT
——— —_— -
Log of Current
5
K=-2

K=-1
K=-2/3

OUTPUT VOLTS

MODEL 755P MODEL 755N
-INPUT VOLTS -5 +INPUT VOLTS
—_— -

Log of Voltage

Output vs. Input of Model 755N & 755P in Log Connection .
(Log Input Scales), Showing Voltages, and Polarity Relationships

ratio amplifier, K may be either a preset value of 1V, oran
arbitrary value adjustable by an external resistance ratio.

Ln is a unipolar input current within a 6-decade range (1nA
to ImA); it may be applied directly, as d current, or derived
from an input voltage via an input resistor (in which case,
the ratio becomes E/(Riplyef) = Ein/Eref. In models 755 and
759, the magnitude of I is internally fixed at 10UA (Eqef =
0.1V) or externally adjusted; but model 757 is a log-ratio
amplifier, in which both Ij; and I¢f (or Ej, and Egef, using
external scaling resistors) are input variables.

Each of the log amplifiers is available as a2 “P”’ or *N”’ op-
tion, depending on the polarity of the input voltage. Loga-
rithms may be computed only for positive arguments, there-
fore the reference current must be of appropriate polarity to
make the ratio positive. “N” indicates that the input current
(or voltage) for the log mode is positive; “‘P” indicates that

*A decade is a 10:1 ratio, two decades is 100:1, etc. For example,
if K = 2, and the ratio is 10, the magnitude of the output would be
2V, and its polarity would depend on whether the ratio were greater
or less than unity. If the input signal then changed by a factor of
1000 (3 decades), the output would change by 6V.
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only negative voltage or current may be applied in the log
mode. The polarity of K also differs: K is positive for “N”’
versions and negative for “P” versions. Thus, +10V applied
to model 755N, with K = +1V, would produce an output vol-
tage, Eq = ~1V log (100) = =2V ; on the other hand, -10V
applied to model 755P, with K = 1V, would produce an out-
put voltage, E, = -(-1V) log (100) = +2V. The figure shows,
in condensed form, the outputs of P and N log-amps, with dif-
fering K values, for voltage and current inputs.

Log amplifiers in the log mode are useful for applications re-
quiring compression of wide-range analog input data, linear-
ization of transducers having exponential outputs, and analog
computing, ranging from simple translation of natural rela-
tionships in log form (e.g., computing absorbancé as the log-
ratio of input currents), to the use of logarithms in facilitating
analog computation of terms involving arbitrary exponents
and multi-term products and ratios.

ANTILOGS
In the antilogarithbmic (exponential) mode, the ideal output
equation is :

Eg = Epet €xp1o (~En/K)
Ei, can be positive or negative; when it is zero, Eq = Eey.
However, E, is always of single polarity, positive for “N”

versions, negative for “P’’ versions. Thus, for 759P, connect-
ed for K = -2V, if E;; = +4V, and Ep¢ = 0.1V, then

Eo =-0.1V-10%2, or - 10V; if Ey = -4V, then

Eq = -0.1V-10 /2 = -1mV. The figure below shows,

in condensed form, the outputs of P and N log amps,

connected for antilogarithmic operation, with different K
values. :

Antilog amplifiers are useful for applications requiring expan-
sion of compressed data, linearization of transducers having
logarithmic outputs, analog function fitting or function gener-
ation, to obtain relationships or generate curves having volt-

£ (LOG)
- 2410V —
\l\x- NN f 755N
L K=2 v
10"V =Epge
102V \
102V
-4 3 -2 1 = +1 +2 +3 +4
—_— b f ' — Vi
t ! ) ! = i | i | (LINEAR)
< -109v T
N 755p
102V
K = 2~4 1 DECADE/V 107V = Eqee
t
K= 1—1DECADEN
W K
K - 2/3( 1. DECADES/V .‘\\*\'\2
1 ovikz 5 i o

Antilog Operator Response Curves, Semilog Scale
= Vin/-K
Eo=ERer 10
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age-programmable rates of growth or decay, and in analog
computing, for such functions as compound multiplication
and division of terms having differing exponents.

LOG-ANTILOG AMPLIFIER PERFORMANCE

Considerable information regarding log- and antilog-amplifier
circuit design, performance, selection, and applications is to
be found in the NONLINEAR CIRCUITS HANDBOOK!®.
Several salient points will be covered here, and specifications
will be defined.’

A log/antilog amplifier consists of an operational amplifier
and an element with antilogarithmic transconductance (i.e.,
the voltage into the element produces a current that is an
exponential function of the voltage). As the figure shows, for
logarithmic operations, the input current is applied at the op-
amp summing point, and the feedback circuit causes the am-’
plifier output to produce whatever voltage is required to pro-
vide a feedback current that will exactly balance the input
current. ) '

In antilog operation, the input voltage is applied directly to
the input of the antilog element, producing an exponential
input current to the op-amp circuit. The feedback resistance
transduces it to an output voltage.

755 2
vi ANTILOG °
In & ELEMENT 1
0 S
4% 7’ FET-INPUT
5 OP AMP
i = 3 doutr”
(SUMMING N
POINT) r +

6 7 8 9

+15V  COM -15V TRIM Eq¢

a) Log/Antilog Amplifier Connected in the Log Mode (K = 1)

5 SUMMING POINT
v ; K=20 ANTILOS (EXTERNAL Ry}
™ ket 1 ELEMENT Ry = 10kQ2, 1/4%
~ AAA 4
VvV
3
Eo
55 = i

11711

+15V  COM -15V TRIM Eos

‘b} Log/Antilog Amplifier Connected in the Exponential Mode

! Nonlinear Circuits Handbook, Analog Devices, Inc., 1974, 1976,
536pp, edited by D. H. Sheingold, $5.95: send check or complete
MasterCard data to P.O. Box 796, Norwood MA 02062



The wide range of log/exponential behavior is made possible
by the exponential current-voltage relationship of transistor
base-emitter junctions,

1= [o(qu/kT — 1) = loqu/kT

and V= (kT/q) In (I/1,)

where I is the collector current, I, is the extrapolated cur-
rent for V = 0, V is the base-emitrter voltage, q/k (11605° K/V)
is the ratio of charge of an electron to Boltzmann's constant,
and T is junction temperature kelvin. In log/antilog devices,
two matched transistors are connected so as to subtract the
junction voltages associated with the input and reference cur-
rents, making the ratio independent of I,’s variation with
temperature.

AV = (KT/q) In (Iy/l) — (KT/q) In (lpet/To)
(kT/q) (In I — In Ipeg) + (kT/q) (In 15 — In 1)

(kT/q) In (Ii/Iref)

The temperature-dependence of gain is compensated for by a
resistive attenuator that uses a temperature-sensitive resistor
for compensation. The attenuator also produces amplification
of K to the specified nominal values, e.g., from the basic
59mV/decade (kT/q) In10 at room temperature) to

1V/decade.

Errors are introduced by the offset current of the amplifier,
and the offset voltage, for voltage inputs; by inaccuracy of the
reference current (or the effective reference voltage, for volt-
age inputs) in fixed-reference devices; and by inaccuracy of

- setting K. Additional errors are introduced by drift of these
parameters with temperature. At any temperature, if these
parameters are nulled out, there remains a final irreducible dif-
ference between the actual output and the theoretical output,
called log-conformity error, which is manifested as a “‘nonline-
arity”’ of the input-output plot on semilog paper. Best log con-
formity is realized away from the extremities of the rated signal
range. For example, log-conformity error of model 755 is £1%
maximum, referred to the input, over the entire 6-decade range
from 1nA to 1mA; but it is only £0.5% maximum over the 4-
decade range from 10nA to 100uA.

1}

Errors occurring at the input, and log-conformity errors, can
only be observed at the output, but it is useful to refer them to
the input (RTI). Equal percentage errors at the input, at what-

ever input level, produce equal incremental errors at the out-
put, for a given value of K. For example, if K = 1, and the RTI
log-conformity error is +1%, the magnitude of the output error
will be :

Error

Actual output — ideal output
1V-log (1.01 Vlg) — 1V-log (I/Leg)
1V-logl1.01 = 0.0043V = 4.3mV

If. in this example. the input range happens to be 5 decades,
the corresponding output range will be 5 volts, and the 4.3mV
log-conformity error, as a percentage of total output range,

“will be less than 0.1%. Because this ambiguity can prove con-

fusing to the user, it is important that a manufacturer specify
whether the error is referred to the input or the output. The
table below indicates the conversion between RTI percentage
and output error-magnitudes, for various percent errors, and
various values of K.

LOG OUTPUT ERROR (mV)

% ERRORRTI K=1V  K=2V K= (2/3)V

0.1 0.43 0.86 0.28
0.5 22 4.3 1.4
1.0 4.3 8.6 2.9
2.0 8.6 17. 5.7
3.0 13. 26. 8.6
4.0 17. 34, 11.
5.0 21. 42, . 14,

10.0 41, 83. 28.

For antilog operations, input and output errors are interchanged.

To arrive at the total error, an error budget should be made up,
taking into account each of the error sources, and its contribu-
tion to the total error, over the temperature range of interest.

Dynamic response of log amps is a function of the inputlevel.
Small-signal bandwidths of ac input signals biased at currents
above 1A tend to be roughly comparable. However, below
1uA, bandwidth tends to be in rough proportion to current
level. Similarly, rise time depends on step magnitude and
direction — step changes in the direction of increasing current
are responded to more quickly than step decreases of current.
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RMS-TO-DC CONVERTERS

The accurate calculation of the root-mean-square of an ac
waveform has long been a stumbling block to designers of
ac measurement and control instrumentation. Historically,
this problem has been addressed by various, each method
tailored to the specific application. The rms of ac signals
is important because it is 2 measure of the power in that
signal.

An alternative to rms that has been widely used in the past,
principally for measurements on sine waves, is mean absolute-
deviation, or “‘ac average.” It is performed by taking the ab-
solute value of (i.e., full-wave or half-wave rectifying) a
signal, filtering it, and scaling it by the ratio of rms to m.a.d.
for sine waves, 1.111, so that it reads correctly (for undis-
torted sine waves). Unfortunately, this ratio varies widely as
a function of the waveform and will give grossly incorrect
results in many cases. The table shows a few representative
examples comparing rms with m.a.d:

Examples of applications include noise measurement — for
example, thermal noise, transistor noise, and switch-contact
noise. True-rms measurement is a technique that provides
consistent theéoretically valid measurements of noise ampli-
tude (standard deviation) from different sources having dif-
ferent properties.

True-rms devices are also useful for measuring electrical sig-
nals derived from mechanical phenomena, such as strain, stress,
vibration, shock, expansion, bearing noise, and acoustical
noise. The electrical signals produced by these mechanical

actions are often noisy, non-periodic, nonsinusoidal, and
superimposed on dc levels, and require true-rms for consistent,
valid, accurate measurements. RMS converters are also useful
for accurate measurements on low-repetition-rate pulse-trains
having high crest factors (ratio of peak to rms), and for meas-
urements of the energy content of SCR waveforms at differing
firing angles.

The basic approach used in these converters for computing
the rms is to take the absolute value, square it, and divide by
the fed-back output (using the logarithmic characteristics of
transistor junctions), and filter the result. The resulting
approximation

Eg= Avg.I: ‘::i ] =~/ Avg. (Vin?)
o

is valid if the averaging time-constant is sufficiently long
compared with the periods of the lowest-frequency ac com-
ponents of the signal.

The simplest form of averaging involves a single-pole filter,
using an external filtering capacitance. Increased values of
capacitance for filtering will improve the accuracy for low
frequency rmsmeasurements and provide reduced ripple at

the output, but at the cost of increased settling time. For
fastest settling and minimum ripple, the data sheets show how
an additional stage of 2-pole filtering is useful. The addition-
alfiltering permits improvement of settling time or reduction
of ripple (or both) because of substantial reduction of Cey,.

AMS CREST
WAVEFORM AMS MAD MAD FACTOR
v, Yu 2y,
= x
[ b SINE WAVE vz CI m—'- 1| 7 =1418
. . 0707V | 0.637Ve
- Vm SYMMETRICAL
I ] SQUARE WAVE Ym Ve ! 1
Vm TRIANGULAR WAVE Vi Vm 2
OR SAWTOOTH . Vi 7 75 - VI =732
GAUSSIAN NOISE cF. | a
f fims 1 2%
v, CREST FACTOR 1§ /Z T
v THEORETICALLY 5 ms ‘/z_ 2 e
UNLIMITED. q IS =0798RMS| 1253 3 01%
THE FRACTION OF - 33 Fyie
EEe TIME DURING WHICH . 2-9 b
gr GREATER PEAKS CAN w"“"‘
zQ BE EXPECTED TO a4 ppr
og OCCUR 49 | 1ppm
D e — 6. 2x109
log q
PULSE TRAIN
) T e 1 1
Vi n |MARK/SPACE| V., 7 Vet v VT
o .
-+ fo-uT 1 o Vm Vin 1 1
025 0.3333 0.5V, 0.25V,, 2 2
7: “DUTY CYCLE" 0.0625 | 0.0667 025V, 0.0625V 4 4
00156 | 00159 0125V, | 0.0156V, 8 8 .
0.01 0.0101 0.1Vp 0.01Vy 10 10
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MODULATION/DEMODULATION

The AD630 is a high precision balanced modulator which
combines a flexible commutating architecutre with accuracy
and temperature stability afforded by laser wafer trimmed
thin film resistors. Its signal processing applications include
balanced modulation and demodulation, synchronous de-
tection, phase detection, quadrature detection, phase sensi-
tive detection, lock-in amplification and square wave

vra el b el Ao
..... wipailation.

Often in physical processes, it is necessary to determine the
amplitude of a very small signal whose phase and frequency
is known. In addition, the signal may be masked by broadband
noise or dc interference. Some specific instances where this
type of signal detection is required include sonar reception,
LVDT demodulation, inductive or capacitive bridges, chop-
ped photodetectors, and resistive bridges where a large
amount of dc interference exists. The AD630 can extract
these tiny signals from the background noise by switching
between positive and negative gain each half cycle. This
synchronous gain switching rectifies the signal of interest
and produces a dc output proportional to the signal ampli-
tude. Other signal components that are of a different fre-
quency (including dc offset) are chopped to an ac frequency
that can be filtered out with a simple low pass filter.

DEFINITIONS OF SPECIFICATIONS

Accuracy is defined in terms of total error of the multiplier at
room temperature and constant nominal supply voltage. Total
error includes the sum of the effects of input and output dc¢
offsets, nonlinearity, and feedthrough. Temperature depend-
ence and supply-voltage effects are specified separately.

Grest Factor (a property of the signal) is the ratio of peak
signal voltage to the ideal value of rms; the specified value of
crest factor is that for which the error is maintained within
specified limits at a given rms level for a worst-case —
rectangular pulse — input signal.

Dynanic Parameters include: small-signal bandwidth, full-
power response, slew(ing) rate, small-signal amplitude error,
and settling time.

Full-power response is the maximum frequency at which
the multiplier can produce full-scale voltage into its rated load
without noticeable distortion.

Settling time. for the product of a 10V step and 10Vdc, is
the total length of time the output takes to respond to an input
change and stay within some specified error band of its final
value. Settling time cannot be accurately predicted from any
other dynamic specifications; it is specified in terms of a pre-
scribed measurement. .

Slew(ing) rate is the maximum rate of change of output
- voltage for the product of a full-scale dc voltage and a full-
scale step input.

Small-signal amplitude error is defined in relation to the fre-
quency at which the amplitude response, or scale factor, is in

error by 1%, measured with a small (10% of full-scale) signal.

Small-signal bandwidth is the frequencif at which the output
is down 3dB from its low-frequency value (i.e., by about 30%)
for a nominal output amplitude of 10% of full scale.

Vector error is the most-sensitive measure of dynamic
error. It is usually specified in terms of the frequency at which
a phase error of 0.01 radians (0.57") occurs.

Filter Time Constant and External Capacitor: The time con- .

stant of the internal averaging filter, and the increase of time
constant per MF of added external capacitance.

Frequency for 1%-of-Reading Error is the minimum value of
frequency (at the high end) at which the error increases from
the midband value by 1% of reading. It is a function of peak-
to-peak input amplitude.

Frequency for +3dB Reading Error is the minimum value of
frequency (at the high end) at which the error may equal
30% of reading. It is a function of amplitude.

Input: The voltage range over which specified operation is
obtained, the maximum voltage for which the unit operates,
the maximum safe input voltage, and the effective input
resistance.

Linearity Error or Nonlinearity is the maximum difference
between actual and “‘best-straight-line” theoretical output, for
all pairs of input values, expressed as a percentage of full scale,
with all other dc errors nulled. It is the irreducible minimum
error. It is usually expressed in terms of X and Y nonlinearity,
with the named input swinging over its full-scale range and the
other input at () 10V. Y nonlinearity is considerably less than
X nonlinearity in “‘Gilbert-cell” multipliers. This specification
includes nonlinear feedthrough.

