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INTRODUCTION

Quality, Efficiency and Style

The title above describes characteristics we seek in our application publications.
This third* edition of the Linear Applications Handbook includes our latest attempts
at instilling these traits into LTC literature. The 1990 edition’s introduction de-
scribed the justification and approach for LTC’s application effort in significant
detail. It is recommended as a guide to using all LTC application notes, regardless
of publication date. As such, it is included in this edition. The trio of descriptives
forming this section’s title heavily abbreviates what has been said, while adding
additional perspective.

Quality, in particular good quality, is obviously desirable in any publication. A high
quality application note requires attentive circuit design, thorough laboratory
technique, and completeness in its description. Text and figures should be
thoughtfully organized and presented, visually pleasing, and easy to read. The
artwork and printing should maintain this care in the form of clean text appearance
and easily readable graphics.

Application notes should also be efficient. An efficiently written note permits the
reader to access desired information quickly, and in readily understandable form.
There should be enough depth to satisfy intellectual rigor, but the reader should not
need an academic bathyscaphe to getto the bottom of things. Aboveall, the purpose
is to communicate useful information clearly and quickly.

Finally, style should always show. Too much technical literature is dull reading. We
enjoy our work, and we want to share our enthusiasm. Quite simply, we want our
publications to be fun to read. An LTC author’s ultimate fantasy features the reader
at home in the living room; relaxed, smiling, and reading (while writing down LTC
part numbers to buy). Style provides psychological lubrication, helping the mind
to run smoothly. Clearly, style must only assist the serious purposes of publication
and should not be abused; we do our best to maintain the appropriate balance.

As noted in previous editions a number of people besides authors make this work
possible. As always, the final acknowledgement must go to our customers, who
define our work, products, and company. We hope they are pleased with our latest
efforts.

James M. Williams
April, 1993
Milpitas, California

* Previous editions appeared in 1987 and 1990. This edition includes only material generated since the 1990
edition. As such, don’t throw that 1990 book away!
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1990 INTRODUCTION

Why Write Applications?

This is seemingly an odd and unlikely way to begin an applications publication, but
itis a valid question. As such, the components of the decision to produce this book
are worth reviewing.

Producing linear application material requires an intensive, extended effort. De-
velopment costs for worthwhile material are extraordinarily high, absorbing sub-
stantial amounts of engineering time and money. Further, these same resources
could be directed towards product development, the contribution of which is much
more easily measured at the corporate coffers. These are serious issues in any
environment, but are particularly critical in a rapidly growing company, where
resources must be thoughtfully allocated.

Linear Technology Corporation’s commitment to a concerted applications effort
was made despite these concerns. Specifically, the nature of linear circuit design is
so diverse, the devices so sophisticated, and user requirements so demanding that
designers require (or atleast welcome) assistance. Ultimately, the procurementand
use of linear ICs is tied to the user’s ability to solve the problems confronting them.
Anything which enhances this ability, in both specific and general cases, obviously
benefits user and vendor.

This is a very simple but powerful argument, and is the basis of LTC’s commitment
to applications. Additional benefits include occasional new product concepts and
a way to test products under “real world” conditions, but the basic justification is
as described.

Traditionally, application work has involved reviewing considerations for success-
ful use of a specific product. Additionally, basic circuit suggestions or concepts are
sometimes offered. Although this approach is useful and necessary, some expan-
sion is possible. LTC’s applications are centered on detailed, systems-oriented
circuits, (hopefully) similar to the types of designs users are working with. There
is a broad tutorial content, refiected in the form of frequent text digressions and
liberal use of graphics. Discussions of tradeoffs, options and techniques are
emphasized, as opposed to brief descriptions of circuit operation. Many of the
application notes contain appended sections which examine related or pertinent
topics in detail. Ideally, this treatment provides enough background to allow readers
to modify the circuits presented into solutions to their specific problems.

Some comment about the circuit examples is appropriate. They range from
relatively simple to quite complex and sophisticated. Emphasis is on high perfor-
mance, in keeping with the capabilities of LTC’s products and the market we serve.
The circuit’s primary function is to serve as a catalyst—once the reader has started
thinking, the material has accomplished its mission.
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Substantial effort has been expended in working out and documenting these
circuits, but they are not finessed to the highest possible degree. All of the circuits
have been breadboarded and bench-tested at the prototype level. Specifications
and performance levels quoted in the text represent measured and extrapolated
data derived from the breadboard prototype. The volume of material generated
prohibits formal worst-case review or tolerances analysis for production. Addition-
ally, despite our best efforts, errors of various sorts do occasionally creep in along
the way to publication. Because of these considerations, readers should contact
LTC when preparing to use a circuit in a production situation. This allows us to
advise on specific areas of the circuit which may require a “second look” before
going to production. Updates, suggested modifications and just plain mistakes can
also be discussed at this time.

We have received numerous comments and questions since this book’s first
(1987) edition. The most frequent query concerns topic selection. The topics
presented are survivors of a selection process involving a number of disparate
considerations. These include reader needs, suitability for magazine publication,
LTC’s short and long term commercial aspirations, time constraints and author
interest in doing the work. Additionally, we seek a 10 year useful lifetime for
application notes. This generally precludes narrowly focused effort towards
individual ICs. Topics are broad, with a tutorial and design emphasis that (ideally)
reflects the reader’s long term interests. While the circuits presented unabashedly
favor our products, they must be conceptually applicable to succeeding genera-
tions of devices (hopefully ours). Similarly, the circuits should represent a
relatively complete and interdisciplinary approach to solving the problem at hand.
Solving a problem is usually the reader’s/customer’s overwhelming motivation.
The selection and integration of tools and methods towards this end is the priority.
For this reason the examples and accompanying text are as complete and practical
as possible. This may necessitate effort in areas where we have no direct economic
stake, e.g., the software presented in AN28 or the magnetics developed for AN25,
AN29,and AN35. Insome circumstances this policy necessitates use of competitor’s
products (horrors!) where appropriate. Such gallant objectivity is not without
calculation; the goal is to have readers associate LTC with realistic advice, useful
products and satisfactory results, regardless of the problem encountered. The long
term task is establishing and maintaining credibility and customer loyalty. If
unabused, these are powerful sales tools. Maintaining this stance involves a
significantamount of negotiation and compromise with issues and individuals, but
the results are usually favorable for everyone.

A second common question addresses the time required to produce an individual
application note. The work invested varies considerably. AN29 required a year to
complete. It involved endless laboratory hours, close coordination with our
magnetics supplier and over 300 changes, corrections, band-aids and tweaks
before the manuscript was finally released. Conversely, AN31 and AN32 were
finished (perhaps therapeutically) within three weeks. Inall cases the actual writing
time is a miniscule percentage of the total work time. AN29’s year of effort was
written up in a week. AN31 and AN32 required less than five hours.
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Another common question involves our photographic documentation. We have
received hundreds of inquiries requesting details on instrumentation, particularly
for multi-trace oscilloscope photography. Almost all photographic work is done
with four (Tektronix 547 with a four trace 1A4 plug-in) or eight (Tektronix 556 with
two 1A4 plug-ins) trace oscilloscopes. Photographs with more than eight traces
utilize multiple exposure or splicing techniques. Tektronix C-12 and C-27 cameras
are used on both instruments, with modified graticule illumination on the 556.
AN29’s Appendix F provides additional discussion.

A final recurring question concerns use of this book as text in university level
courses. We certainly welcome this, and find it rewarding. However, we cannot
develop, or collaborate in the development of, supplementary material for problem
sets and laboratory manuals. This simply strays too far from our charter.

Some significant additions since the 1987 edition are the “Design Notes” and the
open format used in AN26, AN27 and AN36. “Design Notes” provide a way to cover
a specific topic in concise form and get the material to the reader quickly. Most of
these notes are stand-alone efforts. In some cases they are excerpted from
application note work in progress and fed directly to print. When the application
note becomes available, the material appears in unabbreviated form. Another
change is the format used for AN26, AN27 and AN36. The segmented approach
allows convenient updating and additions at some sacrifice in text flow. Subjects
amenable to this treatment avoid the disruptive surgery required to revise a
conventional manuscript.

Inresponse to reader requests we have included macromodels of components. The
present listincludes 28 ICs, all amplifiers. This inventory will grow and diversity into
other part types. Significant effort has gone towards making these models realistic
and usable. They are intended as powerful adjunct tools in the design process, and
should not be abused. More specifically, they are meant to augment actual
breadboards, not eliminate them. Bypassing breadboarding is an extraordinarily
hazardous process with a high fatality rate, even among veteran designers.
Although these macromodels cannot eliminate the cold realities involved in making
something work, they ease the task and save time. As such, we encourage readers
to use them and invite your comments.

Also new is the inclusion of application notes from other sources. These notes,
found in the “Reference Reading” section, have proven particularly useful to
readers. Theinformation they containis pertinentto problemareas that concern our
readers. As such, they meritinclusion. If this approach is well received this section
will be enlarged in succeeding editions. The cooperation of the contributors is
appreciated.

Finally, the appearance of new authors is applauded, particularly by the under-
signed. There is plenty of work to do and many pens (and probes) ease the task
while broadening perspective.
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1990 ABSTRACTS

1990 €DITION APPLICATION NOTE ABSTRACTS

AN1

AN2

AN3

AN4

AN5

AN6

AN7

ANS

Understanding and Applying the LT1005 Multifunction
Regulator

This application note describes the unique operating character-
istics of the LT1005 and describes a number of useful applica-
tions which take advantage of the regulator’s ability to control the
output with a logic control signal.

Performance Enhancement Techniques for 3-Terminal
Regulators

This application note describes a number of enhancement
circuit techniques used with existing 3-terminal regulators
which extend current capability, limit power dissipation, provide
high voltage output, operate from 110VAG or 220VAC without
the need to switch transformer windings, and many other useful
application ideas.

Applications for a Switched-Capacitor Instrumentation
Building Block

This application note describes a wide range of useful applica-
tions for the LTG1043 dual precision instrumentation switched-
capacitor building block. Some of the applications described are
ultrahigh performance instrumentation amplifier, lock-inampli-
fier, wide range digitally controlled variable gain amplifier,
relative humidity sensor signal conditioner, LVDT signal condi-
tioner, charge pump F/V and V/F converters, 12-bit A/D con-
verter and more.

Application for a New Power Buffer

The LT1010 150mA power buffer is described in a number of
useful applications such as boosted op amp, a feed-forward,
wide-band DC stabilized buffer, a video line driver amplifier, a fast
sample-hold with hold step compensation, an overload protected
motor speed controller, and a piezoelectric fan servo.

Thermal Techniques in Measurement and Control Circuitry
6 applications utilizing thermally based circuits are detailed.
Included are a 50MHz RMS to DC converter, and anemometer, a
liquid flowmeter and others. A general discussion of thermody-
namic considerations involved in circuitry is also presented.

Applications of New Precision Op Amps

Application considerations and circuits for the LT1001 and
LT1002 single and dual precision amplifiers are illustrated in a
number of circuits, including strain gauge signal conditioners,
lineanized platinum RTD circuits, an ultra precision dead zone
circuit for motor servos and other examples.

Some Techniques for Direct Digitization of Transducer Outputs
Analog-to-digital conversion circuits which directly digitize low
level transducer outputs, without DC preamplification, are pre-
sented. Covered are circuits which operate with thermocouples,
strain gauges, humidity sensors, level transducers and other
Sensors.

Power Conditioning Techniques for Batteries

Avariety of approaches for power conditioning batteries is given.
Switching and linear regulators and converters are shown, with
attention to efficiency and low power operation. 14 circuits are
presented with performance data.

AN9

AN10

AN11

AN12

AN13

AN14

AN15

AN16

Application Considerations and Circuits for a New
Chopper-Stabilized Op Amp

A discussion of circuit, layout and construction considerations
forlow level DC circuits includes error analysis of solder, wire and
connector junctions. Applications include sub-microvolt instru-
mentation and isolation amplifiers, stabilized buffers and com-
parators and precision data converters.

Methods for Measuring Op Amp Settling Time
The AN10 begins with a survey of methods for measuring opamp
settling time. This commentary develops into circuits for measur-
ing settling time to 0.0005%. Construction details and results are
presented. Appended sections cover oscilloscope overload limi-
tations and amplifier frequency compensation..

Designing Linear Circuits for 5V Operation

This note covers the considerations for designing precision linear
circuits which must operate from asingle 5V supply. Applications
include various transducer signal conditioners, instrumentation
amplifiers, controllers and isolated data converters.

Circuit Techniques for Clock Sources
Circuits for clock sources are presented. Special attentionis given
to crystal-based designs including TXCOs and VXCOs.

High Speed Comparator Techniques

The AN13 is an extensive discussion of the causes and cures of
problems in very high speed comparator circuits. A separate
applications section presents circuits, including a0.025% accu-
rate 1Hz to 30MHz V/F converter, a 200ns 0.01% sample-hold
and a 10MHz fiber-optic receiver. Five appendices covering
related topics complete this note.

Designs for High Frequency Voltage-to-Frequency Converters
Avariety of high performance V/F circuits is presented. Included
are a 1Hz to 100MHz design, a quartz-stabilized type and a
0.0007% linear unit. Other circuits feature 1.5V operation, sine
wave output an nonlinear transfer functions. A separate section
examines the trade-offs and advantages of various approaches to
V/F conversion.

Circuitry for Single Cell Operation

1.5V powered circuits for complex linear functions are detailed.
Designs include a V/F converter, a 10-bit A/D, sample-hold
amplifiers, a switching regulator and other circuits. Also included
isasection of component considerations for 1.5V powered linear
circuits.

Unique IC Buffer Enhances Op Amp Designs, Tames Fast
Amplifiers

This note describes some of the unique IC design techniques
incorporated into a fast, monolithic power buffer, the LT1010.
Also, some application ideas are described such as capacitive
load driving, boosting fast op amp output current and power
supply circuits.

12

LY R



1990 ABSTRACTS

AN17

AN18

AN19

AN20

AN21

AN22

AN23

AN24

Consideration for Successive Approximation A/D Converters
Atutorial on SAR type A/D converters, this note contains detailed
information on several 12-bit circuits. Comparator, clocking, and
preamplifier designs are discussed. A final circuit gives a 12-bit
conversion in 1.8us. Appended sections explain the basic SAR
technique and explore D/A considerations.

Power Gain Stages for Monolithic Amplifiers

This note presents output state circuits which provide power gain
for monolithic amplifiers. The circuits feature voltage gain, cur-
rent gain, or both. Eleven designs are shown, and performance
is summarized. A generalized method for frequency compensa-
tion appears in a separate section.

LT1070 Design Manual

This design manual is an extensive discussion of all standard
switching configurations for the LT1070; including buck, boost,
flyback, forward, inverting and “Cuk.” The manual includes
comprehensive information on the LT1070, the external compo-
nents used with it, and complete formulas for calculating compo-
nent values.

Applications for a DC Accurate Lowpass Switched-Capacitor
Filter

Discusses the principles of operation of the LTC1062 and helpful
hints for its application. Various application circuits are ex-
plained in detail with focus on how to cascade two LTC1062s
and how to obtain notches. Noise and distortion performance
are fully illustrated.

Composite Amplifiers

Applications often require an amplifier that has extremely high
performance in several areas. For example, high speed and DC
precision are often needed. If a single device cannot simulta-
neously achieve the desired characteristics, a composite ampli-
fier made up of two (or more) devices can be configured to do the
job. AN21 shows examples of composite approaches in designs
combining speed, precision, low noise and high power.

A Monolithic IC for 100MHz RMS/DC Conversion

AN22 details the theoretical and application aspects of the
LT1088 thermal RMS/DC converter. The basic theory behind
thermal RMS/DC conversion is discussed and design details of
the LT1088 are presented. Circuitry for RMS/DC converters,
wide-band input buffers and heater protection is shown.

Micropower Circuits for Signal Conditioning

Low power operation of electronic apparatus has become in-
creasingly desirable. AN23 describes a variety of low power
circuits for transducer signal conditioning. Also included are
designs for data converters and switching regulators. Three
appended sections discuss guidelines for micropower design,
strobed power operation and effects of test equipment on
micropower circuits.

Unique Applications for the LTC1062 Lowpass Filter
Highlights the LTC1062 as a lowpass filter in a phase lock loop.
Describes how the loop’s bandwidth can be increased and the
VCO output jitter reduced when the LTC1062 is the loop filter.
Compares it with a passive RC loop filter.

Also discussed is the use of LTC1062 as simple bandpass and
bandstop filter.

AN25

AN26

Switching Regulators for Poets

Subtitled “A Gentle Guide for the Trepidatious,” this is a tutorial
on switching regulator design. The text assumes no switching
regulator design experience, contains no equations, and requires
no inductor construction to build the circuits described.

Designs detailed include flyback, isolated telecom, off-line, and
others. Appended sections cover component considerations,
measurement techniques and steps involved in developing a
working circuit.

A collection of interface applications between various micropro-
cessors/controllers and the LTC1090 family of data acquisition
systems. The note is divided into sections specific to each
interface. The following sections are available:

Microprocessor/

Number AD Microcontroller
AN26A LTC1090 8051
AN26B LTC1090 68HC05
AN26C LTC1090 63705
AN26D LTC1090 COP820
AN26E LTC1090 TMS7742
AN26F LTC1090 COP402N
AN26G LTC1091 8051
AN26H LTC1091 68HCO05
AN26I LTC1091 COP820
AN26J LTC1091 TMS7742
AN26K LTC1091 COP402N
AN26L LTC1091 HD63705V0
AN26M LTC1090 TMS320C25
AN26N LTC1091/92 TMS320C25
AN260 LTC1090 Z-80
AN26P LTC1090 HD64180
AN26Q LTC1091 HD64180
AN26R LTC1094 TMS320C25

These interface notes demonstrate the ease with which the
LTC1090 family can be interfaced to microprocessors/control-
lers having either parallel or serial ports. A complete hardware
and software description of the interface is included.

AN27A ASimple Method of Designing Multiple Order All Pole Bandpass

Filters by Cascading 2nd Order Sections

Presents two methods of designing high quality switched-
capacitor bandpass filters. Both methods are intended to vastly
simplify the mathematics involved in filter design by using
tabular methods. The text assumed no filter design experience
but allows high quality filters to be implemented by techniques
not presented before in the literature. The designs are imple-
mented by numerous examples using devices from LTC’s
Switched-Capacitor filter family: LTC1060, LTC1061, and
LATC1064. Butterworth and Chebyshev bandpass filters are
discussed.
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AN28

AN29

AN30

AN31

AN32

AN33

AN34

Thermocouple Measurement .

Considerations for thermocouple-based temperature measure-
ment are discussed. A tutorial on temperature sensors summa-
rizes performance of various types, establishing a perspective on
thermocouples. Thermocouples are then focused on. Included
are sections covering cold-junction compensation, amplifier
selection, differential/isolation techniques, protection, and lin-
earization. Complete schematics are given forall circuits. Proces-
sor-based linearization is also presented with the necessary
software detailed.

Some Thoughts on DC/DC Converters

This note examines a wide range of DC/DC converter applica-
tions. Single inductor, transformer, and switched-capacitor
converter designs are shown. Special topics like low noise, high
efficiency, low quiescent current, high voltage, and wide-input
voltage range converters are covered. Appended sections ex-
plain some fundamental properties of different types of
converters.

Switching Regulator Circuit Collection
Switchingregulatorsare of universal interest. Linear Technology
has made a major effort to address this topic. A catalog of
circuits has been compiled so that a design engineer can swiftly
determine which converter type is best. This catalog serves as
a visual index to be browsed through for a specific or general
interest.

Linear Circuits for Digital Systems

Subtitled “Some Affable Analogs for Digital Devotees,” discusses
a number of analog circuits useful in predominantly digital
systems. Vpp generators for flash memories receive extensive
treatment. Other examples include a current loop transmitter,
dropout detectors, power management circuits, and clocks.

High Efficiency Linear Regulators

Presents circuit techniques permitting high efficiency to be
obtained with linear regulation. Particular attention is given to the
problem of maintaining high efficiency with widely varying in-
puts, outputs and loading. Appendix sections review component
characteristics and measurement methods.

Converting Light to Digits: LTC1099 Half-Flash 8-Bit A/D
Converter Digitizes Photodiode Array

This application note describes a Linear Technology “Half-Flash”
A/D converter, the LTC1099, being connected to a 256 element
line scan photodiode array. This technology adapts itself to hand-
held (i.e., low power) bar code readers, as well as high resolution
automated machine inspection applications.

LTC1099 Enables PC-Based Data Acquisition Board to
Operate DC-20kHz

A complete design for a data acquisition card for the IBM PC is
detailed in this application note. Additionally, C language code is
provided to allow sampling of data at speed of more than 20kHz.
Thespeed limitation is strictly based on the execution speed of the
“C” dataacquisition loop. A“Turbo” XT can acquire data at speeds
greaterthan 20kHz. Machines with 80286 and 80386 processors
can go faster than 20kHz. The computer that was used as a test
bed in this application was an XT running at 4.77MHz and
therefore all system timing and acquisition time measurements
are based on a 4.77MHz clock speed.

AN35

AN36

AN37

AN38

AN39

AN40

Step-Down Switching Regulators

Discusses the LT1074, an easily applied step-down regulator IC.
Basic concepts and circuits are described along with more
sophisticated applications. Sixappended sections cover LT1074
circuitry detail, inductor and discrete component selection,
current measuring techniques, efficiency considerations and
other topics.

A collection of interface applications between various micropro-
cessors/controllers and the LTG1290 family of data acquisition
systems. The note is divided into sections specific to each
interface. The following sections are available:

Microprocessor/
Number A/D Microcontroller
AN36A LTC1290 8051
AN36B LTC1290 MC68HC05
AN36C  LTC1290/LTC1090 TMS370
AN36D LTC1290 COP820C
AN36E LTG1290 TMS7742
AN36F LTC1290 COP402N
AN360 LTC1290 Z-80
AN36P LTC1290 HD64180

These interface notes demonstrate the ease with which the
LTC1290 can be interfaced to microprocessors/controllers hav-
ing either parallel or serial ports. A complete hardware and
software description of the interface is included.

Fast Charge Circuits for NiCad Batteries

Safe, fast charging of NiCad batteries is attractive in many
applications. This note details simple, thermally-based fast
charge circuitry for NiCads. Performance data is summarized
and compared to other charging methods.

FilterCAD User’s Manual, Version 1.00

This note is the manual for FCAD, a computer-aided design
program for designing filters with LTC’s switched-capacitor
filter family. FCAD helps users design good filters with a mini-
mum amount of effort. The experienced filter designer can use
the program to achieve better results by providing the ability to
play “what if” with the values and configuration of various
components.

Parasitic Capacitance Effects in Step-Up Transformer Design

This note explores the causes of the large resonating current
spikes on the leading edge of the switch current waveform.
These anomalies are exacerbated in very high voltage designs.

Take the Mystery Out of the Switched-Capacitor Filter:

The System Designer’s Filter Compendium

This note presents guidelines for circuits utilizing LTC’s switched-
capacitor filters. The discussion focuses on how to optimize
filter performance by optimizing the printed wiring board, the
power supply, and the output buffering of the filter. Many
additional topics are discussed such as how to select the proper
filter response for the application and how to characterize a
filter's THD for DSP applications.
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SUBJECT INDEX

A GUIDE TO THE INDEX

Linear Technology has made a major effort to address a
wide variety of circuit topics. The number of application
problems solvable with innovative circuit techniques or
new linear integrated circuits continues to grow at a
impressive rate. This comprehensive index includes Ap-
plication Notes (AN1-AN55), Design Notes (DN1-DN68)
and Data Sheets circuits (through January 1993).

The category and subject index are organized so that
application circuits and subject tutorials are easily found.
The major categories are broken up into specialized
topics to help isolate a particular application. The subject
index works as follows, i.e. AN8, Pg. 8 = Application
Note 8, page 8; LTC1044 DS = LTC1044 Data Sheet;
DN17, Pg. 1 = Design Note 17, page 1.

NOTE: Application Notes 1 through 40 and Design Notes 1 through 32 are found in 1990 Applications Handbook. All other Application Notes

and Design Notes are in this Volume Il Book.

LTC LITERATURE SUBJECT INDEX

A-D—See Converter-Data
ACCELEROMETER—See Signal Conditioning

ACGOUSTIC THERMOMETER—See Signal Conditioning-
Temperature

AMPLIFIER

Absolute Value
Precision Absolute Value Gircuit: LT1001 DS; LT1002 DS
Wide Bandwidth Absolute Value Circuit: LT1022 DS;
LT1122 DS
Precision Absolute Value Circuit: 0P05 DS

Additional Feature Circuits
DC and AC Zeroing: LF198 DS
Inverting Amplifier with High Input Resistance: LM108 DS
Constant Gain Amplifier Over Temperature: LT1004 DS
Ammeter with Six Decade Range: LT1008 DS; LT1012 DS
Five Decade Kelvin-Varley Divider: LT1008 DS
Input Amplifier For 4-1/2 Digit Voltmeter: LT1008 DS;

LT1012 DS

DC Stabilized FET Probe: LTC1052 DS

Artifigal Ground
Synthetic Ground: AN50, Pg. 5

Audio
Very Low Distortion Buffered Pre-Amplifier: AN52,
Pg. 15, LT1010 DS
Balanced Transformeriess Microphone Preamp:
LT1115DS

High Performance Transformer Coupled Microphone
Pre-Amp: LT1115 DS

Low Noise DC Accurate X 10 Buffered Line Amplifier:
LT1115DS

Moving Coil Passive RIAA Phonograph Pre-Amp:
LT1115DS

RIAA Moving Coil “Pre-Pre” Amplifier: LT1115 DS

RIAA Phonograph Preamplifier (40dB/60dB Gain):
LT1115 DS

Boosted Output

Basic Boosted Op Amp (150mA): AN4, Pg. 1

Increasing Output Current (10mA-20mA): AN9, Pg. 18

Increasing Output Current and Voltage (+12V at 20mA):
AN9, Pg. 18

1.5V Voltage Boosted Output Op Amp (0V-10V): AN15,
Pg.6

LT1010, Paralleling: AN16, Pg. 17

Fast Power Buffer (10MHz): AN16, Pg. 20

High Current Booster (3A): AN18, Pg. 2

Output Stage (150mA): AN18, Pg. 2

Ultra Fast Feed Forward Current Booster (1000V/us,
14MHz, 200mA): AN18, Pg. 3
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Low Output Saturation: AN18, Pg. 4; AN50, Pg. 2;
LTC1052 DS

High Current Rail to Rail Output Stage (100mA): AN18,
Pg.5

Output Stage (+120V Swing): AN18, Pg. 7; LT1055 DS

Output Stage (x150V Swing): AN18, Pg. 8

Unipolar Output, Gain Stage (1000V Swing): AN18, Pg. 9

+15V Powered, Bipolar Output, Voltage Gain Stage,
(£100V Swing): AN18, Pg. 11

Paralleling for High Current: AN21, Pg. 12

Fast-200mA: AN47, Pg. 46; LT1220 DS

Fast, 1A Booster Stage: AN47, Pg. 47; LT1220 DS

Precision Amplifier Drives 500Q Load to +10V:
LT1002 DS

Precision Amplifier Drives 300Q Load to +10V;
LT1007 DS; OP227 DS

High Output Current Op Amp: LT1022 DS; AN16, Pg. 15;
LTC1052 DS

Instrumentation Amplifier with £150mA Output Current;
LT1101 DS; LT1102 DS

Increasing Output Current and Voltage: LTC1052 DS

Buffer
Fast, Stabilized FET Buffer (FET Probe): AN9, Pg. 9
Input Buffer for the LT1088: AN22, Pg. 12
Large Signal Voltage Follower: LT1001 DS
Fast +150mA Power Buffer: LT1010 DS

Clamping Technigues

Precision Adjustable Dead Zone Generator: ANG, Pg. 5;
LT1001 DS; LT1002 DS

Precision Clamp: LM129 DS

Composite

DC Stabilized Fast Amplifier (23V/us, 300kHz FPB): AN21,
Pg. 1

Fast DC Stabilized FET Amplifier (100V/us, 1MHz FPB):
AN21, Pg. 2

DC Stabilized-Summing Point Correction: AN47, Pg. 33

DC Stabilized-Input Stage Current Gorrection: AN47,
Pg. 34

DC Stabilized-Offset Pin Correction: AN47, Pg. 34

DC Stabilized-Full Differential, Parallel Path: AN47, Pg. 35

DC Stabilized-Full Differential, Parallel Path, A = 1000:
AN47, Pg. 36

Fast Summing Amplifier; LM108 DS; LTC1052 DS;
LH2108 DS

Current Mode

“Current Mode Feedback” Amplifier (1MHz FPB): AN21,
Pg. 7; AN22, Pg. 12; LT1088 DS

“Current Mode Feedback” (Son of Godzilla Amplifier)
(3000V/us, 25MHz FPB): AN21, Pg. 8; AN22, Pg. 13;
LT1088 DS

DAC Buffer

Simple Pre-Amplifier for the Comparator: AN17, Pg. 4

“No Trims” 12-Bit Multiplying DAC Output Amplifier:
AN47, Pg 32; LT1022 DS; LT1122 DS

Fast Settling 12-Bit DAC Buffer: LT1220 DS

No Vpg Adjust CMOS DAC Buffer: LTC1052 DS

Dead Zone
Dead Zone Generator: LT1001 DS; LT1002 DS

Discussion
LT1010 Buffer: AN4, Pg. 7; AN16, Pg. 1
Chopper Stabilized Op Amps: AN9, Pg. 19
Amplifier Compensation: AN10, Pg. 8
LT1010, Performance Summary: AN16, Pg. 7
Frequency Compensation: AN18, Pg. 12
Perspectives on High Speed Design: AN47, Pg. 7
Perspectives on Speed: AN47, Pg. 7
Typical High Speed Amplifier Problem: AN47, Pg. 7

High Speed Effects in Cable, Connectors and Termination:
AN47, Pg. 15

High Frequency Amplifier Evaluation Board: AN47,
Pg. 127

Operational Amplifier Selection Guide for Optimum Noise
Performance: DN3, Pg. 1

Chopper vs Bipolar Op Amps: DN42, Pg. 1

Demo DCO09 High Frequency Amplifier: DN50, Pg. 1

Input Guarding: LM108 DS

Input Protection; LM108 DS

Advantages of Matched Dual Op Amps: LT1002 DS;
0P227 DS; LT1024 DS

Gain of 1000 Amplifier with 0.01% DC Accuracy:
LT1007 DS

Achieving Picoampere/Microvolt Performance;
LT1008 DS; LT1012 DS; LTC1052 DS

Frequency Compensation: LT1008 DS
Isolating Capacitive Loads: LT1010 DS
High Speed Operation: LT1055 DS

Phase Reversal Protection: LT1055 DS
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Isolating Large Capacitive Loads: LT118 DS

Offset Voltage Adjustment: OP27 DS
Divider

Analog Divider: LT1057 DS

Divide by 3: LTC1043 DS

Divide by 4: LTGC1043 DS

Divided by 2: LTC1043 DS

Precision Voltage Divide by 2: LTC203 DS

Fast

Precision High Speed Op Amp (1000V/us): ANG, Pg. 7:
LT1001 DS

Stabilized FET Buffer (FET Probe): AN9, Pg. 9

Fast DC Stabilized FET Amplifier (100 V/us, 1MHz FPB):
AN21, Pg. 2

“Current Mode Feedback” Amplifier (1MHz FPB): AN21,
Pg. 7: AN22, Pg. 12; LT1088 DS

“Current Mode Feedback” Amplifier (3000V/us, 25MHz
FPB): AN21, Pg. 8; AN22, Pg. 13; LT1088 DS

Fast Precision Inverter: LH2108 DS

Fast Summing Amplifier: LM108 DS

Fast Precision Inverters: LT1008 DS

Instrumentation

+5V Precision Instrumentation Amplifier: AN3, Pg. 2;
LT1006 DS; LTC1051 DS

Chopper Stabilized Instrumentation Amplifier: AN3, Pg. 3
LTC1043 DS

Instrumentation Amplifier with 300V Common Mode
Range: AN6, Pg. 2; LT1001 DS

Ultra Precision Instrumentation Amplifier: AN9, Pg. 6;
AN11,Pg. 6

Precision Instrumentation Amplifier: AN11, Pg. 6

A Single Amplifier, Precision High Voltage Instrumenta-
tion Amp: DN25, Pg. 1

Differential Input Instrumentation Amplifier: LM108 DS

Three Op Amp Instrumentation Amplifier: LT1002 DS;
LT1024 DS; OP05 DS

Two Op Amp Instrumentation Amplifier with CMRR Trim:

LT1002 DS; LT1024 DS; LTC1049 DS

Instrumentation Amplifier with £100V Common Mode
Range: LT1012 DS

5V Powered Precision Instrumentation Amplifier:
LT1013 DS

5V Single Supply Dual Instrumentation Amplifier;
LT1013 DS

Triple Op Amp Instrumentation Amplifier with Bias
Current Cancellation: LT1013 DS

Low Noise, Wide Bandwidth Instrumentation Amplifier:
LT1028 DS

High Performance Instrumentation Amplifier: LT1051 DS

Instrumentation Amplifier with Shield Driver; LT1058 DS;
LT1124 DS

Differential Output: LT1101 DS; LT1102 DS

Gain = 20, 110 or 200 Instrumentation Amplifier:
LT1101 DS; LT1102 DS

Precision, Micropower, Single Supply Instrumentation
Amplifier: LT1101 DS

High Speed, Precision, JFET Input Instrumentation
Amplifier: LT1102 DS

20MHz, Ay = 50 Instrumentation Amplifier: LT1221 DS;
LT1225 DS

5V Powered Ultra Precision Instrumentation Amplifier:
LTC1052 DS

Precision, Chopper Stabilized, Single Supply Instrumenta-
tion Amplifier: LTC1100 DS

Single Supply, Chopper Stabilized Instrumentation
Amplifier: LTC1150 DS
Integrator
Integrator with Programmable Reset Level: LF198 DS
Low Drift Integrator with Reset: LM108 DS

Inverter
Ultra Precision Voltage Inverter: LTC1043 DS

Isolation
Precision Isolation Amplifier (250V 1s0.—0.03% Acc.):
AN9, Pg. 8; LTG1052 DS

Lock In
Lock In Amplifier: AN3, Pg. 4; AN43, Pg. 24; LTC1043DS

Logarithmic
Logarithmic Amplifier: LT1008 DS
Six Decade Log Amplifier: LTC1051 DS

Low Noise

DC Stabilized, Ultra Low Noise (Vgg = 5uV, 1.1nV/ Hz):
AN21, Pg. 10; LT1028 DS; LTC1150

Paralleling for Low Noise: AN21, Pg. 11; LT1028 DS;
LTC1051 DS

Chopped Bipolar Low Noise Amplifier: AN45, Pg. 2

Low Noise, Chopper Stabilized FET Pair: AN45, Pg. 3

Ultra Low Noise, Low Drift Amplifier: LTC1052 DS

LY R
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Low Voltage
3V Operation of Linear Technology Op Amps: DN56, Pg. 1

Low Vgg Drift
Vs Nulling Loop: LT1220 DS

Obtaining Ultra Low Vg Drift and Low Noise:
LTC1051 DS

Ultra Low Noise, Low Drift Chopper Amplifier: LTC203 DS

Micropower
Meter Amplifier: LM10 DS
Microphone: LM10 DS
Transducer Amplifier: LM10 DS

Precision, Micropower, Single Supply Instrumentation
Amplifier: LT1101 DS

Micropower, Single Supply Op Amp: LT1178 DS

Multiplier
Analog Multiplier with 0.01% Accuracy: AN3, Pg. 14
Multiplier-DC to 50MHz: AN47, Pg. 45
Resistor Multiplier: LT1012 DS
Analog Multiplier/Divider: LTC1040 DS
Precision Multiply by 3: LTC1043
Multiply by 2: LTC1043 DS
Precision Multiply by 4: LTG1043 DS
Analog Multiplier: LTC1099 DS

Noise
Noise Calculations in Op Amp Circuits: DN15, Pg. 1
Noise Testing: OP27 DS

Oscillation Problems
Frequency Compensation without Tears: AN47, Pg. 86

Programmable Gain
Programmable Gain Amplifier (Single Supply):
LT1078 DS
Rectifier—See Also Absolute Value
Precision Rectifier: LM101 DS
100kHz Precision Rectifier: LT1011 DS
Half Wave Rectifier: LT1077 DS

RF
RF Leveling Loop: AN22, Pg. 14; LT1088 DS
RF Leveling Loop: AN47, Pg. 64; AN52, Pg. 13
Simple RF Leveling Loop: AN47, Pg. 64

Sample and Hold
Fast Sample-Hold, 2us 0.01%, with Hold Step Compensa-
tion: AN4, Pg. 5
Sample and Hold (200ns-0.01%): AN13, Pg. 15;
LT1016 DS
Sample and Hold (10ns): AN13, Pg. 18
1.5V Powered Sample and Hold: AN15, Pg. 3
1.5V Fast Sample and Hold (125us, 0.1%): AN15, Pg. 4
Micropower Sample and Hold: AN23, Pg. 10; LT1006 DS
8-Bit-100ns Sample and Hold: AN47, Pg. 57
Quad 12-Bit Sample and Hold: DN38, Pg. 2; LTC201A DS
Basic Sample and Hold: LF198 DS
Differential Hold: LF198 DS
Fast Acquisition, Low Droop Sample and Hold: LF198 DS
Output Holds at Average of Sample Input: LF198 DS
Sample and Difference Circuit: LF198 DS
X1000 Sample and Hold: LF198 DS
Sample and Hold: LM108 DS
Fast, Precision Sample and Hold: LT1022 DS
5us Sample and Hold with Zero Hold Step: LT119A DS
Sample and Hold, 8-Bit 100ns: LT1220 DS

Quad Single 5V Supply, Low Hold Step, Sample and Hold:
LTC1043 DS

Low Power, Low Hold Step Sample and Hold:
LTC1049 DS

Infinite Hold Time Sample and Hold: LTC1099 DS

Settling Time
Settling Time Test Circuit: AN10, Pg. 1

Improved Settling Time Test Circuit: AN10, Pg. 2;
LT1055 DS

Circuit for Testing Followers: AN10, Pg. 3

Sampling Switch for Ultra Precision Settling Time
Measurement: AN10, Pg. 4

Measuring Amplifier Settling Time: AN47, Pg. 82

Track and Hold
Fast Track and Hold: AN13, Pg. 16
Track and Hold (5MHz): AN16, Pg. 19

Variable Gain
Variable Gain Amplifier: AN3, Pg. 5; LTC1043 DS

Video
Video Line Driving Amplifier: AN4, Pg. 3
Video Distribution Amplifier: AN4, Pg. 4
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DC Stabilized Fast Amplifier (32MHz): AN21, Pg. 5

2-Channel Multiplexed Video Amplifier: AN47, Pg. 33;
DN57, Pg. 1; LT1190 DS

Differential Cable Sense Amplifier: AN47, Pg. 33,
LT1193 DS

Double Terminated Cable Driver: AN47, Pg. 33;
LT1192 DS; LT1193 DS

Full Differential Line Receiver: AN47, Pg. 38

Low Cost 50MHz Voltage Controlled Amplifier: DN55,
Pg.1

Video MUX Cable Driver (LT1227): DN57, Pg. 1

Differential Input Video Loop Through Amplifier (LT1964):

DN57, Pg. 2
Electronically Controlled Gain, Video Loop Through
Amplifier (LT1228): DN57, Pg. 2
Video DC Restore (Clamp) Gircuit (LT1228): DN57, Pg. 2
Video Fader (LT1228, LT1223): DN57, Pg. 2
Bidirectional Video Bus: DN65, Pg. 1
Video Cable Driver: LT1220 DS

Wideband—See Also Fast Amplifier
Feed Forward, DC Stabilized Buffer: AN4, Pg. 2
LT1010 Wideband Amplifier: AN16, Pg. 17
Wideband FET Input Stabilized Buffer: AN21, Pg. 3
Gain Trimmable Wideband FET Amplifier: AN21, Pg. 4
DC Stablized Fast Amplifier, Low Bias Current (100V/us,
1MHz FPB): AN21, Pg. 6

Stabilized, Wideband Cable Driving Amplifier: AN45, Pg. 4
Fast Differential Comparator Amplifier: AN47, Pg. 39
Transformer Goupled Amplifier: AN47, Pg. 39

Differential Comparator Amplifier-Settable Limiting and
Offset: AN47, Pg. 40

Wideband, High Input Impedance, Gain = 1000 Amplifier:
LT1058 DS

AMPLIFIER-CURRENT FEEDBACK

AC Coupled
AC Coupled Inverting: LT1229 DS; LT1227 DS
AC Coupled Noninverting: LT1229 DS; LT1227 DS

Boosted Output
150mA Output Current Video Amp: LT1223 DS

Discussion
Current Feedback: AN47, Pg. 124

Current Feedback Amplifier “Dos and Don’ts”: DN46,
Pg. 1

Instrumentation
Difference Amplifier: LT1223 DS
Video Instrumentation Amplifier: LT1223 DS

Integrator

Current Feedback Amplifier Integrator: LT1223 DS
Single Supply

Single Supply AC Coupled Amplifiers: LT1229 DS
Video

Video Cable Driver: LT1223 DS

Cable Driver for Composite Video: LT1229 DS

Video Loop-Through Amplifier: LT1229 DS

ANALOG SWITCH

Driver
+5V Analog Switch Driver: LTC1045 DS

Multiplexed
2-Channel Switch: LF198 DS

Multi-Channel
Micropower, Low Charge Injection, Quad Analog Switch:
LTC201 DS
ANEMOMETER—See Signal Conditioning
AUDIO—See Amplifier-Audio
BACKLIGHT—See Regulator-Switching

BALLISTOCARDIOGRAPH
Heart Condition Monitoring: AN43, Pg. 8

BATTERY CHARGER

Charger
Constant Current Battery Charger: AN51, Pg. 8
High Efficiency Dual Rate Battery Charger: AN51, Pg. 9
Programmable Battery Charger: AN51, Pg. 10
50mA Battery Charger and Regulator: LT1020 DS
Battery Charger: LT1086 DS
Battery Charger: LTC1041 DS
Wind Powered Battery Charger: LTC1042 DS

Discussion
Construction of Low Resistance Shunts: AN37, Pg. 4

LY LN
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Lead Acid
Lead Acid Battery Charger: AN51, Pg. 7
Temperature Compensated Lead Acid Battery Charger:
LT1038 DS; LT117 DS; LT138 DS
NiCad

Thermally Controlled NiCad Battery Charger: ANG, Pg. 4;
LT1001 DS ‘

Thermally Controlled NiCad Battery Charger: AN37, Pg. 2
Switched Mode Thermal NiCad Charger: AN37, Pg. 3
Switched Mode Thermal NiCad Charger: AN37, Pg. 4

A 4-Cell NiCad Regulator/Charger for Notebook
Computers: AN51, Pg. 11; DN54, Pg. 1

BLACK, HAROLD 8.
Feedback: AN43, Pg. 41

BOOSTER—See Amplifier
BOTTLE

Baby
Circuit Difficulty Rating: AN45, Pg. 1

BREADBOARDING TECHNIQUES

Discussion
Breadboarding Techniques: AN47, Pg. 26; AN47, Pg. 98

BRIDGE AMPLIFIER—See Signal Conditioning
BUFFER—See Amplifier

BYPASSING—See Capacitors

CAD

Filter

Contact Factory to Get FilterCAD: AN38, Pg. 1
Switcher

Contact Factory to Get SwitcherCAD

CAPACITORS

Discussion
About Bypass Capacitors: AN13, Pg. 25; AN47, Pg. 25
Hold Capacitor: LF198 DS

CARTOON

Back Page
Jim and Celia’s Caribbean Trip: AN25, Pg. 24
Mr. Cool LT1025: AN28, Pg. 20

Kick that Creaky Stuff Out: AN 35, Pg. 31
Who You Gonna Call?: AN35, Pg. 32
Slow Application Note—Fast Amplifiers: AN47, Pg. 132

Backlight
Light Up Your Life: AN49, Pg. 16

Bridge
Signal Conditioning the Golden Gate Bridge: AN43, Pg. 48

CCFL—See Regulator-Switching
CHRISTIE, S. H.

Bridges
Inventor of Wheatstone Bridge: AN43, Pg. 1

CLOCK CIRCUITS—See Oscillators
COMPARATOR

Additional Feature Circuits
Driving Ground Referred Load: LT1011 DS; LT311A DS

Driving Load Referenced to Negative Supply: LT1011 DS;
LT311A DS

Driving Load Referenced to Positive Supply: LT1011 DS;
LT311ADS

Noise Immune 60Hz Line Sync: LT1011 DS; LT119A DS

Using Clamp Diodes to Improve Frequency Response:
LT1011 DS; LT311A DS

2-Wire Comparator: LT1018 DS

Current
Fast Current Comparator (16-Bit): LT1055 DS
Fast Current Comparator (12-Bit): OP15 DS

DAC
Fast Pre-Amplifier for Comparator: AN17, Pg. 5

Discussion
High Speed Comparator Problems: AN13, Pg. 4
Input Protection: LT1011 DS
Input Signal Range: LT1011 DS
Input Slew Rate Limitations: LT1011 DS
Preventing Oscillation Problems: LT1011 DS
Strobing: LT1011 DS
High Speed Design Techniques: LT1016 DS
Input Impedance and Bias Current: LT1016 DS
Measuring Response Time: LT1016 DS
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Hysteresis
Comparator with Hysteresis: LT1011 DS; LT685 DS
Low Power Comparator with <10uV Hysteresis:
LT1012 DS; LT1097 DS
Isolated
Fully Isolated Limit Comparator (500V Iso.): AN11,
Pg. 10; LT1017 DS
Level Shift
Output Level Shifting: AN13, Pg. 31

Microvolt
Dual Limit Microvolt Comparator: 0P227 DS

One Shot
Voltage Controlled High Speed One Shot: LT319A DS

Precision
Offset Stabilized Comparator: AN9, Pg. 11; LTC1052 DS
Microvolt Comparator with TTL Output: LT1001 DS
Dual Limit Microvolt Comparator: LT1002 DS
Microvolt Comparator with Hysteresis: LT1007 DS

Trigger
Trigger (50MHz): AN13, Pg. 24; AN47, Pg. 59

Ultra Fast
Ultra Fast Summing Comparator: AN47, Pg. 58
Single Supply Ground-Sensing Comparator: LT1116 DS
High Speed Comparator with Hysteresis: LT685 DS

Window
Window Detector: LT1011 DS: LT311A DS
1.5V Powered Refrigerator Alarm: LT1017 DS
Window Comparator with Symmetric Window Limits:
LTC1040 DS
Window Comparator: LTC1042 DS
Multi-Window Comparator and Display: LTG1045 DS

Zero Crossing
Fast Zero Crossing Detector: LT1116 DS

CONTROLLER

Cooler
Peltier Cooled Switch Mode 0°C Reference: AN25, Pg. 12

Oven
In Crystal Oven Controller: AN1, Pg. 6
Ovenized Oscillator: AN12, Pg. 3

CONVERTER

AC-DC
Synchronous Rectifier Based AC-DC Converter (0Vgys-
1.5Vrums to 0V-1.5V): AN13, Pg. 21
Fast, Bridge Switched Synchronous Rectifier Based
AC-DC Converter: AN43, Pg. 34
AC-F
Bipolar Input to Frequency Converter: AN45, Pg. 17
Bipolar Input (AC) V-F Converter: LT1058 DS
Bipolar (AC) Input V-F Converter: LTC203 DS

Capacitance-Frequency
Humidity to Frequency GConverter: AN7, Pg. 11

Capacitance-Pulse Width
Capacitance to Pulse Width Converter: LT1011 DS

DC-AC
Sine Wave Output Converter (115VAC): AN8, Pg. 11

LT1074 Based 400Hz Sine Wave Output (28V to 110Vac):
AN35, Pg. 15

DC-DC—See Regulator-Switching

Discussion
V-F, Techniques: AN14, Pg. 18
Successive Approximation Techniques: AN17, Pg. 8
Thermal RMS-DC Converters: AN22, Pg. 1; LT1088 DS
Analog Considerations for Interfacing the LTC1090 10-Bit
DA System: LTC1090 DS
Analog Considerations for Interfacing the LTC1091:
LTC1091 DS
F-V
Frequency to Voltage: AN3, Pg. 11
Puise Width-Voltage
Fast Time to Height Converter: AN47, Pg. 60; LT1220 DS
Pulse Width to Voltage Converter: LF198 DS

RMS-DC
50MHz Thermal RMS to DC Converter: ANS, Pg. 4;
LT1013 DS

Thermal RMS-DC Converter (100MHz): AN22, Pg. 5;
LT1088 DS

Fast Settling RMS-DC Converter: AN22, Pg. 9; LT1088 DS
Servo-Sensed Heater Protection Circuit: AN22, Pg. 10
50MHz Thermal RMS-DC Converter: LTC1043 DS
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V-F

Voltage to Frequency (0kHz-30kHz, 0V-3V): AN3, Pg. 11;
LTC1043 DS

Offset Stabilizing a V-F Converter: AN9, Pg. 12

Voltage to Frequency (1Hz-1.25MHz, 0V-5V): AN9, Pg. 13

Voltage to Frequency (1Hz-10MHz, OV-10V): AN13, Pg. 9;
LT1016 DS

Quartz Stabilized, Voltage to Frequency: (1Hz-30MHz, OV-
10V): AN13, Pg. 11

Voltage to Frequency (1Hz-100MHz, 0V-10V: King Kong
V-F): AN14, Pg. 2

Fast Response Voltage to Frequency (1Hz-2.5MHz, OV-
5V): AN14, Pg. 4

Quartz Stabilized Voltage to Frequency (0V-10V to OkHz-
10kHz): AN14, Pg. 6

Ultra Linear Voltage to Frequency Converter (100kHz-
1.1MHz): AN14, Pg. 7

1.5V Voltage to Frequency Converter(1Hz-1kHz, OV-1V):
AN14,Pg.9

1/Vy to Frequency Converter (OV-10V to 1kHz-2Hz):
AN14, Pg. 12

Charge Pump 1/Vyy to Frequency (OV-5V to 10kHz-50Hz):
AN14,Pg. 13

Exponential to Frequency (OV-10V to 20Hz-20kHz): AN14,
Pg. 15

1.5V Voltage to Frequency Converter (OV-1V to 25Hz-
10kHz): AN15, Pg. 1

Micropower V-F Converter (0V-5V to OkHz-10kHz): AN23,
Pg. 11

Micropower V-F Converter, 0.02% Linearity (OV-5V to
O0MHz-1MHz): AN23, Pg. 13; LT1006 DS

90uA Supply Current V-F, 0.05% Linearity (OV-5V to
OkHz-10kHz): AN45, Pg. 15

Voltage to Frequency Converter (1Hz-10MHz): AN47,
Pg. 54

Single Supply (0V-5V to OkHz-5kHz): AN50, Pg. 7

Micropower V-F Converter (OV-5V to 100Hz-1MHz):
DN38, Pg. 1; LTC201 DS

Extended Range Charge Pump V-F (OV-10V to 0.01Hz-
10kHz): LT1008 DS

Voltage to Frequency Converter (10Hz-100kHz):
LT1011 DS

Voltage to Frequency Converter (1Hz-1MHz): LT1012 DS
Low Power V-F Converter (OV-1V to OkHz-1kHz):
LT1018 DS

Voltage to Frequency Converter (10Hz-1MHz): LT1022 DS

Exponential Voltage to Frequency Converter: LT1055 DS
Voltage to Frequency Converter (OHz-10kHz): LT1055 DS
Voltage to Frequency Converter (bkHz-2MHz): LT119A DS
Single 5V Voltage to Frequency Converter: LTC1040 DS

Voltage to Frequency Converter (1Hz-1.25MHz):
LTC1052 DS

Voltage to Frequency Converter (1Hz-30MHz):
LTC1052 DS
Voltage-Pulse Width
Voltage Controlled Pulse Width Generator: LT1016 DS

CONVERTER—DATA

A-D
Extending Resolution: AN50, Pg. 6
4 Digit (10,000 Count) A-D Converter: LT1011 DS
A-D 8-Bits
Half Flash 8-Bit A/D Digitizes Photodiodes: AN33, Pg.1
Data Acquisition Board: AN34, Pg. 1

Floating 8-Bit Data Acquistion System: AN52, Pg. 4;
LTC1096 DS

Micropower: DN60, Pg. 1

3V Battery Powered, 10uW, 8-Bit A-D, Samples at 200Hz:
LTC1096 DS

Cascading for 9-Bit Resolution: LTG1099 DS

A-D 10-Bits
Fully Isolated A-D (10-Bit at 175V Iso.): AN11, Pg. 12
Simple, Fast A-D (10-Bit): AN13, Pg. 20
1.5V A-D Powered (10-Bit): AN15, Pg. 2
Micropower A-D (10-Bit, 100us): AN23, Pg. 9
Interfacing LTC1090 to 8051: AN26A, Pg. 1
Interfacing LTG1090 to MC68HCO05: AN26B, Pg. 1
Interfacing LTG1090 to MC68HG11: AN268B, Pg. 1
Interfacing LTG1090 to HD63705V0: AN26C, Pg. 1
Interfacing LTG1090 to COP800: AN26D, Pg. 1
Interfacing LTC1090 to TMS7000: AN26E, Pg. 1
Interfacing LTG1090 to COP400: AN26F, Pg. 1
Interfacing LTC1091 to 8051: AN26G, Pg. 1
Interfacing LTC1091 to 68HC05: AN26H, Pg. 1
Interfacing LTG1091 to 68HC11: AN26H, Pg. 1
Interfacing LTG1091 to COP800: AN26l, Pg. 1
Interfacing LTG1091 to HD6305VO0: AN26L, Pg. 1
Interfacing LTC1091 to HD63705V0: AN26L, Pg. 1
Interfacing LTG1091/2 to TMS320C25: AN26N, Pg. 1
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Data Acq. Syst. Uses 4 Wires: DN1, Pg. 1

Auto-Zeroing A/D Offset Voltage: DN26, Pg. 1

RS232 Compatible 10-Bit A-D Converter: LT1080 DS

10-Bit Serial Output A/D Converter: LT119A DS

A Quick Look Circuit for the LTG1090 10-Bit A/D System:
LTC1090 DS

Hitachi Synchronous SCI (HD63705) Interface:
LTC1090 DS

Intel 8051 Interface: LTC1090 DS

Motorola SPI (MC68HC05C4) Interface: LTG1090 DS
National Microwire (COP420) Interface: LTC1090 DS
Single Chip 8 Input Data Acquisition System: LTC1090 DS
Sneak-A-Bit Code for 10-Bits Plus Sign: LTC1090 DS
2-Channel, 10-Bit Serial A-D: LTC1091 DS

A Quick Look Circuit for the LTC1091: LTC1091 DS

Intel 8051 Interface: LTC1091 DS

Motorola SPI (MC68HC05C4, MC68HC11) Interface:
LTC1091 DS

Auto Ranging an 8-Channel, 10-Bit A/D Converter:

LTC221/222 DS
A-D 12-Bits

12-Bit A-D: AN3, Pg. 12

SAR Converter (12-Bit, 5us): AN13, Pg. 19

Successive Approximation A-D Converter (12-Bits, 12us):
AN17, Pg. 1; LT1011 DS

A-D Converter (12-Bits, 7.5us): AN17, Pg. 3

Successive Approximation A-D Converter (12-Bits,
1.8us): AN17, Pg. 6

Micropower A-D (12-Bit, 300us): AN23, Pg. 7

Interfacing LTC1290 to 8051: AN36A, Pg. 1

Interfacing LTC1290 to MC68HC05: AN36B, Pg. 1

Interfacing LTC1290 to MC68HC11: AN36B, Pg. 1

Interfacing LTC1290 to COP800: AN36D, Pg. 1

Interfacing the LTC1290 to the TMS7742 MCU: AN36E,
Pg.1

Interfacing LTC1290 to COP400: AN36F, Pg. 1

Interfacing the LTC1290 to the Z-80 MPU: AN360, Pg. 1

Floating, 12-Bit Data Acquistion System: AN52, Pg. 3

LTC1290 to IBM PC Serial Port Interface: DN35, Pg. 1

High Speed Sampling: DN66, Pg. 1

4ys, 12-Bit SAR Converter: LT1016 DS

12-Bit Charge Balance Analog to Digital Converter:
LT1055 DS

12-Bit A-D Converter: LT1058 DS

Plugging the LTGC1272 into an AD7572 Socket:
LTC1272 DS

Single 5V Supply, 3us, 12-Bit Sampling ADC:
LTC1272 DS

3V Powered, 12-Bit A-D: LTC1289 DS

A “Quick Look” Circuit for the LTC1290: LTC1290 DS

Several LTC1290s Sharing One 3-Wire Serial Interface:
LTC1290 DS

Single Chip Data Acq. System: LTC1290 DS
Sneak-A-Bit Circuit: LTC1290 DS
Two-Channel, 12-Bit, Self Calibrating Data Acquisition
System: LTC221/222 DS
A-D 14-Bits
8-Channel, 14-Bit A/D Converter: LTC221/222 DS
A-D 16-Bits
Analog to Digital (16-Bits): AN9, Pg. 16
16-Bit Analog to Digital Converter: LTC1052 DS
Acquisition
PC Based Data Acquisition: AN34, Pg. 1
New Data Acquisition System Communicates with
Microprocessors Over 4 Wires: DN1, Pg. 1
Data Acquisition System Showing Sample and Hold
Synchronizing Circuitry: DN2, Pg. 1
Opto Isolated, Multi-Channel Data Acquisition System
(10-Bit, 500V Iso.): DN10, Pg. 2
Closed Loop Gontrol with the LTC 1090: DN13, Pg. 1
Two-Wire Isolated and Powered 10-Bit Data Acquisition
System: DN19, Pg. 1
12-Bit Data Acquisition Systems Communicate with
Microprocessors Over 4 Wires: DN22, Pg. 1
Multiplexed Input Data Acquisition: LT1102 DS

Discussion
Overvoltage Protection for MUX: LTG1290 DS

Low Power
3V Powered, 12-Bit A-D: LT1289 DS

Micropower
3V Battery Powered, 10uW, 8-Bit A-D, Sample at 200Hz:
LTC1096 DS

COUNTS THEOREM

Equation
91sn’'t 10: AN22, Pg. 4
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GURRENT

Sensing
Circuit Breaker (700ns): AN1, Pg. 3

Precision Current Sensing in Supply Rails: AN3, Pg. 13;
LTC1043 DS

Circuit Breaker (12ns): AN13, Pg. 24
Fast High Side, High Current Limit: AN30, Pg. 44

18ns Circuit Breaker with Voltage Programmable Trip
Point: AN47, Pg. 66

5V/1A Electronic Circuit Breaker with 1ms Trip Delay:
AN53, Pg. 15; LTC1153 DS

In Line Current Limiter: LM134 DS
Dual 5A Circuit Breaker with Auto-Reset: LTG1155 DS
Over-Temperature Gircuit Breaker: LTC1155 DS
Precision Current Sensing in Supply Rails: LTC203 DS
Sink
Precision Gurrent Sink: LT1001 DS
Source

Voltage Controlled Current Source with Ground Referred
Input and Output: AN3, Pg. 13; LT1013 DS

Bidirectional Current Source: AN16, Pg. 19
Voltage Controlled Current Source: AN16, Pg. 20

Voltage Programmable Current Source: AN45, Pg. 5;
LT1101 DS; LT1102 DS

Fast, Precise, Voltage Controlled Current Source with
Grounded Load: AN47, Pg. 65

High Power, Wideband Voltage Controlled Current
Source: AN47, Pg. 65

Voltage Programmable Current Source is Simple and
Precise: DN40

2-Terminal Current Regulator: LM10 DS
Bilateral Current Source: LM108 DS

20mA Positive Current Source: LM129 DS
Basic 2-Terminal Current Source: LM134 DS

Better Temperature Coefficient Current Source:
LM134 DS

FET Cascoding for Low Capacitance and/or Ultra High
Output Impedance: LM134 DS

High Precision Low TC Current Source: LM134 DS
Higher Output Current: LM134 DS

Micropower Bias: LM134 DS

Precision 10nA Current Source: LM134 DS
Precision Current Source: LT1001 DS

Ground Reference Current Source: LT1004 DS

Low Temperature Coefficient 2-Terminal Current Source:
LT1004 DS

Precision Current Source (1uA): LT1019 DS; LT1021 DS
Fast, Differential Input Current Source: LT1022 DS
Current Regulator: LT1033 DS; LT137 DS

2-Terminal Current Source: LT1077 DS

Differential Voltage to Current Converter: LTC1053 DS

CURRENT LOOP

Receiver
4mA-20mA Loop Receiver: LT1101 DS

Transmitter

4mA-20mA Current Loop Transmitter: AN11, Pg. 9;
LT1013 DS

4mA-20mA Floating Output for Current Loop Transmitter:
AN11, Pg. 10; LT1013 DS

Digitally Controlled 4mA-20mA Current Loop Generator:
AN31, Pg. 6

Fully Floating 4mA-20mA Current Loop Transmitter:
AN45, Pg. 6

2-Wire 0°C to 100°C Temperature Transducer with 4mA-
20mA Qutput: LTC1040 DS
DATA ACQUISITION—See Converter-Data
DC-DC—See Regulator-Switching
DEFOREST, LEE
Amplifier: AN18, Pg. 8; AN43, Pg. 41; AN43, Pg. 43
DETEGTORS—See Signal Conditioning
DIGITAL HELP CIRCUITS

Additional Feature Circuits
Battery Detectors Sense Removal of Main Battery: AN51,
Pg. 16
Logic System DC Isolation: LTC1045 DS
Battery Discharge Monitor: LTG1150 DS
Ground Force Reference: LTC1150 DS

EEPROM
EEPROM Vpp Pulse Generator: AN31, Pg. 5
EEPROM Pulse Generator: LT1013 DS
EPROMs

Vpp Generator for EPROMs-No Trim Required:
LT1004 DS
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Flash Memory

Basic Flash Memory Vpp Programming Voltage Supply:
AN31, Pg. 1; DN17, Pg. 1

High Repetition Rate Vpp Programming Supply: AN31,
Pg. 2; DN17, Pg. 2

High Power, High Repetition Rate Vpp Pulse Generator:
AN31,Pg. 3

Vpp Handshake Circuit: AN31, Pg. 4

Flash Memory Vpp Generator Delivers 12V: AN51, Pg. 15

All Surface Mount Flash Memory Vpp Generator: AN52,
Pg. 13; DN58, Pg. 1; LT1109 DS

All Surface Mount Flash Memory Vpp Generator:

LT1110DS
Notebook Computer

Bi-Directional Battery Switch: AN53, Pg. 3

A 4-Cell NiCad Computer Power Management System:
AN53, Pg. 11; LTC1156 DS

Logic Controlled Battery Switch: LTC1153 DS;
LTC1157 DS; LTC1255 DS

Slow Turn On Power Switch: LTC1154 DS; LTC1157 DS

Supply Monitor
AC-DC Dropout Detector: AN31, Pg. 7
Power Supply Monitor: DN20, Pg. 2
6V Battery Level Indicator: LM10 DS
Lead Acid Low Battery Detector: LT1004 DS
Battery Voltage Sensing Circuit: LT1005 DS; LT1035 DS
5V Powered Supply Monitor: LT1017 DS
Delay on Power Up: LT1017 DS
Power Supply Monitor: LT1018 DS
TTL Power Supply Monitor: LTC1042 DS
Microprocessor Supervisory Circuit: LTG1232 DS;
LTC690 DS
Watchdog Timer
Watchdog Timer: AN31, Pg. 10

Microprocessor Supervisory Gircuit; LTC1232DS;
LTC690 DS

DISTORTION MEASUREMENTS

Discussion
Understanding Distortion Measurements: AN43, Pg. 44

DRAWER

Inductor
Inductor Selection: AN35, Pg. 22

DRIFT

Discussion
Minimizing Thermal EMFs: AN9, Pg. 2

DRIVER

Automotive
High Side Driver with Reverse Battery Protection: AN53,
Pg.9
Capacitor

Slew Rate Reduction for Large Capacitive Loads: AN53,
Pg.3

HIGH SIDE

18V-28V High Side Driver: AN53, Pg. 4; LTC1154 DS;
LTC1153 DS

Dual High Side 3.3V Switch: AN53, Pg. 12; LTC1157 DS

Lamp
12V Lamp Driver/Circuit Breaker with Auto-Reset: ANS3,
Pg. 8; LTC1154 DS

High Current Lamp Driver with Short-Circuit Protection:
LT1158 DS
Relay
High Side Relay Driver with Over-Current Protection:
LTC1153 DS; LTC1154 DS
Solenoid
Driving Inductive Loads: LT1188 DS

High Side Solenoid Driver with Over-Current Protection:
LTC1153 DS; LTC1154 DS; LTG1255 DS

DRIVERS/RECEIVERS—See Interface Circuits
EINSTEIN, ALBERT
E=mc?

High Speed Effects on Circuits: AN47, Pg. 5
FIBER OPTIC—See Signal Conditioning-Photodiode
FILTER-ACTIVE RC

Lowpass
Precision, Fast Settling, Lowpass Filter: LT1008 DS
2nd Order Butterworth Filter (to 100kHz): LT1200 DS

4th Order Butterworth Filter (to 100kHz):
LT1201/LT1202 DS
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4th Order Butterworth Filter (to 1MHz):
LT1208/LT1209 DS

2nd Order Lowpass Filter: LT1220 DS
1MHz, 2nd Order Butterworth Filter: LT1224 DS

DC Accurate 18-Bit 4th Order Antialiasing Bessel (Linear
Phase), 100Hz, Low: LTC1051 DS

DC Accurate, 3rd Order, 100Hz, Butterworth Antialiasing
Filter: LTC1051 DS

FILTER—RESONANT ELEMENT

Crystal Filter: AN47, Pg. 48
Piezo-Ceramic Based Filter: AN47, Pg. 48

FILTER—SWITCHED CAPACITOR

Clock Sweepable Pseudo Bandpass Filters: AN24, Pg. 4
4th Order Butterworth BPF, fg = 2kHz: AN27A, Pg. 1

Cascading Identical Sections 4th Order BPF at 150 Hz:
AN27A, Pg. 4

Mode 24th Order BPF at 150Hz: AN27A, Pg. 5

8th Order Chebychev BPF at 10.2kHz: AN27A, Pg. 13
Wideband DC Accurate BPF; DN9, Pg. 1
10Hz-1000Hz BPF: DN24, Pg. 1

10Hz-100Hz BPF: DN24, Pg. 1

400Hz-10kHz BPF: DN24, Pg. 1

10kHz-100kHz Bandpass Filter: DN37, Pg. 2

High Frequency Clock-Tunable Bandpass Filter:
LTC1043 DS

Wide Range 2nd Order Bandpass/Notch Filter with
Q=10:LTC1059 DS

Single 5V, Gain of 1000 4th Order Bandpass Filter:
LTC1060 DS

6th Order Elliptic Bandpass Filter Centered Around
2600Hz: LTC1061 DS

6th Order, Clock-Tunable, 0.5dB Ripple Chebyshev BPF:
LTC1061 DS

Bandpass w/2 Notches (-60dB Stopband): LTC1064 DS
C Message Filter: LTC1064 DS

Quad Bandpass Filter: LTC1064 DS

Wideband (2:1) Bandpass: LTC1064 DS

8th Order Bandpass (to 150kHz): LTC1264 DS

8th Order Bandpass (to 250kHz): LTC1264 DS

Dual 4th Order Bandpass (to 250kHz): LTC1264 DS

Bandreject—See Notch
Design

Filter CAD User’s Manual: AN38, Pg. 1

Discussion

Application Gonsiderations for an Instrumentation
Lowpass Filter: AN20, Pg. 1

Cascading Identical BPF Sections: AN27A, Pg. 5

Simple 2nd Order BP Filters: AN27A, Pg. 6

Bandpass Filters: AN27A, Pg. 1

Chebyshev or Butterworth (BPF)?: AN27A, Pg. 13

Take the Mystery Out of the SCF: AN40, Pg. 1

Circuit Board Layout Considerations: AN40, Pg. 2

Power Supplies: AN40, Pg. 5

Offset Voltage Nulling Techniques: AN40, Pg. 7

Aliasing: AN40, Pg. 9

Slew Limiting: AN40, Pg. 9

What Kind of Filter to Use: AN40, Pg. 12

Step Response of Various Filters: AN40, Pg. 13

Frequency Response of Various Filters: AN40, Pg. 14

How Stable Is My Filter?: AN40, Pg. 16

THD and Dynamic Range: AN40, Pg. 16

THD in Active RC Filters: AN40, Pg. 18

Clock Jitter: AN40, Pg. 20

Clock Feedthru: AN40, Pg. 21

Square Wave to Sine Wave Converter: AN40, Pg. 23

SCF LPF for Antialiasing Applications: DN16, Pg. 1

Complex Data Acqg. System, Few Components: DN24,
Pg.1

Comments on Modes of Operation: LTG1060 DS

Definition of Filter Functions: LTC1060 DS

LTC1060 Offsets: LTC1060 DS

Modes of Operation: LTC1060 DS; LTC1061 DS

Analog Considerations: Grounding and Bypassing:
LTC1064 DS

Buffering, Offset Nulling and Noise: LTC1064 DS

Level Shifting the Input T2L Clock LTC1064-1 DS;
LTC1064-2 DS

Protecting the 1C from Power Supply Reversal:
LTC1064-1 DS; LTG1064-2 DS

Using Schottky Diodes to Protect the IC; LTC1064-1 DS
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Highpass
6th Order Elliptic Highpass Filter with Clock to Cutoff
Ratio: 250:1: LTC1061 DS

Linear Phase Lowpass

Low Noise, 8th Order Group Delay Equalized Filter
(to 100KHz): LTC1064-7 DS

Dual 5th Order Linear Phase Filter with Stopband Notch:

LTC1164 DS

Low Power, 8th Order Group Delay Equalized Filter
(to 20kHz): LTC1164-7 DS

Low Noise, 8th Order Group Delay Equalized Filter
(to 250kHz): LTC1264-7 DS
Low Power
8th Order Lowpass Butterworth: LTC1164 DS
8th Order Lowpass Elliptic Filter: LTC1164 DS

8th Order Lowpass Single Supply Elliptic-Bessel Filter:
LTC1164 DS
9th Order Lowpass Elliptic Filter: LTG1164 DS

Dual 5th Order Linear Phase Filter with Stopband Notch:

LTC1164 DS

Lowpass

RC to Eliminate Clock Feedthru and Improve HF
Attenuation Floor: AN20, Pg. 4

Single Supply LTC1062: AN20, Pg. 4
Cascading Two LTC1062’s: AN20, Pg. 7

Cascading Two LTC1062’s Using the First LTC1062’s
Buffered Output: AN20, Pg. 7

Low Offset, 12th Order, Maximum Flat Lowpass Filter:
AN20, Pg. 8

A Lowpass Filter with a 60Hz Notch: AN20, Pg. 10

A Low Frequency, 5Hz Filter: AN20, Pg. 11

Using Input Divider to Accommodate High Voltages:
AN24,Pg.7

Using the LTC1062 with Op Amps Operating from +15V
Power Supply: AN24, Pg. 7

Using a Multiplexer to Obtain Four Different Cutoff
Frequencies: AN24, Pg. 8

Low Power, 8th Order Butterworth Lowpass: AN52,
Pg. 10; LT1164-5 DS

Programmable Cutoff, Fifth-Order Butterworth Lowpass
Filter: AN52, Pg. 11

8Hz 5th Order Butterworth LPF: DN7, Pg. 1

10Hz DC Accurate Bessel LPF: DN9, Pg. 1

8th Order Cauer 40kHz LPF: DN16, Pg. 1

6th Order Butterworth Lowpass Filter, Cutoff to 45kHz:
LTC1061 DS

6th Order Chebyshev Filter Using 3 Different Modes for
Speed Optimization: LTC1061 DS

7th Order Lowpass Elliptic Filter: LTC1061 DS

10Hz 5th Order Butterworth Lowpass Filter: LTC1062 DS

100Hz, 50Hz, 25Hz, 5th Order DC Accurate LP Filter:
LTC1062 DS

5th Order Lowpass Filter: LTC1062 DS

5th Order Lowpass Filter with a 60Hz Notch: LTC1062 DS

7th Order 100Hz Lowpass Filter with Continuous Filtering,
Output Buffering: LTC1062 DS

Filtering AC Signals from High DC Voltages: LTC1062 DS

Octave Tuning with a Single Input Clock: LTG1062 DS

Simple Cascading Technique-LTC1062: LTC1062 DS

Single 5V Supply 5th Order LP Filter: LTC1062 DS

DC Accurate Clock-Tunable 10th Order Butterworth:
LTC1063 DS

DC Accurate Clock-Tunable 5th Order Butterworth:
LTC1063 DS

8th Order Bessel w/65:1 g k/fo: LTC1064 DS
8th Order Cauer Cutoff up to 100kHz: LTC1064 DS

8th Order Cheby. up to 100kHz, Ripple 0.1dB:
LTC1064 DS

8th Order Elliptic to 50kHz, 0.1dB Ripple: LTG1064 DS
Dual 4th Order Bessel to 140kHz: LTC1064 DS

Dual 5th Order Cheby. 50/100kHz Cutoff: LTC1064 DS
8th Order Elliptic Antialiasing Filter: LTC1064-1 DS
Buffering the Filter Qutput: LTC1064-1 DS

Dual 5th Order Elliptic/Bessel: LTC1064-1 DS

Output Buffer Eliminates Clock Feedthru: LTC1064-1 DS
Single Supply Operation: LTC1064-1 DS; LTC1064-2 DS
Transitional Elliptic/Bessel 10th Order: LTC1064-1 DS

8th Order Clock Sweepable Lowpass Butterworth Filter:
LTC1064-2 DS

8th Order Butterworth to 140kHz: LTG1064-2 DS
8th Order Bessel to 100kHz: LTC1064-3 DS

8th Order Elliptic to 100kHz: LTC1064-4 DS

8th Order Lowpass Butterworth: LTC1164 DS
8th Order Lowpass Elliptic Filter: LTC1164 DS

8th Order Lowpass Single Supply Elliptic-Bessel Filter:
LTC1164 DS

9th Order Lowpass Elliptic Filter: LTC1164 DS

LY IR
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Single 5V, 5mA 16th Order Butterworth Lowpass:
LTC1164-5 DS

Low Power, 8th Order Elliptic Lowpass: LTC1164-6 DS

Single 5V, 5mA 16th Order Elliptic Lowpass:
LTC1164-6 DS

8th Order Bessel Lowpass (to 250kHz): LTC1264 DS

8th Order Butterworth (to 200kHz): LTC1264 DS

8th Order Elliptic (to 150kHz): LTC1264 DS

Dual 4th Order Bessel Lowpass (to 400kHz): LTC1264 DS

Noise
Bandpass Filters and Noise: AN40, Pg. 19
Noise in Switched Capacitor Filters: AN40, Pg. 19
LTC1060 Wideband RMS Noise: LTG1060 DS
Wideband RMS Noise: LTC1061 DS

Notch
Using the LTC1062 to Create a Notch: AN20, Pg. 9
A Lowpass Filter with a 60Hz Notch: AN20, Pg. 10
Clock-Tunable Notch Filter: AN24, Pg. 6

Wide Range 2nd Order Bandpass/Notch Filter with
Q =10: LTC1059 DS

6th Order Bandreject Filter with 65dB Notch Depth:
LTC1061 DS

6th Order Elliptic Notch Centered at 2600Hz; LTC1061 DS
5th Order Lowpass Filter with a 60Hz Notch: LTC1062 DS
60dB Notch Tunable 30kHz-90kHz: LTC1064 DS
8th Order Notch (to 150kHz): LTC1264 DS
Dual 4th Order Notch and Bandpass (to 150kHz):
LTC1264 DS
Output Buffer
Buffering the Filter Output: LTC1064-1 DS; LTC1064-2 DS
Output Buffer Eliminates any Clock Feedthrough:
LTC1064-1 DS; LTC1064-2 DS
Output Offsets
LTC1060 Offsets: LTC1060 DS
Equivalent Input Offsets of LTC1061: LTC1061 DS

Table 4 Shows Qutput Offsets for Mode 1, 1b, 2 and 3:
LTC1061 DS

Output DC Offsets, One 2nd Order Section: LTG1064 DS
FLASH MEMORY—See Digital Help Circuits
FLOW MEASUREMENT—See Signal Conditioning

FUNCTION GENERATOR

Pulse

1.5V Powered 350ps Rise Time Pulse Generator: AN45,
Pg. 18; LT1073 DS

Ramp
Ramp Generator with Variable Reset Level: LF198 DS
Staircase Generator: LF198 DS

Tri-Wave
Precise Tri-Wave Generator: LT1018 DS

FUSE—ELECTRONIC—See Current-Sensing
GAS SENSOR—See Signal Conditioning
GROUND PLANES

Discussion
About Ground Planes: AN13, Pg. 29; AN47, Pg. 24

HEARTBEAT

Fetal
Life: AN45, Pg. 1

HELP

Linear Technology Corporation—Call Applications
408-432-1900

HEWLETT W. R.

Oscillator

“A New Type Resistance-Capacity Oscillator” M.S. Thesis,
Stanford U. 1939: AN 5, Pg. 8; AN43, Pg. 29; AN43,
Pg. 43

INDUCTANCE

DC-DC
Inductor Selection for Flyback Converters: AN29, Pg. 38

Equivalent
Generating Negative Output Impedance: LM134 DS

INSTRUMENTATION AMPLIFIER—See Amplifier
INTERFACE CIRCUITS

Coax
Coax Cable Driver/Receiver: LTC1045 DS
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High Speed
High Speed Dual Line Driver: LT1015 DS

Level Translator
TTL/CMOS Logic Levels to +5V Analog Switch Driver:
DN20, Pg. 1
ECL to CMOS from Single +5V Supply: LTC1045 DS
ECL to CMOS/TTL Logic: LTG1045 DS '

High Voltage CMOS (Vg = 15V) to TTL/CMOS
(Vg = 5V): LTC1045 DS

Logic Ground Isolation: LTC1045 DS

TTL/CMOS Logic Levels to +Analog Switch Driver:
LTC1045 DS

Ribbon Cable
Flat Ribbon Cable Driver/Receiver; LTG1045 DS

RS232
Sharing a Receiver Line: LT1080 DS
New Developments in RS232 Interfaces: DN4, PG. 1
5V Powered RS232 Driver/Receiver: DN4, Pg. 2

Extending the Applications of 5V Powered RS232
Transceiver: DN14, Pg. 1

RS232 Receiver: DN20, Pg. 2

2500V Isolated 5-Driver/5-Receiver RS232 Transceiver:

DN27, Pg. 1

Design Considerations for RS232 Interfaces: DN27,
Pg. 1

Single Supply RS232 interface for Bipolar A/D
Converters: DN29, Pg. 1

Fast Turn On Transceiver with Automatic Shutdown
Control: DN30, Pg. 1

RS232 Transcievers Withstand 10kV ESD: DN64, Pg. 1

Quad Low Power Line Driver: LT1030 DS; LT1032 DS

LT1080 Driving an LT1039: LT1039 DS

RS232 Compatible Shutdown Control Line: LT1039 DS

RS232 Driver/Reciever with Shutdown: LT1039 DS

Sharing a Transmitter Line: LT1039 DS; LT1080 DS

Transceiver: LT1039 DS; LT1080 DS

5V Powered RS232 Driver/Receiver with Shutdown:
LT1080 DS

Operating with +5V and +12V Supplies: LT1130 DS;
LT1180 DS

Paralleling Power Supply Generator with Common
Storage Capacitors: LT1130 DS

RS232 Transceiver with Power Supply Generator:
LT1130 DS

5V Powered RS232 Driver/Receiver with Shutdown and
Small Capacitors: LT1180 DS

Keeping Alive One Receiver while in Shutdown:
LT1237 DS; LT1330 DS; LT1331 DS

5V RS232 Transceiver with 3V Logic Interface: LT1330
3V Powered RS232 Driver/Receiver: LT1331 DS
RS232 Receiver: LTC1045 DS

RS485
Typical RS485 Network: DN39, Pg. 1; LTC485 DS
Differential Bus Transceiver: LTC485 DS
Quad, Low Power RS485 Driver: LTG486 DS; LTC487 DS
Differential Driver and Receiver Pair: LTC490 DS;
LTC491 DS
SCSI
Active Termination for SCSI-2 Bus: AN52, Pg. 6; DN34,
Pg.2; LT1117 DS

SCSI Termination Power Protector: AN53, Pg. 16;
LTC1153 DS; LTC1154 DS

SCSI Termination Power with Short Gircuit Protection and
Automatic Reset: LTC1155 DS

LAPTOP CIRCUITS

Flash Memory
All Surface Mount Flash Memory Vpp Generator:
LT1109 DS
Switching Regulator
Cold Cathode Fluorescent Lamp (Back Light): AN45,
Pg. 21; AN49, Pg. 2
LCD Display Contrast Power Supply: DN47, Pg. 2
Cold Cathode Fluorescent Lamp Power Supply: DN52,
Pg. 2

LCD BIAS SUPPLY—See Regulator-Switching
(Micropower)

LEVEL DETECTOR—See Signal Conditioning-Level
LEVEL SHIFT— See Comparator

LVDT—See Signal Conditioning-Distance
MEMORY

Discussion
A Primer on Flash Memory: AN31, Pg. 12
Preventing Memory Destruction: AN31, Pg. 14

Ly
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EEPROM
EEPROM Vpp Pulse Generator: AN31, Pg. 5
EEPROM Pulse Generator: LT1013 DS

EPROMs
Vpp Generator for EPROMs—No Trim Required:
LT1004 DS
Flash

Basic Flash Memory Vpp Programming Voltage Supply:
AN31, Pg. 1

High Repetition Rate Vpp Programming Supply: AN31,
Pg.2

High Power, High Repetition Rate Vpp Pulse Generator:
AN31, Pg. 3

All Surface Mount Flash Memory Vpp Generator:
LT1109 DS

Save
Memory Save on Power Down: AN31, Pg. 8

METHANE DETECTOR— See Signal Conditioning
MICROPOWER

A-D
Micropower A-D (12-Bit, 300us): AN23, Pg. 7
Micropower A-D (10-Bit, 100us): AN23, Pg. 9

Comparator
Refrigerator Alarm: LT1017 DS

De-De
Low Quiescent Current Flyback Regulator (150uA,
6V-12V): AN29, Pg. 9; DN11, Pg. 2
Discussion
Some Guidelines for Micropower Design: AN23, Pg. 18

Sampling Techniques and Components for Micropower
Circuits: AN23, Pg. 21

Parasitic Effects of Test Equipment on Micropower
Circuits: AN23, Pg. 23
Instrumentation Amplifier

Precision, Micropower, Single Supply Instrumentation
Amplifier: LT1101 DS

Micropower Single Supply Instrumentation Amplifier:
LTC1047 DS
Op Amp
Low Power Chopper Stabilized Op Amp with Internal
Capacitors (200uA): LTC1049 DS

Sample and Hold
Micropower Sample and Hold: AN23, Pg. 10; LT1006 DS

Strain Gauge
Sampled Strain Gauge Bridge Signal Conditioner: AN23,
Pg. 3
Strobed Power Bridge Signal Conditioner: AN23, Pg. 4

Temperature Sensor

Platinum RTD Signal Conditioner with Curvature
Correction (2°C-400°C): AN23, Pg. 1; LT1006 DS

Thermocouple Signal Conditioner with Cold Junction
Compensation (0°C-60°C): AN23, Pg. 2; LT1006 DS

Thermistor Based Current Loop Signal Conditioner
(0°C-100°C): AN23, Pg. 5

Wall Type Thermostat: AN23, Pg. 6

Freezer Alarm: AN23, Pg. 7

Micropower Cold Junction Compensation for
Thermocouples: LT1004 DS

Micropower, Battery Operated, Remote Temperature
Sensor: LT1101 DS

Ultra Low Power 50°F to 100°F Thermostat: LTC1041 DS
V-F
Micropower V-F Converter (10kHz): AN23, Pg. 11

Micropower V-F Converter (1MHz): AN23, Pg. 13;
LT1006 DS

90uA Supply Current V-F: AN45, Pg. 15

Micropower V-F Converter (OV-5V to 100Hz-1MHz):
DN38, Pg. 1; LTC201 DS

Low Power V-F Gonverter: LT1018 DS

Voltage Reference

Self-Buffered Micropower Reference: DN23, Pg. 1;
LT1178 DS

Low Input Voltage Reference Driver: LM134 DS
Micropower 5V Reference: LM185 DS; LM134 DS
Micropower Voltage Reference: LT1004 DS

Voltage Regulator
Buck Switching Regulator (5.8V-10V to 5V): AN23, Pg. 15
Post Regulated Switching Regulator (6V-10V to 5V):
AN23, Pg. 16
Micropower Pre-Regulated Linear Regulator: AN32, Pg. 8

Micropower Regulator with Comparator and Shutdown:
LT1120 DS
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MODELS

Macromodel
Questions and Answers on the Spice Macromodel
Library: AN41
Using the LTC Op Amp Macromodels: AN 48
LT1014 Op Amp Spice Macromodel: DN12, Pg. 1
Spice Op Amp Macromodel for the LT1012: DN28, Pg. 1
LT1056 Macromodel: DN43, Pg. 2

MOTOR CONTROL

Driver

DC Motor Driver with Stall-Current Circuit Breaking:
LTC1153 DS

Speed
Motor Speed Controller: AN1, Pg. 7; AN4, Pg. 6
Piezoelectric Fan Servo: AN4, Pg. 7
Motor Speed Controller, Tachless: AN11, Pg. 8
A Simple Motor Tachometer Servo Loop: AN25, Pg. 11
Motor Speed Controller Needs No Tachometer: LF198 DS

Proportional Motor Speed Controller: LT1005 DS;
LT1035 DS

High Efficiency Motor Speed Controller: LT1011 DS

Motor Speed Controller, No Tachometer Required:
LT1013 DS

Motor Speed Servo: LT1054 DS
10A Full Bridge Motor Control: LT1158 DS

High Efficiency 6-Cell Ni-Cad Protected Motor Drive:
LT1158 DS

Potentiometer-Adjusted Open Loop Motor Speed Control:

LT1158 DS
Motor Speed Controller: LTC1041 DS

Stepper Motor Driver

Power MOSFET Driver Low Power Consumption Stepper
Motor Driver: LTC1045 DS

4-Phase Stepper Motor Driver with Short Circuit
Protection: LTC1156 DS; LTC1255 DS

MURPHY’S LAW

Discussion

Understanding the Behavior of Inanimate Objects: AN47,
Pg. 130

NATURE
Mother

Control of Circuits: AN47, Pg. 5

NOISE

Discussion—See Also Amplifier

Minimizing: AN9, Pg. 3
Noise Calculation in Op Amps: DN15, Pg. 1
Voltage Noise vs Current Noise: LT1028 DS

0P AMP—See Amplifier
OSCILLATORS
Crystal

Temperature Compensated Crystal Oscillator, TXCO: AN3,
Pg. 15

Crystal Stabilized Relaxation Oscillator: AN12, Pg. 2;
LT1011 DS

Gate Oscillators: AN12, Pg. 2

Crystal Oscillator (10MHz-25MHz): AN12, Pg. 3; AN 31,
Pg. 11;LT1016 DS

Oscillator (1MHz-10MHz): AN12, Pg. 3; AN31, Pg. 11;
LT1016 DS

Ovenized Oscillator: AN12, Pg. 3

Temperature Compensated Crystal Oscillator, TXCO:
AN12, Pg. 4

Voltage Controlled Crystal Oscillator (VCX0): AN12, Pg. 5

1.5V Temperature Compensated Crystal Oscillator:
(3.5MHz): AN15, Pg. 6

Low Frequency Crystal Oscillator Clock: AN31, Pg. 11

Quartz Stabililized, Low Distortion: AN45, Pg.12

Temperature Compensated, 1.5V Powered: AN45, Pg. 14

10MHz Quartz Stabilized Sine Wave Oscillator; AN47,
Pg. 49

20MHz Quartz Stabilized Sine Wave Oscillator with
Electronic AGC: AN47, Pg. 50

Temperature Compensated Crystal Oscillator: LT1013 DS

Low Distortion, Crystal Stabilized Oscillator: LT1057 DS

1.5V Powered Temperature Compensated Crystal
Oscillator: LT1073 DS

3.58MHz Oscillator: LT1227 DS

Discussion

Quartz Crystal Oscillator: AN12, Pg. 8
Wien Bridge: AN43, Pg. 43
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Half Sine Wave
A Half Sine Reference Generator: AN35, Pg. 28

Pulsed

Temperature Compensated Crystal Oscillator, TXCO: AN3,

Pg. 15

Crystal Stabilized Relaxation Oscillator: AN12, Pg. 2;
LT1011 DS; LT311A DS

Gate Oscillators: AN12, Pg. 2

Crystal Oscillator (10MHz-25MHz): AN 12, Pg. 3;
LT1016 DS

Oscillator (1MHz-10MHz): AN12, Pg. 3; LT1016 DS
Ovenized Oscillator: AN12, Pg. 3

Temperature Compensated Crystal Oscillator, TXCO:
AN12, Pg. 4

Reset Stabilized Oscillator: AN12, Pg. 6

Stable RC Oscillator: AN12, Pg. 7; LT1011 DS;
LT1016 DS

1.5V Temperature Compensated Crystal Oscillator
(3.5MHz): AN15, Pg. 6

Bridge Oscillator: AN43, Pg. 27
Low Frequency Square Wave Generator: LM101 DS
Temperature Compensated Crystal Oscillator: LT1013 DS
Phase Shift Oscillator: LT1032 DS
Single Supply Crystal Oscillator 10MHz-15MHz:
LT1116 DS
Sine Wave
Low Distortion Sine Wave: AN5, Pg. 8
Voltage Controlled Sine Wave Oscillator: AN12, Pg. 5

Voltage Controlled Sine Wave Oscillator (1Hz-1MHz):
AN13, Pg. 13

Sine Wave Output VCO (1Hz-100kHz): AN14, Pg. 10
Bridge Based Crystal Oscillator: AN43, Pg. 27

Common Mode Suppression for Quartz Oscillator Lowers
Distortion: AN43, Pg. 28

Crystal Oscillator with Lamp Added for Gain Stabilization:
AN43, Pg. 28

Multi-Range Wien Bridge Based Oscillator: AN43, Pg. 29

Wien Bridge Sine Wave Oscillator: AN43, Pg. 29;
LT1221 DS; LT1225 DS

Wien Bridge with FET Stabililization: AN43, Pg. 30; AN43,
Pg. 31

Wien Bridge Oscillator with Photocell Stabililization:
AN43, Pg. 32

Wien Bridge with 3ppm Distortion: AN43, Pg. 33

10MHz Quartz Stablized Sine Wave Oscillator: AN47,
Pg. 49

20MHz Quartz Stabilized Sine Wave Oscillator-Electronic
AGC: AN47, Pg. 50

Varactor Tuned 1MHz-10MHz Wien Bridge Oscillator:
AN47, Pg. 51

Wein Bridge Sine Wave Oscillator: LM101 DS

Ultra Pure Sine Wave Generator: LT1007 DS; LT1022 DS

Super Low Distortion Variable Sine Wave Oscillator:
LT1028 DS

Low Distortion, Crystal Stabilized Oscillator: LT1057 DS
Ultra Low THD Oscillator (5ppm Distortion): LT1115 DS

Quartz Stabilized Oscillator with 9ppm Distortion:
LT1122 DS

Synchronized

Synchronized Oscillator: AN12, Pg. 6

High Noise Immunity Line Synchronization Circuit: AN31,
Pg. 12

V-F—See Converters
vco

Voltage Controlled Crystal Oscillator (VCX0): AN12, Pg. 5

Voltage Controlled Sine Wave Oscillator (1Hz-1MHz):
AN13, Pg. 13

Sine Wave Qutput Voltage to Frequency (1Hz-100kHz):
AN14, Pg. 10; LT1055 DS

Oscillator VCO 1Hz-1MHz Sine Wave Qutput: AN47,
Pg. 53
Voltage Controlled Crystal Oscillator: LT319A DS

0SCILLOSCOPE

Discussion

Evaluating Oscilloscope Overload Performance: AN10,
Pg.6

Considerations for High Speed Work: AN13, Pg. 8

Probes and Oscilloscopes: AN13, Pg. 27

Measuring Equipment Response: AN13, Pg. 30

About Oscilloscopes: AN47, Pg. 20

OTT PROCESS
Thermal

High Thermal Resistance Die Attach: AN22, Pg. 4
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PEAK DETECTOR

Fast
Closed Loop Peak Detector: DN61, Pg. 1
Open Loop High Speed Peak Detector: DN61, Pg. 1
Fast Pulse Detector: DN61, Pg. 2

Negative
Negative Peak Detector: LT1011 DS; LT311A DS

Positive
Positive Peak Detector: LT1011 DS; LT311A DS

PERMIT

FCC

FCC Licensing for AM Broadcasting Station: AN47,
Pg. 123

PHASE LOCK LOOPS

Discussion

Unique Applications for the LTC1062 Lowpass Filter:
AN24, Pg. 1

Filter—Switched Capacitor
DC Accurate Filter Eases PLL Design: DN7, Pg. 1

PHILBRICK, GEORGE A.

Analog
Analog Functions: AN35, Pg. 28

PHOTODIODE—See Signal Conditioning-Photodiode
PLATINUM RTD—See Signal Conditioning-Temperature
POWER ACTUATORS—See Driver

POWER MOSFET DRIVER

POWER SUPPLY—See Regulator-Voltage

POWER SUPPLY SUPERVISORY CIRCUITS—See Digital
Help Circuits

PREAMPLIFIER—See Amplifier
PRESSURE MEASUREMENT—See Signal Conditioning
PROBES

Current

Techniques and Equipment for Current Measurement:
AN35, Pg. 24

Discussion
Probes and Probing Techniques: AN47, Pg. 16
ABCs of Probes: AN47, Pg. 69

Fast
Ultra Fast High Impedance: AN47, Pg. 96

High Impedance
High Impedance Buffer: AN23, Pg. 24

Oscilloscope
About Probes and Oscilloscope: AN13, Pg. 27

PROGRAMMING

C Language
A “C” Cruise through Data Acquisition: AN34, Pg. 1

CAD
Contact Factory for Your Copy of FilterCAD
Contact Factory for Your Copy of SwitcherCAD

Don’t Be Silly
PULSE GENERATOR

Fast Rise
Avalanche Pulse Generator: AN47, Pg. 93; AN45, Pg. 18

RADIO STATION

AM
A Complete AM Radio Station: AN47, Pg. 52

REFERENCE-AC

Half Sine Wave
A Half Sine Reference Generator: AN35, Pg. 28

REFERENCE—CURRENT—See Also Current

Sink
Precision Current Sink: LT1001 DS

Source
Precision Current Source: LT1001 DS
Precision Current Source (1pA): LT1019 DS

REFERENCE—VOLTAGE

2-Terminal

1.235V Micropower Reference: AN42, Pg. 10; LT1004 DS;
LT1034 DS

1.25V Reference: AN42, Pg. 10; LT1004 DS
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1.24V Qutput, Micropower, Current Boosted Reference
(100mA): AN42, Pg. 11 ;

1.2V Output, Micropower Reference with Wide Input
Voltage Range: AN42, Pg. 11

2.5V Reference: AN42, Pg. 11; LT1004 DS; LM185 DS

2.5V Output, Micropower Reference with Wide Input
Voltage Range: AN44, Pg. 11

10V Buffered Reference Using a Single Supply:
LM129 DS; OP07 DS

6.9V Reference: LM129 DS
Low Noise Reference: LT1004 DS

3-Terminal

2.5V Reference, +5% Trim Range: AN42, Pg. 5;
LT1009 DS; LM136 DS

Trimming Output to 5.120V: AN42, Pg. 6; LT1029 DS

Wide Supply Range, Adjustable Reference: AN42, Pg. 11;
LT1009 DS

Wide Supply Range: LM136 DS

Low Noise 2.5V Buffered Reference: LT1009 DS;
LM136 DS

Switchable +1.25V Bipolar Reference: LT1009 DS;
LM136 DS

Split £2.5V References: LT1029 DS

Current Boost
Precision High Current Reference (1.5A): AN2, Pg. 7
1.24V Output, Micropower, Current Boosted Reference
(100mA): AN42, Pg. 11
Boosted Output Current with No Current Limit: AN42,
Pg. 12; LT1021 DS; LT1031 DS

Handling Higher Load Currents: AN42, Pg. 12;
LT1019 DS; LT1027 DS

Output Current Boost with Current Limit: LT1019 DS;
LT1021 DS; LT1031 DS
Discussion

Heat Mode Reduces Temperature Drift to <2ppm/°C:
LT1019 DS

Output Trimming: LT1019 DS

Effects of Air Movement on Low Frequency Noise:
LT1021 DS

Trimming Output Voltage: LT1021 DS

Application Hints for Ultra Precision Reference:
LTZ1000 DS

High Voltage
Ultra Precision Variable Voltage Reference (7.45ppm/°C):
ANG, Pg. 6
Low Noise
Low Noise Reference: LT1004 DS

2-Pole Lowpass Filtered Reference: LT1021 DS;
LT1031 DS

Low Noise Reference: LTZ1000 DS

Micropower
1.235V Micropower Reference: AN42, Pg. 10; LT1004 DS
2.5V Micropower Reference: AN42, Pg. 11; LT1004 DS

Self-Buffered Micropower Reference: AN42, Pg. 11;
DN23, Pg. 1; LT1178 DS

Micropower 5V Reference: LM185 DS; LM134 DS
Micropower 5V Reference: LT1004 DS

Negative
Ultra Precision Inverter: AN3, Pg. 14
Basic Negative Reference: AN42, Pg. 9; LT1021 DS;
LT1031 DS

Negative Series Reference: AN42, Pg. 9; LT1019 DS;
LT1021 DS

Negative Shunt Reference Driven by Current Source:
AN42, Pg. 9; LT1021 DS; LT1031 DS

Negative Voltage Reference: AN42, Pg. 16; LTZ1000 DS
Negative 10V Reference for CMOS DAC: LT1019 DS;
AD580 DS
CMOS DAC with Low Drift Full-Scale Trimming:
LT1021 DS

Precision
10V Buffered Reference: AN42, Pg. 17; LM199 DS
6.95V Reference: AN42, Pg. 19; LM199 DS
Portable Calibrator: LM199 DS
Standard Cell Replacement: LM199 DS
Precision 10V Reference: LT1002 DS
Buffered Reference for A to D Converters: LT1012 DS

Heat Mode Reduces Temperature Drift to <2ppm/°C:
LT1019 DS

Operating 5V Reference from 5V Supply: LT1021 DS

Precision DAC Reference with System TG Trim:
LT1021 DS; LT1031 DS

Restricted Trim Range for Improved Resolution;
LT1021 DS; LT1019 DS
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Shunt
2.5V Reference (LT1431): AN42, Pg. 6; LT1431
2.5V Reference (LT1431Z): AN42, Pg. 6; LT1431 DS
5V Reference: AN42, Pg. 6; LT1431 DS
Programmable Reference with Adjustable Current Limit:
AN42, Pg. 6; LT1431 DS
Standard Cell
Standard Grade Variable Voltage Reference: AN9, Pg. 5
Saturated Standard Cell Amplifier: LT1008 DS;
LT1012 DS; LT1097 DS
Ultra Precision

Ultra Precision Variable Voltage Reference (7.45ppm/°C):
ANG, Pg. 6; LT1001 DS; LT1002 DS

7V Positive Reference: AN42, Pg. 16; LTZ1000 DS

Adjusting Temperature Coefficient in Unstabililized
Application: LTZ1000 DS

Averaging Reference Voltages for Lower Noise and Better
Stability: LTZ1000 DS

Low Noise Reference: LTZ1000 DS
REGULATOR—CURRENT—See Also Current
REGULATOR—SWITCHING

Backlight
Cold Cathode Fluorescent Lamp (CCFL) Power Supply:
AN45, Pg. 21; AN49, Pg. 2; AN51, Pg. 6
Two-Tube CCFL: AN49, Pg. 4
Low Power CCFL Power Supply: AN49, Pg. 5
“Hot” Cathode Fluorescent Lamps: AN49, Pg. 7
Backlight Efficiency Measurements: AN49, Pg. 10
The Thermometer Effect: AN49, Pg. 15

Boost

Single Cell Up Converter (1.5V to 5V): AN 8, Pg. 8; AN30,
Pg. 8

Up Converter (6V to 15V): AN8, Pg. 9; LT1013 DS; AN30,
Pg.7

Single Inductor, Dual Polarity Regulator (6V to +15V):
ANS, Pg. 10; LT1013 DS; AN30, Pg. 9

Boost Converter (1.5V to 5V): AN15, Pg. 7; AN30, Pg. 8;
LT1018 DS

Boost Converter (5V to 12V): AN19, Pg. 13; AN30, Pg. 5;
AN46, Pg. 1

Voltage Boosted Boost Converter (15V to 100V): AN19,
Pg. 37; AN30, Pg. 5; LT1070 DS

Negative Boost Regulator (-15V to —28V): AN19, Pg. 38
AN30, Pg. 5; LT1070 DS

Current Boosted Boost Converter (16V-24V to 28V):
AN19, Pg. 40; AN30, Pg. 5; LT1070 DS

Low Noise Converter (5V to £15V): AN29, Pg. 2; AN30,
Pg. 11

Ultra Low Noise Sine Wave Drive (5V to +15V): AN29,
Pg. 4; AN30, Pg. 12

Single Inductor Regulated Converter (5V to +15V): AN29,
Pg. 6; AN30, Pg. 10

Low Quiescent Current Flyback Regulator (150uA, 6V to
12V): AN29, Pg. 9; DN11, Pg. 2; AN30, Pg. 6

200mA Output Converter (1.5V to 5V): AN29, Pg. 15;
AN30, Pg. 7

Single Inductor Dual Output Converter (5V to +15V):
AN30, Pg. 13

Negative Boost Converter (-5V to —15V to —15V): AN44,
Pg. 33; LT1074 DS

90V DC-DC: AN45, Pg. 19

Basic Flash EEPROM Vpp Pulse Generator (5V to 12.75V
or 12.00V): DN17, Pg. 2; AN30, Pg. 43

High Repetition Rate Vpp Pulse Generator (5V to 12.75V
or 12.00V): DN17, Pg. 2; AN30, Pg. 43

Low Voltage Circuit Provides Constant Output Voltage as
Battery Discharges: DN41

Up Converter (1.5V to 5V): LM10 DS; AN30, Pg. 8

Regulated Up Converter (5V to 10V): LT1018 DS; AN30,
Pg. 8

Boost Converter (15V to 90V): LT1082 DS

100kHz Boost Converter (5V to 12V): LT1172 DS

Buck

Linear Regulator with Switching Pre-Regulator (28V to
Adj.): AN2, Pg. 3; AN30, Pg. 31

High Current Low Dissipation Pre-Regulated Linear
Regulator (0V-35V, 0A-10A): AN2, Pg. 4; AN30,
Pg. 33; LT1083 DS

Low Power Switching Regulator (9V to 5V): ANS, Pg. 4;
AN30, Pg. 17; LT1013 DS

Switching Pre-Regulator Linear Regulator (9V to 5V):
ANS, Pg. 5; AN30, Pg. 17; LT1013 DS

Negative Buck Converter (-20V to -5.2V): AN19, Pg. 17,
AN30, Pg. 16; LT1070 DS

Positive Buck Gonverter: AN19, Pg. 23; AN30, Pg. 15;
LT1070 DS
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Micropower Switching Regulator (5.8V-10V to 5V): AN23,
Pg. 15; AN 30, Pg. 17

Micropower Post Regulated Switching Regulator (6V-10V
to 5V): AN23, Pg. 16; AN30, Pg. 32

Low Quiescent Current Buck Converter (150uA, 8V-16V
to 5V): AN29, Pg. 12; AN30, Pg. 14

90% Efficient Positive Buck with Synchronous. Switch
(9.5V-14.5V to 5V): AN29, Pg. 18; AN30, Pg. 16

Positive Buck Converter (15V-35V to 5V): AN29, Pg. 23;
AN30, Pg. 13

High Power Linear Regulator with Switching Pre-
Regulator: AN29, Pg. 25; AN 30, Pg. 30; LT1083 DS

Positive Buck Converter (7V-15V to 5V, 250mA): AN30,
Pg. 15

Buck Regulator, 1A (8V-30V to 5V): AN30, Pg. 18;
LT3524 DS

Low Dissipation Regulator (10V-20V to 5V): AN30,
Pg. 32; LT1035 DS; LT1036 DS

Switching Pre-Regulated for Wide Input Voltage Range
(7.5V-30V to 5V): AN30, Pg. 33; LT1020 DS

High Current Positive Buck with Bootstrapped NMOS Gate
Drive (15V-35V to 5V): AN30, Pg. 44

A Practical Step-Down Regulator Using the LT1074 (10V-
60V to 5V): AN35, Pg. 2; AN44, Pg. 18; AN46, Pg. 3

Coupled Inductor Provides Positive and Negative Outputs
(28V to 15V, -5V): AN35, Pg. 3

“Current Boosted” Step-Down Regulator (20V-30V to 5V):
AN35, Pg. 5; AN44, Pg. 25; LT1074 DS

A Simple Loop Reduces Quiescent Current to 150pA (12V
to 5V): AN35, Pg. 7

Adjustable Linear Post-Regulator Maintains Efficiency
(35V to 1.2V-28V): AN35, Pg. 7

Gives Better Regulation while Maintaining 150uA Quies-
cent Current (12V to 5V): AN35, Pg. 8

High Efficiency Buck Converter with Active Catch Diode:
AN44, Pg. 15

LT1070 Floating Input Step-Down Switching Regulator:
AN46, Pg. 5

LT1070 High Efficiency Buck Switching Regulator: AN46,
Pg.7

High Efficiency 3.3V Regulator with Burst Mode™
Operation: AN51, Pg. 3

High Efficiency 5V Regulator with Burst Mode™ Operation:

AN51, Pg. 3; LT1432 DS
LT1158 (24V to 5V/10A) Buck Converter: AN52, Pg. 9

Floating Input Low Saturation Loss Buck Regulator:
DN21, Pg. 2

No Design Switching Regulator: DN48, Pg. 2; DN53,
Pg. 2

5V High Current Step-Down (30V-60V to 5.1V/12A):
DN59, Pg. 1

5V High Current Step-Down (10V-60V to 5V/10A): DN59,
Pg.2

Basic Positive Buck Converter: LT1074 DS

Tapped-Inductor Buck Converter: LT1074 DS

High Efficiency Buck Converter: LT1270 DS; AN46 Pg. 7

12V to 5V Buck Converter with Foldback Current Limit:
LT1431 DS

Buck-Boost

Negative to Positive Buck-Boost Converter (—40V to -60V
to 5V): AN19, Pg. 20; AN25, Pg. 4; AN29, Pg. 21

Positive to Negative Buck-Boost Converter (10V-30V to
-12V): AN19, Pg. 39; AN30, Pg. 19; LT1070 DS

Positive Buck-Boost Converter (15V-35V to 28V): AN29,
Pg. 24; AN30, Pg. 18

Negative Output Step-Down Regulator (12V to -5V):
AN35, Pg. 4

A (Better) Negative Output Step-Down Regulator (-5V
Output): AN35, Pg. 5; AN46, Pg. 9; LT1074 DS

Positive to Negative Converter (4.5V-40V to —5V): AN44,
Pg. 28; AN46, Pg. 9; LT1074 DS

LT1070 High Efficiency Positive to Negative Switching
Regulator: AN46, Pg. 10

No Design Switching Regulator: DN49, Pg. 2
Positive to Negative Converter: LT1074 DS
“5V to 5V” Step-Up or Step-Down Converter: LT1173 DS

Discussion

LT1070 Operation: AN19, Pg. 3; AN25, Pg. 13; AN29,
Pg. 44

Basic Switching Regulator Topologies: AN19, Pg. 8

Input and Output Capacitors: AN19, Pg. 16; AN19, Pg. 55

Layout: AN19, Pg. 20

Frequency Compensation; AN19, Pg. 47; AN25, Pg. 14

Eliminating Start-Up Overshoot: AN19, Pg. 49; AN44,
Pg. 40

Switching Diodes: AN19, Pg. 50; AN25, Pg. 18

External Current Limiting: AN19, Pg. 51

Foldback Current Limiting: AN19, Pg. 51

Driving External Transistors: AN19, Pg. 52

36

LR



SUBJECT INDEX

Output Rectifying Diode: AN19, Pg. 53

Input Filters: AN19, Pg. 59; AN44, Pg. 43

Output Filters: AN19, Pg. 59; AN44, Pg. 41

Inductor and Transformer Basics: AN19, Pg. 60

Trouble Shooting Hints: AN19, Pg. 68; AN44, Pg. 47

Subharmonic Oscillations: AN19, Pg. 70

A Checklist for Switching Regulator Designs: AN25,
Pg. 16

Evolution of a Switching Regulator Design: AN25, Pg. 20

DC-DC Converter Thoughts: AN29, Pg. 1

The 5V to £15V Converter: AN29, Pg. 33

Switched Capacitor Voltage Converters—How They
Work: AN29, Pg. 35

Inductor Selection for Flyback Converters: AN29, Pg. 38

Optimizing Converters for Efficiency: AN29, Pg. 40

Instrumentation for Converter Design: AN29, Pg. 41

The Magnetics Issue: AN29, Pg. 44

Regulator Efficiency Discussion: AN32, Pg. 1

Basic Step-Down Circuit; AN35, Pg. 1

LT1074 Qperation: AN35, Pg. 17

General Considerations for Switching Regulator Design:
AN35, Pg. 20

Inductor Selection-Alternate Method: AN35, Pg. 22;
AN44, Pg. 34

Techniques and Equipment for Current Measurement:
AN35, Pg. 24

Optimizing Switching Regulators for Efficiency: AN35,
Pg. 26

The Magnetics Issue: AN35, Pg. 30; AN44, Pg. 34

Oscilloscope Techniques: AN44, Pg. 44

Thermal Considerations for Aluminum Electrolytic Filter
Capacitors: AN46, Pg. 15

Measuring RMS Current in Switching Regulator Filter
Capacitors: AN46, Pg. 19

Bipolar Power Switch Conduction Losses: AN46, Pg. 22

Diode Conduction Losses: AN46, Pg. 25

Inductor Selection: DN8, Pg. 1

Flyback
Flyback Converter (20V-30V to 5V): AN19, Pg. 26; AN29,
Pg. 20; AN30, Pg. 20
Totally Isolated Converter (5V to +15V): AN19, Pg. 30;
AN30, Pg. 21; LT1070 DS

Positive Current Boosted Buck Converter (28V to 5V):
AN19, Pg. 34; AN30, Pg. 22; LT1070 DS

Negative Gurrent Boosted Buck Converter; AN19, Pg. 36;
AN30, Pg. 23; LT1070 DS

Negative Input-Negative Output Flyback Converter: AN19,
Pg. 36; AN30, Pg. 23; LT1070 DS

Positive Input-Negative Qutput Flyback Converter: AN19,
Pg. 37; AN30, Pg. 24; LT1070 DS

Fully Isolated Regulator (—40V to =60V to 5V): AN25,
Pg. 6; AN30, Pg. 24

Low lqg, Isolated (5V to £15V): AN29, Pg. 7; AN30, Pg. 25

Transformer Coupled Low Quiescent Current Converter:
(150uA, 12V to 5V, +15): AN29, Pg. 13; AN30, Pg. 42;
DN18, Pg. 2

800pA Output Converter (1.5V to 5V): AN29, Pg. 14;
AN30, Pg. 26

High Efficient Flux Sensed Isolated Converter (12V to 5V):
AN29, Pg. 19; AN30, Pg. 22

Input Positive, Output Negative Flyback Converter (3.5V-
35V to -5V): AN29, Pg. 22; AN30, Pg. 21

Multi-Output Flyback Converter (12V to 5V, £12V): AN30,
Pg. 42; DN18, Pg. 1

Forward

Forward Converter (20V-30V to 5V): AN19, Pg. 41; AN30,
Pg. 27, LT1070 DS

Push-Pull Forward Converter: UC1846 DS

Help
Who Are You Going to Call?: AN35, Pg. 32

High Voltage

Non-Isolated Converter (15V to 1kV): AN29, Pg. 26;
AN30, Pg. 27

Isolated Output Converter (15V to 1kV): AN29, Pg. 27;
AN30, Pg. 28

Converter with 20,000V Isolation (15V to 10V): AN29,
Pg. 28; AN30, Pg. 28

High Voltage Power Supply (8V-15V to 330V): AN39,
Pg. 1

Parasitic Capacitance Effects in Step-Up Transformer
Design: AN39, Pg. 1

High Voltage, Variable

LT1074 Permits High Voltage Output (28V to 0V-500V):
AN35, Pg. 12

Isolated
Totally Isolated Converter (5V to £15V): AN19, Pg. 30;
AN30, Pg. 21; LT1070 DS
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Fully Isolated Regulator (—40V to —60V to 5V): AN25,
Pg. 6; AN30, Pg. 24
Low Iq, Isolated (5V to +£15V): AN29, Pg. 7; AN30, Pg. 25

High Efficient Flux Sensed Isolated Converter (12V to 5V):
AN29, Pg. 19; AN30, Pg. 22

Isolated 5V to +15V Flyback Converter: LT1431 DS

Laptop
Cold Cathode Fluourescent Lamp (Backlight): AN45,
Pg. 21; AN49, Pg. 2; AN51, Pg. 6
LCD Display Contrast Power Supply: AN49, Pg. 6; DN47,
Pg.2
Inductor and Switch Capacitor Technique Provide Bipolar
Output: DN47, Pg. 1
Cold Cathode Fluorescent Lamp Power Supply: DN52,
Pg. 2
Laser
Laser Power Supply: AN49, Pg. 13

LCD Bias
LCD Bias Currents: AN49, Pg. 6; AN51, Pg. 10

Local Area Network

Isolated Power Supply for Local Area Networks: DN31,

Pg. 1
Low Power

Battery Splitter: AN8, Pg. 2; AN30, Pg. 38; LTC1044 DS

Low Power Switching Regulator (9V to 5V): AN 8, Pg. 4;
AN30, Pg. 17; LT1013 DS

Switching Pre-Regulated Linear Regulator (9V to 5V):
ANS, Pg. 5; AN30, Pg. 31; LT1013 DS

Regulated Voltage Up Converter: AN8, Pg. 7; AN30,
Pg. 39; LTC1044 DS

Single Cell Up Converter (1.5V to 5V): AN8, Pg. 8; AN30,
Pg. 8

Up Converter (6V to 15V): AN 8, Pg. 9; AN30, Pg. 7;
LT1013 DS

Boost Converter (1.5V to 5V): AN15, Pg. 7; AN30, Pg. 8;
LT1018 DS

Micropower Switching Regulator (5.8V-10V to 5V): AN23,
Pg. 15; AN30, Pg. 17

Micropower Post Regulated Switching Regulator (6V-10V
to 5V): AN23, Pg. 16; AN30, Pg. 32

Low Quiescent Current Flyback Regulator (150uA, 6V to
12V, 2A): AN29, Pg. 9; AN30, Pg. 6; DN11, Pg. 2

Low Quiescent Current Buck Converter (8V-16V to 5V):
AN29, Pg. 12; AN30, Pg. 14

Transformer Coupled Low Quiescent Current Converter
(12V to 5V, £15V): AN29, Pg. 13; AN30, Pg. 20; DN18,
Pg.2

800uA Output Converter (1.5V to 5V): AN29, Pg. 14;
AN30, Pg. 26

200mA Output Converter (1.5V to 5V): AN29, Pg. 15;
AN30, Pg. 7

Regulated Up Converter (5V to 10V): AN30, Pg. 8;
LT1018 DS

Up Converter (1.5V to 5V): AN30, Pg. 8; LM10 DS

Generating CMOS Logic Supply from Two Mercury
Batteries (2.4V to 4.8V): AN30, Pg. 38; LTC1044 DS

A Simple Loop Reduces Quiescent Current to 150pA (12V
to 5V): AN35, Pg. 7

Better Regulation while Maintaining 150uA Quiescent
Current (12V to 5V): AN35, Pg. 8

Multi-Output

Single Inductor, Dual Polarity Regulator (6Y to +15V):
ANS, Pg. 10; AN30, Pg. 9; LT1013 DS

Totally Isolated Converter (5V to £15V): AN19, Pg. 30;
AN30, Pg. 21; LT1070 DS

Low Noise (5V to +15V): AN29, Pg. 2; AN30, Pg. 11

Ultra Low Noise Sine Wave Drive Converter(5V to £15V):
AN29, Pg. 4; AN30, Pg. 12

Single Inductor Regulated Converter (5V to +15V): AN29,
Pg. 6; AN30, Pg. 10

Low lq, Isolated (5V to £15V): AN29, Pg. 7; AN30, Pg. 25

Multi-Output, Transformer Coupled Low Quiescent
Current Converter: AN29, Pg. 13; AN30, Pg. 42; DN18,
Pg.2

Transformer Coupled Low Quiescent Current Converter
(150uA, 12V to 5V, £1): AN29, Pg. 13; AN30,
Pg. 42; DN18, Pg. 2

High Current Switched Capacitor Converter (6V to £5V):
AN29, Pg. 29; AN30, Pg. 41

Switched Capacitor Converter (5V to £12V): AN29,
Pg. 30; AN30, Pg. 35; LT1054 DS

Switched Capacitor Based (6V to +7V): AN29, Pg. 31;
AN30, Pg. 40

Switched Capacitor Charge Pump Based Voltage
Multiplier: AN29, Pg. 31; AN30, Pg. 36

Single Inductor, Dual Output Converter (5V to +15V):
AN30, Pg. 13

Dual Pre-Regulated Supply (90Vac-130Vac to £12V):
AN30, Pg. 30; LT1086 DS
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Dual Output Voltage Doubler: AN30, Pg. 35; LT1054 DS

Dual Output Switch Capacitor Voltage Generator: AN30,
Pg. 39; LT1026 DS

Voltage Multiplier (£5V to +15V): AN30, Pg. 41;
LT1032 DS

Multi-Output Flyback Converter (12V to 5V, £12V): AN30,
Pg. 42; DN18, Pg. 1

Coupled Inductor Provides Positive and Negative Outputs
(28V to 15V, -5V): AN35, Pg. 3

Inductor and Switch Capacitor Techniques Provide
Bipolar Output: DN47, Pg. 1

Offline
100W Offline Switching Regulator (5V at 20A): AN 25,
Pg. 8; AN30, Pg. 29
No Design Offline Power Supply: DN62, Pg. 2
Fully Isolated Flyback 100KHz, 50W Converter: LT1103/
LT1105DS
300kHz Offline Power Supply: LT1241 DS

Pre-Regulator

Linear Regulator with Switching Pre-Regulator (28V to
Adj.): AN 2, Pg. 3; AN30, Pg. 31

High Current Low Dissipation Pre-Regulated Linear
Regulator (OV-35V, 0A-10A): AN2, Pg. 4; AN30,
Pg. 33; LT1083 DS

Switching Pre-regulated Linear Regulator (9V to 5V):
ANS, Pg. 5; AN30, Pg. 31; LT1013 DS

Micropower Post Regulated Switching Regulator (6V-10V
to 5V): AN23, Pg. 16; AN30, Pg. 32

High Power Linear Regulator with Switching Pre-
Regulator: AN29, Pg. 25; AN30, Pg. 30; LT1083 DS

Dual Pre-Regulated Supply (90Vag-130Vac to £12V):
AN30, Pg. 30; LT1086 DS

Low Dissipation Regulator (10V-20V to 5V): AN30,
Pg. 32; LT1035 DS; LT1036 DS

Switching Pre-Regulator for Wide Input Voltage Range
(7.5V-30V to 5V): AN30, Pg. 33; LT1020 DS

SCR Pre-Regulator (90Vag-140V,c to 15V): AN32, Pg. 3

Pre-Regulated Low Dropout Regulator (7V-20V to 5V):
AN32, Pg. 4

Ultra-Low Dropout Linear Regulator with Pre-Regulator:
AN32, Pg. 7

Micropower Pre-Regulated Linear Regulator (6V-10V to
5V): AN32, Pg. 8

Linear Post-Regulator Improves Noise and Transient
Response (5V Output): AN35, Pg. 6

Adjustable Linear Post-Regulator Maintains Efficiency
(35V to 1.2V-28V): AN35, Pg. 7

Step-Down—See Buck
Step-Up—See Boost and Flyback
Switched Capacitor

High Power Switched Capacitor Voltage Converter (12V to
5V): AN3, Pg. 16; AN8, Pg. 5; AN29, Pg. 32

Battery Splitter (9V to +4.5V): AN8, Pg. 2; AN30, Pg. 38;
LTC1046 DS

Regulated Negative Voltage Converter: AN8, Pg. 2; AN30,
Pg. 39; LTC1046 DS

Voltage Doubler: AN8, Pg. 6; AN30, Pg. 38

Regulated Voltage Up Converter (3V to 5V): AN8, Pg. 7;
AN30, Pg. 39; LTC1044 DS

-Vy to +Vgur Converter: AN29, Pg. 29; AN30, Pg. 34

High Current Switched Capacitor Converter (6V to +5V):
AN29, Pg. 29; AN30, Pg. 41

Positive Doubler: AN29, Pg. 30; AN30, Pg. 34; LT1054 DS

Switched Capacitor Converter (5V to £12V): AN29,
Pg. 30; AN30, Pg. 35; LT1054 DS

Switched Capacitor Based Converter (6V to +£7V): AN29,
Pg. 31; AN30, Pg. 40

Switched Capacitor Charge Pump Based Voltage
Multiplier (5V to £12V): AN29, Pg. 31; AN30, Pg. 36

Basic Voltage Inverter: AN30, Pg. 34; LT1054 DS

Basic Voltage Inverter/Regulator: AN30, Pg. 34;
LT1054 DS

Dual Output Voltage Doubler: AN30, Pg. 35; LT1054 DS

Regulated Negative Doubler (100mA): AN30, Pg. 35;
LT1054 DS

Regulating 200mA Converter (12V to —5V): AN30, Pg. 36;
LT1054 DS

Switched Capacitor Regulator (3.5V to 5V: AN30, Pg. 36;
LT1054 DS

Digitally Programmable Negative Supply: AN30, Pg. 37;
LT1054 DS

Negative Doubler with Regulator: AN30, Pg. 37;
LT1054 DS

Negative Voltage Converter: AN30, Pg. 37; LTC1044 DS;
LTC1046 DS

Positive Doubler with Regulation: AN30, Pg. 37;
LT1054 DS

Voltage Doubler: AN30, Pg. 37; LTC1044 DS

Paralleling for Lower Output Resistance: AN30, Pg. 38;
LTC1044 DS
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Stacking for Higher Voltage: AN30, Pg. 38; LTC1044 DS

Dual Output Switched Capacitor Voltage Generator: AN30,
Pg. 39; LT1026 DS

Voltage Tripler/Quadrupler: AN30, Pg. 39; LTC1044 DS

Charge Pump Negative Voltage Generator: AN30, Pg. 41;
LT1020 DS

Charge Pump Voltage Doubler: AN30, Pg. 41; LT1020 DS
Voltage Multiplier (£5V to £15V): AN30, Pg. 41;

LT1032 DS
Negative Voltage Doubler: AN30, Pg. 43; LT1054 DS

4.5V-15V Input, Voltage Doubler Using the LTC203:
DN38, Pg. 2; LTC203 DS

Paralleling for 100mA Load Current: LTC1046 DS

Micropower, 4.5V to 15V, Voltage Inverter Using the
LTC203: LTC203 DS

Telecom

Negative to Positive Buck-Boost Converter (-40V to -60V
to 5V): AN25, Pg. 4; AN29, Pg. 21; LT1082 DS

Fully Isolated Regulator (—40V to —60V to 5V): AN25,
Pg. 6; AN30, Pg. 24

Totally Isolated Converter: LT1082 DS

Ultra High Efficiency

LTC1148 (2V-5V to 5V/1A) Boost Converter: AN54,
Pg. 21

LTC1147 (4V-14V to 3.3V/1A) Buck Converter—Surface
Mount: AN54, Pg. 12

LTC1147 (5V-14V to 5V/1A) Buck Converter—Surface
Mount: AN54, Pg. 11

LTC1148 (10V-14V to 5V/10A) High Current Buck
Converter: AN54, Pg. 13

LTC1148 (30V-75V to 24V/3A) High Voltage Buck
Converter: AN54, Pg. 17

LTC1148 (4V-10V to —5V/1A) Positive to Negative
Converter: AN54, Pg. 20

LTC1148 (4V-14V to +5V/0.5A, -5V/0.5A) Split Supply
Converter: AN54, Pg. 19

LTC1148 (4V-14V to 3.3V/1A) Buck Converter—Surface
Mount: AN54, Pg. 6

LTC1148 (4V-14V to 3.3V/2A) Buck Converter—Surface
Mount: AN54, Pg. 7

LTC1148 (4V-14V to 5V/1A) Buck-Boost Converter:
AN54, Pg. 18

LTC1148 (5V-14V to 5V/1A) Buck Converter—Surface
Mount: AN54, Pg. 3

LTC1148 (5V-14V to 5V/2A) Buck Converter—Surface
Mount: AN54, Pg. 4

LTC1148 (5V-14V to 5V/2A) High Frequency Buck
Converter—Surface Mount: AN54, Pg. 5

LTC1149 (10V-48V to 3.3V/2A) High Voltage Buck
Converter: AN54, Pg. 10

LTC1149 (10V-48V to 5V/2A) High Voltage Buck
Converter: AN54, Pg. 8

LTC1149 (10V-48V to 5V/2A) High Voltage Buck
Converter with Large P-Channel and N-Channel
MOSFETs: AN54, Pg. 9

LTC1149 (12V-48V to 5V/10A) High Current, High
Voltage Buck Converter: AN54, Pg. 15

LTC1149 (12V-36V to 5V/5A) High Current, High Voltage
Buck Converter: AN54, Pg. 14

LTC1149 (32V-48V to 24V/10A) High Current, High
Voltage Buck Converter: AN54, Pg. 16

High Efficiency Synchronous Buck (5.5V-13V to 5V/2A):
DN68, Pg. 1

High Current, High Efficiency Synchronous Buck (12V-
36V to 5V/5A): DN68, Pg. 2

REGULATOR—SWITCHING (MICROPOWER)

Backlight
Micropower CCFL Driver Delivers up to 1mA: AN51,
Pg. 16
Boost

Two “AA” Cells to 5V Deliver 150mA: AN51, Pg. 13;
LT1107 DS; LT1108 DS

Main Logic Converter with Backup Converter: AN51,
Pg. 14

Two “AA” Cells to 6V/550mA: AN52, Pg. 7

Two “AA” Cell to 5V Step-Up Converter Delivers 150mA:
DN52, Pg. 1

3V to 12V Step-Up Converter: LT1073 DS
3V to 15V Step-Up Converter: LT1073 DS

3V to 5V Step-Up Converter: LT1073 DS; LT1173 DS;
LT1110 DS

3V to 5V/100mA Step-Up Converter with Under Voltage
Lockout: LT1073 DS

3V to 6V at 1A Step-Up Converter: LT1073 DS
5V to 12V Step-Up Converter: LT1073 DS

5V to 15V Step-Up Converter: LT1073 DS

3V to 5V Converter: LT1109 DS
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2V to 5V/300mA Step-Up Converter with Under Voltage
Lockout: LT1173 DS

Step-Up Converter (5V to 12V): LT1173 DS

Buck

9V to 5V Reduced Noise Step-Down Converter:
LT1073 DS

9V to 5V Step-Down Converter: LT1073 DS; LT1173 DS;
LT1111 DS

9V to 5V Step-Down Converter: LT1173 DS

High Power, Low Quiescent Current Step-Down
Converter: LT1173 DS; LT1111 DS

Buck-Boost
DC to DC Converter Generates —24V from 3V or 5V:
DN52, Pg. 1
9V to 3V Step-Down Converter: LT1073 DS

Positive to Negative Converter: LT1073 DS; +5V to
—-5V/75mA; LT1173 DS; LT1111 DS

Positive to Negative Converter (5V to —5V): LT1173 DS

Voltage Controlled Positive to Negative Converter:
LT1173 DS; LT1111 DS

Digital System Support
Memory Backup Supply: LT1073 DS

Laser

1.5V Powered Laser Diode Driver: AN52, Pg. 12;
LT1110DS

LCD Bias

LCD Bias Generator Delivers —24V at 10mA: AN51,
Pg. 19; LT1173 DS; LT1111 DS

Multi-Output

1.5V to 10V/3mA, 5V/3mA Dual Output Step-Up
Converter: LT1110 DS

Single Cell

1.5V to 12V Step-Up Converter: LT1073 DS

1.5V to 3V Step-Up Converter: LT1073 DS

1.5V to 5V Bootstrapped Step-Up Converter: LT1073 DS

1.5V to 5V Low Noise Step-Up Converter: LT1073 DS

1.5V to 5V Step-Up Converter with Logic Shutdown:
LT1073 DS

1.5V to 5V Step-Up Converter with Low Battery Detector:
LT1073 DS

1.5V to 5V Very Low Noise Step-Up Converter:
LT1073 DS

1.5V to 9V Step-Up Converter: LT1073 DS
Single Cell to 5V Converter: LT1073 DS

Telecom
Telecom Supply: LT1173 DS

REGULATOR—VOLTAGE

Additional Feature Circuits

Remote Sensing: AN2, Pg. 8; LT117 DS; LT138 DS

Voltage Regulator Run from 110Vag or 220Vag: AN2,
Pg.8

Low Temperature Coefficient Power Regulator:
LT1009 DS

1A Regulator with Current Limit: LT1020 DS

Current Limited 1A Regulator: LT1020 DS

Improving Ripple Rejection: LT1038 DS; LT117 DS;
LT138 DS

Regulator with Reference: LT117 DS; LT117HV DS; DB3,
Pg. 105
Improved High Frequency Ripple Rejection: LT1185 DS

Adjustable
0V to 5V Regulator: LM10 DS
Adjustable Regulator 0V-10V at 5A: LT1003 DS
Variable Output Supply: LT1004 DS

1.2V-25V Adjustable Regulator: LT1038 DS; LT117 DS;
LT138 DS

Battery Circuits
High Current Battery Splitter (150mA): AN8, Pg. 2; AN16,
Pg. 21
Battery Backup Regulator: AN23, Pg. 18
Low Voltage Regulator: LM10 DS

Control Circuits
Opto-Coupled Output Control: LT1005 DS; LT1035 DS;
DB3, Pg. 51
Automatic Light Control: LT1038 DS; LT138 DS
Lamp Flasher: LT1038 DS; LT138 DS
Protected High Current Lamp Driver: LT1038 DS;
LT138 DS

Current
Adjustable Current Limiter: LT150 DS

Digital System Support
Fast Turn-Off, Delay Turn On: AN1, Pg. 2; LT1005 DS;
LT1036 DS
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Memory Save on Power Down: AN1, Pg. 4; LT1005 DS;
LT1035 DS

Regulator with Logic Output on Dropout: AN23, Pg. 17

Regulator with Output Shutdown on Dropout: AN23,
Pg. 17

LT1020 Shutdown: AN23, Pg. 18

Memory Save on Power Down: AN31, Pg. 8

Delay Power Up: LT1005 DS; LT1035 DS; LT1036 DS

First-On, First-Off Sequencing: LT1005 DS; LT1035 DS;
LT1036 DS

First-On, Last-Off Sequencing: LT1005 DS; LT1035 DS;
LT1036 DS

Power Supply Turn On Sequencing: LT1005 DS;
LT1035 DS; LT1036 DS

Push-0n, Push-Off: LT1005 DS; LT1035 DS

Battery Backup Regulator: LT1020 DS

Logic Output on Dropout: LT1020 DS

Regulator with Output Shutdown on Dropout: LT1020 DS

Regulator with Output Voltage Monitor: LT1020 DS

21V Programming Supply for UV PROM/EEPROM:
LT117 DS

2816 EEPROM Supply Programmer for Read/Write
Control: LT117 DS

Logic Controlled 3A Low Side Switch with Fault
Protection: LT1185 DS

Low Input Voltage Monitor Tracks Dropout Characteristic:

LT1185 DS
Time Delayed Start-Up: LT1185 DS
5V Power Supply Monitor with £500mV Window and
50mV Hysteresis: LT1431 DS
Discussion

Linear Power Supplies-Past, Present, and Future: AN11,
Pg. 15

Achieving Low Dropout: AN32, Pg. 10
Avoiding Ground Loops: LT1003 DS
Bypass Gapacitors: LT1003 DS; LT1033 DS; LT1038 DS

Raw Supply, Transformer, Diode and Capacitor Selection:

LT1003 DS
Bypassing the Adjust Pin: LT1033 DS
Output Voltage: LT1033 DS
Proper Connection of Divider Resistors: LT1033 DS
Resistor Table: LT1033 DS
Load Regulation: LT1038 DS
Protection Diodes: LT1038 DS

Load Regulation: LT1083 DS
Ripple Rejection: LT1083 DS
Thermal Considerations: LT1083 DS

Table of 1/2% and 1% Standard Resistance Values:
LT117 DS

Floating
Floating Regulator: LM10 DS

High Current

Regulator with Current and Thermal Protection (8.5V to
5V, 10A): AN2, Pg. 2; LT1005 DS
Variable Regulator (10A): LT1038 DS

High Voltage
High Voltage Regulator (100V): AN2, Pg. 6
High Voltage Regulator (2kV): AN2, Pg. 7
High Voltage Regulation: DN21, Pg. 1
High Voltage Regulator; LM10 DS

Low Dropout

Low Dropout 5V Regulator: AN8, Pg. 3; LT1013 DS;
LTC1044 DS

Pre-Regulated Low Dropout Regulator (7V-20V to 5V,
7.5A): AN32, Pg. 4

10A Regulator with 400mV Dropout: AN32, Pg. 6

LT1123 Low Dropout Voltage: AN51, Pg. 4; LT1123 DS

LT1121 Micropower Low Dropout Regulator: AN51,
Pg.5

High Efficiency Negative Voltage Regulation: DN21, Pg. 1;
DN21, Pg. 1

A Simple Ultra Low Dropout Regulator: DN32, Pg. 1

5V Low Dropout Regulator: DN44, Pg. 1; LT1123 DS

Low Dropout Regulator for 6V Battery: LT1013 DS

1A Low Dropout Regulator: LT1020 DS

Adjustable Low Dropout Regulator with Kelvin Sense
Inputs: LT1087 DS

Remote Fully Kelvin Sensed Output (4-Wire): LT1087 DS
Remote Kelvin Sensed Output (4-Wire): LT1087 DS

Remote Load Regulation Compensation (2-Wire):
LT1087 DS

5V, 3A Regulator with 3.5A Current Limit: LT1185 DS

Auxiliary +12V Low Dropout Regulator for Switching
Supply: LT1185 DS

FET Low Dropout 5V Regulator with Current Limit:
LT1431 DS

PNP Low Dropout 5V Regulator: LT1431 DS
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4-Cell to 5V Low Dropout Regulator with Auto-Reset:
LTC1153 DS

4-Cell to 5V Extremely Low Voltage Drop Regulator:
LTC1154 DS; LTC1155 DS; LTC1156 DS

3-Cell to 3.3V Ultra Low Voltage Drop Regulator:
LTC1157 DS
Low Noise
Low Noise Voltage Regulator: LT1028 DS

Micropower
1.2V Regulator with 1.8V Minimum Input; LM134 DS

Multi-Output
Dual Output 150mA Regulator: LT1020 DS
Dual Output Regulator: LT1020 DS

Negative
Negative Regulator: LM10 DS; LT137 DS
Negative Voltage Regulator: LT1017 DS
Precision Negative Regulator: LT1033 DS

Paralleling
Parallel Regulators for High Current (5V at 8A): AN2,
Pg. 1; LT138 DS
Paralleling Regulators: LT1038 DS
Paralleling Devices for Higher Gurrent: LT1087 DS; DN33,
Pg. 2
Positive
Standard Fixed 5V Regulator: LT1003 DS
5V Regulator: LT1020 DS

Pre-Regulator

Linear Regulator with Switching Pre-Regulator (28V to
Adj.): AN2, Pg. 3

High Current Low Dissipation Pre-Regulated Linear
Regulator (0V-35V, 0A-10A): AN2, Pg. 4; LT1038 DS;
LT1083 DS

Switching Pre-Regulated Linear Regulator (9V to 5V):
ANS, Pg. 5; LT1013 DS

Micropower Post Regulated Switching Regulator (6V-10V
to 5V): AN23, Pg. 16

High Power Linear Regulator with Switching Pre-
Regulator: AN29, Pg. 25; LT1083 DS

Dual Pre-Regulated Supply (90Vag-130Va¢ to £12V):
AN30, Pg. 30; LT1086 DS

SCR Pre-Regulator (90Vac-140Vag to 5V): AN32, Pg. 3

SCR Pre-Regulator (90Vac-140Vac to 15V): AN32, Pg. 3

Pre-Regulated Low Dropout Regulator (7V-20V to 5V,
7.5A): AN32, Pg. 4

Ultra Low Dropout Linear Regulator with Pre-Regulator:
AN32, Pg. 7

Micropower Pre-Regulated Linear Regulator (6V-10V to
5V): AN32, Pg. 8

Switching Pre-Regulator for Wide Input Voltage Range
(7.5V-30V to 5V): LT1020 DS

Low Dissipation Regulator (10V-20V to 5V): LT1035 DS;
LT1036 DS

Precision

Precision Power Supply with Two OQutputs: LT1001 DS;
LT1002 DS

High Stability 5V Regulator: LT1004 DS; LT1009 DS
High Stability Regulator: LT1004 DS; LT1033 DS;
LT137 DS

Precision Regulators: LT1033 DS
Precision High Current Reference: LT150A DS

Protection Circuits
Latch-Off when Output Shorts: AN1, Pg. 2; LT1005 DS;
LT1036 DS

Fast Electronic Circuit Breaker: AN1, Pg. 3; LT1005 DS;
LT1035 DS

High Input Voltage Detection: AN1, Pg. 3; LT1005 DS;
LT1035 DS

Line Dropout Detector: AN1, Pg. 5; LT1005 DS;
L.T1036 DS

Thermal Cutoff at High Ambient Temperatures: AN1,
Pg. 6; LT1005 DS; LT1035 DS

Crowhar Qvervoltage Protection Circuit: AN31, Pg. 9
Crowbar Protection: LT1003 DS; LT123 DS
Latch-Off for Voyr < 4.7V: LT1005 DS; LT1035 DS
Foldback Current Limiting; LT1185 DS

Shunt
Shunt Regulator: LM10 DS

Tracking
Dual Tracking 3A Supply: LT1033 DS; LT137 DS
Multiple Tracking Regulators: LT1033 DS; LT137 DS

RELATIVE HUMIDITY—See Signal Gonditioning-
Temperature

LR
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SAFEWAY

Inductor Selection
Typical Inductor Test Facility: AN35, Pg. 22

SAMPLE AND HOLD—See Amplifier
SEEBECK EFFECT

Temperature
Thermocouple: AN28, Pg. 1

SEEBECK, THOMAS

Thermocouple Theory: AN28, Pg. 1
SENSOR—See Signal Conditioning
SENSORS/TRANSDUCERS
SETTLING TIME—See Amplifier
SIGNAL CONDITIONING

Acceleration
Acceleration to Frequency: AN7, Pg. 15
Fast Piezoelectric Accelerometer: LT1022 DS

Audio
Phono Preamplifier: LT1007 DS
Tape Head Amplifier: LT1007 DS
Bridge
A Practical Instrumentation Amplifier Based Bridge
Circuit: AN43, Pg. 5
Servo Controlling Bridge Drive Eliminates Common Mode
Voltage: AN43, Pg. 5
Low Noise Bridge Amplifier with Common Mode
Suppression: AN43, Pg. 6
Low Noise, Chopper Stabilized Bridge Amplifier with
Common Mode Suppression: AN43, Pg. 6
High Resolution Bridge Amplifier with Common Mode
Suppression: AN43, Pg. 7

Single Supply Bridge Amplifier with Common Mode
Suppression: AN 43, Pg. 7

High Precision Scale for Human Subjects: AN43, Pg. 8

Floating Input Bridge Instrumentation Amplifier with 200V
Common Mode Range: AN43, Pg. 10

Low Power Bridge Drive: AN43, Pg. 18

Strobed Power Strain Gauge Bridge Signal Conditioner:
AN43, Pg. 19

Pulsed Excitation, Sampled Output Bridge Signal
Conditioner: AN43, Pg. 20

Pulsed Excitation Bridge Signal Conditioner-DC Output:
AN43, Pg. 21

High Resolution Pulsed Excitation Bridge Signal
Conditioner: AN43, Pg. 23

Time Domain Bridge: AN43, Pg. 26

Gain Trimming by Adjustment of Transducer Excitation:
DN51, Pg. 1

Amplifier for Bridge Transducer: LM108 DS; LT1008 DS;
LT1012 DS

Differential Voltage Amplification from a Resistance
Bridge: LT1101 DS
Discussion
Theory and History: AN43, Pg. 1
Signal Conditioning Methods: AN43, Pg. 3
Strain Gauge Bridges: AN43, Pg. 36; AN43, Pg. 37
Bridge Readout Techniques and History: AN43, Pg. 41
Practical Considerations for Bridge Interfaces: AN43,
Pg. 46
Distance
Linear Variable Differential Transformer, LVDT: AN3,
Pg. 9; LT1013 DS; LTC1043 DS
Flow
Liquid Flowmeter: AN5, Pg. 6
Thermal Anemometer: AN5, Pg. 7
Air Flow Detector: LT1012 DS
Hot Wire Anemometer: LT1013 DS
Liquid Flowmeter; LT1013 DS
Air Flow Detector: LTC1052 DS

Gas
Linearized Methane Transducer: AN11, Pg. 3
Methane Concentration Detector with Linearized Output:
LT1013 DS
Humidity
Relative Humidity: AN3, Pg. 7; AN3, Pg. 8; LTC1043 DS
Humidity to Frequency (0%-100% to OHz-1000Hz): AN7,
Pg. 11
Battery Powered Relative Humidity Signal Conditioner:
AN45, Pg. 10
Infra-Red
Infra-Red Detector Preamplifier; LT1007 DS
Low Noise Infra-Red Detector: LT1028 DS
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Level
Level to Frequency: AN7, Pg. 13
Level Transducer Digitizer Uses AC Bridge Technique:
AN43, Pg. 26
Particle Detector
1.5V Powered Particle Detector: LT1073 DS

Photoconductive Cell
Buffer for Photoconducting Cell: LM134 DS

Photodiode

Logarithmic Photodiode Amplifier, 100dB Range: ANS,
Pg. 3; LT1057 DS

Photodiode, Frequency Output (20Hz-2MHz): AN7, Pg. 9

Fast Fiber Optic Receiver (10MHz): AN13, Pg. 23

A Simple Photodiode Amplifier: AN47, Pg. 41

A Very Fast Photo Integrator: AN47, Pg. 42

A Simple Fiber Optic Receiver: AN47, Pg. 43

Adaptively Triggered 40MHz Fiber Optic Receiver: AN47,
Pg. 44

Light Level Sensor: LM10 DS

Amplifier for Photodiode Sensor: LT1008 DS; LT1012 DS;
LTC1150 DS

PIN Photodiode to Frequency Converter: LT1022 DS
Photodiode Amplifier with Adaptive Threshold:
LT1220 DS
Piezoelectric
Amplifier for Piezoelectric Transducer: LM108 DS
Charge Amplifier for Piezoelectric Transducers:
LT1012 DS
Pressure
Precision Barometer: AN47, Pg. 11

Direct Pressure Transducer to Digital Output Signal
Conditioner: LT1024 DS

Radiation Detector
Single Cell, Radiation Detector: AN45, Pg. 11

Strain Gauge
Strain Gauge, Frequency Output: AN7, Pg. 6

Strain Gauge Signal Conditioner: AN11, Pg. 7;
LTC1044 DS

Sampled Strain Gauge Bridge: AN23, Pg. 3
Strobed Power Strain Bridge: AN23, Pg. 4

Strain Gauge Signal Conditioner with Bridge Excitation:
LT1001 DS; LT1002 DS; LT1007 DS

9V Battery Powered Strain Gauge Signal Conditioner:
LT1013 DS

Strain Gauge Bridge Signal Conditioner; LT1013 DS
Ultra-Linear Strain Gauge: LT1019 DS; REF02 DS

Strain Gauge Conditioner for 350 Bridge: LT1021 DS;
LT1031 DS

Strain Gauge Bridge Signal Conditioner: LT1054 DS

Differential Voltage Amplification from a Resistance
Bridge: LT1101 DS

Direct 10-Bit Strain Gauge Digitizer: LTC1052 DS
SIGNAL CONDITIONING—TEMPERATURE

Acoustic
Acoustic Thermometer: AN7, Pg. 5

Discussion
Thermal Control Loop Model: AN5, Pg. 2
Thermocouple Measurements: AN28, Pg. 1
Temperature Sensor Comparison: AN28, Pg. 2
Linearization Techniques for Thermocouples: AN28,

Pg. 12

Measuring Thermal Resistance: AN28, Pg. 15
Error Sources in Thermocouple Systems: AN28, Pg. 18

Platinum RTD

Linearized Platinum RTD, Precision: AN3, Pg. 6;
LTC1043 DS; LTC1051 DS

Linearized Platinum RTD: ANG, Pg. 3

5V Powered, Linearized Platinum RTD Signal Conditioner
(0°C-400°C to OV-4V): AN11, Pg. 1; LT1013 DS

Platinum Resistor Value to Frequency (OkHz-1kHz): AN14,
Pg. 17

Linearized Platinum RTD Signal Conditioner (2°C-400°C
to 0.2V-4V): AN23, Pg. 1; LT1006 DS

Linearized Platinum RTD Bridge: AN43, Pg. 11; DN40,
Pg.2

Switched Capacitor Based RTD Signal Conditioner: AN43,
Pg. 12

Digitally Linearized Platinum RTD Signal Conditioner:
AN43, Pg. 13; DN45, Pg. 1

0°C-400°C Temperature-Measurement System: AN52,
Pg.?2

Linearized Platinum Resistance Thermometer: LT1001 DS

Kelvin Sensed Platinum Temperature Sensor Amplfier:
LT1012 DS

Ultra Linear Platinum Temperature Sensor: LT1021 DS;
LT1031 DS
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Silicon Sensor

Temperature to Frequency Converter (0°C-100°C to OkHz-

1kHz): AN7, Pg. 2

High Noise Rejection Thermometer: AN9, Pg. 17

Delta Vgg Based Thermometer: AN45, Pg. 7

Differential Temperature-Measurement System: AN52,
Pg.3

0°C-70°C Thermometer: AN52, Pg. 5

Thermometer Using Current Output Silicon Sensors
(-55°C-125°C): DN5, Pg. 2

Isolated Temperature Sensor: LF198 DS

Centigrade Temperature Sensor with 2 Point Trim:
LM134 DS

Ground Referred Fahrenheit Thermometer: LM134 DS
Low Output Impedance Thermometer: LM134 DS

Low Output Impedance Thermometer (Kelvin Output):
LM134 DS

Remote Temperature Sensor with Voltage Output :
LM134 DS

Over Temperature Alarm: LT1019 DS
Temperature to Frequency Converter: LT1055 DS
Micropower, Battery Operated, Remote Temperature
Sensor: LT1101 DS
Thermistor

Linear Thermometer, Thermistor: AN3, Pg. 15;
LT1006 DS

Precision Temperature Controller: AN5, Pg. 1

Thermister Based Current Loop Signal Conditioner
(0°C-100°C): AN23, Pg. 5

Wall Type Thermostat: AN23, Pg. 6

Freezer Alarm: AN23, Pg. 7

Linear Output Thermistor Bridge: AN43, Pg. 17

“Lock-In" Bridge Amplifier for Thermistor: AN43, Pg. 24

Accurate Thermistor Based Temperature Measurement
System (0°C-100°C): DN5, PG. 2

0°C-100°C Linear Output Thermometer: LT1004 DS

2-Wire 0°C-100°C Temperature Transducer with 4mA to
20mA Output: LTC1040 DS

Complete Heating/Cooling Automatic Thermostat:
LTC1040 DS

Ultra Low Power 50°F-100°F Thermostat: LTC1041 DS
Thermocouple

Thermocouple to Frequency Converter (0°C-60°C to OHz-

600Hz): AN7, Pg. 3; AN11, Pg. 5

Single +5V Thermocouple Amplifier with Cold Junction
Compensation: AN11, Pg. 5; LTC1052 DS;
LTC1049 DS

Thermocouple with Cold Junction Compensation
(0°C-60°C): AN23, Pg. 2; LT1006 DS

Cold Junction Compensation for a Type J Thermocouple:
AN28, Pg. 4

Cold Junction Compensation for a Type K Thermocouple:
AN28, Pg. 5; LTK001 DS
Differential Thermocouple Amplifiers: AN28, Pg. 6
Thermocouple Isolation Amplifier (0.25%): AN28, Pg. 8
Thermocouple Isolation Amplifier (0.01%): AN28, Pg.10
Pulse Width Output Thermocouple Isolator: AN28, Pg. 11
Offset Based Linearization for Thermocouples: AN28,
Pg. 12
Breakpoint Based Linearization for Thermocouples: AN28,
Pg. 14

Continuous Function Linearization for Thermocouples:
AN28, Pg. 15

Processor Based Linearization for Thermocouples: AN28,
Pg.15

Thermocouple Sensed Temperature to Frequency
Converter: AN45, Pg. 8

Furnace Exhaust Gas Temperature Monitor with Low
Supply Detection (0°C-500°C): DN5, Pg. 1

Flame Detector: LM10 DS

Thermocouple Transmitter: LM10 DS

Thermometer: LM10 DS

Thermocouple Cold Junction Compensator: LM185 DS

Micropower Cold Junction Compensation for
Thermocouple: LT1004 DS

Thermocouple Thermometer: LT1012 DS
3-Channel Thermocouple Thermometer: LT1013 DS

Single 5V Thermocouple Over Temperature Alarm:
LTC1042 DS

Single Supply Thermocouple Amplifier: LTC1049 DS

Thermocouple Based Temperature to Frequency
Converter: LTC1049 DS

Direct Thermocouple to Frequency Converter:
LTC1052 DS

Precision Multiplexed Differential Thermocouple
Amplifier: LTC1052 DS

Multiplexed Differential Thermometer: LTC1053 DS

Micropower Thermocouple Temperature to Frequency
Converter: LTC203 DS

46

Ly N



SUBJECT INDEX

Low Noise, Multiplexed Thermocouple Amplifier:
0P27 DS

SINE WAVE GENERATOR—See Oscillators
SINGLE CELL

A-D
1.5V A-D Converter (10-Bit): AN15, Pg. 2
Amplifier
1.5V Voltage Boosted Output Op Amp (0V-10V): AN15,
Pg.6
De-DC
Boost Regulator (1.5V to 5V): AN15, Pg. 7

Discussion
Components for 1.5V Operation: AN15, Pg. 8

Oscillator
1.5V Temperature Compensated Crystal Oscillator
(3.5MHz): AN15, Pg. 6; AN45, Pg. 14; LT1073 DS
Sample and Hold
1.5V Sample and Hold: AN15, Pg. 3
1.5V Fast Sample and Hold (125ps, 0.1%): AN15, Pg. 4
V-F
1.5V Voltage to Frequency Converter (0V-1V to 1Hz-
1kHz): AN14, Pg. 9
1.5V Voltage to Frequency Converter (0V-1V to 25Hz-
10kHz): AN15, Pg. 1

SINGLE SUPPLY

Analog Switch
Low Charge Injection Analog Switch: LTC201 DS

Current Loop

Digitally Controlled 4mA-20mA Current Loop Generator:

AN31, Pg. 6

Digital Help Circuits
EEPROM Pulse Generator: LT1013 DS

Discussion

High Performance Single Supply Analog Amplifiers:
AN11, Pg. 14

Filter-Switched Capacitor
Single Supply LTC1062: AN20, Pg. 4
Single 5V, Gain of 1000 4th Order Bandpass Filter:
LTG1060 DS

6th Order LP Butterworth: LTC1061 DS

Single 5V Supply 5th Order LP Filter: LTC1062 DS
Level Shifting Clock for V+>6V: LTG1064-1 DS

Single Supply Operation of LTC1064-1: LTC1064-1 DS

Gas
Linearized Methane Transducer Signal Conditioner: AN11,
Pg.3
Instrumentation Amplifier
Precision Instrumentation Amplfier: AN11, Pg. 6

Ultra Precision Instrumentation Amplifier: AN11, Pg. 6;
LTC1043 DS

Precision, Micropower, Single Supply Instrumentation
Amplifier: LT1101 DS

Two Op Amp Instrumentation Amplifier: LTC1049 DS

Interface
A/D Converter Interface: DN29, Pg. 1

Motor Speed

Motor Speed Controller, No Tachometer Required:
LT1013 DS

Oscillator

Single Supply Crystal Oscillator 10MHz-15MHz:
LT1116 DS

Sample and Hold—See Also Single Cell

Quad Single 5V Supply, Low Hold Step, Sample and Hold:
LTC1043 DS

Strain Gauge

Strain Gauge Signal Conditioner: AN11, Pg. 7;
LTC1044 DS

Temperature Sensor

Single Supply Precision Linearized Platinum RTD Signal
Conditioner: AN3, Pg. 6; LTC1043 DS; LT1006 DS

Linearized Platinum RTD Signal Conditioner (0°C-400°C
to 0V-4V): AN11, Pg. 1

Cold Junction Compensated Thermocouple Signal
Conditioner: AN11, Pg. 5

Single 5V Thermocouple Over Temperature Alarm:
LTC1042 DS

Transmitter

4mA-20mA Current Loop Transmitter: AN11, Pg. 9

4mA-20mA Floating Output for Current Loop Transmitter:
AN11, Pg. 10

LTI
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4mA-20maA Digitally Controlled Current Loop Transmitter:

AN31, Pg. 6
V-F
Ultra Linear Voltage to Frequency Converter (100kHz-
1.1MHz): AN14, Pg. 7; AN23, Pg. 13

Ultra Linear, Micropower V-F (0-5V to 0-10kHz): AN45,
Pg.15

Voltage to Frequency Converter: LTG1040 DS

Voltage Regulator

Low Dropout 5V Regulator: ANS, Pg. 3; LT1013 DS;
LTC1044 DS

Low Voltage Regulator: LM10 DS
STRAIN GAUGE—See Signal Conditioning
SWITGHES—See Also Analog Switch—See Also Driver

Analog
Low Charge Injection Analog Switch: LTC201 DS

High Side
High Side Switch (1.5A): LT1188 DS

THERMISTOR—See Signal Conditioning-Temperature
THERMOCOUPLE—See Signal Conditioning-Temperature
THERMOMETER—See Signal Conditioning-Temperature
TRIGGER

Adaptive Threshold
50MHz Trigger with Adaptive Threshold: AN47, Pg. 59

VC0—See Oscillators
VOLTMETER

RMS
Wideband True RMS Voltmeter: AN47, Pg. 62

WEIN BRIDGE OSCILLATOR—See Oscillators
WHEATSTONE, CHARLES

Bridges
Bridge Thief: AN43, Pg. 1

WILKINSON, D. H.

A-D
First Electronic A-D: AN43, Pg. 42

WILLIAMS, MICHAEL

Son
Future Circuit Hacker (If He Wants to): AN45, Pg. 24

WIND SPEED—See Signal Conditioning
Z00

San Francisco
Birthplace of Figure 16, AN23: AN23, Pg. 13
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TECHNOLOGY

April 1990

Questions and Answers on the SPICE Macromodel Library

Walt Jung

INTRODUCTION

This document is provided to answer some of the potential
questions raised about the Linear Technology SPICE
macromode! library. It assumes that you have a diskette
copy of the library already, and want some background
andlor additional information. Those needing a copy of the
current SPICE macromodel diskette may obtain one by
calling (800) 637-5545. The macromodel library is available
on IBM PC format (high density) diskettes, in either 5.25"
or 3.5" styles. If you should have a question not answered
by this text, you may call LTC applications at (408) 432-
1900. For more general SPICE questions, references are
provided.

GETTING STARTED

Question (1): What hardware and software do | need to get
the LTC SPICE model package up and running?

Answer (1): Obviously, you first need an IBM PC compati-
ble computer with a high density drive, either 5.25" or 3.5".
Beyond that, you will need only a minimal amount of RAM
(512k or more). With this SPICE macromodel diskette, we
have not just given you a model library, we have also fur-
nished a working demo copy of PSpice™ from MicroSim,
right on the diskette with our model software. To run this
demo copy of PSpice, there are no minimum CPU speed,
display or printer requirements. Unlike the production ver-
sion, this special version of PSpice does not require a co-
processor to run, so you can see the models at work
almost immediately, with no configuration or file editing
necessary.

The demo PSpice version will run up to two models at
once. To see it operate, all you need to do is slide the
diskette into your computer, log onto the A: drive, and type
in: “DEMOLTC <Enter>". The rest is all automatic!

Question (2): That sounds a bit too easy. Isn’t there some
configuration necessary to run SPICE? Also, is there some
“on diskette” help available?

Answer (2): To minimize the configuration necessary for
PSpice, the graphics display Probe™ comes pre-configured
for a “text” style of screen display, one which will display
a plot on any monitor. Once you get your feet wet, you will
want to edit the Probe configuration file, “PROBE.DEV” to
better match your equipment (this file is in the SPICE
directory).

Yes, there are two help files on the diskette. One,
“README.COM” is in the root directory, and it lists the
specific LTC device types modeled. To use it type
“README <Enter>", then just follow the on screen
prompts. The'information can also be printed out, if de-
sired. The second help utility is “README2.COM”, and it
is in the SPICE directory. It has information on PSpice and
Probe in general, and this demo version in particular. From
the SPICE directory, type “README2 <Enter>" to use it,
and follow the prompts. Note that this help file has the
detailed info needed to customize “PROBE.DEV”, with an
ASCII editor. We recommend printing out the information
in both of these help utilities for future reference.

Question (3): Where can | get more information on PSpice
and Probe?

Answer (3): The two help utilities mentioned will serve you
here, or write or call MicroSim (mentioning this demo
diskette) at:

MicroSim Corporation
20 Fairbanks, Irvine, CA 92718
(714) 770-3022

LTI
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Question (4): Will the devices in this LTC macromodel
library run on any version of SPICE? Are they copy pro-
tected or encrypted?

Answer (4): You can use the LTC models with other ver-
sions of SPICE, either on a PC or another computer sys-
tem. All of the LTC SPICE model files are furnished in an
ASClI file format, which are actually usable on any type of
computer; a PG, a workstation and/or mainframes. If you
don’t intend final use for them on a PC, they can be trans-
ferred from the PC environment to a dissimilar system via
modem, using an error checking protocol (such as
Xmodem or Kermit).

As was noted, the models are in ASCII form, and are de-
signed to be Berkeley SPICE 2G.6 compatible (generic
SPICE). They were in fact developed and debugged using
PSpice, but other vendors’ PC based SPICE implementa-
tions can be used with them, and they will also work on
workstations and large mainframes (once transferred). So,
while we can recommend PSpice as highly useful, the
generic nature of our models allows thelr use on virtually
any 2G.6 compatible host.

Since the models are ASCII files, they are easily copied,
and we encourage use on diverse systems. Model encryp-
tion, in our opinion, is counter-productive to our goals of
widespread LTC model use. In fact, it could be said that it
is contrary to a “universal” SPICE 2G.6 ASCII file format.

MODEL COVERAGE

Question (5): How many of the LTC linear devices are now
included in the SPICE macromodel library, and what de-
vice types are covered?

Answer (5): Right now, most of the LTC operational ampli-
fier models are already contained in the library. This col-
lection of 40-odd part numbers includes NPN and PNP
bipolar and JFET input amplifier types. There is also an in-
strumentation amplifier, and it is hoped that more ampli-
fiers will soon follow. Other linear devices (comparators,
A/Ds, references, regulators) are not modeled as yet.

MODEL SUPPORT

Question (6): If your models are in fact ASCII files, that
means they are easily edited and changed. Does this
mean that | can “tweak” a model to suit my own specific
needs?

Answer (6): You sure can edit the models, but you'd better
understand all the implications of it before doing so!
Modifying a model by definition makes it something other
than what it was when released. Please note that LTC will
only support models in their released form, and at our dis-
cretion. Does this then mean that you won’t ever be able to

. make useful model changes? Not really, if you just use

common sense, and keep an original reference copy of the
model, in “as received” form. Common sense means that
you don’t change 10 model parameters, then call us up
and ask why “our” model doesn’t fly. LTC (or any other IC
vendor) won't step into such a Pandora’s box!

Question (7): What if | really do have a problem with the
models? Will | be able to get help from LTC?

Answer (7): Problems using SPICE models will generally
fall into one of three types: 1) Problems with the user’s
system which are hardware andlor software related, 2)
Problems of application, that is a circuit application which
presents some general modeling difficulty. Or, in some cir-
cumstance, 3) A real problem with the model itself. Obvi-
ously LTC cannot be responsible for the correct operation
of your computer system and application of your software,
s0 we will not become involved with case 1). Case 3), prob-
lems which can be directly attributed to an LTC model will
be serviced at the discretion of LTC.

Case 2) is the most difficult of all, since it can actually be
open-ended, with no practical solution. For example, you
may need to simulate a circuit using an LTC model, but
some other crucial part is not modeled, say something
from another vendor. While we can sympathize with this
dilemma, we could not logically be expected to help de-
velop such a model. Due to time and manpower realities,
we may not even be able to help develop a new model for
one of our own parts (on short notice). More on this and
related areas is answered in the next two questions.

AN41-2
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Question (8): Are these models guaranteed to run?

Answer (8): Users should bear in mind that software mod-
els are at their very best just approximations of the real
thing, that is they amount to clever apings of actual ICs.
LTC does guarantee (and fully supports) its IC devices, the
ones you plug in to do genuine work on your PC boards. By
way of contrast, models are software support items, and
are supplied on an “as is” basis. With regard to their use
and performance, they should never be confused with the
performance of the real item. Think about this as in the
context of what gets shipped out your door as product,
that is real, and measured performance results on it vali-
dates your equipment guarantees. Model results will likely
mean little or nothing to your customers, since they are
much less tangible to your product.

Question (9): What if a model functions, but it simply
doesn’t reveal everything | want it to?

Answer (9): It is entirely possible that a given model may
fall short of specific expectations, especially if they tend
towards the unrealistic or the impractical. We don’t get
paranoid when a real op amp has finite gain as opposed to
infinite, we consider the implications in context and pro-
ceed from there. It is simply impractical (at least at this
point in modeling evolution) to make a macromodel emu-
late a device’s specs with 100% fidelity in all regards, and
still remain compact, fast running, and free of conver-
gence problems,

What we have done in developing these models is to take
into account all those performance/spec areas we saw as
most important, and then pay serious attention to them in
the models. Granted, this is a judgement call on our part,
but we hope it is a reasonable one. This does not rule out
special cases, where a model may be optimized to satisfy
a given set of customer requirements, and LTC will re-
spond to these as they arise. And, we will welcome inputs
on future models!

PARAMETERS MODELED

Question (10): OK then, what are the specific performance
areas and specifications which these models do cover?

Answer (10): The LTC op amp macromodels simulate
a number of performance areas and specs, as noted in
Table 1. We have chosen typical parameters from the de-
vice datasheet in generating these models, and room tem-
perature operation.

Table 1.

SPECIFICATION MODELED? MODELING ACCURACY
Vos Yes High
Illos Yes High
Gain-bandwidth Yes Medium
Phase margin Yes Medium
SR Yes Medium
AV (dc) Yes High
CMRR Yes High
PSRR No NA
Vgar(+ and -) Yes High
lsc Yes High
Rout Yes High
lq Yes High
en No* NA
in No* NA

*The model topology used does not address input stage noise simulation.
Use the LTC “NOISE” software instead, which does model the LTC op
amps for voltage and current noise (see question 20).

In addition, there are functional areas of performance
where modeling attention should be directed for realistic
behavior. For example, if an op amp is designed as a sin-
gle-supply device, then the inputioutput ranges of the
model should include the V- rail (ground), with good ac-
curacy. If clamping networks are used at the input, then
the model should reflect this, and clamp at the same level.
If the amplifier is pole-zero compensated, its transient re-
sponse will not resemble a classic single pole plus para-
sitic rolloff, and the model should address this. Table 2
summarizes the LTC model characteristics in these func-
tional regards.

Table 2.

CHARACTERISTIC MODELED? MODELING ACCURACY
Muttiple pole/zero Yes Medium

Single supply op. Yes High
Common-mode clamps Yes Medium
Differential clamps Yes Medium
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MODEL TOPOLOGY

Question (11): Sometimes it appears that the terms
“model” and “macromodel” are being used interchange-
ably. Is there a difference, and what defines a macromodel?

Answer (11): “Model” is a general term, and a “macro-
model” is a specific model form, one which is more com-
pact and efficient. To be historically precise, the op amp
macromodel was devised by Boyle' originally, and has
been used since then. An op amp macromodel differs from
a full “device level” model in that key parts of the circuit
are defined by the use of synthetic SPICE elements, that is
controlled current/voltage sources, etc., along with pas-
sive circuit elements such as Rs and Cs, and a minimum
number of (simplified) semiconductors. By reducing the
number of semiconductor junctions to a minimum, an op
amp macromodel can achieve simulation times 5 to 10
times faster than a device level model, and so easily allow
multiple amplifier simulations for large systems.

Question (12): This sounds like an area of tradeoff!
Certainly a macromodel using synthesized elements can-
not perform like a real device level model, can it?

Answer (12): For many aspects of performance, one can-
not tell that macromodeling has been used. For any per-
formance aspect with simulation speed as a criterion, a
macromodel approach will almost always be faster, and
with reasonable fidelity, when properly executed. A
qualifying note here . . . comparatively speaking, we will
rule out a SPICE “ideal” op amp model, which can be built
with one or a few controlled sources. We feel this is too far
removed from a real IC op amp, as it will be devoid of real
bias currents, offset voltages, slew rates, etc.

The most useful macromodel approach is one which
carefully balances the mutual goals of reasonable fidelity
to the real part, along with a realistic simulation time, and
finally the overall vigor or robustness of the model. The
importance of the first two of these points cannot be
overemphasized in considering the evolution of op amp
macromodeling. As a case in point, it is not a widely useful

Note 1: Boyle, G.R., “Macromodeling of Integrated Circuit

thing to improve say, the fidelity of an op amp’s transient
response with a complex model which departs from the
simplicity and speed advantages of a more basic model. In
the extreme, one might find a board’s worth of “more so-
phisticated” op amp models which takes all night to run
simulations, or worst yet, won’t run at all!

Question (13): What is meant by “won’t run at all?” Is that
related to the reported convergence problems of SPICE?

Answer (13): Yes, there are macromodel types which have
been published which have problems with SPICE conver-
gence for certain types of simulations. In the extreme
case, a solution cannot be found and the simulator just
quits, reporting an error. “Tweaking” of the simulator de-
faults may be necessary to make it run, and then slowly.
Try a unity-gain follower small signal transient analysis to
separate the macromodel wheat-from-chaff, and to see
what a “robust” macromodel implies.

To our minds, it is simply not enough that a model yield
good fidelity with the electrical results, it should also do
S0 with reasonable speed and not be overly sensitive to
system memory, applied signal, biasing, and/or supply
voltages. So, we have purposely included a transient test
for the LT1007 (one of our more complex models) in our
demo to illustrate this point. We will be interested to learn
of comparative tests, using other models (see Appendix).

THE BOYLE MODEL AND LTC IMPROVEMENTS

Question (14): We take it then, that your LTC models are
based on the Boyle macromodel. Is it true that this model
cannot handle differing transistor types, and that it has
other serious deficiencies?

Answer (14): Yes, the LTC macromodels are in fact derived
from the basic Boyle model. We should hasten at this
point to note that this model is apparently little under-
stood in terms of real versus perceived limits! In fact,
many Boyle derived models (and we include LTC’s here)
are related topologically, but have been enhanced in many
different and significant ways. Perhaps a fitting analogy is
that all present day cars using internal combustion en-
gines are in a sense related to Henry Ford’s Model T. This

Cohn, B.M,, Operational Amplifiers,” IEEE Journal of
Pederson, D.O., Solid-State Circuits, Vol. SC-9, #6, December
Solomon, J.E. 1974.
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is of course intentionally dramatized to make the follow-
ing point: Most of us will have no trouble at all appreciat-
ing that a basic design concept can be usefully enhanced
in many aspects, while still retaining a fundamental
lineage.

Yes, the original Boyle model used NPN bipolar input
stage transistors, in the context of a 741. But replacing
them with PNP types simply changes the connections, not
the basic design equations. FET transistors were added to
the Boyle model in 1979, in the paper by Krajewska and
Holmes,2 in both JFET and MOSFET form. Anyone imply-
ing that a Boyle-based model can’t handle a variety of tran-
sistor types is confused as to history!

Question (15): But the Boyle model cannot handle multiple
poles and zeros, and is therefore not suited for accurate
transient response simulations. Some companies have
discarded that approach long ago. How can you guys still
be using it, with all those problems?

Answer (15): The LTC macromodels were developed with an
attitude that transient response fidelity, while important,
should not necessarily be achieved at the expense of many
other equally critical performance areas. Accordingly, LTC
macromodels use extensions to the overall Boyle topology
for additional poles and zeros, as opposed to discarding it
outright. This technique allows additional control over
phase response, while still retaining relative simplicity. The
LT1007 demo example cited uses this form of compensa-
tion, and the results can be seen in the demo example (see
Appendix). This approach does have the virtue of still retain-
ing the overall form of the Boyle topology. While it may be
possible to more accurately simulate an OP-27, for example,
with up to 10 pole-zero pair networks, a legitimate question
arises: Is it worth the substantial overhead of the many
additional active stages, for each and every simulation,
however trivial? Every element added to a SPICE macro-
model extracts some penalty in terms of speed, memory
required, or overall model vigor. Carried to the extreme, sig-
nificantly more complex models may even preclude multi-
ple amplifier simulations, defeating the very purpose of
macromodeling.

Note 2: Krajewska, G.,
Holmes, F.E.

“Macromodeling of FET/Bipolar Operational
Amplifiers,” IEEE Journal of Solid-State
Circuits, Vol. SC-14, #6, December 1979.

Question (16): The last statement seems to be a contradic-
tion, as you have added additional networks, diode
clamps, and entire circuit sections to model the unique in-
ternal features of your op amps. If you question others ad-
ding additional stages, how then can you justify it?

Answer (16): The answer lies in exactly how one goes
about it! We certainly do recognize the potential penalties
these added features can represent to users who simply
may not care about a particular detail which they may be
simulating. So, we have generally implemented them in
ways which allow them to be easily disconnected. For
example, the diode clamps at the inputs of the LT1078
series can be disconnected if they get in the way, as can
the differential clamps for the LT1007 (and others). In other
words, we haven't locked anyone away from stripping the
model bare, so to speak, should they so wish. In most in-
stances, a “*” in column one of a line is all that is needed
to deactivate it.