Log-Conformity Error When the parameters have been adjust-
ed to compensate for offset, scale-factor, and reference errors,
the log-conformity error is the deviation of the resulting func-
tion from a straight line on a semilog plot over the range of in-
terest.

Noise is specified and measured with both inputs at zero signal
and zero impedance (i.c., shorted). For low-frequency applica-
tions, filtering the output of the multiplier may improve small-
signal resolution significantly.

Offset Current (1) is the bias current of the amplifier, plus
any stray leakage currents. This parameter can be a significant
source of error when processing signals in the nanoampere re-
gion. Its contribution in antilog operation is negligible.

Output: The maximum output range for rated performance,
thie minimum current guaranteed available at full-scale output
voltage, and the source resistance of the output circuit.

Output Offset refers to the offset voltage at the output-ampli-
fier stage. This offset is usually minimized at manufacture and
can be trimmed where high accuracy is desired. Output offset
vs. temperature is also specified.
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Power Supply: Power-supply range for specified performance,
power-supply range for operation, and quiescent current
drain. Note that the AD536 can be operated from single or
dual supplies.

Reference Current (Ief) is the effective internally-generated
current-source output to which all values of input current are
compared. Lt tolerance appears as a dc offset at the output;

it can be adjusted towards zero by adjusting the reference cur-
rent, adding a voltage to the output by injecting a current into
the scale-factor attenuator, or simply by adding a constant bias
at the output’s destination.

Reference Voltage (E¢f) is the effective internally generated
voltage to which all input voltages are compared. It is related
to lref by the equation: E ef = IegRi, where Ry, is the value of
input resistance. Typically, Ief is less stable than Ry,; there-
fore, practically all the tolerance is due to Ipes.
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Scale Factor (K).is the voltage change at the output for a dec-
ade (i.e., 10:1) change at the input, when connected in the
log mode. Error in scale factor is equivalent to a change in gain,
or slope (on a semilog plot), and is specified in percent of the
nominal value.

Temperature Range: The range of temperature variation for
operation within specifications. Temperature coefficients are
determined by three-point measurements (Ty — 25°C),
(25°c — Ty,), when measured.

X or Y Feedthrough is the signal at the output for any value of

X or Y input in the rated range, when the other input is zero.
It has two components, a linear one, corresponding to an input
offset at the zero input, which can be trimmed out (but can
drift and has a temperature specification), and a nonlinear one,
which is irreducible. Feedthrough is usually specified at one
frequency (50Hz) for a 20V p-p sine wave input. It increases
with frequency, and plots of typical feedthrough vs. frequency
are provided on multiplier data sheets.



ANALOG
DEVICES

Internally Trimmed
Integrated Circuit Multiplier

AD532

FEATURES

Pretrimmed To +1.0% (AD532K)

No External Components Required

Guaranteed +1.0% max 4-Quadrant
Error (AD532K)

Diff Inputs For (Xq1—X2) (Y1-Y2)/10V
Transfer Function

Monolithic Construction, Low Cost

APPLICATIONS

Multiplication, Division, Squaring,
Square Rooting

Algebraic Computation

Power Measurements

Instrumentation Applications

PRODUCT DESCRIPTION

The AD532 is the first pretrimmed single chip monolithic
multiplier/divider. 1t guarantees 2 maximum multiplying
error of £1.0% and a +10V output voltage without the need
for any external trimming resistors or output op amp. Because
the AD532 is internally trimmed, its simplicity of use provides
design engineers with an attractive alternative to modular
multipliers, and its monolithic construction provides
significant advantages in size, reliability and economy. Further,
the AD532 can be used as a direct replacement for other IC
multipliers that require external trim networks (such as the-
AD530).

FLEXIBILITY OF OPERATION

The AD532 multiplies in four quadrants with a transfer
function of (X1 —X2)(Y1—Y2)/10V, divides in two quadrants
with a 10VZ/(X1—X3) transfer function, and square roots in
one quadrant with a transfer function of £+/10VZ. In addi-
tion to these basic functions, the differential X and Y inputs:
provide significant operating flexibility both for algebraic
computation and transducer instrumentation applications.
Transfer functions, such as XY/10V, (X2-Y2)/10V, X2/
10V, and 10VZ/(X;—X,) are easily attained, and are ex-
tremely usefulin many modulation and function generation
applications, as well as in trigonometric calculations for
airborne navigation and guidance applications, where the
monolithic construction and small size of the AD532 offer
considerable system advantages. In addition, the high CMRR
(75dB) of the differential inputs makes the AD532 especially
well qualified for instrumentation applications, as it can
provide an output signal that is the product of two transducer-
generated input signals.

AD532 FUNCTIONAL BLOCK DIAGRAM

’ Xy O——+
Vx
X2 00—~
R R
X Y4
ARV N -
v i ' QuTPUT
Y v +
2 -
10R
Vos
R
Xy - X2) (Yy - ¥2)
Vour = X=Xl ¥y - Y2

oV
(WITH Z TIED TO OUTPUT)

GUARANTEED PERFORMANCE OVER TEMPERATURE
The AD532] and AD532K are specified for maximum multi-
plying errors of 2% and +1% of full scale, respectively at
+25°C, and are rated for operation from 0 to +70°C. The
AD532S has a maximum multiplying error of £1% of full
scale at +25°C; it is also 100% tested to guarantee a maximum
error of +4% at the extended operating temperature limits of
-55°C and +125°C. All devices are available in either the
hermetically-sealed TO-100 metal can or TO-116 ceramic DIP.

AD532H

TO-100
TOP VIEW

AD532D

X4 NC NC NC -vs  ouT z

Gl [ 1 [ 61D

C
IR OEDEnEDEDED
NC X2 GND Vos Y2 Y +Vs
TO-116
TOP VIEW
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SPECIFICATIONS (@ +25°C, Vo= =15V, REZKQ, Vos Grounded)

ADS532]) AD532K AD5328
Model Min Typ Max Min Typ Max Min Typ Max Units
MULTIPLIER PERFORMANCE
Transfer Function X =XV, - Yy X =X)(Y,-Yy) X =X)(Y,-Yy)
‘ 10V 1oV 10V
Total Error (- 10V=X, Y=< +10V) *1.5 *2.0 =0.7 *1.0 =0.5 *1.0 %,
Ta =mintomax *2.5 *1.5 4.0 %
Total Error vs Temperature +0.04 +0.03 +0.01  +0.04 %/°C
Supply Rejection (= 15V =10) *0.05 *0.05 +0.05 %%
Nonlinearity, X (X = 20V pk-pk, Y = 10V) =0.8 *0.5 . =0.5 %
Nonlinearity, Y (Y = 20V pk-pk, X = 10V) +0.3 =0.2 +0.2 %
Feedthrough, X (Y Nulled,

X =20V pk-pk 50Hz) 50 200 30 100 30 100 mV
Feedthrough, Y (X Nulled,

Y =20V pk-pk 50Hz) 30 15 25 80 25 80 mV
Feedthrough vs. Temp. 2.0 1.0 1.0 mVp-p/°’C
Feedthrough vs. Power Supply +0.25 *0.25 +0.25 mV/%

DYNAMICS ’
Small Signal BW (Voyr =0.1 rms) 1 1 1 MHz
1% Amplitude Error 75 75 75 kHz
Slew Rate (VoyT 20 pk-pk) 45 45 45 Vips
Settling Time (to 2%, AVoyr = 20V) ) 1 1 s
NOISE
Wideband Noise f = SHz to 10kHz 0.6 0.6 0.6 mV (rms)
f=5Hzto SMHz 3.0 3.0 3.0 mV (rms)
OUTPUT
Output Voltage Swing =10 *13 +10 *13 *10 =13 \4
Output Impedance (f<1kHz) 1 1 1 Q
Output Offset Voltage *=40 +30 *30 mV
Qutput Offset Voltage vs. Temp. 0.7 0.7 2.0 mV/°C
Output Offset Voltage vs. Supply *2.5 *2.5 *2.5 mV/%
INPUT AMPLIFIERS (X, Y and Z)
Signal Voltage Range (Diff. or CM .
Operating Diff) *10 =10 +10 \%
.CMRR 40 50 50 dB
Input Bias Current

X, Y Inputs 3 1.5 4 1.5 4 rA

X, Y Inputs Tnin 10 Tinax 10 8 pA

ZInput *10 *5 x15 +5 =15 rA

Z Input Tmin 10 Tpnex *30 +25 +25 pA
Offset Current =0.3 =0.1 =0.1 pA
Differential Resistance 10 10 10 MQ

DIVIDER PERFORMANCE )
Transfer Function (X,>X;) 10VZ/(X,~X,) 10VZIX, -Xp) 10VZI(X, - Xp)
Total Error
(Vx=-10V, —10V=Vz= +10V) *2 E =1 %
(Vx=-1V, = 10V=Vz=+10V) *4 *3 =3 %
SQUARE PERFORMANCE
Transfer Function w &i-Xf M
10V 10V 10V
Total Error *0.8 tx04 +0.4 %
SQUARE-ROOTER PERFORMANCE
Transfer Function X;-Xp¥10V (X; - X410V X, - X100V
Total Error (0V=Vz=<10V) *1.5 =10 =1.0 %
POWER SUPPLY SPECIFICATIONS
Supply Voltage }

Rated Performance =15 +15 =15 v
~ Operating x10 =18 *10 %18 +10 +22 v
Suply Current

Quiescent 4 6 4 6 4 6 mA

NOTE

Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final electri-
cal test. Results from those tests are used to calculate outgoing quality levels. All

only those shown in

Y q

min and max sp ions are

Y

boldface are tested on all production units.
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FUNCTIONAL DESCRIPTION

The functional block diagram for the AD532 is shown on

the first page, and the complete schematic in Figure 1. In the
multiplying and squaring modes, Z is connected to the output
to close the feedback around the output op amp. (In the
divide mode, it is used as an input terminal.)

The X and Y inputs are fed to high impedance differential
amplifiers featuring low distortion and good common mode
rejection. The amplifier voltage offsets are actively laser
trimmed to zero during production. The product of the two
inputs is resolved in the multiplier cell using Gilbert’s
linearized wansconductance technique. The cell is laser
trimmed to obtain Vg, = (X1~X2)(Y1—Y2)/10 volts,

The built-in op amp is uced to cbeuzin low cutput impedance

and make possible self-contained operation. The residual
output voltage offset can be zeroed at Vi in critical applica-

P ————
a2

n
@
"
"
"
xy 0 03 or
"

Py

Figure 1. AD532 Schematic Diagram

i

ORDERING GUIDE

tions . . . . otherwise the V4 pin should be grounded.
Model ' Package Option'.
AD532JH Lo TO-100
AD532]D TO—116 Style (D14A)
AD532KH TO—-100
AD3532KD TO—116 Style (D14A)
AD532SH TO—-100
AD532SD TO—116 Style (D14A)

Max Mult Error
+2.0%
+2.0%
+1.0%
+1.0%
+1.0%
+1.0%

! See Section 19 for package outline information.

Temperature Range

0to +70°C
0 to +70°C
0to +70°C
0 to +70°C
-55°C to +125°C
-55°C to +125°C
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AD532 PERFORMANCE CHARACTERISTICS
Multiplication accuracy is defined in terms of total error at
+25°C with the rated power supply. The value specificd is in
percent of full scale and includes Xjp and Yjn nonlinearities,
feedback and scale factor error. To this must be added such
application-dependent error terms as power supply rejection,
common mode rejection and temperature coefficients
(although worst case error over temperature is specified for
the AD532S). Total expected error is the rms sum of the
individual components, since they are uncorrelated.

Accuracy in the divide mode is only a little more complex. To
achieve division, the multiplier cell must be connected in the
feedback of the output amp as shown in Figure 12. In this
configuration, the multiplier cell varies the closed loop gain of
the op amp in an inverse relationship to the denominator
voltage. Thus, as the denominator is reduced, output offset,
bandwdith and other multiplier cell errors are adversely af-
fected. The divide error and drift are then €, *+ 10V/X1—X3)
where €, represents multiplier full scale error and drift, and
(X3—X3) is the absolute value of the denominator.

NONLINEARITY

Nonlinearity is easily measured in percent harmonic distortion,

The curves of Figures 2 and 3 characterize output distortion

as a function of input signal level and frequency respectively,
with one input held at plus or minus 10V dc. In Figure 3 the
sine wave amplitude is 20V (p-p).

1.0

PERCENT DISTORTION
o

o0

v N o2 13 4
PEAK SIGNAL AMPLITUDE - Vohs

Figure 2. Percent Distortion vs. Input Signal

|
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* 10k
FREQUENCY - Hz

Figure 3. Percent Distortion vs. Frequency
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AC FEEDTHROUGH

AC Feedthrough is a measure of the multiplier’s zero
suppression. With one input at zero, the multiplier output
should be zero regardless of the signal applied to the other
input. Feedthrough as a function of frequency for the
AD532isshown in Figure 4. Itismeasured for the condition
Vx =0, Vy = 20V(p-p) and Vy = 0, Vx = 20V(p-p) over the
given frequency range. It consists primarily of the second
harmonic and is measured in millivolts peak-to-peak.

1000 1 17T T T
1 o~ 1
1 |
T T l
Y FEEDTHRU
>
E A
5 ——
2 =
£ o
b x
H
10|
100 T 106 100k ™ 0M

FREQUENCY - Hz

Figure 4. Feedthrough vs. Frequency

COMMON MODE REJECTION

The AD532 features differential X and Y inputs to enhance
its flexibility as a computational multiplier/divider. Common
mode rejection for both inputs as a function of frequency is
shown in Figure 5. Itismeasured with Xy = X3 = 20V (p-p),
(Y1-Y,)=%10Vdcand Yy = Y5 = 20V(p-p), (X1 ~X3) =
10V dc. Lo .

™
~
1 N
N
NG Y MODE REJ
Xy=X3) = +10V,
L
. N
g x MODE REJ \
1¥y-Ya) = +10V \\
20 NN
\\
0? .ow0d 04 1w0°* 108 07

FAEQUENCY - Hz

Figure 5. CMRR vs. Frequency
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Figure 6. Frequency Response, Multiplying



Applying the AD532

DYNAMIC CHARACTERISTICS

The closed loop frequency response of the AD532 in the
multiplier mode typically exhibits a 3dB bandwidth of
1MHz and rolls off at 6dB/octave thereafter. Response
through all inputs is essentially the same as shown in
Figure 6. In the divide mode, the closed loop frequency
response is a function of the absolute value of the
denominator voltage as shown in Figure 7.

Stable operation is maintained with capacitive loads to

- 1000pF in all modes, except the square root for which
50pF is a safe upper limit. Higher capacitive loads can be
driven if a 10082 resistor is connected in series with the
output for isolation.

—

V2201 X Vy SIN wT

/

N R Vvxstov
N
V=1V \

10k 100k ™ oM
FREQUENCY - Hz

AMPLITUDE - Voits

-

Figure 7. Frequency Response, Dividing

POWER SUPPLY CONSIDERATIONS

Although the AD532 is tested and specified with £15V dc
supplies, it may be operated at any supply voltage from
+10V to +18V for the J and K versions and 10V to 22V
for the S version. The input and output signals must be
reduced proportionately to prevent saturation, however,
with supply voltages below £15V, as shown in Figure 8.
Since power supply sensitivity is not dependent on external
null networks as in the AD530 and other conventionally
nulled multipliers, the power supply rejection ratios are
improved from 3 to 40 times in the AD532.

-

¥ o —

\TED QUTPUT
SWING /] /

SATURAT

"

/ MAX X OR Y INPUT

FOR ™% LINEARITY

PEAK SIGNAL VOLTAGE - Vohs
.

10 12

“ . ® 20 22
POWER SUPPLY VOITAGE - Volts
‘Figure 8. Signal Swing vs. Supply
NOISE CHARACTERISTICS
All AD532s are screened on a sampling basis to assure that
output noise will have no appreciable effect on accuracy.
Typical spot noise vs. frequency is shown in Figure 9.

>

SPOT NOISE - W/ vVHz
o

10 100 *® 10k 100K
FREQUENCY - Hz

Figure 9. Spot Noise vs. Frequency

APPLICATIONS CONSIDERATIONS

The performance and ease of use of the AD532 is achieved
through the laser trimming of thin film resistors deposited
directly on the monolithic chip. This trimming-on-the-chip
technique provides a number of significant advantages in
terms of cost, reliability and flexibility over conventional
in-package trimming of off-the-chip resistors mounted or
deposited on a hybrid substrate.

First and foremost, trimming on the chip eliminates the

- need for a hybrid substrate and the additional bonding wires

that-are required between the resistors and the multiplier
chip. By trimming more appropriate resistors on the AD532
chip itself, the second input terminals that were once
committed to external trimming networks (e.g., AD530) have
been freed to allow fully differential operation at both the X
and Y inputs. Further, the requirement for an input
attenuator to adjust the gain at the Y input has been
eliminated, letting the user take full advantage of the high
input impedance properties of the input differential amplifiers.
Thus, the AD532 offers greater flexibility for both algebraic
computation and transducer instrumentation applications.

Finally, provision for fine trimming the output voltage offset
has been included. This connection is optional, however, as
the AD532 has been factory-trimmed for total performance
as described in the listed specifications.

REPLACING OTHER IC MULTIPLIERS

Existing designs using IC multipliers that require external
trimming networks (such as the AD530) can be simplified
using the pin-for-pin replaceability of the AD532 by merely
grounding the X3, Y5 and Vg terminals, (The Vg terminal
should always be grounded when unused.)

APPLICATIONS

MULTIPLICATION

—C Vour
Y20— Vos Xy - Xa) Yy - Yg)
Vour = —— v
{OPTIONAL) —\
A'
20k
o o
+Vg Vs

Figure 10. Multiplier Connection '
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For operation as a multiplier, the AD532 should be connected
as shown in Figure 10, The inputs can be fed differentially to
the X and Y inputs, or single-ended by simply grounding the
unused input. Connect the inputs according to the desired
polarity in the output. The Z terminal is tied to the output
to close the feedback loop around the op amp (see first page).
The offset adjust Vg is optional and is adjusted when both
inputs are zero volts to obtain zero out, or to buck out other
system offsets. :

SQUARE

LO Vour

vin?
v

AD632 Vour,

+Vs  Vos -Vs

Vour =

T (OPTIONAL)

Vs -Vs

Figt}re 11. Squarer Connection

The squaring circuit in Figure 11 is a simple variation of the |

multiplier. The differential input capability of the AD532 can
be used, however, to obtain a positive or negative output
response to the input....a useful feature for control ’
applications, as it might eliminate the need for an additional
inverter somewhere else.

DIVISION

AAA

VWA
2.2k LY l‘

AA

| amaaas
<
<
<

1=,

]
P
<
v
'
<
@

Figure 12. Divider Connection

The AD532 can be configured as a two-quadrant divider by
connecting the multiplier cell in the feedback loop of the
op amp and using the Z terminal as a signal input, as shown
in Figure 12, It should be noted, however, that the output
error is given approximately by 10Ve, /(X;—X3), where €,
is the total error specification for the multiply mode; and
bandwidth by fo, * (X1—X2)/10V, where fy, is the band-
width of the multiplier. Further, to avoid positive feedback,
the X input is restricted to negative values. Thus for single-
ended negative inputs (OV to ~10V), connect the input to X
and the offset null to X3; for single-ended positive inputs
(OV to +10V), connect the input to X5 and the offset null
to-X ;. For optimum performance, gain (S.F.) and offset (Xg)
adjustments are recommended as shown and explained in
Table I.

For practical reasons, the useful range in denominator input
is approximately 500mV <| (X1—X,) | <10V, The voltage
offset adjust (Vi), if used, is trimmed with Z at zero and
(X1—X3) at full scale.

SQUARE ROOT

z0—

Vour = -V 0VZ

AD532 Voutr

N ¥ L
= <
(sF)
yve 3
47k
S22 1 10k
b S 20k ‘L
(X
-.]L +Vs 0 -Vs =

Figure 13, Square Rooter Connection

The connections for square root mode are shown in

Figure 13. Similar to the divide mode, the multiplier cell is
connected in the feedback of the op amp by connecting the
output back to both the X and Y inputs. The diode D is
connected as shown to prevent latch-up as Zj,, approaches-
0 volts. In this case, the Vo adjustment is made with

Zin = +0.1V dc, adjusting Vys to obtain 1.0V dc in the
output, Vou, = —+/ 10VZ, For optimum performance, gain
(S.F.) and offset (X¢) adjustments are recommended as
shown and explained in Table I,

DIFFERENCE OF SQUARES

X0

YO

Figure 14. Differential of Squares Connection

The differential input capability of the AD532 allows for the
algebraic solution of several interesting functions, such as

the difference of squares, X2—Y2/10V, As shown in Figure 14,
the AD532 is configured in the square mode, with a simple
unity gain inverter connected between one of the signal
inputs (Y) and one of the inverting input terminals (—Yjn)

of the multiplier. The inverter should use precision (0.1%)
resistors or be otherwise trimmed for unity gain for best
accuracy.

TABLE 1
ADJUST PROCEDURE (Divider or Square Rooter)

. DIVIDER SQUARE ROOTER
With:  Adjust for: ~ With: Adjust for:
‘Adjust X z Vout z Vout
Scale Factor —10V  +10V  *10V +10V —-10V
Xo (Offset) —1V - +40.1V %10V +0.1V e\

Repeat if required.
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ANALOG

Low Cost IC

DEVICES  Multiplier,Divider, Squarer,Square Rooter

AD333

FEATURES

Simplicity of Operation: Only
Four External Adjustments

Max 4-Quadrant Error Below 0.5%
(AD533L)

Low Temperature Drift: 0.01%/°C
(AD533L)

Multiplies, Divides, Squares, Square Roots

PRODUCT DESCRIPTION

The Analog Devices AD533 is a low cost integrated circuit

multiplier comprised of a transconductance multiplying

element, stable reference, and output amplifier on a mono-
lithic silicon chip. Specified accuracy is easily achieved by the
straight-forward adjustment of feedthrough, output zero,

- and gain trim pots. The AD533 multiplies in four quadrants
with a transfer function of XY/10V, divides in two quadrants
with a 10VZ/X transfer function, and square roots in one
quadrant with a transfer function of —\/10VZ, Several levels

" of accuracy are provxded the AD533], AD533K, and
AD533L, for 0 to +70°C operation, are specified for
maxxmum multiplying errors of 2%, 1%, and 0. 5% respecuvely
at +25°C. The AD533S, for operation from -55°C to +125
is guarantecd for a maximum 1% multiplying error at +25°C.
The maximum error specification is a true measure of overall
accuracy since it includes the effects of offset voltage, feed-
through, scale factor, and nonlinearity in all four quadrants.

The low drift design of the AD533 insures that high accuracy
is maintained with variations in temperature. The op amp
output provides £10 volts at 5mA, and is fully protected
against short circuits to ground or either supply voltage: all
inputs are fully protected against over-voltage transients with
internal series resistors. The devices provide excellent ac
performance, with typical small signal bandwidth of 1.0MHz,
full power bandwidth of 750kHz, and slew rate of 45V/us.

AD533 PIN CONFIGURATIONS

AD533H ADS53 3D
NC -Vs our T

X NC
IIDB!IIEII

TO-100 ' TO-116
TOP VIEW TOP VIEW

The low cost and simplicity of opcrauon of the AD533 make
it especially well suited for use in such wxdespread applications
as modulation and demodulation, automatic gain control and
phase detection. Other applications include frequency
discrimination, rms computation, peak detection, voltage
controlled oscillators and filters, function generation, and
power measurements.

All models are available in the hermetically sealed TO-100
metal can and TO-116 ceramic DIP packages.
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SPEC|FICATIONS (typical @ +25°C, externally trimmed and Vg =115V dc unless otherwise specified)

PARAMETER CONDITIONS AD333) AD333K ADS533L AD533S
ABSOLUTE MAX RATINGS
Internal Power Dissipation 500mW . * *
Input Voltage'

Xins Yin Zins Xo. Yo, Zo Vg . * *
Rated Operating Temp Range 010 +70°C pd = -55°Cto +125°C
Storage Temp Range -65°C to +150°C . * .
Output Short Circuit To Ground Indefinite * * *

MULTIPLIER SPECIFICATIONS
Transfer Function XY/10V . * *
Untrimmed XY/6V max [XY/10V min) . . .
Total Error (of full scale) +2.0% max +1.0% max +0.5% max +1.0% max
TA = min to max +3.0% $2.0% +1.0% +1.5%
vs. Temperature TA = min to max +0.04%/°C 40.03%/°C +0.01%/°C +0.01%/°C
Nonlinearity

X Input Vy = Vg = 20V(p-p) +0.8% +0.5% A A

Y Input Vy = Vo = 20V(p-p) +0.3% $0.2% i .-
Feedthrough

X Input Vy = 20V(p-p), Vy=0,

f=50Hz 200mV (p-p) max 150mV(p-p) max  50mV(p-p) max 100mV (p-p) max
Y Input Vy =20V(p-p),Vx =0,
f=50Hz 200mV(p-p) max 150mV(p-p) max  50mV(p-p) max 100mV (p-p) max
DIVIDER SPECIFICATIONS
Transfer Function 10VZ/X b . *
Untrimmed 10VZ/X max [6VZ/X min] . . . b
Total Error (of full scale) Vi =-10V dc,V, =+10Vdc  +1.0% 10.5% 10.2% +0.5%
Vy=-1Vdc,V, = £10Vdc  $3.0% +2.0% +1.5% £2.0%
SQUARER SPECIFICATIONS
Transfer Function” X*110v . . *
Untrimmed X%/6V max [X?/10V min]  * i .
Total Error (of full scale) +0.8% +0.4% *0.2% 30.4%
SQUARE ROOTER SPECIFICATIONS :
Transfer Function -V 10VZ . * *
Untrimmed -+//10VZmax [-\/6VZmin] * * .
Total Error (of full scale) +0,8% 10.4% +0.2% +0.4%
INPUT SPECIFICATIONS
Input Resistance '

X Input 10MQ * * *

Y Input 6MQ ot o *

Z Input 36kQ . * .

Input Bias Current

X, Y Inputs 3uA 7.5HA max SUA max 7.54A max

Z Input £25uA * * *

X, Y inputs TA = min to max. 12uA 10pA TuA TuA

Z Input TA = min to max $35uA . * *

Input Voltage TA = min to max :
Vx, Vy, V2 For Rated Accuracy +10V ‘ * * *
DYNAMIC SPECIFICATIONS
Small Signal, Unity Gain 1.0MHz * * *
Full Power Bandwidth 750kHz . * *
Slew Rate 45Vius * . *
Small Signal Amplitude Error 1% at 75kHz . * *
Sm Sig 1% Vector Error 0.5° phase shift skHz * * *
Settling Time $10V step lus o 2% . . *
Overload Recovery 2usto 2% . . *
OUTPUT AMPLIFIER SPECIFICATIONS
Output Impedance 1009 * * *
Output Voltage Swing TA = min to max
RL > 2kQ2, C. < 1000pF +10V min . * *
Output Noise f = 5Hz to 10kHz 0.6mV(rms) . * *
f = SHz to 5SMHz 3.0mV(rms) * * *
Output Offset Voltage Trimmable To Zcro * * *
vs. Temperature TA = min to max 0.7mV/°C * * *
POWER SUPPLY SPECIFICATIONS
Supply Voltage Rated Performance $15V * * *
Operating +15V to £18V +10V to $18V +10V to $18V 10V 10 #22V
Supply Current Quiescent 26mA max * * *
Power Supply Variation Includes Effects of :
. Recommended Null Pots

Multiplier Accuracy 20.5%/% * * *

Output Offset +10mV/% * * N

Scale Factor \ 10.1%/% . * *

Feedthrough +10mV/% * * *

NOTES

! Max input voltage is zero when supplies are turned off.
*Specifications same as AD533].

**Specifications same as AD533K.
Specifications subject to change without notice.
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Applying the AD533

MULTIPLIER

Multiplier operation is accomplished by closing the loop
around the internal op amp with the Z input connected to

the output. The X, null pot balances the X input channel

to minimize Y feedthrough and similarly the Yy pot minimizes
the X feedthrough. The Zg pot nulls the output op amp offset
voltage and the gain pot sets the full scale output level.

+15V 15V

20k MULTIPLIER

Ws Xg Yo Zo -Vs

R

X
(siovio—__ X [ ] g ~ . v

(t10v)

X
Y X ouT YO oV
Y, + +
. N 210V
GAIN GND

7.5k

TRIM PROCEDURES

1. With X =Y = 0 volts, adjust Z, for OV dc output.

2. With Y = 20 volts p-p (at f = 50Hz) and X = OV, adjust X, for
minimum ac output.

3. With X = 20 volts p-p (at f = 50Hz) and Y = OV, adjust Y, for
minimum ac output.

4. Readjust Z, for OV dc output.

5. With X = +10V dc and Y = 20 volts p-p (at f = 50Hz), adjust gain
for output = Yjp,.

NOTE: For best accuracy over limited voltage ranges (e.g., £5V), gain

and feedthrough adjustments should be optimized with the inputs in

the desired range, as linearity is considerably better over smaller ranges

of input.

SQUARER

Squarer operation is a special case of multiplier operation
where the X and Y inputs are connected together and two
quadrant operation results since the output is always
positive. When the X and Y inputs are connected together, a
composite offset results which is the algebraic sum of the
individual offsets which can be nulled using the X, pot alone.

+15V 20k -15v

20k .
1w s In s
Zo

SQUARER
Vs Xo -Vs Rz,
7 Ixm
x R
> 2
(£10v) " x QuT Voo
+
ER R (0 70 +10V)
GAIN GND Yo
7.5k 1

TRIM PROCEDURES .

1. With X = 0 volts, adjust Z,, for OV dc output.

2. With X = +10V dc, adjust gain for +10V dc output.

3. Reverse polarity of X input and adjust X, to reduce the output
error to % its original value, readjust the gain to take out the
remaining error.

Check the output offset with input grounded. If nonzero, repeat
the above procedure until no errors remain,

>

DIVIDER

The divide mode utilizes the multiplier in a fed-back
configuration where the Y input now controls the feedback -
factor. With X = full scale, the gain (Vo/Z) becomes unity
after trimming. Reducing the X input reduces the feedback
around the op amp by a like amount, thereby increasing the
gain. This reciprocal relationship forms the basis of the divide
mode. Accuracy and bandwidth decrease as the denom-
inator decreases.

{(#10v)2

v nivinEe
{0 TO-10V) XOo]

L, _10vZ
0%

(£10v)

L 28K sk
GAIN

TRIM PROCEDURES

1. Set all pots at mid-scale.

2. With Z = 0V, trim Z to hold the output constant, as X is varied
from -10V dc through -1V dc.

3. With Z = 0V, X = -10V dc, trim Y, for OV dc.

4. With Z = X or =X, trim X, for the minimum worst-case variations
as X is varied from -10V dc to -1V dc.

5. Repeat steps 2 and 3 if step 4 required a large initial adjustment.

6. With Z = X or -X, trim the gain for the closest average approach
to +10V dc output as X is varied from =10V dc to -3V dc.

SQUARE ROOTER .
This mode is also a fed-back configuration with both the X
and Y inputs tied to the op amp output through an external

diode to prevent latchup. Accuracy, noise and frequency
response are proportional to v/Z, which implies a wider

usable dynamic range than the divide mode.

+15V -5V
20k
AV
20k SQUARE ROOTER
2z
(0 TO+10V)
' Vo= -ViOvVZ
* (0 70 -10V)
5k
¢ |eaN
7.5k
TRIM PROCEDURES

1. With Z = +0.1V dc, adjust Z, for Output = -1.0V dc.

2. With Z = +10.0V dc, adjust gain for Output = -10.0V dc.

3. With Z = +2.0V dc, adjust X, for Output = 4.47 0.1V dc.
4. Repeat steps 2 and 3, if necessary. Repeat step 1. '
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TYPICAL PERFORMANCE CHARACTERISTICS
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Closed Loop Frequency and Phase Response

100k ™M
FREQUENCY — Hz

ORDERING GUIDE
* MULT.ERROR ORDER PACKAGE
MODEL (Max @ +25°C) TEMP. RANGE  NUMBER  OPTIONS'
ADS533) £2.0% 010+70°C | ADS33JH  TO-100
: AD533]JD  TO-116 Style (D14A)
AD533K £1.0% 010 +70°C ADS533KH  TO-100
: ADS33KD  TO-116 Style (D14A)
ADS331. $0.5% 010 +70°C ADS33LH  TO-100
AD533LD  TO-116 Style (D14A)
AD533$ £1.0% -55°Cto +125°C  ADS33SH  TO-100
AD533SD  TO-116 Style (D14A)

'See Section 19 for package outline information.
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ANALOG
DEVICES

Internally Trimmed
Precision IC Multiplier

AD534

FEATURES '

Pretrimmed to £0.25% max 4-Quadrant Error (AD534L)

All tnputs (X, Y and Z) Differential, High Impedance for
[(X;,=X3 )Y, -Y;)/10V] +2Z; Transfer Function

Scale-Factor Adjustabls to Provide up to X100 Gain

Low Noise Design: 90uV rms, 10Hz-10kHz

Low Cost, Monolithic Construction

Excellent Long Term Stability

APPLICATIONS

High Quality Analog Signal Processing

Differential Ratio and Percentage Computations
Algebraic and Trigonometric Function Synthesis
Wideband, High-Crest rms-to-dc Convarsion
Accurate Voltage Controlled Oscillators and Filters

PRODUCT DESCRIPTION

The AD534 is a monolithic laser trimmed four-quadrant multi-
plier divider having accuracy specifications previously found
only in expensive hybrid or modular products. A maximum
multiplication error of £0.25% is guaranteed for the AD534L
without any external trimming. Excellent supply rejection, low
temperature coefficients and long term stability of the on-chip
thin film resistors and buried zener reference preserve accuracy '
even under adverse conditions of use. It is the first multiplier
to offer fully differential, high impedance operation on all in-
puts, including the Z-input, a feature which greatly increases °
its flexibility and ease of use. The scale factor is pretrimmed
to the standard value of 10.00V; by means of an external resis-
tor, this can be reduced to values as low as 3V,

The wide spectrum of applications and the availability of sev-
eral grades commend this multiplier as the first choice for all
new designs. The AD534] (1% max error), AD534K (+0.5%
max) and AD534L (+0.25% max) are specified for operation
over the O to +70°C temperature range. The AD534S (1% max)
and AD534T (20.5% max) are specified over the extended
temperature range, -55°C to +125°C. All grades are available

in hermetically sealed TO-100 metal cans and TO-116 ceramic
DIP packages.