Question (17): The Boyle model uses a ground node in-
ternally, node zero (node 0). Isn't it true that this creates
simulation errors for power supply and load currents?

Answer (17): The model we use does have a node zero in-
ternally, which happens to be the default common
(ground, or node 0) for SPICE circuits in general. The out-
put signal current of our models therefore flows through
this common node, and to/from the common node of the
overall circuit in which it is used. Usually this is a common
ground between source(s) and the load(s).

In our models (and most others which operate similarly)
the actual model output current comes from controlled
sources, which are referred to ground (node 0), inside the
model. To an extent, this node voltage can be somewhat
arbitrary; that is, it is possible for it to be referred to other
points, and the model will still operate normally. For exam-
ple, the “node 0” in single-supply op amps such as the
LT1078 series gets tied to V— in the main circuit, when the
device is used in a single-supply mode (since the V- pin,
#4 is tied to ground). All still works OK in this fashion. If
the very same model is used with dual supplies, obviously
“node 0” gets referred to a level which is intermediate be-
tween the two supply levels, such as + 15V and ~ 15V.

LTI
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A better understanding of how this operates can be
realized if it is appreciated that the SPICE controlled
sources do indeed have two terminal floating outputs,
which can be referred to various levels. Thus, the op amp’s
output (load) current can actually be different from the
power supply rail current, for the case where the internal
common node (node 0) is not tied to a supply rail.

Is all of this a real problem? It actually becomes more one
of bookkeeping, or adding up all the currents properly. We
hope it is then not a great one, since the total current drain
will still be that in the load, plus the static drain of the op
amp itself. We have taken the step of making all the mod-
els reflect an internal DC power supply current which is
that value typical to their operation (the real LT1007 draws
2.7mA, therefore lee + Ip totals 2.7mA in the model).

SOME GENERAL SPICE QUESTIONS

Question (18): All of this seems to be implying that SPICE
simulations can be quite burdensome, in terms of getting
up and running to a point of realizing useful results. What
can be said about this aspect to someone just getting
started with modeling?

Answer (18): SPICE simulation is unquestionably very in-
volved, and it is also quite demanding of analog circuit
skills along with general computer proficiency. It is just as
demanding of the computer hardware as well. While you
don’t need to be a programmer to use SPICE efficiently,
well developed computer skills definitely do help. More im-
portant to overall effectiveness however is a strong design
engineering background, in particular one in analog cir-
cuit design.

This should seem obvious, since SPICE is an analog
simulator. But, it is being stressed here to make the point
that someone proficient in analog design will likely pro-
duce quality SPICE results much faster than one equally
proficient in digital design, with both starting from zero.
Why? Because SPICE has its quirks, which must be dealt
with to use it most effectively. By and large, there are of-
ten analogs between SPICE software problems and linear
circuit problems. Thus, it helps in dealing with these types
of problems to be comfortable in “thinking analog.” Ana-
log designers also tend to be well-developed in terms of

patience, and SPICE if nothing else will be a challenge to
one’s patience!

These generalizations aside, SPICE will definitely be most
demanding of hardware, as the bigger and faster the
computer, the more quickly you get your results. The
PSpice demo supplied with this macromodel library is
quite exceptional in terms of what it does, but this does
not change the fact that the full version counterpart is
more demanding on the hardware. In the SPICE world,
hardware dollars for RAM, coprocessors, and faster CPUs
buy overall speed and complex circuit capability.

Question (19): OK, assuming that these general require-
ments can be met, what other potential bottlenecks lie in
the path of my trip towards SPICE bliss?

Answer (19): Given adequate resources in terms of man-
power and computer hardware/software, the next funda-
mental obstacle is the availability and quality of models.
One certainly wouldn’t want to build up a breadboard cir-
cuit faced with the necessity to make all the op amps up
from scratch, but that is where you'd stand for a SPICE
simulation without adequate models. Even assuming you
had the time and manpower resources to make your own
models, there is the very real question of their technical
sufficiency.

Now, this actually brings us full circle, with the IC man-
ufacturer such as LTC entering the picture as a supplier of
op amp models for their catalog of devices. With this cir-
cumstance, you, as an IC user, are in the very best position
to do useful simulations, since it is in the IC manufactur-
ers interest to supply you with models that reasonably re-
flect actual device performance. This establishes your
confidence in the devices as well as speeding your design
towards completion, with a minimum of hassle with
models.

Of course, this does not make the modeling problem go
completely away, it only lessens it appreciably, with
regard to LTC as one vendor. You still need models for all
parts of your circuit, beyond the op amps. This will very
likely continue to be a serious challenge in the months
and years ahead, as more and more vendors become ac-
tive with modeling support of their devices.

AN41-6
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Question (20): The bottom line seems to be that the SPICE
user in today’s design world has their work really cut out
for them. What level of confidence can be expected with
SPICE op amp simulations, given typical designs and your
models?

Answer (20): SPICE simulation results can and will vary in
fidelity with regard to a real live op amp, dependent upon
the type of circuit in use. Generally speaking, DC and low
frequency AC results are good to excellent, and the mod-
els do a nice job with bias currents, offset voltages, and
most input related parameters. By contrast, noise is not
modeled well at all with the enhanced Boyle topology we
employ, but we do provide a useful option here, in the form
of the alternative software, Alan Rich’s program “NOISE?
(available as noted).

The high frequency response of LTC wideband op amps
such as the LT1007 and OP-27 is modeled with multiple
poles and zeros, which yields a reasonable approximation
to the real device’s transient response (see demo). It is
worthwhile noting that the precise pulse fidelity of a sin-
gle given sample of a wideband amplifier is in reality a
“moving-target.” This is because device-to-device produc-
tion variations can be of the same degree as the errors in
their current modeling! Therefore, there is some question
as to just what benefit a more precise high frequency
mode! would provide.

The particular performance area of transient response has
been and will continue to be one of challenge in terms of
better models (without pitfalls). It is also likely to continue
as one of controversy, in terms of the best overall solution
to the technical challenge.

Note 3:RichA.  “Noise Calculation in Op Amp Circuits,” LTC Design
Note #15, September, 1988. (Program available on

diskette, call (800) 637-5545).

Output stage performance of the LTC models is good to
excellent, with accurate current and voltage limits, and
good simulation of the small signal characteristics, par-
ticularly the single supply devices near the rails.

All-in-all, we feel that this model collection is a quite use-
ful addition to the analog designer’s bag of tricks. Like the
SPICE program itself, the models are no panacea, and
they need to be used carefully and wisely. You will very
likely encounter many crossroads with SPICE models, and
often be tempted to decide between the lab results and a
SPICE simulation . . . which one to believe? Our advice
here is to not accept either without first carefully
checking, but do be inclined to lean towards the lab perfor-
mance of the real device, particularly if it passes all the
conventional analog bench tests . . . Remember, that is
real by default, while SPICE is a mimic by default!

We hope that the LTC models serve you well, and welcome
your feedback on them.
SOME GENERAL SPICE REFERENCES

1.Nagel LW.,, “Simulation Program with Integrated
Pederson, D.0. Circuit Emphasis (SPICE),” University CA
@ Berkeley, ERL-M382, 1973.

2.Nagel, LW. “SPICE2: A Computer Program to Simu-
late Semiconductor Circuits,” University
CA @ Berkeley, ERL-M520, 1975.

3.Cohen,E.  “Program Reference for SPICE2,” Univer-

sity CA @ Berkeley, ERL-M592, 1976.

Available from;
EECS/ERL Industrial Support Office
497 Cory Hall, University CA @ Berkeley
Berkeley, CA 94720
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APPENDIX

The LT1007 Op Amp Macromodel Transient Test
Demonstration

03/02/90 % % Evaluation PSpice (LT 3.06) * w 08:41:27  Shown below is the LT1007 test waveform simulated in
this transient analysis, as seen on the screen.
LTC LT1007 VOLTAGE FOLLOWER DEMO: OUTPUT = V(55)

(edited for clarity/brevity; comments italicized)
LTC LT1007 Voltage Follower Demo: Output = V(55)

MATRIX SOLUTION 6.09 4 10omV

MATRIX LOAD 8.74

READIN 2.48

SETUP 0.05 s

DC SWEEP 0.00 0

BIAS POINT 1.98 .

ACand NOISE 0.00 0 =

TRANSIENT ANALYSIS 22.41 455

OUTPUT 0.22 ooy

TOTALJOBTIME 26.53

Shown above are (edited) portions of an actual output file, .. , ) I |
“DEMO.OUT,” as run from files on a released LTC SPICE 00 10 20 — 30 40 50
macromodel diskette. The test is a small signal, voltage Ve

follower transient test. The computer used is a 16 mega-

hertz 386 w/387 math coprocessor, and the times shown in ~ “PSpice" and “Probe” are trademarks of MicroSim Corporation.
the left column reflect operation from a RAM disc. Actual

running times for other situations will vary. We invite

relative comparisons using other models for this same

transient test (edit “DEMO.CIR,” to include your compari-

son model).
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June 1991

Voltage Reference Circuit Collection

Brian Huffman

This application note is a guidebook of circuits featuring
voltage reference ICs in various configurations. The cir-
cuits shown are both basic as well as complex and employ
many popular IC references. Included are 2-terminal and
3-terminal references in series and shunt modes, for

positive and negative polarities, in voltage and current
boosted versions. Additional circuit information can be
located in the references listed in the index. The reference
works as follows, i.e., AN8, page 2 = Application Note 8,
page 2; LTG1044 DS = LTC1044 data sheet.

DRAWING INDEX

FIGURE TITLE FIGURE # PAGE REFERENCE/SOURCE
2-Terminal Reference

1.2V Output, Micropower Reference from 1.5V Battery .........cccoocvvverevereriesieenerenisninens Figure 44 ..........coo........ 10 s LT1004 DS
1.2V Qutput, Micropower Reference from 9V Battery ...........cocoevvvreecernrinmernecenninnnens Figure 45 ..o 10 e LT1004 DS
1.2V Output, Micropower Reference with Wide Input Voltage Range ..........cccccevvevennne. Figure 46 .......ccccocevenn.. 11

1.24V Qutput, Micropower, Current Boosted Reference (100mA) .........ccc.covmrererrvreeences Figure 52 ...ccovvvvernnen. T e LT1004 DS
2.5V Qutput, MiCrOPOWET REFETENCE ........eeerceeeeireiiereeieset e sss s sseene Figure 47 ..o T e LT1004 DS
2.5V Qutput, Micropower Reference with Wide Input Voltage Range ...........ccccvveeeeencee. Figure 48 .......cccoveveenee. 1

3-Terminal Reference

2.5V Qutput, Temperature Independent Trim LM336 DS
2.490V Qutput, Trim for Minimum TC .......... LM336 DS
2.5V Output Reference, 5% Trim Range . LT1009 DS
2.5V Qutput with Wide Input Range............... LT1009 DS
Basic Hookup for LT1019 Series Reference .. ..LT1019DS
Basic Hookup for LT1021 Series REferenCe ...........ccevuvveeeurrererirereesseesieeeesee s LT1021 DS
Basic Hookup for LT1027 Series ReferenCe ............ccoveeoveurreenreenerissrirneessissssnsssesesesnnes LT1027 DS
5V Output Reference, +5%, =13% TrM RANGE .......oovvreeeeerereceeseees et Figure 5 ..covevveeeeerenn. [ S LT1029 DS
5V Output Reference, Narrow Trim RANGE ........cccvvevevemueiereierieses s Figure 6 ...coocoeveccene I LT1029 DS
5.120V Output, Trimmed REfErenCe .......c...ovoreerirerierieeie et esesascsssseens Figure 9 ..o, B e LT1029 DS
Basic Hookup for LT1031 Series RefErenCe ............covvvoceececeeceeeeeeeeee e Figure 21 ...coevvvveneee T e LT1031 DS
Bipolar Reference

+10V Qutput, Precision REfErENCE ........co.orvrveeerireeeree et ssesnses Figure 39 ....cccovvvveene. 10 s LM129 DS
+1.25V Qutput, Logic Programmable REfErence ...........cccoeevevvenmrvervrerineiesiesreeneeesiane Figure 43 ........ccooce.... 10 .

+1.227V, +2.45V Output, Self-Buffered, Micropower Reference ..........cco.oovvrrerervrerrnenn. Figure 51 .o L I, LT1178 DS
10V OUtPUL REFEIBNCE ..vuveeecveeveeiectecteeteeeeet e na e Figure 42 ...........ccccu..... 10

5V OULPUL RETEIENCE ....ceooveiercerireciree ettt et sass s nnnn Figure 40 .......cccovvcenne. 10 e LT1029 DS
+2.5V OULPUL RETBIENCE ...ouvveveeoerrieircetrie ettt st sae e s Figure 41 ....coovvvvreenee. 10 s LT1029 DS
+1.2V, +7V Output, Pre-Regulated REfErence ............ccoocurenrvercerrrenneeccrinrieceeriersenenes Figure 50 ...coovvvvvveeennne 1
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DRAWING INDEX (Continued)

FIGURE TITLE FIGURE # PAGE REFERENCE/SOURCE
Boosted Reference

1.24V Qutput, Micropower, Current Boosted Reference (100mA) Figure 52 1

Current Boost Negative Reference (LT1019-2.5, -5, -10) Figure 37 9 LT1019DS
-10V Output, Current Boosted Reference Figure 38 10 LT1031 DS
10V Output with Viy-Voyt Shunt Resistor for Greater Current Figure 53 12 LT1031 DS
10V Output with External PNP for Boosted Output (100mA) Figure 54 12 LT1031 DS
10V Boosted Qutput with Current Limit (100mA) Figure 55 12 LT1031 DS
Series Reference with PNP Boost ..... Figure 56 12 LT1021 DS
Buffered Reference

2.5V Qutput, Low Noise Reference Figure 64 15 LT1009 DS
Precision High Current Reference (1.5A) Figure 57 12 AN2, page 7
-10V Output, Low Noise Reference Figure 62 14

Single Supply, =10V Output, Trimmed Low Noise, Low TC Reference Figure 63 14

-5V Output, Current Boosted Negative Reference with Overload Protection Figure 60 13

10V Output, Low Noise Reference Figure 61 14 LT1031 DS
7V Output, Low Noise, Low Drift Reference Figure 65 15 LTZ1000 DS
Buffered Standard Cell Figure 58 13 LT1012 DS
Standard Grade Variable Voltage Reference Figure 59 13 LTC1052 DS
Micropower Reference

1.2V Output, Micropower Reference from 1.5V Battery Figure 44 10 LT1004 DS
+1.236V, 2.45V Qutput, Self-Buffered, Micropower Reference (100mA) Figure 51 1 LT1178 DS
1.24V Output, Micropower, Current Boosted Reference Figure 52 1 LT1004 DS
2.5V Output, Micropower Reference Figure 47 1 LT1004 DS
2.5V Output, Micropower Reference with Wide Input Voltage Range Figure 48 1

Negative Output Reference

Shunt Operation of a Series Device (LT1019-2.5, -5, -10) Figure 36 9

Current Boost Negative Reference (LT1019-2.5, -5, -10) Figure 37 9 LT1019 DS
Shunt Mode Operation of a Series Device (LT1021-7, -10) Figure 32 9 LT1021 DS
-5V Qutput Reference (LT1021-5) Figure 33 9 LT1021 DS
-10V Output for a Series Device Figure 34 9 LT1031 DS
-10V Qutput, Wide Input Range .......... Figure 35 9 LT1031 DS
-10V Output, Current Boosted Reference Figure 38 10 LT1031 DS
Power Reference/Regulator Circuits

Programmable Negative Output High Stability Regulator Figure 83 22 LT1033 DS
High Current Variable Output Supply Figure 88 23 LT1004 DS
Simple High Stability Regulator Figure 77 ..... 19 LT1004 DS
High Stability Negative Regulator Figure 78 19 LT1033 DS
Regulator with Reference..... Figure 79 20

Negative Output Regulator with Reference Figure 80 20

Low Temperature Coefficient Regulator .... Figure 84 22

Precision High Current Reference (1.5A) Figure 57 12 AN2, page 7
5V Output, Low Dropout, Micropower Regulator with 2.5V Reference Figure 85 22 LT1020 DS
Programmable High Stability Regulator Figure 82 21,

High Current Regulator with Reference Figure 87 23 LT1086 DS
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DRAWING INDEX (Continued)

FIGURE TITLE FIGURE # PAGE REFERENCE/SOURCE
Power Reference/Regulator Circuits (Continued)

5V Output, Low Dropout, Micropower Regulator with 2.5V Reference and Shutdown ... Figure 86 23 LT1120 DS
Simple Stacked Reference/Regulator Figure 81 21

Series Reference

Wide Trim Range (+5%) Figure 25 RN LT1019 DS
Narrow Trim RANQe (£0.2%) w.vvuvvrerereceeeereeserioniserseesersmessessesssssssesseesssssnesssessssssnsesss Figure 26 8 LT1019DS
10V Output, Trimmed to 10.240V Figure 29 8. LT1019 DS
5V Output, Trimmed to 5.120V Figure 28 8 e .LT1019 DS
10V Output, Full Trim Range (£0.7%) Figure 22 7 LT1021 DS
10V Output, Restricted Trim Range for Improved Resolution Figure 23 7 LT1021 DS
10V Output, Trimmed to 10.24V Figure 27 8 LT1021 DS
Low Noise Statistical Voltage Standard Figure 31 9

5V Output, Fast Settling, Trimmed Reference Figure 30 O LT1027 DS
10V Output, Trimmed Reference Figure 24 8. .LT1031 DS
Shunt Reference*

Precision Divide by Two Figure 15 6 LTC1043 DS
Precision Multiply by Two Figure 16 6 LTC1043 DS
Ultra-Precision Voltage Inverter Figure 17 6 LTC1043 DS
2.5V Reference (LT14312) Figure 10 [N LT1431 DS
2.5V Reference (LT1431) Figure 11 6 LT1431 DS
5V Reference .. Figure 12 ... .0 .LT1431 DS
Increasing 5V Reference Figure 13 6 LT1431 DS
Programmable Reference with Adjustable Current Limit Figure 14 ..B LT1431DS
Basic Operation of Shunt Reference Family Figure 1 5 LT1004 DS
Current Source Stabilized Reference Figure 2 ......cooevvvevnen. 5 LM334 DS
Low TC Current Stabilized Reference Figure 3 ..o 5

Temperature Stabilized Reference

Buffered Standard Cell Replacement Figure 69 .......cccovevernee. 17

10V Output, Self-Biased Temperature Stabilized Reference Figure 70 .......ccocovvenece. 17 LM399 DS
Ultra-Precision Variable Voltage Reference Figure 71 ANG, page 6

10V Output, Temperature Stabilized Reference
Temperature Stabilized 10V Buffered Reference

...LM399 DS
LT1012DS

Figure 72 ...
Figure 73

6.95V Output, Temperature Stabilized Reference (Vy = + 15V)

Figure 74 LM399 DS

6.95V Output, Temperature Stabilized Reference (Vy = 9V to 40V) Figure 75 LM399 DS
6.95V Output, Temperature Stabilized Reference (Vjy = -9V to -33V) Figure 76 LM399 DS
10V Output, Temperature Stabilized Reference Figure 66 ...... LT1019 DS
Low Noise, Ultra Low Drift, Long Term Stable 7V Positive Reference Figure 67 LTZ1000 DS
Low Noise, Ultra Low Drift, Long Term Stable Negative Voltage Reference Figure 68 LTZ1000 DS
Appendix

Precision Resistor Selection Appendix A ....

Capacitor Selection Appendix B ....

Trimming Techniques Appendix C ........cocoeeene

*See also 2-Terminal References
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* °C to + 70°
VOLTAGE REFERENCE SELECTION GUIDE* -+ CR21000 roires xtrna ontol and iaing s,
VOLTAGE MAXIMUM
VOLTAGE | TOLERANCE OPERATING DYNAMIC
Vz MAXIMUM TEMPERATURE DRIFT, CURRENT RANGE IMPEDANCE
(VOLTS) Ta=25°C DEVICE ppm/°C OR mV CHANGE (OR SUPPLY CURRENT) Q) MAJOR FEATURE
1.235 +0.32% LT1004C-1.2 20ppm (typ) 10pA to 20mA 15 Micropower
+0.32% LT1004CS8-1.2 20ppm (typ) 10uA to 20mA 15 Micropower
+1% LT1034BC-1.2 20ppm (max) 20pA to 20mA 15 Low TC Micropower with
7V Aux. Reference
+1% LT1034C-1.2 40ppm (max) 20uA to 20mA 15 Low TC Micropower with
7V Aux. Reference
+2% LM385-1.2 20ppm (typ) 15pA to 20mA 15 Micropower
+1% LM385B-1.2 20ppm (typ) 15uA to 20mA 15 Micropower
25 +0.5% LT1004C-2.5 20ppm (typ) 20pA to 20mA 15 Micropower
+0.8% LT1004CS8-2.5 20ppm (typ) 20pA to 30mA 15 Micropower
+0.2% LT1009C 6mV (max) 400uA to 10mA 14 Precision
+2.5% LT1009S8 25ppm (max) 400pA to 20mA 0.6 Precision
+0.2% LT1019C-2.5 20ppm (max) 1.2mA N/A Precision Bandgap
+4% LM336-2.5 6mV (max) 400pA to 10mA 14 General Purpose
+2% LM336B-2.5 6mV (max) 400pA to 10mA 14 General Purpose
+3% LM385-2.5 20ppm (typ) 20pA to 20mA 15 Micropower
+1.5% LM385B-2.5 20ppm (typ) 20pA to 20mA 15 Micropower
+3% LT580J 85 (max) 1.5mA N/A 3 Terminal Low Drift
+1% LT580K 40 (max) 1.5mA N/A 3 Terminal Low Drift
+0.4% LT580L 25 (max) 1.5mA N/A 3 Terminal Low Drift
+0.4% LT580M 10 (max) 1.5mA N/A 3 Terminal Low Drift
45 +0.2% LT1019C-4.5 20ppm (max) 1.2mA N/A Precision Bandgap
5.0 +0.2% LT1019C-5 20ppm (max) 1.2mA N/A Precision Bandgap
+1% LT1021BC-5 5ppm (max) 1.2mA 0.1 Very Low Drift
+0.05% LT1021CC-5 20ppm (max) 1.2mA 0.1 Very Tight Initial Tolerance
+1% LT1021DC-5 20ppm (max) 1.2mA 0.1 Low Cost, High Performance
+1% LT1021CS8 20ppm (max) 1.2mA 0.1 Low Cost, High Performance
+0.02% LT1027A 2ppm (max) 2.0mA N/A Low Drift, Tight Tolerance
+0.05% LT1027B 2ppm (max) 2.0mA N/A Low Drift, Tight Tolerance
+0.05% LT1027C 3ppm (max) 2.0mA N/A Low Drift, Tight Tolerance
+0.05% LT1027D 5ppm (max) 2.0mA N/A Low Drift, Tight Tolerance
10.1% LT1027E 7.5ppm (max) 2.0mA N/A Low Drift, Tight Tolerance
+0.2% LT1029AC 20ppm (max) 700pA to 10mA 0.6 Precision Bandgap
+1% LT1029C 34ppm (max) 700uA to 10mA 0.6 Precision Bandgap
+0.3% REFO2E 8.5ppm (max) 1.4mA N/A Precision Bandgap
+0.5% REF02H 25ppm (max) 1.4mA N/A Precision Bandgap
+1% REF02C 6.5ppm (max) 1.6mA N/A Precision Bandgap
+2% REFO2E 250ppm (max) 2.0mA N/A Bandgap
6.9 +3% LM329A 10ppm (max) 600uA to 15mA 1.0 (typ) Low Drift
5% LM329B 20ppm (max) 600uA to 15mA 1.0 (typ) Low Drift
+5% LM329C 50ppm (max) 600pA to 15mA 1.0 (typ) General Purpose
+5% LM329D 100ppm (max) 600pA to 15mA 1.0 (typ) General Purpose
+4% LTZ1000 0.1ppm/°C 4mA 200 Ultra Low Drift,
2ppm Long Term Stability**
6.95 +5% LM399 2ppm (max) 500pA to 10mA 15 Ultra Low Drift
+5% LM399A 1ppm (max) 500pA to 10mA 15 Ultra Low Drift
7.0 +0.7% LT1021BC-7 5ppm (max) 1.0mA 0.2 Low Drift/Noise, Exc. Stability
+0.7% LT1021DC-7 20ppm (max) 1.0mA 0.2 Low Cost, High Performance
10.0 +0.2% LT1019C-10 20ppm (max) 1.2mA N/A Precision Bandgap
+0.5% LT1021BC-10 5ppm (max) 1.7mA 0.25 Very Low Drift
+0.05% LT1021CC-10 20ppm (max) 1.7mA 0.25 Very Tight Initial Tolerance
+0.5% LT1021DC-10 20ppm (max) 1.7mA 0.25 Low Cost, High Performance
+0.5% LT1031BC 5ppm (max) 1.7mA 0.25 Very Low Drift
+0.1% LT1031CC 15ppm (max) 1.7mA 0.25 Very Tight Initial Tolerance
+0.2% LT1031DC 25ppm (max) 1.7mA 0.25 Low Cost, High Performance
+0.3% LT581J 30ppm (max) 1.0mA N/A 3 Terminal Low Drift
+0.1% LT581K 15ppm (max) 1.0mA N/A 3 Terminal Low Drift
+0.3% REFO1E 8.5ppm (max) 1.4mA N/A Precision Bandgap
+0.5% REFO1H 25ppm (max) 1.4mA N/A Precision Bandgap
+1% REF01C 65ppm (max) 1.6mA N/A Precision Bandgap

AN42-4
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ViN=2Vz+(Iz+I)Rg -

Rs
I
IL
—_—
Vour
Vz (IL<13)

AN42 - 01

Figure 1. Basic Operation of Shunt Reference Family

+Viy2Vz+ 1.7V

V+
IR
LM334
=
AAA
VWA~
D1 Rser SRy
1N457 $ ~10Rgr

I
_ Vour

—  (IL<lz)

I

67mV 667mV
RSET R
* TRIM R1 FOR MIN T OF I (IF NECESSARY)

ANa2-03

Figure 3. Low TC Current Stabilized

lz=—

Reference
ViN25.0V+
(700uA + 1) R
R
VRger=5.000V
‘P
LT1029 3 100k02

TRIM RANGE
0.4% — LT1029A, R1=750k
1.2% — LT1029, R1=250k

Figure 6. 5V Output Reference,
Narrow Trim Range

5V-35V

3.6k

Vger = 2.500V

S 10k*

LT1009 S TRIM

*DOES NOT AFFECT
TEMPERATURE COEFFICIENT
+5% TRIM RANGE

Figure 4. 2.5V Output Reference,

+5% Trim Range

5-35 Volts

p— Vger =2.500V

> 10k*
>

LM336-25 S A

*DOES NOT AFFECT
TEMPERATURE COEFFICIENT

Figure 7. 2.5V Qutput, Temperature
Independent Trim

+VN2Vz+1V
Jv+
Qs
O]
— S Rser I Rser
)=t A 682
L, (i<l 100uA  6.82Q
’i 1mA 68.2Q
= 10mA  6.82Q

Figure 2. Current Source Stabilized Reference

Viy25.0V+
(800uA + 1) R

l 1=8004A

[—VHEF =5.000V

<
LT1029 S 25K

Figure 5. 5V Output Reference,
+5%, -13% Trim Range

Vi 2.49V +
(ImA+1)R

R D1, D2 1N4148

* 2490V

1mA 5k*

LM336-2.5
D2t

* ADJUST T0 2.490
L tANY SILICON SIGNAL DIODE

Figure 8. 2.490V Output,
Trim for Minimum TC

L7 'ILEICIJNOLOGY
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Viy25.12V +
(700pA + 1) R
R l 1 =700pA
p— Vger=5.120V
2 R1
> 41.2k
E R2
L71029 I
 R3
> 4.02k

Figure 9. 5.120V Qutput,
Trimmed Reference

V=25V +
(1mA + I oap) RL
[ 2.5V
—
ILoap
CATHODE
REF
LT14312
ANODE

"—

Figure 10. 2.5V Reference

Vv R VnzVeas_ R
(1mA + ILoap) Re (1mA + 1 0ap) RL
” s L VA
I lLoao R ] ILoAD
v+ COLL v+ COLL
Rrop REF Rrop REF
LT1431 l LT1431 I
Rumip RMiD
GNDS GNDF GNDS GNDF
A=Rx(0.5MA) + 25% PROCESS TOLERANCE
A<500mV
Figure 12. 5V Reference Figure 13. Increasing 5V Reference

VE4 0.3V

™ hTmciss 1

o

L Vour=
Vin/2

_1uF

Vour=Vin/21ppm
0<VysV+
3sV+=<tgy

L

Figure 15. Precision Divide by Two

Vin=Vour +

(1mA+1Loap) RL

R
ViN225V+
(1mA + I oap) RL
—25V
| —
v CoLL oo
REF
LT1431
GNDS GNDF

Figure 11. 2.5V Reference

[

Vour= <1 +g—;> VReF

v+

GND-S

COLL R1

REF

LT1431 R2

GND-F

RLim I

|LIMIT~R m + 35 @%5°C

Figure 14. Programmable Reference with
Adjustable Current Limit

Vour

1uF

Vour=2V/y +5ppm
O=sViy<V+/2
3=V+=<18V

Figure 16. Precision Multiply by Two

—VouT=
=ViN

—1uF

"

V*+03V

Voyr= —ViN=2ppm
V-<V<v+
VH =45V, V== 5V

Figure 17. Ultra-Precision Voltage
Inverter

AN42-6
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LT1019
Vi 2 1.3V+Voyr —IN OUT f—Voyr

[z}
=
o

||I—

AN42+ 18

Figure 18. Basic Hookup for
LT1019 Series Reference

LT1031

Vy——— v OUT f———— Vour

GND

l

ANG2 21

Figure 21. Basic Hookup for
LT1031 Series Reference

LT1021-10

Vin=1 N out Vour

GND TRIM

S R1*
>
L2 10k

<

* LOW TC CERMET

(CAN BE RAISED TO 20k FOR
LESS CRITICAL APPLICATIONS)

Figure 22. 10V Qutput, Full

Trim Range (+0.7%)
LT1021C-10
Vi == IN out 10.000V
GND TRIM
R1
o
WA 50

TRIM RANGE = = 10mV

Figure 23. 10V Output, Restricted Trim
Range for Improved Resolution

LT1021

LT1027

Vin IN out Vour Vin IN out Vour
GND GND
Figure 19. Basic Hookup for Figure 20. Basic Hookup for
LT1021 Series Reference LT1027 Series Reference
LT1031 PERFORMANCE
TC IN ppm/°C
DEVICE Vour (TYP/MAX)
LT1031B 10V £5mV 3/5
LT1031C 10V £10mV 6/15
LT1031D 10V £20mV 10/25
LT1021 PERFORMANCE
TC IN ppm/°C
DEVICE Vour (TYP/MAX)
LT1021C-5 5V +2.5mV 3/20
LT1021B-5 5V £50mV 2/5
LT1021B-7 7V £50mV 2/5
LT1021D-7 7V +£50mV 3/20
LT1021C-10 10V £5mV 5/20
LT1021B-10 10V £50mV 2/5
LT1019 PERFORMANCE
TC IN ppm/°C
DEVICE Vour (TYP/MAX); C = COM, M = MIL
LT1019A-25 | 2.5V +1.25mV 3/5 (C), 5/10 (M)
LT1019-2.5 2.5V +5mV 5/20 (C), 8/25 (M)
LT1019A-5 5V +2.5mV 3/5 (C), 5/10 (M)
LT1019-5 5V #0mV 5/20 (C), 8/25 (M)
LT1019A-10 10V £5mV 3/5(C), 5/10 (M)
LT1019-10 10V £20mV 5/20 (C), 8/25 (M)
LT1027 PERFORMANCE
) TC IN ppm/°C
DEVICE Vour (TYP/MAX)
LT1027A 5V £imV 12
LT10278 5V.+2.5mV 1/2
LT1027C 5V £2.5mV 2/3
LT1027D 5V £2.5mV 3/5
LT1027E 5V +5mV 5/1.5

Ly Unee
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LT1031
v
(/T E— out
N IN out o
GND
R2*
4.3k SR out Vout ouT - Vour
“MWA—P Viy=—{IN LT1019 Viy=—{IN LT1019 R2
50k N N
S ) gw S T 3
S5 NpTRIM =S 251 GND VYW=—>3 100k
= —15v | I I |
“CAN BE INCREASED TO 5.6k FOR
LT1031B AND LH0070-2 *INCREASE TO 4.7MQ FOR LT1019A (0.05%)
**INCREASE TO 102 FOR LT1031D
Figure 24. 10V Qutput, Trimmed Figure 25. Wide Trim Range (+5%) Figure 26. Narrow Trim Range (+£0.2%)
Reference
LT1021-10
Vi =4 IN OUT = Vour=10.24V
TRIM GND
1 I——'—1L—' Vour T Vour
1_ out $41.% ouT < 90.9k
S 13 LT1019-5 b LT1019-10 %
Q Vi = IN L Viy—{ N 1
< * & 5k*
M aNoTRMI>S 1% TRIM aNoTRM =S . 196 TRIM
> 5k
Q 4.02 4.0
% 1%
V- =—15V*
*MUST BE WELL REGULATED = . =
WVour _ 15my *LOW TC CERMET LOW TC CERMET
V- =V
Figure 27. 10V Output, Figure 28. 5V Output, Figure 29. 10V Output,
Trimmed to 10.24V Trimmed to 5.120V Trimmed to 10.240V
7.5VT0 35V
2
Vi
LT1027
3 6
NR Vour ¢ Vour = 5.0V
5 S . J_ 47uF
GND___ VrRm[—>S10K TANTALUM
" [ |
* NOISE REDUCTION CAP AND TRIM POTENTIOMETER OPTIONAL. ANa2+30

Figure 30. 5V Output, Fast Settling, Trimmed Reference

AN42-8 LY HNEAR
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415V T T l
o N 0
LT1021-10 LT1021-10 LT1021-10
| 330
——0F ouT our OUT WA~
GND GND GND
L -L J_- J_-
10
3
W
e 10.00v
WA~ oUTPUT
1004F

Xl 100
I LOW LEAKAGE

ANé2 31

Figure 31. Low Noise Statistical Voltage Standard

LT1021
(7 AND 10 ONLY) LT1021-5 LT1031
ouT — 23V —] IN out 1 ouT ]
GND B GND ) GND -
~Vour -5V —Vour
Vin = Vour R1 [T Rt= Jour -V Spy Vin—Vour A1 ILoap
Rl = T oa +1.5mA iLoap+ 1.6mA R = om0 T.5mA
—15v AN e 15V
Figure 32. Shunt Mode Operation of a Figure 33. -5V Output Reference Figure 34. —10V Output for a
Series Device (LT1021-7, -10) (LT1021-5) Series Device
LT1031
ouT
1 v
GND =
LT1019 4 LT1019
r——>—10V (ILoap=1mA) (25,5, AND 10)
s IN ouT
2.5mA ouT DY _]_'
GND _| Ro* GND -
LM334 -
Q. 1 ~Vour Vi —VRer @ 50mA
v >
Y $ 270 3 Ri o2 Vour
b - e VBV [=Vin| =V
3 By 1LoAd +1 ::ni A=Yy R2 =" DY =Vige-+5V
—11VT0 —40V
Figure 35. 10V Output, Wide Figure 36. Shunt Operation of a Series Figure 37. Current Boost Negative
Input Range Device (LT1019-2.5, -5, -10) Reference (LT1019-2.5, -5, -10)

LY LINEAR AN42-9
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~15v

+15V

LT1031
IN out

GND

-10v

Q1
2N2905

@50mA

Figure 38. 10V Output, Current Boosted Reference

+15V

7 W)

8.2k
1%

R1
10k
+5V

LT1029

LT1029

’f LT1029 -
>

R2
10k

-15V

AN42 - 40

Figure 40. +5V Output Reference

+5 5k
L
-5

< 5%

-5V

+15V
130k &
5% 3
3.3 ouT 1
M w0000y
4 lk 14 0.1
13 | 10k 10'\
%1T1002 AA - 7
0.1%
- 12 wiroee >4 9U1To?ooov
1
+ 5
3.3
1k 1% L
—15v
Figure 39. 10V Output, Precision Reference
LT1021-10
» +2.5V (BUFFERED)
15— Viy Vour +10V
GND
l COM
> 2.5V (CURRENT LT1021-10
DETERMINED BY R3) Viy Vour
GND
! -10v
—
ILoap

Figure 41. £2.5V Output Reference

5V
5k
2N3904 1
S 10k
1%
LT1009 ¢——— our
L !
3976k
I 1%
A
2N3906 2:/;009
‘P
:; 5k
-5V AN42 - 43

Figure 43. £1.25V Output, Logic

Programmable Reference

Figure 44.
Reference

+15V*

3k

1.235V

i LT1004-1.2

*QUTPUT REGULATES
DOWN TO 1.285V
FOR lgyr = 0

AN42+ 44

1.2V Output, Micropower
from 1.5V Battery

Ris [-15v]-10v &
'l 15mA $
LOAD + 1.0mi

vV

-15V

AN42 - 42

Figure 42. 10V Output Reference

+9V

510k

1.235V

LT1004-1.2

AN42 45

Figure 45. 1.2V Qutput, Micropower
Reference from 9V Battery

AN42-10

LT LA

Y



Figure 46. 1.2V Qutput, Micropower

Reference with Wide Input Voltage Range

LT1009 ’i’——-»

Figure 49. 2.5V Output with Wide Input Range

V+
(2.5V <V*< 30V)
3.7V <V +<30V
vF R
BV LM334
LM334 R
<
50k S 2.7k
vV~ 2.7k
2,500V 25V
1.235V Ao
’j_’ LT1004-2.5 LT1004-2.5
LT1004-1.2
= - AN42 - 48
- AN42 - 46
Figure 47. 2.5V Output, Figure 48. 2.5V Output, Micropower
Micropower Reference Reference with Wide Input Voltage Range
33k 56.2k
3.6V T0 +40V soJ»lg\El
vt 1.225V £1%
7V OUTPUT
LM334 - OUTPUT
S
< 62Q
T ’J+"7v ’*’1.225v
jf 10
-;\szdﬂ

1
172 my
N

LT10348 |
T COMMON

AN42 « 50
Figure 50. +1.2V, +7V Output, Pre-Regulated Reference
v+
(5V T0 40V)

R2

1.2365V 32%

QUTPUT vy

2 4V T0 9V _L
0.001uF
2 »R 7 R3
2.470V 6 100Q Qi+
250k* ouTPUT Lmior7 E. 2N7000
| / 4 Vour =1.235V
— 0.1uF 77 LT1004 Sy SH Imax = 100mA
A T Z12 8 b > 100k Ig = 50uA

N < R4

A S 500k
‘;' *=0.1% FILM RESISTORS 7% LT1004-1.2
TOTAL BATTERY CURRENT =28uA ?
OUTPUT ACCURACY = +0.4% MAX
TEMPERATURE COEFFICIENT =20ppm/°C _L
LOAD REGULATION =25ppm/mA, || <5mA, V+ =5V —_ * USE HEATSINK IF HIGH POWER
LINE REGULATION = 10ppm/V DISSIPATION IS REQUIRED Anez -2
Figure 51. +1.227V, +2.45V Output, Self-Buffered, Figure 52. 1.24V Output, Micropower, Current Boosted
Micropower Reference Reference (100mA)
L) ‘ILEICHNOL 34

AN42-11
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+15V
Som V=118V
. R1g
[ P 2003
S 1600
LT1031 OUT Vour 10V
GND rT7 N
| $r, | TYPCALLO%
SR GURRENT =30mA LT1031  OUT
L1 o

*SELECT R1 TO DELIVER TYPICAL LOAD CURRENT.
LT1031 WILL THEN SOURCE OR SINK AS NECESSARY
TO MAINTAIN PROPER OUTPUT. DO NOT REMOVE LOAD
AS QUTPUT WILL BE DRIVEN UNREGULATED HIGH. LINE
REGULATION IS DEGRADED IN THIS APPLICATION.

Figure 53. 10V Output with Viy—-Voyr
Shunt Resistor for Greater Current

V+=
(Vour+2.8V)
GLOWS IN <R1
CURRENT LIMIT W LED 2200 8.20
(00 NoT OMIT) T3
2905
0 ‘\l
“LT10XX" .
PERTABLE " 1T I10ap=100mA
GND I 24F SOLID TANTALUM
DEVICE Vour
LT1019-2.5 25V
LT1019-5 5V
LT1021-5
LT1027
LT1021-7 7V
LT1019-10 10V
LT1021-10

Figure 56. Series Reference with PNP Boost

+

Viy —

Vi =12.8V
D1*
=
LED &
22905
10v
@100mA
2uF

SOLID
TANT

Figure 54. 10V Output with External PNP
for Boosted Output (100mA)

<

> 7200 820

2N2905

10V

LT1031 @100mA

out

GND

SOLID
I | TANT

*GLOWS IN CURRENT LIMIT.

DO NOT OMIT.

Figure 55. 10V Boosfed Output with
Current Limit (100mA)

N LT37T  oUT +10V OUTPUT**
ADJ s 5
S sk
+ 4
2% Al
LT1001
LT1009 4~ S 4 goi-
25y 499k
*RESISTORS = TRW MAR-6 J__

**10mA MINIMUM LOAD CURRENT

- - ANd2+ 57

Figure 57. Precision High Current Reference (1.5A)

AN42-12

LT



Application Note 42

.
1018235V 7

SATURATED R2
STANDARD A
CELL
#01 S
EppLEY LaBS SR
NEWPORT, R.I.

e

THE TYPICAL 30pA BIAS CURRENT OF THE LT1012 WILL DEGRADE THE
STANDARD CELL BY ONLY 1ppm/YEAR. NOISE IS A FRACTION OF A
ppm. UNPROTECTED GATE MOSFET ISOLATES STANDARD CELL ON
POWER DOWN.

Figure 58. Buffered Standard Cell

JULIE RESEARCH LABS
MODEL SC0-106

+28v—rq | }
OVEN l | I JULIE RESEARCH LABS
POWER | + | MODEL VDR-307 . 0V-10.00000V
| [ I '  KELVIN-VARLEY DIVIDER 3
S
| +13v
I t
L =
= | b———d .4
o g
4
227" & 99.95k**
*TRW MAR-6 TYPE. (SELECT) | 500"
USE SINGLE POINT GROUNDING TECHNIQUE. AA——AAA
**JULIE RESEARCH LABS, TYPE NB-1. 4

Figure 59. Standard Grade Variable Voltage Reference

+15V*

2 R1

> 3.6k —omhA LT1027

) 4 IN ouT —_-l_
- l 500 GND =
—~—
vz 2 Voyr| +25v  INT58 "\ 0.1uF
10V

AAA

| 0.1uF
=1mA l [

\ Vour**
LT1010

» -5V
100mA

S R2

AAA

. *BYPASS SUPPLIES WITH 10puF AND 0.1 F CAPACITORS
-15V **QUTPUT WILL OSCILLATE WITH LOW ESR CAPACITORS

AN42+ 60

Figure 60. -5V Output, Current Boosted Negative Reference with Overload Protection

LY HNEAR AN42-13
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MYLAR
1uF 15V
I
|
LT1031 R1 R2 LT1001 +VRer
v =] IN ouT f—an v I / o
15V — MA—S—AM\
GND f=10Hz 0.54F TOTAL NOISE
L MYLAR <2uVrms
1Hz <f<10kHz
\ »
Figure 61. 10V Output, Low Noise Reference
15 1|N458
1<
0.1uF*
I
>
] l
2 R3
6 10k 2[\‘~\\ 7
4 ‘v‘v‘v
LT1021-10 i LTI006 >>Cg v - = ~10.000
]
5 1
1 4
R1 1
4 75k bpo =
2 50k
1
é
~15V

* POLYESTER OR SIMILAR

Figure 62. 10V Output, Low Noise Reference

|||—

1N458
[}
i<
1000pF
' p
N !
LT1021-7
ouT
R5 .
10kS P4
GND s 100k
R6 L
100k
1%
15V M~
25k 25k 25k 10k

—AM——AM——AM— = R2

1% 25k ARRAY

=R1

* 20T, CERMET

AN42+ 62

b—Vour = =10V

R1
Vour = (1+R—2)vR

AN42- 63

Figure 63. Single Supply, <10V Output, Trimmed Low Noise, Low TC Reference

AN42-14
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ViN=6V 11

* WET SLUG TANTALUM

Figure 64. 2.5V Output, Low Noise Reference

Vin=10v
e i
| } — ouTPUT
| li:30k | 1N4148
| I 3N
I L
| r
L —fy N
12 ;,I

L

1

L—4d

Figure 65. 7V Output, Low Noise, Low Drift Reference

INPUT
TPUT
=20V 1 1 o
N ouT
at 1
N394 LT1019-10
HEAT
TEMP  GND
1k
$R3 SRi*
0.14F Q 75k QMo
LT1012
:; R2*
< 5k
=
*SELECT FOR DESIRED TEMPERATURE. VALUES

GIVEN SET CHIP TEMPERATURE TO =70°C

WITH Voyr=10V.

Figure 66. 10V Output, Temperature Stabilized Reference
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ZENER+
SENSE
V +
15V
12: 5: ::ggk 3 S: %k
< 1N4148
Ak LTZ1000 3 L\ 8
o7 A1 8 1
5 A2
2N3904 riots | o | o| o
- A A 4 S - 4
7
4 w
0.14F . ZENER-
T | 400k SENSE
1 > >
0.14F 2 s R1S =002
. [ Sk 1202 | o GROUND
’ e ZENER-
FORCE
2 1N4148 HEATER
> RETURN
(TIEDTO
*PROVIDES TC COMPENSATION, DELETE FOR LTZ1000A. GROUND)
APPROXIMATE CHANGE IN REFERENGE VOLTAGE FOR A 100ppm (0.01%) CHANGE IN
RESISTOR VALUES:
AR(Q) AVy
R1 0.012Q 1ppm
R2 70 0.3ppm
R3 ] 0.2ppm
R4/R5 RATIO OR=0.01% 1ppm

BOTH A1 AND A2 CONTRIBUTE LESS THAN 2,V OF OUTPUT DRIFT OVER A 50°C RANGE.

Figure 67. Low Noise, Ultra Low Drift, Long Term Stable 7V Positive Reference

ZENER+ SENSE

V+15V
GND
-L RIS SR3 SR2
5 0.14F 1S S0k S 70k
2 el 8 o 1
K g 31, 1171000
2N3904 }—w LT1013 y
6 1Pk K |:5
::1M \ 4 7
< 2 8

1 K V\ - .
0.1uF LT101
400k*

3
A A A4 +

s $hi _‘_l/‘ 1N4148
g {120 _F.ozzuF

100k $

@

S

A

ZENER — FORCE

W

*PROVIDE TEMPERATURE COMPENSATION, DELETE FOR LTZ1000A.

APPROXIMATE CHANGE IN REFERENCE VOLTAGE FOR A 100ppm CHANGE IN
RESISTOR VALUES:

ZENER— SENSE

-
100ppm = AR(R) AVz Vo=
R1 0.0120Q 1ppm
R2 3 0.3ppm
R3 143 0.2ppm
R4/R5 RATIO AR=0.01% 1ppm

BOTH A1 AND A2 CONTRIBUTE LESS THAN 2,V OF OUTPUT DRIFT OVER A 50°C RANGE.

Figure 68. Low Noise, Ultra Low Drift, Long Term Stable Negative Voltage Reference
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Vi mm————— Vour = +15V
(16.5V MIN) LT1086 !
IN ouT
< 1.21k
ADJ < 1% 6.2k 1I|—lF
-
A OUTPUT -
ADJUST A
L 100k vy
L S <
S12 S ) ;
— S01% Sou -
T 10uF —— 1 triootac >2—4— Oty
TANTALUM —T— A 695V 20k % 3 :
: A ‘#'—r/ ;
<2k 1
i LM199A 05% _1_ 1uF

A1 ANa2- 69

Figure 69. Buffered Standard Cell Replacement

1
A Ao o 8.8k
1%
AV
200k 2N\7
12v10 = (T1001A0>% ¢ OUTPUT
18V 3 1ov
l+/ 4
5k
+ N

S 19k
1%
6.95V "4
3K

LM399 TRIM ‘—l

— L L

<

Figure 70. 10V Output, Self-Biased Temperature Stabilized Reference
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TRIM 43k*
1009 (SELECT) 22k ouTPUT
NR—AAA 100,V TO 10V

25mA

DIODES =

SEMTECH #FF-15 oUTPUT

- mv T0 100V

|+ 25mA

99999 +1

LM399A

4uF

_-I-_ e 3

vv

1

1N4148

-
11

2N6533

1N4148

TRIM—100V 1g)cx
1002 (sELgCT)

A2
Y2 LT1002

KVD=E.S.I. #DP-311
*JULIE RESEARCH LABS #R-44

Figure 71. Ultra-Precision Variable Voltage Reference

b—10v

+15V "
% 7.5 9K

5% —AAA

0.1%

+ 3 1 2 X 7

6

LM399H LT1001

-y

-

3

6.95V * +

—— et

20K

0.1%

= |4 2
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APPENDIX A
Precision Resistor Selection

Resistors are commonly used in precision linear circuits.
Common precision resistor technologies include thin-
film, thick-film, metal foil, and wirewound. Selecting the
appropriate resistor type for a given application requires
some understanding of the capabilities of the various
devices available.

In many applications resistor selection depends on resis-
tance value, absolute accuracy, and power dissipation.
However, when designing precision linear circuits other
performance parameters usually must be considered.
These include temperature coefficient, load life stability,
and voltage coefficient. The relative importance of any
parameter depends on the particular application. Table A1
lists characteristics of different resistor types. Because
individual processes vary, characteristics for the same
resistor technology vary between manufacturers.

Package type can significantly influence stability. Some
packages more effectively protect the resistive element
from stresses due to handling, packaging, insertion, and
lead forming. Also, manufacturing conditions including
solder baths, cleaning solutions, and humidity can cause
shifts in a resistor's value. Common package choices
include conformal coating, molded and hermetic types.
Conformal coated parts are the most common types in
semi-precision applications. Hermetic sealing offers
substantial stability improvements, regardless of resistor
technology. Hermetically sealed metal cases also provide
electrostatic shielding and isolation from humidity and
other environmental effects.

Ultra-stable time and temperature characteristics become
an issue when circuitry must hold calibration over ex-
tended ranges of time and temperature. In these applica-
tionsan oil filled package may be required. The oilintegrates
ambient temperature variations, preventing thermal gra-
dients across the resistor.

Various technologies available offer a spectrum of price-
performance tradeoffs. Because of this, a summary of
resistor types is useful.

Thin-Film

In the thin-film process, typically metal film, Nickel-Chro-
mium (Nichrome) or Tantalum-Nitride is deposited on a
ceramic substrate by evaporation or sputtering tech-
niques. The sputtering process is preferred since it pro-
duces a more stable device. The 750A-1500A film can be
applied to either a planar substrate or a ceramic cylindrical
core. Resistor networks use the planar substrate with
discrete thin-film resistors utilizing the familiar cylindrical
shape. Nichrome parts have typical temperature coefficient
of resistance (TCR) of 25ppm/°C for a planar substrate
and 50ppm/°C for a ceramic core substrate. Tantalum-
Nitride resistors tend to be slightly higher.

Bulk-Metal Foil

Bulk-metal foil resistors are made with a Nickel-Chromium
alloy that is cemented to a planar ceramic substrate. The
Nichrome alloy, substrate, and adhesive material are care-
fully balanced to achieve an overall low temperature
sensitivity. The bulk-metal foil's 25,0004 thickness is
significantly less susceptible to humidity than thin-film
types.

Bulk-metal foil resistors are ultra-precision components.
Generally, they offer tighter tolerance, better stability, and
lower TCR’s than their thin-film counterparts. Their high
stability and uniformity makes them a good candidate for
precision networks. The networks use hybrid type con-
struction and offer extraordinary ratio stabilities (0.5ppm/
°C). Unfortunately, bulk-metal technologies may cost two
to five times that of film resistors.

Wirewound

Wirewound resistors are usually made by winding resis-
tive wire of a specific diameter and characteristic around
a core or card. Performance depends on the alloy used,
wire lengths, diameter, and annealing process. Wirewound
resistors can be ultra-precision components and are best
suited in applications that require absolute accuracy,
stability, power, or low resistance value. Wirewounds
have excellent overload handling capability, but are poor
candidates for high speed work due to inductive effects.
Special winding schemes can greatly reduce this parasitic
inductance, but never entirely eliminate it. -
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Table A1. Typical Resistor Characteristics

CARBON THIN-FILM THICK-FILM THIN-FILM METAL FOIL METAL FOIL

CHARACTERISTIC COMPOSITION CARBON FILM CERMET NiCr FILM WIREWOUND (MOLDED) (HERMETIC)

Ohmic Range 2.7M-100M 1M-4.7M 1M-3M 10M-3M 20k-468k 1k-250k 1k-250k

Absolute Standard 5% 5.0% 1.0% 0.1% 0.01% 0.01% 0.01%

Accuracy* Availabie 20%-5% 5.0%-0.1% 1.0%-0.01% 1.0%-0.005% 1.0%-0.005% 1.0%-0.001%

Temperature Standard - 5000ppm/°C —200ppm/°C 100ppm/°C 10ppm/°C 5ppm/°C

Coefficient* Available —100ppm/°C-—1500ppm/°C | 25ppm/°C-200ppm/°C | 5ppm/°C-25ppm/°C 1.0ppm/°C-20ppm/°C 2.5ppm/°C-8ppm/°C | 0.6ppm°C

TCR Tracking* 1:(1-9), 1.0ppm/°C 1: (1-4), 0.5ppm/°C 1: (1-4), 0.5ppm/°C 1: (1-4), 0.5ppm/°C
1: (10-100), 2.0ppm/°C 1:(5-10), 2.0ppm/°C 1:(5-10), 1.0ppm/°C | 1:(5-10), 1.0ppm/°C
1:(100-1000), 4.0ppm/°C

Ratio Matching* 1:(1-9), 0.005% 1: (1-4), 0.005% 1:(1-4), 0.005% 1: (1-4), 0.005%
1:(10-100), 0.01% 1:(5-10),0.1% 1:(5-10), 0.01% 1:(5-10), 0.01%
1: (100-1000), 0.02%

Load-Life Stability* 1kHRS, 6% 3.0% 1.0% 1KHRS, 0.02% 10kHRS, 0.2% 2kHRS, 0.015% 2kHRS, 0.015%

- 4% 10kHRS, 0.05%

Shelf-Life* 2.0% 0.1% 30ppm/YR 100ppm/YR 25ppm/YR Sppm/YR

Voltage Coefficient -0.02%N 0.05ppm/V 0.1ppm/V 0.1ppm/V 0.1ppm/V

Of Resistance

Resistor Classification General Purpose |  General Purpose Semi-Precision Precision Precision Ultra-Precision Ultra-Precision

Manufacturer's Part Number Allen-Bradley** International* * International** International** Vishay/Ultronix** Vishay** Vishay**

CB Series Resistive Co. Resistive Co. Resistive Co. 105A $102 Series VHP1000

MAR5

* +Unless otherwise stated

** Parameters may vary between manufacturers

% = ppm x 0.0001
0.0001% = 1ppm
0.001% = 10ppm
0.01% = 100ppm
0.1% = 1000ppm
1% = 10000ppm
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Thick-Film

Thick-film resistors are made from a paste mixture of
Metal-Oxide (cermet) and binder particles, screen printed
onto a ceramic substrate and fired at high temperatures.
They are semi-precision components, with standard 1%
tolerance and typical TC’s of 100ppm/°C to 200ppm/°C.

Carbon Composition/Carbon Film

Carbon composition resistors are made from a large
chunk of resistive material. They can handle large over-
loads forashort period of time. Thisis their main advantage
over the other resistor technologies. They are general
purpose components, not precision. Carbon composition
resistors do not have constant TC’s. TC’s can vary any-
where between —2000ppm/°C to -8,000ppm/°C and have
shelf-life stabilities of 2% to 5% of resistance value
(20,000ppm/Yr to 50,000ppm/Yr ).

Carbon film resistors are manufactured using a thin-film
process. Initial tolerance and TC are similar to carbon
composition. However, they do not have the high overload
capability. The sole advantage is their low cost.

Resistor Manufacturers

1. Vishay/Ultronix
461 North 22nd Street
P.0. Box 1090
Grand Junction, CO 81502
(303) 242-0810

2. Vishay Resistive Systems Group
63 Lincoln Highway
Malvern, PA 19355
(215) 644-1300

3. International Resistive Company
P.0. Box 1860
Boone, NC 28607
(704) 264-8861

4. Julie Research Laboratories
508 West 26th Street
New York, NY 10001
(212) 633-6625

5. Allen-Bradley Company, Inc.
Electronic Components Division
1414 Allen-Bradley Drive
El Paso, TX 79936-4888
(800) 592-4888

AN42-26
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APPENDIX B
Capacitor Selection

Capacitor selection for voltage reference circuitry requires
care. Capacitor parasitics can introduce errors. Typical
capacitors found in reference circuitry include aluminum
and tantalum electrolytics, ceramic, and polyester. Table
B1 summarizes characteristics pertinent to reference
applications. It reveals that equivalent value capacitors
have electical characteristics that vary widely between
different capacitor technologies.

Leakage current becomes an issue when an RC network
filters a reference voltage. The leakage combines with the
resistor to shift the output voltage. Leakage varies with
time and temperature and varies from device to device. A
low leakage capacitor must be used in these applications.
The problem is illustrated by considering Figure B1. With
R = 1M, a 1x1072 leakage path in a capacitor creates a
1ppm error. Figure B2 is another approach to minimizing
leakage induced errors. Here, the voltage across C1 is
reduced to zero by bootstrapping via R1. Under these
conditions C1’s leakage current is effectively zero since
there is OV across it. C2's leakage appears in series with
R1, rendering it harmless.

Output capacitors provide low output impedance at high
frequencies. Large capacitors at the output of some refer-

v R
REF Vggr OUT
----- '
]
c RLEAKAGE
E .
_____ l

- ANA2 « APXBY

Figure B1. Leakage in the Capacitor Divides Vgeps Output,
Introducing Error

Table B1. Typical Capacitor Characteristics

VWA—p< VRgr OUT
} """ 1

—_— R1

Vrer A VWA -
— l
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EFFECTIVE VALUE OF
1__1
02 " CerrecTive

eg. 3 C1 FORCH =C2

1
C= gt
AN42 « APXB2

Figure B2. Bootstrapping Technique Minimizes Leakage Effects

ences may cause oscillations. The capacitor introduces a
feedback pole which reduces phase margin of the refer-
ence. Phase shift can be excessive with low effective
series resistance (ESR) capacitors. The phase shift can be
reduced by placing a small value resistor in series with the
capacitor. If the phase shiftis significant the reference will
ring during transient conditions or simply oscillate. This
condition is particularly significant for SAR type A/D
converter applications. Here, the reference output must
settle quickly or conversion errors will result. Consult
manufacturers data sheet for recommended output by-
passing techniques. Also, all references are not stable with
all capacitive loads.

Leakage and AC effects are not the only sources of
problems. Some ceramic capacitors have a piezoelectric
response. A piezoelectric device generates a voltage across
it's terminals due to mechanical stress, similar to the way
a piezoelectric accelerometer or microphone works. For a
ceramic capacitor the stress can be induced by vibrations

ALUMINUM SOLID | POLYESTER SOLID TANTALUM MULTILAYER ALUMINUM
CHARACTERISTIC ELECTROLYTIC FILM ELECTROLYTIC CERAMIC ELECTROLYTIC UNIT
Capacitance 047 047 0.47 047 0.47 uF
ESR* 100kHz 0.198 0.456 45 0.062 5.4 Q
Leakage Current* @ 5V 20 0.03 30 0.16 175 nA
Manufacturer's SANYO SANYO KEMET KEMET SANYO
*Typical
L7TEICHNOLOGY AN42'27
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20uV/DIV

200ms/DIV

AN42 + APXB3

Figure B3. A Ceramic Capacitor Responds to Light

Pencil Tapping
inthe system or thermal transients. The resulting voltages
produced can cause appreciable reference errors. Aceramic
capacitor produced Figure B3’s trace in response to light
tapping from a pencil. Similar vibration induced behavior
can masquerade as reference instabilities.

Capacitor Manufacturers

1. Nichicon (America) Corporation
927 East State Parkway
Schaumburg, IL 60195
(708) 843-7500

2. Sanyo Video Components (USA) Corporation
1201 Sanyo Avenue
San Diego, CA 92073
(619) 661-6322

3. United Chemi-Con, Inc.
9801 West Higgins Road
Rosemount, IL 60018
(312) 696-2000

4. lllinois Capacitor, Inc.
3757 West Touhy Avenue
Lincolnwood, IL 60645
(312) 675-1760

5. Kemet Electronics
P. 0. Box 5928
Greenville, SC 29606
(803) 963-6300

AN42-28
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APPENDIX C
Trimming Techniques

It is often necessary to adjust a resistor’s value in preci-
sion circuits. The desired value may not be available or
readily predictable. Either case necessitates a trim.

For optimum stability and adjustability, always use the
smallest value of trim resistance that gives the required
range of adjustment. This reduces the stability and drift
due to the poor matching characteristics between the
fixed resistor and trim resistor. There seems to be a
tendency for designers to use a 0.01% resistor with a 1%
trim adjustment. Don’t pay for accuracy that isn’t needed.

Avoid the extremes of resistance range when using a
trimmer. Although the entire range will meet the stated
specifications, mid-range values tend to perform (TC,
tracking, etc.) better than low and high values.

Typical resistor trimming techniques are shown in Figure
C1. Selecting the appropriate method depends on various
factors including trim range, temperature stability, long
term stability, manufacturing processes, and calibration
procedures. Figure C1(A) is a general purpose trim. This
technique has an extremely wide range. Equation 1 repre-
sents the percentage change in the desired resistor value,
Req, for a change in trim resistance. This equation is
useful when determining the optimum trimmer resistance
and is provided for the various trimming schemes. If
increased stability is required, the circuit in Figure G1(B)
can be used. In this case, increased stability is achieved at
the expense of a narrower trim range. R1 must have a
tighter absolute tolerance than in the previous circuit for
this technique to be useful. For improved resolution, a
resistor can be placed in series with this network, see
Figure C1(C). This approach is best suited for ultra-
precision applications, since it has the highest resolution.

Insome applications potentiometers may be unreliable. In
these cases, resistor value can be trimmed by selecting
the appropriate series resistor value, see Figure C1(D).
However, this requires numerous resistors that must be
hand picked in production. An alternative approach is to
use a binary weighted trim as in Figure C1(E). The resis-
tance is trimmed by opening various links. With just four
resistors there are 16 different resistor values possible.

With this method, the need for a bin of resistors on the
production floor is eliminated.

Often, the best solution is to have coarse and fine adjust-
ments. This can provide a more stable resistor value.
Figure C1(F) illustrates various ways to implement this
approach.

In many voltage reference circuits it is necessary to scale
and buffer the output of a reference to some calibrated
voltage. The trim sets the output voltage to the desired
degree of accuracy. Figure G2 shows various techniques
for trimming the buffered output. These examples utilize
various resistor trimming techniques to set output
voltage.

Figure C2 (B) shows a simple voltage reference circuit. The
reference is connected to the non-inverting input of an op
amp. The feedback resistors around the op amp scale the
output voltage to the approximate output voltage. The
potentiometer fine tunes the output to the desired value.

The temperature coefficient (TC) of the op amps gain
setting resistors can add significant error to the reference
output due to ambient temperature changes. The circuits
temperature coefficientis primarily set by the ratio match-
ing characteristics of the resistors, as opposed to their
absolute tolerance. Matched resistor sets provide a de-
cade or greaterimprovementintempco performance than
individually specified resistors. Therefore, resistors that
have relatively high TC’s can be used if they track.

Another interesting characteristic of this circuit is the
magnitude of output voltage drift with temperature caused
by the gain setting resistors. The drift error contributed by
the resistors is determined by multiplying their ratio (R1/
R2) by their TCR tracking tolerance. For example, to obtain
a 10V output from a 6.9V reference the gain setting
resistors ratio needs to be about 0.45. This means that
10ppm/°C resistor TCR tracking effects output voltage by
only 4.5ppm/°C. Therefore, for minimum effect of the
resistor's TCR tracking, it is desirable to have the refer-
ence voltage be a large percentage of the output voltage.

The remaining circuits in Figure G2 show some alterna-
tives for trimming a reference voltage. The particular
circuit selected depends upon the required performance
specifications and manufacturing processes.
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Figure C3. Unreliable Trimming Techniques

If reliability is an issue, do not rely on the potentiometer
wiper contact. The open wiper condition is a common
trimmer failure. If this occurs the outputs in Figure C3 will
go to the supply rails, possibly damaging other system

components. With the unused portion of the trimmer tied
to the wiper (Figure G2 (B)) the output can only shift by the
amount permitted by the total trimmer resistance, improv-
ing reliability.
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TECHNOLOGY
Bridge Circuits

Marrying Gain and Balance
Jim Williams

Bridge circuits are among the most elemental and powerful
electrical tools. They are found in measurement, switching,
oscillator and transducer circuits. Additionally, bridge tech-
niques are broadband, serving from DC to bandwidths well
into the GHzrange. The electrical analog of the mechanical
beam balance, they are also the progenitor of all electrical
differential techniques.

Resistance Bridges

Figure 1 shows a basic resistor bridge. The circuit is usu-
ally credited to Charles Wheatstone, although S.H.
Christie, who demonstrated it in 1833, almost certainly
preceded him.! If all resistor values are equal (or the two
sides ratios are equal) the differential voltage is zero. The
excitation voltage does not alter this, as it effects both
sides equally. When the bridge is operating off null, the
excitation's magnitude sets output sensitivity. The bridge
output is non-linear for a single variable resistor. Similarly,
two variable arms (e.g., Rg and Rg both variable) pro-
duce non-linear output, although sensitivity doubles.
Linear outputs are possible by complementary resistance
swings in one or both sides of the bridge.

A great deal of attention has been directed towards this
circuit. An almost uncountable number of tricks and tech-
niques have been applied to enhance linearity, sensitivity

Note 1: Wheatstone had a better public relations agency, namely himself. For
fascinating details, see reference 19.

L
EXCITATION =——~ D|FSE$E”;|AL

VOLTAGE == VOLTAGE

Figure 1. The Basic Wheatstone Bridge,
Invented By S.H. Christie

June 1990

and stability of the basic configuration. In particular, trans-
ducer manufacturers are quite adept at adapting the
bridge to their needs (see Appendix A, “Strain Gauge
Bridges”). Careful matching of the transducer’s mechani-
cal characteristics to the bridges electrical response can
provide a trimmed, calibrated output. Similarly, circuit de-
signers have altered performance by adding active ele-
ments (e.g., amplifiers) to the bridge, excitation source, or
both.

Bridge Output Amplifiers

A primary concern is the accurate determination of the dif-
ferential output voltage. In bridges operating at null the
absolute scale factor of the readout device is normally
less important than its sensitivity and zero point stability.
An off-null bridge measurement usually requires a well
calibrated scale factor readout in addition to zero point
stability. Because of their importance, bridge readout
mechanisms have a long and glorious history (see
Appendix B, “Bridge Readout — Then and Now”). Todays
investigator has a variety of powerful electronic tech-
niques available to obtain highly accurate bridge read-
outs. Bridge amplifiers are designed to accurately extract
the bridges differential output from its common mode
level. The ability to reject common mode signal is quite
critical. A typical 10V powered strain gauge transducer
produces only 30mV of signal “riding” on 5V of common
mode level. 12-bit readout resolution calls for an LSB of
only 7.3uV....almost 120dB below the common mode sig-
nal! Other significant error terms include offset voltage,
and its shift with temperature and time, bias current and
gain stability. Figure 2 shows an “Instrumentation
Amplifier,” which makes a very good bridge amplifier.
These devices are usually the first choice for bridge mea-
surement, and bring adequate performance to most appli-
cations. In general, instrumentation amps feature fully
differential inputs and internally determined stable gain.
The absence of a feedback network means the inputs are
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essentially passive, and no significant bridge loading oc-
curs. Instrumentation amplifiers meet most bridge require-
ments. Figure 3 lists performance data for some specific
instrumentation amplifiers. Figure 4's table summarizes
some options for DC bridge signal conditioning. Various
approaches are presented, with pertinent characteristics
noted. The constraints, freedoms and performance re-
quirements of any particular application define the best
approach.

— NO FEEDBACK RESISTORS USED
— GAIN FIXED INTERNALLY (TYP 10 OR 100)

OR SOMETIMES RESISTOR PROGRAMMABLE
— BALANCED, PASSIVE INPUTS

Figure 2. Conceptual Instrumentation Amplifier
DC Bridge Circuit Applications

Figure 5, a typical bridge application, details signal condi-
tioning for a 350Q2 transducer bridge. The specified strain
gauge pressure transducer produces 3mV output per volt
of bridge excitation (various types of strain based trans-
ducers are reviewed in Appendix A, “Strain Gauge
Bridges”). The LT1021 reference, buffered by A1A and
A2, drives the bridge. This potential also supplies the cir-
cuits ratio output, permitting ratiometric operation of a
monitoring A-D converter. Instrumentation amplifier A3
extracts the bridges differential output at a gain of 100,
with additional trimmed gain supplied by A1B. The config-
uration shown may be adjusted for a precise 10V output

at full scale pressure. The trim at the bridge sets the zero
pressure scale point. The RC combination at A1B’s input
filters noise. The time constant should be selected for the
system’s desired low pass cut off. “Noise” may originate
as residual RF/line pick-up or true transducer responses
to pressure variations. In cases where noise is relatively
high it may be desirable to filter ahead of A3. This pre-
vents any possible signal infidelity due to non-linear A3
operation. Such undesirable outputs can be produced by
saturation, slew rate components, or rectification effects.
When filtering ahead of the circuits gain blocks remember
to allow for the effects of bias current induced errors
caused by the filter's series resistance. This can be a sig-
nificant consideration because large value capacitors,
particularly electrolytics, are not practical. If bias current
induced errors rise to appreciable levels FET or MOS in-
put amplifiers may be required (see Figure 3).

To trim this circuit apply zero pressure to the transducer and
adjust the 10k potentiometer until the output just comes off
0V. Next, apply full scale pressure and trim the 1k adjust-
ment. Repeat this procedure until both points are fixed.

Common Mode Suppression Techniques

Figure 6 shows a way to reduce errors due to the bridges
common mode output voltage. A1 biases Q1 to servo the
bridges left mid-point to zero under all operating condi-
tions. The 35022 resistor ensures that A1 will find a stable
operating point with 10V of drive delivered to the bridge.
This allows A2 to take a single ended measurement, elim-
inating all common mode voltage errors. This approach
works well, and is often a good choice in high precision

LTC1043

PARAMETER LTC1100 LT1101 LT1102 (USING LTC1050 AMPLIFIER)
Offset 100V 160uV 5004V 0.5,V
Offset Drift 100nV/°C 2uVI°C 2.5,V/°C 50nV/°C
Bias Current 50pA 8nA 50pA 10pA
Noise (0.1Hz-10Hz) 2uVpp 0.9V 2.8,V 1.6uV
Gain 100 10,100 10,100 Resistor Programmable
Gain Error 0.03% 0.03% 0.05% Resistor Limited 0.001% Possible
Gain Drift 4ppm/°C 4ppm/°C 5ppm/°C Resistor Limited <1ppm/°C Possible
Gain Non-Linearity 8ppm 8ppm 10ppm Resistor Limited 1ppm Possible
CMRR 104dB 100dB 100dB 160dB
Power Supply Single or Dual, 16V Max Single or Dual, 44V Max Dual, 44V Max Single, Dual 18V Max
Supply Current 2.2mA 105pA 5mA 2mA
Slew Rate 1.5Vips 0.07Vips 25Vius 1mVims
Bandwidth 8kHz 33kHz 220kHz 10Hz

Figure 3. Comparison of Some IC Instrumentation Amplifiers
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out

INSTRUMENTATION
AMPLIFIER

CONFIGURATION ADVANTAGES DISADVANTAGES
Best General Choice. Simple, CMRR, Drift, and Gain Stability
w Straightforward. CMRR Typically May Not Be Adequate in Highest
1 AATIO >110dB, Drift 0.054V/°C-2uV/°C, Precision Applications. May

Gain Accuracy 0.03%, Gain Drift
4ppm/°C, Noise 10nVVHz — 1.5,V
for Chopper Stabilized Types. Direct
Ratiometric Output.

Require Second Stage to Trim
Gain.

+V
l
outr
O:I:C _]_ out
; -
OP AMP

CMRR>120dB, Drift 0.054V/°C.
Gain Accuracy 0.001% Possible.
Gain Drift 1ppm with Appropriate
Resistors. Noise 10nVVHz — 1.5,V
for Chopper Stabilized Types. Direct
Ratiometric Output. Simple Gain
Trim. Flying Capacitor Commuta-
tion Provides Lowpass Filtering.
Good Choice for Very High Perform-
ance — Monolithic Versions
(LTC1043) Available.

Multi-Package — Moderately
Complex. Limited Bandwidth.
Requires Feedback Resistors to
Set Gain.

CMRR>160dB, Drift 0.05.V/°C-
0.254V/°C, Gain Accuracy 0.001%
Possible, Gain Drift 1ppm/°C with
Appropriate Resistors Plus Floating
Supply Error, Simple Gain Trim,
Noise TnVvHz Possible.

Requires Floating Supply. No
Direct Ratiometric Output.
Floating Supply Drift is a Gain
Term. Requires Feedback
Resistors to Set Gain.

+V

»l
[l Y

out
OP AMP

CMRR =~ 140dB, Drift 0.05.V/°C-
0.25xV/°C, Gain Accuracy 0.001%
Possible, Gain Drift 1ppm/°C With
Appropriate Resistors Plus Floating
Supply Error, Simple Gain Trim,
Noise 1nVVHz Possible.

No Direct Ratiometric Output.
Zener Supply is a Gain and Offset
Term Error Generator. Requires
Feedback Resistors to Set Gain.
Low Impedance Bridges Require
Substantial Current from Shunt
Regulator or Gircuitry Which
Simulates it. Usually Poor Choice
if Precision is Required.

Figure 4. Some Signal Conditioning Methods for Bridges
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Appropriate Resistors, Simple Gain
Trim, Ratiometric Output, Noise
1nVvHz Possible.

CONFIGURATION ADVANTAGES DISADVANTAGES
CMRR>160dB, Drift 0.05,V/°C- Requires Precision Analog Level
+V 0.25uV/°C, Gain Accuracy 0.001% Shift, Usually with Isolation
{ RATIO Possible, Gain Drift 1ppm/°C with

Amplifier. Requires Feedback
Resistors to Set Gain.

CMRR ~120dB-140dB, Drift
0.054V/°C-0.254VI°C, Gain
Accuracy 0.001% Possible, Gain
Drift 1ppm/°C with Appropriate
Resistors, Simple Gain Trim, Direct
Ratiometric Output, Noise 1nVVHz
Possible.

Requires Tracking Supplies.
Assumes High Degree of Bridge
Symmetry to Achieve Best CMRR.
Requires Feedback Resistors to
Set Gain.

CMRR 160dB, Drift 0.05xV/°C-
0.254V/°C, Gain Accuracy 0.001%
Possible, Gain Drift 1ppm/°C,
Simple Gain Trim, Direct Ratio-
metric Output, Noise 1nVvHz
Possible.

Practical Realization Requires
Two Amplifiers Plus Various
Discrete Components. Negative
Supply Necessary.

Figure 4. Some Signal Conditioning Methods for Bridges (Continued)

work. The amplifiers in this example, CMOS chopper sta-
bilized units, essentially eliminate offset drift with time and
temperature. Trade offs compared to an instrumentation
amplifier approach include complexity and the require-
ment for a negative supply. Figure 7 is similar, except that
low noise bipolar amplifiers are used. This circuit trades
slightly higher DC offset drift for lower noise and is a good
candidate for stable resolution of small, slowly varying
measurands. Figure 8 employs chopper stabilized A1 to
reduce Figure 7’s already small offset error. A1 measures

the DC error at A2's inputs and biases A1’s offset pins to
force offset to a few microvolts. The offset pin biasing at
A2 is arranged so A1 will always be able to find the servo
point. The 0.01uF capacitor rolls off A1 at low frequency,
with A2 handling high frequency signals. Returning A2's
feedback string to the bridges midpoint eliminates A4’s
offset contribution. If this was not done A4 would require a
similar offset correction loop. Although complex, this ap-
proach achieves less than 0.05uV/°C drift, 1nV\Hz noise
and CMRR exceeding 160dB.
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+15V

LT1021
10v

10V RATIO
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PRESSURE TRANSDUCER
g %/ +15V
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J 35k
*1% FILM RESISTOR i
PRESSURE TRANSDUCER = ‘L
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Figure 5. APractical Instrumentation Amplifier Based Bridge Circuit
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+
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Figure 6. Servo Controlling Bridge Drive Eliminates Common Mode Voltage

Single Supply Common Mode Suppression Circuits

The common mode suppression circuits shown require a
negative power supply. Often, such circuits must function
in systems where only a positive rail is available. Figure 9
shows a way to do this. A2 biases the LTC1044 positive-
to-negative converter. The LTC1044’s output pulls the
bridge’s output negative, causing A1’s input to balance at
OV. This local loop permits a single-ended amplifier (A2)

to extract the bridge’s output signal. The 100k-0.33uF RC
filters noise and A2's gain is set to provide the desired
output scale factor. Because bridge drive is derived from
the LT1034 reference, A2's output is not affected by sup-
ply shifts. The LT1034’s output is available for ratio opera-
tion. Although this circuit works nicely from a single 5V -
rail the transducer sees only 2.4V of drive. This reduced
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Figure 7. Low Noise Bridge Amplifier with Common Mode Suppression
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Figure 8. Low Noise, Chopper Stabilized Bridge Amplifier with Common Mode Suppression
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1.2V REFERENCE OUTPUT

. +5v T0 A—D CONVERTER
] FOR RATIOMETRIC
B4 = OPERATION. 0.1mA MAXIMUM
3% 220
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| TRANSDUCER
3500 10k
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> :.
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Figure 9. Single Supply Bridge Amplifier with Common Mode Suppression
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Figure 10. High Resolution Version of Figure 9. Bipolar Voltage Converter Gives Greater Bridge Drive, Increasing Output Signal.

drive results in lower transducer outputs for a given mea-
surand value, effectively magnifying amplifier offset drift
terms. The limit on available bridge drive is set by the
CMOS LTC1044’s output impedance. Figure 10’s circuit
employs a bipolar positive-to-negative converter which

has much lower output impedance. The biasing used per-
mits 8V to appear across the bridge, requiring the 100mA
capability LT1054 to sink about 24mA. This increased
drive results in a more favorable transducer gain slope,
increasing signal-to-noise ratio.
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Switched Capacitor Based Instrumentation Amplifiers

Switched capacitor methods are another way to signal
condition bridge outputs. Figure 11 uses a flying capacitor
configuration in a very high precision scale application.
This design, intended for weighing human subjects, will
resolve 0 .01 pound at 300.00 pounds full scale. The
strain gauge based transducer platform is excited at 10V
by the LT1021 reference, A1 and A2. The LTC1043
switched capacitor building block combines with A3, form-
ing a differential input chopper stabilized amplifier. The
LTC1043 alternately connects the 1uF flying capacitor be-
tween the strain gauge bridge output and A3's input. A
second 1uF unit stores the LTC1043 output, maintaining
A3's input at DC. The LTC1043's low charge injection
maintains differential to single ended transfer accuracy of
about 1ppm at DC and low frequency. The commutation
rate, set by the 0.01uF capacitor, is about 400Hz. A3
takes scaled gain, providing 3.0000V for 300.00 pounds
full scale output.

The extremely high resolution of this scale requires filter-
ing to produce useful results. Very slight body movement
acting on the platform can cause significant noise in A3's
output. This is dramatically apparent in Figure 12's trac-
ings. The total force on the platform is equal to gravity
pulling on the body (the “weight”) plus any additional ac-
celerations within or acting upon the body. Figure 12
(trace B) clearly shows that each time the heart pumps,
the acceleration due to the blood (mass) moving in the ar-
teries shows up as “weight.” To prove this, the subject
gets off the scale and runs in place for 15 seconds. When
the subject returns to the platform the heart should work
harder. Trace A confirms this nicely. The exercise causes
the heart to work harder, forcing a greater acceleration-
per-stroke.2

Note 2: Cardiology aficionados will recognize this as a form of Ballistocardiograph
(from the Greek “ballein” — to throw, hurl or eject and “kardia,” heart). A significant
amount of effort was expended in attempts to reliably characterize heart conditions
via acceleration detection methods. These efforts were largely unsuccessful when
compared against the reliability of EKG produced data. See references for further

discussion.
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Figure 11. High Precision Scale for Human Subjects
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A =0.45LB/FULL SCALE

B = 0.45LB/FULL SCALE

1l

JV\I

T :

e

HORIZ = 1s/INCH

Figure 12. High Precision Scale’s Heartbeat Output. Trace B Shows Subject at Rest; Trace A After Exercise. Discontinuous Components
in Waveforms Leading Edges Are Due to XY Recorder Slew Limitations.

Another source of noise is due to body motion. As the
body moves around, its mass doesn’t change but the in-
stantaneous accelerations are picked up by the platform
and read as “weight” shifts.

All this seems to make a 0.01 pound measurement
meaningless. However, filtering the noise out gives a
time averaged value. A simple RC low pass will work, but
requires excessively long settling times to filter noise fun-
damentals in the 1Hz region. Another approach is needed.

A4, A5 and associated components form a filter which
switches it's time constant from short to long when the
output has nearly arrived at the final value. With no
weight on the platform A3's output is zero. A4’s output is
also zero, A5B’s output is indeterminate and A5A's output
is low. The MOSFET optocouplers LED comes on, putting
the RC filter into short time constant mode. When some-
one gets on the scale A3's output rises rapidly. A5A goes
high, but A5B trips low, maintaining the RC filter in its
short time constant mode. The 2uF capacitor charges
rapidly, and A4 quickly settles to final value +body motion
and heartbeat noise. A5B's negative input sees 1% atten-
uation from A3; it's positive input does not. This causes
A5B to switch high when A4's output arrives within 1% of
final value. The optocoupler goes off and the filter
switches into long time constant mode, eliminating noise
in A4's output. The 39k resistor prevents overshoot, en-
suring monotonic A4 outputs. When the subject steps off
the scale A3 quickly returns to zero. ASA goes immedi-

ately low, turning on the optocoupler. This quickly dis-
charges the 2uF capacitor, returning A4’s output rapidly to
zero. The bias string at ASA's input maintains the scale in
fast time constant mode for weights below 0.50 pounds.
This permits rapid response when small objects (or per-
sons) are placed on the platform. To trim this circuit adjust
the zero potentiometer for OV out with no weight on the
platform. Next, set the gain adjustment for 3.0000V out
for a 300.00 pound platform weight. Repeat this proce-
dure until both points are fixed.

Optically Coupled Switched Capacitor
Instrumentation Amplifier

Figure 13 also uses optical techniques for performance
enhancement. This switched capacitor based instrumen-
tation amplifier is applicable to transducer signal condi-
tioning where high common mode voltages exist. The
circuit has the low offset and drift of the LTC1150 but also
incorporates a novel switched-capacitor “front end” to
achieve some specifications not available in a conven-
tional instrumentation amplifier.

Common mode rejection ratio at DC for the front end ex-
ceeds 160dB. The amplifier will operate over a +200V
common mode range and gain accuracy and stability are
limited only by external resistors. A1, a chopper stabilized
unit, sets offset drift at 0.05uV/°C. The high common
mode voltage capability of the design allows it to with-
stand transient and fault conditions often encountered in
industrial environments.

LTI

AN43-9



Application Note 43

+15V H15V

ACQUIRE

+15V

10k

Q
D 71014 K +15V

=1/6 74C04

=1/474C02

T
= T 2004
0.05 T 1 = 10k
+E BRIDGE = -
l pEAD = == 100pF
1
1 ,; +15V
> >
> b3 S3
+ /:ﬁ o / o a
s1
t: -L p—= QUTPUT
P4 -—tCl < C2
% =T uF 5:2k WF < .
r $ 100k
1 Q s2
_ /o / o]
3 :: X . .
> ) > »'-— 1 = %E 100Q*
lé = HEWLETT-PACKARD HSSR-8200
p— _/ O——tf—

* =1% FILM RESISTOR

Figure 13. Floating Input Bridge Instrumentation Amplifier with 200V Common Mode Range

The circuit's inputs are fed to LED-driven optically-cou-
pled MOSFET switches, S1 and S2. Two similar switches,
S3 and S4, are in series with S1 and S2. CMOS logic
functions, clocked from A1’s internal oscillator, generate
non-overlapping clock outputs which drive the switch’s
LEDs. When the “acquire pulse” is high, S1 and S2 are
on and C2 acquires the differential voltage at the bridge’s
output. During this interval, S3 and S4 are off. When the
acquire pulse falls, S1 and S2 begin to go off. After a de-
lay to allow S1 and S2 to fully open, the “read pulse” goes
high, turning on S3 and S4. Now C1 appears as a
ground-referred voltage source which is read by A1. C2
allows A1’s input to retain C1’s value when the circuit re-
turns to the acquire mode. A1 provides the circuit's out-
put. Its gain is set in normal fashion by feedback resistors.
The 0.33uF feedback capacitor sets rolloff. The differen-
tial-to-single-ended transition performed by the switches
and capacitors means that A1 never sees the input's
common mode signal. The breakdown specification of the

optically-driven MOSFET switch allows the circuit to with-
stand and operate at common mode levels of +200V. In
addition, the optical drive to the MOSFETs eliminates the
charge injection problems common to FET switched ca-
pacitive networks.