ADS534 PIN CONFIGURATIONS

+Vg NC OUT 21 Z2 NC -Vp

1“4 13
1 2

3
| == == gy o= §
NC

12 11 10 9 8

s
[N == g = |
NC

x
%
. %0~

TO-116
TOP VIEW

PROVIDES GAIN WITH LOW NOISE

The AD5 34 is the first general purpose multiplier capable of
providing gains up to X100, frequently eliminating the need
for separate instrumentation amplifiers.to precondition the
inputs. The AD534 can be very effectively employed asa
variable gain differential input amplifier with high common
mode rejection. The gain option is available in all modes, and
will be found to simplify the implementation of many function-
fitting algorithms such as those used to generate sine and tan-
gent. The utility of this feature is enhanced by the inherent low
noise of the AD534: 90uV, rms (depending on the gain), a
factor of 10 lower than previous monolithic multipliers. Drift
and feedthrough are also substantially reduced over earlier
designs.

UNPRECEDENTED FLEXIBILITY

The precise calibration and differential Z-input provide a
degree of flexibility found in no other currently available mul-
tiplier. Standard MDSSR functions (multiplication, division,
squaring, square-rooting) are easily implemented while the
restriction to particular input/output polarities imposed by
earlier designs has been eliminated. Signals may be summed in-
to the output, with or without gain and with either a positive
or negative sense. Many new modes based on implicit-function
synthesis have been made possible, usually requiring only ex-
ternal passive components. The output can be in the form of a
current, if desired, facilitating such operations as integration.
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SPECIFICATIONS c.- 56, cv. 1o, rese

Model ADS34] ADS34K ADS534L .
Min Typ Max Min Typ Max Min Typ Max Units
MULTIPLIER PERFORMANCE '

Transfer Function (—-—xl le())‘(]Yl ¥2) +Z, & xlz;ilyl ) +2Z, & xlz ;i,Yl ¥ +2Z,

Total Error’ (- 10V=X, Y= + 10V) =1.0 +0.5 +0.25 %

Ta =mintomax =15 =1.0 *0.5 %

Toral Error vs Temperature *0.022 =0.015 +0.008 %/°C

Scale Factor Error

(SF = 10.000V Nominal)? +0.25 =0.1 =0.1 %
Temperature-Coefficient of

Scaling-Voltage =0.02 =0.01 +0.005 %°C

" Supply Rejection (= 15V =1V) =0.01 =0.01 =0.01 %

Nonlinearity, X (X =20V pk-pk, Y = 10V) =04 =0.2 +0.3 *0.10 =0.12 %

Nonlinearity, Y(Y = 20V pk-pk, X = 10V) =0.01 =0.1 +0.1 +0.005 =01 %

Feedthrough?, X (Y Nulled, '

X =20V pk-pk 50Hz) =03 =0.15 203 =0.05 x0.12 %
Feedthrough?, Y (X Nulled,

Y =20V pk-pk 50Hz) %0.01 *0.01 0.1 =0.003 0.1 %
Output Offset Voltage =5 +30 *2 =15 *2 =10 mV
Output Offset Voltage Drift 200 100 100 rVrC

DYNAMICS

Small Signal BW, (Voyr =0.1rms) 1 1 1 MHz

1% Amplitude Error (CLoap = 1000pF) 50 50 50 kHz

Slew Rate (Voyr 20 pk-pk) 20 20 20 Vips

Setding Time (to 1%, AVout = 20V) 2 2 2 [

NOISE
Noise Spectral-Density SF = 10V 0.8 0.8 0.8 uW\/l-E
SF=3v* 0.4 04 04 wV/VHz
‘Wideband Noise f= 10Hz to SMHz 1 1 1 mV/rms
f=10Hz 1o 10kHz %0 90 90 wVirms
OUTPUT

Output Voltage Swing =11 x11 +11 v

Output Impedance (f=<1kHz) 0.1 0.1 0.1 1]

Output Short Circuit Current )

(Ry =0, T =min to max) 30 30 30 mA
Amplifier Open Loop Gain (f = S0Hz) 70 70 70 dB

INPUT AMPLIFIERS (X, Y and Z2)°

Signal Voliage Range (Diff. or CM 0 10 =10 v

Operating Diff.) =12 =12 +12 v
Offset Voltage X, Y *5 +20 *2 =10 =2 +10 mV
Offset Voltage Drift X, Y 100 50 50 rVFC
Offset Voltage Z =5 +30 *2 %15 =2 =10 mV
Offset Voltage Drift Z 200 100 100 wVrC
CMRR 60 80 70 9% 70 90 dB
Bias Current 0.8 2.0 0.8 2.0 0.8 2.0 wA
Offsct Current 0.1 0.1 0.05 0.2 pA
Differential Resistance 10 10 10 MO

DIVIDER PERFORMANCE
Transfer Function (X, >X,) vy ov&2) Ly v Ly
1732 X -X) ! X, -Xp* 't X -X)" !

Total Error' (X = 10V, — 10V=Z= + 10V) +0.75 +0.35 +0.2 %
(X-1V, -1VsZ=+1V) *2.0 *1.0 =0.8 %
0.1V=X=10V, —10V=

Z=10V) *2.5 =10 +0.8 %
SQUARE PERFORMANCE
X~ X; X=X X, -X

Transfer Function - S_‘_Ié_al.)f +2, E__l_l_oo_l)z_ +2, [¢ 1100 e 'z

Total Error (-~ BV=X=10V) +0.6 =03 =0.2 %
SQUARE-ROOTER PERFORMANCE

Transfer Function (Z,<Z,) VIOV(Z,-Z)) + Y, VIOV(Z;, -2 +X, VIOV(Z,-Z) +X,

Total Error! (1V=Z=<10V) *=1.0 *=0.5 +0.25 %
POWER SUPPLY SPECIFICATIONS

Supply Voltage

Rated Performance =15 =15 ‘=18 v

Operating +8 +18 +8 =18 8 © =18 v
Supply Current

Quiescent 4 6 4 6 4 6 mA

PACKAGE OPTIONS®
H: TO-100 Package ADS34JH ADS34KH ADS34LH
D: TO-116 Package (D14A) ADS34]D ADS34KD ADS34LD
NOTES
!Figures given are percent of full scale, + 10V (i.e.,0.01% = 1mV). Specifications shown in boldface are tested on all production units at final electri-

?May be reduced down to 3V using external resistor between — Vgand SF.
3, bl ; Tud

dueto

ffect of offsets.

4Using external resistor adjusted to give SF = 3V.

5See functional block diagram for definition of sections.

“See Section 19 for package outline information.
Specifications subject to change without notice.

VOL. I, 6-28 ANALOG SIGNAL PROCESSING COMPONENTS

cal test. Results from those tests are used to calculate outgoing quality levels. All
min and max specifications are guaranteed, although only those shown in
. boldface are tested on all production units.



Model AD534S ADS34T
Min Typ Max Min Typ Max Units
MULTIPLIER PERFORMANCE

Transfer Function (—w +Z; W +Z,;

Total Error' (- 10V=X, Y= +10V) +1.0 *0.5 %

Ta =min tomax +2.0 *1.0 %

Total Error vs Temperature +0.02 =0.01 %r°C

Scale Factor Error

(SF = 10.000V Nominal)? =0.25 =0.1 %
Temperature-Coefficient of

Scaling-Voltage *0.02 +0.005 %/°C
Supply Rejection (= 15V = 1V) *0.01 =0.01 %
Nonlinearity, X (X = 20V pk-pk, Y = 10V) +0.4 =0.2 +0.3 %
Nonlinearity, Y (Y = 20V pk-pk, X = 10V) =0.01 =0.1 0.1 %
Feedthrough?, X (Y Nulled,

X =20V pk-pk S0Hz) =03 =015 0.3 % X
Feedthrough?, Y (X Nulled,

Y =20V pk-pk 50Hz) *0.01 001 0.1 %
Output Offset Voltage =5 +30 *2 +15 mV
Output Offset Voltage Drift 500 300 rVrC

DYNAMICS

Small Signal BW, (Voyr=0.1rms) 1 1 MHz

1% Amplitude Error (CLoap = 1000pF) 50 50 kHz

Slew Rate (VoyT 20 pk-pk) 20 20 Vips

Settling Time (10 1%, AVoyT = 20V) 2 2 BSs

NOISE -
Noise Spectral-Density SF = 10V 0.8 0.8 wVVHzZ
SF=3V* 0.4 0.4 wVivHz
‘Wideband Noise f= 10Hzto SMHz 1.0 1.0 : mV/rms
f=10Hz10 10kHz 90 % pV/ms
OUTPUT .

Output Voltage Swing +11 =11 \4

Output Impedance (f<1kHz) 0.1 0.1 13

Output Short Circuit Current .

Ry =0, Tp =min tomax) 30 30 mA
Amplifier Open Loop Gain (f = 50Hz) 70 70 dB

INPUT AMPLIFIERS (X, Y and Z)°

Signal Voltage Range (Diff. or CM +10 =1 \

Operating Diff.) +12 =1 v
Offset Voltage X, Y x5 +20 =10 mV
Offset Voltage Drift X, Y 100 150 wVrc
Offset Voltage Z *5 +30 *2 =15 mV
Offset Voltage Drift Z 500 300 A/
CMRR 60 80 70 90 dB
Bias Current 0.8 2.0 0.8 2.0 pA
Offset Current . 0.1 2.0 0.1 2.0 pA
Differential Resistance 10 10 MQ

DIVIDER PERFORMANCE
Transfer Function (X,>X,) ovED Ly vy
177 X=X ! X -Xp" !

Total Error! (X =10V, — 10V=Z=< + 10V) +0.75 =0.75 % .
X-1V, -1V=Z=+1V) +2.0 +2.0 % !
(0.1Vv=Xs=<10V, - 10Vs

Z=<10V) +2.5 =1.0 %
SQUARE PERFORMANCE
. X=X +2Z, X ~Xp2 +2Z,
Transfer Function v v
Total Error (— 10V=X=<10V) +0.6 +0.3 %
SQUARE-ROOTER PERFORMANCE
Transfer Function (Z,=Z;) VIOV(Z, - Z))+ X, VIOV(Z,-Z))+X,
Total Error! (1V=Z=<10V) =10 0.5 %
POWER SUPPLY SPECIFICATIONS

Supply Voltage

Rated Performance +15 =15 v

Operating . *+8 *22 +8 +22 v
Supply Current !

Quiescent 4 6 4 6 mA

PACKAGE OPTIONS®
H: TO-100 Package ADS34SH ADS34TH
D: TO-116 Package (D14A) ADS34SD ADS34TD

NOTES

1Figures given are percent of full scale, = 10V (i.c.,0.01% = 1mV).
2May be reduced down to 3V using external resistor between — Vsand SF.
3 educibl

linearity: exclud:

dueto

frect of offsets.

4Using external resistor adjusted to give SF = 3V,

3See functional block diagram for definition of sections.

' 6See Section 19 for package outline information.
Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final electri-
cal test. Results from those tests are used to calculate outgoing quality levels. All
min and max specifications are guaranteed, although only those shown in
boldface are tested on all production units.
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Using the AD534

ABSOLUTE MAXIMUM RATINGS
AD534),K,L  AD534S,T

Supply Voltage +18V 22V
Internal Power Dissipation 500mw .
Output Short-Circuit to Ground Indefinite b

Input Voltages, X1 Xp Y1 Y2Z1Z; Vg *

Rated Operating Temperature Range 0 to +70°C -55°Cto

+125°C

Storage Temperature Range -65°Cto +150°C *

Lead Temperature, 60s soldering +300°C .

*Same as AD534] specs.
OPTIONAL TRIMMING CONFIGURATION
+Vg

50K Sa h —— _TO APPROPRIATE

INPUT TERMINAL
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FUNCTIONAL DESCRIPTION

Figure 1 is a functional block diagram of the AD534. Inputs
are converted to differential currents by three identical voltage-
to-current converters, each trimmed for zero offset. The prod-
uct of the X and Y currents is generated by a multiplier cell
using Gilbert's translinear technique. An on-chip ‘‘Buried
Zener” provides a highly stable reference, which is laser trim-
med to provide an overall scale factor of 10V. The differ-

ence between XY/SF and Z is then applied to the high gain
output amplifier. This permits various closed loop configura-
tions and dramatically reduces nonlinearities due to the input
amplifiers, a dominant source of distortion in earlier designs.
The effectiveness of the new scheme can be judged from the
fact that under typical conditions as a multiplier the nonlinear-
ity on the Y input, with X at full scale (10V), is £0,005% of
F.S.; even at its worst point, which occurs when X =$6.4V,

it is typically only £0.05% of F.S. Nonlinearity for signals
applied to the X input, on the other hand, is determined al-
most entirely by the multiplier element and is parabolic in
form. This error is a major factor in determining the overall
accuracy of the unit and hence is closely related to the

device grade,

. STABLE  f——————————0 Vs
sf O==———e——d REFERENCE

ANDBIAS L 5 .y

. l TRANSFER FUNCTION
X, O
| vgeal XYy ova) g :l

TRANSLINEAR
>
A out
““HIGH GAIN

MULTIPLIER
v, O i ELEMENT | '
OUTPUT
0.75 ATTEN AMPLIFIER
z; ©

Figure 1. AD534 Functional Block Diagram




The generalized transfer function for the AD534 is given by:

(X1 -X2) (Y1 -Y
VOUT=A( 1-X2) (Y 2)_(21_22))

SF
where A = open loop gain of output amplifier, typically
70dB at dc
X, Y, Z = input voltages (full scale = £SF, peak=
*1.25SF)

SF = scale factor, pretrimmed to 10.00V but
adjustable by the user down to 3V.
In most cases the open loop gain can be regarded as infinite,
and SF will be 10V. The operation performed by the AD534,
can then be described in terms of equation: "

(X1 - X X(Y1 - Y2) =10V (Z1 - Z5)
The user may adjust SF for values between 10.00V and 3V by
connecting an external resistor in series with a potentiometer

between SF and -Vg. The approximate value of the total resist-
ance for a given value of SF is given by the relationship:

SF
10 - SF
Due to device tolerances, allowance should be made to vary
Rgsr by $25% using the potentiometer. Considerable reduction
in bias currents, noise and drift can be achieved by decreasing
SF. This has the overall effect of increasing signal gain with-
out the customary increase in noise. Note that the peak input
signal is always limited to 1.25SF (i.e., £5V for SF =4V) so the
overall transfer function will show a maximum gain of 1.25.
The performance with small input signals, however, is improved
by using a lower SF since the dynamic range of the inputs is
now fully utilized. Bandwidth is unaffected by the use of this
option.

Rgp = 5.4K

Supply voltages of £15V.are generally assumed. However, satis-
factory operation is possible down to 8V (see curve 1). Since
all inputs maintain a constant peak input capability of £1.25SF
some feedback attenuation will be necessary to achieve output
voltage swings in excess of £12V when using higher supply
voltages. .
OPERATION AS A MULTIPLIER

Figure 2 shows the basic connection for multiplication. Note
that the circuit will meet all specifications without trimming.

XINPUT — % Vs sV
10V FS .
£12V PK M

2

OUTPUT, £12V PK
out WX XYy oY)
ADB34 . Tov

z * OPTIONAL SUMMING
2 1 INPUT, 2, £10V PK
! .

¥ INPUT Y1 6
£10V FS
12V PK va Vs -15v

Figure 2. Basic Multiplier Connection .
In some cases the user may wish to reduce ac feedthrough to
a minimum (as in a suppressed carrier modulator) by applying
an external trim voltage (+30mYV range required) to the X or Y
input (see Optional Trimming Configuration). Curve 4 shows
the typical ac feedthrough with this adjustment mode. Note
that the Y input is a factor of 10 lower than the X input and
should be used in applications where null suppression is critical.