Platinum RTD Resistance Bridge Circuits

Platinum RTDs are frequently used in bridge configura-
tions for temperature measurement. Figure 14’s circuit is
highly accurate and features a ground referred RTD. The
ground connection is highly desirable for noise rejection.
The bridges RTD leg is driven by a current source while
the opposing bridge branch is voltage biased. The current
‘drive allows the voltage across the RTD to vary directly
with its temperature induced resistance shift. The differ-
ence between this potential and that of the opposing
bridge leg forms the bridges output.
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*1% FILM RESISTOR
Rp = ROSEMOUNT 118MFRTD

0V-10Voytr=
0°C-400°C+0.05°C

i

Figure 14. Linearized Platinum RTD Bridge. Feedback to Bridge from A3 Linearizes the Circuit.

A1A and instrumentation amplifier A2 form a voltage con-
trolled current source. A1A, biased by the LT1009 refer-
ence, drives current through the 88.7Q resistor and the
RTD. A2, sensing differentially across the 88.7<2 resistor,
closes a loop back to A1A. The 2k-0.1uF combination
sets amplifier rolloff, and the configuration is stable.
Because A1A’s loop forces a fixed voltage across the
88.7Q resistor, the current through Rp is constant. At’s
operating point is primarily fixed by the 2.5V LT1009 volt-
age reference.

The RTD’s constant current forces the voltage across it to
vary with its resistance, which has a nearly linear positive
temperature coefficient. The non-linearity could cause
several degrees of error over the circuit’s 0°C-400°C op-
erating range. The bridges output is fed to instrumenta-
tion amplifier A3, which provides differential gain while
simultaneously supplying non-linearity correction. The
correction is implemented by feeding a portion of A3's
output back to A1’s input via the 10k-250k divider. This
causes the current supplied to Rp to slightly shift with its

operating point, compensating sensor non-linearity to
within £0.05°C. A1B, providing additional scaled gain, fur-
nishes the circuit output.

To calibrate this circuit, substitute a precision decade box
(e.g., General Radio 1432k) for Rp. Set the box to the
0°C value (100.00€2) and adjust the offset trim for a 0.00V
output. Next, set the decade box for a 140°C output
(154.26Q) and adjust the gain trim for a 3.500V output
reading. Finally, set the box to 249.0Q2 (400.00°C) and
trim the linearity adjustment for a 10.000V output. Repeat
this sequence until all three points are fixed. Total error
over the entire range will be within £0.05°C. The resis-
tance values given are for a nominal 100.00Q2 (0°C) sen-
sor. Sensors deviating from this nominal value can be
used by factoring in the deviation from 100.00Q2. This de-
viation, which is manufacturer specified for each individ-
ual sensor, is an offset term due to winding tolerances
during fabrication of the RTD. The gain slope of the plat-
inum is primarily fixed by the purity of the material and
has a very small error term.
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Figure 15 is functionally identical to Figure 14, exceptthat linearities. The bridges inherent non-linear output is also
A2 and A3 are replaced with an LTC1043 switched ca-  accommodated by the processor.

pacitor building block. The LTC1043 performs the differ- The LT1027 drives the bridge with 5V, The bridge differ-

ential-to-single ended transitions in the current source X ) : . o
and bridge output amplifier. Value shifts in the current  Snfial Output is extracted by instrumentation amplifier A1.
source and output stage reflect the LTC1043's lack of ~ A1'S output, Y'Z gDa|1r_1hscLaTI|ng stage A2, is feddto the
gain. The primary trade-off between the two circuits is hTC12hgo;?éb" - I'e C1290's raw output co esTLe-
component count versus cost. ect the bridges non-linear output vs temperature. he
processor corrects the A-D output and presents lin-
Digitally Corrected Platinum Resistance Bridge earized, calibrated data out. RTD and resistor tolerances
mandate zero and full scale trims, but no linearity correc-
The previous examples rely on analog techniques to  tion is necessary. A2’'s analog output is available for feed-
achieve a precise, linear output from the platinum RTD  back control applications. The complete software code for
bridge. Figure 16 uses digital corrections to obtain similar  the 68HC05 processor, developed by Guy M. Hoover, ap-
results. A processor is used to correct residual RTD non-  pears in Figure 17.
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Figure 15. Switched Capacitor Based Version of Figure 14
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Thermistor Bridge

Figure 18, another temperature measuring bridge, uses a
thermistor as a sensor. The LT1034 furnishes bridge exci-
tation. The 3.2k and 6250€2 resistors are supplied with
the thermistor sensor. The networks overall response is
linearly related to the thermistor’s sensed temperature.
The network forms one leg of a bridge with resistors fur-
nishing the opposing leg. A trim in this opposing leg sets
bridge output to zero at 0°C. Instrumentation amplifier A1
takes gain with A2 providing additional trimmed gain to
furnish a calibrated output. Calibration is accomplished in
similar fashion to the platinum RTD circuits, with the lin-
earity trim deleted.

Low Power Bridge Circuits

Low power operation of bridge circuits is becoming in-
creasingly common. Many bridge based transducers are
low impedance devices, complicating low power design.
The most obvious way to minimize bridge power con-

5Vout

sumption is to restrict drive to the bridge. Figure 19A is
identical to Figure 5, except that the bridge excitation has
been reduced to 1.2V. This cuts bridge current from
nearly 30mA to about 3.5mA. The remaining circuit ele-
ments consume negligible power compared to this
amount. The trade-off is the sacrifice in bridge output sig-
nal. The reduced drive causes commensurately lowered
bridge outputs, making the noise and drift floor a greater
percentage of the signal. More specifically, a 0.01% read-
ing of a 10V powered 350€2 strain gauge bridge requires
3uV of stable resolution. At 1.2V drive, this number
shrinks to a scary 360nV.

Figure 19B is similar, although bridge current is reduced
below 700uA. This is accomplished by using a semicon-
ductor based bridge transducer. These devices have signif-
icantly higher input resistance, minimizing power
dissipation. Semiconductor based pressure transducers
have major cost advantages over bonded strain gauge
types, although accuracy and stability are reduced.
Appendix A, “Strain Gauge Bridges,” discusses trade-offs
and theory of both technologies.
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Figure 16. Digitally Linearized Platinum RTD Signal Conditioner
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* PLATINUM RTD LINEARIZATION PROGRAM (0.0 TO 400.0 DEGREES C)
* WRITTEN BY GUY HOOVER LINEAR TECHNOLOGY CORPORATION
. 3/14/90
* N IS THE NUMBER OF SEGMENTS THAT RTD RESPONSE IS DIVIDED INTO
* TEMPERATURE (DEG. C*10)=M*X+B
* M IS SLOPE OF RTD RESPONSE FOR A GIVEN SEGMENT
* X IS A/D OUTPUT MINUS SEGMENT END POINT
* B IS SEGMENT START POINT IN DEGREES C *10.
*
ER R R R R R R R RS R R S SR R
4 LOOK UP TABLES
*
ORG $1000
* TABLE FOR SEGMENT END POINTS IN DECIMAL
* X IS FORMED BY SUBTRACTING PROPER SEGMENT END POINT FROM A/D OUTPUT
FDB 60,296,527,753,976,1195,1410,1621,1829,2032
FDB 2233,2430,2623,2813,3000,3184,3365,3543,3718,3890
ORG $1030
* TABLE FOR M IN DECIMAL
* M IS SLOPE OF RTD OVER A GIVEN TEMPERATURE RANGE
FDB 3486,3535,3585,3685,3735,3784,3884,3934,3984,4083
FDB 4133,4232,4282,4382,4432,4531,4581,4681,4730,4830
ORG $1060
» TABLE FOR B IN DECIMAL
* B IS DEGREES C TIMES TEN
FDB 0,200,400,600,800,1000,1200,1400,1600,1800
FDB 2000,2200,2400,2600,2800,3000,3200,3400,3600,3800
ORG S$10FF
FCB 39 (N*2)-1 IN DECIMAL
-
* END LOOK UP TABLES
LAA R R R R R R R R R R R R R R R R R R R R R TS Z T R A R 2
* BEGIN MAIN PROGRAM
*
ORG $0100
LDA #SF7 CONFIGURATION DATA FOR PORT C DDR
STA $06 LOAD CONFIGURATION DATA INTO PORT C
BSET 0,$02 INITIALIZE BO PORT €
MES90L NOP
LDA #$2F DIN WORD FOR 1290 CH4 WITH RESPECT
* TO CH5, MSB FIRST, UNIPOLAR,16 BITS
STA $50 STORE DIN WORD IN DIN BUFFER
JSR READ9O CALL READ90 SUBROUTINE (DUMMY READ)
JSR READ90 CALL READ90 SUBROUTINE (MSBS IN $61 LSBS IN $62)
LDX S10FF LOAD SEGMENT COUNTER INTO X \ FOR N=20 TO 1
DOAGAIN LDA $1000,X LOAD LSBS OF SEGMENT N \
STA $55 STORE LSBS IN $55 \
DECX DECREMENT X \
LDA $1000,X LOAD MSBS OF SEGMENT N \
STA $54 STORE MSBS IN $54 \ FIND B
JSR SUBTRCT  CALL SUBTRCT SUBROUTINE /
BPL SEGMENT  IF RESULT IS PLUS GOTO SEGMENT /
JSR ADDB CALL ADDB SUBROUTINE /
DECX DECREMENT X /

JMP DOAGAIN GOTO CODE AT LABEL DOAGAIN / NEXT N

Figure 17. Software Code for 68HCO05 Processor Based RTD Linearization
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*
*
*
*
*
SEGMENT LDA $1030,X LOAD MSBS OF SLOPE \
STA $54 STORE MSBS IN $54 \
INCX INCREMENT X \ M*X
LDA $1030,X LOAD LSBS OF SLOPE /
STA $55 . ‘' STORE LSBS IN $55 /
JSR TBMULT CALL TBMULT SUBROUTINE /
LDA $1060,X LOAD LSBS OF BASE TEMP \
STA $55 STORE LSBS IN $55 \
DECX DECREMENT X >B ADDED TO M*X
LDA $1060,X LOAD MSBS OF BASE TEMP /
STA $54 STORE MSBS IN $54 /
JSR ADDSB CALL ADDB SUBROUTINE
* TEMPERATURE IN DEGREES C * 10 IS IN $61 AND $62
* END MAIN PROGRAM

LR R R s
*
*
JMP MES9OL RUN MAIN PROGRAM IN CONTINUOUS LOOP
*

AR AR AR R AR R A RS 2

* SUBROUTINES BEGIN HERE
*

AR AR AR R AR R S R Y

* READ90 READS THE LTC1290 AND STORES THE RESULT IN $61 AND $62
*
READ90 LDA #850 CONFIGURATION DATA FOR SPCR \
STA $0A LOAD CONFIGURATION DATA > CONFIGURE PROCESSOR
LDA $50 LOAD DIN WORD INTO THE ACC /
BCLR 0,%02 BIT O PORT C GOES LOW (CS GOES LOW) \
STA soOcC LOAD DIN INTO SP! DATA REG. START TRANSFER. |
BACK90 TST $0B TEST STATUS OF SPIF |
BPL BACK90 LOOP TO PREVIOUS INSTRUCTION IF NOT DONE |
LDA soOC LOAD CONTENTS OF SPI DATA REG. INTO ACC |
STA sOC START NEXT CYCLE |
STA  $61 STORE MSBS IN $61 | XFER
BACK92 TST $0B TEST STATUS OF SPIF | DATA
BPL BACK92 LOOP TO PREVIOUS INSTRUCTION IF NOT DONE |
BSET 0,802 SET BIT 0 PORT C (CS GOES HIGH) |
LDA s$OC LOAD CONTENTS OF SPI DATA REG INTO ACC |
STA  $62 STORE LSBS IN $62 /
LDA #$04 LOAD COUNTER WITH NUMBER OF SHIFTS \
SHIFT cLc CLEAR CARRY \
ROR $61 ROTATE MSBS RIGHT THROUGH CARRY \ RIGHT
ROR $62 ROTATE LSBS RIGHT THROUGH CARRY / JUSTIFY
DECA DECREMENT COUNTER / DATA
BNE SHIFT IF NOT DONE SHIFTING THEN REPEAT LOOP /
RTS RETURN TO MAIN PROGRAM
*
* END READSO

L R R A S R S S RS 2 S

Figure 17. Software Code for 68HCO05 Processor Based RTD Linearization (Continued)
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LA R R R R R R R R A e R R S SRS R R SRSl s
*

* SUBTRCT SUBTRACTS $54 AND $55 FROM $61 AND $62. RESULTS IN $61 AND $62
*

SUBTRCT LDA $62 LOAD LSBS
SUB  $55 SUBTRACT LSBS
STA  $62 STORE REMAINDER
LDA $61 LOAD MSBS
SBC $54 SUBTRACT W/CARRY MSBS
STA  $61 STORE REMAINDER
RTS RETURN TO MAIN PROGRAM
”
* END SUBTRCT

LR R R R R R R RS )
LR R R R R AR R RS RS R )
*

*ADDB RESTORES $61 AND $62 TO ORIGINAL VALUES AFTER SUBTRCT HAS BEEN PERFORMED
*

ADDB LDA $62 LOAD LSBS

ADD  $55 ADD LSBS

STA $62 STORE SUM

LDA  $61 LOAD MSBS

ADC  $54 ADD W/CARRY MSBS

STA  $61 STORE SUM

RTS RETURN TO MAIN PROGRAM
*
* END ADDB

EA R A R R R R R R R R R R R R S S
\AAAS R AR S AR R AR AR AR AR AR R R X X R R R R R AR R R A R R
*

*TBMULT MULTIPLIES CONTENTS OF $61 AND $62 BY CONTENTS OF $54 AND $55.

*16 MSBS OF RESULT ARE PLACED IN $61 AND $62
R

TBMULT CLR $68 CLEAR CONTENTS OF $68 \
CLR $69 CLEAR CONTENTS OF $69 \ RESET TEMPORARY
CLR $6A CLEAR CONTENTS OF $6A / RESULT REGISTERS
CLR $68B CLEAR CONTENTS OF $68B /
STX $58 STORE CONTENTS OF X IN $58. TEMPORARY HOLD REG. FOR X
LsSL 862 MULTIPLY LSBS BY 2 \
ROL $61 MULTIPLY MSBS BY 2 \
LSL $62 MULTIPLY LSBS BY 2 \
ROL 861 MULTIPLY MSBS BY 2 \ MULTIPLY $61 AND $62 BY 16
LSL $62 MULTIPLY LSBS BY 2 / FOR SCALING PURPOSES
ROL 361 MULTIPLY MSBS BY 2 /
LsSL $62 MULTIPLY LSBS BY 2 /
ROL 361 MULTIPLY MSBS BY 2 /
LDA 862 LOAD LSBS OF 1290 INTO ACC
LDX $55 LOAD LSBS OF M INTO X
MUL MULTIPLY CONTENTS OF $55 BY CONTENTS OF $62
STA $68 STORE LSBS IN $68
STX $6A STORE MSBS IN $6A
LDA $62 LOAD LSBS OF 1290 INTO ACC
LDX $54 LOAD MSBS OF M INTC X
MUL MULTIPLY CONTENTS OF $54 BY CONTENTS OF $62
ADD $6A LSBS OF MULTIPLY ADDED TO $6A
STA $6A STORE BYTE
TXA TRANSFER X TO ACC
ADC $69 ADD NEXT BYTE
STA $69 STORE BYTE

Figure 17. Software Code for 68HC05 Processor Based RTD Linearization (Continued)
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LDA $61 LOAD MSBS OF 1290 INTO ACC
LDX $55 LOAD LSBS OF M INTO X
MUL MULTIPLY CONTENTS OF $55 BY CONTENTS OF $61
ADD $6A ADD NEXT BYTE
STA $6A STORE BYTE
TXA TRANSFER X TO ACC
ADC $69 ADD NEXT BYTE
STA $69 STORE BYTE
LDA $61 LOAD MSBS OF 1290 INTO ACC
LDX $54 LOAD MSBS OF M INTO X
MUL MULTIPLY CONTENTS OF $54 BY CONTENTS OF $61
ADD 369 ADD NEXT BYTE
STA $69 STORE BYTE
TXA TRANSFER X TO ACC
ADC $68 ADD NEXT BYTE
STA 868 STORE BYTE
LDA  $6A LOAD CONTENTS OF $6A INTO ACC
BPL NNN IF NO CARRY FROM $6A GOTO LABEL NNN
LDA 869 LOAD CONTENTS OF $69 INTO ACC
ADD #3$01 ADD 1 TO ACC
STA 869 STORE IN $69
LDA $68 LOAD CONTENTS OF $68 INTO ACC
ADC #300 FLOW THROUGH CARRY
STA $68 STORE IN $68

NNN LDA 368 LOAD CONTENTS OF $68 INTO ACC
STA $61 STORE MSBS IN $61
LDA $69 LOAD CONTENTS OF $69 INTO ACC
STA 862 STORE IN $62
LDX $58 RESTORE X REGISTER FROM $58
RTS RETURN TO MAIN PROGRAM

*

* END TBMULT

AR AR RS A S E R R AR L]
*
* END

LA A AR R R AR R R R R R X R R R X

Figure 17. Software Code for 68HC05 Processor Based RTD Linearization (Continued)
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Strobed Power Bridge Drive

Figure 20, derived directly from Figure 10, is a simple way
to reduce power without sacrificing bridge signal output
level. The technique is applicable where continuous out-
put is not a requirement. This circuit is designed to sit in
the quiescent state for long periods with relatively brief
on-times. A typical application would be remote weight in-
formation in storage tanks where weekly readings are suf-
ficient. Quiescent current is about 150uA with on-state
current typically 50mA. Bridge power is conserved by sim-
ply turning it off.

With Q1’s base unbiased, all circuitry is off except the
LT1054 plus-to-minus voltage converter, which draws a
150uA quiescent current. When Q1's base is pulled low,
its collector supplies power to A1 and A2. A1’s output
goes high, turning on the LT1054. The LT1054’s output
(pin 5) heads toward -5V and Q2 comes on, permitting
bridge current to flow. To balance its inputs, A1 servo con-
trols the LT1054 to force the bridge’s midpoint to OV. The
bridge ends up with about 8V across it, requiring the
100mA capability LT1054 to sink about 24mA. The
0.02uF capacitor stabilizes the loop. The A1-LT1054
loop’s negative output sets the bridge’s common mode

5V

10k

SAMPLE Q1

voltage to zero, allowing A2 to take a simple single ended
measurement. The “output trim” scales the circuit for
3mV/V type strain bridge transducers, and the 100k-
0.1uF combination provides noise filtering.

Sampled Output Bridge Signal Conditioner

Figure 21, an obvious extension of Figure 20, automates
the strobing into a clocked sequence. Circuit on-time is
restricted to 250us, at a clock rate of about 2Hz. This
keeps average power consumption down to about 200A.
Oscillator A1A produces a 250us clock pulse every
500ms (trace A, Figure 22). A filtered version of this pulse
is fed to Q1, whose emitter (trace B) provides slew limited
bridge drive. A1A's output also triggers a delayed pulse
produced by the 74C221 one-shot output (trace C). The
timing is arranged so the pulse occurs well after the A1B-
A2 bridge amplifier output (trace D) settles. A monitoring
A-D converter, triggered by this pulse, can acquire A1B’s
output.

The slew limited bridge drive prevents the strain gauge
bridge from seeing a fast rise pulse, which could cause
long term transducer degradation. To calibrate this circuit
trim zero and gain for appropriate outputs.

10uF OUTPUT TRIM 10M*

COMMAND 2N2907
o moa a2 [ ourou
>  STRAIN
100k oAUGE 12171078 Pl
M / BRIDGE
< 3mV/V < 1uF —
100k S Tvee B ‘_L- 01w =
‘h
200k & 0.02
1 5V
2 FBISD 8
|CAP + v+ + 1004 I
I+ SOLID
104 == _p—anp 7104 T TANTALUM
I =, =
CAP~ Vour 5
*1% FILM RESISTOR
Figure 20. Strobed Power Strain Gauge Bridge Signal Conditioner
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Figure 21. Sampled Output Bridge Signal Conditioner Uses Pulsed Excitation to Save Power

A=10VIDIV

B=5VIDIV
C=10vIDIV

D=2vDIv

HORIZ = 50,s/DIV

Figure 22. Figure 21’s Waveforms. Trace C’s Delayed Pulse
Ensures A~ D Converter Sees Settled Output Waveform (Trace D).

AN43-20 LY R



Application Note 43

Continuous Output Sampled Bridge Signal
Conditioner

Figure 23 extends the sampling approach to include a
continuous output. This is accomplished by adding a
sample-hold stage at the circuit output. In this circuit, Q2
is off when the “sample command” is low. Under these
conditions only A2 and S1 receive power, and current
drain is inside 60uA. When the sample command is
pulsed high, Q2's collector (trace A, Figure 24) goes high,

providing power to all other circuit elements. The 10Q-
1uF RC at the LT1021 prevents the strain bridge from
seeing a fast rise pulse, which could cause long term
transducer degradation. The LT1021-5 reference output
(trace B) drives the strain bridge, and instrumentation am-
plifier A1 output responds (trace C). Simultaneously, S1's
switch control input (trace D) ramps toward Q2's collector.

6.5V—~10V=+V

v+ M| /1M
6.5V 10 10V 11} _|_ :/OUTPUTTHIM
1o sold = -
| W 2 1M
Q2 TANTALUM L 1
2N3906 = 1077 b—— 0V —5V OUTPUT
| |
i
10Hz 200k = =
Q1 AAA 1uF** =
SAMPLE =g VWA L
2N3904 +V
COMMAND 3 |
= $ N4148 o
¢ -7 |5
114 CD4016
.
T 1uF 0.003 T _I_
IN = =
171021
L_ 5V
= out 2200
AKX .4
Pl N
3mv/V | 3500 STRAIN GAUGE
TYPE BRIDGE
AAA @ AL
iV Pk
* 1% METAL FILM RESISTOR
** POLYSTYRENE

A=20VIDIV
B=4VIDIV
C=05VIDIV

D=2v/DIV

Figure 24. Waveforms for Figure 23’s Sampled Strain Gauge

Signal Conditioner
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At about one-half Q2's collector voltage (in this case just
before mid-screen) S1 turns on, and A1’s output is stored
in C1. When the sample command drops low, Q2's collec-
tor falls, the bridge and its associated circuitry shut down
and S1 goes off. C1’s stored value appears at gain scaled
A2's output. The RC delay at S1’s control input ensures
glitch free operation by preventing C1 from updating until
A1 has settled. During the 1ms sampling phase, supply
current approaches 20mA but a 10Hz sampling rate cuts
effective drain below 250uA. Slower sampling rates will
further reduce drain, but C1’s droop rate (about
1mV/100ms) sets an accuracy constraint. The 10Hz rate
provides adequate bandwidth for most transducers. For
3mV/V slope factor transducers the gain trim shown al-
lows calibration. It should be rescaled for other types.
This circuit’s effective current drain is about 250uA, and
A2's output is accurate enough for 12-bit systems.

It is important to remember that this circuit is a sampled
system. Although the output is continuous, information is
being collected at a 10Hz rate. As such, the Nyquist limit
applies, and must be kept in mind when interpreting
results.

High Resolution Continuous Output Sampled Bridge
Signal Conditioner

Figure 25 is a special case of sampled bridge drive. It is
intended for applications requiring extremely high resolu-
tion outputs from a bridge transducer. This circuit puts
100V across a 10V, 350Q strain gauge bridge for short
periods of time. The high pulsed voltage drive increases
bridge output proportionally, without forcing excessive dis-
sipation. In fact, although this circuit is not intended for
power reduction, average bridge power is far below the
normal 29mA obtained with 10V excitation.

Combining the 10x higher bridge gain (300mV full scale
vs the normal 30mV) with a chopper stabilized amplifier in
the sample-hold output stage is the key to the high reso-
lution obtainable with this circuit.

When oscillator A1A's output is high Q6 is turned on and
A2's negative input is pulled above ground. A2's output
goes negative, turning on Q1. Q1’s collector goes low,

robbing Q3's base drive and cutting it off. Simultaneously,
A3 enforces it's loop by biasing Q2 into conduction, softly
turning on Q4. Under these conditions the voltage across
the bridge is essentially zero. When A1A oscillates low
(trace A, Figure 26) RC filter driven Q6 responds by cut-
ting off slowly. Now, A2’s negative input sees current only
through the 3.6k resistor. The input begins to head nega-
tive, causing A2's output to rise. Q1 comes out of satura-
tion, and Q3's emitter (trace B) rises. Initially this action is
rapid (fast rise slewing is just visible at the start of Q3's
ascent), but feedback to A2's negative input closes a con-
trol loop, with the 1000pF capacitor restricting rise time.
The 72k resistor sets A2's gain at 20 with respect to the
LT1004 2.5V reference, and Q3's emitter servo controls to
50V.

Simultaneously, A3 responds to the bridges biasing by
moving its output negatively. Q2 tends towards cut-off, in-
creasing Q4's conduction. A3 biases it's loop to maintain
the bridge mid-point at zero. To do this, it must produce a
complimentary output to A2's loop, which trace C shows
to be the case. Note that A3's loop rolloff is considerably
faster than A2's,ensuring that it will faithfully track A2’s
loop action. Similarly, A3's loop is slaved to A2’s loop out-
put, and produces no other outputs.

Under these conditions the bridge sees 100V drive across
it for the 1ms duration of the clock pulse.

A1A’s clock output also triggers the 74C221 one-shot. The
one-shot delivers a delayed pulse (trace D) to Q5. Q5
comes on, charging the 1uF capacitor to the bridges out-
put voltage. With A3 forcing the bridges left side mid-point
to zero, Q5, the 1uF capacitor and A4 see a single-ended,
low voltage signal. High transient common mode voltages
are avoided by the control loops complimentary controlled
rise times. A4 takes gain and provides the circuit output.
The 74C221’s pulse width ends during the bridges on-
time, preserving sampled data integrity. When the A1A os-
cillator goes high the control loops remove bridge drive,
returning the circuit to quiescence. A4’s output is main-
tained at DC by the 1uF capacitor. A1A's 1Hz clock rate is
adequate to prevent deleterious droop of the 1uF capaci-
tor, but slow enough to limit bridge power dissipation. The

AN43-22
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Figure 25. High Resolution Pulsed Excitation Bridge Signal Conditioner. Complementary 50V Drive Increases Bridge Output Signal.

controlled rise and fall times across the bridge prevent
possible long term transducer degradation by eliminating
high AV/AT induced effects. B=50VIDIV

When using this circuit it is important to remember that it
is a sampled system. Although the output is continuous,
information is being collected at a 1Hz rate. As such, the
Nyquist limit applies, and must be kept in mind when in- HORIZ = 200,5/DIV
terpreting results.

A=20VIDIV

C=50VIDIV

D=20VIDIV

Figure 26. Figure 25’s Waveforms. Drive Shaping Results in
Controlled, Complementary Bridge Drive Waveforms. Bridge
Power Is Low Despite 100V Excitation.
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AC Driven Bridge/Synchronous Demodulator

Figure 27, an extension of pulse excited bridges, uses
synchronous demodulation to obtain very high noise re-
jection capability. An AC carrier excites the bridge and
synchronizes the gain stage demodulator. In this applica-
tion, the signal source is a thermistor bridge which detects
extremely small temperature shifts in a biochemical mi-
crocalorimetry reaction chamber.

The 500Hz carrier is applied at T1's input (trace A, Figure
28). T1’s floating output drives the thermistor bridge,
which presents a single-ended output to A1. A1 operates
at an AC gain of 1000. A 60Hz broadband noise source is
also deliberately injected into A1’s input (trace B). The
carrier's zero crossings are detected by C1. C1’s output
clocks the LTC1043 (trace C). A1’s output (trace D)
shows the desired 500Hz signal buried within the 60Hz
noise source. The LTC1043's zero-cross-synchronized
switching at A2’s positive input (trace E) causes A2's gain
to alternate between plus and minus one. As a result,

THERMISTOR BRIDGE
IS THE SIGNAL SOURCE

A1’s output is synchronously demodulated by A2. A2’s
output (trace F) consists of demodulated carrier signal
and non-coherent components. The desired carrier ampli-
tude and polarity information is discernible in A2’s output
and is extracted by filter-averaging at A3. To trim this cir-
cuit, adjust the phase potentiometer so that C1 switches
when the carrier crosses through zero.

A=2VDIV
B=2VIDIV
C=50VDIV
D=5VIDIV
E=5VIDIV

F=5vDlv Ji

HORIZ =5ms/DIV

Figure 28. Details of Lock-In Amplifier Operation. Narrowband
Synchronous Detection Permits Extraction of Coherent Signals
Over 120dB Down.
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Figure 27. “Lock-In” Bridge Amplifier. Synchronous Detection Achieves Extremely Narrow Band Gain, Providing Very High Noise
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AC Driven Bridge for Level Transduction

Level transducers which measure angle from ideal level
are employed in road construction, machine tools, inertial
navigation systems and other applications requiring a
gravity reference. One of the most elegantly simple level
transducers is a small tube nearly filled with a partially
conductive liquid. Figure 29A shows such a device. If the
tube is level with respect to gravity, the bubble resides in
the tube’s center and the electrode resistances to com-
mon are identical. As the tube shifts away from level, the
resistances increase and decrease proportionally. By con-
trolling the tube’s shape at manufacture it is possible to
obtain a linear output signal when the transducer is incor-
porated in a bridge circuit.
PARTIALLY

CONDUCTIVE
LIQUID IN

SEALED GLASS
TUBE W
ELECTRODE =—tf—= =0 A~ 1 FIECTRODE

COMMON ELECTRODE
Figure 29A. Bubble Based Level Transducer

Transducers of this type must be excited with an AC
waveform to avoid damage to the partially conductive lig-
uid inside the tube. Signal conditioning involves generat-
ing this excitation as well as extracting angle information
and polarity determination (e.g., which side of level the
tube is on). Figure 29B shows a circuit which does this,
directly producing a calibrated frequency output corre-
sponding to level. A sign bit, also supplied at the output,
gives polarity information.

The level transducer is configured with a pair of 2k re-
sistors to form a bridge. The required AC bridge excitation
is developed at C1A, which is configured as a multi-vibra-
tor. C1A biases Q1, which switches the LT1009's 2.5V po-
tential through the 100uF capacitor to provide the AC

bridge drive. The bridge differential output AC signal is
converted to a current by A1, operating as a Howland cur-
rent pump. This current, whose polarity reverses as
bridge drive polarity switches, is rectified by the diode
bridge. Thus, the 0.03uF capacitor receives unipolar
charge. Instrumentation amplifier A2 measures the volt-
age across the capacitor and presents its single-ended
output to C1B. When the voltage across the 0.03uF ca-
pacitor becomes high enough, C1B’s output goes high,
turning on the LTC201A switch. This discharges the ca-
pacitor. When C1B's AC positive feedback ceases, C1B's
output goes low and the switch goes off. The 0.03uF unit
again receives constant current charging and the entire
cycle repeats. The frequency of this oscillation is deter-
mined by the magnitude of the constant current delivered
to the bridge-capacitor configuration. This current's mag-
nitude is set by the transducer bridge's offset, which is
level related.

Figure 30 shows circuit waveforms. Trace A is the AC
bridge drive, while trace B is A1’s output. Observe that
when the bridge drive changes polarity, A1’s output flips
sign rapidly to maintain a constant current into the bridge-
capacitor configuration. A2's output (trace C) is a unipolar,
ground-referred ramp. Trace D is C1B’s output pulse and
the circuit’s output. The diodes at C1B’s positive input
provide temperature compensation for the sensor’s posi-
tive tempco, allowing C1B’s trip voltage to ratiometrically
track bridge output over temperature.

A3, operating open loop, determines polarity by compar-
ing the rectified and filtered bridge output signals with
respect to ground.

To calibrate this circuit, place the level transducer at a
known 40 arc-minute angle and adjust the 5k<2 trimmer at
C1B for a 400Hz output. Circuit accuracy is limited by the
transducer to about 2.5%.

LT R

AN43-25



Application Note 43

+5V

0.01xF

-||-| |

—l- 1N4148

> 10k* 220pF
499K*
AAA- t
10k*
-1 Ik 1 SIGN BIT
g : 1 + OR — FOR
A £ | EITHER SIDE
! OF LEVEL
——d
tevel L
TRANSDUCER =

1N4148s

+5V

+5V 3
/ b3 FREQUENCY OUT
(e, 0-40 ARC
L 1 TS s " MINUTES =
LTC201A AAA 0Hz-400Hz

Vv

LT1000 S
2.5V $13k

47pF

I—

*1% RESISTOR
LEVEL TRANSDUCER =FREDERICKS # 7630

Figure 29B. Level Transducer Digitizer Uses AC Bridge Technique

Time Domain Bridge
A=5VIDIV §
Figure 31 is another AC based bridge, but works in the
time domain. This circuit is particularly applicable to ca-
pacitance measurement. Operation is straightforward.
With S1 closed the comparators output is high. When S1
opens, capacitor Cx charges. When Cx’s potential crosses
. the voltage established by the bridge’s left side resistors

HORIZ = 20ms/DIV the comparator trips low. The elapsed time between the
switch opening and the comparator going low is propor-
tionate to Cx’s value. This circuit is insensitive to supply

B=1VIDIV J&

C=2vDlv

D=20VDV

Figure 30. Level Transducer Bridge Circuits Waveforms
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— — — 4——INPUT

T

Figure 31. Time Domain Bridge

and repetition rate variations and can provide good accu-
racy if time constants are kept much larger than compara-
tor and switch delays. For example, the LT1011’s delay is
about 200ns and the LTC201A contributes 450ns. To en-
sure 1% accuracy the bridges right side time constant
should not drop below65us. Extremely low values of ca-
pacitance may be influenced by switch charge injection. In
such cases switching should be implemented by alternat-
ing the bridge drive between ground and +15.

1’ )
g l LTC201A

*1% FILM RESISTOR

11—

Bridge Oscillator — Square Wave Qutput

Only an inattentive outlook could resist folding Figure 31’s
bridge back upon itself to make an oscillator. Figure 32
does this, forming a bridge oscillator. This circuit will also
be recognized as the classic op amp multi-vibrator. In this
version the 10k-20k bridge leg provides switching point
hysteresis with Cx charged via the remaining 10k resistor.
When Cx reaches the switching point the amplifier’s out-
put changes state, abruptly reversing the sign of its posi-
tive input voltage. Cx's charging direction also reverses,

10k i; 10k* +15V

LT1056
—— +
T P
S 20k -15V
<
I *1% FILM RESISTOR

Figure 32. “Bridge Oscillator” (Good Old Op Amp
Multivibrator with A Fancy Name)

and oscillations continue. At frequencies that are low
compared to amplifier delays output frequency is almost
entirely dependent on the bridge components. Amplifier
input errors tend to ratiometrically cancel, and supply
shifts are similarly rejected. The duty cycle is influenced
by output saturation and supply asymmetrys.

Quartz Stabilized Bridge Oscillator

Figure 33, generically similar to Figure 32, replaces one
of the bridge arms with a resonant element. With the crys-
tal removed the circuit is a familiar non-inverting gain of
two with a grounded input. Inserting the crystal closes a
positive feedback path at the crystal’s resonant frequency.
The amplifier output (trace A, Figure 34) swings in an at-
tempt to maintain input balance. Excessive circuit gain
prevents linear operation, and oscillations commence as
the amplifier repeatedly overshoots in it's attempts to null
the bridge. The crystal's high Q is evident in the filtered
waveform (trace B) at the amplifiers positive input.

A=10VIDIV

B=5VIDIV

HORIZ = 20us

Figure 34. Bridge Based Crystal Oscillator’s Waveforms.
Excessive Gain Causes Output Saturation Limiting.

LTI
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Sine Wave Output Quartz Stabilized Bridge Oscillator

Figure 35 takes the previous circuit into the linear region
to produce a sine wave output. It does this by continu-
ously controlling the gain to maintain linear operation.
This arrangement uses a classic technique first described
by Meacham in 1938 (see References).

In any oscillator it is necessary to control the gain as well
as the phase shift at the frequency of interest. If gain is
too low, oscillation will not occur. Conversely, too much
gain produces saturation limiting, as in Figure 33. Here,
gain control comes from the positive temperature coeffi-
cient of the lamp. When power is applied, the lamp is at a
low resistance value, gain is high and oscillation ampli-
tude builds. As amplitude builds, the lamp current in-
creases, heating occurs and its resistance goes up. This
causes a reduction in amplifier gain and the circuit finds a
stable operating point. The 15pF capacitor suppresses
spurious oscillation.

b— 1VRMs OUT
20kHz

COMMON MODE
SUPPRESSION

OSCILLATOR

Figure 37. Common Mode Suppresslon for Quartz Oscillator
Lowers Distortion

| 1vpys OUT
> 20kHz

Operating waveforms appear in Figure 36. The amplifiers
output (trace A, Figure 36) is a sine wave, with about
1.5% distortion (trace B). The relatively high distortion
content is almost entirely due to the common mode swing
seen by the amplifier. Op amp common mode rejection
suffers at high frequency, producing output distortion.
Figure 37 eliminates the common mode swing by using a
second amplifier to force the bridge’s midpoint to virtual
ground.3 It does this by measuring the midpoint value,
comparing it to ground and controlling the formerly
grounded end of the bridge to maintain its inputs at zero.
Because the bridge drive is complementary the oscillator
amplifier now sees no common mode swing, dramatically
reducing distortion. Figure 38 shows less than 0.005%
distortion (trace B) in the output (trace A) waveform.

Note 3: Sharp eyed readers will recognize this as an AC version of the DC com-
mon mode suppression technique introduced back in Figure 6.

A=2DIV |

B=0.1VDIV N
(1.5% DISTORTION)

HORIZ = 20,s/DIV

Figure 36. Lamp Based Amplitude Stabilization
Produces Sine Wave Output ,

A=2vDIV

B=02VDIV [
(0.005% DISTORTION) MY

HORIZ = 20us/DIV

Figure 38. Distortion Measurements for Figure 37.
Common Mode Suppression Permits 0.005% Distortion.
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Wien Bridge Based Oscillators

Crystals are not the only resonant elements that can be
stabilized in a gain controlled bridge. Figure 39 is a Wien
bridge (see References) based oscillator. The configura-
tion shown was originally developed for telephony appli-
cations. The circuit is a modern adaptation of one
described by a Stanford University student, William R.
Hewlett,# in his 1939 masters thesis (see Appendix C,
“The Wien Bridge and Mr. Hewlett”).

The Wien network provides phase shift governed by the
equation listed, and the lamp regulates amplitude in ac-
cordance with Figure 35's description. Figure 40 is a vari-
able frequency version of the basic circuit. Output
frequency range spans 20Hz to 20kHz in three decade
ranges, with 0.25dB amplitude flatness.

Note 4: History records that Hewlett and his friend David Packard made a num-
ber of these type oscillators. Then they built some other kinds of instruments.

4300

AAa
2 —_
LT1037 8 $—— OUTPUT
3
+ L
S=O0F
#327 LAMP €> 16k
-|. AAA—
>
316k
13.1,& 1
T2mRC Qutput Frequency = 1.000kHz
for values given

Figure 39. Wien Bridge Based Sine Wave Oscillator. Simple, Modern Version of an Old Circuit Has 0.0025% Distortion.
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Figure 40. Multi-Range Wien Bridge Based Oscillator. Multiple Lamps Provide Lowered Distortion at Low Frequencies.
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The smooth, limiting nature of the lamp’s operation, in
combination with its simplicity, gives good results. Trace A,
Figure 41, shows circuit output at 10kHz. Harmonic distor-
tion, shown in trace B, is below 0.003%. The trace shows
that most of the distortion is due to second harmonic con-
tent and some crossover disturbance is noticeable. The
low resistance values in the Wien network and the
3.8nVWHz noise specification of the LT1037 eliminate am-
plifier noise as an error term.

A=10VIDIV |

B=0.01VIDIV
(0.003% DISTORTION)

HORIZ = 20,s/DIV

Figure 41. Figure 40’s Distortion Characteristic at 10kHz

At low frequencies, the thermal time constant of the small
normal mode lamp begins to introduce distortion levels
above 0.01%. This is due to *hunting” as the oscillator’s
frequency approaches the lamp thermal time constant.
This effect can be eliminated, at the expense of reduced
output amplitude and longer amplitude settling time, by
switching to the low frequency, low distortion mode. The
four large lamps give a longer thermal time constant and
distortion is reduced. Figure 42 plots distortion versus
frequency for the circuit.

Figure 43's version replaces the lamp with an electronic
amplitude stabilization loop. The LT1055 compares the
oscillators positive output peaks with a DC reference. The
diode in series with the LT1004 reference provides tem-
perature compensation for the rectifier diode. The op amp
biases Q1, controlling its channel resistance. This influ-
ences loop gain, which is reflected in oscillator output am-
plitude. Loop closure around the LT1055 occurs,
stabilizing oscillator amplitude. The 15uF capacitor stabi-
lizes the loop, with the 22K resistor settling its gain.

1VRMS OUTPUT

1.5kHz — 15kHz

(- ko
27RC
WHERE R1C1=R2C2

4.7k

15V

LT1004-1.2V

MOUNT 1N4148's

-
1
0.050 A
%
0.045
0.040 \ R2
b
2 0.03 \
2
£ 0.030
= '\ NORMAL MODE
20.025 \
=
& 0.020
$ 0015 | LOW FREOUENCY\
o LOW DISTORTION ™}
0.010 |— MG{E
0.005 =
) —-

20 200

FREQUENCY (Hz)

2k 20k

Figure 42. Figure 40’s Distortion vs Frequency

5600

Wy

IN CLOSE
PROXIMITY

Figure 43. Replacing the Lamp with an Electronic Equivalent
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Distortion performance for this circuit is quite disappoint-
ing. Figure 44 shows 0.15% 2f distortion (trace B) in the
output (trace A), a huge increase over the lamp based ap-
proach.5 This distortion does not correlate with the recti-
fier peaking residue present at Q1's gate (trace C). Where
is the villain in this scheme?

A=2VIDIV 3
B=0.01vVIDIV
(0.15% DISTORTION)

C=1vVDIV §
(AC COUPLED)

HORIZ = 200,s/DIV

Figure 44. Figure 43 Produces Excessive Distortion Due to Q1’s
Channel Resistance Modulation

The culprit turns out to be Q1. In a FET, gate voltage the-
oretically sets channel resistance. In fact, channel voltage
also slightly modulates channel resistance. In this circuit
Q1’s channel sees large swings at the fundamental. This
swing combines with the channel voltage-resistance mod-
ulation effect, producing distortion.

The cure for this difficulty is local feedback around Q1.
Properly scaled, this feedback nicely cancels out the para-

il
I

2.4k 5.6k

-
|/ 200Q 1VRMS OUTPUT
/‘Vg;v_‘v‘vAv + 1.5kHz - 15kHz
= 1
T T s (= serc)
R2 _ WHERE R1C1=R2C2
L 4.7k

sitic. Figure 45 shows the circuit re-drawn with the inclu-
sion of Q1’s local loop. The 20k trimmer allows adjustment
to optimize distortion performance. Figure 46 shows re-
sults. Distortion (trace B) drops to 0.0018% and is com-
posed of 2f, some gain loop rectification artifacts and
noise. For reference the circuit's output (trace A) and the
LT1055 output (trace C) are shown.

Figure 47 eliminates the trim, provides increased voltage
and current output, and slightly reduces distortion. Q1 is
replaced with an optically driven CdS photocell. This de-
vice has no parasitic resistance modulation effects. The
LT1055 has been replaced with a ground sensing op amp

Note 5: What else should be expected when trying to replace a single light
bulb with a bunch of electronic components? | can hear Figure 39's #327
lamp laughing.

A=2VIDIV

B=0.01VIDIV
(0.0018% DISTORTION)

C=1vIDIV
{ACCOUPLED) f

HORIZ = 200,s/DIV

Figure 46. Figure 45’s 0.0018% Distortion Characteristic
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Figure 45. Local Feedback Around Q1 Cures Channel Resistance Modulation, Reducing Distortion to 0.0018%
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Figure 47. Replacing Q1 with an Optically Driven CdS Photocell Eliminates Resistance Modulation Trim

running in single supply mode. This permits true integra-
tor operation and eliminates any possibility of reverse bi-
asing the (downsized) feedback capacitor. Additional
feedback components aid step response.6 Distortion per-
formance improves slightly to 0.0015%.

The last Wien bridge based circuit borrows Figure 37's
common mode suppression technique (which is simply an
AC version of Figure 6's DC common mode suppression
loop) to reduce distortion to vanishingly small levels. The
LT1022 amplifier appears in Figure 48. This amplifier
forces the midpoint of the bridge to virtual ground by
servo biasing the formerly grounded bridge legs. As in
Figure 37, common mode swing is eliminated, reducing

Note 6: A much better scheme for a low ripple, fast response gain control loop
is nicely detailed in the operating and service manual supplied with the Hewlett-
Packard HP339A Distortion Analyzer.

distortion. The circuit's output (trace A, Figure 49) con-
tains less than 0.0003% (3ppm) distortion (trace B), with
no visible correlation to gain loop ripple residue (trace C).
This level of distortion is below the uncertainty floor of
most distortion analyzers, requiring specialized equipment
for meaningful measurement. (See Appendix D, guest
written by Bruce Hofer of Audio Precision, Inc., for a dis-
cussion on distortion measurement considerations.)

Diode Bridge Based 2.5MHz Precision Rectifier/AC
Voltmeter

A final circuit shows a way to achieve low AC error
switching with diode bridge techniques. Diode bridges
provide faster, cleaner signal switching than any other
technique.
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Figure 48. Adding Common Mode Suppression Lowers Distortion to 0.0003%

A=2VIDIV
B=1VIDIV
(0.0009% DISTORTION [
INDICATED — 0.0003% faspen
ACTUAL)

C=0.1vIDIV
(AC COUPLED)

HORIZ = 2004s/DIV

Figure 49. Figure 48’s 3ppm Distortion Is Below the Noise Floor
of Most Analyzers

Most precision rectifier circuits rely on operational ampli-
fiers to correct for diode drops. Although this scheme
works well, bandwidth limitations usually restrict these cir-
cuits to operation below 100kHz. Figure 50 shows the
LT1016 comparator in an open-loop, synchronous rectifier

configuration which has high accuracy out to 2.5MHz. An
input 1MHz sine wave (trace A, Figure 51) is zero cross
detected by C1. Both of C1’s outputs drive identical level
shifters with fast (delay = 2ns-3ns), 5V outputs. These
outputs bias a Schottky diode switching bridge (traces B
and C are the switched corners of the bridge). The input
signal is fed to the left-midsection of the bridge. Because
C1 drives the bridge synchronously with the input signal,
a half-wave rectified sine appears at the AC output (trace
D). The RMS value appears at the DC output. The
Schottky bridge gives fast switching without charge pump-
through. This is evident in trace E, which is an expanded
version of trace D. The waveform is clean with the excep-
tion of very small disturbances where bridge switching oc-
curs. To calibrate this circuit, apply a IMHz-2MHz 1Vp-p
sine wave and adjust the delay compensation so bridge
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Figure 50. Fast, Bridge Switched Synchronous Rectifier-Based AC-DC Converter

A=5VIDIV
B=10VIDIV
C=10V/DIV

D=2viDIv

E=1VIDIV

A, B, G, D HORIZONTAL = 500ns/DIV
E HORIZONTAL = 50ns/DIV (UNCALIBRATED)

Figure 51. Fast AC-DC Converter Operating at 1MHz. Clean
Switching Is Due to Bridge Symmetry and Compensations for
Delay and Switching Skew.

switching occurs when the sine crosses zero. This adjust-
ment corrects for the small delays through the LT1016
and the level shifters. Next, adjust the skew compensa-
tion potentiometers for minimum aberrations in the AC
output signal. These trims slightly shift the phase of the
rising output edge of their respective level shifter. This al-
lows skew in the complementary bridge drive signals to
be kept within 1ns-2ns, minimizing output disturbances
when switching occurs. A 100mV sine input will produce a
clean output with a DC output accuracy of better than
0.25%.

Note: This application note was derived from a
manuscript originally prepared for publication in EDN
magazine.
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APPENDIX A
STRAIN GAUGE BRIDGES

In 1856 Lord Kelvin discovered that applying strain to a
wire shifted its resistance. This effect is repeatable, and is
the basis for electrical output strain measurement. Early
devices were simply wires suspended between two insu-
lated points (Figure A1). The force to be measured me-
chanically biased the wire, changing its resistance.
Modern devices utilize foil based designs. The conductive
material is deposited on an insulated carrier (Figure A2).
Physically they take many forms, allowing for a variety of
applications. The gages' are usually configured in a
bridge and mounted on a beam (Figure A3), forming a
transducer.

Note 1: The correct spelling is gauge, but prolonged grammatical assaults have
assassinated the “u.” Hence, “gage” assumes a claim o legitimacy.

272N

MECHANICAL FORCE

TAUT WIRE

Te

4————INSULATING POSTS———p

Figure A1. A Very Basic Strain Gage

I

BEAM FIXED HERE

GAGES

\BEAM

Figure A3. A Conceptual Strain Gage Transducer. Bending
Force on the Beam Causes Resistance Shifts.

A useful transducer must be trimmed for zero and gain,
and compensated for temperature sensitivity. Figure Ad
shows a typical arrangement. Zero is set with a parallel
trim, with similar treatment used to set gain. The gain
trims include modulus gages to compensate beam mate-
rial temperature sensitivity. Arranging these trims and
completing the mechanical integration involves a fair
amount of artistry, and is usually best left to specialists.?

Note 2: Those finding their sense of engineering prowess unalterably
offended are referred to “SR-4 Strain Gage Handbook,” available from BLH
Electronics, Canton, Massachusetts. Have fun.

X—[__* ACTUAL SIZE

y L !

Figure A2. A Conceptual Strain Gage. Maximum Device
Sensitivity is with Y-Axis Flexing Into the Page. Practical
Devices Utilize Denser Patterns with Optimized Distribution
of Conductive Material.
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Figure A4. Simplified Strain Gage Transducer Schematic
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Semiconductor based strain gage transducers utilize resis-
tive shift in semiconducting materials. These devices, built
in monolithic IC form, are considerably less expensive
than manually assembled foil based strain gage transduc-
ers. They have over ten times the sensitivity of foil based
devices, but are more sensitive to temperature and other
effects. As such, they are best suited to somewhat less
demanding applications than foil based gages. Their
monolithic construction and small size offer price and con-
venience advantages in many applications. Electrical form
is similar to foil based designs (e.g., a bridge configura-
tion), although impedance levels are about ten times
higher. The following guest written section details their
characteristics.

SEMICONDUCTOR BASED STRAIN GAGES

Daniel A. Artusi
Randy K. Frank
Motorola Semiconductor Products Sector
Discrete and Special Technologies Group

Strain gage technology, while based on a phenomena
which dates back to the nineteenth century, has been of
major importance in the areas of stress analysis, structural
testing and transducer fabrication for more than 40 years.

First reports on semiconductor piezoresistive technology
dates back to the observation by C.S. Smith3 in the early
1950's of large piezoresistive coefficients in Silicon and
Germanium.

There are several advantages to implementing strain
gages using semiconductor technology. The immediate
one is the very high gage factors of approximately two or-
ders of magnitude higher than metallic gages. These
higher gage factors allow improved signal to noise ratios
for the measurement of small dynamic stresses and sim-
plifies the signal conditioning circuitry.

Another advantage is the precise control of the piezoresis-
tive coefficients including magnitude, sign, and the possi-
bility of transverse and shear responses. Additional
advantages are low cost, small size, and compatibility with

Note 3: Smith C.S., “Piezoresistance Effect in Germanium and Silicon,” Physical
Review, Volume 94, November 1, 1954 Pages 42-49.

semiconductor processing technology which allows for in-
tegration of additional circuit elements (i.e. operational am-
plifiers) on the same chip. The first phase of integration for
silicon pressure sensors occurred when the strain gage
and the diaphragm were combined into one monolithic
structure. This was accomplished using the piezoresistive
effect in semiconductors. A strain gage can be diffused or
ion-implanted into a thin silicon diaphragm which has been
chemically etched into a silicon substrate.

Piezoresistivity

in order to understand the implementation in silicon of
strain gages, it is necessary to review the piezoresistive
effect in silicon.

The analytic description of the piezoresistive effect in cu-
bic silicon can be reduced to two equations which
demonstrate the first order effects.

AE1=Pq l4(rt41X1 + Tt4X5) 1]
AE2=PO |21t44X5 [2]

Where AE; and AE, are electric field flux density, Pq is
the unstressed bulk resistivity of silicon, I's are the excita-
tion current density, 7's are piezoresistive coefficients and
X's are stress tensors due to the applied force.

The effect described by equation [1] is that utilized in a
pressure transducer of the Wheatstone bridge type.
Regardless of whether the designer chooses N-type or P-
type layers for the diffused sensing element, the piezore-
sistive coefficients 44 and my, of equation [1] will be
oppose in sign.

This implies that through careful placement, and orienta-
tion with respect to the crystallographic axis, as well as a
sufficiently large aspect ratio for the resistors themselves,
it is possible to fabricate resistors on the same diaphragm
which both increase and decrease respectively from their
nominal values with the application of stress.

The effect described by equation [2] is typically neglected
as a parasitic in the design of a Wheatstone bridge de-
vice. A closer look at its form, however, reveals that the
incremental electrical field flux density, AE,, due to the
applied stress, Xg, is monotonically increasing for increas-
ing Xg.
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In fact, equation [2] predicts an extremely linear output
since it depends on only one piezoresistive coefficient
and one applied stress. Futhermore, the incremental elec-
tric field can be measured by a single stress sensitive ele-
ment. This forms the theoretical basis for the design of
the transverse voltage or shear stress piezoresistive
strain gage.

Shear Stress Strain Gage

Figure A5 shows the construction of a device which opti-
mizes the piezoresistive effect of equation [2].4 The di-
aphragm is anisotropically etched from a silicon substrate.
The piezoresistive element is a single, four terminal strain
gage that is located at the midpoint of the edge of the
square diaphragm at an angle of 45 degrees as shown in
Figure A5. The orientation of 45 degrees and location at
the center of the edge of the diaphragm maximizes the
sensitivity to shear stress, Xg, and the shear stress being
sensed by the transducer by maximizing the piezoresis-
tive coefficient, Ty4.

Excitation current is passed longitudinally through the re-
sistor (pins 1 and 3) and the pressure that stresses the di-
aphragm is applied at a right angle to the current flow.

Note 4: J.E. Gragg, U.S. Patent 4,317,126

ACTIVE
ELEMENT

NORMAL STRESS FORCE
ONTODIE

Figure A5. Basic Sensor Element — Top View

The stress establishes a transverse electric field in the re- -
sistor that is sensed as an output voltage at pins 2 and 4,
which are the taps located at the midpoint of the resistor.
The single element shear stress strain gage can be
viewed as the mechanical analog of a Hall effect device.
Figure A6 shows a cross section of a pressure transducer
implemented in silicon and using the technique described.
A differential pressure sensor chip is accomplished by
opening the back side of the wafer.

Temperature Compensation and Calibration

The transverse voltage shear stress piezoresistive pres-
sure transducer has been shown to present certain ad-
vantages over the Wheatstone bridge configuration.
Specifically, improved linearity, and a more consistent re-
producible offset (since it is defined by a single photolitho-
graphic step), as well as the added advantage of
integrating stresses over a smaller percentage of the flex-
ural element.

Very predictably, the transducer exhibits a negative tem-
perature coefficient of span with a nominal value of
0.19%/°C, as well as a temperature coefficient of offset
that can be in the range of £15uV/°C or slightly larger be-
fore compensation. TC of span is due to the decrease of
the piezoresistive coefficients with temperature due to in-
creased thermal scattering in the lattice structure.

THERMAL OXIDE
PASSIVATION

DIFFUSED
STRAIN GAUGE

- ENHANCEMENT
DIFFUSION

METALLIZATION

SILICON ETCHED DIAPHRAGM

(+0.0001" TYP)

GLASS FRIT SEAL

AR i . R R R N e

2 OPTIONAL PRESSURE PORT

FOR DIFFERENTIAL SENSORS
SILICON CONSTRAINT
WAFER //
s

Figure A6. Cross Section of Pressure Transducer
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First let's consider the relationship of output voltage, AV,
with excitation voltage, Vg, as predicted by equation [2].

AVo=W/l (m44Xg) VX 3]

It is apparent that the output voltage varies directly with
excitation, by a factor w/l(ms4Xg), or conversely that the
output is ratiometric to the excitation, V.

A typical output characteristic for an uncompensated
transducer with a constant Vgy applied is shown in Figure
A7. Hence, it is apparent that by increasing the supply
voltage at the same rate that the full 'scale span is de-
creasing, the undesired temperature dependence of span
may be eliminated. This is accomplished by means of a
very low TCR resistor placed in series with the transducer
excitation legs which, by design, have a TCR of 0.24%/°C
(Figure A8). If the value of the zero-TCR span resistor is
appropriately chosen, it will decrease the "net" TCR of the
combination to the ideal +0.19%/°C required to exactly
compensate the negative TC of SPAN. This technique is
known as "self-compensation,” and can be utilized in the
described manner or with a constant current excitaion
and a parallel TC span compensation resistor.

The passive circuit utilized to achieve calibration and tem-
perature compensation is shown in Figure A8. Since the
single element design uses only one resistor for both the
input and the output, a self-compensation scheme can be

OUTPUT VS PRESSURE DIFFERENTIAL
MEASURED AT 3V EXCITATION
TYPICAL)  _4g0¢

70
601

501

OUTPUT (mVpc)

s
A= PvOTPOINT”
e 2t Iy
PRESSURE(PS) | oedeer
10 15 i
[ e e e e e e e e
0 100 120

40 60 80
PRESSURE (KPA)

Figure A7. Output Span for Uncompensated Transducer

employed. This technique utilizes the temperature coeffi-
cient of the input resistance (TCR) to generate a tempera-
ture dependent voltage. The TCR of the strain gage has
been specifically designed to be greater in absolute value
than the temperature coefficient of the span, so placing
additional passive resistive elements in series with the
strain gage modifies the effective TCR and allows temper-
ature compensation based on the input resistance value at
room temperature. A constant voltage source is all that is
necessary external to the device to ensure accurate oper-
ation over a wide temperature range.

The self-compensation technique eliminates the require-
ment for thermistors which are used in most externally
compensated Wheatstone bridge pressure sensors. In
addition to the cost and nonlinearity characteristics of
thermistors, their negative temperature coefficient
precludes their integration on silicon. Thin film resistors,
on the other hand, are easily deposited on the strain gage
substrate using techniques similar to those required for
the metallization of wire bond pads used to make connec-
tion to external leads. The laser trimming technique is
similar to that used in the manufacturing of high accuracy,
monolithic, 16-bit analog-to-digital and digital-to-analog
data converters, except that in the case of a pressure
transducer, the silicon diaphragm is exercised over the
pressure range during the trimming procedure.

+Vs

‘LPIN 3

SRst*

RoFF1*

AAA
Wy

A..I JARY
v

W—&- VW

INPUT

RESISTANCE = Ry RTCOFF1* PIN 2
AN +Vour

AAA
VWV
]
<

PIN 4

=Vour
RTcorr2*

AA AAA
wW

RoFr2" AN
VWA

> Rs —@-— THERMISTOR

AAA

[PIN *LASERTRIMMED ON-CHIP
GND

Figure A8. On-Chip Temperature Compensation and Calibration
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Four separate functions are accomplished by the laser
trimming operation:

1) Zero calibration

2) Zero temperature compensation

3) Full scale span temperature compensation
4) Full scale span calibration

The sequence in which the trimming operation is per-
formed is important to avoid interaction of components
and the addition of several iterations to the trimming pro-
cess. The main factor that allows high volume manufac-
turing techniques, however, is the ability to achieve
temperature compensation in the single element sensor
without the necessity to change the temperature during
the trim operation. Measurements of the sensor parame-
ters are made prior to the laser trim operation. Computer
calculations determine which resistors must be trimmed
and the amount of trimming required. Resistor Rogpy and
Rorg act as part of a voltage divider used to calibrate
the offset. The output voltage is set to zero with zero
pressure applied by trimming either offset resistor Ror

or Rorro.

To temperature compensate the offset, thermistors RT-
Corr1 and RTCqppp, a series of diffused silicon resistors
with positive temperature coefficient and different values,
are added as required to the circuit by cutting aluminum
shorting links.

Full scale span temperature compensation is accomplished
by utilizing self temperature compensation — the addition
of a single, series resistor to the input circuit when a con-
stant voltage supply is used. The resistor is adjusted to
compensate for changes in span with temperature by ad-
justing the magnitude of the excitation voltage applied to
the active element. In order to minimize common mode er-
rors, the “resistor” is actually split between the supply and
ground side of the input so that RS1=RS2. The span is ad-
justed to meet the specification by trimming resistor R,
which is in parallel with the input resistance of the active el-
ement. The parallel resistor actually interacts with the se-
ries self compensation network to provide a series-parallel
temperature compensation which enhances the perfor-
mance over the temperature range.

Performance of Compensated Sensors

The specification for key parameters of a 30PSI on-chip
temperature compensated pressure sensor is shown in
Figure A9. The excellent linearity is a result of the small
active area of the single element strain gage — essen-
tially a point condition. The temperature compensation
which is achieved over 0°C to 85°C can be compared to
commonly available alternatives.

PARAMETER MIN TYP MAX
Pressure Range (in kPA) - - 100
Full Scale Span (in mV) 385 40 415
Zero Pressure Offset (in mV) - +0.05 +1.0
Sensitivity (mV/PSI) - 1.38 -
Linearity (% FS) - +0.1 +0.25
TEMPERATURE EFFECT FOR 0°C TO 85°C
Full Scale Span (% FS) - +05 +1.0
Offset (in mV) - +05 +1.0

Figure A9. Specifications for a Typical Pressure Transducer

AN43-40

LTI



Application Note 43

APPENDIX B
BRIDGE READOUT — THEN AND NOW

The contemporary monolithic components used to read
bridge signals are the beneficiaries of almost 150 years of
dedicated work in bridge readout mechanisms. Some
early schemes made fiendishly ingenious use of available
technology to achieve remarkable performance. Figure
B1 shows a light beam galvanometer. This device easily
resolved currents in the nanoampere range. The un-
known current passed through a coil, producing a mag-
netic field. The coil is mounted within a static magnetic
field. The two field's interactions mechanically biased a
small mirror, which was centrally mounted on a tautly sus-
pended wire. The mirror may be thought of as the elasti-
cally constrained shaft of a DC motor. The amplitude and
sign of the coil current produced corresponding torque —
like mirror movements. A collimated light source was
bounced off the mirror, and its reflection collected on a
surface equipped with calibrated markings. The instru-
ments high inherent sensitivity, combined with the gain in
the optical angle, provided excellent results.

The tangent galvanometer (Figure B2) achieved similar
nanoampere resolution. The actual meter movement was
a compass, centrally mounted within a circular coil. Coil

ol

Figure B1. The Light Beam Galvanometer Is Essentially A
Sensitive Meter Movement. It Takes Gain in the Optical Angle of A
Mirror Reflected, Collimated Light Source (Courtesy The J.M.
Williams Collection).

current is measured by noting compass deflection from
the earths magnetic north. Current flow is proportional to
the tangent of the measured deflection angle.

These and similar devices were referred to as “null detec-
tors.” This nomenclature was well chosen, and reflected
the fact that bridges were almost always read at null. This
was so because the only technology available to accu-
rately digitize electrical measurements was passive.
“Bridge balances,” including variable resistors, resistance
decade boxes and Kelvin-Varley dividers, were corner-
stones of absolute measurements. No source of stable,
calibrated gain was available; although the null detectors
provided high sensitivity. As such, bridge measurement
depended on highly accurate balancing technology and
sensitive null detectors.

Lee DeForest's triode (1908) began the era of electronic
gain. Harold S. Black attempted to patent negative feed-
back in 1928, but the U.S. Patent Office, in their govern-
mental wisdom, treated him as a crackpot. Black
published in the 1930’s, and the notion of feedback stabi-
lized gain was immediately utilized by more enlightened

Figure B2. ATangent Galvanometer Measures Small Currents by
Indicating the Interaction Between Applied Current and the
Earth’s Magnetic Field. Absolute Current Value Is Proportional to
the Tangent of the Compass Deflection Angle (Courtesy The J.M.
Williams Collection).
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types. The technology of the day did not permit develop-
ment of feedback based amplifiers which could challenge
conventional bridge techniques. While Hewlett could use
feedback to build a dandy sinewave oscillator, it simply
was not good enough to replace Kelvin-Varley dividers
and null detectors. Doing so required amplifiers with very
high open loop gains and low zero drift. The second re-
quirement was notably difficult and elusive.

E.A. Goldberg invented the chopper stabilized amplifier in
1948, finally making stable zero performance practical.
Electronic analog computers quickly followed, and historic
George A. Philbrick Researches produced the first com-
mercially available general purpose op amps in the
1950's.

Null detectors were the first bridge components to feel the
impact of all this. A number of notable chopper stabilized
bridge null detectors were produced during the 1950's
and 1960’s. All of these were essentially chopper based
operational amplifiers configured as complete instru-
ments. Notable among these was the Julie Research
Laboratories sub-microvolt sensitivity ND-103, which fea-
tured a 93Hz mechanical chopper (to avoid any interac-
tion with 60Hz noise components). The Hewlett-Packard
HP-425 had similar sensitivity, and used a small syn-
chronous clock motor, photocells and incandescent

Note 1: The Hewlett-Packard Company and light bulbs have had a long and
successful association.

Note 2: The first fully electronic analog-digital converter was developed by D.H.
Wilkinson in 1949 (see References). The first analog-digital converters available
as standard product were probably those produced by Pastoriza Electronics in
the late 1960's.

lamps! in an elegantly simple photo-chopping scheme.
Latter versions of this instrument (the HP-419A) were
completely solid-state, although retaining a neon lamp-
photocell chopping arrangement. Battery operation per-
mitted floating the instrument across the bridge.

Concurrent to all this was the development of
rackmounting based devices called “instrumentation
amplifiers.” These devices, designed to be applied at the
system level, featured settable gain and bandwidth,
differential inputs, and good zero point stability. Some
were chopper stabilized while others utilized
transistorized differential connections. Sold by a number
of concerns, they were quite popular for transducer signal
conditioning. These devices were the forerunners of
modern IC instrumentation amplifiers. Their ability to
supply low errors at zero and stable gain made accurate
off-null bridge measurement possible.

The development of analog-digital converters during the
1960°s2 provided the last ingredient necessary for
practical, digitized output, off-null bridge measurement. It
had required over 100 years of technological progress to
replace the null detectors and bridge balances. This is
something to think-about when soldering in IC
instrumentation amps and A-D converters. What Lord
Kelvin would have given for a single mini-DIP!
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APPENDIX C
THE WIEN BRIDGE AND MR. HEWLETT

The Wien bridge is easily the most popular basis for
constructing sinewave oscillators. Circuits constructed
around the Wien network offer wide dynamic range, ease
of tuning, amplitude stability, low distortion and simplicity.
Wien described his network (Figure C1) in 1891.
Unfortunately, he had no source of electronic gain avail-
able, and couldn’t have made it oscillate even if he wanted
to. Wien developed the network for AC bridge measure-
ment, and went off and used it for that.

Forty-eight years later William R. Hewlett combined
Wiens network with controlled electronic gain in his mas-
ters thesis. The results were the now familiar “Wien
bridge oscillator” architecture and the Hewlett-Packard
Company. Hewlett's circuit (Figure C2) utilized the rela-
tively new tools of feedback theory (see References) to
support stable oscillation. Two loops were required. A

i

1.

Figure C1. Wiens Network

positive feedback loop from the amplifier’s output (6F6
plate) back to its positive input (6J7 first grid) via the Wien
bridge provided oscillation. Oscillation amplitude was sta-
bilized by a second, negative, feedback loop. This loop
was closed from the output (again, the 6F6 plate) back to
the amplifiers negative input (the 6J7 cathode). The now
famous lamp supplied a slight positive temperature coeffi-
cient to maintain gain at the proper value. For reference
in interpreting the vacuum tube! configuration, a modern
version (text Figure 39) of Hewlett's circuit appears as an
insert.

Contemporary oscillators usually replace the lamps action
with electronic equivalents to control loop settling time
(see text).

Note 1: For those tender in years, “vacuum tubes” are thermionically activated
FET's, descended from Lee DeForest.

6J7
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Figure C2. A Copy of Hewletts Thesis “Figure 3” Showing
His Original Circuit. Modern Version Shown for Reference
(Hewlett’s Figure Courtesy Stanford University Archives).
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APPENDIX D
UNDERSTANDING DISTORTION MEASUREMENTS

Bruce E. Hofer
Audio Precision, Inc.

Introduction

Analog signal distortion is unavoidable in the real world. It
can be defined as any effect or process that causes the
signal to deviate from ideal. Because “distortion” means
significantly different things to different people let us dis-
tinguish between two general categories based upon fre-
quency domain effect.

A linear distortion changes the amplitude and phase rela-
tionship between the existing spectral components of a
signal without adding new ones. Frequency and phase re-
sponse errors are the most common examples. Both can
cause significant alteration of the time domain waveform.

A nonlinear distortion adds frequency components to the
signal that were never there, nor should be to begin with.
Nonlinear distortion alters both the time and frequency
domain representations of a signal. Noise can be consid-
ered a form of nonlinear distortion in some applications.

Nonlinear distortion is generally considered to be more
serious than linear distortion because it is impossible to
determine if a specific frequency component in the output
signal was present in the input. This brief discussion will
focus on the measurement and meaning of nonlinear dis-
tortion only.The word “distortion” shall hereinafter be used
accordingly.

Measures of Distortion

One of the best and oldest methods of quantifying distor-
tion is to excite a circuit or system with a relatively pure
sinewave and analyze the output for the presence of sig-
nal components at frequencies other than the input
sinewave. The sinewave is an ideal test signal for mea-
suring nonlinear distortion because it is virtually immune
to linear forms of distortions. With the exception of a per-
fectly tuned notch filter, the output of any linear distortion
process will still be a sinewave!

“N-th” harmonic distortion is defined as the amplitude of
any output signal at exactly N times the sinewave funda-
mental frequency. If the input sinewave is 400Hz any sec-
ond harmonic distortion will show up at 800Hz, third
harmonic at 1200Hz, etc. Spectrum analyzers, wave ana-
lyzers, and FFT analyzers are the typical instruments used
to measure harmonic distortion. These instruments func-
tion by acting as highly selective voltmeters measuring the
signal amplitude over a very narrow bandwidth centered at
a specific frequency.

“THD” or Total Harmonic Distortion is defined as the RMS
summation of the amplitudes of all possible harmonics, al-
though it is often simplified to include only the second
through the fifth (or somewhat higher) harmonics. The as-
sumption that higher order harmonic content is insignifi-
cant in the computation of THD can be quite invalid. The
sinewave distortion of many function generators is usually
dominated by high order harmonic products with only rel-
atively small amounts of products below the fifth har-
monic. The crossover distortion characteristic of class AB
and B amplifiers can often exhibit significantly high har-
monic content above the fifth order.

A far better definition of THD is to include all harmonics
up to some prescribed frequency limit. Usually the spe-
cific application will suggest a relevant upper harmonic
frequency limit. In audio circuits a justifiable upper fre-
quency limit might be 20kHz-25kHz because few people
can perceive signals above that range. In practice it has
proven desirable to use a somewhat higher limit (typically
80kHz) because nonlinear distortion products above
20kHz can provoke intermodulation problems in subse-
quent audio stages. In the world of FM and TV broadcast
measurements it is common practice to use a 30kHz
bandwidth limit even though the signals are inherently lim-
ited to 15kHz.
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“THD+N" or Total Harmonic Distortion plus Noise is de-
fined as the RMS summation of all signal components, ex-
cluding the fundamental, over some prescribed bandwidth.
Distortion analyzers perform this measurement by remov-
ing the fundamental sinewave with a notch filter and mea-
suring the leftover signal. Unfortunately some popular
analyzers have excessive measurement bandwidth
(>1MHz) with no provision for limiting. For the vast major-
ity of applications a measurement bandwidth of >500kHz
serves little purpose other than to increase noise contribu-
tion and sensitivity to AM radio stations. Today's better dis-
tortion analyzers offer a selection of measurement
bandwidths typically including 20kHz-22kHz, 30kHz,
80kHz, and wideband (300kHz-500kHz).

At first glance it might appear that THD+N measurements
are inferior to THD only measurements because of the
sensitivity to wideband noise. Even with their noise contri-
bution today's distortion analyzers offer the lowest resid-
ual distortion, hence the most accuracy in making
ultra-low distortion measurements. The typical residual
contribution of spectrum analyzers is usually limited by
their internal mixer stages to about 0.003% (-90dB). FFT
analyzers do not fare much better due to A-D converter
nonlinearities. The very best 16-bit converters available
today do not guarantee residual distortion below about
0.002% although future developments promise to improve
this situation. Distortion analyzers offer the lowest resid-
ual performance with at least one manufacturer claiming
0.0001% (typical).

“‘IMD” or InterModulation Distortion is yet another tech-
nique for quantifying nonlinearity. It is a much more spe-
cialized form of testing requiring a multi-tone test signal.
IMD tests can be more sensitive than THD or THD+N
tests because the specific test frequencies, ratios, and
analyzer measurement technique can be chosen to opti-
mize response to only certain forms of nonlinearity.
Unfortunately this is also one of the biggest disadvan-
tages of IMD testing because there are so many tests that
have been suggested: SMPTE, CCIF, TIM, DIM, MTM, to
name a few.

Distortion Measurement Accuracy

Nonlinear distortion is not a traceable characteristic in the
sense that an unbroken chain of comparisons can be
made to a truly distortion-/ess standard. Such a standard
does not exist! Real world distortion measurements will
always include the non-zero contributions from both the
sinewave source and the analyzer.

It is a truly challenging task to accurately measure distor-
tion below about 0.01% (-80dB). Indeed, distortion mea-
surement errors can become quite large near residual
levels. Harmonic contributions from the original sinewave
and the analyzer can add algebraically, vectorially, or
even cancel depending upon their relative phase. There
are no general assumptions that can be made regarding
how two residual contributions will add or subtract.

In the following equation let “M” be the measured value of
the N-th harmonic, let “X” be the magnitude of the distortion
contributed by the analyzer, and let “D” be the true distor-
tion magnitude of some signal. The measured distortion will
be influenced by the residual analyzer contribution:

M sin(27iNft+)=D* sin(2rNft)+X* sin(2niNft+©)

(D+X) if ©=0° [4]
M= (D24X9)12 i ©=£90°
(D-X) if ©=180°

Depending upon the relative phase between the distortion
components (©) a true distortion factor (D) of 0.0040%
could be read as anything between 0.0025% to 0.0055%
if the analyzer's internal distortion contribution (X) was
0.0015%. Conversely a 0.0040% reading could have re-
sulted from a true distortion factor of anything from
0.0025% to 0.0055% with the same 0.0015% analyzer
contribution.

It is very important to understand this concept when mak-
ing distortion readings near the specified residual levels of
the test equipment. A lower reading may not always signify
lower distortion. A low reading could be the result of a fortu-
itous cancellation of two larger contributions. It is also illogi-
cal to conclude that the true value of distortion is always
less than the reading because the non-zero residual contri-
butions of the analyzer and sinewave. The service manual
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of one test equipment manufacturer incredibly states that a
0.0040% reading verifies their residual distortion guarantee
of 0.0020% for both oscillator and analyzer!

All of the distortion measurement techniques give
0.5dB-1.0dB (5%—10%) reading accuracies at higher
reading levels. Some distortion analyzers additionally
provide average versus true RMS detection. Average de-
tection is a carryover from the past and should be
avoided because it will give erroneously low readings
when multiple harmonics are present.

The Ultimate Meaning of THD and THD+N
Measurements

Both THD and THD+N are measures of signal impurity.
Distortion analyzers measure THD+N, not THD.
Spectrum, wave, and FFT analyzers measure individual
harmonic distortion from which THD can be calculated, but
not THD+N. Is one better than the other?

For most applications THD+N is the more meaningful
measurement because it quantifies total signal impurity.
Particularly as we enter the age of A-D and D-A based

systems (for example, digital audio) the engineer is in-
creasingly confronted with effects and imperfections that
introduce non-harmonic components to a signal.
Wideband noise itself can be viewed as an imperfection
to be minimized. It is truly myopic to exclude other poten-
tially serious and undesirable signal components in the
determination of signal quality just because they do not
happen to be a harmonic of the test signal. Why should a
60Hz component be acceptable in the calculation of 20Hz
THD but be excluded when testing with a 1kHz
fundamental?

On the other hand THD measurements are distinctly bet-
ter than THD+N measurements if the application is to
quantify a simple transfer function nonlinearity. Noise,
hum, and other interference products are not introduced
by these simple forms of nonlinearity and should not influ-
ence the measurement. Examples include the distortion
due to component voltage coefficient effects and non-
ohmic contact behavior.

Given that all real signals contain some distortion, how
much THD or THD+N is acceptable? Only the designer
can make that determination.

APPENDIX E

SOME PRACTICAL CONSIDERATIONS FOR BRIDGE
INTERFACES

It is often desirable to route bridge outputs over consider-
able cable lengths. Cable driving should always be ap-
proached with caution. Even shielded cables are
susceptible to noise pick-up, and input protection is often
in order. Figure E1 shows some options. Simple RC filters
often suffice for filtering. The upper limit on resistor value
is set by amplifier bias current. FET input amplifiers allow
large values, useful for minimizing capacitance size and
input protection. Leakage eliminates electrolytic capaci-
tors as candidates, and the largest practical non-elec-
trolytic devices are about 1uF Often, a single capacitor
(dashed lines) is all that is required. Diode clamps prevent

high voltage spikes or faults (common in industrial envi-
ronments) from damaging the amplifier. Figure E2 sum-
marizes some clamp alternatives.

CABLE A
I i .

e
&

"

Figure E1. RC Filter Alternatives
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LEAKAGE
FORWARD @ 25°C
CLAMPTYPE DROP (15V REVERSE)
=06V =10-9A
1N4148
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HP5082-2810
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2N2222
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Figure E2. Various Devices Offer Different Clamp Characteristics

Figure E3 shows a high order switched capacitor based
filter. The LTC1062 has no DC error, and offers much bet-
ter roll-off characteristics than the simple RC types. LTC
Application Note 20, “Application Considerations for an
Instrumentation Lowpass Filter,” presents details.

Figure E4 shows a pre-amplifier used ahead of the re-
motely located instrumentation amplifier. The pre-amp
raises cable signal level while lowering drive impedance.
The assymmetrical bridge loading should be evaluated
when using this circuit. Usually, the amplifiers input resis-
tor can be made large enough to minimize it's effect.
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TECHNOLOGY

LT1074/LT1076 Design Manual

Carl Nelson

INTRODUCTION

The use of switching regulators increased dramatically in
the 1980’s and this trend remains strong going into the
90s. The reasons for this are simple; heat and efficiency.
Today’s systems are shrinking continuously, while simul-
taneously offering greater electronic “horsepower.” This
combination would result in unacceptably high internal
temperatures if low efficiency linear supplies were used.
Heat sinks do not solve the problem in general because
most systems are closed, with low thermal transfer from
“inside” to “outside.”

Battery powered systems need high efficiency supplies for
long battery life. Topological considerations also require
switching technology. For instance, a battery cannot gen-
erate an output higher than itself with linear supplies. The
availability of low cost rechargeable batteries has created
a spectacular rise in the number of battery powered
systems, and consequently a matching rise in the use of
switching regulators.

The LT1074 and LT1076 switching regulators are de-
signed specifically for ease of use. They are close to the
ultimate “three terminal box” concept which simply re-
quires an input, output and ground connection to deliver
power to the load. Unfortunately, switching regulators are
not horseshoes, and “close” still leaves room for egre-
gious errors in the final execution. This Application Note is
intended to eliminate the most common errors that cus-
tomers make with switching regulators as well as offering
some insightinto the inner workings of switching designs.
There is also an entirely new treatment of inductor design
based on the mathematical models of core loss and peak
current. This allows the customer to quickly see the
allowable limits for inductor value and make an intelligent
decision based on the need for cost, size, etc. The proce-
dure differs greatly from previous design techniques and
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many experienced designers at first think it can’t work.
They quickly become silent after standard laborious trial-
and-error techniques yield identical results.

There is an old adage in woodworking — “Measure twice,
cutonce.” This advice holds for switching regulators, also.
Read AN44 through quickly to familiarize yourself with the
contents. Then reread the pertinent sections carefully to
avoid “cutting” the design two, three, or four times. Some
switching regulator errors, such as excessive ripple cur-
rent in capacitors, are time bombs best fixed before they
are expensive field failures.

Since this paper was originally written, Linear Technology
has produced a CAD program for switching regulators
called SwitcherCAD. This program uses the ideas pre-
sented in this application note, but adds an extra level of
accuracy by factoring in more second order effects. It also
takes the drudgery out of the iterative design procedure,
allowing rapid “what if” exploration. | highly recommend
using SwitcherCAD after absorbing the basic concepts
presented here. It cuts design time considerably, presents
detailed information on operating conditions, and has
many safeguards to prevent unreliable designs. One cau-
tion, however; SwitcherCAD has an initial run sequence,
called Novice Mode, which generates a very conservative
design from database components. The results of this
initial design may not correlate with AN44 procedures
because of assumptions used in SwitcherCAD and be-
cause of the limited number of components in the data-
base. Changing to Expert Mode allows all components to
be changed at will.

SwitcherCAD does not calculate components for loop
stability. Linear Technology will be creating several sepa-
rate programs for this purpose during 1993. Contact our
Application department for details.
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ABSOLUTE MAXIMUM RATINGS

PRACKAGE/ORDER INFORMATION

Input Voltage
LTAO74/ LTAO76 oo 45V i ORDER F’E‘;{RT
LTIOZ4HV/ZOHV oo 64V ol =~ NUMB
Switch Voltage with Respect to Input Voltage o =T LT1074CT
LTA074/ 76 ..o 64V
LTAQZAHVITEHV 75V slek o220 e
Switch Voltage with Respect to Ground Pin (Vsy Negative) LEADS ARE FORMED STANDARD LT1076HVCT
LT1074/76 (NOte 6) .....ccvveeeerreerrerreceeeeeeiee e 35V FOR STRAIGHT LEADS, ORDER
LT1074HV/76HV (Not€ 6) ......ceocvvceerererrerinrans 45V
Feedback Pin Voltage .........cccocevvvevevevcrnnnee, =2V, +10V
Shutdown Pin Voltage (Not to EXceed Vi) ... dov | e T Orat
Status Pin VOIRAGE ........ovvveeeeeeeveeeceseeeeeeees e 30V C\(\ Y LT1074CK
g\:,;;;r;tsMg[s]t)Be Limited to 5mA When Status Pin < l 2 O) wseisow | LT1074HVCK
O
Iyt Pin Voltage (FOrCed) oo 5.5V FBA}\VSW H}g;gm\/m
Maximum Operating Ambient Temperature Range LT1076CK
LT1074C/76C, LT1074HVC/76HVC ............ 0°C to 70°C LEAD T AL CAN LT1076HVCK
LT1074M/76M, LT1074HVM/76HVM ..-55°C to 125°C
Maximum Operating Junction Temperature Range
LT1074C/76C, LT1074HVC/76HVC .......... 0°C to 125°C FRONTVIEW LT1074CY
LT1074M/76M, LT1074HVM/76HVM ...—55°C to 150°C g%@gumm
Maximum Storage Temperature ............ —65°C to 150°C 0O e
Lead Temperature (Soldering, 10 SeC.)................. 300°C s———m
Y PACKAGE
7-LEAD T0-220
G LECTB'CHL CHHRHCTG‘“S“CS Tj=25°C, Viy = 25V, unless otherwise noted.
PARAMETER CONDITIONS MIN TYP MAX UNITS
Switch “On” Voltage (Note 1) LT1074  Igw=1A,T;20°C 1.85 \
lsw= 1A, Tj < 0°C 2.1 v
lsw = 5A, Tj2 0°C 23 v
lsw = 5A, T < 0°C 25 v
LT1076 Iy =0.5A ° 12 v
Isw=2A ° 1.7 v
Switch “Off” Leakage LT1074  Vjy <25V, Vgy=0 5 300 pA
Vin = Vimax, Vsw = 0 (Note 7) 10 500 uA
LT1076 Vi =25V, Vsw=0 150 pA
Vin=Vmax, Vsw = 0 (Note 7) 250 pA
Supply Current (Note 2) Veg = 2.5V, Vjy <40V o 8.5 1 mA
40V < Vyy < 60V ° 9 12 mA
Vsnur = 0.1V (Device Shutdown) (Note 8) [ ] 140 300 pA

L] TECHNOLOGY
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ELECTRICAL CHARACTERISTICS ;- 250c, viy = 25V, unless otherwise noted.

PARAMETER CONDITIONS MIN TYP MAX UNITS
Minimum Supply Voltage Normal Mode ° 73 8 \
Startup Mode (Note 3) [ ] 3.5 48 v
Switch Current Limit (Note 4) LT1074  Ij;m Open [ ] 55 6.5 85 A
Riim = 10k (Note 5) 45 A
Riim = 7k (Note 5) 3 A
LT1076 ;v Open ® 2 26 32 A
Rum = 10k (Note 5) 18 A
Riim = 7k (Note 5) 1.2 A
Maximum Duty Cycle [ ] 85 90 %
Switching Frequency 90 100 110 kHz
Tj<125°C [ ] 85 120 kHz
j>125°C [} 85 125 kHz
Veg = 0V through 2k (Note 4) 20 kHz
Switching Frequency Line Regulation 8V < V) < Vmax (Note 7) [ 0.03 0.1 %N
Error Amplifier Voltage Gain (Note 6) 1V<Vg<4v 2000 VN
Error Amplifier Transconductance 3700 5000 8000 umho
Error Amplifier Source and Sink Current Source (Vpg = 2V) 100 140 225 uA
Sink (Ve = 2.5V) 0.7 1 1.6 mA
Feedback Pin Bias Current Veg = VRer [ ] 0.5 2 uA
Reference Voltage Vg=2V [ 2.155 2.21 2.265 '
Reference Voltage Tolerance Vger (Nominal) = 2.21V +0.5 +15 %
All Conditions of Input Voltage, Output [ ] +1 +25 %

Voltage, Temperature and Load Current
Reference Voltage Line Regulation 8V < Vjy < Vpax (Note 7) [ ] 0.005 0.02 %N
V¢ Voltage at 0% Duty Cycle 15 v
Over Temperature [ ] -4 mV/°C
Multiplier Reference Voltage 24 v
Shutdown Pin Current Vs =5V [} 5 10 20 pA
Vsh < VrResHoLp (22.5V) L 50 pA
Shutdown Thresholds Switch Duty Cycle = 0 [ ] 22 245 2.7 v
Fully Shut Down [ ] 0.1 0.3 0.5 v
Status Window As a Percent of Feedback Voltage 4 +5 6 %
Status High Level IstaTus = 10pA Sourcing [ ] 35 45 5.0 '
Status Low Level IsTaTus = 1.6mA Sinking [ ] 0.25 04 \
Status Delay Time 9 us
Status Minimum Width 30 us
Thermal Resistance Junction to Case LT1074 25 °C/W
LT1076 4.0 °C/W

The @ denotes the specifications which apply over the full operating
temperature range.

Note 1: To calculate maximum switch “on” voltage at currents between
low and high conditions, a linear interpolation may be used.

Note 2: A feedback pin voltage (Vgg) of 2.5V forces the Vg pin to its low
clamp level and the switch duty cycle to zero. This approximates the zero
load condition where duty cycle approaches zero.

Note 3: Total voltage from Vy pin to ground pin must be > 8V after
startup for proper regulation.

Note 4: Switch frequency is internally scaled down when the feedback pin
voltage is less than 1.3V to avoid extremely short switch on times. During
testing, Vg is adjusted to give a minimum switch on time of 1us.

Note 5: I = %k‘“‘ (LT1074), Iy = RUS'V'5‘k"‘ (LT1076).

Note 6: Switch to input voltage limitation must also be observed.
Note 7: Vyax = 40V for the LT1074/76 and 60V for the LT1074HV/76HV.
Note 8: Does not include switch leakage.

AN44-4
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BLOCK DIAGRAM

INPUT SUPPLY 27 mon \‘
° : 1
1 ]
I :
10uA 320uAl ! i
" 18 0.3V ] i
o - |
6V 500Q ! 1
6V TO ALL A 1
R[> CIRCUITRY WA :

1
GURRENT 1 H
LIMIT ! B
COMP. H 2004
235V CURRENT ! S i
LIMIT i H
- SHUTDOWN 2500 1 !
v —i w :
| - '
_ ] |
N Ium* - 1
SHUTDOWN LM =i S i :
! 1
1 ]
1 1
1 1
1 1
]
]
1
1
1
'
1
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OUTPUT >| e i
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A
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* AVAILABLE ONLY ON PACKAGES WITH PIN COUNTS GREATER THAN 5.

** AVAILABLE ONLY ON LT1176 FAMILY.
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>
$ 1000
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BLOCK DIRGRAM DESCRIPTION

A switch cycle in the LT1074 is initiated by the oscillator
setting the R/S latch. The pulse that sets the latch also
locks out the switch via gate G1. The effective width of this
pulse is approximately 700ns, which sets the maximum
switch duty cycle to approximately 93% at 100kHz switch-
ing frequency. The switch is turned off by comparator C1,
which resetsthe latch. C1 has a sawtooth waveformas one
input and the output of an analog multiplier as the other
input. The multiplier output is the product of an internal
reference voltage, and the output of the erroramplifier, A1,
divided by the regulator input voltage. In standard buck
regulators, this means that the output voltage of A1
required to keep a constant regulated output is indepen-
dent of regulator input voltage. This greatly improves line
transient response, and makes loop gain independent of
input voltage. The error amplifier is a transconductance
type with a Gy at null of approximately 5000umbho. Slew
current going positive is 140uA, while negative slew
current is about 1.1mA. This asymmetry helps prevent
overshoot on startup. Overall loop frequency compensa-
tion is accomplished with a series RC network from Vg
to ground.

Switch current is continuously monitored by C2, which
resets the R/S latch to turn the switch off if an overcurrent
condition occurs. The time required for detection and
switch turn-off is approximately 600ns. So minimum
switch “on” time in current limit is 600ns. Under dead
shorted output conditions, switch duty cycle may have to
be as low as 2% to maintain control of output current. This
would require switch on time of 200ns at 100kHz switch-
ing frequency, so frequency is reduced at very low output

voltages by feeding the FB signal into the oscillator and
creating a linear frequency downshift when the FB signal
drops below 1.3V. Current trip level is set by the voltage on
the I,y pin which is driven by an internal 320uA current
source. When this pin is left open, it self-clamps at about
4.5V and sets currentlimitat 6.5A forthe LT1074 and 2.6A
for the LT1076. In the 7-pin package an external resistor
can be connected from the Iy pinto ground to setalower
current limit. A capacitor in parallel with this resistor will
soft start the current limit. A slight offset in C2 guarantees
that whenthe I piniis pulied to within 200mV of ground,
G2 output will stay high and force switch duty cycle to zero.

The “Shutdown” pin is used to force switch duty cycle to
zero by pulling the I pin low, or to completely shut down
the regulator. Threshold for the former is approximately
2.35V, and for complete shutdown, approximately 0.3V.
Total supply current in shutdown is about 150uA. A 10uA
pull-up current forces the shutdown pin high when left
open. A capacitor can be used to generate delayed startup.
A resistor divider will program “undervoltage lockout” if
the divider voltage is set at 2.35V when the input is at the
desired trip point.

The switch used in the LT1074 is a Darlington NPN (single
NPN for LT1076) driven by a saturated PNP. Special
patented circuitry is used to drive the PNP on and off very
quickly even from the saturation state. This particular
switch arrangement has no “isolation tubs” connected to
the switch output, which can therefore swing to 40V
below ground.

AN44-6
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TYPICAL PERFORMANCE CHARACTERISTICS
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TYPICAL PERFORMANCE CHARACTERISTICS
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TYPICAL PERFORMANCE CHARACTERISTICS
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PIN DESCRIPTIONS

VN PIN

The V| pin is both the supply voltage for internal control
circuitry and one end of the high current switch. It is
important, especially at low input voltages, that this pin be
bypassed with alow ESR, and low inductance capacitor to
prevent transient steps or spikes from causing erratic
operation. At full switch current of 5A, the switching
transients at the regulator input can get very large as
shown in Figure 1. Place the input capacitor very close to
the regulator and connect it with wide traces to avoid extra
inductance. Use radial lead capacitors.

RAMP =

(1sw) (on)

LT1074 + PDO1

Figure 1. Input Capacitor Ripple

Lp = Total inductance in input bypass connections
and capacitor.

“Spike” height (%{- Lp] is approximately 2V per

inch of lead length.

Step =0.25V for ESR = 0.05Q and Iy = 5Ais 0.25V.
Ramp = 125mV for C = 200uF, Toy = Sus,

and Igy = 5A is 125mV.

Input current on the Vjy Pin in shutdown mode is the sum
of actual supply current (=140uA, with a maximum of
300uA) and switch leakage current. Consult factory for
special testing if shutdown mode input current is critical.

GROUND PIN

It might seem unusual to describe a ground pin, but in the
case of regulators, the ground pin must be connected
properly to ensure good load regulation. The internal
reference voltage is referenced to the ground pin; so any
errorin ground pin voltage will be multiplied at the output;

AV Vi
Ay = ¢ GN2D.)2(1 our)

To ensure good load regulation, the ground pin must be
connected directly to the proper output node, so that no
high currents flow in this path. The output divider resistor
should also be connected to this low current connection
line as shown in Figure 2.

N~ ==
\AAS

LT1074 $

1
1
1
1
1
1
FB
GND —t

/

NEGATIVE OUTPUT NODE
WHERE LOAD REGULATION
WILL BE MEASURED

LT1074 « PDO2

HIGH CURRENT
RETURN PATH

Figure 2. Proper Ground Pin Connection

FEEDBACK PIN

The feedback pinis the inverting input of an error amplifier
which controls the regulator output by adjusting duty
cycle. The non-inverting input is internally connected to a
trimmed 2.21V reference. Input bias current is typically
0.5uA when the error amplifier is balanced (Igyt=0). The
error amplifier has asymmetrical Gy for large input sig-
nals to reduce startup overshoot. This makes the amplifier
more sensitive to large ripple voltages at the feedback pin.
100mVp-p ripple at the feedback pin will create a 14mV
offset in the amplifier, equivalentto a 0.7% output voltage
shift. To avoid output errors, output ripple (p-p) should be
less than 4% of DC output voltage at the point where the
output divider is connected.

See the “Error Amplifier” section for more details.

Frequency Shifting at the Feedback Pin

The error amplifier feedback pin (FB) is used to downshift
the oscillator frequency when the regulator output voltage
is low. This is done to guarantee that output short circuit

AN44-10
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PIN DESCRIPTIONS

current is well controlled even when switch duty cycle
must be extremely low. Theoretical switch “on” time fora
buck converter in continuous mode is;

t N___VOUT +Vp
Viyef

Vp = Catch diode forward voltage ( = 0.5V)
f = Switching frequency

Atf=100kHz, toy must drop to 0.2us when Vjy =25V and
the output is shorted (Vgyr = OV). In current limit, the
LT1074 can reduce tgy to a minimum value of = 0.6us,
much too long to control current correctly for Voyr=0.To
correct this problem, switching frequency is lowered from
100kHz to 20kHz as the FB pin drops from 1.3V to 0.5V.
This is accomplished by the circuitry shown in Figure 3.

Q1 is off when the output is regulating (Vrg = 2.21V).
As the output is pulled down by an overload, Veg will
eventually reach 1.3V, turning on Q1. As the output
continues to drop, Q1 current increases proportionately
and lowers the frequency of the oscillator. Frequency
shifting starts when the output is = 60% of normal value,
and is down to its minimum value of = 20kHz when the
output is = 20% of normal value. The rate at which
frequency is shifted is determined by both the internal 3k
resistor R3 and the external divider resistors. For this
reason, R2 should not be increased to more than 4kQ, if

the LT1074 will be subjected to the simultaneous condi-
tions of high input voltage and output short circuit.

SHUTDOWN PIN

The shutdown pin is used for undervoltage lockout,
micropower shutdown, soft start, delayed start, or as a
general purpose on/off control of the regulator output. It
controls switching action by pulling the Iy pin low, which
forces the switch to a continuous “off” state. Full
micropower shutdown is initiated when the shutdown pin
drops below 0.3V.

The V/I characteristics of the shutdown pin are shown in
Figure 4. For voltages between 2.5V and =V, a current
of 10pA flows out of the shutdown pin. This current
increases to ~25uA as the shutdown pin moves through
the 2.35V threshold. The current increases further to =
30uA at the 0.3V threshold, then drops to ~15uA as the
shutdown voltage falls below 0.3V. The 10pA current
source is included to pull the shutdown pin to its high or
default state when left open. It also provides a convenient
pullup for delayed start applications with a capacitor on
the shutdown pin.

When activated, the typical collector current of Q1 in
Figure 5,is=2mA. A soft start capacitor onthe Iy pin will
delay regulator shutdown in response to C1, by
~(5V)(Cjm)/2mA. Soft start after full micropower shut-
down is ensured by coupling G2 to Q1.

T0
OSCILLATOR

Vour

EXTERNAL
DIVIDER

LT1074+ PDO3

Figure 3. Frequency Shifting
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PIN DESCRIPTIONS

T T T T T
Tj= 25°C

=5 7 GURRENT FLOWS OUT
10 OF SHUTDOWN PIN
-5
2 |- SHUTDOWN /
S 20 THRESHOLD
[~
[
325
-30 |
-35
-40

0 05 10 15 20 25 30 35 40
VOLTAGE (V)

LT1074+ TPCOS

Figure 4. Shutdown Pin Characteristics

Undervoltage Lockout

Undervoltage lockout point is set by R1 and R2 in Figure
6. To avoid errors due to the 10pA shutdown pin current,
R2 is usually set at 5k, and R1 is found from:

ri=Ro (V72 ~VsH)
Vs
V1p = Desired undervoltage lockout voltage.

Vgy = Threshold for lockout on the shutdown
pin = 2.45V.

If quiescent supply currentis critical, R2 may be increased
up to 15kQ, but the denominator in the formula for R2
should replace Vsy with Vgy — (10pA)(R2).

Hysteresis in undervoltage lockout may be accomplished
by connecting a resistor (R3) from the Iy pin to the
shutdown pin as shown in Figure 7. D1 prevents the
shutdown divider from altering current limit.

10pA lgj
q
SHUTDOWN
PIN

2.3V—

0.3V — +
T0 TOTAL
REGULATOR
SHUTDOWN
LT1074 « PDO7
Figure 5. Shutdown Circuitry
) |
S R1 Viy
SHUT
LT1074
<L R2
< 5K GED

LT1074+ PDO8

Figure 6. Undervoltage Lockout

hd
3: R1 Vin
SHUT
R3 D1* LT1074
—WA—P o ILm
>
SR2
~~_OPTIONAL CURRENT
LIMIT RESISTOR

1

N4148
Figure 7. Adding Hysteresis

—— EXTERNAL
T Cum

H
—t

LT1074 « PDOS
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PIN DESCRIPTIONS

Trip Point= Vqp =2.35V (1 + _2_;)

If R3is added, the lower trip point (V)y descending) will be
the same. The upper trip point (Vytp) will be;

R1 R1 R1

If R1 and R2 are chosen, R3 is given by
(Vs —0.8V) (R1)

R1
Vutp = Vsu [ 1+ 55
utp SH( +R2)

Example: An undervoltage lockout is required such that
the output will not start until Vi = 20V, but will continue
to operate until Vyy drops to 15V. Let R2 = 2.32k.

R3=

B (15V - 2.35V)
R1= (2.320)

(2.35-0.8)(12.5)

=12.5k

R3= =3.9k

12.5

STATUS PIN (AVAILABLE ONLY ON LT1176 PARTS)

The status pin is the output of a voltage monitor “looking”
at the feedback pin. It is low for a feedback voltage which
is more than 5% above or below nominal. “Nominal” in
this case means the internal reference voltage, so that the
+5% window tracks the reference voltage. A time delay of
=10us prevents short spikes from tripping the status low.
Onceitdoes go low, asecond timer forces it to stay low for
a minimum of = 30us.

The status pin is modeled in Figure 8 with a 130uA pullup
toa 4.5V clamp level. The sinking drive is a saturated NPN
with =100Q resistance and a maximum sink current of
approximately 5mA. An external pullup resistor can be
added to increase output swing up to a maximum of 20V.

When the status pin is used to indicate “output OK,” it
becomes important to test for conditions which might
create unwanted status states. These include output over-
shoot, large signal transient conditions, and excessive
outputripple. “False” tripping of the status pin can usually
be controlled by a pulse stretcher network as shown in
Figure 8. A single capacitor (C1) will suffice to delay an
output “OK” (status high) signal to avoid false “true”
signals during start-up, etc. Delay time for status high will
be approximately (2.3x10%) (C1), or 23ms/uF. Status low
delay will be much shorter, ~ 600p.s/uF.

+5V

C1
CMOS
SCHMIDT
D1 TRIGGER

C3

; LT1074+ PD10

Figure 8. Adding Time Delays to Status Output
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PIN DESCRIPTIONS

If false tripping of status “low” could be a problem, R1 can
be added. Delay of status high remains the same if R1 <
10kQ. Status low delay is extended by R1 to approxi-
mately R1 ¢ C2 seconds. Select C2 for high delay and R1
for low delay.

Example: Delay status high for 10ms, and status low for
3ms.

10ms
2=_——>_
c 23ms/uF
_3ms_ 3ms
"~ C2  047uF

= 0.47uF (Use 0.47pF )
=6.4kQ

In this example D1 is not needed because R1 is small
enough to not limit the charging of C2.

If very fast “low” tripping combined with long “high”
delays is desired, use the D2, R2, R3, C3 configuration. C3
is chosen first to set “low” delay

tLow
3~V
2kQ

R3 is then selected for “high” delay

tHiGH
R3~ -HIGH
C3

For t ow = 100us and ty gy = 10ms, C3 = 0.05uF and
R3 = 200kQ.

Ium PIN

The I mpinis usedto reduce currentlimit below the preset
value of 6.5A. The equivalent circuit for this pin is shown
in Figure 9.

When I is left open, the voltage at Q1 base clamps at 5V
through D2. Internal current limit is determined by the
current through Q1. If an external resistor is connected
between Iy and ground, the voltage at Q1 base can be
reduced for lower current limit. The resistor will have a
voltage across it equal to (320nA) (R), limited to = 5V
when clamped by D2. Resistance required for a given
current limit is

Rum = I (2kQ) + 1kQ (LT1074)

Rum = lum (5.5kQ) + 1kQ (LT1076)

As an example, a 3A current limit would require 3A (2k) +
1k = 7kQ for the LT1074. The accuracy of these formulas
is+25% for2A<I m<5A(LT1074)and 0.7A<I jm<1.8A
(LT1076), so I, should be set at least 25% above the
peak switch current required.

ToumT
clrculr N

Ium

LT1047 +PD12

Figure 9. Iy Pin Circuit

Foldback current limiting can be easily implemented by
adding a resistor from the output to the Iy pin as shown
in Figure 10. This allows full desired current limit (with or
without Ry ;i) when the output is regulating, but reduces
current limit under short circuit conditions. A typical value
for Reg is 5kQ, but this may be adjusted up or down to set
the amount of foldback. D2 prevents the output voltage
from forcing current back into the Iy pin. To calculate a

Vour

AAA
Vv

LT1074

FB

Ium

—W—p

Rea D2
1N4148

AAA

>
Rumg

LT1074+ PD13

Figure 10. Foldback Current Limit
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value for Reg, first calculate Ry v, then Reg:

Isc —0.44%)(R
Reg = (Isc )(RL)
0.5"(RL~1kQ) - Igg

(RLin kQ)

*Change 0.44 10 0.16, and 0.5 to 0.18 for LT1076.
Example: Iy = 4A, Isc = 1.5A, Rym = (4)(2k) + 1k = 9k

(1.5 - 0.44)(%Q

Rre = 0B(0k—K)-15 0

ERROR AMPLIFIER

The error amplifier in Figure 11 is a single stage design
with added inverters to allow the output to swing above
and below the common mode input voltage. One side of
the amplifier is tied to atrimmed internal reference voltage
of 2.21V. The other input is brought out as the FB (feed-
back) pin. This amplifier has a Gy (voltage “in” to current
“out”) transfer function of =5000mho. Voltage gain is
determined by multiplying Gy times the total equivalent
output loading, consisting of the output resistance of Q4
and Q6 in parallel with the series RC external frequency
compensation network. At DG, the external RC is ignored,
and with a parallel output impedance for Q4 and Q6 of
400kQ, voltage gain is = 2000. At frequencies above a few
hertz, voltage gain is determined by the external compen-
sation, R¢ and G.

_ Gn . ,
Ay = —_—ZnOfOCC at midfrequencies
Ay = GyeRg at highfrequencies

Phase shift from the FB pin to the V¢ pin is 90° at mid-
frequencies where the external Cg is controlling gain, then
drops back to 0° (actually 180° since FB is an inverting
input) when the reactance of Cg is small compared to R.
The low frequency “pole” where the reactance of Cg is

Although fpg g varies as much as 3:1 due to rq variations,
mid-frequency gain is dependent only on Gy, which is
specified much tighter on the data sheet. The higher
frequency “zero” is determined solely by Rg and Cg.

fzero oreRgeCo
The error amplifier has asymmetricalpeak output current.
Q3 and Q4 current mirrors are unity gain, but the Q6 mirror
has a gain of 1.8 at output null and a gain of 8 when the FB
pin is high (Q1 current = 0). This results in a maximum
positive output current of 140uA and a maximum negative
(sink) output current of = 1.1mA. The asymmetry is
deliberate — it results in much less regulator output
overshoot during rapid startup or following the release of
an output overload. Amplifier offset is kept low by area
scaling Q1 and Q2 at 1.8:1.

Amplifier swing is limited by the internal 5.8V supply for
positive outputs and by D1 and D2 when the output goes
low. Low clamp voltage is approximately one diode drop
(= 0.7V =2mV/°C).

Note that both the FB pin and the V¢ pin have otherinternal
connections. Refer to the frequency shifting and
sychronizing discussions.

—--—-;;7————::]—— 5.8V
D N

EXTERNAL
Vo FREQUENCY

_|'_'|._ COMPENSATION

lQOuA

\

=
=
=3
=
>
=]
=2
———AAA -
0
o

equal to the output impedance of Q4 and Q6 (rg), is —Ce
1 . i .
fPOLE = m o = 400kQ é ALL CURRENTS SHOWN ARE AT NULL CONDITION ———
Figure 11. Error Amplifier
LT LNEAR AN44-15
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DEFINITION OF TERMS
Vin: DC input voltage.

Vin': DC input voltage minus switch voltage loss. Viy' is
1.5V t0 2.3V less than V)y, depending on switch current.

Vour: DC output voltage.

Vour'": DC output voltage plus catch diode forward voltage.
Vout' is typically 0.4V to 0.6V more than Voyr.

f: Switching frequency.

Im: Maximum specified switch current Iy, = 5.5A for the
LT1074 and 2A for the LT1076.

Isw: Switch current during switch on time. The current
typically jumps to a starting value, then ramps higher. Igw
is the average value during this period unless otherwise
stated. Itis notaveraged over the whole switching period,
which includes switch off time.

lout: DC output current.
Ium: DC output current limit.

Ipp: Catch diode forward current. This is the peak current
for discontinuous operation and the average value of the
current pulseduring switch off time for continuous mode.

Ipa: Catch diode forward current averaged over one com-
plete switching cycle. Ip, is used to calculate diode heating.

Al: Peak-to-peak ripple current in the inductor, also equal
to peak current in the discontinuous mode. Al is used to
calculate output ripple voltage and inductor core losses.

Vp-p: Peak-to-peak output voltage ripple. This does not
include “spikes” created by fast rising currents and ca-
pacitor parasitic inductance.

tsw: This is not really an actual rise or fall time. Instead, it
represents the effective overlap time of voltage and cur-
rent in the switch. tgy is used to calculate switch power
dissipation.

L: Inductance, usually measured with low AC flux density,
and zero DC current. Note that large AC flux density can
increase L by up to 30%, and large DC currents can
decrease L dramatically (core saturation).

Bac: Peak AC flux density in the inductor core, equal to
one-half peak-to-peak AC flux density. Peak value is used
because nearly all core loss curves are plotted with peak
flux density.

N: Tapped-inductor or transformer turns ratio. Note the
exact definition of N for each application.

J: Effective permeability of core material used in the
inductor. p is typically 25-150. Ferrite material is much
higher, but is usually gapped to reduce the effective value
to this range.

V,: Effective core material volume (cm?).

Le: Effective core magnetic path length (cm).
Aq: Effective core cross sectional area (cm2).
Ay, Effective core or bobbin winding area.
Li: Average length of one turn on winding.

Pcu: Power dissipation caused by winding resistance. It
does not include skin effect.

Pg: Power loss in the magnetic core. Pg depends only on
ripple currentin the inductor not DC current.

E: Overall regulator efficiency. It is simply output power
divided by input power.
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POSITIVE STEP-DOWN (BUCK) CONVERTER

The circuitin Figure 12 is used to convert a larger positive
input voltage to a lower positive output. Typical wave-
forms are shown in Figure 13, with Vjy =20V, Vout =5V,
L = 50uH, for both continuous mode (inductor current
never drops to zero) with gyt = 3A and discontinuous
mode, where inductor current drops to zero during a
portion of the switching cycle (Igyt = 0.17A). Continuous
mode maximizes output power but requires larger induc-
tors. Maximumoutput currentintrue discontinuous mode
is only one-half of switch current rating. Note that when
load current is reduced in a continuous mode design,
eventually the circuit will enter discontinuous mode. The
LT1074 operates equally well in either mode and there is
no significant change in performance when load current

reduction causes a shift to discontinuous mode.

L**
50puH (LT1074)

100uH (LT1076)
Vin Vow S
10V TO 40V 5A
LT1074
GND Vg i
R3
2.7k
N c2 ¢
200pF 0.01uF 500pF
I | Iy

*USE MBR340 FOR LT1076
**COILTRONICS #50-2-52 (LT1074)
#100-1-52 (LT1076)

PULSE ENGINEERING, INC.
#PE-92114 (LT1074)
#PE-92102 (LT1076)
HURRICANE  #HL-AK147QQ (LT1074)
#HL-AG210LL (LT1076)

LTAN44 » TA15

Figure 12. Basic Positive Buck Converter
Duty cycle of a buck converter in continuous mode is
DC = Vour +Vs - Vour’ (01)
Vin-Vew Vi

V= Forward voltage of catch diode
Vsw = Voltage loss across “on” switch

Note that duty cycle does not vary with load current except
to the extent that Vs and Vg change slightly.

A buck converter will change from continuous to discon-
tinuous mode (and duty cycle will begin to drop) at a load
current equal to

(Vour") (Vin' = Vour ")
2 . V|NI . f L] L

lout(cRIT) = (02)
With the possible exception of load transient response,
there is no reason to increase L to ensure continuous
mode operation at light load.

Using the values from Figure 12, with Vy =25V, V;= 0.5V,
Vow =2V

5+05 . .

DC= 552 =24% (03)
5.5)(23-5.5

lout(crIT) = (5.5)( ) =0.42A

2(23)(10%)(50x107¢)

The “ringing” which occurs at some point in the switch
“off” cycle in discontinuous mode is simply the resonance
created by the catch diode capacitance plus switch capaci-
tance in parallel with the inductor. This ringing does no
harm and any attempt to dampen it simply wastes effi-
ciency. Ringing frequency is given by;

1

frinG=
2m+/L e (Csw +Cpiope )

Csw = 80pF
Cpjope = 200pF - 1000pF

No off state ringing occurs in continuous mode because
the diode is always conducting during switch off time and
effectively shorts the resonance.

A detailed look at the leading edge of the switch waveform
may reveal a second “ringing” tendency, usually at fre-
quencies around 20MHz-50MHz. This is the result of the
inductance in the loop which includes the input capacitor,
the LT1074 leads, and the diode leads, combined with
the capacitance of the catch diode. A total lead length of
4 inches will create =0.1uH. This coupled with 500pF of
diode capacitance will create a damped 25MHz oscillation
superimposed on the fast rising switch voltage waveform.
Again, no harm is created by this ringing and no attempt
should be made to dampen it other than minimizing lead
length. Certain board layouts combined with very short
interconnects and high diode capacitance may create a
tuned circuit which resonates with the switch output to

(04)

LY R
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Continuous (lgyt = 3A) Discontinuous (lgyt = 0.16A)
I Vgy, VOLTAGE (TO GND)
Vo (ALSO DIODE VOLTAGE)
y | | svowv
o——-a-———i——————-l———-———— B A | Ay R G L (A N L juy
05V Ip=3.4A
1 1
~ o | o SWITCH CURRENT
sw b= 054 1ADIV
i _ LG A 11 i
0 = =
T —— — — [ -
T
13V v INDUCTOR VOLTAGE
5V/DIV
o111 -F | R £
Ip=34A =55V
/{ IL
~ ~"11 o INDUCTOR CURRENT
Iave = lour = 3A 1ADIV
0____4____Ll_|_H__L_w____ L WIS | T~ 1 = J
Ip = 3.4A
4 ~
— T~
™ . 200 ™ DIODE CURRENT
o 1ADIV
0 LT_ _L L L _I L ~h I~ I~ i
lavg=21A
OUTPUT CAPACITOR
L~ L~ ~ N i
A T~ T T~ ‘/> LV T TSI T I~ ?:\J/%?\ENT
2uS/D|V LTAN44 « TAO2

Figure 13. Buck Converter Waveforms with Vjy = 20V, L = 50uH

cause a low amplitude oscillation at the switch output ~ Maximum output current of a buck converter is given by;
during “on” time. This can be eliminated with a ferrite bead

slipped over either diode lead during board assembly. Continuous Mode y (V v ) (05)
OUT \VIN~ VOUT

Itis interesting to note that standard silicon fast recovery lout(MAx) = v - T ofeVmel

diodes create almost no ringing because of their lower , ) IN

capacitance and because they are effectively damped by I = Maximum switch current (5.5A for LT1074)

their slower turn-off characteristics. This slower turn-off VN = DG input voltage (maximum)
and the larger forward voltage represent additional power ~ Vout = Output voltage
loss, so Schottky diodes are normally recommended. f = Switching frequency
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For the example shown, with L = 50uH, and V)y = 25V,
~ 5(25-5)
2(10°) (25) (50 107F)

IOUT(MAX) = 55 = 51A (06)

Note that increasing inductor size to 100pH would only
increase maximum output current by 4%, but decreasing
it to 20uH would drop maximum current to 4.5A. Low
inductance can be used for lower output currents, but core
loss will increase.

Inductor

The inductor used in a buck converter acts as both an
energy storage element and a smoothing filter. There is a
basic tradeoff between good filtering versus size and cost.
Typical inductor values used with the LT1074 range from
5uHto 200H, with the small values used for lower power,
minimum size applications and the larger values used to
maximize output power or minimize output ripple voltage.
The inductor must be rated for currents at least equal to
output current and there are restrictions on ripple current
(expressed as volt e microsecond product at various fre-
quencies) to avoid core heating. For details on selecting an
inductor and calculating losses, see the “Inductor Selec-
tion” section.

Output Catch Diode

D1 is used to generate a current path for L1 current when
the LT1074 switch turns off. The current through D1 in
continuous mode is equal to output current with a duty
cycle of (Viy — Vout)/V|n. For low input voltages, D1 may
operate at duty cycles of 50% or less, but one must be very
careful of utilizing this fact to minimize diode heat sinking.
First, an unexpected high input voltage will cause duty
cycle to increase. More important however, is a shorted
output condition. When Vqyt=0, diode duty cycleis =1 for
any input voltage. Also, in current limit, diode current is
not load current, but is determined by LT1074 switch
current limit. If continuous output shorts must be tolerated,
D1 must be adequately rated and heat sunk. 7 and 11-pin
versions of the LT1074 allow current limit to be reduced to
limit diode dissipation. 5-pin versions can be accurately
current limited using the technique shown in Figure 20.

Under normal conditions, D1 dissipation is given by;

Vin—=V,
PDI=|0UT—( INV OUT)'
IN

i (07)
Vi is the forward voltage of D1 at gyt current. Schottky
diode forward voltage is typically 0.6V at the diode’s full
rated current, so it is normal design practice to use a diode
rated at 1.5to 2 times output current to maintain efficiency
and allow marginfor short circuit conditions. This derating
allows Vs to drop to approximately 0.5V

Example: Viymax) = 25V, lout = 3A, Voyt = 5V, assume
Vi= 0.5V,

Full Load (08)
_(3)(25-5)(05Y) _

Poi = BT 1.2W

Shorted Output

Ppi =(=6A) (DC =1) (0.6V) =3.6W

The high diode dissipation under shorted output condi-
tions may necessitate current limit adjustment if adequate
heat sinking cannot be provided.

Diode switching losses have been neglected because the
reverse recovery time is assumed to be short enough to
ignore. If a standard silicon diode is used, switching
losses cannot be ignored. They can be approximated by;

Pty = (Vi) () (ter) (lour) (09)
t,r = Diode reverse recovery time

Example: Same circuit with t,; = 100ns
P, = (25) (105) (1 0'7) (3)=0.75W (10)

Diodes with abrupt turn-off characteristics will transfer
most of this power to the LT1074 switch. Soft recovery
diodes will dissipate much of the power within the diode
itself.

L] TECHNOLOGY
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LT1074 Power Dissipation

The LT1074 draws about 7.5mA quiescent current, inde-
pendent of input voltage or load. It draws an additional
5mA during switch “on” time. The switch itself dissipates
a power approximately proportional to load current. This
power is due to pure conduction losses (switch “on”
voltage times switch current) and dynamic switching
losses due to finite switch current rise and fall times. Total
LT1074 power dissipation can by calculated from

P=V,N[7mA+5onDC+2I0UT-tSW-f]+ (11)

2
DC [lom (1.8V)*+0.1Q* (|0UT) }

VOUT +0.5V

DC =Duty Cycle =
G =Duty Cycle V=2V

tsw = Effective overlap time of switch voltage and
current

~ 50ns + (3ns/A) (lour)  (LT1074)
~ 60ns + (10ns/A) (lour) (LT1076)

Example: Vi = 25V, Vgyt =5V, f = 100kHz, IgyT = 3A
5405
S 25-2
tsw = 50ns+( 3ns/A )(3A) =59ns

P= (13)

7mA +5mA (0.196) + 5
5 0.196|3(1.8)+ 0.1(3

(2) (3) (59ns) (109) ’ [ (18)-01( )]
=021W + 0.89W +124W =2.34W

Supply Dynamic Switch
Current Switching  Conduction
Loss Loss Loss

*LT1076 =1V, 0.3Q

DC

=0.196 (12)

Input Capacitor (Buck Converter)

A local input bypass capacitor is normally required for
buck converters because the input current is a square
wave with fast rise and fall times. This capacitor is chosen
by ripple current rating—the capacitor must be large
enoughtoavoid overheating created by its ESR and the AC

RMS value of converter input current. For continuous
mode;

Vour (V- Vour)
(WP
Worst case is at Viy = 2Vqyr.

Iac,rMs = lout (14)

Powerlossintheinput capacitoris notinsignificantin high
efficiency applications. It is simply RMS capacitor current
squared times ESR.

2
Pes = (lac,ams) (ESR) (15)
Example: Viy = 20V-30V, oyt = 3A, Vour = 5V.

Worst caseisatViy=2Voyr=10V, so use the closest Vi
value of 20V,

5(20-5)
(20
The input capacitor must be rated at a working voltage of
30V minimum and 1.3A ripple current. Ripple current

ratings vary with maximum ambient temperature, so
check data sheets carefully.

=1.3ARMS (16)

Iac,Rms =3A

Itisimportantto locate the input capacitor very close tothe
LT1074 and to use short leads (radial) when the DC input
voltage is less than 12V. Spikes as high as 2V/inch of lead
length will appear at the regulator input. If these spikes
drop below =7V, the regulator will exhibit anomalous
behavior. See “Vy Pin” in the Pin Descriptions section.

You may be wondering why no mention has been made of
capacitor value. That’s because it doesn’t really matter.
Larger electrolytic capacitors are purely resistive (or in-
ductive) at frequencies above 10kHz, so their bypassing
impedance is resistive, and ESR is the controlling factor.
For input capacitors used with the LT1074, a unit which
meets ripple current ratings will provide adequate “by-
passing” regardless of its capacitance value. Units with
higher voltage rating will have lower capacitance for the
same ripple current rating, but as a general rule, the
volume required to meet a given ripple current/ESR is
fixed over awide range of capacitance/voltage rating. If the
capacitor chosen for this application has 0.1Q ESR, it will
have a power loss of (1.3A)2 (0.1Q) = 0.17W.

AN44-20
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Output Capacitor

Inabuck converter, output ripple voltage is determined by
both the inductor value and the output capacitor;

Continuous Mode a7
Vour
ESR)(V, 1- 2=
(E58) (Vo) 102
L

Vp-p=

Discontinuous Mode

Vp—p=EsR. | Zour) (Vour) (Yin - Vour)
Lef °VIN

Note that only the ESR of the output capacitor is used in the
formula. Itis assumed that the capacitor is purely resistive
at frequencies above 10kHz. If an inductor value has been
chosen, the formula can be rearranged to solve for ESR to
aid in selecting a capacitor.

Continuous Mode (18)

es uax) =P LD ()

Vourj
Vout [1 -
ou Vig

Discontinuous Mode

Lefe V| N
2loyr (Vour) (Vin—Vour)

Worst case output ripple is at highest input voltage. Ripple
is independent of load for continuous mode and propor-
tional to the square root of load current for discontinuous
mode.

ESR (MAX) = Vp—p\/

Example: Continuous mode with Viyguax) = 25V, Vour =
5V, lgyr=3A, L1 =50uH, f = 100kHz. Required maximum
peak-to-peak output ripple is 25mV.

(0.025) (50 x 1079} (10¢)

ESR = =0.03Q

(19)

A 10V capacitor with this ESR would have to be several
thousand microfarads, and therefore fairly large. Tradeoffs
which could be made include;

A. Paralleling several capacitors if component height is
more critical than board area.

B. Increasing inductance. This can be done at no increase
in size ifa more expensive core (molypermalloy, etc.) is
used.

C. Adding an output filter. This is often the best solution
because the additional components are fairly low cost
and their additional space is minimized by being
able to “size down” the main L and C. See the “Output
Filter” section.

Although ripple current is not usually a problem with buck
converter output capacitors because the current is pre-
filtered by the inductor, a quick check should be done
before afinal capacitor is chosen—especially if the capaci-
tor has been “downsized” to take advantage of an addi-
tional output filter. RMS ripple current into the output
capacitor is

Continuous Mode (20)
V
0.29 (VOUT)( ‘—\(,M]
e = IN
RMS EPY;
From the previous example:
0.29(5) (1 - 25—5]
lpmg=-——-—= =0.23ARMS (21)
(50 1078) (10%)

This ripple current is low enough to not be a problem, but
that could change if the inductor was reduced by two or
three to one and the output capacitor was minimized by
adding an output filter.

The calculations for discontinuous mode RMS ripple
current were considered too complicated for this discus-
sion, but a conservative value would be 1.5 to 2 times
output current.
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To minimize output ripple, the output terminals of the
regulator should be connected directly to the capacitor
leads so that the diode (D1) and inductor currents do not
circulate in output leads.

Efficiency

All'the losses except those created by the inductor and the
outputfilter are covered in this buck regulator section. The
example used was a 5V, 3A output with 25V input. Calcu-
lated losses were: switch, 1.24W; diode, 1.2W; switching
times, 0.89W; supply current, 0.21W; and input capacitor,
0.17W. OQutput capacitor losses were negligible . The sum
of all these losses is 3.71W. Inductor loss is covered in a
special section of this Application Note. Assume for this
applicationthatinductor copperlossis 0.3Wand core loss
is 0.15W. Total regulator loss is 4.16W. Efficiency is

__loureVour  _ (3A)(8Y)
lour *Vour +ZP_  (3A)(5V)+4.16

=78% (22)

When considering improvements or tradeoffs of particu-
lar loss terms, keep in mind that a change in any one term
will be attenuated by efficiency squared. For instance, if
switch loss were reduced by 0.3W, this is 2% of the 15W
output power, but only a 2(0.8)2 = 1.28% improvement in
efficiency.

OQutput Divider

R1 and R2 set DC output voltage. R2 is normally set at
2.21kQ (a standard 1% value) to match the LT1074
reference voltage of 2.21V, giving a divider current of
1mA. R1 is then calculated from

_ R2(Vour - Vrer)
VRer
If R2 = 2.21kQ, R1 = (Vout — VRer) kQ

R2 may be scaled in either direction to suit other needs,
but an upper limit of 4kQ is suggested to ensure that the
frequency shifting action created by the FB pin voltage is
maintained under shorted output conditions.

R1 (23)

Output Overshoot

Switching regulators often exhibit startup overshoot be-
cause the 2-pole LC network requires a fairly low unity
gain frequency for the feedback loop. The LT1074 has
asymmetrical error amplifier slew rate to help reduce
overshoot, but it can still be a problem with certain
combinations of L1C1 and C2R3. Overshoot should be
checked on all designs by allowing the output to slew from
zero in a no-load condition with maximum input voltage.
This can be done by stepping the input or by pulling the V¢
pin low through a diode connected to a 0V-10V square
wave.

Worst case overshoot can occur on recovery from an
output short because the V¢ pin must slew from its high
clamp state down to=1.3V. This condition is best checked
with the brute force method of shorting and releasing the
output.

If excessive output overshoot is found, the procedure for
reducing it to a tolerable level is to first try increasing the
compensation resistor. The error amplifier output must
slew negative rapidly to control overshoot and its slew rate
is limited by the compensation capacitor. The compensa-
tion resistor, however, allows the amplifier output to
“step” downward very rapidly before slewing limitations
begin. The size of this step is =(1.1mA)(R¢). If Rg can be
increased to 3kQ, the V¢ pin can respond very quickly to
control output overshoot.

If loop stability cannot be maintained with Rg = 3kQ, there
are several other solutions. Increasing the size of the
output capacitor will reduce short-circuit-recovery over-
shoot by limiting output rise time. Reducing current limit
will also help for the same reason. Reducing the compen-
sation capacitor below 0.05uF helps because the Vg pin
can then slew an appreciable amount during the allowable
overshoot time.

The “final solution” to output overshoot is to clamp the V¢
pin so that it does not have to slew as far to shut off the
output. The Vg pin voltage in normal operation is known
fairly precisely because it is made independent of every-
thing except output voltage by the internal multiplier;
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V; Voltage = 2¢ + 3922—7 (24)

¢ = Vg of internal transistor = 0.65V — 2mV/°C

To allow for transient conditions and circuit tolerances, a
slightly different expression is used to calculate clamp
level for the V¢ pin

Vour  Vinmax
VC(CLAMP) =2¢+—20—+ éo ) +0.2V (25)

For a 5V output with Viygwax) = 30V,

Ve (cLamp) =2(0.65)+25—0+%+0.2=2.35V (26)

There are several ways to clamp the Vg pin as shown in
Figure 14. The simplest way is to just add a clamp Zener
(D3). The problem s finding a low voltage Zener which does
notleak badly below the knee. Maximum Zener leakage over
temperature should be 40pA @ Vg =20 + Vgyt/20V. One
solution is to use an LM385-2.5V micropower reference
diode where the calculated clamp level does not exceed
2.5V.

1[— Vour
SR
Vy LT1074 3
B *
Ve :
1
4,_ —— e @ = = ]
i
D4
Ro inass | 8
03 F- SR
D1 D2
T

Figure 14. Clamping the V¢ Pin

A second clamp scheme is to use a voltage divider and
diode (D4). Vx must be some quasi-regulated source
which does not collapse with regulator output voltage. A
third technique can be used for outputs up to 20V. It
clamps the V¢ pin to the feedback pin with two diodes, D1
and D2. These are small signal nongold doped-diodes with
a forward voltage that matches ¢. The reason for this is
start-up. Vg is essentially clamped to ground through the
output divider when Vqyt = 0. It must be allowed to rise

sufficiently to ensure start-up. The feedback pin will sit at
about 0.5V with Vgyt=0, because of the combined current
from the feedback pin and V¢ pin. The V¢ voltage will be
20+0.5V +(0.14mA) (Rg). With Rg = 1k, Vg = 1.94. This
is plenty to ensure start-up.

Overshoot Fixes that Don’t Work

| know that these things don’t work because | tried them.
The first is soft start, created by allowing the output
current or the Vg voltage to ramp up slowly. The first
problem s that a slowly rising output allows more time for
the Vg pinto ramp up well beyond its nominal control point
so that it has to slew farther down to stop overshoot. If the
V¢ pinitself is ramped slowly, this can control input start-
up overshoot, but it becomes very difficult to guarantee
reset of the soft start for all conditions of input sequencing.
Inany case, these techniques do not address the problem
of overshoot following overload of the output, because
they do not get “reset” by the output.

Another common practice is to parallel the upper resistor
inthe output divider with a capacitor. This again works fine
under limited conditions, but it is easily defeated by
overload conditions which pull the output slightly below
its regulated point long enough for the V¢ pin to hit the
positive limit (=6V). The added capacitor remains charged
and the Vg pin must slew almost 5V to control overshoot
when the overload is released. The resulting overshoot is
impressive—and often deadly.

TAPPED-INDUCTOR BUCK CONVERTER

Output current of a buck converter is normally limited to
maximum switch current, but this restriction can be
altered by tapping the inductor as shown in Figure 15. The
ratio of “input” turns to “output” turns is “N” as shown in
the schematic. The effect of the tap is to lengthen switch
“on” time and therefore draw more power from the input
without raising switch current. During switch “on” time,
current delivered to the output through L1 is equal to
switch current—5.5A maximum for the LT1074. When
the switch turns off, inductor current flows only in the
output section of L1, labeled “1,” through D1 to the
output. Energy conservation in the inductor requires that
current increase by the ratio (N + 1):1. If N = 3, then
maximum current delivered to the output during switch off

LYo
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Figure 15. Tapped-Inductor Buck Converter

time is (3 + 1)(5.5A) = 22A. Average load current is in-
creased to the weighted average of the 5A and 22A cur-
rents. Maximum output current is given by;

lour (max) = (27)

(Vin=Vour) (1+N) N+1

' NeVoyr
2Lf(N+jN~,} 14 =00
Vour IN

0.95Igy -

L = Total Inductance

The lastterm, (N +1)/(1 + N Vgy1/Vy) is the basic switch
current multiplier term. At high input voltages it ap-
proaches N + 1, and theoretical output current approaches
18A for N = 3. For lower input voltages the multiplier term
approaches unity and no benefit is gained by tapping the
inductor. Therefore, when calculating maximum load cur-
rent capability, always use the worst case low input
voltage. The 0.95 multiplier is thrown-in to account for
second order effects of leakage inductance, etc.

Example: Vi) = 20V, N = 3, L =100uH, Voyr =5V,
Diode Vi =0.55V, f =100kHz. Let gy = Maximum for
LT1074 =5.5A, Vour' =5V +0.55V =5.55V, V) = 20V -2V
=18V

lout (max) = (28)

(18-5.55)(1+3) 341
4\ (105\( 2, 18 3(5.55)
2(10 )(10 )(3+ 5.5) e
=0.95[5.5-0.4][2.08] =10.08A
Duty cycle of the tapped-inductor converter is equal to;
_1+N
Vin

N+ -
Vour

0.95(5.5-

DC= (29)

Average and peak diode currents are

lout (Vin' = Vour')

Inave) = Vi (30)

(Use Maximum Vi)

| _lout (NVour'+Vin)
OPER) =y

(Use MinimumV,y)
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Average switch current during switch on time is

lout (Ne Vour'+Vin)
lsw(ave) = Vg (1+N) (31)

(Use Minimum V)

Diode peak reverse voltage is

Voipeak) = 1L OUT @
(Use Maximum Vj)

Switch reverse voltage is
Vow =Vin+Vz + Vspike (33)

(Use Maximum V)

V7 = Reverse breakdown of D2 (30V)

Vspike = Narrow (<100ns) spike created by rapid switch
turnoff and the stray wiring inductance of C3, D2, D3, and the
LT1074 Vyy and switch pins. This voltage spike is approxi-
mately Isw/2 volts per inch of total lead length.

Using parameters from the maximum output current
example, with Viymax) = 30V, loyt = 8A

1+3
18

3+ 555
(8) (28 -5.55)

o(ave) ="

DC @ V=20V =

= 64% (34)

=6.7A

8)(3¢5.55+18
ilﬂ%)zwu\

(8)(3#5.55+18)
18(1+3)

Ip(peak) @ Vin=20V =

Isw(ave) @ Vin=20V = —3.85A

Note that this is the average switch current during “on”
time. It must be multiplied by duty cycle and switch voltage

Powitch = (Isw) (DC) [1.8V+(0.1) (Isw)] + (35)
(Vin'+Vz) (Isw) () (tsw)
tgw =50ns+3nselgy
=(3.85)(0.64) 1.8+ (0.1)(3.85)| +
(20+30) (3.85)(10°) (62ns)
=5.3W +119W =6.5W
Vo peak) = 3(;:3:;'5 —11.25V (36)
Vo =30+30+ 22 (2): =64V

* This assumes 2" of lead length

Snubber

The tapped-inductor converter requires a snubber (D2
and D3) to clip off negative switching spikes created by the
leakage inductance of L1. Thisinductance (L) isthe value
measured between the tap and the switch (N) terminal
with the tap shorted to the output terminal. Theoretically,
the measured inductance will be zero because the shorted
turns reflect “0” ohms back to any other terminals. In
practice, even with bifilar winding techniques, there is
>1% leakage inductance compared to total inductance.
This is =1.2uH for the PE-65282. L, is modeled as a
separate inductance in series with the “N” section input,
which does not couple to the rest of the inductor. This
gives rise to a negative spike at the switch pin at switch
turnoff. D2 and D3 clip this spike to prevent switch
damage, but D2 dissipates a significant amount of power.
This power is equal to the energy stored in L at switch
turnoff, (E = (Isw)? » L/2) multiplied by switching fre-
quency and a multiplier term which is dependent on the
difference between D2 voltage and the normal reverse
voltage swing at the inductor input.

2
drop to obtain switch power loss. Total loss also includes P, = (lsw)” *Lt 1) Vz (37)
switch fall time (rise time losses are minimal due to b2 2 Vz —Vour'eN

leakage inductance in L1).
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For this example;
Pp2=

(3.85) (1.2 1076 (105
( 2 )( )(30-2.%5-3)=2W

(38)

Output Ripple Voltage

Output ripple on a tapped-inductor converter is higher
than a simple buck converter because a square wave of
current is superimposed on the normal triangular current
fed to the output. Peak-to-peak ripple current delivered to
the output is:

lp—p=
lout (Ne Vour +Vin) (N) (1 N) (Vin—Vour)

V|N(1+N) fOL(N+ VIN ]
Vour

A conservative approximation of RMS ripple current is
one-half of peak-to-peak current.

(39)

(Use Minimum V)

Output ripple voltage is simply the ESR of the output
capacitor multiplied times Ip-p. In this example, with
ESR = 0.03Q

lp-p= (40)
()Be5+20)(3)  (1+3)(20-5
2043y 0%) (10| (3 ¥ -259)

Vp—p=(0.03) (11.4) = 340mV

This high value of ripple currentand voltage requires some
thought about the output capacitor. To avoid an exces-
sively large capacitor, several smaller units are paralleled
to achieve a combined 5.7A ripple current rating. The
ripple voltage is still a problem for many applications.
However, to reduce ripple voltage to 50mV would require
an ESR of less than 0.005W—an impractical value. In-
stead, an output filter is added which attenuates ripple by
more than 20:1.

Input Capacitor

The input bypass capacitor is selected by ripple current
rating. It is assumed that all the converter input ripple
current is supplied by the input capacitor. RMS input
ripple current is approximately

| _ (lour) (Vour)
INEMS) = TN)

(Use Minimum V;y)

(1+1) [%-1] ()

(8)(5.5)

~ S8 (1+3)(%—1)=1.84ARMS

Theinput capacitor value in microfarads is not particularly
important since itis purely resistive at 100kHz; but it must
be rated at the required ripple current and maximum input
voltage. Radial lead types should be used to minimize
lead inductance.

POSITIVE TO NEGATIVE CONVERTER

The LT1074 can be used to convert positive voltages to
negative if the sum of input and output voltage is greater
thanthe 8V minimum supply voltage specification, and the
minimum positive supply is 4.75V. Figure 16 shows the
LT1074 used to generate negative 5V. The ground pin of
the device is connected to the negative output. This allows
the feedback divider, R3 and R4, to be connected in the
normal fashion. If the ground pin were tied to ground,
some sort of level shift and inversion would be required to
generate the proper feedback signal.

Positive to negative converters have a “right half plane
zero” in the transfer function which makes them particu-
larly hard to frequency stabilize, especially with low input
voltage. R1, R2, and C4 have been added to the basic
design solely to guarantee loop stability at low input
voltage. They may be omitted for Viy> 10V, or VinVout
>2.R1plus R2is in parallel with R3 for DC output voltage
calculations. Use the following guidelines for these
resistors:
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Ly + I c1

= 45Vto 200uF
+I 40V d 50V N

— L1 J__
= 25 =
B
0 $ne 25
N Vg < 5.1k 1 -
+| c2
LT1074 jud I
SR2* ~1~1000pF
> 10k 1ov
ooy Ve OPTIONAL FILTER
it 5uH —
L
| y g | S R4 200uF
c3 | c4 S8k I 1oV
—[— 0.1uF T 0.01uF =
) § H— -5V, 1A***
* = 1% FILM RESISTORS * LOWER REVERSE VOLTAGE RATING MAY BE USED FOR LOWER INPUT VOLTAGES.
D1 = MOTOROLA-MBR745 LOWER CURRENT RATING IS ALLOWED FOR LOWER OUTPUT CURRENT.

C1=NICHICON-UPL1C221MRH6  ++
€2 = NICHICON-UPL1ATO2MRHS LOWER CURRENT RATING MAY BE USED FOR LOWER OUTPUT CURRENT.

L1 = COILTRONICS-CTX25-5-52 ) R1, R2, AND C4 ARE USED FOR LOOP FREQUENCY COMPENSATION, BUT R1 AND R2
MUST BE INCLUDED IN THE CALCULATION FOR OUTPUT VOLTAGE DIVIDER VALUES.
FOR HIGHER OUTPUT VOLTAGES, INCREASE R1, R2 AND R3 PROPORTIONATELY;
R3 = Vgyr -2.37 (KQ)
R1=(R3) (1.86)
R2 = (R3) (3.65)

** MAXIMUM OUTPUT CURRENT OF 1A IS DETERMINED BY MINIMUM INPUT

VOLTAGE OF 4.5V. HIGHER MINIMUM INPUT VOLTAGE WILL ALLOW MUCH HIGHER
OUTPUT CURRENTS.

LTAN44 + TAOS

Figure 16. Positive to Negative Converter

R4 =1.82k Vo !
R3 = | Vour|-2.37 (InkQ) D=2 (42)
Vin + Vout

R1=R3 (1.86)
R2 = R3 (3.65) (Use absolute value for Voyr)

If R1 and R2 are omitted: Peak switch current for continuous mode is
R4 =221k lsw(peak ) = (43)
R3 = [Vour | -2.21 (Inke2) lout (Min' + Vour') . (M) (Vour)

A +12V to -5V converter would have R4 = 2.21k and R3 = VN 2f o L (M + Vour')

2.74k.

To calculate maximum output current for a given maxi-
Recommended compensation components would be C3  mum switch current (Iy) this can be rearranged as;

= 0.005uF in parallel with a series RC of 0.1uF and 1kQ. | _ 44
0UT(MAX ) = (44)

The converter works by charging L1 through the input , , ,

voltage when the LT1074 switch is “on.” During switch Vin - ('M) (RL) Iy - (VIN) (VOUT)

“off” time, the inductor current is diverted through D1 to VN + Vout' 2f oL (VN + Vour')

the negative output. For continuous mode operation, duty

cycle of the switch is (Use Minimurn V')
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Note that an extra term (Iy; @ R.) has been added. This is
to account for the series resistance (R() of the inductor,
which may become a significant loss at low input voltages.

Maximum output current is dependent upon input and
outputvoltage, unlike the buck converter which will supply
essentially a constant output current. The circuit shown
will supply over 4A at Vyy = 30V, but only 1.3A at Vjy = 5V.
The lout(max) équation does notinclude second orderloss
terms such as capacitor ripple current, switch rise and fall
time, core loss, and output filter. These factors may reduce
maximum output current by up to 10% at low input and/
or output voltages. Figure 17 shows lpyt(max) versus
input voltage for various output voltages. It assumes a
25pH inductorfor Voy=—5V, 50uH for Voyr=-12V, and
100uH for Vgyt = —25V.

4
|

Vour = -5V

< L=?5FV Vour = ~12V
E 3 7 L = 50 ptH ==y
o«
p}
T 2
= /VOUT=—-25V
S
=
o0
EN
S /
=

0

0 10 20 30 40

INPUT VOLTAGE (V)

Figure 17. Maximum Output Current of Positive to Negative
Converter
If absolute minimum circuit size is required and load

currents are not too high, discontinuous mode can be
used. Minimum inductance required for a specified load is;

Discontinuous Mode
L _ 2lour (Vour)
MIN=——F%

e

There is @ maximum load current that can be supplied in
discontinuous mode. Above this current, the formula for
Ly is invalid. Maximum load current in discontinuous
mode is;

(45)

Discontinuous Mode

| (Vv I
ouT(MAX) = |y vogr L 2

(UseMinimumVjy)

Example: Vgyt =5V, Iy = 5A, f = 100kHz, Load Current =
0.5A. Diode Forward Voltage = 0.5V, giving Voyt' =5.5V.
Vin=4.7V105.3V. Assume V' miny=4.7V-2.3V =2.4V.

lour(max) = (272:453] (g) =0.76A (47)

The required load current of 0.5A is less than the maxi-
mum of 0.76A, so discontinuous can be used.

2(0.5)(5.5)

(5)* (10°)

To ensure full load current with production variations of
frequency and inductance, 3uH should be used.

(48)

The formula for minimum inductance assumes a high
peak currentin the inductor (=5A). If the minimum induc-
tance is used, the inductor must be specified to handle the
high peak current without saturating. The high ripple
current will also cause relatively high core loss and output
ripple voltage, so some judgment must be used in mini-
mizing the inductor size. See the “Inductor Selection”
section for more details.

To calculate peak inductor and switch current in discon-
tinuous mode, use

loeax = 2elgyt * Vour'
PEAK =\~ o7~

Input Capacitor

(49)

C3 is used to absorb the large square wave switching
currents drawn by positive to negative converters. It must
have low ESR to handle the RMS ripple current and to
avoid input voltage “dips” during switch on time, espe-
cially with 5V inputs. Capacitance value is not particularly
important if ripple current and operating voltage require-
ments are met. RMS ripple current in the capacitor is
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Continuous Mode (50)

Vour'
IN
(Use MinimumV,y)

lrms =lout

Discontinuous Mode* (51)
lrms =

(lour) (Vour!) \!(1'35 (1 - %)3

Vin'

m=_m V2L floyr Vour'
Vin

+0.17m%+1-m

*This formula is a test for calculator students

Examples: A continuous mode design with Viy = 12V,
Vout = -5V, lgyt = 1A, Vout' = 5.5V, and V)y' = 10V.

|auis =(1),’%=0.74A RMS

Now change to a discontinuous design with the same
conditions and L = 5uH, f = 100kHz.

(52)

m =% \/(2) (10x1076)(105)(1) (5.5) =0.33  (53)

1.35(1-0.165)°
0.33

0.17(0.33)? +1-0.33

(1)(5.5)

lRms = 10

=0.96ARMS

Notice that discontinuous mode saves on inductor size,
but may require a a larger input capacitor to handle the
ripple current increase. The 30% increases in ripple cur-
rent generates 70% more heating in the capacitor ESR.

Output Capacitor

The inductor on a positive to negative converter does not
operate as a filter. It simply acts as an energy storage device
so that energy can be transferred from input to output.

Therefore, all filtering is done by the output capacitor, and it
must have adequate ripple current rating and low ESR.
Output ripple voltage for continuous mode will contain three
distinct components; a “spike” on switch transitions which
is equal to the rate of rise/fall of switch current multiplied by
the effective series inductance (ESL) of the output capacitor,
a square wave proportional to load current and capacitor
ESR, and a triangular component dependent on inductor
valueand ESR. The spikes are very narrow, typically less than
100ns, and often “disappear” in the parasitic filter created by
the inductance of PC board traces between the converter and
load combined with the load bypass capacitors. One must be
extremely careful when looking at these spikes with an
oscilloscope. The magnetic fields created by currents tran-
sitions in converter wiring will generate “spikes” on the
screen even when they do not exist at the converter output.
See the “Oscilloscope Techniques” section for details.

The peak-to-peak sum of square wave and triangular
output ripple voltage is

Vp-p= (54)
ESR POUT (Mn +Vour) , _ (Vour) (Vi) }

Min 2 (Vour +Vin) (F) (L)
(Use Minimum Vi)

Example: V|N =5V, VOUT =-5V,L= 25].LH, |OUT(MAX) =1A,
f = 100kHz. Assume V' = 2.8V, Vgur' = 5.5V, and ESR =
0.05Q.

Vp-p= (59)
- {(1)(2.% 5.5) (5.5)(2.8) }

2.8 2(5.5+2.8)(10°)(25x107F)
—172mV

For some applications this rather high ripple voltage may
be acceptable, but more commonly it will be necessary to
reduce ripple voltage to 50mV or less. This may be
impractical to achieve simply by reducing ESR, so an
output filter (L2, C4) is shown, The filter components are
relatively small and low cost, both of which are additionally
offset by possible reduction in the size of the main output
capacitor C1. See the “Output Filters” section for details.

LTI
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C1 must be chosen for ripple current as well as ESR.
Ripple current into the output capacitor is given by;

Continuous Mode (56)

Vour'

lrvis = lout ;
Vin
Discontinuous Mode
lRms =

3 2
0.67(lp =1 0.67(l 2l
IOUT\/ (P OUT) + (OUT) - ouT

2 2
lout (Ip) (Ip) lp
Where |p =Peak InductorCurrent

(67)

_ [2lour (Vour))
Lef

For the Continuous Mode example

lrwss = (1A) /g—% —1.4ARMS

With Discontinuous Mode using a 3pA inductor, with
loyt = 0.5A

(58)

o [DO96 4 )
(3x10-6)(105)
[rMs =
0.67)(4.28-0.5)° (0.67)(0.5¢ . 2(0.5
(0'5)\]( (o.)(s)(4.28)2 - (4.)2(8)2) -

=1.09A RMS

Notice that output capacitor ripple current is over twice the
DC output current in this discontinuous example. The
smaller inductor size obtained by discontinuous mode
may be somewhat offset by the larger capacitors required
on input and output to meet ripple current conditions.

Efficiency

Efficiency for this positive to negative converter can be
quite highfor larger inputand output voltages (>90%), but

can be much lower for low input voltages. Losses are
summarized below for a continuous mode design. Dis-
continuous losses are much more difficult to express
analytically, but will typically be 1.2 to 1.3 times higher
than in continuous mode.

Conduction loss in switch = Pgy (DC)

Pow (DC) = (60)
| ' 0.1)(l Vout'+ Vin'
(OUT)(YOUT) 1.8V+( ) (lour) ( our'+ )
Vin Vi
Transient switch loss = Pgy (AC)
2
lout (Vour' + Vin') 2(tsw)(f
Pow (AC)= ( J 2(tsu)() (61)

Vin

Where tsw = 50ns + 3ns (Vout' + Vin')/Vin'. The
LT1074 quiescent current generates a loss called
PsuppLy

(Vour' + Vin))

Catch diode loss = Pp; = (Iour)(V5)
Where Vs = Forward Voltage of D1 at a current equal to;

) A | 7mA+5mA(Voyt'
PsuppLy={Vin +Vour ){————M} (62)

lout (Vour' + VIN')VIN'

Capacitor losses can be found by calculating RMS ripple
currentand multiplying by capacitor ESR. Inductor losses
are the sum of copper (wire) loss and core loss

2
| Vout'+ Vin'
PL1=RL{(OUT)(\Z:.T ’ 'N)} +Poore (63)

Ry = Inductor Copper Resistance

Pcore can be calculated if the inductor core material is
known. See the “Inductor Selection” section.

Example:V\y=12V,Voyr=-12V, lgyt=1.5A, f=100kHz.
Let L1=50uH, with R = 0.04Q. Assume ESR of input and
output capacitoris 0.05Q. Vy' =12V -2V =10V, Vgu7' =
12V + 0.5V = 12.5V.
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Psw (DC) = (64)
1.5)(12.5 0.1)(1.5)(12.5 +10
( )1(0 )[1.8+( )( )153 )}=4w
Psw (AC)=

2
(—1—51(12—15(’)—10—1 [2 (50ns + 3ns) (1—2?0—10)] (10)
=0.86W

5mA(12.5) |
PsuppLy =(12+12) {7mA+ m] =0.23W

Ppi =(1.5)(0.5)=0.75W

12.5
Rus(INPUT CAP) = 1-8 135~ = 1.68ARMS
Peg = (1.68)° (0.05) = 0.14W

| RMS(OUTPUT CAP) =

(12.5)% + (12.5) (10) _
lout \/W =1.68ARMS

Pe1=(1.68)% (0.05) =0.14W

(1.5) (12.5+10) ]
PLi=0.04] 22T T _ g 46w
10
Assume PgoRe =0.2W
Effciency = lour Vout

out Yout + 2P gss
2Ploss = 4+0.86+0.23+0.75+0.14+0.14+0.46 +

0.2=6.78W

(1.5)(12)

(1.5)(12) +6.78

NEGATIVE BOOST CONVERTER

Note: All equations in this section use the absolute value
of Viy and Voyr.

Efficiency = =73%

The LT1074 can be configured as a negative boost con-
verter (Figure 18) by tying the ground pin to the negative
output. This allows the regulator to operate from input
voltages as low as 4.75V if the regulated output is at least
8V. R1 and R2 set the output voltage as in a conventional
connection, with R1 selected from

_Vour *R2 _

R1
VRer

R2 (65)

Boost converters have a “right half plane zero” in the
forward part of the signal path and for this reason, L1 is
kept to a low value to maximize the “zero” frequency. With
larger values for L1, it becomes difficult to stabilize the
regulator, especially at low input voltages. If Viy >10V, L1
can be increased to 50uH.

There are two important characteristics of boost convert-
ers to keep in mind. First, the input voltage cannot exceed
the output voltage, or D1 will simply pull the output
unregulated high. Second, the output cannot be pulled
below the input, or D1 will drag down the input supply. For
this reason, boost converters are not normally considered
short circuit protected unless some form of fusing is
provided. Even with fuses, there is the possibility of
damage to D1 if the input supply can deliver very large
surge currents.

Boost converters require switch currents which can be
much greater than output load current. Peak switch cur-
rent is given by

_lour *Vour', Vin' (Vour' = Wn)

lsw(peak) = oy 2L eTeVoyr (66)

For the circuit in Figure 18, with Vi = 5V, (V|n' =3V),
Vout' =15.5V, with an output load of 0.5A;

lsw (PEAK) = o7
(05A)(155)  3(185-3) .
3 2 (25H) (1 05) (15.5)

This formula can be rearranged to yield maximum load
current for a given maximum switch current (ly)

. N2 oy
v eViv' [ Vin' )" Vour'-Viy
Vour" \Vour')  2Lef

lout(max) = (68)

For Iy = 5.5A, this equation yields 0.82A with V| = 4.5V,
1.8A with Viy = 8V, and 3.1A for Vi = 12V.

The explanation for switch current which is much higher
than output current is that current is delivered to the
output only during switch “off” time. With low input
voltages, the switch is “on” a high percentage of the total
switching cycle and currentis delivered to the output only
a smali percent of the time. Switch duty cycle is given by

LY R
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I TOOOpF—L SR 47
Vin T 127k
FB *
LT1074
3
SR
GND Vo Vsw] :’ 221k
+
c3 p ull Iy
BT gl 22 o| TR
0.01yF 1uF
R3
7500
: ! Vour™*
—15V
—Vin
-5V TO -15V

*MBR735

** loyr (MAX) = 1A-3A DEPENDING ON INPUT VOLTAGE.

SEE AN44

Figure 18. Negati

Vour' = Vin'
DC =M (69)
Vour
For Vi =5V, Vour = 15V, Viy' = 3V, Vgut' = 15.5V and;
155-3
po=222281% (70)

Peak inductor current is equal to peak switch current.
Average inductor current in continuous mode is equal to

_ lour *Vour'

71
Vn (71)

I (ave)

A 0.5A load requires 2.6A inductor current for Viy = 5V.

Along with high switch currents, keep in mind that boost
converters draw DC input currents higher than the output
load current. Average input current to the converter is

I Vout'
i 0c) - Lo our) (72)
IN
With Igyt = 0.5A, and Vpy = 5V (Viy' = 3V)
I (DC) = (0—5)@ =2.6A (73)

This formula does not take into account secondary loss
terms such as the inductor, output capacitor, etc., so it is

+
I 100uF%
5uH |

OPTIONAL OUTPUT FILTER

LTAN44 » TAOT

ve Boost Converter

somewhat optimistic. Actual input current may be closer
to 3A. Be sure the input supply is capable of providing the
required boost converter input current.

Output Diode

The averagecurrent through D1 is equal to output current,
but the peak pulse current is equal to peak switch current,
which can be many times output current. D1 should be
conservatively rated at 2 to 3 times output current.

Output Capacitor

The output capacitor of a boost converter has high RMS
ripple current so this is often the deciding factor in the
selection of C1. RMS ripple current is approximately

Vout' -Vin'
lRws(c1) = lour M (74)
IN
For lgyt = 0.5A, Viy =5V
|RMSz0-51/15':53—3 —1ARMS (75)

C1 must have a ripple current rating of 1A RMS. Its actual
capacitance value is not critical. ESR of the capacitor will
determine output ripple voltage.

AN44-32

L] TECHNOLO

GY



Application Note 44

Output Ripple

Boost converters tend to have high output ripple because of
the high pulse currents delivered to the output capacitor.

lout * Vout' N ViN' (VOUTl ‘VIN')

Vp-p=ESR
PP Vin' 2L e feVour’

(76)

This formula assumes continuous mode operation, and it
ignores the inductance of C1. In actual operation, C1
inductance will allow output “spikes” which should be
removed with an output filter. The filter can be as simple
as several inches of output wire or trace and a small solid
tantalum capacitor if only the spikes need to be removed.
Afilter inductor is required if significant reduction of the
fundamental is needed. See the “Output Filter” section.

For the circuit in Figure 18, with Igy7 =0.5A, V|y = 5V; and
an output capacitor ESR of 0.05Q

Vp-p= (77)
(0.5)(15.5)+ 3(15.5-3)

R 2(25x10°8)(10°)(15.5)

=153mV

Input Capacitor

Boost converters are more benign with respect to input
current pulsing than buck or inverting converters. The
input currentisa DC level with a triangular ripple superim-
posed. RMS value of input current ripple is

Vin (Vour' - Vin)

78
3L0f°V0UT' ( )

lamis(c3) =

Notice that ripple current is independent of load current
assuming that load current is high enough to keep the
converter in continuous mode. For the converter in Figure
18, with Vjy = 5V

3(15.5-3)

3(25x107)(10%) (15.5) O SPARNS

(79)

lRms =

C3 may be chosen on a ripple current basis to minimize
size. Larger values will allow less conducted EMI back into
the input supply.

INDUCTOR SELECTION

There are five main criteria in selecting an inductor for
switching regulators. First, and most important, is the
actual inductance value. If inductance is too low, output
power will be restricted. Too much inductance results in
large physical size and poor transient response. Second,
the inductor must be capable of handling both RMS and
peak currents which may be significantly higher than load
current. Peak currents are limited by core saturation, with
resultant loss of inductance. RMS currents are limited by
heating effects in the winding. Also important is peak-to-
peak current which determines heating effects in the core
itself. Third, the physical size or weight of the inductor may
be important in many applications. Fourth, power losses
inthe inductor can significantly affect regulator efficiency,
especially at higher switching frequencies. Last, the price
of inductors is very dependent on particular construction
techniques and core materials, which impact overall size,
efficiency, mountability, EMI, and form factor. There may
be a significant cost penalty, for instance, if more expensive
core materials are needed in “minimum size” applications.

The issues of price and size become particularly compli-
cated at higher frequencies. High frequencies are used to
reduce componentsize, andindeed, the inductance values
required scale inversely with frequency. The problem with
a scaled-down high frequency inductor is that total core
loss increases slightly with frequency for constant ripple
current, and this power is now dissipated inasmaller core,
so temperature rise and efficiency can limit size reduc-
tions. Also, the smaller core has less room for wire, so wire
losses may increase. The only solution to this problem is
to find a better core material. Common low cost inductors
use powdered iron cores, which are very low cost. These
cores exhibit modest losses at 40kHz with a typical flux
density of 300 gauss. At 100kHz, core losses can become
unacceptably high at these flux densities. Reducing flux
density requires a larger core, canceling part of the advan-
tage gained in reducing inductance at the higher frequency.

Molypermalloy, “high flux,” “Kool Mp” (Magnetics, Inc.),
and ferrite cores have considerably lower core loss, and can
be used at 100kHz and above with higher flux density, but
these cores are expensive. The basic lesson here is that
attention to inductor selection is very important to minimize
costs and achieve desired goals of size and efficiency.
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A special equation has been developed in the following
section which shows that for a given core material, total
core loss is dependent almost totally on frequency and
inductance value, not physical size or shape. The formula
is arranged to solve for the inductance required to achieve
a given core loss. It shows that, in a typical 100kHz buck
converter, inductance has to be increased by a factor of
three over the minimum required, if a low cost powdered
iron core is used.

“Standard” switching regulator inductors are toroids.
Although this shape is hardest to wind, it offers excellent
utilization of the core, and more importantly, has low EMI
fringing fields. Rod or drum shaped inductors have very
high fringing fields and are not recommended except
possibly for secondary output filters. Inductors made with
“E-E” or “E-C” split cores are easy to wind on the separate
bobbin, but tend to be much taller than toroids and more
expensive. “Pot” cores reverse the position of winding and
core—the core surrounds the winding. These cores offer
the best EMI shielding, but tend to be bulky and more
expensive. Also, temperature rise is higher because of the
enclosed winding. Special low profile split cores (TDK
“EPC,” etc.) are now offered in a wide range of sizes.
Although not as efficient as EC cores in terms of watts/
volume, these cores are attractive for restricted height
applications.

The best way to select an inductor is to first calculate the
limitations on its minimum value. These limitations are
imposed by amaximum allowed switch current, maxi-
mum allowable efficiency loss, and the necessity to
operate in continuous versus discontinuous mode.
(See discussion elsewhere of the consequences re-
lated to these two modes.) After the minimum value has
been established, calculations are done to establish the
operating conditions of the inductor; i.e., RMS current,
peak-to-peak ripple current, and peak current. With this
information, next select an “off the shelf” inductor which
meets all the calculated requirements, or is reasonably
-,close, Then ascertain the physical size and price of the
selected inductor. Ifitfitsinthe allowed “budget” of space,
height, and cost, you can then give some consideration to
increasing the inductance to gain better efficiency, lower
output ripple, lower input ripple, more output power, or
some combination of these. If the selected inductor is
physically too large, there are several possibilities; select

adifferent core shape, a different core material, (which will
require recalculating the minimum inductance based on
efficiency loss), a higher operating frequency, or consider
a custom wound inductor which is optimized for the
application. Keep in mind when attempting to shoehornan
inductor into the smallest possible space that output
overload conditions may cause currents to increase to the
point of inductor failure. The major failure mode to con-
sider is winding insulation failure due to high winding
temperature. IC failure caused by loss of inductance due
to core saturation or core temperature is not usually a
problem because the LT1074 has pulse-by-pulse current
limiting which is effective even with drastically lowered
inductance.

The following equations solve for minimum inductance
based on the assumption of limited peak switch current

(In)-

Minimum Inductance to Achieve a Required Output
Power

|
Buck Mode Discontinuous, lgyt < TM Use Maximum Vi (80)
_ 2elour *Vout (Vin' = Vour )
- 2y
()" (Vin)

Buck Mode Continuous, lgyt < Iy, Use Maximum Vjy (81)

LmIn

T Vour (Vin' - Vour)
M'N_2of0V|N'(IM—|OUT)

I *Vin

Inverting Mode Discontinuous, loyt < (82)
2(Vviy +Vour')
2 elgut * Vout'
Ly = 220U . out
(1w o
. . Im eV
Inverting Mode Continuous, loyT1 € —m——— (83)
(Vi + Vour')
)2 .
(vin)* * Vour
Lmin = e Viy
2¢f(Vour + Vin)2 | ——  — lout
«f(Vour + Vin) [ Vs Vour ~
. . Ime Viy
Boost Mode Discontinuous, loyt < ———— (84)

2 Vgur'
2. lour (Vour' = Vi)
(w)? of

Lmin =
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Im ® iy

Boost Mode Continuous, lyyt < . (85)
Vour
(Vin')? (Vour' - Vin)
Lmin= T
24f VOUT'Z(M‘ | ]
( ) Vour' out
Im{N+1 '
Tapped Inductor Continuous, g,y < “\’;I'E,:T)V(;/m.) (86)
ut

Lmin =
Vi Vour (Vi ~Vour ) (N-+1)2

o 2fe v.N(N +1) (V|N+N Vour )— lout (V|N+N Vout )2 (21)

Minimum Inductance Required to Achieve a Desired
Core Loss

Power loss in inductor core material is not intuitive at all.
Itis, to afirstapproximation, independent of the size of the
core for a given inductance and operating frequency.
Second, power loss drops as inductance increases, for
constant frequency. Last, raising frequency with a given
inductor will decrease core loss, even though
manufacturer’s curves show that core loss increases with
frequency. These curves assume constant flux density,
which is not true for a fixed inductance.

The general formula for core loss can be expressed as;
Pc=CeBR, ol Vg (87)

C, d, p = Constants (see Table 1)

Bac = Peak AC Flux Density (1/2 peak-to-peak) (gauss)
f = Frequency

V¢ = Core Volume (cm?)

(7]

Theexponent “p” falls inthe range of 1.8-2.4 for powdered
ironcores, ~2.1formolypermalloy, and 2.3-2.8 for ferrites.
“d” is =1 for powdered iron and =1.3 for ferrite. A closed
form expression can be generated which relates core loss
to the basic requirements of a switching regulator; induc-
tance, frequency, and input/output voltages. The general
formis

. aehP
Continuous Mode Pp = ———— 88
¢ fp-d . Lp/2 (®9)
Discontinuous Mode Pg=a e fd~Tee (89)

a, d, p = Core Material Constants (see Table 1)

b, e = Constants Determined by Input and Output
Voltages and Currents

L = Inductance

These formulas show that core material, inductance, and
frequency are the only degrees of freedom to alter core
loss in the continuous mode case. For discontinuous
mode, even inductance disappears as a variable, leaving
frequency and core material. Further, the constant “d” is
close to unity for many core materials, yielding a discon-
tinuous mode core loss independent of all user variables
except core material!

The following specific formulas will allow calculation of
the inductance to achieve a given core loss in continuous
mode and will indicate actual core loss for the discontinu-
ous mode.

When using these formulas, assume initially that the term
VP~2P can be ignored. It is close to unity for a relatively
wide range of core volumes because the exponent (p-2)/
2 is less than 0.1 for commonly used powdered iron and
molypermalloy cores. After an inductor is chosen and Vg
is known, the term VPP can be calculated to double
check its effect on the value for Lyyy, usually less than
20%.

Continuous Mode
aepqe VL2

(PC)Z/p ° f[z_ 27)(!) ° \é(p—;_z)

Buck Mode Discontinuous (91

aep, (0.4m) 471
Pp=—

1078
*A strict derivation

(90)

LmiN' =

(VLelour)

a, d, p = Core loss constants. Use Table 1.

U = Effective core permeability. For ungapped cores,
use Table 1. For gapped cores, use manufacturer’s
specification, or calculate.

V| = An equivalent “voltage,” dependent on input volt-
age, output voltage, and topology. Use Table 2.

P = Total core loss in watts.

L = Inductance.

V, = Effective core volume in cm®.
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Table 1. Core Constants

Loss at 100kHz,
500 Gauss
C a d p 0 (mW/cm3)
Micrometals
Powdered Iron #8 4.30E-10 8.20E-05 113 2.41 35 617
#18 6.40E-10 1.20E-04 1.18 2.27 55 670
# 26 7.00E-10 1.30E-04 1.36 2.03 75 1300
# 52 9.10E-10 4.90E-04 1.26 2.1 75 890
Magnetics
Kool M 60 2.50E-11 3.20E-06 15 2 60 200
75 2.50E-11 3.20E-06 15 2 7 200
90 2.50E-11 3.20E-06 15 2 90 200
125 2.50E-11 3.20E-06 15 2 125 200
Molypermalloy - 60 7.00E-12 2.90E-05 1.41 2.24 60 87
-125 1.80E-11 1.60E-04 1.33 2.31 125 136
- 200 3.20E-12 2.80E-05 1.58 2.29 200 390
- 300 3.70E-12 2.10E-05 1.58 2.26 300 368
- 550 4.30E-12 8.50E-05 1.59 2.36 550 890
High Flux -14 1.10E-10 6.50E-03 1.26 2.52 14 1330
- 26 5.40E-11 4.90E-03 1.25 2.55 26 740
- 60 2.60E-11 3.10E-03 1.23 2.56 60 290
-125 1.10E-11 2.10E-03 1.33 2.59 125 460
- 160 3.70E-12 6.70E-04 1.41 2.56 160 1280
Ferrite F 1.80E-14 1.20E-05 1.62 2.57 3000 20
K 2.20E-18 5.90E-06 2 3.1 1500 5
P 2.90E-17 4.20E-07 2.06 2.7 2500 1
R 1.10E-16 4.80E-07 1.98 2.63 2300 11
Philips
Ferrite 3C80 6.40E-12 7.30E-05 1.3 2.32 2000 37
3081 6.80E-14 1.50E-05 1.6 2.5 2700 38
3C85 2.20E-14 8.70E-08 1.8 2.2 2000 18
3F3 1.30E-16 9.80E-08 2 2.5 1800 7
TDK
Ferrite PC30 2.20E-14 1.70E-06 1.7 2.4 2500 21
PC40 4.50E-14 1.10E-05 1.55 25 2300 14
Fair-Rite 77 1.70E-12 1.80E-05 1.5 2.3 1500 86
Table 2. Equivalent Inductor Voltage Example: Buck converter with V5 = 20V-30V, Voyr =5V,
TOPOLDAY m lour = 3A, f = 100kHz, maximum inductor loss = 0.8W.
Buck Continuous Vout (Vin— Vour)/2Viy

Buck Discontinuous

Inverting Continuous

Inverting Discontinuous

ViN' + Vout/[2 (Vin' + Vout')]

Boost Continuous

Boost Discontinuous

Vin' (Vour' = Vin')/2Vour'

Tapped-inductor

(Vin— Vour) (Vour) (1+ N)/2(Viy + NVoyr)

3A is more than Iy/2, so continuous mode must be used.
Maximum input voltage is used to calculate Lyyy from
equation 81
5(30-5)
Lyjin = ————————=10.4pH (92)

-~ 2(10°)(30) (5-3)
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Now calculate minimum inductance to achieve desired
core loss. Assume 1/2 total inductor loss in winding and
1/2loss inthe core (Pg=0.4 W). Try Micrometals #26 core
material. V|_ (from Table 2) = 5(30 - 5)/(2 « 30) = 2.08

2
(1.3 x 10-4) (75) (208) oo o

Lmin= =
MIN (0.4)0.985 . (105)2—1.34

The inductance must be five times the minimumtoachieve
desired core loss. Let’s assume that 52uH is too large for
our space requirements and try a better core material, #52,
which is only slightly more expensive.

Table 3. Inductor Operating Conditions

(4,9 x 10-4) (75) (2.08)2
Lmin= 2 2_2(126)

=35uH (94)

To see if an off-the-shelf inductor is suitable, calculate
inductor currents and V e t product using Table 3.

Irms = lout =3A (95)
=3 5(30-5) 3.6A
=3+ =3.
P 2(35 x10‘6)(105)(30)
5 (30 - 5)
ot= =42V eps

(105) (30)

lave IpEak Ip-p Vous
Buck 6
Converter lo o+ Vo(Vi-Vo) Vo(Mi-Yo) Vo (Vi-Vo) 10
(Continuous) 2eL efel) Lefe fo\f
Positive t
Nogate o (% +Yo) (Vo) vieYo VeV VeV o100
(Continuous) v Vi 2eLef (V) +V0) Lef(Vi+Vp) (Vi +Vo)
Negati
Boost loeVo lo*Vo , i (Vo- v Vi (Vo-M) Vi (V- \f) #108
(Continuous) \ Vi 2lefely LefeVg feVo
Tapped- i
Inductor ofNeYo+¥) b (ueVo+¥) lo (NeVo +) (Wi=Vo) (1+N) (Vo) | 10° (Wi~Vo) (1) (Vo)

Vi(1+N) Vi Vi (1+N) Lof (Ne Vo +V) f(NeVo+ V)
(4-Yo) (1+N) (Vo) ,
2Lef (NeVg+1))

Buck
Converter (10)>+Vo (Vi-Vo) 2g Vo (M-Vo) 106./2°Ll0 Vo (- Vo)
(Discontinuous) 14 T feley Lefe fol
Positive to
Negative I (U+Vo )2 2p Vo 10620 VoL
(Discontinuous) 174 _W fol f
Negative
Boost v I Vo2 (Vo+Vi) 2p (Vo -\h) 16| 20°L (Yo%)
(Discontinuous) W Leof Lef

* Values given for tapped-inductor |ayg are average current through
entire inductor during switch “on” time (first term), and average current
through output section during switch “off” time (second term). To
calculate heating, these currents must be multiplied by the appropriate
winding resistance and factored by duty cycle.

Ipeak is used to ensure the core does not saturate and should be used
with the entire inductance.

Peak-to-peak current is used with the entire inductance to calculate core
heating losses. It is the equivalent value if the inductor is not tapped.

LTI
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This inductor must be at least 35uH, rated at 3A and > 42V
o us @ 100kHz. It must not saturate at a peak current
of 3.6A.