The high impedance Z, terminal of the AD534 may be used to
sum an additional signai into the output. In this mode the output
amplifier behaves as a voltage follower with a 1MHz small signal
bandwidth and a 20V/us slew rate. This terminal should

always be referenced to the ground point of the driven system,
particularly if this is remote. Likewise the differential inputs
should be referenced to their respective ground potentials to
realize the full accuracy of the AD534. )

A much lower scaling voltage can be achieved without any
reduction of input signal range using a feedback attenuator as
shown in Figure 3. In this example, the scale is such that

Vour = XY, so that the circuit can exhibit a maximum gain of
10. This connection results in a reduction of bandwidth to
about 80kHz without the peaking capacitor Cg = 200pF. In
addition, the output offset voltage is increased by a factor of
10 making cxicimnal adjustincnts ndccssaiy in 50inc applicaiions.
Adjustment is made by connecting a 4.7MS2 resistor between
Z, and the slider of a pot connected across the supplies to
provide £300mV of trim range at the output.

Feedback attenuation also retains the capability for adding a
signal to the output. Signals may be applied to the high imped-

X INPUT X1 Vs 5V
. £10VFS -
12V PK xe
OUTPUT, £12V PK
out = (X, - Xz ¥y - ¥3)
D534 (SCALE = 1V)
. <
sk z -3 90k
<
22
OPTIONAL
. b 1 reaking
vineur T g 10k === CAPACITOR
£10V FS 1 Cr = 2000F
savek 1, s ey

Figure 3. Connections for Scale-Factor of Unity
ance Z, terminal where they are amplified by +10 or to the
common ground connection where they are amplified by +1.
Input signals may also be applied to the lower end of the 10kS2
resistor, giving a gain of -9. Other values of feedback ratio, up
to X100, can be used to combine multiplication with gain.

Occasionally it may be desirable to convert the output to a
current, into a load of unspécificd impedance or dc level. For
example, the function of multiplication is sometimes followed
by integration; if the output is in the form of a current, a simple
capacitor will provide the integration function. Figure 4 shows
how this can be achieved. This method can also be applied in
squaring, dividing and square rooting modes by appropriate
choice of terminals. This technique is used in the voltage-con-
trolled low-pass filter and the differential-input voltage-to-
frequency converter shown in the Applications Section.

X INPUT Xy - +Vs
10V F.S,

112V PK

X2
CURRENT-SENSING
RESISTOR, Rs, 2k MIN .

‘our
AD534 l /
8F zy MW - _'|
I lour = 1
2, Xy =Xa)¥y-¥z) , 1 |
10v

RS |

|
-
INTEGRATOR <

{SEE TEXT) \1/'

Y INPUT ======1YV;y
10V F.S.
VK ey, vs

Figure 4. Conversion of Output to Current
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OPERATION AS A SQUARER

Operation as a squarer is achieved in the same fashion as the
multiplier except that the X and Y inputs are used in parallel.
The differential inputs can be used to determine the output
polarity (positive for X1 = Yy and X3 = Y5, negative if either
one of the inputs is reversed). Accuracy in the squaring mode
is typically a factor of 2 better than in the multiplying mode,
the largest errors occurring with small values of output for
input below 1V.

If the application depends on accurate operation for inputs
that are always less than 3V, the use of a reduced value of
SF is recommended as described in the FUNCTIONAL
DESCRIPTION section (previous page). Alternatively, a feed-
back attenuator may be used to raise the output level. This is
put to use in the difference-of-squares application to compen-
sate for the factor of 2 loss involved in generating the sum
term (see Figure 7). .

The difference-of-squares function is also used as the basis for
a novel rms-to-dc converter shown in Figure 14. The averaging
filter is a true integrator, and the loop seeks to zero its input.
For this to occur, (VN )2 - (VOUT)Z = 0 (for signals whose
period is well below the averaging time-constant). Hence Voyt
is forced to equal the rms value of ViN. The absolute accuracy
of this technique is very high; at medium frequencies, and for
signals near full scale, it is determined almost entirely by the
ratio of the resistors in the inverting amplifier. The multiplier
scaling voltage affects only open loop gain. The data shown is
typical of performance that can be achieved with an AD5 34K,
but even using an AD534], this technique can readily provide
better than 1% accuracy over a wide frequency range, even for
crest-factors in excess of 10.

OPERATION AS A DIVIDER

The AD535, a pin for pin functional equivalent to the AD534,
has guaranteed performance in the divider and square-rooter
configurations and is recommended for such applications.

Figure 5 shows the connection required for division. Unlike
earlier products, the AD534 provides differential operation on
both numerator and denominator, allowing the ratio of two
floating variables to be generated. Further flexibility results
from access to a high impedance summing input to Y;. As with
all dividers based on the use of a multiplier in a feedback loop,
the bandwidth is proportional to the denominator magnitude,
as shown in curve 8.

. =
X-INPUT —x +Vs 1 +H5V
(DENOMINATOR) ¢
+10V FS OUTPUT, £12V PK
+12V PK - X2 L loviz -z
Xy - Xz} '
out
ADS534
SF 2 ZINPUT
(NUMERATOR)
OPTIONAL 7 £10V FS, £12V PK
SUMMING INPUT
+10V PK
—_———v,
|
\
6 Y2 Vg p—— 15V

Figure 5. Basic Divider Connection
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Without additional trimming, the accuracy of the AD534K and
L is sufficient to maintain a 1% error over a 10V to 1V denomi-
nator range. This range may be extended to 100:1 by simply
reducing the X offset with an externally generated trim voltage
(range required is £3.5mV max) applied to the unused X input
(see Optional Trimming Configuration). To trim, apply a

ramp of +100mV to +V at 100Hz to both X3 and Z; (if X,

is used for offset adjustment, otherwise reverse the signal po-
larity) and adjust the trim voltage to minimize the variation in
the output.* ‘

Since the output will be near +10V, it should be ac-coupled for
this adjustment. The increase in noise level and reduction in
bandwidth preclude operation much beyond a ratio of 100

to 1. :

As with the multipiier connection, overall gain can be intro-
duced by inserting a simple attenuator between the output and
Y, terminal. This option, and the differential-ratio capability
of the AD534 are utilized in the percentage-computer applica-
tion shown in Figure 11. This configuration generates an out-
put proportional to the percentage deviation of one variable
(A) with respect to a reference variable (B), with a scale of one
volt per percent.

OPERATION AS A SQUARE ROOTER

The operation of the AD534 in the square root mode is shown
in Figure 6. The diode prevents a latching condition which
could occur if the input momentarily changes polarity. As
shown, the output is always positive; it may be changed to a
negative output by reversing the diode direction and inter-
changing the X inputs. Since the signal input is differential, all
combinations of input and output polarities can be realized,
but operation is restricted to the one quadrant associated with
each combination of inputs.

OUTPUT, £12V PK
=JIOVIZ; - 211+ X,

" 4

1
1
1
i
1
INPUTS FOR % {MUST BE
P

" REVERSE
X3 s THIS AND X R
NEGATIVE  YPROVIDED)
X2 OUTPUTS =
OPTIONAL ﬁ
SUMMING out
INPUT, X,
$10V PK AD534
* 5F Z = ziNeuT
! 10V FS
! + 12VPK
v L
Y1
Y2 Vg f—— 15V

Figure 6. Square-Rooter Connection

In contrast to earlier devices, which were intolerant of capaci-
tive loads in the square root modes, the AD534 is stable with
all loads up to at least 1000pF. For critical applications, a small
adjustment to the Z input offset (see Optional Trimming Con-
figuration) will improve accuracy for inputs below 1V.

*See the AD535 Data Sheet for more details.



Applications Section

The versatility of the AD534 allows the creative designer to M sl sy
. . . . £aal —
implement a variety of circuits such as wattmeters, frequency MODULATION
doublers and automatic gain controls to name but a few. These il S
applications along with many other such *idea stimulators”
are described in detail in the Multiplier Application Guide, out outeur
. . - M "
available upon request from Analog Devices. ADs34 . = 1tqgy Ecsinwt
SF 1
Z;
A X VsE— v1sv CARRIER INPUT
A-B Ec sinwt
2 Y1
X2 ’
-15V
;— Yz Vsf—
outr ? OIQTiPUBTz .
ADS534 30Kk =S
SF 2y
10k
z; THE OF Filv UR A Z-ATTENUATOR CAN BE USLD TO FROVIGE SVERALL SIGIRAL
% | ! AMPLIFICATION. OPERATION FROM A SINGLE SUPPLY IS POSSIBLE; BIAS Y2 TO Vs/2.
B Y .
A+B . .
2 Figure 10. Linear AM Modulator
{ Y2 -Vsp— -15V .
Figure 7. Difference-of-Squares .
>4 PR R
Sk:> r Xq s
— X +Vg —+15V
CONTROL INPUT, Xz
Ec. ZERO TO 15V
X2
wg out outeuT = (10ov) 2B
GSEIT out —3— QUTPUT, 212VPK - ‘L ADS34 (1% PER VOLT)
N AD534 S 39k LEcEs sF 2]
W_ SF 2y 1 1% ) 2 A INPUT
s b3 To.wsus ! )
22 BINPUT
¥y
. (+Ve ONLY)
—_— 15V
SIGNAL INPUT, Y2 Vg p—
Es, $6V PK
[ERAE—— 7Y Vs p——-15v
OTHER SCALES, FROM 10% PER VOLT YO 0.1% PER VOLT CAN BE OBTAINED BY
NOTES: 1) GAIN IS X10 PER VOLT OF Ec, ZERO TO X50 ALTERING THE FEEDBACK RATIO.

2) WIDEBAND (10Hz — 30kHz) OUTPUT NOISE IS 3mV RMS, TYP
CORRESPONDING TO A F.S. /N RATIO OF 70dB .

3} NOISE REFERRED TO SIGNAL INPUT, WITH Ec = 35V, IS 60uV RMS, TYP

4) BANDWIDTH IS DC TO 20kHz, -3dB, INDEPENDENT OF GAIN ;

Figure 11. Percentage Computer
Figure 8. Voltage-Controlled Amplifier

X1 +Vs +15V
i +15V
. Xq +Vs |}—
. x1 : 6
< xz»
10k :: 18k our OUTPUT = (10V) sin §
- < E,
AD534 . 4.7k :: WHERE § -’ZL . ﬁ% ouT OUTPUT,£5V PK
SF Zy b AD534 =(10v) —Y—-‘ e
43k SF i v
2 . WHEREy = ——
(iov)
INPUT, E5 b3
07O +10V $3k 23
s INPUT, ¥
{7 £10V F.S.
Yy
Y. Vsf— : :
2 Vs Tsv . 15V
\ Vsf—

USING CLOSE TOLERANCE RESISTORS AND ADS34L, ACCURACY OF FIT ISWITHIN .
10.5% AT ALL POINTS. 4 IS IN RADIANS.

Figure 9. Sine-Function Generator - Figure12. Bridge-Linearization Function
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+15V
<
avs B X
Xy Vg p + 15V AR N
N AT
- s
X2 2%
"‘f
our ADJ 2
AD534 Hz 3 —outpuT,
SF Zy ~AAr=——AA 3 $15V APPROX,
500 2.2k Ao2n
[ LA
=R PINS 5,6, 8TO 415V
2z _l PINS 1,4 7O 15V
+ p 1 Eg 1
0.01 r-Ec. 1
JELIS—— L
CONTROL INPUT, Ec ' (=C) 40 CcR
100mV TO 10V = TkHz PEA VOLT
——Y: Vg, 15V WITH VALUES SHOWN

CALIBRATION PROCEDURE:

WITH E¢ = 1.0V, ADJUST POT TO SET { = 1.000kHz. WITH E¢ = 8.0V, ADJUST TRIMMER
CAPACITOR TO SET f = 8.000kHz. LINEARITY WILL TYPICALLY BE WITHIN £0.1% OF
F.S. FOR ANY OTHER INPUT,

DUE TO DELAYS IN THE COMPARATOR, THIS TECHNIQUE IS NOT SUITABLE FOR
MAXIMUM FREQUENCIES ABOVE 10kHz. FOR FREQUENCIES ABOVE 10kHz THE
AD537 VOLTAGE TO FREQUENCY CONVERTER IS RECOMMENDED.

A TRIANGLE-WAVE OF 25V PK APPEARS ACROSS THE 0.01uF CAPACITOR; If USED
AS AN OUTPUT, A VOLTAGE-FOLLOWER SHOULD BE INTERPOSED.

Figure 13. Differential-Input Voltage-to-Frequency Converter

L

: MATCHED TO 0.025%

W W v
2k 10K 10k
NPUT ADT4IK
! X Vs
6V RMS FS — v £
10V PEAK
i
b
ir 2 +
104F
NONPOLAR }—e
RAMS +DC out 10K 104F SOLIO Ta
ADS34 »t
[ OUTPUT
s z - 0TO 5V
2z AA- +
2 v AD7412
T
b
v M3
Y2 Vs, ——O+15V
1 ZERO
A5V ADJ
20

CALIBRATION PROCEDURE:

WITH 'MODE’ SWITCH IN ‘RMS + DC’ POSITION, APPLY AN INPUT OF +1.00VDC. ADJUST
ZERO UNTIL OUTPUT READS SAME AS INPUT. CHECK FOR INPUTS OF $10V; OUTPUT
SHOULD BE WITHIN 10.05% (SmV}. : - .

ACCURACY IS MAINTAINED FROM 80Hz to 100kHz, AND IS TYPICALLY HIGH BY
0.5% AT 1MHz FOR ViN = 4V RMS (SINE, SQUARE OR TRIANGULAR WAVE).

PROVIDED THAT THE PEAK INPUT IS NOT EXCEEDED, CREST-FACTORS UP TO AT
LEAST TEN HAVE NO APPRECIABLE EFFECT ON ACCURACY.

INPUT IMPEDANCE IS ABOUT 10k{2: FOR HIGH (10MS2) IMPEDANCE, REMOVE MODE
SWITCH AND INPUT COUPLING COMPONENTS.

FOR GUARANTEED SPECIFICATIONS THE AD536A AND AD636 IS OFFERED
AS A SINGLE PACKAGE RMS-TO-DC CONVERTER.

Figure 14. Wideband, High-Crest Factor,
RMS-to-DC Converter

Typical Performance Curves iypical at +25°C, with V=15V dc, unless otherwise stated)

7
. /

ANPUTS, SF = 10V

PEAK POSITIVE OR NEGATIVE SIGNAL — Vohts

POSITIVE OR NEGATIVE SUPFLY — Vaits

Curve 1. Input/Output Signal Range Vs. Supply Voltages

800
700
N,
600 AN
< 500 P
3
! [~ SCALING VOLTAGE = 10V
H I~
E 400
g \\
! ~
~
[~ SCALING VOLTAGE = 3V
200
T
—— ]
100
[
a0 20 ° 20 40 80 80 100 120 140

TEMPERATURE — °C

Curve 2. Bias Currents Vs. Temperature (X, Y or Z inputs)
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CMAR - ¢B

PKPK FEEDTHROUGH ~ Millivolts

NOISE SPECTRAL DENSITY — uVA/Rz

20
\}\
N

80

~
70

TYPICAL / \
60 FOR ALL

INPUTS
50 \
© ‘\
0 N
20
10

n

100 * 10k 100k ™

FREQUENCY ~ Hz

Curve 3. Common-Mode-Rejection-Ratio Vs. Frequency

1000
y 4_\
/..\Q\
Y-FEEDTHROUGH
100
N
X.FEEDTHROUGH
Ve
1 7
10 /
a/
//
1 //
01
10 100 3 10k 100k ™ oM
FREQUENCY — Hz
Curve 4. AC Feedthrough Vs. Frequency
15
1 \\
! -
\,\_‘T SCALING V?LTAIGE‘ "IW
SCALING VOLTAGE = 3V [
05
]
10 100 1 10k 100k

FREQUENCY - Hz

Curve 5. Noise Spectral Density Vs. Frequency

OUTPUT RESPONSE — dB.

Vo
OUTPUT - d8 (Vz_)

100
E 20
i e
- 2 BANDWIDTH .
i /
g 7
3 A
>
g 70
§ v
= /
e
50
25 1] 15 10
SCALING VOLTAGE, SF — Volts
Curve 6. Wideband Noise Vs. Scaling Voltage
A 0dB * 0.1V RMS, R * 2k
° R \\ | I l
\ €y = 1000pF
Q Cy = OpF /
| !
M
CF < 200pF
-0 7 N1 N
€y < 1000pF WITH X10 NORMAL
Ce=0 FEEDBACK CONNECTION
\nvmuuon
-20 \
-30
10k 100k ™ oM

FREQUENCY — Hz

Curve 7. Frequency Response as a Multiplier

Vx = 100mV dc
Vz = 10mV mms

Vx = Wde
Vz = 100mV rms

N x = 10V dc

Vy
Y- W rms
20 ) ,

Ik 0k 100« ™ oM
FREQUENCY — Hz

Curve 8. Frequency Response Vs, Divider Denominator
Input Voltage
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ANALOG
DEVICES

Intemally Trimmed

Integrated Circuit Divider
o AD535

FEATURES

Pretrimmed to £0.5% max Error, 10:1 Denominator
Range (AD535K)

+2.0% max Error, 50:1 Denominator Range (AD535K)

All Inputs (X, Y and Z) Differential

APPLICATIONS

General Analog Signal Processing

Differential Ratio and Percentage Computations
Frevision AGC Luops

Square-Rooting

PRODUCT DESCRIPTION

The AD535 is a monolithic laser-trimmed two-quadrant divider
having performance specifications previously found only in ex-
pensive hybrid or modular products. A maximum divider error
of £0.5% is guaranteed for the AD535K without any external
trimming over a denominator range of 10:1; +2.0% max error
over a range of 50:1. A maximum error of +1% over the 50:1
denominator range is guaranteed with the addition of two ex-
ternal trims. The AD535 is the first divider to offer fully dif-
ferential, high impedance operation on all inputs, including the
z-input, a feature which greatly increases its flexibility and
case of use. The scale factor is pretrimmed to the standard
value of 10.00; by means of an external resistor, this can be
reduced by any amount down to 3.

The extraordinary versatility and performance of the AD535
recommend it as the first choice in many divider and compu-
tational applications. Typical uses include square-rooting, ratio
computation, “‘pin-cushion’’ correction and AGC loops. The
device is packaged in a hermetically sealed, 10-pin TO-100 can
or 14-pin TO-116 DIP and made available in a £1% max error
version (J) and a 20.5% max error version (K). Both versions
are specified for operation over the 0 to +70°C temperature
range.

ADS35 PIN CONFIGURATIONS

X1

“ o3 12 o0 e 8
@ o
() OL
‘ "\4&@«\9“ X1 X2 NC SF NC Y1 v2
~
TO-100 TO-116
(TOP VIEW) (TOP VIEW)

PRODUCT HIGHLIGHTS

1.

Laser trimming at the wafer stage enables the AD535 to
provide high accuracies without the addition of external
trims (+0.5% max error over a 10:1 denominator range
for the AD535K).

Improved accuracies over a wider denominator range are
possible with only two external trims (+0.5% max error
oyer a 20:1 denominator range for the AD535K).
Differential inputs on the X, Y and Z input terminals
enhance the AD535's versatility as a generalized analog
computational circuit. .
Monolithic construction permits low cost and, at the
same time, increased reliability.
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SPECIFICA."ONS (Vg =+15V, RL > 2k, TA = +25°C unless otherwise stated)

PARAMETER CONDITIONS ADS535) AD535K
. (Z,-Z,) .
TRANSFER FUNCTION Figure 2 10 == +Y,
X1 -X3)
TOTAL ERROR! No External Trims, Figure 2
1v€X<10v, Z< X1 1.0% max 0.5% max
0.2VL<X<10V,Z< IX| 5.0% max 2.0% max
With External Trims, Figure 5
- 05VEX<10V,Z< IX| 1.0% max 0.5% max
0.2vLX<1o0v,z<Ix| 2.0% max 1.0% max
TEMPERATURE COEFFICIENT 1V<X<10V, Z<|X| 0.01%/°C typ .
0.5V<X<10V,Z<|X| 0.02%/°C typ .
02V<X<10V,Z<|X | 0.05%/°C typ .
SUPPLY RELATED 1V<X<10V 0.1%/V typ .
Error 0.5V<X<10V 0.2%/V typ hd
Vg =114V to £16V 02VEXK10V 0.5%/V typ *
SQUARE ROOTER No External Trims, Figure 11
TOTAL ERROR! 1V<Z<10V 0.4% typ *
0.2V<Z<10V 0.7% typ .
NOISE? X=0.2V, f= 10Hz to 10kHz 4.5mV rms typ *
BANDWIDTH X=0.2V 20kHz typ *
INPUT AMPLIFIERS?
CMRR f = 50Hz, 20V p-p 60dB min *
Bias Current 2.0¢A max .
Offset Current 0.1uA typ *
Differential Resistance 10MQ typ *
OUTPUT AMPLIFIER?® :
Open-Loop Gain f=50Hz 70dB typ *
Small Signal Gain-Bandwidth Vour =0.1V rms 1IMHz typ *
1% Amplitude Error - CLoAD = 1000pF 50kHz typ *
Output Voltage Swing Tmin t0 Tmax +11V min *
Slew Rate Vour = 20V p-p -20V/us typ *
Settling Time Vour =20V £1% 2us typ hd
Output Impedance Unity Gain, f< 1kHz 0.1Q typ *
Wide-band Noise f=10Hz to 5SMHz 1mV rms typ *
f = 10Hz to 10kHz 90uV rms typ *
OUTPUT SHORT CURRENT Tmin t0 Tmax, R1 =0 30mA *
POWER SUPPLIES
Rated Performance 15V *
Operating 18V min, *18V max .
Supply Current Quiescent 6mA max .
. PACKAGE OPTIONS?
H: TO-100 ADS535JH AD535KH
D: TO-116 Style (D14A) AD535)D ADS535KD .

NOTES
*Specifications same as AD535].

! Figures are given as a percent of full scale (i.e. 1.0% = 100mV).

2Noise may be reduced as shown in Figure 14.

%See Figure 1 for definition of section.

4 See Section 19 for package outline information.

Specifications subject to change without notice.
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ABSOLUTE MAXIMUM RATINGS

Supply Voltage 18V
Internal Power Dissipation 500mwW
Output Short-Circuit to Ground Indefinite

Input Voltages, X;, Xz, Yy, Y2,2Z,,Z; Vg

Rated Operating Temp Range 0 to +70°C
Storage Temp Range -65°C to +150°C
+300°C

Lead Temp, 60s soldering

FUNCTIONAL DESCRIPTION

Figure 1 is a functional block diagram of the AD535. Inputs
are converted to difterential currents by three identical voitage
to current converters, each trimmed for zero offset. The product
of the X and Y currents is generated by a multiplier cell using
Gilbert’s translinear technique with an internal scaling voltage.

The difference between XY/SF and Z is applied to the high gain

output amplifier. The transfer function can then be expressed...

) Xy -X3) (Y -V, )
Vour = A [( 1 ~X3) (Yy -Vour ’(Zx"Zz):l
_ SF
where A = open loop gain of output amplifier, typically 70dB
at dc

X, Y, Z = input voltages
SF = scale factor, pretrimmed to 10.00V but adjustable
by the user down to 3V.
In most cases the open loop gain can be regarded as infinite
and SF will be 10V. Dividing both sides of the equation by A
and solving the Voyr, we get... ’

_ (2, -2,)
Vour = IOV(Xl —X2)+ Y,

e ® A 2]
0 Vs

STABLE

$f OQem———————{ REFERENCE
) AND BIAS

|

X1 Y1
v
Xz Y2
TRANSLINEAR

MULTIPLIER
ELEMENT
Py
+
>—é out
2, HIGH GAIN
OUTPUT
AMPLIFIER
22

Figure 1. AD535 Functional Block Diagram

SOURCES OF ERROR .

Divider error is specified as a percent of full scale (i.e. 10.00V)
and consists primarily of the effects of X, Y and Z offsets and
scale factor (which are trimmable) as shown in the generalized
equation....

(2, -2,) + Zps

Vour =(SF + ASF) [
X1 -X;)+Xos

]+ Yl +Yos

Note especially that divider error is inversely proportional to

X, that is, the error increases rapidly with decreasing denomi-
nator values. Hence, the AD535 divider error is specified over
several denominator ranges on previous page. (See also Figure
12, AD535 Total Error as a function of denominator values.)

Overall accuracy of the AD535 can be significantly improved
by nulling out X and Z offset as described in the applications
sections. Figure 13 illustrates a factor of 2 improvement in
accuracy with the addition of these external trims. The remain-
ing errors stem primarily from scale factor error and Y off-
sets which can be trimmed out as shown in Figure 6.

Figure 14 illustrates the bandwidth and noise relationships
versus denominator voltage. Whereas noise increases with
decreasing denominator, bandwidth decreases, the net result

. given by the expression...

1.26

o)

mV rms

Engyrt (wideband) =
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External filtering can be added to limit output voltage noise
even further. In this case...

Engyr (B.W. externally limited) = 0—2§£ mV rms

10
where f = bandwidth in MHz of an external filter whose band-
width is less than the noise bandwidth of the AD535. Table I
provides calculated values of the typical output voltage noise,
both filtered and unfiltered for several denominator values.

Noise Limited by

Noise External Filtering
X 10Hz to SMHz 10Hz to 10kHz
0.2V 8.9mV rms 4.5mV rms
0.5V 5.6mV rms 1.8mV rms
1v 4.0mV rms 0.9mV rms
10V 1.3mV rms 0.09mV rms
Table I. AD535 Calculated Voltage Noise

APPLICATIONS i

Figure 2 shows the standard divider connection without ex-
ternal trims. The denominator X, is restricted to positive
values in this configuration. X, Y and Z inputs are differential
with high (80dB typical) CMRR permitting the application of
differential signals on X and Z (see Figure 3).

p—O Vour = %1

{X MUST BE
POSITIVE}

10V IZ2 -21)
Vout = ——=2-2V)
ouT = - Xa)

Xy =Xz MUST BE

POSITIVE

+15V

p—o Vour = m):l_z

(X MUST BE
NEGATIVE)

Figure 4. Divider Connection for Negative X Inputs
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Negative denominator inputs are handled as shown in Figure 4.
Note that in either configuration, operation is limited to two
quadrants (i.e. Z is bipolar, X is unipolar).

A factor of two improvements in accuracy is possible by
trimming the X and Z offsets as illustrated in Figure 5. To
trim, set X to the smallest denominator value for which accu-
rate computation is required (i.e., X = 0.2V). With Z=0,
adjust the Zg trim for Voyr = 0. Next, adjust the Xg trim
for the best compromise when Z = +X (Voyt = +10V) and

Z = -X (Vout = -10V). Finally, readjust Zg for the best
compromise at Z = +X, Z = X and Z = O. The remaining error
(Figure 13) consists primarily of scale factor error, output
offset and an irreducible nonlinearity component.

+15v

50k
Xo
ADJ.

Vour

58

»
o
<

Figure 5. Precision Divider Using Two Trims

In certain applications, the user may elect to adjust SF for
values between 10.00V and 3V by connecting an external
resistor in series with a potentiometer between SF and -Vg.
The approximate value of the total resistance for a given value
of SF is given by the relationship:

SF

RsF = 54K10 SF

Due to device tolerances, allowance should be made to vary
RsF $25% using the potentiometer. Note that the peak signal
is always llmu:ed to 1.25 SF (i.e. £5V for SF = 4).

The scale factor may also be adjusted using a feedback attenua-
tor between Voyr and Y2 as indicated in Figure 6. The input
signal range is unaffected using this scheme.

Scale factor and output offset error can be minimized utilizing
the four trim circuit of Figure 6. Adjustment is as follows:

1. Apply X = +0.2V (or the smallest required denominator
value), Z = 0 and adjust Zg for Voyt = 0.
2. Apply X =0.2V. Then adjust the Xg trim for the best
compromise when Z = +X (Voyt = +10V)and Z =
-X (Vour = -10V.) .
Apply X = +10V, Z = 0 and adjust Yg for Voyt = 0.
Apply X = +10V. Then adjust the scale factor (SF) trim
for the best compromise when Z = +X (Voyt = +10V)
and Z = -X (Vouyt = -10V).
5. Repeat steps 1 and 2.
Apply X = 0.2V. Then adjust the Z trim for the best
compromise when Z = X (Voyt = +10V), Z = 0 (Voyr =
0) and Z = -X (Voyr = -10V).

»ow



+15v
o

Z INPUT

SCALE  J#

FACTOR /2
ADJ. 1

-18v
Figure 6. Precision Divider with Four External Adjustments

These trim adjustments can be made either by using two cali-
brated voltage sources and a DVM, or by using a differential
scope, a low frequency generator, a voltage source and a
precision attenuator. As shown in Figure 7, the differential
scope subtracts the expected ideal output and thus displays

. X
only errors. Set the attenuation to 75 -
CALIBRATED
VOLTAGE
SOURCE z
DIVIDER | OUT
X UNDER ovMm
CALIBRATED l TEsT
VOLTAGE
SOURCE
SCOPE
LOW FREQUENCY
GENERATOR
A 2
DIVIDER { gyt| caLIBRATED v
' ATTEN. [ { DiFe  HORIZ|
VARIABLE vz £ inpuT o1
VOLTAGE o
SOURCE 1—

Figure 7. Alternate Trim Adjustment Set-Up

PIN-CUSHION CORRECTION
A pin-cushion corrector eliminates the distortion caused by
flat screen CRT tubes. The correction equations are:

Vi
Vou =
\/ le2 +Vl\/2 +L2
\"%
and Voy = v

\/ VIH2 ~l'V|V2 +L2

where: Vou and Vgy are the horizontal and vertical output
signals, respectively.

Viy and Vjy are the horizontal and vcmcal input
signals, respectively.

L is the length of the CRT tube.

In typical applications L (expressed in voltage) is roughly equal
to full scale Vi or Viy. The result is that the expression,

VvV (Vig? +Viy? +L?), varies less than 2:1 over the full range

of values of Viy and Vy.

Major sources of divider error associated with small denomina-
tor values can thereby the minimized.

Vin O

AD535
DIVIDER f——0 Vou

X
T0
CRT
- n
z
AD535
feeeO VoV
AD534 I DIVIDER

A

Viv O-

N
MULTIPLIER
CKT

L L =

ADS34
IN
- ADS35
MULg‘I(I:rLIER $Q. ROOTER
+ CIRCUIT
ADS580
VOLTAGE
REFERENCE

Figure 8. Pin-Cushion Corrector

Figure 9 shows an AGC loop using an AD535 divider. The
AD535 lends itself naturally in this application since it is con-
figured to provide gain rather than loss. Overall gain varies
from 1 to = as the denominator is servoed to maintain Voyr
at a constant level.

INPUT O——{ 2
OWIDER -0 Vour
(CONSTANT rms)
l AD536
OETECTOR rmsidc
CONVERTER

HIGH
ERROR AMPLIFIER

(FIXED OR
V- REFERENCE | 1 njUSTABLE)

Figure 9. AGC Loop Using the AD536 rms/dc Converter
as a Detector

Figure 10 shows a method for obtaining the time average as
defined by:

1
?f Xdt

]
‘where T is the time interval over which the average is to be

taken. Conventional techniques typically provide only a crude
approximation to the true time average, and furthermore, re-

. quire a fixed time interval before the average can be taken. In

Figure 10, the AD535 is used to divide the integrator output
by the ramp generator output. Since the ramp is proportional
to time, the integrator is divided by the time interval, thus
allowing continuous, true time processing of signals over inter-
vals varying by as much as 50:1.
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10%
ViN O=———{ INTEGRATOR z
Vour =
AD535 |mmQ 1 pT 0
N T Vi ot
RESET 04 i MAX SPEC FOR ADG36J
é \ WITH TWO EXT. TRIMS
, S AP 4% PO Svreas e o
RAMP 3 MAX SPEC FOR ql:ﬁx-
@ N WITH TWO EXT.
o GENERATOR 3 N 1T 'ron Ll »
' N
. % N TYPICAL FOR AD535J
| * N with2 ext. TRivs LT /]
Figure 10. Time Average Computation Circuit ] A
i TYPICAL WITH & TRIMS
BV Z 0% N 4 =1
- : e
T Vour =v10vZ * 2EXT. TRIMS
R
% (MUST BE
¢ PROVIDED)
.
=+
0.01 0.1 1 10
DENOMINATOR IN VOLTS
+ '
~0 INPUT . Figure 13. Errors with External Trims at 25°C
5 NOTE: Z MUST BE POSITIVE
ouTPUT
a IN CIRCUIT SHOWN, IF DIODE
v 1S REVERSED, THEN Z MUST NOISE, rms BANDWIDTH
BE NEGATIVE
. 100mv MHz
Figure 11. Square Rooter
0% T T 11 T T
I~ AD535 ERROR WITH NO EXTERNAL TRIMS
2>
N, - {\\6\
\\\\ ] 10my Sy #‘9 100kHz
A,
L7
' \ \ \\ /oé.s‘%o
z . \ MAX AD5354 . XOse.
% ) L
g RN = N, ™
v N MAX AD535K T mv % 10kHz
TYPICAL 1 T ) \’%y
ADSUK T TYPICAL ADS535J . %,
[ I Q
e
TYPICAL ADS35K _ \
N
1004V KHz
0.1%
o1 ! 10 0.1 Dsuomuifon "
-
DENOMINATOR IN VOLTS INVOLTS
Figure 12, AD535 Error with No External Trims Figure 14. -3dB Bandwidth and Noise vs. Denominator

\
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ANALOG
DEVICES

Integrated Circuit
True rms-to-dc Converter

AD336A

FEATURES

True rms-to-dc Conversion

Laser-Trimmed to High Accuracy
0.2% max Error (AD536AK)

0.5% max Error (AD536AJ)

Wide Response Capability:
Computes rms of ac and dc Signals
300kHz Bandwidth: V, s> 100mV
2MHz Bandwidth: Veme >1V
Signal Crest Factor of 7 for 1% Error

dB Output with 60dB Range

Low Power: TmA Quiescent Current

Single or Dual Supply Operation

Monolithic Integrated Circuit

-55°C to +125°C Operation (AD536AS)

Low Cost

PRODUCT DESCRIPTION

The AD536A is a complete monolithic integrated circuit which
performs true rms-to-dc conversion. It offers performance
which is comparable or superior to that of hybrid or modular
units costing much more. The AD536A directly computes the
true rms value of any complex input waveform containing ac
and dc components. It has a crest factor compensation scheme
. which allows measurements with 1% error at crest factors up
to 7. The wide bandwidth of the device extends the measure-
ment capability to 300kHz with 3dB error for signal levels
above 100mV.