Example: Inverting mode with Vy = 4.7-5.3V, Vgyr =-5V,
lout = 1A, f = 100kHz, maximum inductor loss = 0.3W. Let
ViN' = 2.7V, Vour' = 5.5V. Maximum output current for
discontinuous mode (equation 82) is 0.82A, so use continu-
ous mode.

Lmin= (96)
(2.7)? (5.5)

5027

5.5+2.7

Now calculate minimum inductance from core loss. As-
sume core loss is 1/2 of total inductor loss, (Pg - 0.15W).

=4.6uH
2x108 (5.5+2.7)2(

2.7)(5.5
Vy (From Table 2) = 2765 0.905

97
2(2.7+5.5) )
Assuming Micrometals type #26 material,
1.3x10~4)(75) (0.905)°
Lmin= L - )( )( ) =26pH (98)

(0.15)%0%(105)2_22_'-0%

This value is over five times the minimum of 4.6u.H Perhaps
a higher core loss is acceptable. Here’s how to do a quick
check. If we assume total efficiency is =60% (+ to —
conversion with a 5V input is inefficient due to switch loss),
then input power is equal to output power divided by 0.6 =
8.33W. If we double core loss from 0.15W to 0.3W,
efficiency will be 5W/(8.33 +0.15) =59%. Thisis onlya 1%
drop in efficiency. A core loss of 0.3W allows inductance to
drop to 12uH, assuming that the 12uH inductor will
tolerate the core loss plus winding loss without overheat-
ing. Inductor currents are

lnwis(From Table 3) = AJ27+5.5) _4p (99)

2.7
b=

(1A) (2.7 +5.5) (27)(5.5)

27 +2(12x10'6)(105)(2.7+5.5)

(2.7)(5.5)
(105)(2.7+5.5)

=3.8A

Vet= =18V e us @ 100kHz

MICROPOWER SHUTDOWN

The LT1074 will go into a micropower shutdown mode,
with IsyppLy = 150nA, when the shutdown pin is held
below 0.3V. This can be accomplished with an open
collector TTL gate, a CMOS gate, or a discrete NPN or
NMOS device, as shown in Figure 19.

OPEN COLLECTOR
OPEN DRAIN

SHUT
LT1074

2N3904
ETC

_' VN2222 R2
ETC
]

1
& Fy

LTAN44 « TAOS

Figure 19. Shutdown

The basic requirement is that the pull down device can sink
50uA of current at a worst case threshold of 0.1V. This
requirement is easily met with any open collector TTL gate
(not Schottky clamped), a CMOS gate, or discrete device.

The sink requirements are more stringent if R1and R2 are
added for under voltage lockout. Sink capability must be
50uA + Viy/R1 at the worst case threshold of 0.1V. The
suggested value for R2 is 5kQ to minimize the effect of
shutdown pin bias current. This sets the current through
R1 and R2 at ~ 500p.A at the undervoltage lockout point.
At an input voltage of twice the lockout point, R1 current
will be slightly over 1mA, so the pull down device must
sink this current down to 0.1V. AVN2222 or equivalent is
suggested for these conditions.

Start-Up Time Delay

Adding a capacitor to the shutdown pin will generate a
delayed start-up. The internal current averages to about
25uA during the delay period, so delay time will be
=(2.45V)/(C » 25uA), £50%. If more accurate time out is
required, R1 can be added to swamp out the effects of the
internal current, but a larger capacitor is needed, and time
out is dependent on input voltage.

Some thought must be given to reset of the timing
capacitor. If a resistor to ground is used, it must be large
enough to not drastically affect timing, so reset time is
typically ten times longer than time delay. A diode to Vjy
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Figure 20. Low Loss External Current Limit

resets quickly, but if V,y does not drop to near zero, time
delay will be shortened when power is recycled
immediately.

5-PIN CURRENT LIMIT

Sometimes it may be desirable to current limit the 5-pin
version of the LT1074. This is particularly helpful where
maximum load current is significantly less than the 6.5A
internal current limit, and the inductor and/or catch diode
are minimum size to save space. Short circuit conditions
put maximum stress on these components.

The circuit in Figure 20 uses a small toroidal inductor
slipped over one lead of the catch diode to sense diode
current. Diode current during switch “off” time is almost
directly proportional to output current, and L2 can gener-
ate an accurate limit signal without affecting regulator
efficiency. Total power lost in the limit circuitry is less
than 0.1W.

L2 has 100 turns. It therefore delivers 1/100 times diode
current to Rg when D1 conducts. The voltage across Rg
required to current limit the LT1074 is equal to the voltage
across R4 plus the forward biased emitter base voltage Q1
(=600mV @25°C). The voltage across R4 is set at 1.1V by
R3, which is connected to the output. Current limit is set by
selecting Rg;

Raly +V
Re = 4X * YBE (100)
|_|-|_M_|X
100
IX=M+Q4mA
R3

LTAN44 + TAOS

Vge = Forward biased emitter base voltage of Q1 @ I =
500pA (=600mV).
N =Turns on L2.
I = Desired output current limit. Iy should be set
~1.25 times maximum load current to allow for
variations in Vg and component tolerances.

The circuitin Figure 20 is intended to supply 3A maximum
load current, so Iy was set at 3.75A. Nominal V)y is 25V,
giving
=206 | 04x108=227x103
3000 +U.aXx Ll X

-3
(470) (2.27x107%) + 06 _ o
3.75/100 - 2.27x107

This circuit has “foldback” current limit, meaning that
short circuit current is lower than the current limit at full
output voltage. This is the result of using the output
voltage to generate part of the current limit trip level. Short
circuit current will be approximately 45% of peak current
limit, minimizing temperature rise in D1.

(101)

R5, C3, and D3 allow separate frequency compensation of
the current limit loop. D3 is reversed biased during normal
operation. For higher output voltages, scale R3 and R5 to
provide approximately the same currents.

SOFT START

Soft start is a means for ramping switch currents during
the turn on of a switching regulator. The reasons for doing
this include surge protection for the input supply, protec-
tion of switching elements, and prevention of output

LT R

AN44-39



Application Note 44

overshoot. Linear Technology switching regulators have
built-in switch protection that eliminates concern over
device failure, but some input supplies may not tolerate
the inrush current of a switching regulator. The problem
occurs with current limited input supplies or those with
relatively high source resistance. These supplies can
“latch” in a low voltage state where the current drawn by
the switching regulator in much higher than the normal
input current. This is shown by the general formula for
switching regulator input current and input resistance;

Lo e
- (WP E) _ - (i’ ) o
Rin= VOUT) (lom)- P(I)\IUT (note negative sign)

E = Efficiency (=0.7-0.9)

These formulas show that input current is proportional to
the reciprocal of input voltage, so that if input voltage
drops by 3:1, input current increases by 3:1. An input
supply which rises slowly will “see” a much heavier
current load during its low voltage state. This can activate
current limitin the input supply and “latch” it permanently
in a low voltage condition. By instituting a soft start in the
switching regulator which is slower than the input
supply rise time, regulator input current is held low until
the input supply has a chance to reach full voltage.

The formula for regulator input resistance shows that it is
negative and decreases as the square of input voltage. The
maximum allowed positive source resistance to avoid
latch-up is given by;
2
(Vin)"(B)
4(Vour ) lour

The formula shows that a +12V to —12V converter with
80% efficiency and 1A load must have a source resistance
less than 2.4Q. This may sound like much ado about
nothing, because an input supply designed to deliver 1A
would not normally have such a high source resistance,
but a sudden output load surge or a dip in the source
voltage might trigger a permanent overload condition
LowVyand highoutputload require lower source resistance.

RSOURCE (MAX) = (103)

LT1074
7-PIN

™ GND

R3 % C2
_‘.I____q —
LTAN44 TATO

Figure 21. Soft Start Using Iy Pin

InFigure 21,C2 generates a soft start of switching current
by forcing the Iy pinto ramp up slowly. Current out of the
ILimpinis =300uA, sothe time forthe LT1 074 to reach full
switch current (Vi =5V) is =(1.6 x 104)(C). To ensure
low switch current until Viy has reached full value, an
approximate value for G2 is

c2~(1074)(T)

T = Time for input voltage to rise to within 10% of final
value.

(104)

C2 must be reset to zero volts whenever the input voltage
goes low. Aninternal reset is provided when the shutdown
pin is used to generate undervoltage lockout. The
“undervoltage” state resets C2. If lockout is not used, R3
should be added to reset C2. For full current limit, R3
should be 30k. If reduced current limit is desired, R3’s
value is set by desired current limit. See the “Current
Limit” section.

If the only reason for adding soft start is to prevent input
supply latchup, a better alternative may be undervoltage
lockout (UVLO). This prevents the regulator from drawing
input current until the input voltage reaches a preset
voltage. The advantage of UVLO is that it is a true DC
function and cannot be defeated by a slow rising input,
short reset times, momentary output shorts, etc.

OUTPUT FILTERS

When converter output ripple voltage must be less than
~2% of output voltage, it is usually better to add an output
filter (Figure 22) than to simply “brute force” the ripple by
using very large output capacitors. The output filter con-
sists of a small inductor (=2uH-10uH) and a second
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output capacitor, usually 50uF-200uF. The inductor must
be rated at full load current. Its core material is not
important (core loss is negligible) except that core mate-
rial will determine the size and shape of .the inductor.
Series resistance should be low enough to avoid unwanted
efficiency loss. This can be estimated from;

r - (4E)(Vour) (105)

(lour ) (E)?

FILTER

ESR OF
FILTER

LTAN44 « TAT1

Figure 22. Output Filter

“E” is overall efficiency and AE is the loss in efficiency
allocated to the filter. Both are expressed as aratio, i.e., 2%
AE =0.02, and 80% E = 0.8.

To obtainthe required component values for the filter, one
must assume a value for inductance or capacitor ESR,
then calculate the remaining value. Actual capacitance in
microfarads is of secondary importance because it is
assumed that the capacitor will be basically resistive at
ripple frequencies. One consideration on filter capacitor
value is the load transient response of the converter. A
small output filter capacitor (high ESR) will allow the
output to “bounce” excessively if large amplitude load
transients occur. When these load transients are ex-
pected, the size of the output filter capacitor must be
increased to meet transient requirements rather than just
ripple limits. In this situation, the main output capacitor
can be reduced to simply meet ripple current require-
ments. The complete design should be checked for tran-
sient response with full expected load change.

If the capacitor is selected first, the inductor value can be
found from ripple attenuation requirements.

Buck converter with triangular ripple into filter

(ESR)(ATTN)

L=
f 8f

(106)

All other converters with essentially rectangular ripple into
filter
ESR)(ATTN)(DC)(1-DC
L= ERATHE)1-00 o
ESR = Filter capacitor series resistance.
ATTN = Rippleattenuation required, as a ratio of peak-to-
peak ripple IN to peak-to-peak ripple OUT.
DC = Duty cycle of converter. (If unknown, use worst
case of 0.5).

Example: A100kHzbuck converter with 150mVp-pripple
which must be reduced to 20mV. ATTN = 150/20 = 7.5.
Assume a filter capacitor with ESR = 0.3Q

0.3)(7.5)

_ _
L 8(105) 2.8uH

(108)

Example: A 100kHz positive to negative converter with
output ripple of 250mVp-p which must be reduced to
30mV. Assume duty cycle has been calculated at 30% =
0.3, and ESR of filter capacitor is 0.2Q

L (0.2)(250/30)(0.3)(1-0.3) a5

10°

If the inductor is known, the equations can be rearranged
to solve for capacitor ESR.

Buck Converter;
8f (L)
ATTN

(109)

(110)
ESR=

Square WaveRippleln;

fel
FSR = (AT Y (00) - 00)
The output filter will affect load regulation if it is “outside”
the regulator feedback loop. Series resistance of the filter
inductor will add directly to the closed loop output resis-
tance of the converter. This closed loop resistance is
typically inthe range of 0.002Q- 0.01€Q, so afilterinductor
resistance of 0.02Q may represent a significant loss in
load regulation. One solution is to move the filter “inside”
the feedback loop by moving the sense points to the output
of the filter. This should be avoided if possible because the
added phase shift of the filter can cause difficulties in
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stabilizing the converter. Buck converters will tolerate an
output filter inside the feedback loop by simply reducing
the loop unity gain frequency. Positive to negative con-
verters and boost converters have a “right half plane zero”
which makes them very sensitive to additional phase shift.
To avoid stability problems, one should first determine if
the load regulation degradation caused by a filter is really
a problem. Most digital and analog “chips” in use today
tolerate modest changes in supply voltage with little or no
effect on performance.

When the sense resistor is tied to the output of the filter,
a“fix” for stability problems is to connect a capacitor from
the input of the filter to a tap on the feedback divider as
shown in Figure 23. This acts as a “feedforward” path
around the filter. The minimum size of Cy will be deter-
mined by the filter response, but should be in the range of
0.1uF-1pF.

Cy could theoretically be connected directly to the FB pin,
but this should be done only if the peak-to-peak ripple on
the main output capacitor is less than 75mVp-p.

A word about “measured” filter output ripple. The true
ripple voltage should contain only the fundamental of the
switching frequency because higher harmonics and
“spikes” are very heavily attenuated. If the ripple as
measured on an oscilloscope is abnormally high or con-
tains high frequencies, the measurement technique is
probably at fault. See the “Oscilloscope Techniques”
section.

MAIN
OUTPUT =—
CAPACITOR |

o

UTPUT
ILTER

AA—o.
A'A
=
>
Rp—
[ -

FB

LT1074

GND

LTANd4 » TA12

Figure 23. Feedforward when Output Filter is Inside
Feedback Loop

INPUT FILTERS

Most switching regulators draw power from the input
supply with rectangular or triangular current pulses. (The
exception is a boost converter where the inductor acts as
a filter for input current). These current pulses are ab-
sorbed primarily by the input bypass capacitor which is
located right at the regulator input. Significant ripple
current can still flow in the input lines, however, if the
impedance of the source, including the inductance of
supply lines, is low. This ripple current may cause un-
wanted ripple voltage on the input supply or may cause
EMIin the form of magnetic radiation from supply lines. In
these cases, an input filter may be required. The filter
consists of an inductor in series with the input supply
combined with the input capacitor of the converter, as
shown in Figure 24.

Re
WA

_L—V-’V‘:"‘\-Y-r CONVERTER
INPUT == o
6 LTAN44 « TA13

— OUTPUT

SUPPLY "~
T

Figure 24. Input Filter

To calculate a value for L requires knowledge of what
ripple currentis allowed inthe supply line. This is normally
an unknown parameter, so much hand waving may go on
in search of a value. Assuming that a value has been
arrived at, L is found from;

_ESR(DC)(1-DC)

f [I_Sﬂ'.’_ _ESR j
ESR = Effective series resistance of input capacitor.
DC =Converter duty cycle. If unknown, use 0.5 as worst case.
Icon=Peak-to-peak ripple current drawn by the converter,
assuming continuous mode. For buck converters,
Icon = lout. Positive to negative converters have
Icon = loutr (Vout' + Vin')Vin'. Tapped-inductor
lcon = lout (N @ Vour' + Vin')/[Vin'(1+N)].
Isyp = Peak-to-peak ripple allowed in.supply lines.
R¢="“Damping” resistor which may be required to prevent
instabilities in the converter.

L (111)
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Example: A 100kHz buck converter with Vgyt = 5V,
lout = 4A, Vi = 20V, (DC = 0.25). Input capacitor ESR is
0.05Q. Itis desired to reduce supply line ripple current to
100mA(p-p). Assume Ry is not needed (= oo).

L 009)025)(1-025) .

5(01_
we[%1-0]

For further details on input filters, including the possible
need for a damping resistor (Rs), see the “Input Filters”
section in Application Note 19.

(112)

The current rating of the input inductor must be a mini-
mum of;

_ (Vour) (lour)

G

(Use Minimum Vyy)

For this example;
__ 5@

L (20)(E~0.8)

Efficiency or overload considerations may dictate an in-
ductor with higher current rating to minimize copper
losses. Core losses will usually be negligible.

Amps (113)

=1.25A

OSCILLOSCOPE TECHNIQUES

Switching regulators are a perfect test bed for poor oscil-
loscope techniques. A “scope” can lie in many ways and
they all show up in a switching regulator because of the
combination of fast and slow signals, coupled with both
large and very small amplitudes. The following Rogue’s
Gallery will hopefully help the reader avoid many hours of
frustration (and eliminate some embarrassing phone calls
to the author).

Ground Loops

Good safety practice requires most instruments to have
their “ground” system tied to a “third” (green) wire in the
power cord. This unfortunately results in current flow
through oscilloscope probe ground leads (shield) when
other instruments source or sink current to the device
under test. Figure 25 details this effect.

A generator is driving a 5V signal into 50Q on the bread-
board, resulting in a 100mA current. The return path for
this current divides between the ground from the signal
generator (typically the shield on a BNC cable) and the
secondary ground “loop” created by the oscilloscope
probe ground clip (shield), and the two “third wire”
connections on the signal generator and oscilloscope. In

SIGNAL
GENERATOR

REGULATOR
UNDER TEST

PATH FOR GENERATOR
RETURN CURRENT
80mA ,L U | @
- ’

0SCILLOSCOPE
*PROBE SHIELD PROVIDES

- 1 earmH

ACMANs - GROUND

LTAN44 « TA14

Figure 25. Ground Loop Errors
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this case, it was assumed that 20mA flows in the parasitic
ground loop. If the oscilloscope ground lead has a resis-
tance of 0.29Q, the screen will show a4mV “bogus” signal.
The problem gets much worse for higher currents, and
fast signal edges where the inductance of the scope probe
shield is important.

DC ground loops can be eliminated by disconnecting the
third wire on the oscilloscope (its called a cheater plug,
and my lawyers will not let me recommend it!) or by
the use of an isolation transformer in the oscillo-
scope power connection.

Another source of circulating current in the probe shield
wire is a second connection between a signal source and
the scope. A typical example is a trigger signal connection
between the generator trigger output and the scope exter-
nal trigger input. This is most often a BNC cable with its
own grounded shield connection. This forms a second
path for signal ground return current, with the scope probe
shield completing the path. My solution is to use a BNC
cable which has had its shield intentionally broken. The
trigger signal may be less than perfect, but the scope will
not care. Mark the cable to prevent normal use!

Rule #1: Before making any low level measurements,
touch the scope probe “tip” to the probe ground clip with
the clip connected to the desired breadboard ground. The
“scope” should indicate flatline. Any signal displayed is a
ground loop lie.

Miscompensated Scope Probe

10X scope probes must be “compensated” to adjust AC
attenuation so it precisely matches the 10:1 DC attenua-
tion of the probe. If this is not done correctly, low fre-
quency signals will be distorted and high frequency
signals will have the wrong amplitude. In switching
regulator applications, a “miscompensated” probe may
show “impossible” waveforms. A typical example is the
switching node of an LT1074 buck converter. This node
swings positive to a level 1.5V-2V belowthe input voltage,
and negative to one diode drop below ground. A 10X probe
with too little AC attenuation could show the node swing-
ing above the supply, and so far negative that the diode
forward voltage appears to be many volts instead of the
expected 0.5V. Remember that at these frequencies
(100kHz), the wave shape looks right because the probe

acts purely capacitive, so the wrong amplitude may not be
immediately obvious.

Rule #2: Check 10X scope probe compensation before
being embarrassed by a savvy tech.

Ground “Clip” Pickup

Oscilloscope probes are most often used with a short
ground “lead” with an alligator clip on the end. This ground
wire is a remarkably good antenna. It picks up local
magnetic fields and displays them in full color on the
oscilloscope screen. Switching regulators generate lots
of magnetic fields. Switch wires, diodes, capacitor and
inductor leads, even “DC” supply lines can radiate signifi-
cant magnetic fields because of the high currents and fast
rise/fall times encountered. The test for ground clip prob-
lems is to touch the probe tip to the alligator clip, with the
clip connected to the regulator ground point. Any trace
seen on the screen is caused either by circulating currents
ina ground loop, or by antenna action of the ground clip.

The fix for ground clip “pickup” is to throw the clip wire
away and replace it with a special soldered-in probe
terminator which can be obtained from the probe manu-
facturer. The plastic probe tip cover is pulled off to reveal
the naked coaxial metal tube shield which extends to the
small needle tip. This tube slips into the terminator to
complete the ground connection. This technique will allow
you to measure millivolts of output ripple on a switching
regulator even in the presence of high magnetic fields.

Rule #3: Don’t make any low level measurements on a
switching regulator using a standard ground clip lead. If an
official terminator is not available, solder a solid bare
hookup wire to the desired ground point and wrap it
around the exposed probe coaxial tube with absolute
minimum distance between the ground pointand the tube.
Position the ground point so that the probe needle tip can
touch the desired test point.

Wires Are Not Shorts

A common error in probing switching regulators is to
assume that the voltage anywhere on a wire path is the
same. A typical example is the ripple voltage measured at
the output of a switching regulator. Ifthe regulator delivers
square waves of current to the output capacitor, a positive
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to negative converter for instance, the current rise/
fall time will be approximately 108A/sec. This di/dt
will generate =2V perinch “spikes” in the lead induc-
tance of the output capacitor. The output (load) traces of
the regulator should connect directly to the through-hole
points where the radial-lead output capacitor leads are
soldered in. The oscilloscope probe tip terminator (no
ground clips, please) must be tied in directly at the base of
the capacitor also.

The 2V/in. number can cause significant measurement
errors even at high level points. When the input voltage to
aswitching regulator is measured across the input bypass
capacitor, the spikes seen may be only a few tenths of a
volt. If that capacitor is several inches away from the
LT1074 though, the spikes “seen” by the regulator may be
many volts. This can cause problems, especially at a low
input voltage. Probing the “wrong” point on the input wire
might mask these spikes.

Rule #4: If you want to know what the voltage is on a high
AC current signal path, define exactly which component
voltage you are measuring and connect the probe termi-
nator directly across that component. As an example, if
your circuit has a snubber to protect against switch over-
voltage, connect the probe terminator directly to the IC
switch terminals. Inductance in the leads connecting the
switch to the snubber may cause the switch voltage to be
many volts higher than the snubber voltage.

EMI SUPPRESSION

Electromagnetic interference (EMI) is a fact of life with
switching regulators. Consideration of its effects should
occur early in the design so that the electrical, physical,
and monetary implications of any required filtering or
shielding are understood and accounted for. EMI takes
two basic forms; “conducted,” which travels down input
and output wiring, and “radiated,” which takes the form of
electric and magnetic fields.

Conducted EMI occurs on input lines because switching
regulators draw current from their input supply in pulses,
either square wave, or triangular, or a combination of
these. This pulsating current can create bothersome ripple
voltage on the input supply and it can radiate from input
lines to surrounding lines or circuitry.

Conducted EMI on the output of a switching regulator is
usually limited to the voltage ripple on the output nodes.
Ripple frequencies from buck regulators consist almost
entirely of the fundamental switching frequency, whereas
boost and inverting regulator outputs contain much
higher frequency harmonics if no additional filtering is
used.

Electric fields are generated by the fast rise and fall times
of the switch node in the regulator. EMI from this source
is usually of secondary concern and can be minimized by
keeping all connections to this node as short as possible
and by keeping this node “internal” to the switching
regulator circuitry so that surrounding components act as
shields.

The primary source of electric field problems within the
regulator itself is coupling between the switching node
and the feedback pin. The switching node has a typical
slew rate of 0.8 x 10%/sec., and the impedance at the
feedback pin is typically 1.2kQ. Just 1PF coupling be-
tween these pins will generate 1V spikes at the feedback
pin, creating erratic switching waveforms. Avoid long
traces on the feedback pin by locating the feedback resis-
tors immediately adjacent to the pin. When coupling to
switching node cannot be avoided, a 1000pF capacitor
from the LT1074 ground pin to the feedback pin will
prevent most pickup problems.

Magnetic fields are more troublesome because they are
generated by a variety of components, including the input
and output capacitors, catch diode, snubber networks, the
inductor, the LT1074 itself, and many of the wires con-
necting these components. While these fields do not
usually cause regulator problems, they can create prob-
lems for surrounding circuitry, especially with low level
signals such as disc drives, data acquisition, communica-
tion, or video processing. The following guidelines will be
helpful in minimizing magnetic field problems.

1. Use inductors or transformers with good EMI charac-
teristics such as toroids or pot cores. The worst offenders
from an EMI standpoint are “rod” inductors. Think of them
as cannon barrels firing magnetic flux lines in every
direction. Their only application in switchers should be in
the output filter where ripple current is very low.
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2. Route all traces carrying high ripple current over a
ground plane to minimize radiated fields. This includes the
catch diode leads, input and output capacitor leads, snub-
ber leads, inductor leads, LT1074 input and switch pin
leads, and input power leads. Keep these leads short and
the components close to the ground plane.

3. Keep sensitive low level circuitry as far away as possible,
and use field-cancelling tricks such as twisted-pair differ-
ential lines.

4. In critical applications, add a “spike killer” bead on the
catch diode to suppress high harmonics. These beads will
prevent very high dl/dt signals, but will also make the
diode appear to turn “on” slowly. This can create higher
transient switch voltages at switch turn-off, so switch
waveforms should be checked carefully.

5. Add an input filter if radiation from input lines could be
a problem. Just a few uH in the input line will allow the
regulator input capacitor to swallow nearly all the ripple
current created at the regulator input.

TROUBLESHOOTING HINTS

Low Efficiency

The major contributors here are switch and diode loss.
These are readily calculable. If efficiency is abnormally low
after factoring in these effects, zero in on the inductor.
Core or copper loss may be the problem. Remember that
inductor current may be much higher than output current
in some topologies. A very handy substitution tool is a
500uH inductor wound with heavy wire on a large
molypermalloy core. 100uH and 200uH taps are helpful.
This inductor can be substituted for suspect units when
inductor losses are suspected. If you read this App Note,
you will know that a large core is used not to reduce core
loss, but to allow enough room for large wire that elimi-
nates copper l0ss.

Ifinductor losses are not the problem, check all the nickel
and dime effects such as quiescent current and capacitor
loss to see if the sum is no longer negligible.

Alternating Switch Timing

Switch “on” time may alternate from cycle to cycle if
excess switching frequency ripple appears on the Vg pin.
This can occur naturally because of high ESR in the output
capacitor or because of pickup on the FB pin or the V¢ pin.
A simple check is to put a 3000pF capacitor from V¢ pin to
the ground pin close to the IC. If the erratic switching
improves or is cured, excess V¢ pin ripple is the problem.
Isolate it by connecting the capacitor from FB to ground
pin. If this also makes the problem disappear, V¢ pin
pickup is eliminated, and FB pickup is the likely culprit. The
feedback resistors should be located close to the IC so that
connections to the FB pin are short and routed away from
switching nodes. A 500pF capacitor from FB to ground pin
will usually be sufficient if pickup cannot be eliminated.
Occasionally, excess output ripple is the problem. This can
be checked by paralleling the output capacitor with a
second unit. A 1000pF-3000pF capacitor on Vg can often
be used to stop erratic switching caused by high output
ripple, but be sure the ripple current rating of the output
capacitor is adequate!

Input Supply Won't Come Up

Switching regulators have negative input resistance at DC.
Therefore, they draw high currentat low V. This can latch
input supplies low. See “Soft Start” section for details.

Switching Frequency is Low in Current Limit

This is normal. See “Frequency Shifting at the Feedback
Pin” in the Pin Description section.

IC Blows Up!

Like the LT1070 before it, the only thing that can destroy
the LT1074 or LT1076 is excess switch voltage. (I am
ignoring obvious stuff like voltage reversal or wiring
errors).

Start-up surges can sometimes cause momentary large
switch voltages, so check voltages carefully with an oscil-
loscope. Read the section on oscilloscope techniques.
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1C Runs Hot

A common mistake is to assume that heat sinks are no
longer needed with a switching design. This is often true
for small load currents, but as load current climbs above
1A, switch loss may increase to the point where a heat sink
is needed. A T0O-220 package has a thermal resistance of
50°C/W with no heat sink. A5V, 3A output (15W) with 10%
switch loss, will dissipate over 1.5W in the IC. This means
a 75°C temperature rise, or 100°C case temperature at
room ambient. This is normally referred to as hot! A small
heat sink solves the problem. Simply soldering the T0-220
tab to an enlarged copper pad on the PC board will reduce
thermal resistance to =25°C/W.

High Output Ripple or Noise Spikes

First read “Oscilloscope Techniques” section to avoid
possible embarrassment, then check ESR of the output
capacitor. Remember that fast (<100ns) spikes will be
greatly attenuated by parasitic supply line inductance and
load capacitance even if supply lines are only a few inches
long.

Poor Load or Line Regulation
Check in this order:

1. Secondary output filter DC resistance if it is
outside the loop.

2. Ground loop error in oscilloscope.

3. Improper connection of output divider resis-
tors to current carrying lines.

4. Excess output ripple. The LT1074 can peak
detect ripple voltages on the FB pin if they
exceed 50mVp-p.

See “Reference Shift with Ripple Voltage” graph in Typical
Performance Characteristics section.

500kHz-5MHz Oscillations, Especially at Light Load

This is discontinuous mode ringing and is quite normal
and harmless. See buck converter waveform description
for more details.
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TECHNOLOGY

June 1991

Measurement and Conftrol Circuit Collection

Diapers and Designs on the Night Shift
Jim Williams

Introduction

During my wife’s pregnancy | wondered what it would
really be like when the baby was finally born. Before that
time, there just wasn’t much mothering and fathering to
do. As a consolation, we busied ourselves watching the
baby’s heartbeat (Figure 1) on a thrown-together fetal
heart monitor (see References).

A =500uV/DIV

HORIZ = 500ms/DIV
(0.1Hz-30Hz BANDPASS)

AN4S « TAOY

Figure 1. Michael’s Fetal Heartheat 4 1/2 Months into Pregnancy

When Michael was born things got noticeably busier in a
hurry. My wife and I split up the evening duties. | got the
night shift, 2 am to 7 am. After a few weeks, Michael and
| got the hang of it and things began to go (relatively)
smoothly. The two of us had mastered feedings, naps,
crying jags, bottles, diapers and such and we began
looking around for something to do. | decided to introduce
Michael to the glories of late night circuit hacking. | first
learned about wee hours circuit design at MIT in the
1970s. There was a subculture there that loaded up on
pizza, soft drinks, and junk food, took it all into the lab, and
closed the door until long after daylight. | was an enthusi-
astic convert.

Michael and | changed the rules justa bit. We loaded up on
formula, diapers, and bottles and went into the lab.

The circuits in this collection represent our efforts, which
stopped when he (more or less) began sleeping through
the night. Most of the breadboarding occurred between

feedings, with design reviews and discussions during
feedings. As such, the circuits are annotated with the
number of feedings required for their completion; e.g. a
“3-bottle circuit” took three feedings. The circuit’s degree
of difficulty, and Michael’s degree of cooperation, com-
bined to determine the bottle rating, which is duly re-
corded in each figure.

Low Noise and Drift Chopped Bipolar Amplifier

Figure 2’s circuit combines the low noise of an LT1028
withachopper based carrier modulation scheme to achieve
an extraordinarily low noise, low drift DC amplifier. DC
driftand noise performance exceed any currently available
monolithic amplifier. Offset is inside 1wV, with drift less
than 0.05uV/°C. Noise in a 10Hz bandwidth is less than
40nV, far below monolithic chopper stabilized amplifiers.

Bias current, set by the bipolar LT1028 input, is about
25nA. These specifications suit demanding transducer
signal conditioning situations such as high resolution
scales and magnetic search coils.

The 74C04 inverters form a simple two-phase square
wave clock running at about 350Hz. The oscillator pro-
vides complementary drive to S1 and S2, causing A1 to
see a chopped version of the input voltage. A1 amplifies
this AC signal. A1’s square wave output is synchronously
demodulated by S3 and S4. Because these switches are
synchronously driven with the input chopper, proper
amplitude and polarity information is presented to A2, the
DC outputamplifier. This stage integrates the square wave
into a DC voltage, providing the output. The output is
divided down (R2 and R1) and fed back to the input
chopper where it serves as a zero signal reference. Gain,
in this case 1000, is set by the R1-R2 ratio. Because A1 is
AC coupled, its DC offset and drift do not affect overall
circuit offset, resulting in the extremely low offset and drift
noted.

LT
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Figure 3, a noise plot of the amplifier in a 0.1Hz-10Hz
bandwidth, shows less than 40nV of peak-to-peak noise.
A1 and the 60Q resistance of S1-S2 contribute about
equally to form this noise. When using this amplifier it is
important to realize that A1’s bias current flowing through
the input source impedance causes additional noise. In
general, to maintain low noise performance, source resis-
tance should be kept below 500Q. Fortunately, transduc-
ers such as strain gauge bridges, RTDs, and magnetic
detectors are well below this figure.

CHEWLETTPACKARD': 9270-100)|

ﬁ‘ 10 SECONDS L——

Figure 3. Noise in a 0.1Hz-10Hz Bandwidth is Less Than 40nV
with 0.05uV/°C Drift

ANd5 » TAO3

=25nA
=15V
SWITCHES = LTC201A QUAD

ANd5 « TAO2

| Figure 2. The Chopped Bipolar Amplifier. Noise is Inside 40nV with 0.05uV/°C Drift

Low Noise and Drift Chopped FET Amplifier

Figure 4’s circuit combines the low drift of a chopper
stabilized amplifier with a pair of low noise FETs. The result
isanamplifier with 0.05uV/°C drift, offset within 5uV, 50pA
bias current, and 200nV noise ina 0.1Hz-10Hz bandwidth.
The noise performance is especially noteworthy; it is
almost eight times better than monolithic chopper stabi-
lized amplifiers.

FET pair Q1 differentially feeds A2 to form a simple low
noise op amp. Feedback, provided by R1 and R2, sets
closed loop gain (in this case 1000) in the usual fashion.
Although Q1 has extraordinarily low noise characteristics,
its 15mV offset and 25uV/°C drift are poor. A1, a chopper
stabilized amplifier, corrects these deficiencies. It does
this by measuring the difference between the amplifier's
inputs and adjusting Q1A’s channel current to minimize
the difference. Q1's skewed drain values ensure that A1
will be able to capture the offset. A1 supplies whatever
current is required into Q1A’s channel to force offset
within 5uV. Additionally, A1’s low bias current does not
appreciably add to the overall 50pA amplifier bias current.
As shown, the amplifier is set up for a non-inverting gain
of 1000, although other gains and inverting operation are

AN45-2

LR



Application Note 45

+15

+15

<

e
>
S 51k

ss
10062 100k

b

[ > OPTIONAL SR

+INPUT z 1 Tion S ook
COMPENSATION

A2
LT1097
+

B 5

OUTPUT

AA

L -
Q1 = 2N6485 DUAL i

)i Figure 4. Chopper Stabilized FET Pair Combines

possible. Figure 5 is a plot of noise measured in a 0.1Hz-
10Hz bandwidth. The performance obtained is almost an
order of magnitude better than any monolithic chopper
stabilized amplifier, while retaining low offset and drift.

0.25uV
_" I“— 10 SECONDS ANdS + TAOS

Figure 5. Noise Performance for Figure 4. A1’s Low Offset and
Drift are Retained, but Noise is Aimost Ten Times Better

A2’s optional overcompensation can be used (capacitor to
ground) to optimize damping for low closed loop gains.

Stabilized, Wideband Cable Driving Amplifier with
Low Input Capacitance

Figure 6’s amplifier has over 20MHz of small signal
bandwidth driving 100mA loads, capacitance or cable.

~INPUT >R2
>100Q

L-AAA
H

ANd45 + TAOA

Low Bias, Offset and Drift with 200nV Noise

Input capacitance is below 1.5pF and bias current about
100pA. The output is fully protected. These features make
this amplifier ideal as an ATE pin amplifier, video A-D input
buffer, orcable driver. The amplifier also permits wideband
probing when oscilloscope probe loading is not tolerable.
The overall amplifier is composed of a low input capaci-
tance FET, two LT1010 buffers, and a discrete gain stage.
A3 acts as a DC restoration loop. The 33Q resistors sense
A71’s operating current, biasing Q3 and Q4. These devices
furnish complementary voltage gain to A2, which provides
the circuit’s output. Feedback is from A2’s output to A1’s
output, which is a low impedance point. This “current
mode” feedback permits fixed bandwidth over a wide
range of closed loop gains. This contrasts with normal
feedback schemes where bandwidth degrades as closed
loop gain increases.

A3’s stabilizing loop compensates large offsets in the
signal path, which are dominated by mismatch in Q3 and
Q4. A3 measures the DC difference between the amplifier’s
input and output and biases the signal path to correct for
offset. Correction is implemented by controlling Q1’s
channel currentvia Q2. The channel current sets Q1°s Vgg,
allowing A3 to control overall circuit offset. The 9k-1k
feedback divider feeding A3 is selected to equal the gain
ratio of the circuit, in this case 10.

LY e
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The feedback scheme makes A1’s output look like the
negative input of the amplifier, with closed loop gain set by
the ratio of the 4702 and 51Q resistors. The outstanding
feature of this connection is that the bandwidth becomes
relatively independent of closed loop gain over a reason-
able range. For this circuit, small signal bandwidth ex-
ceeds 20MHz over gains of 1t0 20. The loop is quite stable,
and the 10pF value at A2’s input provides good damping
over a wide range of gains.

Figure 7 shows large signal performance at a gain of 10
driving 10 feet of cable. A fast input pulse (irace A)
produces the output shown (trace B). Response is quick
and clean with no slew residue or poor dynamics.

Voltage Programmable, Ground Referred Current
Source

Precise, voltage programmable, ground referred current
sources are usually complex and require trimming. Figure
8’s simple, powerful configuration produces output cur-
rent in strict accordance with the sign and magnitude of
the control voltage. Dynamic response is well controlled,

0.06

AN4S « TAGS

Figure 6. Stabilized, Wideband Cable Driving Amplifier with Low Input Capacitance

HORIZ = 100ns/DIV

ANG5 + TAOT

Figure 7. Wideband Amplifier’s Response Driving A 10 Foot Cable

and no trimming is required. The circuit’s accuracy and
stability are almost entirely dependent upon resistor R.

A1, biased by Vyy, drives current through R (in this case
10Q) and the load. Instrumentation amplifier A2, operat-
ing at a gain of 100, senses across R. A2’s output closes
aloop backto A1. Because A1’s loop forces a fixed voltage

AN45-4
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&
;; Figure 8. Voltage Programmable Current Source
\ll is Simple and Precise

across R, the current through the load is constant. The
10k-0.05uF combination sets A1’s rolloff, and the circuit
is stable.

Assuming an errorless component for R, the circuit’s
initial error is dominated by A2’s 0.05% gain specification
and its 5ppm/°C temperature coefficient. High grade film
or wirewound resistors will maintain this level of
performance.

Figure 9 shows dynamic response for a full scale input
step. Trace A is the voltage control input while trace B
shows the output current. Response is clean, with no slew
residue or aberrations.

5V Powered, Fully Floating 4mA to 20mA Current
Loop Transmitter

4mA to 20mA current loop transmitters are frequently
required in industrial process control. Often, because of
uncertain or dangerous common mode voltages, it is
desirable that the generated 4mA to 20mA current be
completely galvanically isolated from the transmitter’s
input. Figure 10’s circuit does this while operating from a
single 5V supply.

A2’s positive input assumes a bias dependent upon the
input and the 4mA trim setting. Under these conditions
A2’s output heads positive, turning on Q1 and Q2. Q2’s
collector drives T1’s primary, which is chopped by Q3 and
Q4. Complementary chopper drive comes from the 74C74
flip-flop outputs, with oscillator 11 setting a 25kHz clock

A=5V/DIV

B =5mA/DIV

ANaS - TAOS

HORIZ = 20ps/DIV

Figure 9. Current Source Dynamics are Clean, with No Slew
Residue or Aberrations

rate. T1’s output, producing voltage step-up, is rectified,
filtered, and applied to the load. A3 senses load current
across the 16Q shunt and drives T2's center tap. Q9 and
Q10, receiving complementary drive picked-off from T1's
secondary, modulate T2’s DC center tap voltage. T2's
secondary receives this information, with flip-flop driven
(6-Q7 demodulating it back to DC at T2's center tap. T2's
centertap voltage is fed A2, completing anisolated control
loop. Changes in the circuit’s input voltage cause this loop
to adjust the load current accordingly. Conversely, load
resistance changes have no effect, because the loop
forces whatever voltage is necessary to maintain a con-
stant 16Q shunt voltage. Because T1 can supply up to
50V, load current remains fixed over load resistance
swings from 0Q to 2500Q. Power supply shifts are
similarly rejected by the loop, and the transformer modu-
lation-demodulation scheme permits 0.05% accuracy and
stability over temperature and a 250V common mode
range. Greater common mode voltages are possible with
increased transformer breakdown ratings.

Several subtleties aid circuit performance. 12-13 and 14-15
provide drive delays to Q6 and Q7. These delays approxi-
mate the delay through T1 to modulator pair Q9/Q10. This
helps the four transistors switch simultaneously, aiding
modulator-demodulator accuracy. Zener connected Q5
ensures that T1 produces enough voltage to power A3 and
Q9/Q10, even when the load is 0Q. Q8, similarly zener
connected, clamps gate drive to Q9 and Q10, improving
modulator linearity by preventing excessive gate drive
variations over operating conditions. The diodes in A3’s

Ly New
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output ensure proper loop start-up. They prevent T2’s
center tap from receiving any bias until A3 has enough
power supply voltage to function normally. To calibrate
this circuit apply OV input and adjust the 4mA trim for
4.00mA output (0.064V across the 16Q shunt). Next,

ANd5 - TAT0

Figure 10. 5V Powered, Fully Floating 4mA-20mA Current Loop Transmitter

apply 2.56V input and set the 20mA trimmer for 20.00mA
output (0.3200V across the 16 shunt). Repeat this
procedure until both points are fixed. Note that the 2.56V
input range is directly compatible with D-A converter
outputs, permitting digital control.

AN45-6
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Transistor AVgg Based Thermometer

Low cost makes transistors potentially attractive as tem-
perature sensors. Almost all transistor-sensed thermom-
eter circuits utilize the base-emitter diode voltage shift
with temperature as the sensing mechanism. Unfortu-
nately, the absolute diode voltage is unpredictable, neces-
sitating circuit calibration. Additionally, if the transistor
sensor ever requires replacement, the calibration must be
repeated. This constraint often negates the transistor
sensor’s cost and convenience advantages.

Figure 11’s transistor sensor thermometer overcomes
this difficulty. The circuit provides a 0V-10V output corre-
sponding to a 0°C to 100°C temperature excursion at the
sensor transistor. Accuracy is +1°C. No calibration is
required, and any common small signal NPN transistor
can serve as the sensor. The circuit is based on the
predictable relationship between current and voltage in a
transistor Vge junction.! At room temperature, the Vg
junction diode shifts 59.16mV per decade of current. The
temperature dependence of this constant is 0.33%/°C, or
198uV/°C. This AVgg versus current relationship holds,
regardless of the Vgg diode’s absolute value.

Note 1: See References 1 through 4.

The LTC1043 contains switches whose state is controlled
by an on-chip oscillator. The 0.01uF capacitor at pin 16
sets oscillator frequency at about 500Hz. Q1 operates as
a switched value current source, alternating between
about10pAand 100uA (trace A, Figure 12) asthe LTC1043
commutates switch pin 12 and pin 14. The two currents’
exact value is unimportant, so long as their ratio remains
constant. Because of this, Q1 requires no reference,
althoughits emitter resistor’s ratiois precise. The alternat-
ing 10uA-100uA stepped current to the sensor transistor

A=100uADIV §

B = 20mV/DIV
AC COUPLED ON=0.5V DC

C=0.1v/DIV

HORIZ = 1ms/DIV
Figure 12. Waveforms for the AVge Based Thermometer
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Figure 11. AVgg Based Thermometer Does Not Require Calibration
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(Q2) causes the theoretical 59.16mV (25°C) excursion
(trace B) to appear across the Vgg junction. This signal is
coupled to aswitched demodulator via C1, which strips off
Q2's DC bias. LTC1043 switch pin 2 (trace C) sees only the
59mV waveform, which is referenced to ground via de-
modulator action at pin 5 and pin 6. Pin 5, connected to
capacitor C2, sits at pin 2's DC peak value. A1 amplifies
this DC signal, with the LT1004 providing offset so 0°C
equals OV. The optional 10k resistor protects against ESD
events, which may occur if Q2 is located at the end of a
cable.

Using the components shown, the circuit achieves +1°C
accuracy over a sensed 0°C to 100°C range. Substituting
randomly selected 2N3904s and 2N2222s for Q2 showed
less than 0.4°C spread over 25 devices from various
manufacturers.

Micropower, Cold Junction Compensated
Thermocouple-to-Frequency Converter

Figure 13 is a complete, digital output, thermocouple
signal conditioner. The circuit produces a OkHz-1kHz
output in response to a sensed 0°C to 100°C temperature

CONTROL

excursion. Cold junction compensation is included, and
accuracy is within 1°C with stable 0.1°C resolution. Addi-
tionally, the circuit functions from a single supply, which
may range from 4.75V to 10V. Maximum current con-
sumption is 360pA.

The LT1025 provides an appropriately scaled cold junc-
tion compensation voltage to the type K thermocouple. As
a result, the voltage at schematic point “A” varies from
0mVto 4.06mV over a sensed 0°C to 100°C range (type K
slope is 40.6pV/°C). The remaining components form a
voltage-to-frequency converter that directly converts this
millivolt level signal without the usual DC gain stage. A1’s
negative input is biased by the thermocouple. A1’s output
drives a crude V-F converter, comprised of Q2, the 74C14
inverters, and associated components. Each V-F output
pulse causes a fixed quantity of charge to be dispensed
into C3 from G2 via the LTC201 based charge pump. C3
integrates the charge packets, producing a voltage at A1’s
positive input. A1’s output forces the V-F converter to run
atwhatever frequencyis required to balance the amplifier’s
inputs. This feedback action eliminates drift and
nonlinearities in the V-F converter as an error term and the

p— OUTPUT
0-100°C = 0-1kHz

AMPLIFIER
6 TYPEK “
| HERMOCOUPLE 002
+V :
k o
- + \A A
LT1025 '|" At
A LTC1049
¢ +
GND il P SO I
L L ) €3 =
~ = ‘:l.— 0.47
1.5k +
LT1004
6.8yF
100°C - L IO Ay
TRIM = = = =
AR
15 » 14] sqnpetLL1 10
Il
s3 1 s2
\'0— 2 r%
A L6 : 77
*IRG/TRW-MTR-5/+120PPM K = IS
= 74014 -

t = POLYSTYRENE

FOR GENERAL PURPOSE 4mV FULL SCALE V —*F DELETE
THERMOCOUPLE/LT1025 PAIR AND DRIVE POINT "A."

AN45 - TA13

Figure 13. Thermocouple Sensed Temperature-to-Frequency Converter
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output frequency is solely a function of the DC conditions
at A1’s inputs. The 0.02uF capacitor forms a dominant
response pole at A1, stabilizing the loop. Chopper stabi-
lized A1’s low Vg offset and drift eliminate offset errorin
the circuit, despite an output LSB value of only 4.06uV
(0.1°C).

Figure 14 details circuit operation. A1’s output biases
current source Q2, producing a ramp (trace A, Figure 14)
across G1. When the ramp crosses I1’s threshold, the
cascaded inverter chain switches, producing complemen-
tary outputsat 1 (trace B) and 12 (trace C). 13’s RC delayed
response (trace D) turns on diode connected Q1, dis-
charging C1 and resetting the ramp. The ramp aberrations
before the reset are due to transient 11 input currents
during switching (near top of ramp). Q1’s Vgg diode
rounding and reverse charge transfer (bottom of ramp)
account for the discontinuities during the ramp’s low
point.

A=2v/DIV §

B=10vDIV |
C=10VDIV

D=10v/DIV [

E=1mvov |8
AC COUPLED
ON3mvDC |

AN4S - TA14

HORIZ = 200ps/DIV

Figure 14. Waveforms for the Thermocouple-to-Frequency
Converter

The complementary 11-12 outputs clock the LTC201 switch
based charge pump. G2 is alternately charged to the
LT1004’s reference voltage via S1 and S4 and discharged
into C3 through S2 and S3. Each time this cycle occurs,
C3'svoltage is forced up (trace E). C3’s average voltage is
set by the 6.81k-1.5k trimmer resistance across it. A1
servo controls the repetition rate of the V-F to bring its
inputs to the same value, closing a control loop. The
0.02uF capacitor smooths A1’s response to DC.

To calibrate this circuit, disconnect the thermocouple and
drive point “A” with 4.06mV. Next, setthe 1.5k trimmer for

exactly 1000Hz output. Connect the thermocouple and the
circuit is ready for use. Recalibration is not required if the
thermocouple is replaced.

It is worth noting that this circuit can directly digitize any
millivolt level signal by deleting the LT1025 thermocouple
pair and directly driving point “A.”

Relative Humidity Signal Conditioner

Relative humidity is a difficult physical parameter to trans-
duce, and most transducers require fairly complex signal
conditioning circuitry. Figure 15 combines simple cir-
cuitry with a capacitively based transducer to achieve
good results. This circuit, which runs from a 9V battery, is
accurate within 2% in the 5% to 90% relative humidity
range.

The sensor specified has a nominal 500pF capacitance at
RH = 76%, with a slope of 1.7pF/% RH. The average
voltage across the device must be zero. This prevents
deleterious electrochemical migration in the sensor.
LTC1043 section “A,” driven by an internal oscillator,
alternately charges the sensor from a resistively scaled
portion ofthe LT1004 reference and dischargesitinto A1’s
summing point. Note that the switching is arranged so that
sensor related current flows out of A1’s summing point.
The 0.1uF series capacitor ensures the sensor sees the
required zero average voltage, with the 22MQ resistor
preventing charge accumulation, which would stop cur-
rent flow. The average current out of A1’s summing point
is balanced by packets of charge delivered by the LTG1043
switched capacitor section “C” in A1’s feedback loop. The
0.1uF feedback capacitor gives A1 an integrator-like re-
sponse, and its output is DC. As such, changes in sensor
capacitance are seen as DC shifts in A1’s output. A1
responds by raising its output positive to whatever DC
potential is required to maintain its summing point at zero.

To allow 0% RH to equal 0V, offsetting is required. The
signaland feedback terms biasing A1’s summing pointare
expressed in charge form. Because of this, the offset must
also be delivered to the summing point as charge, instead
of a simple DC current. If this is not done, the circuit will
be affected by drift in the LTC1043’s internal oscillator.
LTC1043 section “B” serves this function, delivering
LT1004 referenced offsetting charge to At.
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Drift terms in this circuit include the LT1004 and the ratio
stability of the sensor and the polystyrene capacitors.
These terms are well within the sensor’s 2% accuracy
specification, and temperature compensation is not re-
quired. To calibrate this circuit, place the sensor in a 5%
RH environment and set the “6% RH trim” for 50mV
output. Next, place the sensor in a 90% RH environment
and set the “90% trim” for 900mV output. Repeat this
procedure until both points are fixed. Ifknown RH environ-
ments are unavailable, the capacitance versus RH table in
Figure 15 may be utilized, although it applies for an ideal
sensor. The capacitor values may be built-up or directly
dialed out on a precision variable air capacitor (General
Radio #722D).

Inexpensive Precision Electronic Barometer

Until recently, precision electronically based pressure
measurements required expensive transducers. Capaci-
tive and bonded strain gauge based approaches provide
unmatched results, but costs are often prohibitive. Addi-
tionally, if low power operation is desired, signal condi-
tioning for these devices can become complex.

Semiconductor based pressure transducers becoming
available offer significant improvement over earlier de-
vices. Figure 16’s circuit utilizes such a device to form a
low cost barometer. The LT1027 reference and A1 forma

Figure 15. Battery Powered Relative Humidity Signal Conditioner

AN4S - TA15

currentsource to put precisely 1.5mAthrough transducer
T1, inaccordance with the manufacturer’s specifications.
Instrumentation amplifier A3 takes a differential gain of 10
from T1’s bridge output. A2 provides additional gain to
yield a calibrated output directly in inches of mercury.

T1’s manufacturer specifiesanominal 115mV at full scale,
although each device is supplied with precise calibration
data. This information considerably simplifies calibration.
To calibrate the circuit, simply adjust the potentiometer at
A1 until the output corresponds to the scale factor sup-
plied with the unit.

Thiscircuit, comparedtoalong columnmercury barometer,
tracked ambient pressure variations from 29.75"t0 30.32"
over three months with only two counts of uncertainty.
Additionally, over 50 turn-on/turn-off cycles had no
measurable effect. Changes in pressure, particularly rapid
ones, correlated quite nicely to changing weather
conditions.

1.5V Powered Radiation Detector

Figure 17°s circuit provides an audible “tick” signal each
time radiation oracosmic ray passes through the detector.
The LT1073 switching regulator pulses T1. T1 takes gain
via its turns ratio and drives a voltage tripler, providing
500V bias to the detector. R1 and R2 provide scaled

AN45-10
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feedbacktothe LT1073, closingacontrolloop. The 0.01uF
lag adds AC hysteresis and the Schottky diode clamps
negative going T1 excursions. When radiation ora cosmic
ray strikes the detector, impedance drops briefly,
transferring a quick negative going spike through the 68pF
capacitor. This spike triggers the LT1073’s auxiliary gain
block, configured here as acomparator. Q1and Q2 provide
additional gain to drive the audible beeper. About 1010 15
cosmic rays per minute are recorded in a normal
environment.

9ppm Distortion, Quartz Stabilized Oscillator

A spectrally pure sine wave oscillator is required for data
converter, filter and audio testing. Figure 18 provides a

stable frequency output with extremely low distortion.
This quartz stabilized 4kHz oscillator has less than 9ppm
(0.0009%) distortion in its 10Vp-p output.

To understand circuit operation, temporarily assume A2’s
output is grounded. With the crystal removed, A1 and the
A3 power buffer form a non-inverting amplifier with a
grounded input. The gain is set by the ratio of the 47k
resistor to the 50k potentiometer — opto-isolator pair.
Inserting the crystal closes a positive feedback path at the
crystal’s resonant frequency, and oscillations occur. A4
compares A3’s positive peaks with the LT1004 2.5V
negative reference. The diode in series with the LT1004
provides temperature compensation for A3’s rectifier di-
ode. A4 biases the LED portion of the opto-isolator,
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Figure 18. Quartz Stabilized 4kHz Oscillator with 9ppm Distortion
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controlling the photoresistor’s resistance. This sets loop
gain to a value permitting stable amplitude oscillations.
The 10uF capacitor stabilizes this amplitude control loop.

A2’s function is to eliminate the common mode swing
seen by A1. This dramatically reduces distortion due to
A1’s common mode rejection limitations. A2 does this by
servo controlling the 560kQ-photocell junction to main-
tain its negative input at OV. This action eliminates com-
mon mode swing at A1, leaving only the desired differen-
tial signal.

Q1 and the LTC201 switch form a start-up loop. When
power is first applied oscillations may build very slowly.
Under these conditions A4’s output saturates positive,
turning on Q1. The LTC201 switch turns on, shunting the
2kQ resistor across the 50k potentiometer. This raises
At’s loop gain, forcing a rapid build-up of oscillations.
When oscillations rise high enough A4 comes out of
saturation, Q1 and the switch go off and the loop functions
normally.

Thecircuitis adjusted for minimum distortion by adjusting
the 50kQ potentiometer while monitoring A3’s output
withadistortion analyzer. This trim sets the voltage across
the photocell to the optimum value for lowest distortion.
The circuit’s power supply should be well regulated and
bypassed to ensure the distortion figures quoted.

After trimming, A3’s output (trace A, Figure 19) contains
less than 9ppm (0.0009%) distortion. Residual distortion
components (trace B) include noise and second harmonic
residue. Oscillation frequency, set by crystal tolerance, is
typically within 50ppm with less than 2.5ppm/°C drift.

A=5V/DIV

1

B =9ppm
DISTORTION

ANG5 < TA19

HORIZ = 100ps/DIV

Figure 19. Oscillator Output and its 9ppm Distortion Residue

1.5V Powered Temperature Compensated Crystal
Oscillator

Many single cell systems require a stable clock source.
Crystal oscillators which run from 1.5V are relatively easy
to construct. However, if good stability over temperature
is required, things become more difficult. Ovenizing the
crystal is one approach, but power consumption is exces-
sive. An alternate method provides open loop, frequency
correcting bias to the oscillator. The bias value is deter-
mined by absolute temperature. In this fashion, the
oscillator’s thermal drift, which is repeatable, is corrected.
The simplest way to do this is by slightly varying the
crystal’s resonance point with a variable shunt or series
impedance. Varactor diodes, the capacitance of which
varies with reverse voltage, are commonly employed for
this purpose. Unfortunately, these diodes require volts of
reverse bias to generate significant capacitance shift,
making direct 1.5V powered operation impossible.

Figure 20 improves the temperature stability of a 1.5V
powered crystal oscillator by a factor of 20. It does this by
slightly tuning the crystal’s resonance as ambient tem-
perature varies. Q1 and associated components form a
1MHz Colpitts oscillator which normally has a tempera-
ture coefficient of about 1ppm/°C. The remainder of the
circuitimplements the temperature correction. The LM134
senses ambient temperature, converting it to a current
which flows through the 30.1k resistor. This resistor’s
voltage is subtracted from a reference potential by A1. The
stable subtraction voltage is derived from the LT1073’s
212mV reference via Q2 and the 73.2k-27.4k resistors.
Feedback from Q2’s collector to the LT1073’s auxiliary
amplifier closes the reference loop, which also powers the
Colpitts oscillator. The 47uF capacitor frequency compen-
sates the loop.

A1’s output controls the remaining portion of the LT1073,
which is configured as a voltage step-up switching
regulator. L1’s high voltage inductive events are rectified
and stored in the 47uF output capacitor, resulting in a
stepped-up DC potential. This potential is fed back to A1,
closing a control loop. Because A1l is biased by the
temperature sensitive LM134, the loop’s output varies
with ambient temperature in a controlled manner. Q3’s
drop forces the step-up convertertoalways run, regardless
ofthe loop’s required output voltage. This permits smooth
and continuous varactor bias from 0 to 3.9V overa0-70°C

AN45-13
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ambient operating environment. This output is applied to
the varactor diode in the oscillator circuit. The varactor's
capacitance, a function of its DC bias, thus varies with
ambient temperature. This change in capacitance shifts
the crystal’s resonant frequency, opposing temperature
induced crystal drift. For the values given in the circuitand
the crystal cut specified, residual oscillator drift is only
0.05ppm/°C. This compares favorably with 1ppm/°C drift
with no compensation used. The circuit functions from
1.7V down to 1.1V with no specification degradation.
Currentdrainis only 230uA. Applications include portable
high-accuracy clocks, survival radios, and secure
communications.

AN4S5 « TA20

Figure 20. 1.5V Powered Temperature Compensated Crystal Oscillator

90uA Precision Voltage-to-Frequency Converter

Figure 21 is a micropower voltage-to-frequency con-
verter. A OV-5V input produces a 0kHz-10kHz output with
a linearity of 0.05%. Gain drift is 80ppm/°C. Maximum
current consumption is only 90uA, aimost 30 times lower
than currently available V-F converters. To understand
circuit operation, assume C1’s positive input is slightly
below its negative input (C2’s output is low). The input
voltage causes a positive going ramp at C1’s positive input
(trace A, Figure 22). C1’s output is low, biasing the CMOS
inverter output high. This allows current to flow from Q1’s

AN45-14
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emitter, through the inverter supply pin to the 100pF
capacitor. The 2.2uF capacitor provides high frequency
bypass, maintaining low impedance at Q1’s emitter. Diode
connected Q6 provides a path to ground. The 100pF unit
charges to a voltage that is a function of Q1’s emitter
potential and Q6’s drop. When the ramp at C1’s positive
input goes high enough, C1’s output goes high (trace B)
and the inverter switches low (trace C). The Schottky
clamp prevents CMOS inverter input overdrive. This ac-
tion pulls current from C1°s positive input capacitor via the
Q5-100pF route (trace D). This current removal resets
C1’s positive input ramp to a potential slightly below
ground, forcing C1’s output to go low. The 50pF capacitor
furnishes AG positive feedback, ensuring that C1’s output
remains positive long enough for a complete discharge of
the 100pF capacitor. The Schottky diode prevents C1’s
input from being driven outside its negative common
mode limit. When the 50pF unit’s feedback decays, C1

1/2LT1017
+

ANd5 - TA21

: Figure 21. V to F Converter Achieves 0.05% Linearity While Requiring Only 90u.A Supply Current

again switches low and the entire cycle repeats. The
oscillation frequency depends directly on the input voltage
derived current.

A=50mV/DIV }§

B=5V/DIV Y
C=5V/DIV

D =1mA/DIV

ANdS - TA22

HORIZ = 20us/DIV

Figure 22. Micropower V to F Converter's Waveforms
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Q1’s emitter voltage must be carefully controlled to get
low drive. Q3 and Q4 temperature compensate Q5 and Q6
while Q2 compensates Q1’s Vgg. The two LT1034s are the
actual voltage reference and the LM334 current source
provides 35pA bias to the stack. The current drive pro-
vides excellent supply immunity (better than 40ppm/V)
and also aids circuit temperature coefficient. It does this
by utilizing the LM334’s 0.3%/°C temperature coefficient
to slightly temperature modulate the voltage drop in the
(2-Q4 trio. This correction’s sign and magnitude directly
oppose that of the —120ppm/°C, 100pF polystyrene ca-
pacitor, aiding overall circuit stability.

The Q1 emitter-follower efficiently delivers charge to the
100pF capacitor. Both base and collector currentend upin
the capacitor. The CMOS inverter provides low loss SPDT
reference switching without significant drive losses. The
100pF capacitor draws only small transient currents during
its charge and discharge cycles. The 50pF-47k positive
feedback combination draws insignificantly small switching
currents. Figure 23, a plot of supply current versus operating
frequency, reflects the low power design. Atzero frequency,
the LT1017’s quiescent current and the 35pA reference
stack bias account for all current drain. There are no other
paths for loss. As frequency scales-up, the charge/
discharge cycle of the 100pF capacitor introduces the
1.5uA/kHz increase shown.
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60
50
40
30
20
10

GURRENT CONSUMPTION (1A)

0
0123 456 7 8 9101112
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Figure 23. Current Consumption vs Frequency for the Vto F
Converter
Gircuit start-up or overdrive can cause the circuit's AC-
coupled feedback to latch. If this occurs, C1’s output goes
high. C2, detecting this via the inverter and the 2.7M-0.1uF
lag, also goes high. This lifts C1’s negative input and

grounds the positive input with Q7, initiating normal
circuit action.

Because the charge pump is directly coupled to C1’s
output, response is fast. The output settles within one
cycle for a fast input step. To calibrate this circuit, apply
50mVand select the value at C1’s input fora 100Hz output.
Then, apply 5V and trim the input potentiometer for a
10kHz output.

Bipolar (AC) Input V-F Converter

No currently available V-F converter will accept bipolar
(AC) inputs. This feature is desirable in power line moni-
toring and other applications. Figure 24’s V-F converter
accepts +10V inputs, producing a 0kHz-10kHz output.
Linearity is 0.04%, and temperature coefficient measures
about 50ppm/°C. To understand circuit operation, as-
sume a bipolar square wave (trace A, Figure 25) is applied
totheinput. During the input’s positive phase, A1’s output
(trace B) swings negative, driving current through C1 via
the full wave diode bridge. A1’s current causes C1 to ramp
linearly. Instrumentation amplifier A2, operating at a gain
of 10, looks differentially across C1. A2’s output (trace C)
biases comparator A3’s negative input. When A2’s output
crosses zero, A3 fires (trace D). AC positive feedback to
A3’s positive input (trace E) “hangs up” A3’s output for
about 20us. The Q1 level shifter drives ground referred
inverters I1 and 12 to deliver biphase drive (traces G and H)
to the LTC201 switch. The LTC201, set-up as a charge
pump, places G2 across C1 each time the inverters switch,
resetting C1 to a lower voltage. The LT1004 reference,
along with C2’s value, determines how much charge is
removed from C1 each time the charge pump cycles.
Thus, each time A2’s output tries to cross zero, C2 is
switched across C1, resetting it to a small negative voltage
andforcing A1 to begin recharging it. The frequency of this
oscillatory behavior is directly proportional to the input
derived current into A1. During the time C1 is ramping
toward zero the LTC201 switches C2 across the LT1004,
preparing it for the next discharge cycle. The action is the
same for negative input excursions (see Figure 25), except
that A1’s output phasing is reversed. A2, looking differen-
tially across A1’s diode bridge, sees the same signal as for
positive inputs and circuit action is identical. A4, detecting
A1’s output polarity, provides a sign bit output (trace F).

AN45-16
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Figure 26, an amplitude expanded version of A1 and A2’s
outputs, shows detail. Trace A is the input, while trace B
andtrace Care A1and A2’s outputs, respectively. Comple-
mentary bias points and ramping action are clearly visible
in A1’s output, while A2 responds identically for both input
phases. A1’s output bias points are established by the two
conducting bridge diodes. When the input switches polar-
ity, A1 responds immediately and oscillation frequency
settles within 1 to 2 cycles of final value.

A=20V/DIV

B=1V/DIV H

c-05voN §

D=100V/DIV &
E =50V/DIV ‘:
F = 50V/DIV g

Start-up or overdrive conditions could cause this loop to

latch. A start-up mechanism, adapted from oscilloscope

. - trigger circuitry, precludes latch-up.2 If C1 charges past
HORIZ = 500us/DIV wsws  the point where C2 can reset it, loop closure ceases. A2’s
Figure 25. Waveforms for the Bipolar Input V to F Converter

6=50VDIV b
H-50v/DIV e 8

Note 2: See References 5 and 6.
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output saturates positive, causing A3 to go negative. A3’s
prolonged negative state, detected by the R1-C3 filter,
pulls its negative input toward —=15V. When A3’s negative
input crosses zero, its output changes state and charges
R1-C3 positively. A3’s input rises above zero, causing
output reversal and free-running oscillation commences.
As in normal mode, the 100pF-33k RC aids transitions.
A3’s oscillations are transmitted to the LTC201 based
charge pump via A1 and the inverters. C2 pumps charge
out of C1, driving the voltage across it toward zero. A2
comes out of positive saturation and heads negative,

A=sovoiv [

B =0.5V/DIV

C=0.2v/DIV

ANd5 - TA26

HORIZ = 500us/DIV
Figure 26. Detail of Integrator and Differential Amplifier Outputs

eliminating positive bias at A3’s input. A3’s free-running
oscillation stops, and normal loop action begins.

To calibrate this circuit apply either a =10V or a +10V
input and set the 10kQ trimmer for exactly 10kHz output.
The low offsets of A1 and A2 permit operation down to a
few hertz with no zero trim required.

1.5V Powered, 350ps Rise Time Pulse Generator

Verifying the rise time limit of wideband test equipment
set-ups is a difficult task. In particular, the “end-to-end”
rise time of oscilloscope-probe combinations is often
required to assure measurement integrity. Conceptually, a
pulse generator with rise times substantially faster than
the oscilloscope-probe combination can provide this in-
formation. Figure 27’s circuit does this, providing a 1ns
pulse with rise and fall times inside 350ps. Pulse ampli-
tude is 10V with a 50Q source impedance. This circuit,
built into a small box and powered by a 1.5V battery,
provides a simple, convenient way to verify the rise time
capability of almost any oscilloscope-probe combination.

The LT1073 switching regulator and associated compo-
nents supply the necessary high voltage. The LT1073
forms a flyback voltage boost regulator. Further voltage
step-up is obtained from a diode-capacitor voltage dou-
bler network. L1 periodically receives charge, and its

+90V AVALANCHE BIAS
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Figure 27. 350ps Rise Time Pulse Generator
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flyback discharge delivers high voltage events to the
doubler network. A portion of the doubler network’s DC
output is fed back to the LT1073 via the R1, R2 divider,
closing a control loop.

The regulator’s 90V output is applied to Q1 via the R3-C1
combination. Q1, a 40V breakdown device, non-destruc-
tively avalanches when C1 charges high enough.® The
result is a quickly rising, very fast pulse across R4. C1
discharges, Q1’s collector voltage falls and breakdown
ceases. C1 then recharges until breakdown again occurs.
This action causes free-running oscillation at about 200kHz.
Figure 28 shows the output pulse. A 1GHz sampling
oscilloscope (Tektronix 556 with 151 sampling plug-in)
measures the pulse at 10V high with about a 1ns base.
Rise time is 350ps, with fall time also indicating 350ps.
The figures may actually be faster, as the 151 is specified
with a 350ps rise time limit.4

VERT = 2V/DIV

HORIZ = 200ps/DIV

AN4S - TA28

Figure 28. Avalanche Pulse Generator Qutput Pulse. Waveform
Has 350ps Rise and Fall Times. Slightly Under Damped Turn-Off
is Probably Due to Test Fixture Limitations

Q1 may require selection to get avalanche behavior. Such
behavior, while characteristic of the device specified, is
not guaranteed by the manufacturer. A sample of 50
Motorola 2N2369s, spread over a 12 year date code span,
yielded 82%. All “good” devices switched in less than
600ps. C1 is selected for a 10V amplitude output. Value
spread is typically 2pFto 4pF. Ground plane type construc-
tion with high speed layout techniques are essential for
good results from this circuit. Current drain from the 1.5V
battery version is about 5mA.

Note 3: See Reference 7.
Note 4: I'm sorry, but 1GHz is the fastest scope in my house.

Vi = 4-20V
s
1uF
I L1-820pH
1’
- 2.
328 MUR120 HIGH VOLTAGE
OUT T0 TMQ
1000 +  RESISTOR (R3)
E’VW—' 2uF
0.003 s [
e — smo=
Vin Vow
B
>
b3E
LT1072 1

EMITTER
‘ GND

2uF

Hi

L1=J. W. MILLER #100267

ANdS - TA29

@ Figure 29. Alternate 90V DC-DC Converter

Forthose applications which must run from higher voltage
inputs, Figure 29 is included. This circuit, which operates
from inputs of 4V to 20V, will also power the avalanche
stage. Cascoded high voltage transistor Q1 combines with
the LT1072 switching regulator to form a high voltage
switched mode control loop. The LT1072 pulse width
modulates Q1 atits 40kHz clock rate. L1’s inductive events
are rectified and stored in the 2uF output capacitor. The
1MQ-12kQ divider provides feedback to the LT1072. The
diode and RC at Q1’s base damp inductor related parasitic
behavior. The circuit’s output drives the avalanche stagein
similar fashion to the LT1073 based circuit.

A Simple Ultra-Low Dropout Regulator

Switching regulator post regulators, battery powered ap-
paratus, and other applications frequently require low
dropoutlinear regulators. Often, battery life is significantly
affected by the regulator’s dropout performance. Figure
30’s simple circuit offers lower dropout voltage than any
monolithic regulator. Dropout is below 50mV at 1A, in-
creasing to only 450mA at 5A. Line and load regulation are
within 5mV, and initial output accuracy is inside 1%.
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Additionally, the regulator is fully short circuit protected,
and has a no load quiescent current of 600pA.

Circuit operation is straightforward. The 3-pin LT1123
regulator (T0-92 package) servo controls Q1’s base to
maintain its feedback pin (FB) at 5V. The 10uF output
capacitor provides frequency compensation. If the circuit
is located more than six inches from the input source, the
optional 10uF capacitor should bypass the input. The
optional 20Qresistor limits LT1123 power dissipation and
is selected based upon the maximum expected input
voltage (see Figure 31).

Normally, configurations of this type offer unpredictable
short circuit protection. Here, the MJE1123 transistor
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Figure 32. Short Circuit Current for 30 Randomly Selected
MJE1123 Transistors at Viy =7V

shown has been specially designed for use with the
LT1123. Because of this, beta based current limiting is
practical. Excessive output current causes the LT1123 to
pull down harder on Q1 until beta limiting occurs. Under
these conditions the controlled pull down current com-
bines with Q1’s beta and safe operating area characteris-
tics to provide reliable short circuit limiting. Figure 32
details current limit characteristics for 30 randomly se-
lected transistors.

Figure 33 shows dropout characteristics. Even at 5A,
dropout is about 450mV, decreasing to only 50mV at 1A.
Monolithic regulators cannot approach these figures, pri-
marily because monolithic power transistors do not offer
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Figure 31. LT1123 Power Dissipation Limiting Resistor Value
vs Input Voltage
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Figure 34. Dropout Voltage vs Output Current for Various

Regulators
Q1’s combination of high beta and excellent saturation.
For comparison, Figure 34 compares the circuit’s perfor-
mance against some popular monolithic regulators. Drop-
out is 10 times better than 138 types, and significantly
better than the other types shown. Because of Q1’s high
beta, base drive loss is only 1%-2% of output current,
evenat full 5A output. This maintains high efficiency under
the low Viy — Vour conditions the circuit will typically
operate at. As an exercise, the MJE1123 was replaced with
a 2N4276, a Germanium device. This combination pro-
vided even lower dropout performance, although current
limit characteristics cannot be guaranteed.

Figure 35 shows a simple way to add shutdown to the
regulator. A CMOS inverter or gate biases Q2 to control
LT1123 bias. When Q2’s base is driven, the loop functions
normally. With Q2 unbiased, the circuit goes into shut-
down and pulls no current.
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Figure 35. Shutdown for the Low Dropout Regulator

Cold Cathode Fluorescent Lamp Power Supply

Current generation portable computers utilize back-lit
LCD displays. Cold Cathode Fluorescent Lamps (CCFL)
provide the highest available efficiency for back-lighting
the display. These lamps require high voltage AC to
operate, mandating an efficient, high voltage DC-AGC con-
verter. Inaddition to good efficiency, the converter should
deliver the lamp drive in the form of a sine wave. This is
desirable to minimize RF emissions. Such emissions can
cause interference with other devices, as well as degrad-
ing overall operating efficiency.

Figure 36 meets these requirements. Efficiency is 78%,
with an input voltage range of 4.5V-20V. 82% efficiency is
possible if the LT1072 is driven from a low voltage (e.g.,
3V-5V) source. Additionally, lamp intensity is continu-
ously and smoothly variable from zero to full intensity.
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i‘ Figure 36. Cold Cathode Fluorescent
Lamp Power Supply
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When power is applied the LT1072 switching regulator’s
feedback pinis belowthe devices internal 1.23V reference,
causing full duty cycle modulation at the Vg pin (trace A,
Figure 37). L2 conducts current (trace B), which flows

a=20vo -
B=04ADIV
€ =20V/DIV
D = 20V/DIV
£ = 1000V/DIV

F=5VIDIV

AAND B HORIZ =10ps/DIV
€ THRU F HORIZ = 20 ps/DIV
TRIGGERS FULLY INDEPENDENT

AN45 < TAS7

Figure 37. Waveforms for the Cold Cathode Fluorescent Lamp
Power Supply. Note Independent Triggering on Traces A and B
and C Through F.

from L1’s center tap, through the transistors, into L2. L2’s
current is deposited in switched fashion to ground by the
regulator’s action.

L1 and the transistors comprise a current driven Royer class
converter® which oscillates at a frequency primarily set by
L1’scharacteristics and the 0.02uuF capacitor. LT1072 driven
L2 sets the magnitude of the Q1-Q2 tail current, and hence
L1’s drive level. The 1N5818 diode maintains L2’s current
flow when the LT1072 is off. The LT1072’s 40kHz clock rate
is asynchronous from the Royer converters (=60kHz) rate,
accounting for trace B’s waveform thickening.

The 0.02uF capacitor combines with L1’s characteristics
to produce sine wave voltage drive at the Q1 and Q2
collectors (traces C and D, respectively). L1 furnishes
voltage step-up, and about 1400Vp-p appears at its sec-
ondary (trace E). Current flows through the 33pF capacitor
into the lamp. On negative waveform cycles the lamp’s

current is steered to ground via D1. Positive waveform
cycles are directed, via D2, to the ground referred 562Q-
50k potentiometer chain. The positive half-sine appearing
across these resistors (trace F) represents 1/2 the lamp
current. This signal is filtered by the 10k-1uF pair and
presented to the LT1072’s feedback pin. This connection
closes a control loop which regulates lamp current. The
2uF capacitor at the LT1072’s V¢ pin provides stable loop
compensation. The loop forces the LT1072 to switch-
mode modulate L2’s average current to whatever value is
required to maintain a constant current in the lamp. The
constant current’svalue, and hence lamp intensity, may be
varied with the potentiometer. The constant current drive
allows full 0-100% intensity control with no lamp dead
zones or “pop-on” atlow intensities. Additionally, lamp life
is enhanced because current cannot increase as the lamp
ages.

Several points should be keptin mind when observing this
circuit’s operation. L1’s high voltage secondary can only
be monitored with a wideband, high voltage probe fully
specified for this type of measurement. The vast majority
of oscilloscope probes will break down and fail if used for
this measurement.8 Tektronix probe type P-6009 (accept-
able) ortypes P6013Aand P6015 (preferred) probes must
be used to read L1’s output.

Another consideration involves observing waveforms.
The LT1072’s switching frequency is completely asyn-
chronous fromthe Q1-Q2 Royer converter’s switching. As
such, most oscilloscopes cannot simultaneously trigger
and display all the circuit's waveforms. Figure 37 was
obtained using a dual beam oscilloscope (Tektronix 556).
LT1072 related traces A and B are triggered on one beam,
while the remaining traces are triggered on the other
beam. Single beam instruments with alternate sweep and
trigger switching (e.g., Tektronix 547) can also be used,
but are less versatile and restricted to four traces.

Note 5: See Reference 8.
Note 6: Don’t say we didn't warn you!

AN45-22

LR



Application Note 45

References

1.

Verster, T.C., “P-N Junction as an Ultralinear Calcu-
lable Thermometer,” Electronic Letters, Vol. 4, pg.
175, May, 1968.

Verster, T.C., “The Silicon Transistor as a Temperature
Sensor,” International Symposium on Temperature,
1971, Washington, D.C.

Type 7D13 Plug-In Operating and Service Manual,
Tektronix, Inc., 1971.

Sheingold, D.H., “Nonlinear Circuits Handbook,”
Chapter 3-1, “Basic Considerations,” pgs. 165-166,
Analog Devices, Inc., 1974.

Oscilloscope Trigger Circuits, “Automatic Trigger,”
pgs. 39-49, Tektronix Concept Series, 1969.

Type 547 Oscilloscope Operating and Service Manual,
“Automatic Stability Gircuit,” pgs. 3-8, Tektronix, Inc.,
1964.

Type 111 Pretrigger Pulse Generator Operating and
Service Manual, Tektronix, Inc., 1960.

Bright, Pittman and Royer, “Transistors As On-Off
Switches in Saturable Core Circuits,” Electrical
Manufacturing, December, 1954.

Morrison, John C., MD, Editor. “Antepartal Fetal
Surveillance,” Obstetrics and Gynecology Clinics of
North America, Volume 17:1, March, 1990, W.B.
Saunders Co.

10.

1.

12.

13.

14.

15.

16.

17.

Atkinson, P., Woodcock, J.P., “Doppler Ultrasound,”
London, Academic Press, 1982.

Doppler, J.C., “Uber das farbigte Licht der
Dopplersterne und einigr anderer Gestirne des
Himmels,” Abhandl d Konigl Bomischen Gesellschaft
der Wissenschaften 2:466, 1843.

FitzGerald, D.E., Drumm, J.E., “Noninvasive
measurement of fetal circulation using ultrasound:
A new method,” Br Med J 2:1450, 1977.

Hata, T., Aoki, S., Hata, K., et al, “Intracardiac blood
flow velocity waveforms in normal fetuses in utero,”
Am J Cardiol 58:464, 1987.

Pourcelot, L., “Applications clinique de I'examen
Doppler transcutane,” /n Pourcelot, L. (ed),
Velocimetric Ultrasonore Doppler, INSERM 34:213,
1974.

Shung, K.K., Sigelman, R.A., Reid, J.M., “Scattering
of ultrasound by blood,” IEEE Trans Biomed Eng
BME-23:460, 1976.

Stuart, B., Drumm, J., FitzGerald, D.E., et al, “Fetal
blood velocity waveforms in normal pregnancy,” BrJ
Obstet Gynaecol 87:780, 1980.

Stabile, 1., Bilardo, C., Panella, M., et al, “Doppler
measurement of uterine blood flow in the first
trimester of normal and complicated pregnancies,”
Trophoblast Res 3:301, 1988.

Ly ew

AN45-23



Application Note 45

AN45-24 LY LNEAR



” Application Note 46

TECHNOLOGY
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Efficiency and Power Characteristics of Switching

Regulator Circuits
Brian Huffman

Efficiency is often the main objective when using switch-
ing regulators. High efficiency means less power drain on
the input source (batteries, etc.) and less heat buildup
around the regulator, allowing for smaller and lighter
power supplies and system enclosures. Practical switch-
ing regulator efficiencies typically range from 70%-90%.
The highest possible efficiency is desired when battery life
is critical or when package size restrictions preclude
effective heat removal.

Since switching power supplies are not 100% efficient, the
lost power is dissipated as heat. Losses fall into a variety
of categories including switching transistors, clamp di-
odes, filter capacitors, controllers, and inductors. Exces-
sive temperature rise in any of these elements can stress
the power supply leading to premature failure. Therefore,
proper thermal design is essential for reliable operation of
switching supplies.

Calculating the power loss and selecting the proper heat
sink or package size for each switching regulator compo-
nent is not a trivial task. Many variables influence power
loss: circuit switching characteristics, DC and AC compo-
nent characteristics, input and output voltages and load
currents. Furthermore, power device contribution to effi-
ciency loss varies with circuit configuration.

To satisfy design requirements various switching regula-
tor approaches are possible. Before selecting the appro-
priate circuit, a review of the following considerations is
useful.

- Input Voltage Range

— Output Voltage

— Maximum Output Current

- Efficiency

— Form Factor

— Maximum and Minimum Temperature Range
- Price

Efficiency varies widely between switching regulator
architectures, input voltage and output load conditions.

Therefore, efficiency plots for various input and output
conditions accompany each circuit discussed in this
application note, allowing comparisons. Squeezing the
utmost efficiency out of a switching regulator requires that
power components be selected properly. Trade-offs
between circuit complexity and efficiency influence final
circuit selection.

Basic Step-Up Switching Regulator

A common switching regulator requirement involves con-
verting a lower voltage to a higher voltage. Figure 1 shows
a basic step-up switching regulator. The LT1070 is a fully
self-contained switching regulator that controls its inter-
nal switching transistor current to achieve output voltage
regulation.
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Figure 1. LT1070 Step-Up Switching Regulator
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Figure 2. LT1070 Step-Up Converter Waveforms?

Figure 2 shows regulator operating waveforms. Since the
LT1070 has a ground referred power switch, the input
voltage is applied across the inductor when it is on. Trace
A is the Vg pin voltage and trace B is its current. The
inductor current (trace C) rises very slowly as the mag-
netic field builds up. The rate of change of the current is
determined by the voltage applied across the inductor and
its inductance. During this interval energy is being stored
in the inductor and no power is transferred to the output.
When the switch is turned off, energy is no longer trans-
ferred to the inductor causing the magnetic field to col-
lapse. The collapsing magnetic field induces a change in
voltage across the inductor. The Vg pin voltage rises until
clamp diode D1 forward biases. The diode current (trace
D) is distributed between the load and the output capaci-
tor. When the diode is reverse biased, the output capacitor
provides the load current. The 1% resistors control the

Note 1: Switching Regulator and DC-DC Converter are used
interchangeably in this text.
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Figure 3. Vi vs lgyt for Boost Converter

regulator’s feedback loop, setting output voltage. The RC
network at the V¢ pin provides loop compensation. Figure
3 shows the maximum output current for various input
voltages and power devices.

Trace C is the input capacitor’s (C1) current waveform.
Capacitor current ramps up when the inductor is storing
energy and down when the energy is transferred to the
load. The input capacitor provides a low resistance AC
return path for the inductor current during switch on and
off times. Because of this, both the input capacitor and
inductor have the same current waveform.

Trace D is the output capacitor’s (C2) current waveform.
The output capacitor’s waveformis different than the input
capacitor’s. The output capacitor’s current waveform ramps
down when charging and goes flat when providing current
to the load. The capacitor’s ripple current waveform is
often misinterpreted. The waveform shows peak to peak
current. Capacitor current flows in both directions; into the
capacitor when charging and out when discharging. The
average capacitor current is zero, but its RMS value is not.
Appendix B explains capacitor current waveformsin greater
detail.

Figure 4 shows that efficiency for this circuit generally
exceeds 75%.
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Figure 4. LT1070 Boost Converter Efficiency for Various
Input Voltages and Load Currents

Semiconductor Losses

The output diode is often a major source of power loss in
switching regulators, especially with output voltages be-
low 10V. Inherent forward conduction losses limit the

AN46-2
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diode’s overall efficiency. For output voltages below 10V,
Schottky switching diodes are recommended for their
minimum forward voltage drop and fast recovery time
characteristics. A Schottky rectifier, with a typical Vs of
0.5V, introduces a loss of 4% fora 12V outputand 10% in
a5V output. Its low peak inverse voltage rating limits use
to low voltage applications. In higher output voltage
applications the silicon diode forward voltage loss is less
significant, because the diode’s DC loss is a much smaller
percent of the total loss.

Another loss element is the LT1070’s switching transistor
and its control circuitry. The bulk of this power loss is due
to the switching transistor’s conduction losses. Switch
conduction loss includes both actual switch saturation
and driver circuitry losses. The internal power switch is a
bipolar device with a forced beta of 40. At low input voltage
and high switch currents, switch saturation losses domi-
nate with driver losses dominating under converse condi-
tions. Only at light load does the controller's quiescent
current significantly affect efficiency.

Capacitor Losses and Considerations

Filter capacitors, if chosen properly, dissipate only a few
hundred milliwatts under worse case operating conditions
adding very little to overall power loss. The primary
concern when choosing a filter capacitor is its RMS ripple
current rating. The ripple current rating is selected to limit
temperature rise in the capacitor. Capacitors must be kept
within manufacturer’s ripple current specifications for
efficient operation and long lifetime. Power dissipation
can be determined by multiplying the capacitor’s Effective
Series Resistance (ESR) by the square of the RMS current.
Physically larger capacitors have higher RMS current
ratings than smaller capacitors since they have lower ESR
and more surface area to dissipate heat. Another alterna-
tive is to parallel several smaller capacitors to achieve low
ESR and acceptable component height. Appendix A dis-
cusses thermal consideration for aluminum electrolytic
capacitors.

RMS current can vary significantly between input and
output capacitors. For the boost circuit, the input capacitor
RMS current is 400mA RMS, while the output capacitor is
1.3A RMS for a 1A load. Therefore, the output capacitor
has to be larger than the input capacitor to handle the

current. Appendix B details RMS current measuring
techniques.

Inductor Loss Factors

A properly designed inductor will degrade efficiency by
only a small percentage. Inductor losses are broken up
into two categories: wire loss (copper loss) and core loss.
Trade-offs associated with wire size, inductor value, core
volume and core material influence final selection. Power
loss in the copper wire only becomes significant at high
current levels, since it is proportional to the square of the
RMS current. Inductorlosses also vary widely for different
core materials and input voltages.

Basic Step-Down Switching Regulator

Many regulator requirements involve converting a higher
voltage into a lower voltage. Although a linear regulator
can do this, it cannot achieve the efficiency of switching
regulator-based designs. Figure 5 shows a practical step-
down switching regulator using the LT1074.
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Figure 5. LT1074 Positive Step-Down Switching Regulator

The operating waveforms for this circuit are shown in
Figure 6. When the LT1074’s high side switch turns on it
pulls the Vgy pin to within 2.0V of the positive rail. Trace
Aisthe Vg pin voltage and trace Bits current. During this
period current flows from the input through the LT1074
and the inductor, and into the load. Inductor current is
shown in trace C. When the LT1074 power switch turns
off, the Vg pin voltage drops until clamp diode D1
forward biases (trace D) providing a path for the inductor
to transfer its energy to the output. Figure 7 shows
maximum output current for various input conditions.
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Figure 6. LT1074 Positive Step-Down Converter Waveforms
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Figure 7. Vi vs lgyr for Positive Buck Converter

The filter capacitors provide a low impedance return path
for AC current. The output capacitor’s current waveform
looks exactly like the inductor’s current waveform (trace
C), except the capacitor’s current has no DC component.
The RMS current for the output capacitor is quite low,
approximately 150mA RMS with a 1A load. The input
capacitor’s current waveform is the same as the Vgy pin
current (trace B). Its ripple current is approximately equal
t0 1/2 Iyt (500mA) and is noticeably higher compared to
the output capacitor current.

Figure 8 shows that efficiency can generally exceed 75%.
The output diode and LT1074 switch are the two main loss
elements. A Schottky diode is chosen for its low forward
voltage drop. It introduces a 5% loss whereas a silicon
diode would double this figure. The LT1074 switch has a
relatively constant 2.0V loss. At low input voltages effi-
ciency is degraded because this loss makes up a higher
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Figure 8. LT1074 Positive Buck Converter Efficiency for Various
Input Voltages and Load Currents

percentage of the available supply. Higher inputs make the
fixed loss a smaller percentage, improving efficiency.

Floating Input Step-Down Switching Regulator

Figure 9 shows a way to obtain significantly higher effi-
ciency atlowinputvoltages. This technique utilizes the low
saturation characteristics of the LT1070 power switch to
obtain efficiency in excess of 85% for a 9V input. In this
circuitthe input voltage negative terminalis not connected
to the output voltage negative terminal. The input must be
allowed to float. A floating input can either be a battery or
a galvanically isolated transformer’s winding. This circuit
is particularly useful in battery application since battery
voltages are usually low and maximizing efficiency is often
a critical issue.

This circuit operates similarly to Figure 5. The primary
difference between this circuit and Figure 5 is the power
switch type and location. Here, one side of the inductor is
at ground potential and the LT1070’s NPN power switch
connects the other side to the input supply negative
terminal. The LT1074 connects the inductor between the
output voltage and the positive supply rail. With the
inductor connected to ground instead of the positive rail,
a common emitter NPN can be used instead of the much
higher loss composite PNP used in the LT1074. This
minimizes the power transistor’s voltage drop contribu-
tion to power loss. Appendix C compares the conduction
losses between the two switch types.

Switching waveforms are shown in Figure 10. The current
waveforms are identical to those of Figure 6. However, the
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Figure 10. LT1070 Floating Input Step-Down Converter
Waveforms

Vgw pin voltage transitions are different. For the LT1070
circuit the Vgw pin voltage swings from the negative
terminal of the input supply to a diode drop above the
output voltage. In comparison, the LT1074’s Vg pin
switches from the positive rail to a diode drop below
ground. Figure 11 details the maximum output current for
various input voltages and power devices. When the
LT1070 operates at a duty cycle greater than 50% its
maximum switch current is reduced, which causes the
decrease in maximum output current seen at low input
voltages.

LTANAG « TAT1

Figure 11. Vyy vs lgyy Floating Input Buck Converter

The feedback senses the output with respect to the GND
pin, so a level shift is required from the 5V output. Q1
serves this purpose, introducing only —2mV/°C drift, (see
Equation 3). This is normally not objectionable in a logic
supply, but can be compensated for with the optional
appropriately scaled diode/resistor, (see Equation 4 in
Figure 9).

Figure 12 shows this circuit’s efficiency characteristics.
Efficiency at low input voltages is significantly higher than
the previous circuit because of lower power switch losses.
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Figure 12. LT1070 Negative Buck Converter Efficiency for
Various Input Voltages and Load Currents

At high input voltages and low output current levels the
IC’s quiescent current reduces the circuit’s efficiency. The
diode, filter capacitors, and inductor losses are comparable
to the previous LT1074 buck circuit.

Figure 13 shows this circuit’s topology used for negative
buck conversion. Its operating waveforms are the same as
shown in Figure 10. The common ground connection
between the input and output voltage does not change the
operating characteristics of the circuit.

High Efficiency Step-Down Switching Regulator

Although more complicated than the previous circuit, the
high efficiency circuit in Figure 14 allows a common
ground connection between inputand output. Here, circuit
complexity is traded off for increased efficiency at low
input voltages.

The circuit operating characteristics are similar to that of
the step-down regulator of Figure 5. In this case, an
LT1070 common emitter NPN output switch is used to
drive the inductorto the positive rail. Using an NPN switch
achieves lower conduction losses than the composite PNP
used in the LT1074.

The operating waveforms for this circuit are shown in
Figure 15. When the LT1070’s switch turns on, it pulls the
GND pin to the input voltage. Trace A is the GND pin
voltage and trace B is its current. During this period,
current flows from the input through the LT1070 and the
inductor, and into the load. Inductor current is shown in
trace . When the LT1070 switch turns off, the voltage on
the GND pin drops until the clamp diode is forward biased
(trace D is clamp diode current), providing a current path
for the inductor to transfer its energy to the output.
Maximum output current for various input voltages and
power devices is shown in Figure 16.
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Figure 13. LT1070 Negative Step-Down Switching Regulator
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Forthis circuit to function the Vyy pin must be driven above
the input voltage (trace E). This is accomplished by
bootstrapping C2 off the GND pin of the LT1070. C2
charges up through D1 when the LT1070 switch is off.
When the switch turns on, D1 reverse biases allowing the
V) pin to rise above the input voltage. The GND pin is
pulled to within a few hundred millivolts of the input
voltage. The Vjy pin voltage is now twice the input voltage.
C2’s stored charge provides adequate supply current and
base drive for the power switch during this interval.

The output voltage is controlled by the LT1431, an adjust-
able shunt voltage regulator. The output voltage is set by
the ratio of R1 and R2, (see Equation 7 in Figure 14). The
LT1431’s error amplifier compares the reference pin volt-
age to its internal 2.5V reference. The LT1431’s output
drives a shunttransistor, Q2, which absorbs current from
the Vg pin of the LT1070, adjusting duty cycle. The V¢ pin
RC network provides sufficient loop compensation.

It is often desirable to put a switching regulator into
“shutdown mode”, a condition where the switching regu-
lator is turned off and draws micropower current levels, to
maximize battery life. One solution is to place a MOSFET
switch in series with the input. This approach requires a
large power device and reduces efficiency at high output
currents. The LT1070 provides an elegant solution to this
problem by integrating a shutdown feature. When the
voltage between the Vg and GND pin is pulled below
150mV, the IC shuts down pulling only 150uA. This is
implemented by turning on Q1, reducing the circuit’s
quiescent current from 6mA to 150uA.

When the input voltage is first applied to this circuit, the
regulator dumps full short circuit current into the output
capacitor, attempting to bring the output up to its regu-
lated value. The output can overshoot its desired value
before the control loop is able to idle back the output
current. This condition could overdrive Q2, forcing it to
pull the voltage between the V¢ and GND pin below
150mV, and putting the LT1070 in its shutdown mode.
The output voltage would momentarily drop to zero and
remain there until the V¢ pin rises above 900mV. To
preventthis condition from occuring, the Vg pinis clamped
by D3 and the 470k resistor is used as a pull up.

Figure 17 shows efficiency approaching 90%. Squeezing
the utmost efficiency from this circuit requires care. The
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Figure 17. LT1070 High Efficiency Positive Buck Converter

Efficiency
power switch and the catch diode conduction losses are
the two main loss elements. These devices forward volt-
age drop must be minimized in order to maximize effi-
ciency. A Schottky diode is used for its minimum forward
voltage drop. The inductor selection is not a trivial task
since it can add a couple percent loss. Low core loss
material such as Molypermalloy, “high flux”, “Kool Mu”
(Magnetics, Inc.), and ferrite cores should be used. Nor-
mal design procedure for wire size may have to be modi-
fied to reduce copper loss.

The LT1431 and associated control circuitry can be re-
placed by an LT1432. Refer to the LT1432 data sheet for
further details.

Positive to Negative Buck Boost Switching Regulator

Afrequent switching regulator application is to produce a
negative output from a positive supply, usually 5V. One
approach is to use atransformer in a flyback topology, but
transformers are not off-the-shelf components. They are
expensive, especially in low volumes, and can have long
delivery times. Alternately, a negative output is easily
obtained with a simple inductor. Inductors are more
desirable than transformers in many converter designs
because they are readily available and economical. The
negative output requirement is easily fulfilled by the circuit
shown in Figure 18.

The operating waveforms are shown in Figure 19. When
the LT1074 switch turns on, current flows from the input
through the LT1074 and into the inductor. Trace A is the
switch pin voltage and trace B is its current. During this
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Figure 19. LT1074 Positive to Negative Converter
Waveforms

period current ramps up in the inductor (trace C) as energy
is stored in the core. When the LT1074 power switch turns
off, the voltage on the Vg pin drops until clamp diode D1
forward biases (trace D). This provides a current path for
the inductor to transfer its energy to the output. Figure 20
shows this circuit can provide a 1A output fora4.5Vinput.

In this architecture the LT1074’s GND pin is tied to the
negative output rather than to ground. This technique
eliminates a level shifting op amp in the feedback path.
Feedback is sensed from circuit ground, and the regulator
forces its feedback pin to 2.21V above its GND pin. The

output voltage can be varied by changing the R1-R2-R3-
R4 divider ratio, (see Equation 10 in Figure 26). The
LT1074 controls duty, cycle to achieve output voltage
regulation.

Positive to negative converters have a “right half plane
zero” in the transfer function, which makes them particu-
larly hard to frequency stabilize, especially with low input
voltage. R1, R2 and C3 form an AC feedforward path
needed for loop compensation at low input voltages. They
can be omitted for Vi > 10V, or Viy/Voyt > 2. This net-
work along with G4 provides stable loop frequency
compensation.

Efficiency generally exceeds 60% as shown in Figure 21.
Efficiency is degraded at low input voltages where the
LT1074 power switch is responsible for the majority of the
efficiency loss. Its 2.0V switch voltage drop cuts the
5
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Figure 20. V)y vs lgyy for Positive to Negative Converter
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Figure 21. LT1074 Positive to Negative Converter Efficiency for
Various Input Voltages and Load Currents
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efficiency by 28% ata 5Vinput; another 10% is contributed
by the output diode. Higher input voltages make the fixed
LT1074 voltage drop a smaller percentage, improving
efficiency.

High Efficiency Positive to Negative Switching
Regulator

The previous circuit has excellent efficiency performance
above a 12V input. However, at low input voltages the
efficiency falls off dramatically. The LT1074’s internal power
switch voltage drop is the major contributor to the degra-
dation of efficiency. Figure 22 shows an alternative ap-
proach to generate anegative output froma positive input.
Here, the LT1070 low loss switching transistor achieves
remarkable efficiency levels, even with a 5V input.

This circuit is reminiscent of the high efficiency buck
converter of Figure 14. The control circuitry and the
manner in which the LT1070 power switch is driven are

I o l D1
L A AT
= Vi 4700 8

identical. However, the power components route the cur-
rent through the same course as the previous positive to
negative design; therefore, their switching characteristics
are the same.

The switching waveforms for this circuit are shown in
Figure 23. Trace A is the LT1070’s GND pin voltage and
trace B is its current. Current flows through the LT1070
and the inductor when the power switch is on. When the
switch turns off, the voltage on the LT1070’s GND pin
drops until diode D4 forward biases. Inductor current
(trace C) then flows through D4 (trace D).

Figure 25 shows this circuit’s efficiency approaches 70%
for a 5V input. The higher efficiency at low input voltage
results from the LT1070’s extremely low switch conduc-
tion loss. The effect of switch loss can be seen by compar-
ing the efficiency characteristics of Figure 21 and Figure
25. The LT1074-based circuit’s efficiency drops dramati-
cally at inputs below 9V.
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Figure 22. LT1070 High Efficiency Positive to Negative Switching Regulator

AN46-10

Ly N



Application Note 46

A=10V/DIV Vsw
B = 2ADIV Isw. Ic1
C=2ADIV Iy
D = 2ADIV Ip. Ic2

HORIZONTAL = 5ps/DIV

LTAN4G - TA23

Figure 23. LT1070 High Efficiency Positive to Negative

Converter Waveforms
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Figure 24. Vjy vs lgyy for High Efficiency Positive to Negative
Converter

LT1070 Negative to Positive Switching Regulator

This converter topology can maintain a constant output
voltage whether the absolute value of the negative input
voltage is greater or less than the positive output voltage.
This is extremely desirable in battery operated electronic
equipment. This flexibility reduces the number of battery
cells required and provides a constant output voltage over
the battery’s complete operating range, maximizing bat-
tery life. The circuit is shown in Figure 26. This technique
can be used only if the input and output voltage negative
terminals are not connected to each other.

This circuit operates similar to the boost regulator of
Figure 1, butis intended for buck-boost conversion. Here,
the positive terminal of the battery is connected to ground
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Figure 25. LT1070 High Efficiency Positive to Negative Converter
Efficiency for Various Input Voltages and Load Current

and the LT1070’s GND pin is connected to the negative
terminal. The feedback pin senses with respect to GND
pin, so Q1 provides a level shift from the 5V output.

Figure 27 shows the circuit operating waveforms. They
resemble those of the boost regulator (Figure 2). The
primary difference between the two circuits is that the
inductor current does not flow through input capacitor C1
during the switch off time. This is noticeable in the input
capacitor’s ripple current waveform (trace B). The ripple
current is significantly higher, compared to the boost
circuit, since the current is being pulled from the input
capacitor in pulses. This increased ripple current necessi-
tates alarger input capacitor. Maximum output current for
various input voltages and power devices is shown in
Figure 28.

Figure 29 shows circuit efficiency in excess of 75%. Once
again the main contributors to power loss are the switch-
ing diode and LT1070’s internal power switch.

Flyback Converter

Many applications require multiple regulated output po-
tentials. A popular output combination is 5V and £12V as
implemented in the circuit shown in Figure 30.

This circuit is a basic flyback regulator. The transformer
transfers energy from the 12V input to the 5V and +12V
outputs. Figure 31 shows the operating waveforms for this
circuit. Trace A is the voltage at the Vg pin and trace B is
its current. During the Vg on-time, the Vg pin is pulled
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Figure 26. LT1070 Negative to Positive Switching Regulator
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Figure 27. LT1070 Negative to Positive Converter Waveforms

to ground forcing the input voltage across the primary
winding. After the initial jump, the primary current (trace
C) rises slowly as the magnetic field builds up. The
magnetic field in the core induces a voltage on the second-
ary windings, which is proportional to the input voltage
times the turns ratio. However, no power is transferred to
the outputs because the rectifier diodes are reverse bi-
ased. The energy is stored in the transformer’s magnetic
field. When the switch is turned off, energy is no longer
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Figure 28. V)y vs lgyr for Negative to Positive Converter
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Figure 29. LT1070 Negative to Positive Converter Efficiency for
Various Input Voltages and Load Currents

transferred to the transformer causing the magnetic field
tocollapse. The collapsing magnetic field induces achange
in voltage across the transformer’s windings. During this
transition the Vg pin’s voltage flies to a potential above
the input voltage, the secondary forward biases the recti-
fier diodes, and the transformer’s energy is transferred to
the outputs. Trace D is the voltage seen on the 5V second-
ary and trace E is its current.

This is not an ideal transformer, so not all the energy is
coupled into its secondary windings. The energy leftin the
primary winding causes the overvoltage spike seen onthe
Vgw pin (trace F). This phenomenon is modeled by an
inductor term placed in series with the primary winding.
When the switch is turned off, current continues to flow in
the primary winding, causing D1 and D2 to conduct (trace
G). This diode network clamps the flyback voltage spike,
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Figure 31. Waveforms for the LT1070 Flyback Converter

preventing excessive voltage at the LT1070’s Vg pin.
When the primary current reaches zero, the Vg pin’s
voltage settles to a potential related to the turns ratio,
output and input voltage.

How well the unregulated outputs track each other, often
referred to as cross regulation, depends upon how tightly
they are magnetically coupled to one another. Post regu-
lators are needed on the unregulated outputs if the cross
regulation erroris too great. Such error can be as much as
20% depending upon output loading conditions.

Theisolated secondaries allow a negative voltage regulator
to be used to regulate the +12V output. The advantage of
the LT1185 over standard linear regulators is its ability to
control current limitto typically within 4%, between its 1A-
3A range, allowing the use of smaller rectifier diodes,
secondary windings wire size, and core size. The isolated
secondary windings’ allows the input of the LT1185 to
float below ground. The LT1185 negative voltage regulators
maintain both positive and negative outputs.

Figure 32 represents the total available output power for
various input voltages and power devices. For simplicity
the available output power is summed into the 5V output.
If the auxiliary outputs are used, the maximum available
current from the 5V output is reduced.

This flyback circuit’s efficiency approaches 80% (see
Figure 33). Power is primarily dissipated in the LT1070,
catch diode D3, and zener diode D1. The LT1070and catch
diode impose losses in the same manner as they did in the
previous circuits. The zener clamp diode is a power loss
element commonly found in flyback designs. It dissipates
energy stored in the transformer’s leakage inductance. To
keep leakage inductance losses to a reasonable level,
leakage inductance should be kept to less than 1% of the
primary inductance.

For the flyback topology, the output filter capacitor takes
a real beating at high output currents. This is due to the
transformer providing current to the output capacitor in
pulses. In many flyback designs the turns ratio is less than
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Figure 32. V| vs lgyr for Flyback Converter

one and the secondary currentis 1/N times higher than the
primary current (see Figure 31). The primary winding peak
current (trace C) is 5A, whereas the secondary winding
peak current (trace E) is 15A. In this case two capacitors
connected in parallel are needed to handle the RMS ripple
current.
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Figure 33. LT1070 Flyback Converter Efficiency for Various Input
Voltages and Load Currents
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APPENDIX A

Thermal Considerations for Aluminum Electrolytic
Filter Capacitors

Aluminum electrolytic capacitors often fail in switching
regulators because many designers do not view them as
power components. Like any power device, capacitors
have thermal limitations which must be observed for
acceptable performance and reliability. Excessive capaci-
tortemperature can cause an open or short circuit, capaci-
tance drop, electrolyte leakage, increased leakage current
or safety venting.

Increased temperature causes a gradual evaporation of
the electrolyte through the capacitor’s seal. As the electro-
lyte is lost, the capacitance is reduced and Effective Series
Resistance (ESR) rises, causing increased power dissipa-
tion. Ifthis regenerative process continues it can cause the
capacitor to exceed its maximum thermal rating. In poorly
designed power supplies itis not uncommon to have early
field failures because the electrolyte in afilter capacitor has
dried up.

Filter capacitors are chosen by physical size rather than
capacitance value, since larger size capacitors have higher
ripple current ratings, lower ESR and more heat dissipa-
tion capability. Selecting the appropriate size for a given
application depends upon several factors:

- Ripple current rating/ESR

— Position on the PC board

— Maximum ambient temperature
- Load life

Additional factors include output voltage ripple and loop
stability. These secondary considerations are not treated
here.

The capacitor’s operating ripple current sets the minimum
acceptable capacitance size. Maximum allowable ripple
current is selected to limit temperature rise in the capaci-
tor. This internal temperature rise is proportional to the
square of the capacitor’s ripple current. Typical core to
ambient temperature rise is between 5°C to 10°C. For
reliable operation the capacitor must operate below the
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maximum allowable ripple current. Appendix B explains
how to measure operating ripple current.

There is atendency for designers to select filter capacitors
based on capacitor value instead of ripple current. This
approach can be catastrophic because ripple current rat-
ings vary widely between capacitor technologies, manu-
facturers and voltage ratings. Figure A1 shows how varied
the ripple current rating is for similar value capacitors with
different voltage ratings. In this example, the 63V part can
handle over twice the RMS current of the 6.3V device
because the higher voltage capacitor is physically larger.

Voltage Rating 6.3V 10V 16V 25V 35V 50V 63V
Irms (MA) 950 1060 1410 1660 1989 2120 2370
Nichicon PL series 105uF-105°C

Figure A1. Ripple Current Ratings for Different Voltage Ratings

High ripple currents require capacitors to have low ESR,
greater surface area, and a high heat transfer constant.
Figure A2 shows the relationship between volume and
ripple current rating. Tall capacitors of equal volume as
short, fat ones tend to be able to dissipate more heat since
they can transfer the heat to the case surface more easily.

10k

NICHICON PL SERIES [
RIPPLE | AT +105°C ]

P

7’

1

/

RIPPLE CURRENT (mA)
=
N

100
0.1 1 10

VOLUME (CUBIC CM)

LTAN4G « TA34

Figure A2. Ripple Current vs Volume

When the required ripple current is greater than the
maximum rated ripple current, it becomes necessary to
parallel capacitors. Paralleling allows sharing of the ripple
current between capacitors. The ESR of each capacitor
acts asa current ballasting impedance. In some instances
it may be preferable to parallel capacitors even when a

single device of higher ripple current rating is available.
This allows smaller size capacitors to be utilized. Heat flow
increases from multiple capacitors when compared to a
single device with a higher current rating because the heat
is spread over a greater area.

The ESR of the capacitor is the predominant cause of
internal temperature rise above ambient. The power loss
in the capacitor is determined by:

Pcap = (Iams)? * ESR
ESR = Effective Series Resistance
Irms = Capacitor Ripple Current

Capacitor size versus ESR rating varies widely for different
capacitor technologies and between manufacturers. Fig-
ure A3 shows ESR vs Volume for Different Capacitor
Manufacturers.
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Figure A3. ESR vs Volume for Different Capacitor Manufacturers

Printed circuit board layout can have a dramatic effect on
a capacitor’s operating temperature. For example, one
terminal of an output capacitor is often connected to a
catch diode. During full load conditions the diode can
reach junction temperatures in excess of 100°C, dissipat-
ing several watts. The diode’s leads conduct the heat into
the PC board traces, where it can be transferred into the
filter capacitor, elevating its internal temperature. Wide PC
board traces at the diode will dissipate this heat, reducing
capacitor heating.

Another frequently overlooked layout consideration is the
capacitor’s location relative to heatsinks. Heatsinks radi-
ate heat, increasing an adjacent capacitor’s temperature.

AN46-16
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Capacitor load life includes both parametric and cata-
strophic failures. A capacitor is considered failed if capaci-
tance, ESR or leakage current exceeds maximum allow-
able variation. ESR variation is the parameter of primary
concern for switching regulators because, as ESR in-
creases, output voltage ripple and thermal dissipation go
up. The load life of a capacitor is rated in hours, typically
between 1,000 hours and 10,000 hours, with full rated
voltage applied across its terminals at a specified tempera-
ture, usually 105°C. Load life definitions vary for different
type of capacitors.

Load life increases for larger case diameters; refer to
Figure A4. Load life is primarily limited by electrolyte loss.
One reason for the increased load life between case sizes
is that larger devices hold more electrolyte; it simply takes
longer for the electrolyte to dry up.

Case Diameter (mm) 0.5 0.6 0.8
Load Life (hours) 2,000 3,000 5,000
Nichicon PL series 105uF-105°C

Figure A4. Load Life Rating for Different Case Diameters

The load life specification of a capacitor can be a little
confusing. For example, a Nichicon PL series capacitor
with a case diameter of between 8mm-10mm has a load
life of 3,000 hours while being operated at 105°C. This
information as stated is not very useful, since most
products are designed to last longer than 18 weeks (3,000
hours), and will not be subject to 105°C.

The relationship between thermal stress and expected life
of the capacitor can be predicted by:

105°C — (TX + ATx)
Ly=Lg*2 10

(A1)

Ly : Life expectancy in actual operation (hrs)

Lo Load life at maximum operating temperature

(hrs)

Ty : Ambient temperature in actual operation (°C)
ATy : Temperature rise produced by ripple current (°C)
Ix? e ESR

BeA (A2)

Iy : Operating ripple current (A)
ESR : Effective Series Resistance (Q)

B :Heat transfer constant — determined by case
size (W/cm?/°C)
A : Case surface area (cm?)

_Ted (Z’D ) (A3)

oD : Case diameter
L :Case length

A

Heat transfer constants are not normal data sheet param-
eters, but can be obtained from the manufacturer. Figure
A5 shows the heat transfer constant for United Chemi-Con
electrolytic capacitors. The heat transfer constant is pre-
dominately affected by the thermal characteristics of the
capacitor’s aluminum case and its surface area. Since the
aluminum materialis the same for all series capacitors, the
heat transfer constant depends only on surface area.
These thermal parameters assume that the case is com-
pletely filled with the foil winding. Not all capacitors’ cans
are full, and should be checked by disassembling a sample.

Equation A1 shows that with aluminum electrolytic ca-
pacitors, load life doubles forevery 10°C drop in operating
temperature. The equation includes the effects of operat-
ing ripple current, ambient temperature and heat transfer
constant of the package.

Forexample,aUnited Chemi-Con SXE25VB471M10X20LL
capacitor operating at a ripple current of 860mA and an
ambient temperature of 60°C would have an calculated life
time of 3.1 years.

ly =860mA, ESR =0.140, Lo =2,000 hrs, Ty =60°C
0D x L =10 20 (mm), B=0.0019, A=7.1cm?

0.860A2 e 0.14Q
0.00197.1cm
105°C — (60°C + 7.06°C)
Ly =2,000 hrse 2 10
Ly = 27,665 hrs=3.1yrs

The total lifetime and operating duty cycle of a product
must first be defined in order to generate a capacitor’s
actual total operating hours. Then the lifetime equation
(A1) is used to select a filter capacitor that can meet these
operating conditions. Lap top computers, for instance,

7.06°C

LT IR

AN46-17



Application Note 46

oD xL A B "~ BeA oD xL A B BeA
(mm x mm) (cm?) (W/em?/°C) (W/°C) (mm x mm) (cm?) (W/cm2/°C) (W/°C)
5x11 1.9 0.00210 0.00399 30x40 448 0.00097 0.0435
6.3x 11 25 0.00208 0.00520 30 x50 542 0.00090 0.0488
8x115 3.3 0.00206 0.00680 30 x 60 63.6 0.00085 0.0541
8x14 4.0 0.00200 0.00800 35x 40 53.6 0.00090 0.0482
10x12.5 47 0.00201 0.00945 35x% 50 64.6 0.00084 0.0543
10x 16 58 0.00198 0.0115 35x 60 75.6 0.00080 0.0605
10x 20 71 0.00190 0.0135 35%x70 86.6 0.00076 0.0658
12.5%x 20 9.1 0.00182 0.0166 35x% 80 97.5 0.00074 0.0722
12.5%x 25 11.0 0.00178 0.0196 35x 100 1195 0.00070 0.0837
13x20 95 0.00182 0.0173 40 x 50 745 0.00080 0.0603
13x 25 11.5 0.00178 0.0205 40 % 60 88.0 0.00075 0.0660
13x 30 13.5 0.00170 0.0230 40x 70 100.6 0.00074 0.0744
16 x 25 14.6 0.00164 0.0240 40 x 80 1131 0.00072 0.0814
16 x 31.5 17.8 0.00156 0.0276 40 x 90 125.7 0.00070 0.0880
16 % 35.5 19.9 0.00146 0.0291 40x 100 138.2 0.00070 0.0967
16 x 40 22.1 0.00140 0.0310 40x 110 150.8 0.00070 0.106
18x31.5 20.3 0.00146 0.0297 50 x 60 113.8 0.00072 0.0819
18x 35.5 22,6 0.00140 0.0317 50x 70 129.6 0.00070 0.0907
18 x40 25.1 0.00130 0.0327 50 x 80 145.3 0.00070 0.102
18x 45 26.0 0.00122 0.0342 50 x 90 161.0 0.00070 0.113
22.4x30 25.0 0.00130 0.0325 50 100 176.7 0.00070 0.124
22.4 x40 321 0.00112 0.0360 50x 110 1924 0.00070 0.135
22.4 x50 39.1 0.00102 0.0399 50x 120 208.1 0.00070 0.146
25x 30 28.5 0.00120 0.0342
25 x40 36.3 0.00106 0.0385
25 x50 442 0.00097 0.0429

(Courtesy of United Chemi-Con)

Figure A5. Heat Transfer Constants for Various Case Sizes

might be expected to operate no more than four hours a
day on an average, so a ten year life is only 15,000 actual
operating hours.

A capacitor’s ripple current multiplier can be used to
increase the maximum allowable ripple current, allowing
smaller size capacitors to be used. However, this method
of increasing the maximum ripple current rating assumes
load life is kept constant, so it must be used with extreme
caution. For example, a Nichicon PL series capacitor rated
at 1A RMS at 105°C has a load life of 3,000 hours and a
ripple current multiplier of 2.2 at 65°C. If the ripple current

multiplier is used, the capacitor’s ripple current rating can
be increased to 2.2A RMS as long as the operating
temperature does not exceed 65°C; however, the load life
of the capacitor is still 3,000 hours. Eighteen weeks is a
rather short operating life.

References

1. United Chemi-Con Inc., “Understanding Aluminum
Electrolytic Capacitors.”

2. Nichicon (America) Corp., “Technical Notes on Alumi-
num Electrolytic Capacitors.”
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Capacitor Manufacturers

1. Nichicon (America) Corporation
927 East State Parkway
Schaumburg, IL 60195
(708) 843-7500

2) Sanyo Video Components (USA) Corporation
1201 Sanyo Avenue
San Diego, CA 92073
(619) 661-6322

3) United Chemi-Con, Inc.
9801 West Higgins Road
Rosemount, IL 60018
(708) 696-2000

4) Sprague Electric Company
Aluminum Electrolytic Div.
9800 Kincey Ave. Suite 100
Huntersville, NC 28078
(704) 875-8070

5) Kemet Electronics
P.0. Box 5928
Greenville, SC 29606
(803) 675-1760

6) Marcon
998 Forest Edge Drive
Vernon Hills, IL 60061
(708) 913-9980

7) Wima
2269 Saw Mill River Rd
Bldg. 4C
P.0. Box 217
Eimsford, NY 10523
(914) 347-2474

APPENDIX B

Measuring RMS Current in Switching Regulator Filter
Capacitors

One of the most critical parameters on a capacitor’s data
sheetis its ripple current rating, specified in RMS current.
The operating ripple current must be accurately deter-
mined in order to select the proper size capacitor. The
current waveforms are usually square or triangular and
their RMS value can be determined by either measurement
or an analytical approach.

The preferred method of determining ripple current is to
measure it. This can easily be accomplished using a true-
RMS voltmeter (HP3400A or Fluke 8920A or equivalent)
and a current probe (Tektronix P6021).

Thermally based RMS voltmeters provide the high band-
width and crest factor capability necessary to accurately
measure the RMS current through a filter capacitor. The
RMS voltmeter's bandwidth must exceed 1MHz, since
current transients can exceed 100A/us. Do not use aver-
age responding or logarithmic based RMS voltmeters.

Most hand held voltmeters are average responding and
only good for low frequency sinewaves, typically under
10kHz. The logarithmic approach measures true RMS, but
bandwidths are limited to well below 1MHz.

There are two types of current probes available: the
traditional AC only probe and the true DC Hall Effect type.
AC only current probes (P6021) use a transformer to
convert current flux into AC signals and have a frequency
response from a few hundred hertz to 60MHz. Therefore,
donotuseaP6021ifthe ripple current waveformhasalow
frequency component. Hall Effect current probes (P6042)
include semiconductors to provide a frequency response
from DC to 50MHz. Both types have saturation limitations
which, when exceeded, cause erroneous results.

The following procedure will accurately determine the
maximum RMS current for a capacitor no matter how
complex the ripple current waveforms are. The current
probe is clipped on the capacitor’s lead and the other end
of the probe is connected to the RMS voltmeter. Set the
P6021 terminator to its 10mA/mV scale. It is always a

AN46-19



Application Note 46

good ideatoviewthe current waveform onan oscilloscope
to verify that the converter is working properly before
measuring the RMS voltage. Next, apply maximum load
currenttothe output of the regulator. The RMS current can
be calculated by multiplying the current probe scale factor
by the RMS voltmeter reading:

Irms = Scale Factor * Vgys Reading
10mA/mV * 100mV = 1A RMS

Vary the switching regulator’s input voltage over its entire
operating range. The maximum RMS voltage reading will
be the worst case operating condition for the capacitor.
Select the capacitor based on this RMS current reading.

If atrue RMS voltmeter-is not available, the RMS current
can be estimated by analyzing the capacitor ripple current
waveform. Capacitor RMS current waveforms vary for
different converter topologies, and between input and
output capacitors.

Figure B1 shows some common filter capacitor wave-
forms and equations used to derive the values of Igys.
Current waveforms generally fall into one of four cases.
Case 1 is not an actual ripple current waveform, but it is
often used to approximate the RMS current since only two
variables are used. Here, worst case ripple occurs at 50%
duty cycle. Case 2 is the ripple current waveform for an

o Iams=1a ,/00(1- oc)

oc=4
-

LTAN46  TA36A
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Figure B1. Typical Filter Capacitor Ripple Current Waveforms
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input capacitor for buck, buck-boost, or flyback topology.
Case 3 is for an output capacitor for boost, buck-boost, or
flyback topology. Case 4's waveform is for the input
capacitor for boost and output capacitor for buck mode.

Figure B2 summarizes these equations and shows equa-
tions that can be used to make a quick approximation of
ripple current. Here the RMS current is calculated from
output current and duty cycle. As long as the ratio of Ig
over lp is < 2, these equations approximate the RMS
current to within 10% of the actual value.

There exists a little confusion about where zero current is
located on the capacitor’s current waveform. Figure B3
shows an input capacitor’s ripple current for a buck, buck-
boost and flyback topology. The zero pointis always in the
middle since the average current through the capacitor
must be zero, assuming negligible leakage current. The
two shaded areas are equal because the average current
flowing into the capacitor equals the average outgoing
current.

OAl

LTAN46  TA37

Figure B3. The Average Current Through the Filter
Capacitor is Zero

In many switching regulator applications the input supply
consists of a 60Hz single phase step-down transformer
followed by a rectifier whose output is smoothed by afilter
capacitor. Figure B4 shows the filter capacitor’s ripple
currentwaveform fora full wave bridge rectifier. The ripple
current flowing through the input capacitor consists of the
high frequency switching ripple current superimposed on
the120Hzripple (trace A). Trace B details the content of the
100kHz ripple current which is produced by a LT1074
buck switching regulator.

To select the proper size input capacitor, the effects of the
120Hz and the 100kHz ripple current waveforms must be
considered. The best way to determine the input capacitor’s

TOPOLOGY FLYBACK BOOST BUCK | BUCK-BOOST
e [
Cin

lour *Vour  [1-DC
~lams* Vn ,, o 0.341

lout * Vs 1-DC
2 ouT ® Yout
lout \J DC - (DC) Vin oC

Cout | DC | DC
=~ lgms* ouT ¥3-nC ouT Y3

DC
0.3al lout 1_—56

Al VineDC Vin—Vour)*DC
Lef Lef
DC Vour Vour ~Vin Vour Vour
Vour +NViy Vour Vi Vour +Vin

*Refer to Figure B1 for details on 15 and Ig

Figure B2. Filter Capacitor RMS Current Equations
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A=1ADIV

A HORIZONTAL = 2ms/DIV
B HORIZONTAL = 5ps/DIV

LTAN46 » TASB

Figure B4. Input Capacitor’s Ripple Current Waveform When
Input Supply is a 60Hz Full Wave Bridge Circuit

ripple current isto measure it. ADC current probe must be
used to measure the 120Hz content of the waveform. An
AC current probe can measure the 100kHz ripple but can
not accurately measure the 120Hz ripple since its lower
bandwidth limitis afew hundred hertz. The HP3400A RMS
voltmeter can be used here since its frequency range
extends from 10Hz to10MHz.

APPENDIX C

Bipolar Power Switch Conduction Losses

Power transistor conduction losses limit power conver-
sion efficiency. It can be a substantial limitation when input
voltage is low. Conduction losses include both switch
driver and switch on losses. Switch driver losses occur
because bipolar devices require base current to turn on
and switch on losses are a product of the power transistor
saturation characteristic.

Figure C1 shows the type and location of the power switch
used in the LT1070 step-up (Case 1) and LT1074 step-
down (Case 2) converters. These two switching configu-
rations have different power transistor architectures and
saturation characteristics. The boost circuit, implemented
withan LT1070, uses a ground referred NPN transistor as
the switch device, whereas the buck circuit, implemented
with an LT1074, uses a supply referred composite PNP
high side switch.

Figure C2 shows the saturation characteristics for each
power transistor. The switch voltage drop for the compos-
ite PNPinthe LT1074 (Case 2)is noticeably higherthanthe
NPN used in the LT1070 (Case 1) because of the way the
switch is configured.

NPN Switch

Figure G2, Case 1 shows Current vs Voltage Characteris-
tics of the LT1070 NPN power switch. In saturation, the
NPN switch can be modeled as resistance. The slope of the
curve indicates switch on resistance, which is found by
dividing the collector to emitter voltage by the collector
current. The on resistance of the NPN determines both its
voltage drop and power dissipation. The NPN switch
conduction loss can be calculated from:

Pc = (Iams)? * Ron (C1)

Another dissipation factor associated with the NPN
transistor is the base drive loss. Driving the base requires
current, resulting in power loss in a driver transistor.

To optimize efficiency, the LT1070 uses a constant beta
drive circuitto control base current. This scheme provides
a base drive that is proportional to the collector current.
The LT1070 operates with a constant beta drive of 40,
which means with a collector current of 5A, the base drive
current would be 125mA, but at Ic=1A, Ig is only 25mA.
This technique is very efficient over a wide range of
collector currents.
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Figure C1. Types and Location of Bipolar Power Switches
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Figure C2. Switch Current vs Voltage Characteristics of Bipolar Power Switches

The base drive current is drawn from the input pin of the
LT1070 when the power transistor is on; therefore, driver
losses are duty cycle dependent. The LT1070 dissipation
because of base drive losses becomes:

PDRV = VIN ° |Sw/40 *DC (CZ)

The total LT1070 power dissipation is the sum of the
switch conduction and driver losses and is given by:

Composite PNP Switch Conduction Losses

Figure C2, Case 2 shows the Current vs Voltage Character-
istics of the LT1074 composite PNP power switch. Its
power switch can be modeled by a resistance and a series
offset voltage, typically 1.8V. The fixed 1.8V drop of the
composite switch is made up of 2Vgg (=0.75V ea.) drops
across the Darlington-connected NPN and a PNP satura-
tion drop (=0.3V). The composite PNP power dissipation

ProT = (IRms)%* Ron + Vin ® lavg/40 (C3)  can be predicted by the following formula:
At low switch currents and high input voltages, driver Pp7or=1.8V* layg + 0.1Q * (Ipwis)? (C4)
losses dominate; switch losses dominate at low input
voltages and high switch currents.
LY R AN46-23
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Inthis case, both the average and RMS current are needed
to calculate power loss. The average current can be used
here since the fixed voltage drop is independent of switch
current.

At low input voltages the switch’s fixed voltage loss
degrades efficiency because it makes up a higher percent-
age of the available input supply. Higher input voltages
make the fixed loss a smaller percentage, improving
efficiency.

The composite PNP high gain configuration needs only
5mA of driver current to fully saturate the switch. This
small current introduces negligible loss.

Determining RMS and Average Switch Currents

In order to calculate efficiency, the switch’s average and
RMS currents must be determined. Switch current wave-
forms generally look like those of Figure C3. The associ-
ated RMS and average current equations are also given.
Figure C3, Case 1 can be used to make a quick approxima-
tion of switch RMS and average current. Figure C3, Case
2 is the switch current waveformfor continuous mode and
Figure C3, Case 3 for discontinuous mode.

Using the thermal RMS voltmeter to measure switch RMS
current as discussed in appendix B will work here, but the
RMS meter must be able to measure DC. The DC current
probe must be properly zeroed! For example, the Fluke
8920A RMS voltmeter will work and the HP 3400A will not
because it has an AC-coupled input.

———
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Figure C3. Typical Switch Current Waveforms
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APPENDIX D

Diode Conduction Losses

The output diode conduction loss is often the major
source of power loss in switching regulators. It exhibits a
forward voltage drop (Vs) which limits efficiency. Effi-
ciency loss due to Vs is most significant at low output
voltages, and should be as low as possible to optimize
efficiency. At high output voltages, the forward voltage
drop’s effect on efficiency is small, because it makes up a
very small percentage of output voltage.

For low output voltages, Schottky diodes are recom-
mended over silicon diodes because they have a lower
forward voltage drop for the same current rating. In a
flyback topology with 5V output, a Schottky diode with a
V; of 0.6V introduces a loss of 12% of the output power;
whereas a silicon diode with a Vs of 1.0V contributes a 20%
loss. However, Schottkys are limited to low voltage appli-
cations since they have low Peak Inverse Voltage (PIV)
limits.

Diode conduction loss can be approximated by the follow-
ing formula:

Pp=1Ipave * Vi (D1)

Ip avg :Average Diode Current
V¢ :Diode forward voltage drop at average peak
diode current (lf avg)

Power loss due to diode leakage current is assumed to be
negligible.

The expression for Pp looks simple, but is deceiving
because Vi is a function of the diode’s instantaneous
forward current (l), not average diode current (Ip avg)-
The dependence of Vs on I is shown in Figure D1.

The value to use for I can be determined by examining the
diode’s currentwaveform. Figure D2 shows a typical diode
current waveform. During the diode on-time, the diode
current (lf) is not constant; however, it can be approxi-
mated by taking the average peak diode current (I avg)
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Figure D1. Typical Forward Voltage
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Figure D2. Typical Diode Current Waveform

during this period and is given by Equation D2. This
approximation assumes that the diode forward voltage
drop is relatively linear for the different peak current
values and is reasonably accurate if the ratio of Ig/I is less
than three.

The average diode current (Ip avg) can be determined by
using Equation D3. In the boost, flyback and buck-boost
topology the average diode current is equal to the output
current (loyt), since the diode has to conduct the full
output current. With the buck topology, the average diode
current is only a fraction of the output current; therefore,
it has lower conduction losses then the other converter
topologies for the same output current level.
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The most stressful condition for the output diode is
overload or short circuit conditions. The internal current
limit of the LT1070 is typically 8A at low switch duty
cycles. This is almost a factor of 1.6 higher than the 5A
rated switch current. If full load output current requires
only a fraction of the 5A rated switch current, the ratio of
diode shortcircuit currentto full load current may be much
higher than 2:1. A regulator designed to withstand con-
tinuous short conditions must either use diodes rated for

full short circuit current or it must incorporate some
form of external current limiting.

The boost topology does not provide short circuit protec-
tion, therefore the output diode and inductor can fail if the
output is shorted to ground. If the converter must survive
a short without blowing a fuse, other circuit techniques
must be used.

AN46-26



Application Note 46

LT1432 High Efficiency Step-down

Switching Regulator Conftroller
FEATURES

m Accurate preset +5 Volt output

= Up to 90% efficiency

= Optional burst mode for light loads

= Can be used with many LTC switching ICs
m Accurate ultra-low-loss current limit

m Operates with inputs from 6V to 30V

m Shutdown mode draws only 15pA

m Uses small 50pH inductor

APPLICATIONS

Lap-top and palm-top computers
Portable data gathering instruments
DC bus distribution systems

Battery powered digital widgets

[PIRELINMIINIARY

DESCRIPTION Octobert9s!

The LT1432 is a control chip designed to operate with the
LT1070 family of switching regulators to make a very high
efficiency 5V step-down (buck) switching regulator. A
minimum of external components is needed.

Included is an accurate current limit which uses only 60mV
sense voltage and uses “free” pc board trace material for the
sense resistor. Logic controlled electronic shutdown mode
draws only 15pA battery current. The switching regulator
operates down to 6 volts input.

The LT1432 has a logic controlled “burst” mode to achieve
high efficiency at very light load currents (0 to 100mA) such
as memory keep alive. In normal switching mode, the
standby power loss is about 60mW, limiting efficiency at
light loads. In burst mode, standby loss is reduced to
approximately 15mW.  Output current in this mode is
typically in the 5-100mA range.

The LT1432 is available in 8-pin surface mount and DIP
packages. The LT1070 family will also be available in a
surface mount version of the 5-pin T0-220 package.

TYPICAL APPLICATION nign Eficiency 5V Buck Convertor
VIN
" Vi |— -
Vsw IN Efficiency
+ 3;’01 e LT1170
poeys LT1271 100%
FB
= Ve GND o NORMAL MODE (USE AMPS SCALE)
2 90%
| I_' 1N4148 ~—
b [ —
==l B e —
oo2eF | M Cs
- 6800 0.03uF ull I Ly 80% o=
€3 50uH . Ve
[ ul Ry
4 4.7uF
0.1uF TANT 0.013Q _ v /
1 . i out 70% BURST MODE (USE mA SCALE)
o1 Cy :S;‘II\' /
MBR330p I s904F
1 1 eV 60%
= = 0 05A 10A 15A 20A 25A 30A
V:;c DIODE vv" 0 10mA 20mA 30mA 40mA 50mA 6OmA
Lim
<0.3V = NORMAL MODE LOAD CURRENT
>2.5V = SHUTDOWN LT1432 * R 2 1S MADE FROM PC BOARD
OPEN = BURST MODE COPPER TRACES.
T‘ MODE Vour ** MAXIMUM CURRENT IS DETERMINED
2000 GND BY THE CHOICE OF LT1070 FAMILY.
P T T SEE APPLICATION SECTION.
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PACKAGE/ORDER INFORMATION

VIN PN e 30V
VA PIN s ssssssrananes 40V ToP VIEW ORDER PART
Ve 35V NUMBER
Vimand Vout PiNS e v vy T Mok
Vimand Vour Pin Differential Voltage.................. 0.5V o 1 e
Diode Pin VOHAQE .........ccocvverurireirinirciiiiiiianas 30V ™0 5] Ve
Mode Pin Current (NOt€ 2) .......oveveerreerereeereenienas 1mA v+ [4] % DIODE LT1432CN8
Operating Ambient Temperature Range ....... 0°Cto70°C LT1432CS8
Storage Temperature Range ................. -65°C t0 150°C i rapie
Lead Temperature (Soldering, 10 sec.) ................ 300°C SBPACKAGE
8-LEADPLASTICSOIC

ELECTRICAL CHARACTERISTICS
Vg =6V, Viy=6V, V4+=10V, Vp;ope = 5V, I = 220uA, Vim = Vour, Vmope = 0V, Tj=25°C
Device is in standard test loop unless otherwise noted.
PARAMETER CONDITIONS MIN TYP MAX UNITS
Regulated output voitage [ J 49 5.0 5.1 v
Output voltage line regulation Viy = 6V to 30V [ J 5 20 mv
Input supply current (Note 1) Vin =6V to 30V, V+ = Vin + 4V [ 03 05 mA
Quiescent output load current [ J 0.9 1.2 mA
Mode pin current Vmope = 0V, (Current is out of pin) ( J 30 50 A

Vmooe = 5V (shutdown) [ J 15 30 JA
Mode pin threshold voltage (normal to burst) Imope = 1HA out of pin ) 0.6 09 15 v
V¢ pin saturation voitage Vour = 5.5V (forced) [ J 025 045 v
V¢ pin maximum sink current Vour = 5.5V (forced) o 045 08 1.5 mA
V¢ pin source current Vour = 4.5V (forced) [ J 40 60 100 pA
Current limit sense voltage Device in current limit loop 56 60 64 mv
Vuim pin current Device in current limit loop (Current is out of pin) ® 30 45 70 A
Supply current in shutdown Vmode > 3V, Vin < 30V [ J 15 40 JA
Burst mode output ripple Device in burst test circuit 100 mVp_p
Burst mode average output voltage Device in burst test circuit [ ] 438 5 5.2 \'
Clamp diode forward voltage Ip=1mA ® 05 065 v
Startup drive current Vout = 4.5V (forced),V+=5V to 25V [ J 30 45 mA

The @ denotes specifications whichapply overthe operatingtemperature
range.

Note 1: Does notinclude currentdrawn by the LT10701C. See operating
parametersin standard circuit.

Note2: Breakdown voltage onthe mode pinis 7V. External current must be
limited to value shown.

AN46-28
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TECHNOLOGY

August 1991

High Speed Amplifier Techniques

A Designer’s Companion for Wideband Circuitry

Jim Williams

PREFACE

This publication represents the largest LTC commitment
to an application note to date. No other application note
absorbed as much effort, took so long or cost so much.
This level of activity is justified by our belief that high speed
monolithic amplifiers greatly interest users.

Historically, monolithic amplifiers have represented pack-
ets of inexpensive, precise and controllable gain. They
have partially freed engineers from the constraints and
frustrations of device level design. Monolithic operational
amplifiers have been the key to practical implementation
of high level analog functions. As good as they are, one
missing element in these devices has been speed.

Devices presently coming to market are addressing mono-
lithic amplifiers’ lack of speed. They bring with them the
ease of use and inherent flexibility of op amps. When

Philbrick Researches introduced the first mass produced
op amp in the 1950°s (K2-W) they knew it would be used.
What they couldn’t possibly know was just how widely,
and how many different types of applications there were.
As good a deal as the K2-W was (1 paid $24.00 for mine -
or rather, my father did), monolithic devices are far better.
The combination of ease of use, economy, precision and
versatility makes modern op amps just too good to be
believed.

Considering all this, adding speed to op amps’ attractions
seems almost certain to open up new application areas.
We intend to supply useful high speed products and the
level of support necessary for their successful application
(such high minded community spirit is, of course,
capitalism’s deputy). We hope you are pleased with our
initial efforts and look forward to working together.

LY NN
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INTRODUCTION

Most monolithic amplifiers have been relatively slow
devices. Wideband operation has been the province of
discrete and hybrid technologies. Some fast monolithic
amplifiers have been available, but the exotic and expensive
processing required has inflated costs, precluding
widespread acceptance. Additionally, many of the previous
monolithic designs were incapable of high precision and
prone to oscillation or untoward dynamics, making them
unattractive.

Recent processing and design advances have made inex-
pensive, precision wideband amplifiers practical. Figure 1
lists some amplifiers, along with a summary of their
characteristics. Reviewing this information reveals ex-
traordinarily wideband devices, with surprisingly good DC
characteristics. All of these amplifiers utilize standard op
amp architecture, except the LT1223 and LT1228, which
are so-called current mode feedback types (see Appendix
H, “About Current Mode Feedback”). Itis clear that the raw
speed capabilities of these devices, combined with their
inherent flexibility as op amps, permit a wide range of
applications. What is required of the user is a familiarity
with the devices and respect for the requirements of high
speed circuitry.

This effort’s initial sections are devoted to familiarizing the
reader with the realities and difficulties of high speed
circuit work. The mechanics and subtleties of achieving
precision circuit operation at DC and low frequency have
beenwell documented. Relatively little has appeared which
discusses, in practical terms, how to get fast circuitry to
work. In developing such circuits, even veteran designers
sometimes feel that nature is conspiring against them. In
some measure thisis true. Like all engineering endeavors,
high speed circuits can only work if negotiated compro-
mises with nature are arranged. Ignorance of, or contempt
for, physical law is a direct route to frustration. Mother
Nature laughs at dilettantism and crushes arrogance with-
out even knowing she did it. Even without Einstein’s
revelations, the world of high speed is full of surprises.
Working with events measured in nanoseconds requires
the greatest caution, prudence and respect for Mother
Nature. Absolutely nothing should be taken for granted,
because nothing is. Gircuit design is very much the art of
compromise with parasitic effects. The “hidden

schematic” (this descriptive was originated by Charly
Gullett of Intel Corporation) usually dominates the circuit’s
form, particularly at high speed.

In this regard, much of the text and appendices are
directed at developing awareness of, and respect for,
circuit parasitics and fundamental limitations. This ap-
proachis maintained in the applications section, where the
notion of negotiated compromises is expressed in terms
of resistor values and compensation techniques. Many of
the application circuits use the amplifier's speed to im-
prove on a standard circuit. Some utilize the speed to
implement a traditional function in a non-traditional way,
with attendant advantages. A (very) few operate at or near
the state-of-the-art for a given circuit type, regardless of
approach. Substantial effort has been expended in devel-
oping these examples and documenting their operation.
The resultant level of detail is justified in the hope that it will
be catalytic. The circuits should stimulate new ideas to suit
particular needs, while demonstrating fast amplifiers’
capabilities in an instructive manner.

PERSPECTIVES ON HIGH SPEED DESIGN

A substantial amount of design effort has made Figure 1’s
amplifiers relatively easy to use. They are less prone to
oscillation and other vagaries than some much slower
amplifiers. Unfortunately, laws of physics dictate that the
circuit’s environment must be properly prepared. The
performance limits of high speed circuitry are often
determined by parasitics suchas stray capacitance, ground
impedance and layout. Some of these considerations are
presentindigital systems where designers are comfortable
describing bit patterns, delays and memory access times
in terms of nanoseconds. Figure 2’s test circuit provides
valuable perspective on just how fast these amplifiers are.
Here, the pulse generator (Trace A, Figure 3) drives a
74504 Schottky TTL inverter (Trace B),anLT1223 opamp
connected as an inverter (Trace C), and a 74HCO04 high
speed CMOS inverter (Trace D). The LT1223 doesn't fare
too badly. Its delay and fall times are about 2ns slower than
the 74504, but significantly faster than the 74HC04. In
fact, the LT1223- has completely finished its transition
before the 74HCO04 even begins to move! Linear circuits
operating with this kind of speed make many engineers
justifiably wary. Nanosecond domain linear circuits are
widely associated with oscillations, mysterious shifts in
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LT1193 LT1194

PARAMETER LT1122 LT1190 LT1191 LT1192 | DIFFERENTIAL | DIFFERENTIAL LT1220 LT1221 LT1222 LT1223 LT1224
Slew Rate 60V/us 450V/us 450V/us 450V/ps 450V/us 450V/us 250V/us 250V/us 200V/us 1000V/ps 300V/ps
Bandwidth 14MHz 50MHz 90MHz 400MHz 70MHz 70MHz 45MHz 150MHz 350MHz 100MHz 45MHz
Delay-Rise Time | 15ns-65ns 4ns-7ns | 3.5ns-1.6ns | 5ns-7ns 4ns-7ns 4ns-7ns 4ns-4ns 5ns-5ns 5ns-5ns | 3.5ns-3.5ns | 4ns-4ns
Settling Time 340ns-0.01%| 100ns-0.1% | 100ns-0.1% | 80ns-0.1% | 100ns-0.1% 100ns-0.1% | 90ns-0.1% | 90ns-0.1% | 90ns-0.1% | 75ns-0.1% | 90ns-0.1%
Output Current 6mA 50mA 50mA 50mA 50mA 50mA 24mA 24mA 24mA 50mA 40mA
Offset 600pV 4mV 2mV 2mV 3mV 3mV 2mV imvV imV 3mV imV
Drift 6uV/°C 20uV/°C 15uV/°C 10pV/°C 20pV/°C
Bias Current 75pA 500nA 500nA 500nA 500nA 500nA 300nA 300nA 300nA 3uA 6uA
Gain 500,000 22,000 45,000 200,000 Adjustable 10 20,000 50,000 100,000 90dB 80dB
Gain Error Avmin =10 0.1% 0.1% Awmin=4 | Ammin=10 Avmin =1
(Minimum Gain)
Gain Drift
Power Supply 40V 18Vmax 18Vax 18Vmax 18Vmax 18Vmax 36V 36V 36V 36Vvax 36V

Figure 1. Characteristics of Some Different Fast IC Amplifiers
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PULSE
GENERATOR
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74504 74504 QUTPUT
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Z0=500 }—¢ A\ -
PULSE
GENERATOR Lm223
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74HC04 74HC04 OUTPUT

LTAN4T + TAG2

500 LT1223 OUTPUT
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Figure 2. A Race Between the LT1223 Amplifier and Some Fast
Logic Inverters

A=5v/0N |8
(INVERTED)

HORIZ = 2ns/DIV

LTANA7 + TAO3

Figure 3. The Amplifier (Trace C) is 3ns Slower than 748 Logic
(Trace B), but 5ns Faster than High Speed HCMOS (Trace D)!

circuit characteristics, unintended modes of operation
and outright failure to function.

Other common problems include different measurement
results using various pieces of test equipment, inability to
make measurement connections to the circuit without
inducing spurious responses, and dissimilar operation
between two identical circuits. If the components used in
the circuit are good and the design is sound, all of the
above problems can usually be traced to failure to provide
a proper circuit environment. To learn how to do this

requires studying the causes of the aforementioned
difficulties.

The following segments, “Mr. Murphy’s Gallery of High
Speed Amplifier Problems” and the “Tutorial Section”,
address this. The “Problems” section alerts the reader to
trouble areas, while the “Tutorial” highlights theory and
techniques which may be applied towards solving the
problems shown. The tutorials are arranged in roughly the
same order as the problems are presented.

MR. MURPHY’S GALLERY OF HIGH SPEED
AMPLIFIER PROBLEMS

It sometimes seems that Murphy’s Law dominates all
physicallaw. Foracomplete treatise on Murphy’s Law, see
Appendix J, “The Contributions of Edsel Murphy to the
Understanding of the Behavior of Inanimate Objects”, by
D.L. Klipstein. The law’s consequences weigh heavily in
high speed design. As such, a number of examples are
given in the following discussion. The average number of
phone calls we receive per month due to each “Murphy”
example appears at the end of each figure caption.

Problems can start even before power is applied to the
amplifier. Figure 4 shows severe ringing on the pulse
edges at the output of an unterminated pulse generator
cable. This is due to reflections and may be eliminated by
terminating the cable. Always terminate the source in its
characteristic impedance when looking into cable or long
PC traces. Any path over 1 inch long is suspect.

A=1V/DI

LTANAT « TAO4

Figure 4. An Unterminated Pulse Generator Cable Produces
Ringing Due to Reflections - 3 B

InFigure 5the cable isterminated, but ripple and aberration
are still noticeable following the high speed edge transitions.
Inthisinstance the terminating resistor’s leads are lengthy
(=3/4”), preventing a high integrity wideband termination.

Ly New
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HORIZ = 20ns/DIV

Figure 5. Poor Quality Termination Results R
in Pulse Corner Aberrations — 1

The best termination for 502 cable is the BNC coaxial type.
These devices should not simply be resistors in an
enclosure. Good grade 50Q terminators maintain true
coaxial form. They use a carefully designed 50Q resistor
with significant effort devoted to connections to the actual
resistive element. In particular, the largest possible
connection surface area is utilized to minimize high speed
losses. While these type terminators are practical on the
testbench, theyare rarely used as board level components.
In general, the best termination resistors for PC board use
are carbon or metal film types with the shortest possible
lead lengths. These resistor’s end-cap connections provide
better high speed characteristics than the rod-connected
composition types. Wirewound resistors, because of their
inherent and pronounced inductive characteristics, are
completely unsuitable for high speed work. This includes
so-called non-inductive types.

Another termination consideration is disposal of the cur-
rent flowing through the terminator. The terminating
resistor’s grounded end should be placed so that the high
speed currents flowing from it do not disrupt circuit
operation. For example, it would be unwise to return
terminator current to ground near the grounded positive
input of an inverting op amp. The high speed, high density
(5V pulses through a 50 termination generates 100mA
current spikes) current flow could cause serious corrup-
tion of the desired zero volt op amp reference. This is
another reason why, for bench testing, the coaxial BNC
terminators are far preferable to discrete, breadboard
mounted resistors. With BNC types in use the termination
current returns directly to the source generator and never
flows in the breadboard. (For more information see the
Tutorial section.) Select terminations carefully and evalu-
ate the effects of their placement in the test set-up.

Figure 6 shows an amplifier output which rings and
distorts badly after rapid movement. In this case, the
probe ground lead is too long. For general purpose work,
most probes come with ground leads about 6 inches long.
At low frequencies this is fine. At high speed, the long
ground lead looks inductive, causing the ringing shown.
High quality probes are always supplied with some short
ground straps to deal with this problem. Some come with
very short spring clips which fix directly to the probe tip to
facilitate a low impedance ground connection. For fast
work, the ground connection to the probe should not
exceed 1inchinlength. (Probes are covered in the Tutorial
section; also see Appendix A, “ABC’s of Probes”, guest
written by the engineering staff of Tektronix, Inc.). Keep
the probe ground connection as short as possible. The
ideal probe ground connection is purely coaxial. This is
why probes mated directly to board mounted coaxial
connectors give the best results.

In Figure 7 the probe is properly grounded, but a new
problem pops up. This photo shows an amplifier output

A=05V/DIV §

HORIZ = 200ns/DIV

LTAN47 + TAOG

Figure 6. Poor Probe Grounding Badly Corrupts the
Observed Waveform - 53

|
A=2V/DIV i

HORIZ = 50ns/DIV

LTAN47 « TAO7

Figure 7. Improper Probe Compensation Causes Seemingly
Unexplainable Amplitude Error - 12 B

AN47-8
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excursion of 11V —quite atrick from an amplifier running
from +5V rails. This is a commonly reported problem in
high speed circuits and can be quite confusing. It is not
due to suspension of natural law, but is traceable to a
grossly miscompensated or improperly selected oscillo-
scope probe. Use probes which matchyour oscilloscope’s
input characteristics and compensate them properly. (For
discussions on probes, see Appendix A, “ABC’s of Probes”,
guest written by the engineering staff of Tektronix, Inc.
and the Tutorial section.) Figure 8 shows another probe-
induced problem. Here the amplitude seems correct but
the amplifier appears slow with pronounced edge round-
ing. In this case, the probe used is too heavily compen-
sated or slow for the oscilloscope. Never use 1X or straight
probes. Their bandwidth is 20MHz or less and capacitive
loading is high. Check probe bandwidth to ensure it is
adequate for the measurement. Similarly, use an oscillo-
scope with adequate bandwidth.

am
.FIIINII
A G2 L L

A=0.5V/DIV

Rl
B

HORIZ = 20ns/DIV

LTAN47  TAOB

Figure 8. Overcompensated or Slow Probes Make Edges Look
Too Slow - 2 B8

Mismatched probes account for the apparent excessive
amplifier delay in Figure 9. Delay of almost 12ns (Trace A
is the input, Trace B the output) is displayed for an
amplifier specified at 6ns. Always keep in mind that
various types of probes have different signal transit delay
times. At high sweep speeds, this effect shows up in multi-
trace displays as time skewing between individual chan-
nels. Using similar probes will eliminate this problem, but
measurement requirements often dictate dissimilar probes.
In such cases the differential delay should be measured
and then mentally factored in to reduce error when inter-
preting the display. It is worth noting that active probes,

A=05V/DIV |
B=05V/DIV §

HORIZ = 10ns/DIV

LTANAT7 + TAO9

Figure 9. Probes with Mismatched Delays Produce Apparent
Time Skewing in the Display - 4

A =200mV/DIV

HORIZ = 5ps/DIV

LTAN47 « TATO

Figure 10. Overdriven FET Probe Produces Excessive Waveform
Distortion and Tailing. Saturation Effects can Also Cause
Delayed Response - 1

such as FET and current probes, have signal transit times
as long as 25ns. A fast 10X or 50Q probe delay can be
inside 3ns. Account for probe delays in interpreting oscil-
loscope displays.

The difficulty shown in Figure 10 is a wildly distorted
amplifier output. The output slews quickly, but the pulse
top and bottom recoveries have lengthy, tailing responses.
Additionally, the amplifier output seems to clip well below
its nominal rated output swing. A common oversight is
responsible for these conditions. A FET probe monitors
the amplifier output in this example. The probe’s com-
mon-mode input range has been exceeded, causing it to
overload, clip and distort badly. When the pulse rises, the
probe is driven deeply into saturation, forcing internal
circuitry away from normal operating points. Under these
conditions the displayed pulse top is illegitimate. When
the output falls, the probe’s overload recovery is lengthy
and uneven, causing the tailing. More subtle forms of FET

Ly e
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probe overdrive may show up as extended delays with no
obvious signal distortion. Know your FET probe. Account
for the delay of its active circuitry. Avoid saturation effects
due to common-mode input limitations (typically £1V).
Use 10X and 100X attenuator heads when required.

Figure 11’s probe-caused problem results in amplifier
output peaking and ringing. In other respects the display
isacceptable. This output peaking characteristic is caused
by a second 10X probe connected to the amplifier's
summing junction. Because the summing point is so
central to analyzing op amp operation, it is often moni-
tored. At high speed the 10pF probe input capacitance
causes a significant lag in feedback action, forcing the
amplifier to overshoot and hunt as it seeks the null point.
Minimizing this effect calls for the lowest possible probe
input capacitance, mandating FET types or special passive
probes. (Probes are covered in the Tutorial section; also
see Appendix A, “ABC’s of Probes”, guest written by the
engineering staff of Tektronix, Inc.). Account for the
effects of probe capacitance, which often dominates its
impedance characteristics at high speeds. A standard
10pF 10X probe forms a 10ns lag with a 1KQ source
resistance.

A=05VDIV i

HORIZ = 100ns/DIV

LTANA7 + TA1

Figure 11. Effect of a 10X, 10pF ‘Scope Probe at the
Summing Point - 2

A peaked, tailing response is Figure 12’s characteristic.
The photo shows the final 40mV of a 2.5V amplifier
excursion. Instead of a sharp corner which settles cleanly,
peaking occurs, followed by a lengthy tailing decay. This
waveform was recorded with an inexpensive off-brand
10X probe. Such probes are often poorly designed, and
constructed from materials inappropriate for high speed
work. The selection and integration of materials for
wideband probes is a specialized and difficult art. Sub-

stantial design effort is required to get good fidelity at high
speeds. Never use probes unless they are fully specified
for wideband operation. Obtain probes from a vendor you
trust.

Figure 13 shows the final movements of an amplifier
output excursion. At only TmV per division the objective is
to view the settling residue to high resolution. This re-
sponse is characterized by multiple time constants, non-
linear slew recovery and tailing. Note also the high speed
event just before the waveform begins its negative going
transition. What is actually being seen is the oscilloscope
recovering from excessive overdrive. Any observation that
requires off-screen positioning of parts of the waveform
should be approached with the greatest caution. Oscillo-
scopes vary widely intheir response to overdrive, bringing
displayed results into question. Complete treatment of
high resolution settling time measurements and oscillo-
scope overload characteristics is given in the Tutorial
section, “About Oscilloscopes” and Appendix B “Measur-
ing Amplifier Settling Time”. Approach all oscilloscope

|
A=10mvpv |

LTAN47 + TA12

Figure 12. Poor Quality 10X Probe Introduces Tailing - 2 T

A=1mvDIV |

HORIZ = 1us/DI

LTAN47 + TA13

Figure 13. Overdriven Oscilloscope Display Says More About the
Oscilloscope than the Circuit it’s Connected to ~ 6

AN47-10

LY



Application Note 47

HORIZ = 200ns/DIV

LTAN47 « TA14

Figure 14. Instabilities Due to No Ground Plane Produce a
Display Similar to a Poorly Grounded Probe - 62 Z5

measurements which require off-screen activity with cau-
tion. Know your instrument’s capabilities and limitations.

Sharp eyed readers will observe that Figure 14 is a dupli-
cate of Figure 6. Such lazy authorship is excusable be-
cause almost precisely the same waveform results when
no ground plane is in use. A ground plane is formed by
using a continuous conductive plane over the surface of
the circuit board. (The theory behind ground planes is
discussed in the Tutorial section). The only breaks in this
plane are for the circuit’s necessary current paths. The
ground plane serves two functions. Because it is flat (AC
currents travel along the surface of a conductor) and
covers the entire area of the board, it provides a way to
access a low inductance ground from anywhere on the
board. Also, it minimizes the effects of stray capacitance
in the circuit by referring them to ground. This breaks up
potential unintended and harmful feedback paths. Always
use a ground plane with high speed circuitry.

By far the most common error involves power supply
bypassing. Bypassing is necessary to maintain low supply
impedance. DC resistance and inductance in supply wires
and PC traces can quickly build up to unacceptable levels.
This allows the supply line to move as internal current
levels of the devices connected to it change. This will
almost always cause unruly operation. In addition, several
devices connected to an unbypassed supply can “commu-
nicate” through the finite supply impedances, causing
erratic modes. Bypass capacitors furnish a simple way to
eliminate this problem by providing a local reservoir of
energy at the device. The bypass capacitor acts as an
electrical flywheel to keep supply impedance low at high

frequencies. The choice of what type of capacitors to use
for bypassing is a critical issue and should be approached
carefully (see Tutorial, “About Bypass Capacitors”). An
unbypassed amplifier with a 100Q load is shown in Figure
15. The power supply the amplifier sees at its terminals
has high impedance at high frequency. This impedance
forms a voltage divider with the amplifier and its load,
allowing the supply to move as internal conditions in the
comparator change. This causes local feedback and oscil-
lation occurs. Always use bypass capacitors.

In Figure 16 the 100Q2 load is removed, and a pulse output
is displayed. The unbypassed amplifier responds surpris-
ingly well, but overshoot and ringing dominate. Always
use bypass capacitors.

Figure 17’s settling is noticeably better, but some ringing
remains. This response is typical of lossy bypass capaci-
tors, or good ones placed too far away from the amplifier.
Use good quality, low loss bypass capacitors, and place
them as close to the amplifier as possible.

A=2v/DIv {8

HORIZ = 200ns/DIV

Figure 15. Output of an Unbypassed Amplifier Driving a 1‘009
Load Without Bypass Capacitors - 58 &5

HORIZ = 200ns/DIV

Figure 16. An Unbypassed Amplifier Driving No Load i§
Surprisingly Stable...at the Moment - 49 &
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The multiple time constant ringing in Figure 18 often
indicates poor grade paralleled bypassing capacitors or
excessive trace length between the capacitors. While
paralleling capacitors of different characteristics is a good
way to get wideband bypassing, it should be carefully
considered. Resonant interaction between the capacitors
can cause a waveform like this after a step.

This type response is often aggravated by heavy amplifier
loading. When paralleling bypass capacitors, plan the
layout and breadboard with the units you plan to use in
production.

A=05V/DlV |EESEEI—.

HORIZ = 100nsDIV__

LTANA7 + TAT7

Figure 17. Poor Quality Bypass Capacitor Allows Some
Ringing - 28

1
E |
-+ e

HORIZ = 200nsIDIV

LTAN47 - TA18

Figure 18. Paralleled Bypass Capacitors Form a Resonant
Network and Ring - 2 28

Figure 19 addresses a more subtle bypassing problem.
The trace shows the last 40mV excursion of a 5V step
almost settling cleanly in 300ns. The slight overshoot is
due to a loaded (500Q2) amplifier without quite enough
bypassing. Increasing the total supply bypassing from
0.1uF to 1pF cured this problem. Use large value paral-
leled bypass capacitors when very fast settling is required,
particularly if the amplifier is heavily loaded or sees fast
load steps.

A=10mV/DIV |seeasmmy

HORIZ = 100ns/DIV

LTAN47 - TA19

Figure 19. A More Subtle Bypassing Problem. Not-Quite-Good-
Enough Bypassing Causes a Few Millivolts of Peaking — 1

A=0.5V/DIV

HORIZ = 100ns/DIV

LTAN47 - TA20

Figure 20. 2pF Stray Capacitance at the Summing Point
Introduces Peaking - 4 &5

The problem shown in Figure 20, peaking on the leading
and trailing corners, is typical of poor layout practice (see
Tutorial section on “Breadboarding Techniques”). This
unity gain inverter suffers from excessive trace area at the
summing point. Only 2pF of stray capacitance caused the
peaking and ring shown. Minimize trace area and stray
capacitance at critical nodes. Consider layout as an inte-
gral part of the circuit and plan it accordingly.

Figure 21’s low level square wave output appears to suffer
from some form of parasitic oscillation. In actuality, the
disturbance is typical of that caused by fast digital clocking
or switching regulator originated noise getting into critical
circuit nodes. Plan for parasitic radiative or conductive
paths and eliminate them with appropriate layout and
shielding.

Figure 22 underscores the previous statement. This out-
put was taken from a gain-of-ten inverter with 1kQ input

AN47-12
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A=0.05V/DIV

LTAN47 - TA21

Figure 21. Clock or Switching Regulator Noise Corrupts Output
Due to Poor Layout -3

A =200mV/DIV

HORIZ = 50ns/DIV

Figure 22. Output of an X10 Amplifier with 1pF Coupling trorﬁ the
Summing Point to the Input. Careful Shielding of the Input
Resistor Will Eliminate the Peaked Edges and Ringing - 2 5

resistance. It shows severe peaking induced by only 1pF
of parasitic capacitance across the 1k resistor. The 50Q
terminated input source provides only 20mV of drive viaa
divider, but that's more than enough to cause problems,
even with only 1pF stray coupling. In this case the solution
was a ground referred shield at a right angle to, and
encircling, the 1kQ resistor. Plan for parasitic radiative
paths and eliminate them with appropriate shielding.

A decompensated amplifier running at too low a gain
produced Figure 23’s trace. The price for decompensated
amplifiers’ increased speed is restrictions on minimum
allowable gain. Decompensated amplifiers are simply not
stable below some (specified) minimum gain, and no
amount of ignorance or wishing will change this. Thisis a

common applications oversight with these devices, al-
thoughthe amplifier neverfails to remind the user. Observe
gain restrictions when using decompensated amplifiers.

Oscillation is also the problem in Figure 24, and it is due to
excessive capacitive loading (see Tutorial section on
“Oscillation”). Capacitive loading to ground introduces lag
in the feedback signal’s return to the input. If enough lag
is introduced (e.g., a large capacitive load) the amplifier
may oscillate. Evenifa capacitively loaded amplifier doesn’t
oscillate, it’s always a good idea to check its response with
step testing. It's amazing how close to the edge of the cliff
you can get without falling off, except when you build
10,000 production units. Avoid capacitive loading. If such
loading is necessary, check performance margins and
isolate or buffer the load if necessary.

Figure 25 appears to contain one cycle of oscillation. The
output waveform initially responds, but abruptly reverses
direction, overshoots and then heads positive again. Some

A=0.1V/DIV [

HORIZ = 100ns/DIV

Figure 23. Decompensated Amplifier Running at Too Lmh
aGain-22

A=05VDIV g

HORIZ = 500us/DIV

LTAN4T + TA24

Figure 24. Excessive Capacitive Load Upsets the
Amplifier - 165 T
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overshoot again occurs, with a long tail and a small dip
well before anon-linear slew returns the waveformto zero.
Ugly overshoot and tailing completes the cycle. This is
certainly strange behavior. What is going on here? The
input pulse is responsible for all these anomalies. Its
amplitude takes the amplifier outside its common-mode
limits, inducing the bizarre effects shown. Keep inputs
inside specified common-mode limits at all times.

Figure 26 shows an oscillation laden output (Trace B)
trying to unity gain invert the input (Trace A). The input’s
form is distinguishable in the output, but corrupted with
very high frequency oscillation and overshoot. In this case
the amplifier includes a booster within its loop to provide
increased output current. The disturbances noted are
traceable to local instabilities within the booster circuit.
(See Appendix G, “The Oscillation Problem — Frequency
Compensation Without Tears”). When using output booster
stages, insure they are inherently stable before placing
theminside anamplifier’s feedback loop. Wideband booster
stages are particularly prone to device level parasitic high
frequency oscillation.

4

A=1V/DIV

Figure 25. Input Common Mode Overdrive Gene;'m'sm
0dd Outputs - 3 BF

A=5vD |

B =5V/DIV

HORIZ = 1us/DIV

LTAN47 + TA26

Figure 26. Local Oscillations in a Booster Stage. Frequency is
Typically High- 12 85

A=5V/DIV

B =5V/DIV

HORIZ = 1us/DIV

LTAN47 - TA27

Figure 27. Loop Oscillations in a Booster Stage. Note Lower
Frequency than Local Oscillations in Previous Example - 28 ﬁ

A=05vDIY |

HORIZ = 200ns/DIV

LTAN47 + TA28

Figure 28. Excessive Source Impedance Gives Serene But
Undesired Response - 6

Figure 27's booster augmented unity gain inverting op
amp also oscillates, but at a much lower frequency.
Additionally, overshoot and non-linear recovery dominate
the waveform’s envelope. Unlike the previous example,
this behavior is not due to local oscillations within the
booster stage. Instead, the booster is simply too slow to
be included in the op amp’s feedback loop. It introduces
enough lag to force oscillation, even as it hopelessly tries
to maintain loop closure. Insure booster stages are fast
enough to maintain stability when placed in the amplifier’s
feedback loop.

The serene rise and fall of Figure 28’s pulse is a welcome
relief from the oscillatory screaming of the previous pho-
tos. Unfortunately, such tranquilized behavior is simply
too slow. This waveform, reminiscent of Figure 8's
bandlimited response, is due to excessive source imped-
ance. The high source impedance combines withamplifier
input capacitance to band limit the input and the output
reflects this action. Minimize source impedance to levels

AN47-14
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which maintain desired bandwidth. Keep stray capaci-
tance at inputs down.

TUTORIAL SECTION

An implied responsibility in raising the aforementioned
issues is their solution or elimination. What good is all the
rabble-rousing without suggestions for fixes? It is in this
spirit that this tutorial section is presented. Theory, tech-
niques, prejudice and just plain gossip are offered as tools
which may help avoid or deal with difficulties. As previ-
ously mentioned, the tutorials appear in roughly the same
order as the problems were presented.

About Cables, Connectors and Terminations

Routing of high speed signals to and from the circuit board
should always be done with good quality coaxial cable. The
cable should be driven and terminated in the system’s
characteristic impedance at the drive and load points. The
driven end is usually an instrument (e.g., pulse or signal
generator), presumably endowed with proper characteris-
tics by its manufacturer. Itis the cable and its termination,
selected by the experimenter, that often cause problems.

All coaxial cable is not the same. Use cable appropriate to
the system’s characteristic impedance and of good qual-
ity. Poorly chosen cable materials or construction meth-
ods can introduce odd effects at very high speeds, result-
ing in observed waveform distortion. A poor cable choice
can adversely effect 0.01% settling in the 100ns-200ns
region. Similarly, poor cable can preclude maintenance of
even the cleanest pulse generator’s 1ns rise time or purity.
Typically, inappropriate cable can introduce tailing, rise
time degradation, aberrations following transitions, non-
linear impedance and other undesirable characteristics.

Termination choice is equally important. Good quality
BNC coaxial type terminators are usually the best choice
for breadboarding. Their impedance vs frequency is flat
intothe GHzrange. Additionally, their constructioninsures
that the (often substantial) drive current returns directly to
the source, instead of being dumped into the breadboard’s

Note 1: The ability to generate such a pulse proves useful for a variety of
tasks, including testing terminators, cables, probes and oscilloscopes for
response. The requirements for this pulse generator are surprisingly
convenient and inexpensive. For a discussion and construction details see
Appendix D “Measuring Probe - Oscilloscope Response”.

ground system. As previously discussed, BNC coaxial
terminators are not simply resistors in a can. Special
construction techniques insure optimum wideband
response. Figures 29 and 30 demonstrate this nicely. In
Figure 29 a 1ns pulse with 350ps rise and fall times! is
monitored ona 1GHz sampling ‘scope (Tektronix 556 with
151 sampling plug-in and P6032 probe). The waveform s
clean, with only a slight hint of ring after the falling edge.
This photo was taken with a high grade BNC coaxial type
terminatorin use. Figure 30 does not share these attributes.
Here, the generator is terminated with a 50Q carbon
composition resistor with lead lengths of about 1/8 inch.
The waveform rings and tails badly on turn-off before
finally settling. Note that the sweep speed required a 2.5X
reduction to capture these unwanted events.

A=2vDlv §

LTAN47 - TA29

Figure 29. 350ps Rise and Fall Times are Preserved by a Good
Quality Termination

A=2vDIV i

LTAN47 + TASD

Figure 30. Poor Grade Termination Produces Pronounced
Ringing and Tailing in the GHz Range

LY IR
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Connectors, such as BNC barrel extensions and tee-type
adaptors, are convenient and frequently employed. Re-
member thatthese devices representa discontinuity in the
cable, and can introduce small but undesirable effects. In
general it is best to employ them as close as possible to a
terminated pointinthe system. Use inthe middle of a cable
run provides minimal absorption of their mismatch and
reflections. The worst offenders among connectors are
adapters. This is unfortunate, as these devices are neces-
sitated by the lack of connection standardization in
wideband instrumentation. The mismatch caused by a
BNC-to-GR874 adaptor transition at the input of awideband
sampling ‘scope is small, but clearly discernible in the
display. Similarly, mismatches in almost all adaptors, and
even in “identical” adaptors of different manufacture, are
readily measured on a high-frequency network analyzer
such as the Hewlett-Packard 4195A2 (for additional wis-
dom and terror along these lines see Reference 1).

BNC connections are easily the most common, but not
necessarily the most desirable, wideband connection
mechanism. The ingenious GR874 connector has notably
superior high frequency characteristics, as does the type
N. Unfortunately, it's a BNC world out there.

About Probes and Probing Techniques

The choice of which oscilloscope probe to use in a mea-
surement is absolutely crucial. The probe must be consid-
ered as aninherent part of the circuit under test. Rise time,
bandwidth, resistive and capacitive loading, delay and
other limitations must be kept in mind.

Sometimes, the best probe is no probe at all. In some
circumstances it is possible and preferable to connect
critical breadboard points directlyto the oscilloscope (see
Figure 31). This arrangement provides the highest pos-
sible grounding integrity, eliminates probe attenuation,
and maintains bandwidth. In most cases this is mechani-
cally inconvenient, and often the oscilloscope’s electrical
characteristics (particularly input capacitance) will not
permitit. This is why oscilloscope probes were developed,
and why so much effort has been put into their develop-
ment (Reference 42 is excellent). In addition to the mate-

Note 2: Almost no one believes any of this until they see it for themselves.
| didn’t. Photos of the network analyzer’s display aren’t included in the text
because no one would believe them. | wouldn't.

rial presented here, an in-depth treatment of probes ap-
pears in Appendix A, “ABC’s of Probes”, guest written by
the engineering staff of Tektronix, Inc.

Probes are the most overlooked cause of oscilloscope
mismeasurement. All probes have some effect on the
point they are measuring. The most obvious is input
resistance, but input capacitance usually dominates in a
high speed measurement. Much time can be lost chasing
circuit events which are actually due to improperly se-
lected or applied probes. An 8pF probe looking at a 1kQ
source impedance forms an 8ns lag — substantially
longer than a fast amplifier’s delay time! Pay particular
attentiontothe probe’sinput capacitance. Standard 10M<,
10X probes typically have 8pF-10pF of input capacitance,
with 1X types being much higher. In general, 1X probes
are not suitable for fast work because their bandwidth is
limited to about 20MHz. Remember that all 10X probes
cannot be used with all oscilloscopes; the probe’s com-
pensation range must match the oscilloscope’s input
capacitance. Low impedance probes (with 500Q to 1kQ
resistance) designed for 50 inputs, usually have input
capacitance of 1pF or 2pF. They are a very good choice if
you can stand the low resistance. FET probes maintain
high input resistance and keep capacitance at the 1pF level
but have substantially more delay than passive probes.
FET probes also have limitations on input common-mode
range which must be adhered to or serious measurement
errors will result. Contrary to popular belief, FET probes do
not have extremely high input resistance — some types
areas lowas 100kQ. Itis possible to construct a wideband
FET probe with very high input impedance, although input
capacitance is somewhat higher than standard FET probes.
For measurements requiring these characteristics, such a
probe is useful. See Appendix E, “An Ultra Fast High
Impedance Probe”.