An important feature of the AD536A not previously available
in rms converters is an auxiliary dB output. The logarithm of
the rms output signal is brought out to a separate pin to allow
the dB conversion, with a useful dynamic range of 60dB. Using
an externally supplied reference current, the 0dB level can be -
conveniently set by the user to correspond to any input level
from 0.1 to 2 volts rms.

The AD536A is laser trimmed at the wafer level for input and
output offset, positive and negative waveform symmetry (dc
reversal), and full scale accuracy. As a result, no external
trims are required to achieve the rated accuracy of the unit.

There is full protection for both inputs and outputs. The input
circuitry can take overload voltages well beyond the supply
levels. Loss of supply voltage with inputs connected will not
cause unit failure. The output is short-circuit protected.

The AD536A is available in two accuracy grades (J, K) for
commercial temperature range (0 to +70°C) applications, and
one grade (S) rated for the -55°C to +125°C extended range.
The AD536AK offers a maximum total error of £2mV $0.2%
of reading and the AD536A] and AD536AS have maxi-
mum errors of £5mV £0.5% of reading. All three versions are
available in either a hermetically sealed 14-pin DIP or 10-pin
TO-100 metal can. o

AD536A FUNCTIONAL BLOCK DIAGRAMS

] [
ne[z E"‘
CAVE L Em:
o ] common
lucoqu s |m
TO-116
TOP VIEW TOP VIEW
PRODUCT HIGHLIGHTS

1. The AD536A computes the true root-mean-square level of
a complex ac (or ac plus dc) input signal and gives an equiv-
alent dc output level. The true rms value of a waveform is a
more useful quantity than the average rectified value since
it relates directly to the power of the signal. The rms value
of a statistical signal also relates to its standard deviation.

2. The crest factor of a waveform is the ratio of the peak
signal swing to the rms value. The crest factor compensa-
tion scheme of the AD536A allows measurement of highly
complex signals with wide dynamic range.

3. The only external component required to perform meas-
urements to the fully specified accuracy is the capacitor
which sets the averaging period. The value of this capaci-
tor determines the low frequency ac accuracy, ripple
level and settling time.

4. The AD536A will operate equally well from split supplies or
a single supply with total supply levels from 5 to 36 volts.
The one milliampere quiescent supply current makes the
device well-suited for a wide variety of remote controllers
and battery powered instrurents.

. The AD536A directly replaces the AD536, and provides
improved bandwidth and temperature drift specifications.

w
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SPECIFICATIONS (@ +25°C, and =15V dc unless otherwise: noted)

Model AD536A) AD536AK ADS536AS
Min . Typ Max Min Typ Max Min Typ Max Units
TRANSFER FUNCTION Vour = Vavg. (Vpe? Vour = Vave. (Vp? Vour = Vavg. (Vo
CONVERSION ACCURACY
Total Error, Internal Trim! (Fig. 1) *50.5 +2x0.2 +5£0.5 mV = % of Reading
vs. Temperature, Trjn to +70°C =0.1=0.01 =0.05 =0.005 +0.1 £0.005 | mV =% ofReading
+70°Cto +125°C £0.3 £0.005 | mV =%of Reading
vs, Supply Voltage +0.1 0.01 +0.1 20.01 =0.1 %0.01 mV =% of Reading
vs. Reversal Error * =0.2 =0.1 =0.2 %of Reading
Total Error, External Trim' (Fig. 2) *3+03 *2=0.1 +3203 mV =% of Reading
ERROR vs CREST FACTOR? . .
Crest Factor 1102 Specified Accuracy Specified Accuracy Specified Accuracy
Crest Factor = 3 -0.1 -0.1 -0.1 % of Reading
Crest Factor = 7 -10 -1.0 -1.0 %of Reading
FREQUENCY RESPONSE®
Bandwidth for 1% additional error (0.09dB)
10mV<VN=100mV 6 6 6 kHz
100mV<VinsS1V 40 40 40 kHz
1V<VNsTV 100 100 100 kHz
= 3dB Bandwidth
10mV<Vn<100mV 50 50 50 kHz
100mV<Vins1IV 300 300 300 kHz
IV<VNsS7V? 2 2 ‘ 2 MHz
AVERAGING TIME CONSTANT (Fig. 5) 25 25 25 ms/uFCAV
INPUT CHARACTERISTICS
Signal Range, + 15V Supply =20 =20 =20 V Peak
Signal Range, * 5V Supply =5 +5 =5 VPeak
Safe Input, All Supply Voltages *25 =25 =25 v
* Input Resistance 13.33 16.7 20.87 1333 16.7 20.87 13.33 16.7 20.87 kQ
Input Offset Voltage *2 =1 =2 mV
OUTPUT CHARACTERISTICS
Offset Voltage =1 *2 =0.5 =1 =2 mV
vs, Temperature =0.1 =0.1 =0.2 mV/rC
vs. Supply Voltage =0.1 *0.1 =0.2 mV/vV
Voltage Swing, + 15V Supplies 11 11 +11 v
=5V Supply =2 *2 . *2 v
Output Current (+5mA, (+5mA, (+5mA,
~130pA) —130pA) —~130pA) v
Short Circuit Current 20 20 20 mA
Resistance 0.5 0.5 0.5 [
dBOUTPUT (Fig. 13)
Errot, Viy 7mV107V rms, 0dB =1V rms +0.4 *0.6 =0.2 *0.3 =0.5 dB
Scale Factor 3 3 -3 mV/dB
Scale Factor TC(Uncompensated, see
Fig. 13 for Temperature Compensation) -03 -0.3 -0.35 % of Reading
Irepfor0dB = 1Vrms 20 80 5 20 80 5 20 80 kA
IpgrRange 1 100 1 100 1 100 A
Iour TERMINAL
Ioyr Scale Factor 40 40 40 pA/V rms
oyt Scale Factor Tolerance +20 =20 =20 %
Output Resistance 10° 10° 108 0
Voltance Compliance —Vsto(+Vs —Vsto(+Vs —Vsto(+Vs
-2.5V) -2.5) -2.5V) v
BUFFER AMPLIFIER
Input and Output Voltage Range -Vs +Vs -2.5V -Vs +Vs -2.5V -Vs +Vs —-2.5V v
Input Offset Voltage, Rg = 25k x4 =4 : +4 mV
Input Current 60 300 60 300 60 300 nA
Input Resistance 10 10 10° n
Output Current (+5mA, (+5mA, (+5mA,
—1304A) —130pA) - 130pA) v
Short Circuit Current 20 20 20 mA
Small Signal Bandwidth ‘1 1 1 MHz
Slew Rate* 5 5 5 Vips
POWER SUPPLY
Voltage Rated Performance
Dual Supply %3.0 =18 =3.0 *18 *3.0 *18 v
Single Supply +5 +36 +5 +36 +$ +36 \4
Quiescent Current
Total Vs 5V 1036V, Trin 10 Trnes 1.2 2 12 2 12 2 mA
TEMPERATURERANGE .
Rated Performance 0 +70 0 +70 -55 +125 °C
Storage -55 +150 ~55 +150 55 +150 °C
PACKAGE OPTIONS®
Ceramic DIP (D14A) ADS36AJD ADS36AKD AD536ASD
Metal Can (TO-100) ADS36AJH ADS536AKH AD536ASH
NOTES
IAccuracy is specified forOlons,dcor U.qunzwuvempmmv.hd:eADS!ﬁAcnnnemdnm fi hown in boldface are tested on all production units at final electri-
2Error vs. crest forlv pulse width = 200ps. cal test. Results from those tests are used to calculate outgoing quality levels. All

3Input voltages are expressed in volts rms, and error is percent of reading.

:With 2k external pulldown resistor.
s o

19for

Specifications subject to change without notice.

min and max specifications are guaranteed, although only those shown in
boldface are tested on all production units.
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Applying the AD536A

STANDARD CONNECTION

The AD536A is simple to connect for the majority of high
accuracy rms measurements, requiring only an external capac-
itor to set the averaging time constant. The standard connec-
tion is shown in Figure 1. Inthis configuration, the AD536A
will measure the rms of the ac and dc level present at the
input, but will show an error for low frequency inputs as a
function of the filter capacitor, Cpvy, as shown in Figure 5.
Thus, if a 4uF capacitor is used, the additional average error
at 10Hz will be 0.1%, at 3Hz it will be 1%. The accuracy at
higher frequencies will be according to specification. If it is
desired to reject the dc inpurt, a capacitor is added in series with
with the input, as shown in Figure 3; the capacitor must be
non-polar. If the AD536A is driven with power supphes with

n nanecidarahla amaunt Af hivh frantsanmary v e adeiaakta
2 Tonsigeratis amount O Qiga IrSQUInTy NiIppsS, itisaqvisacie

to bypass both supplies to ground with 0.1uF ceramic discs as
near the device as possible.

The input and output signal ranges are a function of the sup-
ply voltages; these ranges are shown in Figure 14. The AD536A
can also be used in an unbuffered voltage output mode by dis-
connecting the input to the buffer. The output then appears
unbuffered across the 25k resistor. The buffer amplifier can
then be used for other purposes. Further the AD536A can be
used in a current output mode by disconnecting the 25k resis-
tor from ground. The output current is available at pin 8 (pin
10 on the “H”’ package) with a nominal scale of 40uA per volt
rms input, positive out.

Figure 1. Standard rms Connection

OPTIONAL EXTERNAL TRIMS FOR HIGH ACCURACY

If it is desired to improve the accuracy of the AD536A, the
external trims shown in Figure 2 can be added. R4 is used to
trim the offset. Note that the offset trim circuit adds 24952 in
series with the internal 25kS2 resistor. This will cause a 1%
increase in scale factor, which is trimmed out by using Ry

as shown.

The trimming procedure is as follows:

1. Ground the input signal, ViN, and adjust R4 to give zero
volts output from pin 6. Alternatively, R4 can be adjusted to
give the correct output with the lowest expected value of ViN.
2. Connect the desired full scale input level to VN, either

dc or a calibrated ac signal (1kHz is the optimum frequency);
then trim R; to give the correct output from pin 6, i.e.,
1.000V dc input should give 1.000V dc output. Of course, a
+1.000V peak-to-peak sinewave should give 2 0.707V dc output,
The remaining errors, as given in the specifications, are due to
the nonlinearity.

The major advantage of external trimming is to optimize
device performance for a reduced signal range; the AD536A
is internally trimmed for a 7V rms full scale range.

R4
sox OFFSET

CURRENT

smennn

; /
oiaicinicich

Vour

i

Figure 2. Optional External Gain and Output Offset Trims

SINGLE SUPPLY CONNECTION

The applications in Figures 1 and 2 require the use of approx-
imately symmetrical dual supplies. The AD536A can also be .
used with only a single positive supply down to +5 volts, as
shown in Figure 3. The major limitation of this connection is
that only ac signals can be measured since the differential in-
put stage must be biased off ground for proper operation.
This biasing is done at pin 10; thus it is critical that no
extraneous signals be coupled into this point. Biasing can be
accomplished by using a resistive divider between +Vg and
ground. The values of the resistors can be increased in the
interest of lowered power consumption, since only 5 micro-
amps of current flows into pin 10 (pin 2 on the “H” package).
AC input coupling requires only capacitor C; as shown;a dc
return is not necessary asit is provided internally. C, is selected
for the proper low frequency break point with the input resist-
ance of 16.7k; for a cut-off at 10Hz, C, should be 1uF. The
signal ranges in this connection are slightly more restricted
than in the dual supply connection. The input and output sig-
nal ranges are shown in Figure 14. The load resistor, Ry, is
necessary to provide output sink current. :

Cav
o
1
./
Ca [ ] el +Vg
o AT ][R

VALUE

°

£
n
I
t

CURRENT

MIRROR
25!(%

Vour

hrEE

Figure 3. Single Supply Connection
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v
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CHOOSING THE AVERAGING TIME CONSTANT
The AD536A will compute the rms of both ac and dc signals.
If the input is a slowly-varying dc, the output of the AD536A
will track the input exactly. At higher frequencies, the average
output of the AD536A will approach the rms value of the in-
put signal. The actual output of the AD536A will differ from
the ideal output by an average (or dc) error and some amount
of ripple, as demonstrated in Figure 4.

Eo

\ IDEAL
Eo

AVERAGE ERROR =
’ Eo — Eo (IDEAL)

IL D \J v—\— -T _\AVERAGE Eo=Eo

™~ DOUBLE—FREQUENCY
RIPPLE

TIME
Figure 4. Typical Output Waveform for Sinusoidal Input

The dc error is dependent on the input signal frequency and
the value of Cov. Figure 5 can be used to determine the mini-
mum value of Coy which will yield 1% or 0.1% dc error above
a given frequency. For example, if 2 60Hz waveform is to be
measured with a dc error of less than 0.1%, Coy must be greater
than 0.65uF. If a 1% error can be tolerated, the minimum
value of Cpy is 0.22uF.

The ac component of the output signal is the ripple. There are
two ways to reduce the ripple. The first method involves using
a large value of Cav. Since the ripple is inversely proportional
to Cav, a tenfold increase in this capacitance will effect a ten-
fold reduction in ripple. When measuring waveforms with high
crest factors, (such as low duty cycle pulse trains), the aver-
aging time constant should be at least ten times the signal peri-
od. For example, a 100Hz pulse rate requires a 100ms time
constant, which corresponds to a 4uF capacitor (time con-
stant = 25ms per uF).

The primary disadvantage in using a large Cov to remove rip-
ple is that the settling time for a step change in input level is
increased proportionately. Figure 5 shows that the relationship
between Cpy and settling time is 100 milliseconds for each
microfarad of Cpy. The settling time is twice as great for de-
creasing signals as for increasing signals (the values in Figure 5
are for decreasing signals). Settling time also increases for low
signal levels, as shown in Figure 6. )

1004F - 10
10uF P 1
EXTERNAL N\ N OUTPUT
AVERAGING ) %T":ré.w’i Svge
= Cav N 99% OF STEP —
‘~ Seconds
WF \\ 0.1
‘0.654F -
. 1%
1%
0.22uF ES
h N
0.14F 0.01
Hz 10 60 100 &

FREQUENCY — Hz
Figure 5. Lower Frequency for Stated % of Reading Error
and Settling Time for Circuit Shown in Figure 1
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Figure 6. Settling Time vs Input Level
A better method for reducing output ripple is the use of a
‘“post-filter’. Figure 7 shows a suggested circuit. If a single-
pole filter is used (C3 removed, Rx shorted), and C, is approx-
imately twice the value of Cpy, the ripple is reduced as shown
in Figure 8, and settling time is increased. For example, with
Cav = 1uF and C; =2.2uF, the ripple for a 60Hz input is re-
duced from 10% of reading to approximately 0.3% of reading.
The settling time, however, is increased by approximately a
factor of 3. The values of Coy and C; can therefore be reduced
to permit faster settling times while still provndmg substantial
ripple reduction.

The two-pole post-filter uses an active filter stage to provide
even greater ripple reduction without substantially increasing
the settling times over a circuit with a one-pole filter. The
values of Cay, C;, and Cj3 can then be reduced to allow ex-
tremely fast settling times for a constant amount of ripple.
Caution should be exercised in choosing the value of Cpy,
since the dc error is dependent upon this value and is inde-
pendent of the post filter.
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Figure 7. 2 Pole “Post” Filter

Ao

©
N

<y

10% A
semmuon” |\ N
E— - PK PK RIPPLE '
% of Reading \\ X Cav = 14F (FIG. 1)
\ r-r
\ g:rns'(gn‘z: PoLE)
™ e Xy Cav = WF. C2 .2u
A\ Lln. - 0
\ DC znnon
\ X ’\\(Au. FILTERS) \\
\ N
0.1% P
“10Hz P PK_ 100Hz * 1ok

RIPPLE,
Cav = WF
Cz = C3 = 2.24F (TWO POLE}

Figure 8. Performance Features of Various Filter Types



rms Measurements

AD536A PRINCIPLE OF OPERATION

The AD536A embodies an implicit solution of the rms equa-
tion that overcomes the dynamic range as well as other limi-
tations inherent in a straight-forward computation of rms.
The actual computation performed by the AD536A follows

the equation:
]
Vims

Vims = Avg. [
Figure 9 is a simplified schematic of the AD536A; it is sub-
divided into four major sections: absolute value circuit (ac-
tive rectifier), squarer/divider, current mirror, and buffer am-
nlifier. The innut voltare V. which can he ac or de, is con-
plifier. The input veltage, V), which can be ac or de, fs con
verted to a unipolar current Iy, by the active rectifier Ay, A;.
I drives one input of the squarer/divider, which has the

transfer function:
Iy = 112/ I3

The output current, 14, of the squarer/divider drives the cur-
rent mirror through a low pass filter formed by R; and the
externally connected capacitor, Cpy. If the Ry, Cay time
constant is much greater than the longest period of the input
signal, then 14 is effectively averaged. The current mirror re-
turns a current I3, which equals Avg. [I4], back to the squarer/
divider to complete the implicit rms computation. Thus:

14 = AVg. [112/[4] = I, rms

The current mirror also produces the output current, Iy,
which equals 214. IoyT can be used directly or converted to

a voltage with R, and buffered by A4 to provide a low im-
pedance voltage output. The transfer function of the AD536A
thus results:

Vour = 2R2 Lmg = VIN ms
The dB output is derived from the emitter of Q3, since the
voltage at this point is proportional to -log V. Emitter fol-
lower, Qs, buffers and level shifts this voltage, so that the

dB output voltage is zero when the externally supplied
emitter current (IRgr) to Qs approximates I.

CURRENT — MIRROR
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3 v [+]
C " e [
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Figure 9. Simplified Schematic
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CONNECTIONS FOR dB OPERATION

A powerful feature added to the AD536A, which is not avail-
able in any other computing rms circuit, is the logarithmic

or decibel output. The internal circuit which computes dB

is very accurate and works well over a 60dB range. The
connection for dB measurements is shown in Figure 10, The
user selects the 0dB level by setting R, -for the proper 0dB ‘
reference current (which is set to exactly cancel the log out-
put current from the squarer-divider at the desired 0dB
point). The external op amp is used to provide a more con-
venient scale and to allow compensation of the 0.3%/°C
temperature drift of the dB circuit. The special T.C. resistor,
Rj, is available from Tel Labs, Londonderry, NH, type number
Q-81. The linear rms output is available at pin 8 with an out-
put impedance of 25k{2; thus some applications may require
an additional buffer amplifier if this output is desired.

dB Calibration:

1. Set Vpy = 1.00V dc
2. Adjust R; for dB out = 0.00V
3. Set Vpy = +0.1V dc

4. Adjust R, for dB out = -2.00V

Any other desired 0dB reference level can be used by set-
ting Vpy and adjusting R; accordingly. Note that adjusting
R, for the proper gain automatically gives the correct tem-
perature compensation.

. " .
Vin v ABSOLUTE
a
* -
Vs © c,“_E GROUND
2 R4
F”—o—E 10 360
1000pF 500
coot» - 2eR0 0B w
L 9
8 0UT [A } 0
~3mV/dB R ‘COMPENSATED
g2 A

8
j?NEAR ms
ou

TPUT R2 D

50002

GAIN *Special TC Comp Resistor
+3500ppm, Tk, 1%

Figure 10. dB Connection

FREQUENCY RESPONSE )
The AD536A utilizes a logarithmic circuit in performing the
implicit rms computation. As with any log circuit, bandwidth
is proportional to signal level. The solid lines in the graph be-
low represent the frequency response of the AD536A at input
levels from 10 millivolts to 1 volt rms. The dashed lines indi-
cate the upper frequency limits for 1%, 10%, and 3dB of
reading additional error. For example, note that a 1 volt rms
signal will produce less than 1% of reading additional error up

" to 100kHz. A 10 millivolt signal can be measured with 1% of
reading additional error (100uV) up to only 6kHz.

10
7 N
7V rms INPUT ’ 1™
2ol 1 il IV Bl
s 1V rms INPUT J / > Q
] 11 pd ALY
01 > —
> 100mV rms INPUT A
oo b—L 1 L&~ Pyl
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* 10k 100k ™ 10M

FREQUENCY — Hz

Figure 11. High Frequency Response
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ACMEASUREMENT ACCURACY AND CREST FACTOR
Crest factor is often overlooked in determining the accuracy

of an ac measurement. Crest factor is defined as the ratio of the
the peak signal amplitude to the rms value of the signal (C.F. =
Vp/Vrms). Most common waveforms, such as sine and triangle
waves, have relatively low crest factors (<2). Waveforms which
resemble low duty cycle pulse trains, such as those occurring

in switching power supplies and SCR circuits, have high crest
factors. For example, a rectangular pulse train with a 1% duty
cycle has a crest factor of 10 (C.F.= 1//p).

Figure 12 is a curve of reading error for the AD536A fora 1
volt rms input signal with crest factors from 1 to 10. A rec-
tangular pulse train (pulse width 100us) was used for this test
since it is the worst-case waveform for rms measurement (all
the energy is contained in the peaks). The duty cycle and peak
amplitude were varied to produce crest factors from 1 to 10
while maintaining a constant 1 volt rms input amplitude.

_L}—— T— 2= DUTY cycLE - 1904
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+%
o
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Figure 12. Error vs. Crest Factor
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Figure 13. AD536A Error vs. Pulse Width Rectangular Pulse
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ANALOG
DEVICES

Wideband Dual-Channel
Linear Multiplier /Divider

AD339

FEATURES

Two Quadrant Multiplication/Division
Two Independent Signal Channels
Signal Bandwidth of 60MHz (loyy)
Linear Control-Bandwidth of 5SMHz
Fully-Calibrated, Monolithic Circuit

APPLICATIONS

Pracica AGC and VCA Syctams
Voltage-Controlled Filters
Video-Signal Processing
High-Speed Analog Division
‘Automatic Signal-Leveling
Square-Law Gain/Loss Control

PRODUCT DESCRIPTION

The AD539 is a low-distortion analog multiplier having two
identical signal channels (Y1 and Y2), with a common X-input
providing linear control of gain. Excellent ac characteristics up
to video frequencies and a 3dB bandwidth of over 60MHz are
provided. Although intended primarily for applications where
speed is important the circuit exhibits good static accuracy in
“computational” applications. Scaling is accurately determined
by a band-gap voltage reference and all critical parameters are
laser-trimmed during manufacture.

The full bandwidth can be realized over most of the gain range
using the AD539 with simple resistive loads of up to 100(2.
Output voltage is restricted to a few hundred millivolts under
these conditions. Using external op amps in conjunction with
the on-chip scaling resistors, accurate multiplication and large
output voltages can be achieved, but with a reduction in bandwidth
typically to 2SMHz.

The two channels provide flexibility. In single-channel applications
they may be used in parallel, to double the output current, or in
series, to achieve a square-law gain function with a control

range of over 100dB, or differentially, to reduce distortion.
Alternatively, they may be used independently, as in audio
stereo applications, with low crosstalk between channels. Voltage-
controlled filters and oscillators using the “state-variable” approach
are easily designed, taking advantage of the dual channels and
common conirol. The AD539 can also be configured as a divider
with signal bandwidths up to 15MHz. '

Power consumption is only 135mW using the recommended
+5V supplies. The ADS539 is available in three versions: the
“J* and “K”’ grades are specified for 0 to +70°C operation and
“§” grade is guaranteed over the extended range of —55°C to
+125°C. All versions are packaged in 16-pin DIPs.

AD539 PIN CONFIGURATION

~
contoLva 3] ¢ 18] W1 eepmack
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CH1 INPUT (V) E 14] e outeuT
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[13] 7 gase
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E 12] FEEDBACK

3 w2 RESISTORS

DUAL SIGNAL CHANNELS

The signal voltages inputs, Vy; and Vy., have nominal full-scale
(FS) values of =2V with a peak range to *+4.2V (using a negative
supply of 7.5V or greater). For video applications where differential
phase is critical a reduced input range of =+ 1 volt is recommended,
resulting in a phase variation of typically =0.2° at 3.579MHz
for full gain. The input impedance is typically 400k} shunted
by 3pF. Signal channel distortion is typically well under 0.1% at
10kHz and can be reduced to 0.01% by using the channels
differentially.

COMMON CONTROL CHANNEL

The control channel accepts positive inputs, Vx, from 0 to +3V
FS, +3.2V peak. The input resistance is 500€). An external,
grounded capacitor determines the small-signal bandwidth and
recovery time of the control amplifier; the minimum value of
3nF allows a bandwidth at mid-gain of about SMHz. Larger
compensation capacitors slow the control channel but improve
the high-frequency performance of the signal channels.

FLEXIBLE SCALING

Using either one or two external op amps in conjunction with
the on-chip 6k scaling resistors; the output currents (nominally
+1ImA FS, =2.25mA peak) can be converted to voltages with
accurate transfer functions of Vg = —VxVy/2, Vw = —VxVy
or Vyy = —2VxVy (where inputs Vx and Vy and output Vy
are expressed in volts), with corresponding full-scale outputs of
+3V, =6V and *12V. Alternatively, low-impedance grounded
loads can be used to achieve the full signal bandwidth of 60MHz,
in which mode the scaling is less accurate.
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SPEc I FICATI ONS (@Ty=25°C, Vs = = 5V, unless otherwise specified)

Parameter - Conditions : AD539) ADS39K AD539S Units
'] Min Typ Max Min Typ Max Min Typ Max
SIGNAL-CHANNEL DYNAMICS Reference Figure 6a
Minimal Configuration
Bandwidth, - 3dB Ry =509, Cc = 0.01uF 30 60 30 60 * 30 60 MHz
Maximum Output +0.1V<Vx<+3V,Vyac=1V rms -10 -10 210 dBm
Feedthrough, f<1MHz Vx=0,Vyac=1.5Vrms =75 =75 =75 dBm
f=20MHz -55 -55 —55 dBm
Differential Phase Linearity
~1V<Vyde<+1V £=3.58MHz, Vx = +3V, 0.2 +0.2 =0.2 Degrees
—2V<Vyde< +2V Vysc=100mV 0.5 =05 =0.5 Degrees
Group Delay Reference Figure 2
Bandwidth, - 3dB (AD509) +0.1V<Vx< +3V, Vyac = 1Vrms 6 6 6 MHz
Maximum Output Vx=+3V,Vyac=1.5Vrms 4.5 4.5 4.5 v
Feedthrough, f<100kHz Vx=0,Vyac=1.5Vrms 1 1 1 mV rms
Crosstalk (CH1toCH2) Vy1=1Vrms, Vy; =0 .
Vx = +3V,{<100kHz -40 ~40 -40 dB
Noise, 10Hzto IMHz Vx=+1.5V,Vy=0,Figure2 200 . 200 200 aV/VHz
THD + Noise, Vx = +1V, f=10kHz, Vyac=1V rms 0.02 . 0.02 0.02 %
Vy=+3V £=10kHz, Vyac =1V rms 0.04 0.04 0.04 %
‘Wide Band Two-Channel Multiplier Figure2
Bandwidth, — 3dB (LH0032) +0.1V<Vx<+3V,Vyac=1Vrms 25 25 25 MHz
Maximum Output Feedthrough, Vx = +3V Vyac=1.5V rms, f=3MHz 2.25 2.25 2.25 Vims
Vx=+0 Vyac=1.0Vrms, f=3MHz 14 14 14 mVrms
CONTROL CHANNEL DYNAMICS
Bandwidth, - 3dB Cc=3000pF, Vxdc = +1.5V, .
Vxac = 100mV rms 5 5 3 MHz
SIGNAL INPUTS, Vy, & Vy,
Nominal Full-Scale Input *2 =2 *2 v
Operational Range, Degraded Performance —Vs>7V *4.2 *42 =42 v
Input Resistance 400 . 400 400 kN
Bias Current 10 30 10 20 10 30 pA
Offset Voltage Vx=+3V,Vy=0 - H 20 5 10 [ 20 mv
(Tenin 10 Trnax) . 10 s 15 35 mV
Power Supply Sensitivity Vx =+3V,Vy=0 2 2 2 mV/V
CONTROL INPUT, Vx
Nominal Full-Scale Input +3.0 +3.0 +3.0 v
Operational Range, Degraded Performance +3.2 +3.2 +3.2 v
Input Resistance! 500 500 500 1]
Offset Voltage 1 4 1 2 1 4 mV
(Tomin 10 Tina) 3 2 2 5 mV
Power Supply Sensitivity 30 30 30 nv/iv
Decibel Gain (Figure2) 20 20 20 logio(Vx)
Absolute Gain Error Vx=+0.1Vto + 3.0V 0.2 04 0.1 0.2 0.2 .04 dB
(Tomin 10 Trnax) 0.3 0.15 0.25 0.5 dB
CURRENTOUTPUT!
Full-Scale Output Current Vx=+3V,Vy= =2V =1 =1 =1 mA
Peak Output Current Vx=+3.3V,Vy=25V *2 +28 *2 *>2.8 *2 =28 mA
Output Offset Current Vx=0,Vy=0 0.2 2 0.2 2 0.2 2 wA
Output Resistance! 1.2 1.2 1.2 kQ
Scaling Resistors
CH1 Z1,W1toCHI 6 4 [ kQ
CH2 Z2,W210CH2 6 6 3 k0
VOLTAGEOQUTPUTS, Vy, & Vi;? (Figure 2)
Multiplier Transfer Function,
Either Chansel Vo= - Vx-Vy/Vq V= -Vx-Vy/Vq Va=-VxVyVg
Multiplier Scaling Voltage, Vo 1.0 1.0 1.0 v
Accuracy 0.5 2 0.5 1 0.5 2 %
(Temin 10 Trnayx) 1 0.5 1.0 3 %
Power Supply Sensitivity 0.03% 0.03 0.03 %IV
Total Multiplication Error® Vx<=+3V, ~2V<Vy<2V 0.6 25 . 0.6 LS 2.5 4 %FSR
Tomin 10 Tenax N 2 : ) 1 1 %
Control Feedthrough Vx=0to +3V,Vy=0 15 60 15 30 15 60 mv
Teria 10 Trnax 30 15 60 120 mV
TEMPERATURE RANGE
Rated Performance 0 +70 0 +70 —55 +125 °
POWER SUPPLIES i
Operational Range *4.5 =16.5 *4.5 +16.5 *4.5 =16.5 v
Current Consumption '
+Vs 8.5 10.2 8.5 10.2 8.5 10.2 mA
-Vs 18.5 22.2 18.5 222 18.5 2.2 mA
PACKAGE OPTION*
Ceramic DIP: (D16A) ADS39]D ADS539KD ADS39SD
NOTES
'Resistance value and absolute current outputs subject to 20% tolerance. Specifications shown in boldface are tested on all production units at final
2Spec assumes the external op amp is trimmed for negligible input offset. . electrical test. Results from those tests are used to calculate outgoing quality

3Includes all errors.
*See Section 19 for package outline information

Specifications subject to change without notice.

levels. All min and max specifications are guaranteed, although only those
. shown in boldface are tested on all production units.
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AD539 FUNCTIONAL BLOCK DIAGRAM
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CIRCUIT DESCRIPTION

Figure 1 is a simplified schematic of the AD539. Q1-Q6 are
large-geometry transistors designed for low distortion and low ~
noise. Emitter-area scaling further reduces distortion: QI is 3
times larger than Q2; Q4, QS are cach 3 times larger than Q3,
Q6, and these transistors are twice as large as Q1, Q2. A stable
reference current Igxgr = 1.375mA is produced by a band-gap
reference circuit and applied to the common emitter node of a
controlled-cascode formed by Q1 and Q2. When Vx = 0, all of
Irer flows in Q1, due to the action of the high-gain control
amplifier which lowers the voltage on the base of Q2. As Vy is
raised the fraction of Irgr flowing in Q2 is forced to balance the
* control current, Vx/2.5k. At the full-scale value of Vx (+3V)
this fraction is 0.873. Since the bases of Q1, Q4 and QS5 are at
ground potential and the bases of Q2, Q3 and Q6 are commoned,
all three controlled-cascodes divide the current applied to their
emitter nodes in the same proportion. The control loop is stabilized
by the external capacitor, Cc.

CONTROL(

INPUT
0104V Fs .
25 soummon o 125
& &
q o cnz
vim o [ipfi]w w[sw—nez,,,
s o o
'f-'mﬂs‘m'@" n.—w’ +1-ImAES
Tloureur
[y
O ) os o

ey = "
)
o, E}_ cH1 cHz
. BAND-GAP INPUT INPUT
REFERENCE =IVFS 2IVFS
vy B_ | GENERATOR ‘ "
1
7

Figure 1. Simplified Schematic of AD539 Multiplier

The signal voltages Vy; and Vy, (generically referred to as Vy)
are first converted to currents by voltage-to-current converters
with a g, of 575mhos; thus, the full-scale input of +2V becomes
a current of =1.15mA, which is superimposed on a bias of
2.75mA, and applied to the common emitter node of controlled
cascode Q3-Q4 or Q5-Q6. As just explained, the proportion of
this current steered to the outpu