Regardless of which type probe is selected remember that
they all have bandwidth and rise time restrictions. The
displayed rise time on the oscilloscope is the vector sum
of source, probe and ‘scope rise times.

trise = V(trise Source)2 + (trise Probe)2 + (trise Oscilloscope)2

This equation warns that some rise time degradation must
occur in a cascaded system. In particular, if probe and
oscilloscope are rated at the same rise time, the system
response will be slower than either.

AN47-16
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LTAN47 « TA31

Figure 31. Sometimes the Best Probe is No Probe. Direct Connection to the Oscilloscope Eliminates a 10X Probe’s Attenuation and
Possible Grounding Problems in a Sample-Hold (Figure 124) Settling Time Measurement

Current probes are useful and convenient. The passive
transformer-based types are fast and have less delay than
the Hall effect-based versions. The Hall types, however,
respond at DC and low frequency and the transformer
types typically roll off around 100Hz to 1kHz. Both types
have saturation limitations which, when exceeded, cause
odd results on the CRT which will confuse the unwary. The
Tektronix type CT-1 current probe, although not nearly as
versatile as the clip-on probes, bears mention. Although
this is not a clip-on device, it may be the least electrically
intrusive way of extracting wideband signal information.
Rated at 1GHz bandwidth, it produces 5mV/mA output
with only 0.6pF loading. Decay time constant of this AC
current probe is =1%/50ns, resulting in a low frequency
limit of 35kHz.

Note 3: A more thorough discussion of current probes is given in LTC
Application Note 35, “Step Down Switching Regulators”. See Reference 2.

Avery special probe is the differential probe. A differential
probe may be thought of as two matched FET probes
contained within a common probe housing. This probe
literally brings the advantage of a differential input oscillo-
scope to the circuit board. The probes matched, active
circuitry provides greatly improved high frequency com-
mon mode rejection over single ended probing or even
matched passive probes used with a differential amplifier.
The resultant ability to reject common-mode signals and
ground noise at high frequency allows this probe to deliver
exceptionally clean results when monitoring small, fast
signals. Figure 32 shows a differential probe being used to
verify the waveshape of a2.5mV input to a wideband, high
gain amplifier (Figure 76 of the Applications section).

When using different probes, remember that they all have
different delay times, meaning that apparent timing errors

LY
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will occur on the CRT. Know what the individual probe
delays are and account for them in interpreting the CRT
display.

By farthe greatest source of errorin probe useis grounding.
Poor probe grounding can cause ripples and discontinuities
in the waveform observed. In some cases the choice and
placement of a probe’s ground strap will affect waveforms
on another channel. In the worst case, connecting the
probe’s ground wire will virtually disable the circuit being
measured. The cause of these problems is due to parasitic
inductance in the probe’s ground connection. In most
oscilloscope measurements this is not a problem, but at
nanosecond speeds it becomes critical. Fast probes are
always supplied with a variety of spring clips and
accessories designed to aid in making the lowest possible
inductive connectionto ground. Most ofthese attachments

assume a ground plane is in use, which it should be.
Always try to make the shortest possible connection to
ground —anything longer than 1 inch may cause trouble.
Sometimes it’s difficult to determine if probe grounding is
the cause of observed waveform aberrations. One good
test is to disturb the grounding set-up and see if changes
occur. Nominally, touching the ground plane or jiggling
probe ground connectors or wires should have no effect.
Ifa ground strap wire is in use try changing its orientation
or simply squeezing it together to change and minimize its
loop area. /fany waveform change occurs while doing this
the probe grounding is unacceptable, rendering the
oscilloscope display unreliable.

The simple network of Figure 33 shows just how easy it
is for poorly chosen or used probes to cause bad results.
A 9pF input capacitance probe with a 4 inch long ground

LTAN47 » TA32

Figure 32. Using a Differential Probe to Verify the Integrity of a 2.5mV High Speed Input Pulse (Figure 76's X1000 Amplifier)
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10pF

PULSE INPUT OUTPUT
500 1k

Figure 33. Probe Test Circuit

A=5V/DIV

B=1V/DIV

LTAN47 - TA34

Figure 34. Test Circuit Output with 9pF Probe and 4 Inch
Ground Strap

A=5V/DIV

B=1V/DIV

1 L8 =

HORIZ = 10ns/DIV

LTANA7 « TA3S

Figure 35. Test Circuit Output with 9pF Probe and 0.25 Inch
Ground Strap

strap monitors the output (Trace B, Figure 34). Although
the input (Trace A) is clean, the output contains ringing.
Using the same probe with a 1/4 inch spring tip ground
connection accessory seemingly cleans up everything
(Figure 35). However, substituting a 1pf FET probe (Fig-
ure 36) reveals a 50% output amplitude error in Figure
35! The FET probe’s low input capacitance allows a more
accurate version of circuit action. The FET probe does,
however, contribute its own form of error. Note that the
probe’s response is tardy by 5ns due to delay in its active
circuitry. Hence, separate measurements with each probe
are required to determine the output’s amplitude and
timing parameters.

A final form of probe is the human finger. Probing the
circuit with a finger can accentuate desired or undesired
effects, giving clues that may be useful. The finger can be
used to introduce stray capacitance to a suspected circuit
node while observing results on the CRT. Two fingers,
lightly moistened, can be used to provide an experimental
resistance path. Some high speed engineers are particu-
larly adept at these techniques and can estimate the
capacitive and resistive effects created with surprising
accuracy.

Examples of some of the probes discussed, along with
different forms of grounding implements, are shown in
Figure 37. Probes A, B, E, and F are standard types
equipped with various forms of low impedance grounding
attachments. The conventional ground lead used on G is
more convenient to work with but will cause ringing and

A =5V/DIV

B=1V/DIV

HORIZ = 10ns/DIV

LTAN47 « TA36

Figure 36. Test Circuit Output with FET Probe

LTANA7 « TA37

Figure 37. Various Probe-Ground Strap Configurations
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AN47-19



Application Note 47

other effects at high frequencies, rendering it useless. H
has a very short ground lead. This is better, but can still
cause trouble at high speeds. D is a FET probe. The active
circuitry in the probe and a very short ground connector
ensure low parasitic capacitance and inductance. C is a
separated FET probe attenuator head. Such heads allow
the probe to be used at higher voltage levels (e.g., +10V or
+100V). The miniature coaxial connector shown can be
mounted on the circuit board and the probe mated with it.
This technique provides the lowest possible parasitic
inductance in the ground path and is especially recom-
mended. | is a current probe. A ground connection is not
usually required. However, at high speeds the ground
connection may result in a cleaner CRT presentation.
Because no current flows in the ground lead of these
probes, a long strap is usually permissible. J is typical of
the finger probes described in the text. Note the ground
strap on the third finger.

The low inductance ground connectors shown are avail-
able from probe manufacturers and are always supplied
with good quality, high frequency probes. Because most
oscilloscope measurements do not require them, they
invariably become lost. There is no substitute for these
devices when they are needed, soiitis prudent to take care
of them. This is especially applicable to the ground strap
on the finger probe.

About Oscilloscopes

The modern oscilloscope is one of the most remarkable
instruments ever constructed. The protracted and intense
developmenteffort put toward these machinesis perhaps
equaled only by the fanaticism devoted to timekeeping#It
is a tribute to oscilloscope designers that instruments
manufactured over 25 years ago still suffice for over 90%
oftoday’s measurements. The oscilloscope-probe combi-
nation used in high speed work is the most important
equipment decision the designer must make. Ideally, the
oscilloscope should have at least 150MHz bandwidth, but

Note 4: In particular, the marine chronometer received ferocious and
abundant amounts of attention. See References 4, 5, and 6. For an
enjoyable stroll through the history of oscilloscope vertical amplifiers, see
Reference 3. See also Reference 41.

Note 5: See Appendix D, “Measuring Probe - Oscilloscope Response”, for
complete details on this pulse generator.

Note 6: This sequence of photos was shot in my home lab. I'm sorry, but
1GHz is the fastest ‘scope in my house.

slower instruments are acceptable if their limitations are
well understood. Be certain of the characteristics of the
probe-oscilloscope combination. Rise time, bandwidth,
resistive and capacitive loading, delay, noise, channel-to-
channel feedthrough, overdrive recovery, sweep
nonlinearity, triggering, accuracy and other limitations
must be kept in mind. High speed linear circuitry demands
agreat deal from test equipment and countless hours can
be saved if the characteristics of the instruments used are
well known. Obscene amounts of time have been lost
pursuing “circuit problems” which in reality are caused by
misunderstood, misapplied or out-of-spec equipment.
Intimate familiarity with your oscilloscope is invaluable in
getting the best possible results with it. In fact, it is
possible to use seemingly inadequate equipment to get
good results if the equipment’s limitations are well known
and respected. All of the circuits in the Applications
section involve rise times and delays well above the
100MHz-200MHz region, but 90% of the development
work was done with a 50MHz oscilloscope. Familiarity
with equipment and thoughtful measurement technique
permit useful measurements seemingly beyond instru-
ment specifications. A 50MHz oscilloscope cannot track a
5ns rise time pulse, but it can measure a 2ns delay
between two such events. Using such techniques, it is
often possible to deduce the desired information. There
are situations where no amount of cleverness will work
and the right equipment (e.g., a faster oscilloscope) must
be used. Sometimes, “sanity-checking” a limited band-
width instrument with a higher bandwidth oscilloscope is
all that is required. For high speed work, brute force
bandwidth is indispensable when needed, and no amount
of features or computational sophistication will substitute.
Most high speed circuitry does not require more than two
traces to get where you are going. Versatility and many
channels are desirable, but if the budget is limited, spend
for bandwidth!

Dramatic differences in displayed results are produced by
probe-oscilloscope combinations of varying bandwidths.
Figure 38 shows the output of a very fast pulse® monitored
with a 1GHz sampling ‘scope (Tektronix 556 with 1S1
sampling plug-in). At this bandwidth the 10V amplitude
appears clean, with just a small hint of ringing after the
falling edge. The rise and fall times of 350ps are suspi-
cious, as the sampling oscilloscope’s rise time is also
specified at 350ps.5
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VERT = 2V/DIV

HORIZ = 200ps/DIV

LTAN47 + TAZ8

Figure 38. A 350ps Rise/Fall'Time 10V Pulse Monitored on 1GHz
Sampling Oscilloscope. Direct 50Q Input Connection is Used
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VERT = 2V/DIV |

HORIZ = 1ns/DIV

LTAN47 « TA39

Figure 39. The Test Pulse Appears Smaller and Slower On a
350MHz Instrument (ig;se = 1ns). Deliberate Poor Grounding
Creates Rippling After the Pulse Falls. Direct 50Q Connection
is Used

Figure 39 shows the same pulse observed on a 350MHz
instrument with a direct connection to the input (Tektronix
485/50Q input). Indicated rise time balloons to 1ns, while
displayed amplitude shrinks to 6V, reflecting this
instrument’s lesser bandwidth. To underscore earlier dis-
cussion, poor grounding technique (1 1/2” of ground lead
to the ground plane) created the prolonged rippling after
the pulse fall.

Figure 40 shows the same 350MHz (50Q input) oscillo-
scope with a 3GHz 10X probe (Tektronix P6056). Dis-
played results are nearly identical, as the probe’s high
bandwidth contributes no degradation. Again, deliberate
poor grounding causes overshoot and rippling on the
pulse fall.

Figure 41 equips the same oscilloscope with a 10X probe
specified at 290MHz bandwidth (Tektronix P6047). Addi-
tionally, the oscilloscope has been switched to its TMQ
input mode, reducing bandwidth to a specified 250MHz.
Amplitude degrades to less than 4V and edge times
similarly increase. The deliberate poor grounding contrib-
utes the undershoot and underdamped recovery on pulse
fall.

InFigure 42a100MHz 10X probe (Hewlett-Packard Model
10040A) has been substituted for the 290MHz unit. The
oscilloscope and its set-up remain the same. Amplitude
shrinks below 2V, with commensurate rise and fall times.
Cleaned up grounding eliminates aberrations.

VERT = 2V/DIV

HORIZ = 1ns/DIV
Figure 40. Test Pulse on the Same 350MHz Oscilloscope Using a
3GHz 10X Probe. Deliberate Poor Grounding Maintains
Rippling Residue

VERT = 2V/DIV {mm—

HORIZ = 1ns/DIV

LTANA7 - TA41

Figure 41. Test Pulse Measures Only 3V High on a 250MHz
‘Scope with Significant Waveform Distortion. 250MHz 10X
Probe Used
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VERT = 2V/DIV

HORIZ = 1ns/DIV

LTAN47 « TA42

Figure 42. Test Pulse Measures Under 2V High Using 250MHz
‘Scope and a 100MHz Probe

VERT = 2V/DIV

LTAN47 + TA43

Figure 43. 150MHz Oscilloscope (igjsg = 2.4ns) with Direct
Connection Responds to the Test Pulse

veRT = 2volv 8

HORIZ-fonsDV
Figure 44. A 50MHz Instrument Barely Grunts. 10V, 350ps Test
Pulse Measures Only 0.5V High with 7ns Rise and Fall Times!

A Tektronix 454A (150MHz) produced Figure 43’s trace.
The pulse generator was directly connected to the input.
Displayed amplitude is about 2V, with appropriate 2ns
edges. Finally, a 50MHz instrument (Tektronix 556 with
1A4 plug-in) just barely grunts in response to the pulse
(Figure 44). Indicated amplitude is 0.5V, with edges read-
ing about 7ns. That’s a long way from the 10V and 350ps
that’s really there!

A final oscilloscope characteristic is overload perfor-
mance. It is often desirable to view a small amplitude
portion of a large waveform. In many cases the oscillo-
scope is required to supply an accurate waveform after the
display has been driven off screen. How long must one
wait after an overload before the display can be taken
seriously? The answer to this question is quite complex.
Factors involved include the degree of overload, its duty
cycle, its magnitude in time and amplitude, and other
considerations. Oscilloscope response to overload varies
widely between types and markedly different behavior can
be observed inany individual instrument. For example, the
recovery time for a 100X overload at 0.005V/division may
be very different than at 0.1V/division. The recovery char-
acteristic may also vary with waveform shape, DC content
and repetition rate. With so many variables, it is clear that
measurements involving oscilloscope overload must be
approached with caution. Nevertheless, a simple test can
indicate when the oscilloscope is being deleteriously af-
fected by overdrive.

The waveform to be expanded is placed on the screen ata
vertical sensitivity which eliminates all off-screen activity.
Figure 45 shows the display. The lower right hand portion
is to be expanded. Increasing the vertical sensitivity by a
factor of two (Figure 46) drives the waveform off-screen,
but the remaining display appears reasonable. Amplitude
has doubled and waveshape is consistent with the original
display. Looking carefully, it is possible to see small
amplitude information presented as a dip in the waveform
at about the third vertical division. Some small disturb-
ances are also visible. This observed expansion of the
original waveform is believable. In Figure 47, gain has
been further increased and all the features of Figure 46 are
amplified accordingly. The basic waveshape appears clearer
and the dip and small disturbances are also easier to see.
No new waveform characteristics are observed. Figure 48
brings some unpleasant surprises. This increase in gain

AN47-22

Ly New



Application Note 47

causes definite distortion. The initial negative-going peak,
although larger, has a different shape. Its bottom appears
less broad than in Figure 47. Additionally, the peak’s
positive recovery is shaped slightly differently. A new
rippling disturbance is visible in the center of the screen.
This kind of change indicates that the oscilloscope is
having trouble. A further test can confirm that this wave-
form is being influenced by overloading. In Figure 49 the
gain remains the same, but the vertical position knob has

1V/DIV

e o s

100ns/DIV
Figure 45

LTAN47 « TA4S

05v/DIlv

100ns/DIV
Figure 46

LTAN47 + TA46

0.2V/DIV [eaaans

100ns/DIV '
Figure 47

LTAN47 - TA47

been used to reposition the display at the screen’s bottom.
This shifts the oscilloscope’s DC operating point which,
under normal circumstances, should not affect the dis-
played waveform. Instead, a marked shift in waveform
amplitude and outline occurs. Repositioning the wave-
form to the screen’s top produces a differently distorted
waveform (Figure 50). It is obvious that for this particular
waveform, accurate results cannot be obtained at this
gain.

0.1v/DIV

"~ toons/oIv
Figure 48

LTAN47 « TAd8

0.1v/DIV

100ns/DIV
Figure 49

LTANA7 - TA49

100ns/DIV
Figure 50

LTAN47 « TASO

Figures 45-50. The Overdrive Limit is Determined by Progressively Increasing Oscilloscope Gain and Watching

for Waveform Aberrations
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Differential plug-ins can address some of the issues
associated with excessive overdrive, although they cannot
solve all problems. Two differential plug-in types merit
special mention. At low level, a high sensitivity differential
plug-in is indispensable. The Tektronix 1A7, 1A7A and
7A22 feature 10uV sensitivity, although bandwidth is
limited to 1MHz. The units also have selectable high and
low pass filters and good high frequency common-mode
rejection. Tektronix type 1A5, W and 7A13 are differential
comparators. They have calibrated DC nulling (slideback)
sources, allowing observation of small, slowly moving
events on top of common-mode DC or fast events riding
on a waveform.

A special case is the sampling oscilloscope. By nature of
its operation, a sampling ‘scope in proper working order
is inherently immune to input overload, providing essen-
tially instantaneous recovery between samples. Appendix
B, “Measuring Amplifier Settling Time”, utilizes this capa-
bility. See Reference 8 for additional details.

The best approach to measuring small portions of large
waveforms, however, is to eliminate the large signal swing
seen by the oscilloscope. Appendix B, “Measuring Ampli-
fier Settling Time” shows ways to do this when measuring
DAC-amplifier settling time to very high accuracy at high
speed.

In summary, while the oscilloscope provides remarkable
capability, its limitations must be well understood when
interpreting results.”

About Ground Planes

Many times in high frequency circuit layout, the term
“ground plane” is used, most often as a mystical and ill-
defined cure to spurious circuit operation. In fact, there is
little mystery to the usefulness and operation of ground
planes, and like many phenomena, their fundamental
operating principle is surprisingly simple.

Ground planes are primarily useful for minimizing circuit
inductance. They dothis by utilizing basic magnetic theory.
Currentflowing inawire produces an associated magnetic
field. The field’s strength is proportional to the current and
inversely related to the distance from the conductor. Thus,

Note 7: Additional discourse on oscilloscopes will be found in References
1 and 7 through 11.

we can visualize a wire carrying current (Figure 51) sur-
rounded by radii of magnetic field. The unbounded field
becomes smaller with distance. A wire’s inductance is
defined as the energy stored in the field set up by the wire’s
current. To compute the wire’s inductance requires inte-
grating the field over the wire’s length and the total radial
area ofthefield. Thisimplies integrating on the radius from
R =Ry to infinity, a very large number. However, consider
the case where we have two wires in space carrying the
same current in either direction (Figure 52). The fields
produced cancel.

/ FIELD RADII

Figure 51. Single Wire Case

I =

Figure 52. Two Wire Case

In this case, the inductance is much smaller than in the
simple wire case and can be made arbitrarily smaller by
reducing the distance between the two wires. This reduc-
tion ofinductance between current carrying conductors is
the underlying reason for ground planes. In a normal
circuit, the current path from the signal source through its
conductor and back to ground includes a large loop area.
This produces a large inductance for this conductor which
can cause ringing due to LRC effects. It is worth noting that
10nH at 100MHz has an impedance of 6Q. At 10mA a
60mV drop results.

A ground plane provides a return path directly under the
signal carrying conductor through which return current
canflow. The conductor’s small physical separation means
the inductance is low. Return current has a direct path to
ground, regardless of the number of branches associated
with the conductor. Currents will always flow through the
return path of lowest impedance. In a properly designed
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ground plane, this path is directly under the signal conduc-
tor. Inapractical circuit, it is desirable to ground plane one
whole side of the PC card (usually the component side for
wave solder considerations) and run the signal conduc-
tors on the other side. This will give a low inductance path
for all the return currents.

Aside from minimizing parasiticinductance, ground planes
have additional benefits. Their flat surface minimizes
resistive losses due to AC skin effect (AC currents travel
along a conductor’s surface). Additionally, they aid the
circuit’s high frequency stability by referring stray capaci-
tances to ground.

Some practical hints for ground planes are:

1. Ground plane as much area as possible on the compo-
nent side of the board, especially under traces that
operate at high frequency.

2. Mount components that conduct substantial fast rise
currents (termination resistors, ICs, transistors,
decoupling capacitors) as close to the board as possible.

3. Where common ground potential is important (i.e., at
comparator inputs), try to single point the critical
components into the ground plane to avoid voltage
drops.

For example, in Figure 53’s common A/D circuit, good
practice would dictate that grounds 2, 3, 4 and 6 be as
close to single point as possible. Fast, large currents
must flow through R1, R2, D1 and D2 during the DAC
settle time. Therefore, D1, D2, R1 and R2 should be
mounted close to the ground plane to minimize their
inductance. R3 and C1 don’t carry any current, so their
inductance is less important; they could be vertically

R1 R2
+V =AMV
\\ +
DAC "f’m <% D2 LT1016
c1 R3

=®
Figure 53. Typical Grounding Scheme

J
®

inserted to save space and to allow point 4 to be single
point common with 2, 3 and 6. In critical circuits, the
designer must often trade off the beneficial effects of
lowered inductance versus the loss of single point
ground.

4. Keep trace length short. Inductance varies directly with
length and no ground plane will achieve perfect
cancellation.

About Bypass Capacitors

Bypass capacitors are used to maintain low power supply
impedance at the point of load. Parasitic resistance and
inductance in supply lines mean that the power supply
impedance can be quite high. As frequency goes up, the
inductive parasitic becomes particularly troublesome. Even
if these parasitic terms did not exist, or if local regulation
is used, bypassing is still necessary because no power
supply or regulator has zero outputimpedance at 100MHz.
What type of bypass capacitor to use is determined by the
application, frequency domain of the circuit, cost, board
space and many other considerations. Some useful gen-
eralizations can be made.

All capacitors contain parasitic terms, some of which
appear in Figure 54. In bypass applications, leakage and
dielectric absorption are second order terms but series R
and Lare not. These latterterms limit the capacitor’s ability
to damp transients and maintain low supply impedance.
Bypass capacitors must often be large values so they can
absorb long transients, necessitating electrolytic types
which have large series R and L.

>
>
DIELECTRIC
P—{ I'—0 ABSORPTION
TERMS
>
>
>
>

e AAA

~AAA

L R

$
>
R L]
\ LEAKAGE /
CAPACITOR USER

TERMINALS
Figure 54. Parasitic Terms of a Capacitor
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Different types of electrolytics and electrolytic-non-polar
combinations have markedly different characteristics.
Which type(s) to use is a matter of passionate debate in
some circles and the test circuit (Figure 55)-and accom-
panying photos are useful. The photos show the response
of 5 bypassing methods to the transient generated by the
test circuit. Figure 56 shows an unbypassed line which
sagsand ripples badly atlarge amplitudes. Figure 57 uses
an aluminum 10uF electrolytic to considerably cut the
disturbance, but there is still plenty of potential trouble.
Atantalum 10uF unit offers cleaner response in Figure 58
and the 10uF aluminum combined with a 0.01pF ceramic
type is even better in Figure 59. Combining electrolytics
with non-polarized capacitors is a popular way to get
good response but beware of picking the wrong duo. The
right (wrong) combination of supply line parasitics and
paralleled dissimilar capacitors can produce a resonant,
ringing response, as in Figure 60. Caveat!

Breadboarding Techniques

The breadboard is both the designer’s playground and
proving ground. It is there that Reality resides, and paper
(or computer) designs meet their ruler. More than any-
thing else, breadboarding is an iterative procedure, an odd
amalgam of experience guiding an innocent, ignorant,
“B” WAVEFORM

“A” WAVEFORM  +5V

A

+2.5V
FROM PULSE
GENERATOR

LTANA7 + TASS

Figure 55. Bypass Capacitor Test Circuit

A =5V/DIV

B=1V/DIV

HORIZ = 100ns/DIV

LTAN47 + TAS6

Figure 56. Response of Unbypassed Line

A=5V/DIV

B=0.1V/DIV v

HORIZ = 100ns/DIV

LTAN47 - TAS7

Figure 57. Response of 10uF Aluminum Capacitor

A
B

B=0.1V/DIV

HORIZ = 100ns/DIV

LTAN47 « TASS

Figure 58. Response of 10uF Tantalum Capacitor

A=5V/DIV

B =0.1V/DIV

HORIZ = 100ns/DIV

Figure 59. Response of 10uF Aluminum Paralleled .
by 0.01uF Ceramic

A=5V/DIV

B=0.1V/DIV

HORIZ = 100ns/DIV

Figure 60. Some Paralleled Combinations can Ring.'
Try before Specifying!
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explorative spirit. A key is to be willing to try things out,
sometimes for not very good reasons. Invent problems
and solutions, guess carefully and wildly, throw rocks and
see what comes loose. Invent and design experiments,
and follow them wherever they lead. Reticence to try
things is probably the number one cause of breadboards
that “don’t work”.8 Implementing the above approach to
life begins with the physical construction methods used to
build the breadboard.

A high speed breadboard must start with a ground plane.
Additionally, bypassing, component layout and connec-
tions should be consistent with high speed operations.
Because of these considerations there is a common mis-
conception that breadboarding high speed circuits is time
consuming and difficult. This is simply not true. For high
speed circuits of moderate complexity a complete and
electrically correct breadboard can be assembled in 10
minutes if all necessary components are on hand. The key
to rapid breadboarding is to identify critical circuit nodes
and design the layout to suit them. This permits most of
the breadboard’s construction to be fairly sloppy, saving
time and effort. Additionally, use all degrees of freedom in
making connections and mounting components. Don’t be
bashful about bending I.C. pins to suit desired low capaci-
tance connections, or air wiring components to achieve
rapid or electrically optimum layout. Save time by using
components, such as bypass capacitors, as mechanical

Note 8: A much more eloquently stated version of this approach is found
in Reference 12.

+15V

af
|NPUT——ol:J A

supports for other components, such as amplifiers. It is
true that eventual printed circuit construction is required,
but when initially breadboarding forget about PC and
production constraints. Later, when the circuit works, and
is well understood, PC adaptations can be taken care of.

Figure 61’s amplifier circuit is a good working example.
Thiscircuit, excerpted from the Applications section (where
its electrical operation is more fully explained) is a high
impedance, wideband amplifier with low input capaci-
tance. Q1 and A1 form the high frequency path, with the
900Q-100Q2 feedback divider setting gain. A2 and Q2
close a DC stabilization loop, minimizing DC offset be-
tween the circuit’s input and output. Critical nodes in this
circuitinclude Q1’s gate (because of the desired low input
capacitance) and A1’s input related connections (because
of their high speed operation). Note that the connections
associated with A2 serve at DC and are much less sensitive
tolayout. These determinations dominate the breadboard’s
construction.

Figure 62 shows initial breadboard construction. The
copper clad board is equipped with banana type connec-
tors. The connector’s mounting nuts are simply soldered
to the clad board, securing the connectors. Figure 63 adds
A1 and the bypass capacitors. Observe that A1’s leads
have been bent out, permitting the amplifier to sit down on
the ground plane, minimizing parasitic capacitance. Also,
the bypass capacitors are soldered to the amplifier power
pins right at the capacitor’s body. The capacitor’s lead
lengths are returned to the banana power jacks. This
connection method provides good amplifier bypassing

-15V

+

Al
1 T1203 [— OUTPUT

> 9000

AAA

100Q

1AAA
'll_"'
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Figure 61. The Stabilized FET Input Amplifier (Applications Figure 73) to be Breadboarded
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LTANAT « TAB2

Figure 62. The Banana Jacks are Soldered to the Copper Clad Board

while mechanically supporting the amplifier. It also elimi-
nates separate wire runs to the power pins.

Figure 64 adds the discrete components in the high speed
path. A1’s gate is connected directly to the input BNC, as
is the 10MQ resistor associated with A2’s negative input.
Note that the end of this resistor that sees high frequency
is cut very short, while the other end is left uncut. The
900Q2-100Q divider is installed at A1, with very short
connections to A1’s negative input. A1’s 10MQ resistor
receives similar treatment to the BNC connected 10MQ
unit; the high frequency end is cut short, while the end
destined for connection to A2 remains uncut. Q2’s collec-
tor and Q1’s source, high speed points, are tied closely
together with A1’s positive input.

Finally, DCamplifier A2 and its associated components are
air wired into the breadboard (Figure 65). Their DC opera-

tion permits this, while the construction technique makes
connections to the previously wired nodes easy. The
previously uncommitted ends of the 10MQ resistors may
be bent in any way necessary to make connections. All
other components associated with A2 receive similar
treatment and the circuit is ready for experimentation.

Despite the breadboard’s seemingly haphazard construc-
tion, the circuit worked well. Input capacitance measured
a few pF (including BNC connector) with bias current of
about 100pA. Slew rate was 1000V/us, with bandwidth
approaching 100MHz. Output, even with 50mA loading,
was clean, with no sign of oscillation or other instabilities.
Full details on this circuit appear in the Applications
section. Additional examples of breadboard construction
techniques appear in Appendix F, “Additional Comments
on Breadboarding”.
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LTANA7 - TAG3

Figure 63. High Speed Amplifier A1 is Connected to Power. Bypass Capacitors Provide Support. Bending Amplifier Pins Eases

Connections and Minimizes Distance to the Ground Plane

Once the breadboard seems to work, it's useful to begin
thinking about PC layout and component choice for pro-
duction. Experiment with the existing layout to determine
just how sensitive nominally critical points are. Add con-
trolled parasitic terms (e.g., resistors, capacitors and
physical layout changes) to test for sensitivity. Gentle
touching of suspect points with a finger can yield prelimi-
nary indication of sensitivity, giving clues that can be quite
valuable.

In conclusion, when breadboarding, design the bread-
board to be quick and easy to build, work with and modify.
Observe the circuitand listento what itis telling you before
trying to get it to some desired state. Finally, don’t hesitate
to try just about anything; that’s what the breadboard is
for. Aimost anything you do will cause some result —

whetherit's good or bad is almost irrelevant. Anything you
do that enhances your ability to correlate events occurring
on the breadboard can only be beneficial.

Oscillation

The forte of the operational amplifier is negative feedback.
Itis feedback which stabilizes the operating point and fixes
the gain. However, positive feedback or delayed negative
feedback can cause oscillation. Thus, a properly function-
ing amplifier constantly lives in the shadow of oscillation.

When oscillation occurs, several major candidates for
blame are present. Power supply impedance must be low.
If the supply is unbypassed, the impedance the amplifier
sees at its power terminals is high, particularly at high

LY UNEAR
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Figure 64. Additional High Speed Discrete Components and Connectors are Added. Note Short Connections at Amplifier Input Pins
(Left Side of Package). 10M Resistors Uncommitted Ends are Just Visible

frequency. This impedance forms a voltage divider with
the amplifier, allowing the supply to move as internal
conditions in the amplifier change. This can cause local
feedback and oscillation occurs. The obvious cure is to
bypass the amplifier.

A second common cause of oscillation is positive feed-
back. In most amplifier circuits feedback is negative,
although controlled amounts of positive feedback may be
used. Inacircuitthat nominally has only negative feedback
unintended positive feedback may occur with poor layout.
Check for possible parasitic feedback paths and unwanted
or overlooked feedback action. Always minimize (to the
extent possible) impedances seen by amplifier inputs.
This helps attenuate the effects of parasitic feedback paths
totheinputs. Similarly, minimize exposed inputtrace area.
Route amplifier outputs and other signals well away from

sensitive nodes. Sometimes no amount of layout finesse
will work and shielding is required. Use shielding only
when required — extensive shielding is a sloppy substi-
tute for good layout practice.

A final cause of oscillation is negative feedback arriving
well delayed in time. Under these conditions the amplifier
hopelessly tries to servo a feedback signal which consis-
tently arrives too late. The servo action takes the form of
an electronic tail chase, with oscillation centered around
the ideal servo point. The most common causes of this
problem are reactive loading of the amplifier (most notably
capacitive loads such as cable) and circuitry, such as
power amplifiers, placed within the amplifier's feedback
path. Reactive loads should be isolated from the amplifier’s
output (and feedback path) with a resistor or power
amplifier. Sometimes rolling off the amplifier’s frequency
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Figure 65. DC Servo Amplifier is Wired In and Connections to 10M Resistors Completed. This Part of the Circuit

is Not Layout Sensitive

response will fix the problem, but in high speed circuits
this may not be an option.

Placing power gain or other type stages within the
amplifier’s feedback path adds time delay to the stabilizing
feedback. Ifthe delay is significant, oscillation commences.
Stages operating within the amplifier’s loop must contrib-
ute minimum time lag compared to the amplifier's speed
capability. At lower speeds this is not too difficult, but
something destined for operation within a 100MHz
amplifier's loop must be fast. As mentioned before, rolling
off the amplifier's frequency response eases the job, but is
usually undesirable in a wideband circuit. Every effort
should be expended to maximize the added stages band-
width before resorting to roll-off of the amplifier. In this
way the fastest overall bandwidth is achieved while main-
taining stability. Appendix C, “The Oscillation Problem —

Frequency Compensation Without Tears”, discusses con-
siderations surrounding operating power gain and other
type stages within amplifier loops.

This completes the tutorial section. Hopefully, several
notions have been imparted. First, in any measurement
situation, test equipment characteristics are an integral
part of the circuit. At high speed and high precision this is
particularly the case. As such, itis imperative to know your
equipment and how it works. There is no substitute for
intimate familiarity with your tool’s capabilities and
limitations.?

In general, use equipment you trust and measurement
techniques you understand. Keep asking questions and

Note 9: Further exposition and kvetching on this point is given in
Reference 13.
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don’t be satisfied until everything you see on the oscillo-
scope is accounted for and makes sense.

Fast monolithic amplifiers, combined with the precaution-
ary notes listed above, permit fast linear circuit functions
which are difficult or impractical using other approaches.
Some of the applications presented represent the state-of-
the-art for a particular circuit function. Others show
simplified and/or improved ways to implement standard
functions by utilizing the amplifier’s easily accessed speed.
All have been carefully (and painfully) worked out and
should serve as good idea sources for potential users of
the device. Have fun. | did.

APPLICATIONS SECTION I - AMPLIFIERS
Fast 12-Bit Digital-to-Analog Converter (DAC) Amplifier

One of the most common applications for a high speed
amplifier, transforming a 12-bit DAC’s current output
into a voltage, is also one of the most difficult. Although
an op amp can easily do this, care is required to obtain
good dynamic performance. A fast DAC can settle to
0.01% in 200ns or less, but its output also includes a
parasitic capacitance term, making the amplifier's job
more difficult. Normally, the DAC’s current output is
unloaded directly into the amplifier's summing junction,
placing the parasitic capacitance from ground to the
amplifier's input. The capacitance introduces feedback
phase shift at high frequencies, forcing the amplifier to
hunt and ring about the final value before settling. Differ-
ent DACs have different values of output capacitance.
CMOS DACs have the highest output capacitance, in the
100pF-150pF range, and it varies with code. Bipolar DACs
typically have 20pF-30pF of capacitance, stable over all
codes. As such, bipolar DACs are almost always used
where high speed is required. Figure 66 shows the
popular AD565A 12-bit DAC with an LT1220 output op
amp. Figure 67 shows clean 0.01% settling in 280ns
(Trace B) to an all-bits-on input step (Trace A). The
requirements for obtaining Trace B’s display are not
trivial, and are fully detailed in Appendix B, “Measuring
Amplifier Settling Time”.

2-Channel Video Amplifier

Figure 68 shows a simple way to multiplex two video
amplifiers onto a single 75Q cable. The appropriate ampli-

INPUTS _L
s ] [ [ ][]

AD565A

| ov-10v
OUTPUT

INPUTS

— LTAN4T  TAGE

Figure 66. Typical Qutput Amplifier Configuration for a
12-Bit D-to-A Converter

HORIZ = 100ns/DIV

LTAN47 + TAG7

Figure 67. Settling Residue (Trace B) for All Bits Switched On
(Trace A). Output is Fully Settled in 280ns

fier is activated in accordance with the truth table in the
figure0. Amplifier performance includes 0.02% differen-
tial gain error and 0.1° differential phase error. The 75Q
back termination looking into the cable means the ampli-
fiers must swing 2Vp-p to produce 1Vp-p at the cable
output, but this is easily handled.

Simple Video Amplifier

Figure 69 is a simpler version of Figure 68. This is a single
channel video amplifier, arranged (in this case) for a gain
of ten. The double cable termination is retained and the
circuit delivers a bandwidth of 55MHz.

Loop Through Cable Receivers

Figure 70 is another cable related circuit. Here, the LT1193
differential amplifier simply hangs across a distribution
cable, extracting the signal. Theamplifier's true differential
inputs reject common-mode signals. As in the previous

Note 10: A truth table in an op amp circuit! £t fu, LTC!!
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CMOS IN
CH. SELECT

1kQ
75Q

CABLE

7%Q

TRUTH TABLE

A2 QUTPUT
INACTIVE
ACTIVE

LTAN47 - TAG8

INPUT SELECT A1 0UTPUT
5V ACTIVE
ov INACTIVE

Figure 68. 2-Channel Multiplexed Video Amplifier

circuit, differential gain and phase errors measure 0.02%
and 0.1°, respectively. A separate input permits DC level
adjustment.

DC Stabhilization — Summing Point Technique

Often it is desirable to obtain the precision offset of a DC
amplifier with the bandwidth of a fast device. There are a
variety of techniques for doing this. Which method is best
is heavily application dependent, so several configura-
tions are presented.

Figure 71 shows a composite made up of an LT1097 low
drift device and an LT1191 high speed amplifier. The
overall circuit is a unity gain inverter with the summing
node located at the junction of the two 1k resistors. The
LT1097 monitors this summing node, compares it to
ground and drives the LT1191’s positive input, complet-
ing a DC stabilizing loop around the LT1191. The 100kQ-
0.01uF time constant at the LT1097 limits its response to

low frequency signals. The LT1191 handles high fre-
quency inputs while the LT1097 stabilizes the DC operat-
ing point. The 4.7k-220Q divider at the LT1191 prevents
excessive input overdrive during start-up. This circuit
combines the LT1097°s 35uV offset and 1.5V/°C drift with
the LT1191’s 450V/us slew rate and 90MHz bandwidth.
Bias current, dominated by the LT1191, is about 500nA.

750 CABLE 750

= -3dB BANDWIDTH = 55MHz

Figure 69. Double Terminated Cable Driver

LTAN47 + TA69

Vin

CABLE

75Q

Vour
75Q

300Q

LTAN47 « TA70

Figure 70. Cable Sense Amplifier for Loop Through Connections
with DC Adjust

1k 1k

INPUT MA- . MV

LTAN47 + TA71

Figure 71. A1 DC Stabilizes A2 by Forcing the Summing
Point to Zero
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DC Stabilization - Differentially Sensed Technique

Figure 72 is similar to Figure 71, except that the sensing is
done differentially, preserving access to both fast ampli-
fier inputs. The LT1097 measures the DC error at the
LT1220’s input terminals and biases its offset pins to force
offset within 50uV. The offset pin biasing at the LT1220 is
arranged so the LT1097 will always be able to find the
servo point. The 0.01uF capacitor rolls off the LT1097 at
low frequency and the LT1220 handles high frequency
signals. The combined characteristics of these amplifiers
yield the following performance:

Offset Voltage .......... 50uV
Offset Drift ............... 1uv/°C
Slew Rate.................. 250V/us
Gain-Bandwidth ....... 45MHz

DC Stabilization — Servo Controlled FET Input Stage

Figure 73 shows a wideband, highly stable gain-of-ten
with high input impedance. Input capacitance is about
3pF. Q1 and Q2 constitute a simple, high speed FET input
buffer. Q1 functions as a source follower, with the Q2
current source load setting the drain-source channel cur-
rent. The LT1223 provides a 100MHz bandwidth gain of
ten. Normally, this open loop configuration would be quite
drifty because there is no DC feedback. The LT1097
contributes this function to stabilize the circuit. It does this
by comparing the filtered circuit output to a similarly

INPUT ~ +15V

Q1
2N5486

filtered version of the input signal. The amplified differ-
ence between these signals is used to set Q2’s bias, and
hence Q1’s channel current. This forces Q1’s Vggs to
whatever voltage is required to match the circuit’s input
and output potentials. The capacitor at A1 provides stable
loop compensation. The RC network in A1’s output pre-
vents it from seeing high speed edges coupled through
(2’s collector-base junction.

This circuit constitutes an extremely wideband (Q1 does
not degrade A2’s 100MHz performance), high input im-
pedance amplifier. With an input capacitance of 3pF and

+15V
270Q
100k
8
A2

LT1220
- >
i; 9k

- INPUT

+ INPUT +

OUTPUT

Vv

1—AAA
=V

-
B

> >
< <
;,100k :,100k

+

Al

0.01 LT1097

1_:

B LTAN47 + TAT2

Figure 72. A1 DC Stabilizes A2 by Forcing the Offset Pins to
Produce a OV Difference at A2’s Inputs
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:_f
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LTANA7 - TA73

Figure 73. A1 DC Stabilizes the Circuit by Controlling Q1’s Channel Current
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bias current of 100pA, it is well suited for probing or as an
ATE pin amplifier. As shown, gain is ten, but other gains
are possible by varying the feedback ratio.

DC Stabilization - Full Differential Inputs with
Parallel Paths

Figure 74 shows away to get full differential inputs with DC
stabilized operation. This circuit combines the output of
two differential input amplifiers for overall DC corrected
wideband operation. A1 and A2 both differentially sense
the input at gains of ten. Wideband A1 feeds output
amplifier A3 via a highpass network, while the slower A2
contributes DC and low frequency information to A3. A2
does not see high frequency inputs, because they are
filtered by the 2k-200pF lowpass networks at its inputs. If
the gain and bandwidth of the high and low frequency
paths complement each other, A3’s output should be an
undistorted, amplified version (in this case x 10) of the
input. Figure 75 shows this to be the case. Trace A is one
side of a differential input applied to the circuit. Trace B is
A1’s output taken at the 500Q potentiometer - 0.001uF
junction. Trace C is A2’s output. With the AC gain and DC
gain match trims properly adjusted, the two paths’ contri-
butions match up and Trace D is singularly clean, with no
residue. The adjustments are optimized by trimming the
AC gain for the squarest corners and the DC gain match for
aflat top. Bandwidth for this circuit exceeds 35MHz, slew
rate is 450V/us and DC offset about 200uV.

Note 11: For assistance in following circuit signal flow, the schematic of
this device is included in the figure.

Al

INPUT LT1193

<

AAA

=

200pF

]

$ s0s0

S« LA 2500
] ¥ DCGAIN 4
MATCH

A=02VDIV {8
B=2voI f

C=2v/DIv

D=2v/DIV @ : I

HORIZ = 1ps/DIV

LTAN47 + TA7S

Figure 75. Waveforms for the Parallel Path Differential
Amplifier. Trace A is the Input; B, C and D are the High Pass,
Low Pass and Output Nodes, Respectively

DC Stabilization - Full Differential Inputs, Gain-of-
1000 with Parallel Paths

Figure 76 is a very powerful extension of the previous
circuit. Operation is similar, but gain is increased to 1000.
Bandwidth is about 35MHz, rise time equals 7ns and delay
isinside 7.5ns. Full power response is available to 10MHz,
with input noise about 15uV broadband. This kind of
speed, coupled with full differential inputs, the gain of
1000, DC stability, and low cost make the circuit broadly
applicable in wideband instrumentation. As before, two
differential amplifiers, A1 and A2, simultaneously sense
the inputs. In this case A1 is the popular and economical
592-733 type, operating at a gain of 100.'" At’s differen-
tial outputs feed output amplifier A3 via 1uF-1kQ high
pass networks which strip off A1’s DC content. A2, a
precision DC differential type, operates in similar fashion
to the previous circuit, supplying DC and low frequency

0.001uF

&/AC GAIN
1?5009
ouTPUT

<
Sk

* =1% FILM RESISTOR

LTAN4T « TA74

Figure 74. A Parallel Path DC Stabilized Differential Amplifier. High Frequency Signals Go through A1, while A2 Handles DC

and Low Frequency. A3 Sums Both Paths
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Figure 76. A Full Differential, Parallel Path Amplifier. Gain is 1000, with 38MHz Bandwidth. Delay is Inside 7.5ns and

Rise Time Under 7ns

information to A3 at a trimmed gain of 100. In this case
output amplifier A3 is a differential gain block with a
nominal committed gain of 10. This change is necessi-
tated by A1’s differential output, which must be single-
ended to obtain the circuit’s output. As such A2 does not
directly apply its low frequency information to A3 as it did
before. Instead, A4 measures the difference between A2’s
output and a divided down portion of A3’s output. A4’s
output, biasing A3’s positive input via the 1kQ resistor,
closes aloop around the circuit’s DG-low frequency path.
The divider feeding A4’s negative input is adjusted so that
the circuit’s DC gain is known and equal to its AC gain.

Figure 77 shows the circuit’s response to a 60ns, 2.5mV
amplitude pulse (Trace A). The X1000 output (Trace B)
responds cleanly, with delay and rise time in the 5ns-7ns
range. Some small amount of peaking is evident, although
it may be trimmed with the peaking adjustmentat A1. Figure
78 plots the circuit’s gain vs frequency. Gain is flat within
1/2dB to 20MHz, with the -3dB point at 38MHz. Figure 77’s
edge peaking shows up here as a very slight gain increase
starting around 1MHz and continuing out to about 15MHz.
The peaking trim will eliminate this effect.

To use this circuit, put in a low frequency or DC signal of
known amplitude and adjust the low frequency gain for a
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X1000 output after the output has settled. Next, adjust the
high frequency gain so that the signal’s front and rear
corners have amplitudes identical to the settled portion.
Finally, trim the peaking adjustment for best settling of the
output pulse’s front and rear corners.

Figure 79 shows input (Trace A) and output (Trace B)
waveforms with all adjustments properly set. Fidelity is
excellent, with no aberrations or other artifacts of the
parallel path operation evident. Figure 80 shows the ef-
fects of too much AC gain; excessive peaking on the edges
with proper amplitude indicated only after the AC channel
transitions through its highpass cut off. Similarly, exces-
sive DC gain produces Figure 81’s traces. The AC gain path

A =500uV/DIV
B =0.5V/DIV

HORIZ = 10ns/DIV

LTANAT « TA77

Figure 77. Pulse Response for the X1000 Differential Amplifier.
Fidelity is Quite Good, with Only Slight Output Peaking (Trace B)
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Figure 78. Gain vs Bandwidth for the X1000 Differential
Amplifier. Peaking Noted in Figure 77 Shows up as 0.25dB Peak
at 5MHz, Which Could be Trimmed Out

A=0.002V/DIV

B=2V/DIV

HORIZ = 100us/DIV

LTAN47 « TAT9

Figure 79. Response of X1000 Amplifier with Bandwidth
Crossover Points Properly Adjusted. A = Input; B = Qutput

A =0.002V/DIV

B=2VDIV |

HORIZ = 100ps/DIV

LTAN47 « TABO

Figure 80. Response of X1000 Amplifier with Excessive AC Gain.
A = Input; B = Output

A=0.002vV/DIV

B=2VDIV |

LTAN47 - TAB1

Figure 81. Response of X1000 Amplifier with Too Much DC Gain.
A = Input; B = Output

provides proper initial response, but too much DC gain
forces a long, tailing response to an incorrect amplitude.
High Speed Differential Line Receiver

High speed analog signals transmitted on a line often pick
up substantial common-mode noise. Figure 82 shows a
simple, fast differential line receiver using the LT1194

LY LN
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Figure 82. Simple, Full Differential Line Receiver

gain-of-ten differential amplifier. The differential line is fed
to A1. The resistor-diode networks prevent overload and
insure input bias for A1 under all conditions. A1’s output
represents the difference of the two line input times a gain
of ten. In theory, all common-mode noise should be
rejected. The test circuit shown in the figure confirms this.
The sinewave oscillator drives T1 (Trace A, Figure 83),
producing a differential line output at its secondary. T1’s
secondary is returned to ground through a broadband
noise generator, flooding the line inputs with common-
mode noise (traces Band C are A1’sinputs). Trace D, A1’s
X10 version of the differential signal at its inputs, is clean
with no visible noise or disturbances. This circuit will
easily provide a clean output with DC-5MHz noise domi-
nating signal by a 100:1 ratio.

Transformer Coupled Amplifier

Figure 84 shows another way to achieve high common-
mode rejection. Additionally, this circuit has the advantage
of true 3 port isolation. The input, gain stage, and output
are all galvanically isolated from each other. As such, this

configuration is useful where large common-mode differ-
ences are encountered or where ground integrity is
uncertain. A1 is set up in a simple gain of 11. T1 feeds its
input, and the output is taken from T2. Figure 85 shows
results for a 4MHz input, with all “»” designated trans-
former leads referred to ground. The input (Trace A, Figure
85) is applied to T1, whose output (Trace B) feeds A1. A1
takes gain, and its output (Trace C) feeds T2. T2’s output

A=0.5V/DIV

B=0.5V/DIV

C=0.5V/DIV

D=5V/DIV j

LTAN47  TAB3

Figure 83. Differential Line Receiver Easily Pulls Out a Signal
Buried in Common-Mode Noise. Qutput is Clean, Despite 100:1
Noise-to-Signal Ratio
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(Trace D) is the circuit’s output. Phase shift is evident,
although tolerable. T1 and T2 are very wideband devices,
with low phase shift. Note the negligible phase difference
between the A-B and C-D trace pairs. A1 contributes
essentially the entire phase error. Using the transformers
specified, the circuit’s low frequency cut-off is about 10kHz.

1k

Al

T1, T2 = MINI CIRCUITS LAB # T1-6

LTAN47 - TAB4

Figure 84. Transformer Coupled Amplifier. Note That A1 is
Galvanically Isolated From Input and Output Nodes

A=02V/DIV
B =0.2v/DIV

C=2v/DIV i
D=2v/DIV :

B I W
HORIZ = 50ns/DIV

LTAN47 - TABS

Figure 85. Transformer Coupled Amplifier Responds to an Input
(Trace A) with A Slightly Phase Shifted Output (Trace D). Traces
B and C are T1 Secondary and T2 Primary, Respectively

Differential Comparator Amplifier with Adjustable
Offset

It is often desirable to examine or amplify one particular
portionofasignal while rejecting all other portions. At high
speed this can be difficult, because the amplifier may see
fast, large common-mode swings. Recovery from such
activity usually is dominated by saturation effects, making
the amplifier’s output questionable. The LT1193’s differ-
ential amplifier's fast overload recovery permits this
function, maintaining output fidelity to the input signal.
Additionally, the input level amplitude at which amplifica-
tion begins is settable, allowing any amplitude defined
pointto be selected. InFigure 86, A1,the LT1019reference
and associated components form an adjustable, bipolar
voltage source which is coupled to differential amplifier
A2’s negative input. The input signal biases A2’s positive
input with A2’s gain set by R1 and R2, in accordance with
the equation given.

Input signals below A2’s negative input levels maintain
A2’s output in saturation, and no signal is seen at the
output. When the positive input rises above the negative
input’s bias point A2 becomes active, providing an ampli-
fied version of the instantaneous difference between its
inputs. Figure 87 shows what happens when the output of
atriangle wave generator (Trace A) is applied to the circuit.
Setting the bias level just below the triangle peak permits
high gain, detailed operation of the turnaround at the peak.
Switching residue in the generator's output is clearly
observable in Trace B. Appropriate variations in the volt-
age source setting would permit more of the triangle
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25V ouT
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+5V =——1 IN
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LTAN4T + TABS

Figure 86. Fast Differential Comparator Amplifier with Settable Offset
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slopes to be observed, with attendant loss of resolution
due to oscilloscope overload limitations. Similarly, in-
creasing A2’s gain allows more amplitude detail while
placing restrictions on how much of the waveform can be
displayed. It is worth noting that this circuit performs the
same function as differential plug-in units for oscillo-
scopes. This circuit's output is accurate and settled to
0.1% 100ns after it enters its linear region.

A=5V/DIV

B=0VDIV i

Differential Comparator Amplifier with Settable
Automatic Limiting and Offset

A HORIZ = 20us/DIV . . . oy .
B HORIZ < 245/DIV o Figure 88 extends the previous circuit’s operation, allow-

ing amplified observation of information between two
settable, amplitude defined points. The amplitude setpoints
Signal Detail From a Triangle Waveform’s Peak. Triangle are settable in both magnitude and sign. In this circuit the
Generator’s Switching Artifacts are Clearly Evident polarity of the offset applied to A2’s negative input is

Figure 87. The Differential Comparator Amplifier Extracting
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Figure 88. Differential Comparator Amplifier with Settable Automatic Limiting and Offset
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determined by comparator A1’s output state. A1 com-
pares the circuit’s input to ground, generating polarity
information atits outputs. Level shifters Q1-Q3 and Q2-Q4
bias followers Q5 and Q6. Positive circuit inputs result in
Q5 supplying the “Vgompares” Potential to A2, while
negative inputs route “Voompare-" to A2. This eliminates
the previous circuit’s manual polarity switch, permitting
automatic selection of the differencing polarity and ampli-
tude. Additionally, this circuit takes advantage of A2’s
input clamp feature. This feature (See LT1194 Data Sheet)
limits the dynamic range of the input, clamping the
amplifier'sinput operating range. Signals inside the clamp
limit are processed normally, while signals outside the
limit are precluded from influencing the amplifier. This
combination of circuit controls allows very tightly defined
windows on a waveform to be selected for accurate
amplification without overload restrictions.

Figure 89 shows the circuit output for a sine input (Trace
A) from the same function generator used to test the
previous circuit. The V* and V-~ compare voltages are set
just below the sinewave peaks, with “Vjamp” programmed
to restrict amplification to the peak’s excursion. Trace B,
the circuit’s output, simultaneously shows amplitude de-
tail of both sine peaks. The observed distortion is directly
traceable to this generator’s imperfect internal triangle
waveform (see Figure 87), as well as its sine shaper
characteristics.

A=2V/DIV [

B=0.1V/DIV {1

L -
HORIZ = 5ps/DIV

LTAN47 + TABY

Figure 89. The Automatic Differential Comparator Amplifier
Finds Triangle Wave and Switching Residuals (Trace B)
in Trace A’s Peaks

Photodiode Amplifier

Amplification of fast photodiode signals over a wide range
of intensity is a common requirement. Figure 90’s fast FET
amplifier serves well, giving wideband operation with 5

decades of photocurrent. The photodiode is set up in the
conventional manner. Photocurrent is fed directly to A1’s
summing point, causing A1’s output to move to the level
required to maintain virtual ground at the negative input.
The —15V diode bias aids diode response. The table in the
figure details circuit operating characteristics with the
diode specified.

Some care in frequency compensating this configuration
is required. The diode has about 2pF of parasitic capaci-
tance, forming a significant lag at A1’s summing point. If
no feedback capacitor is used, high speed dynamics are
poor. Figure 91 shows circuit response to a photo input
(Trace A) with the indicated 3pF feedback capacitor re-
moved. A1’s output overshoots and saturates before
finally ringing down to final value. In contrast, replacing
the 3pf capacitor provides Figure 92's results. The same
input pulse (Trace A, Figure 92) produces a cleanly damped
output (Trace B). The capacitor imposes a 50% speed
penalty (note faster horizontal scale for Figure 92). This is
unavoidable because suppressing the parasitic ringing’s
relatively low frequency mandates significant roll-off.

Fast Photo Integrator

A related circuit to the photodiode amplifier is Figure 93’s
photo integrator. Here, the output represents the integral
of the diode’s photocurrent over some period of time. This

3pF
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1mw 350uA 10.0V
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100nW 35nA 0.001V
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Figure 90. A Simple Photodiode Amplifier
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circuit is particularly applicable in situations where the
total energy inalight pulse (or pulses) must be measured.
The circuit is a very fast integrator, with S1 used as a reset
switch. §2, switched simultaneously with S1, compen-
sates S1’s charge injection error. With the control input
(Trace A, Figure 94) low and no photocurrent, S1is closed
and A1 looks like a grounded follower. Under these condi-
tions A1’s output (Trace C) sits at OV. When the control
input goes high, A1 becomes an integrator as soon as St
opens. Due to switch delay, this occurs about 150ns after
the control input goes high. When S1 opens it delivers
some parasitic charge to A1’s summing point. S2 provides
a compensatory charge based pulse at A1’s positive
terminal to cancel the effects of S1’s charge error. This
action shows up as a fast, small amplitude event in A1’s
output which settles rapidly back to OV.

LTAN47 « TAS1

Figure 91. Response of Figure 90 Without a Feedback Capacitor

A=1750A0 EE

B =5V/DIV

N
HORIZ = 200ns/DIV

LTAN47 - TAS2

Figure 92. Figure 90 Responding with a Feedback Capacitor
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Figure 93. A Very Fast Photo Integrator. S2 Compensates Reset
Switch $1’s Small Charge Injection

10pF TpF-45pF

A=2V/DIV

B=5V/DIV g

C=5v/DIV

LTAN47 « TAS4

Figure 94. The Photo Integrator Acquires (Trace C) an Input
Light Pulse (Trace B) with the Control Line (Trace A) in the Run
Mode. Charge Cancellation Action is Evident at Trace C’s 400ns
Point
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At this point in time the integrator is ready to receive and
record a photo pulse. When light falls on the photodiode
(Trace B triggers a light pulse seen by the photodiode) A1
responds by integrating. Inthis case A1’s outputintegrates
rapidly until the light pulse ceases. A1’s voltage after the
light event is over is related to the total energy seen by the
diode during the event. A monitoring A-D converter can
acquire A1’s output. In typical operation the control line
returns low, resetting A1 until the next event is to be
integrated.

With only 10pF of integration capacitor, the circuit has an
outputdroop rate of about 0.2V/us. This can be increased,
although integration speed will suffer accordingly. Inte-
gration times of nanoseconds to milliseconds and
photocurrents ranging from nanoamperes to hundreds of
microamperes are accommodated by the circuitas shown.
Thus, light intensities spanning microwatts to milliwatts
over wide ranges of duration are practical inputs. The
primary accuracy restrictions are A1’s 75pA bias current,
its 12V output swing and the effectiveness of the charge
cancellation network. Typically, full-scale accuracy of sev-
eral percentis achievable if the charge cancellation network
is trimmed. To do this, assure that the diode sees no light
while repetitively pulsing the control line. Adjust the trim-
mer capacitor for 0V output at A1 immediately after the
disturbance associated with the S1-S2 switching settles.

Fiber Optic Receiver

A simple high speed fiber optic receiver appears in Figure
95. A1, a photocurrent-to-voltage converter similar to
Figure 90, feeds comparator A2. A2 compares A1’s output

10k
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IPHOTO = 2.5pA-3501A & outeut
== 5.1k

AMN— +5V
4)* - HP5082-4024 5000
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ADJUST
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. \4

3 LTAN47 - TA5S

Figure 95. A Simple Fiber Optic Receiver

HORIZ = 20ns/DIV

LTAN47 - TAS

Figure 96. Waveforms for the Simple Fiber Optic Receiver. A1
(Trace B) Lags the Input (Trace A), but Qutput (Trace C) is Clean

to a DC level established by the threshold adjust setting,
producing a logic compatible output. Figure 96 shows
typical waveforms. Trace A is a pulse associated with a
photo input. Trace B is A1’s response and Trace C is A2’s
output. The phase shift between the photo input and A2’s
outputis due to A1’s delay in reaching the threshold level.
Reducing the threshold level will help, but moves opera-
tion closerto the noise floor. Additionally, the fixed thresh-
old level cannot account for response changes in the
emitter and detector diodes and fiber optic line over time
and temperature.

40MHz Fiber Optic Receiver with Adaptive Trigger

Receiving high speed fiber optic data with wide input
amplitude variations is not easy. The high speed data and
uncertain intensity of the light level can cause erroneous
results unless the receiver is carefully designed. Figure 97
addresses the previous circuit’s limitations, offering sig-
nificant performance advantages. This receiver will reli-
ably condition fiber optic inputs of up to 40MHz with input
amplitude varying by >40dB. Its digital output features an
adaptive threshold trigger which accommodates varying
signal intensities due to component aging and other
causes. An analog output is also available to monitor the
detector output. The optical signal is detected by the PIN
photodiode and amplified by A1. Asecond stage, A2, gives
further amplification. The output of this stage biases a 2-
way peak detector (Q1-Q4). The maximum peak is stored
in Q2’s emitter capacitor, while the minimum excursion is
retained in Q4’s emitter capacitor. The DC value of A2’s
output signal’s mid-point appears at the junction of the
500pF capacitor and the 22MQ units. This point will
always sit midway between the signal’s excursions, re-
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Figure 97. Adaptively Triggered 40MHz Fiber Optic Receiver is Inmune to Shifts in Operating Point

gardless of absolute amplitude. This signal-adaptive volt-
age is buffered by the low bias LT1097 to set the trigger
voltage at the LT1016’s positive input. The LT1016’s
negative input is biased directly from A2’s output. Figure
98 shows the results using the test circuit indicated in
Figure 97. The pulse generator’s output is Trace A, while
A2’s output (analog output monitor) appears in Trace B.
The LT1016 output is Trace C. The waveforms were
recorded with a 5uA photocurrent at about 20MHz. Note
that A4’s output transitions correspond with the midpoint
of A2’s output (plus A4’s 10ns propagation delay) in
accordance with the adaptive trigger’s operation.

50MHz High Accuracy Analog Multiplier

Although highly accurate, very wideband analog multipli-
ers are available, their output takes a differential form.
These differential outputs, which have substantial com-
mon mode content, are frequently inconvenient to work
with. RF transformers can be used to single end the
outputs, but DC and low frequency information is lost.

Figure 99 uses the LT1193 differential amplifier to accom-
plishthe differential-to-single ended transition. The AD834
is set up in the recommended configuration (see Analog
Devices AD834 Data Sheet, Reference 26). The LT1193
takes the differential signal from the AD834’s 502 termi-
nated output and provides a single ended output. The gain
of two yields a +1V output at full-scale.
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Figure 98. Adaptively Triggered Fiber Optic Receiver’s
Waveforms at 20MHz with 5uA Diode Current
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Figure 99. Analog Multiplier with 2% Accuracy Over DC to 50MHz Has a Single Ended Output

The AD834 outputs come out riding on a common-mode
level very close to the devices positive supply. Thiscommon-
mode levelfalls outside the LT1193’sinput common-mode
range. The diodes in the 7.5V supply rails drop the supply
atthe AD834, biasing its outputs within the LT1193’s input
range. This scheme avoids the attenuation and matching
problems presented by placing a level shift between the
multiplier and amplifier. The ferrite beads combine with the
diode’s impedance to ensure adequate bypassing for the
multiplier, a very wideband device.

Performance for this circuit is quite impressive. Error
remains within 2% over DC-50MHz, with feedthrough
below -50dB. Trimming the circuit involves adjusting the
variable capacitor at the amplifier for minimal output
square wave peaking. Figure 100 shows performance
when a 20MHz sine input is multiplied by Trace A’s
waveform. The output (Trace B) is a singularly clean
instantaneous representation of the XY input products,
with strict fidelity to their components.

Power Booster Stage

Occasionally, it is necessary to supply larger output cur-
rents than an amplifier is capable of delivering. The power
gain stage, sometimes called a booster, is usually placed
within the monolithic amplifier’s feedback loop, preserv-
ing the IC’s low drift and stable gain characteristics.

Because the output stage resides in the amplifier’s feed-
back path, loop stability is a concern. This is particularly
the case with high speed amplifiers. The output stage’s
gain and AC characteristics must be considered if good
dynamic performance is to be achieved. Overall circuit
phase shift, frequency response and dynamic load han-
dling capabilities are issues that cannot be ignored when
designing a power gain stage for a monolithic amplifier.
The output stage’s added gain and phase shift can cause
poor AC response or outright oscillation. Judicious appli-
cation of frequency compensation methods is needed for
good results (see Appendix C, “The Oscillation Problem —
Frequency Compensation Without Tears”, for discussion
and details on compensation methods).

A=0.5V/DIV

B=0.5V/DIV |

HORIZ = 40ns/DIV

LTAN47 « TA100

Figure 100. The Multiplier Produces a Modulated Sine Output
(Trace B) in Accordance with Trace A’s Envelope
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Figure 101 shows a 200mA power booster used with an
LT1220 amplifier. Complementary emitter followers Q1-
Q5 provide current gain for positive signals, with 2 and
Q6 handling negative excursions. Q3 and Q4 are Vgg based
current limits, coming on and robbing drive from the
appropriate output transistor when current exceeds about
300mA. The diodes prevent Q1 and Q2 from seeing
reverse Vpe during current limit. The 100 resistor and
ferrite beads prevent the low impedance amplifier output
from causing oscillation in Q1 and Q2 (see Appendix C).

To be effective, the booster must be exceptionally fast. A
slow design will obviate the AC performance of the ampli-
fier controlling it, or in the worst case, cause oscillation
(again, see Appendix C). Figure 102 shows booster perfor-
mance with the LT1220 removed from the circuit. The
input pulse (Trace A) is applied to the booster input, with
the output (Trace B) taken at the indicated spot. Evaluation
of the photograph shows that booster rise and fall times
are limited by the input pulse generator. Additionally, delay
is in the 1ns range. This kind of speed makes the circuit a
good candidate for acceptable AC performance within a
fast amplifier’s loop.

Figure 103 shows pulse response with the LT1220 in-
stalled in the circuit with a 50Q load. The booster’s high
speed contributes negligible delay and overall response is
clean and predictable. The local 3pF roll-off at the LT1220
optimizes response, butis notabsolutely necessary in this
circuit. The input (Trace A) produces a nicely shaped
LT1220 slew-limited output (Trace B).

A=2V/DIV
B=2V/DIV

HORIZ = 10ns/DIV

LTAN4T - TA102

Figure 102. Response of Figure 101’s Booster Stage

A=2V/DIV ESE
B =2V/DIV
(INVERTED)

LTAN47 - TA103

Figure 103. The Booster’s Response When Inside an
Amplifier’s Loop
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Figure 101. A 200mA Output Wideband Booster Stage
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High Power Booster Stage

In theory, higher power booster stages should be achiev-
able by utilizing bigger devices. This is partly the case, but
lack of availability of wideband PNP power transistorsis an
issue. Figure 104 shows a way around this problem.

The circuit is essentially a 1A output version of Figure 101,
with several differences. In the positive signal path output
transistor Q4 is an RF power type, driven by Darlington
connected Q3. The diode in Q1’s emitter compensates the
additional Vgg introduced by Q3, preventing crossover
distortion.

The negative signal path substitutes the Q5-Q6 connection
to simulate a fast PNP power transistor. Although this
configuration acts like a fast PNP follower, it has voltage
gain and tends to oscillate. The local 2pF feedback capaci-
tor suppresses these parasitic oscillations and the com-
posite transistor is stable.

This circuit also includes a feedback capacitor trim to
optimize AC response. This difference from the previous
circuit is necessitated by this circuit’s slightly slower
characteristics and much heavier loading. Current limit
operation and other characteristics are similar to the lower

power circuit.
5pF-30pF

Figure 105 shows waveformsfora 10V negative input step
(Trace A) with a 10 load. The amplifier responds (Trace
B), driving the booster to the voltage required to close the
loop. For this positive step, the amplifier provides about
1.5V overdrive to overcome Q3 and Q4’s Vg drops. The
booster output, lagging by a few nanoseconds (Trace C),
drives the load cleanly, with only minor peaking. This
peaking may be minimized with the feedback capacitance
trimmer.

A=2V/DIV
B =2V/DIV

C=2v/DIV

HORIZ = 20ns/DIV

LTAN47 « TA105

Figure 105. The Boosted Op Amp Drives a 1A Load to 10V
in 50ns
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Figure 104. Fast, 1A Booster Stage
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Ceramic Bandpass Filters

Figure 106 is a highly selective bandpass filter using a
resonant ceramic element and a single amplifier. The
ceramic element nominally looks like a high impedance off
its resonant frequency, in this case 400kHz. For off reso-
nance inputs, A1 acts like a grounded follower, producing
no output. At resonance, the ceramic element has a low
impedance and A1 responds as an inverter with gain. The
100Q resistor isolates the ceramic element’s capacitance
from A1’s summing point. This capacitance is quite sub-
stantial and limits the circuits out of band rejection capa-
bility. Figure 107 shows this. This plot shows very steep
rejection, with A1’s output down almost 20dB at 300kHz
and 40dB at 425kHz. The device’s stray parasitic capaci-
tance causes the gentle rise in output at higher frequencies
and also sets the —20dB floor at 300kHz.

Figure 108 partially corrects this problem with a nulling

technique. This circuit is similar to the previous one,

except that a portion of the input is fed to A1’s positive

input. The RC network at this input is scaled to look like the

ceramic resonator’s off null impedance. As such, A1’s

inputs see similar signals for out of band components,
1k
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Figure 106. A Piezo-Ceramic Based Filter
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Figure 107. Response of Both Piezo-Geramic Filters. Differential
Network’s Activity is Evident in Figure 108’s Performance
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Figure 108. Differential Network Nulls Parasitic Capacitance of
Ceramic Element
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Figure 109. Crystal Filter

LTAN47 + TA109

resulting in attenuation via A1’s common-mode rejection.
At resonance, the added RC network appears as a much
higher impedance than the ceramic element and filter
response is similar to Figure 106’s circuit. Figure 107
shows that this circuit has much better out of band
rejection than Figure 106. The high frequency roll-off is
smooth, and over 20dB deeper than Figure 106 at 475kHz.
The low frequency side of resonance has similar charac-
teristics at 375kHz and below.

Crystal Filter

Quartz crystals can also be used to make even higher
selectivity filters at higher frequencies. Figure 109 replaces
Figure 106’s ceramic element with a 3.57MHz quartz
crystal. Figure 110 shows almost 30dB attenuation only a
few kHz on either side of resonance! The differential
nulling technique used with the ceramic elements is less
effective with quartz crystals. Crystals have significantly
lower parasitic terms, making the cancellation less effective.

APPLICATIONS SECTION I - OSCILLATORS

Sine Wave Qutput Quartz Stabilized Oscillator

Figure 111 places a crystal within the amplifier’s feedback
path, creating an oscillator. With the crystal removed, the

AN47-48
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Figure 110. The Crystal Filter’s Response
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Figure 111. 10MHz Quartz Stabilized Sine Wave Oscillator

circuitis afamiliar non-inverting amplifier withagrounded
input. Gain is set by the impedance ratio of the elements
associated with A1’s negative input. Inserting the crystal
closes a positive feedback path at the crystal’s resonant
frequency and oscillations commence.

In any oscillator it is necessary to control the gain as well
as the phase shift at the frequency of interest. If gain is too
low, oscillation will not occur. Conversely, too much gain
produces saturation limiting. Here, gain control comes
from the positive temperature coefficient of the lamp at
A1’s negative input. When power is applied, the lamp is at
a low resistance value, gain is high and oscillation ampli-
tude builds. As amplitude builds, lamp current increases,
heating occurs, and the lamp’s resistance goes up. This
causes a reduction in amplifier gain and the circuit finds a

SINE OUT

LTANA7 « TAT11

stable operating point. This circuit’s sine wave output has
all the stability advantages associated with quartz crystals.
Although shown at 10MHz, it works well with a wide
variety of crystal types over a 100kHz-20MHz range. The
use of the lamp to control amplifier gain is a classic
technique, first described by Meacham in 1938.12 Elec-
tronic gain control, while more complex, offers more
precise control of amplitude.

Sine Wave Qutput Quartz Stabilized Oscillator with
Electronic Gain Control

Figure 112’s quartz stabilized oscillator replaces the lamp
with an electronic amplitude stabilization loop. A2 com-
pares the A1 oscillator’s positive output peaks with a DC
reference. The diode in the DC reference path temperature
compensates the rectifier diode. A2 biases Q1, controlling
its channel resistance. This influences loop gain, which is
reflected in oscillator output amplitude. Loop closure
around A1 occurs, stabilizing oscillator amplitude. The
1uF capacitor compensates the gain control loop.

The DC reference network is set up to provide optimum
temperature compensation for the rectifier diode, which
sees a 2Vp-p 20MHz waveform out of A1. A1’s small
amplitude swing minimizes distortion introduced by chan-
nel resistance modulation in Q1. To use this circuit, adjust
the 50Q2 trimmer until 2Vp-p oscillations appear at A1’s
output.

Figure 113 is a spectrum analysis of the oscillator's
output. The fundamental sits at 20MHz, with the second
harmonic 47dB down at 40MHz. A third harmonic, 50dB
down, occurs at 60MHz. Resolution bandwidth for the
spectrum analysis is 1kHz.

DC Tuned 1MHz-10MHz Wien Bridge Oscillator

In Figure 114 the quartz crystal is replaced with a Wien
networkat A2’s positive input. A1 controls Q1 to amplitude
stabilize A2’s oscillations in identical fashion to the previ-
ous figure. Although the Wien network is not nearly as
stable as a quartz crystal, it has the advantage of a variable
frequency output. Normally, this is facilitated by varying
either R, G, or both. Usually, manually adjustable elements
such as dual potentiometers and two section variable

Note 12: See Reference 20, as well as References 19 and 21 for
supplemental information.
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Figure 112. 20MHz Eluarlz Stabilized Sine Wave Oscillator with Electronic AGC
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Figure 113. Spectrum Analysis of the 20MHz Quartz Oscillator.
Harmonic Content is at Least 47dB Down

capacitors are used. Here, the Wien network resistors are
fixed at 360Q2, while the capacitive elements are realized
with varactor diodes. The varactor diodes voltage-vari-
able-capacitance characteristic allows DC tuning of the
oscillator. DG inputs of 0V-10V to the varactors resultina
1MHz to 10MHz shift in oscillation frequency. The 0.1uF
capacitor blocks the DC bias from A2’s positive input while
permitting the Wien network to function normally. A2’s
2Vp-p output minimizes the varactor’s junction effects,
aiding distortion.

This +5V powered circuit requires voltage step-up to
develop adequate varactor drive. A3 and the LT1172
switching regulator form a simple voltage step-up regula-
tor. A3 controls the LT1172 to produce the output voltage
required to close a loop at A3’s negative input. L1°s high
voltage inductive flyback events, rectified by the diode and
zener connected Q2, are stored in the 22uF output capaci-
tor. The 7.5k-2.5k divider provides asample of the output’s
value to A3’s negative input, closing the loop. The 0.1uF
capacitor stabilizes this feedback action. Q2’s zener drop
allows the circuit to produce controlled outputs all the way
down to OV. This arrangement permits a 0V-2.5V input at
A3 to produce a corresponding 0V-10V varactor bias.
Figure 115, a spectral plot of the circuit running at 7.6 MHz,
shows the second harmonic down 35dB, with the third
harmonic down almost 60dB. Resolution bandwidth is
3kHz.

Complete AM Radio Station

A complete microphone-to-antenna AM radio station ap-
pears in Figure 116.13 The carrier is generated by A1, set
up as a quartz stabilized oscillator similar to the one
describedin Figure 111. A1’s output feeds A2, functioning
as a modulated RF power output stage. A2’s input signal
range is restricted by the bias applied to offset pins 1 and

Note 13: The construction and operation of this apparatus may require
Federal Communications Commission review and/or licensing. See
Appendix G for FCC licensing and application information.
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Figure 114. Varactor Tuned 1MHz-10MHz Wien Bridge Oscillator
SPECTRUM 100Q potentiometer in the oscillator for a stable 1Vp-p
A:REF E:REF 4 MKR 7T B3Y 258.723 Hz
faope  -im oo MMAG  -34.5389 B 1MHz A1 output. '
[ dBm I 1 4MAG ‘ . .
:= T Figure 117 shows typical AM carrier output at the antenna.
Inthis case the modulation is supplied by Mr. Chuck Berry,
singing “Johnny Be Goode”.
APPLICATIONS SECTION Iil - DATA CONVERSION
1Hz-1MHz Voltage-Controlled Sine Wave Oscillator
i = : The oscillators presented to this point have limited fre-
T 1 14 . -lm«‘h 4 quency tuning range. Although Flgu_re 118 is not a true
N B SR S oscillator, it produces a synthesized sine wave output over
d 3 4 g g N a wide dynamic range. Many applications such as audio,
D1y DIV START L 000 £00.808 H: shaker table driving and automatic test equipment require
T A voltage-controlled oscillators (VCO) with a sine wave
REW=_3 KHZ output. This circuit meets this need, spanninga 1Hz-1MHz

Figure 115. Spectrum Analysis for the Varactor Tuned Wien
Bridge. Harmonics are at Least 34dB Down From Fundamental

8 (see LT1194 data sheet for details). A3, a microphone
amplifier, supplies bias to these pins, resulting in an
amplitude modulated RF carrier at A2’s output. The DC
term summed with the microphone biases A3’s output to
the appropriate level for good quality modulation charac-
teristics. Calibration of this circuit involves trimming the

range (120dB or 6 decades) for a OV to 10V input. It
maintains 0.25% frequency linearity and 0.40% distortion
specifications.'® To understand the circuit, assume Q5 is

Note 14: Operating frequency subject to FCC approval and assignment.
See Footnote 13 and Appendix G.

Note 15: Seasoned readers of LTC literature, a hardened corps, may
recognize this and other circuits in this publication as updated versions of
previous LTC applications. The partial repetition is justified based on
improved specifications and/or simplification of the original circuit.
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Figure 116. A Complete AM Radio Station. Don’t Forget Your Advertisers and FCC License (See Appendix G)

A=2V/DIV
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Figure 117. Chuck Berry Lays a Little Modulation on the
1MHz Carrier

on and its collector (Trace A, Figure 119) is at —15V,
cutting off Q1. The positive input voltage is inverted by A3,
which biases the summing node of integrator A1 through
the 3.6k resistor and the self-biased FETs. A current, -, is
pulled from the summing point. A2, a precision op amp,
DC stabilizes A1. A1’s output (Trace B, Figure 119) inte-
grates positive until C1’sinput (Trace C) crosses OV. When
this happens, C1’s inverting output goes negative, the Q4-
Q5 level shifter turns off, and Q5’s collector goes to +15V.
This allows Q1 to come on. The resistors in Q1’s path are
scaled to produceacurrent, +21, exactly twice the absolute
magnitude of the current, I, being removed from the

summing node. As a result, the net current into the
junction becomes +| and A1 integrates negatively at the
same rate as its positive excursion.

When A1 integrates far enough in the negative direction,
C1’s “+” input crosses zero and its outputs reverse. This
switches the Q4-Q5 level shifter's state. Q1 goes off and
the entire cycle repeats. The result is a triangle waveform
at A1’s output. The frequency of this triangle is dependent
onthe circuit’s input voltage and varies from 1Hz to 1MHz
with a OV-10V input. The LT1009 diode bridge and the
series-parallel diodes provide a stable bipolar reference
which always opposes the sign of A1’s output ramp. The
Schottky diodes bound C1’s “+” input, assuring it clean
recovery from overdrive.

The AD639 trigonometric function generator, biased
via A4, converts A1’s triangle output into a sine wave
(Trace D).

The AD639 must be supplied with a triangle wave which
does not vary in amplitude or output distortion will result.
At higher frequencies, delays in the A1 integrator switch-
ing loop result in late turn on and turn off of Q1. If these
delays are not minimized, triangle amplitude will increase
with frequency, causing distortion level to also increase
with frequency. The total delay generated by the LT1016,

AN47-52

LT IR



Application Note 47

— 1
A _F_BASpF Sak 3430
L -
0.1
10k
M ol
MM | [ E IN2907 AN
1.74k* 100Q HIGH I
o 1%\“;-—-————];% , FREQUENCY I S8 o
- +
'1 SYMMETRY p J__L :E 20 k]
L ” s 240pF
*“EV e 2,/ (POLYSTYRENE) $— 15
106S 100k S A |
< ? LOW FREQUENCY
SYMMETRY 5V
15V .
10k a6k §10k
ﬂ
! 2%
1 <
1
1
)
Ll
—>—+4 H{—I LT1009
25V
= OPTIONAL OFFSET SERVO 300pF
= (SEE TEXT) |
» 15V
X1 #V— +15V
! X2 cCCH—
ulow OUTPUT 1Hz-1MHz
U2 71 SINE WAVE
-15v coMm 72 __L
* 10
1% FILM RESISTOR 15V L e | =
FET = 2N4391 " . VR 6T
> - 1N4148 DISTORTION S+— ¢, M e TV
- TRIM « 2__v
NPN = 22360 DISTORTION S I
). = HP5082-2810 5.36k* TRIM =
68k
_— _1 5V LTAN47 + TA118

Figure 118. 1Hz-1MHz Sine Wave Output VCO Has 0.25% Linearity and 0.4% Distortion
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Figure 119. Sine Wave VCO Waveforms

the Q4-Q5 level shifter, and Q1 is 14ns. This small delay,
combined with the 22pF feedforward network at the
LT1016’s input, keeps distortion to just 0.40% over the
entire 1MHzrange. At 100kHz, distortion is typically inside
0.2%. The effects of gate-source charge transfer, which
happens whenever Q1 switches, are minimized by the 8pF
unit in Q1’s source line. Without this capacitor, a sharp
spike would occur at the triangle peaks, increasing
distortion. The Q2-Q3 FETs compensate the temperature-
dependent on-resistance of Q1, keeping the +2I/-
relationship constant with temperature.

This circuit features extremely fast response to input
changes, something most sine wave circuits cannot do.

LY HNER
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Figure 120 shows what happens when the input switches
between two levels (Trace A). A1’s triangle output (Trace
B) shifts frequency immediately, with no glitching or poor
dynamics. The sine output (Trace C), reflecting this action,
is similarly clean. To adjust this circuit, putin 10.00V and
trim the 100Q pot for a symmetrical triangle output at A1.

HORIZ = 10ps/DIV

LTAN47 + TA120

Figure 120. Sine Wave Output VCO Step Response is
Quick and Clean

Next, put in 100uV and trim the 100k pot for triangle
symmetry. Then, put in 10.00V again and trim the 1k
frequency trim adjustment for a 1MHz output frequency.
Finally, adjust the distortion trim potentiometers for mini-
mum distortion as measured on a distortion analyzer
(Trace E, Figure 119). Slight readjustment of the other
potentiometers may be required to get lowest possible
distortion. If operation below 100Hzis not required, the A2
based DC stabilization stage may be deleted. Ifthisis done,
A1’s positive input should be grounded.

1Hz-10MHz V — F Gonverter

The LT1016 and the LT1122 high speed FET amplifier
combine to form a high speed V — F converter in Figure
121. A variety of circuit techniques are used to achieve a
1Hz to 10MHz output. Overrange to 12MHz (Vi = 12) is
provided. This circuit has a wider dynamic range (140dB
or 7 decades) than any commercially available unit. The
10MHz full-scale frequency is 10 times faster than cur-
rently available monolithic V — Fs. The theory of operation
is based on the identity Q = CV.
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Figure 121. 1Hz-10MHz V-to-F Converter. Linearity is 0.03% with 50ppm/°C Drift
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Each time the circuit produces an output pulse, it feeds
back a fixed quantity of charge (Q) to a summing node (X).
The circuit’s input furnishes a comparison current at the
summing node. The difference signal at the node is
integrated in a monitoring amplifier's feedback capacitor.
The amplifier controls the circuit’s output pulse generator,
completing a feedback loop around the integrating ampli-
fier. To maintain the summing node at zero, the pulse
generator runs at a frequency which permits enough
charge pumping to offset the input signal. Thus, the output
frequency will be linearly related to the input voltage. A1 is
the integrating amplifier.

0.05uV/°C offset drift performance is obtained by stabiliz-
ing A1 with A2, a chopper stabilized op amp. A2 measures
the DC value of the negative input, compares it to ground,
and forces the positive input to maintain offset balance in
A1. Note that A2 is configured as an integrator and cannot
see high frequency signals. It functions only at DC and low
frequency.

A1 is arranged as an integrator with a 68pF feedback
capacitor. When a positive voltage is applied to the input,
A1’s output integrates in a negative direction (Trace A,
Figure 122). During this period, C1’s inverting output is
low. The paralleled HCMOS inverters form a reference
voltage switch. The reference voltage is established by the
LM134 current source driven LT1034’s and the Q3-Q4
combination. Additionally, a small input voltage related
term is summed into the reference, improving overall
circuit linearity. A3-A4 provides low drift buffering, pre-
senting a low impedance reference to the paralleled
inverter’s supply pin. The HCMOS outputs give low resis-
tance, essentially errorless switching. The reference
switch’s output charges the 15pF capacitor via Q1’s path.

When A1’s output crosses zero, G1’s inverting output
goes high and the reference switch (Trace B) goes to
ground. This causes the 15pF unit to dispense charge into
the summing node via Q2’s Vgg. The amount of charge
dispensed is a direct function of the voltage the 15pF unit
was charged to (Q = CV). Q1 and Q2 are temperature
compensated by Q3 and Q4 in the reference string. The
currentthrough the 15pF unit (Trace C) reflects the charge
pumping action. The removal of current from A1’s sum-
ming junction (Trace D) causes the junction to be driven
very quickly negative. The initial negative-going 15ns

___ I P N
HORIZ = 100ns/DIV

LTAN47 + TA122

Figure 122. 10MHz V-to-F’s Operating Waveforms. LT1122
Integrator is Completely Reset in 60ns

transient at A1’s outputis due to amplifier delay. The input
signal feeds directly through the feedback capacitor and
appears at the output. When the amplifier finally responds,
its output (Trace A) slew limits as it attempts to regain
control of the summing node. The class A 1.2kQ pull-up
and the RC damper at A1’s output minimizes erroneous
output movement, enhancing this slew recovery. The
amount of time the reference switch remains at ground
depends on how long it takes A1 to recover and the 5pF-
1000Q2 hysteresis network at C1. This 60ns interval is long
enough for the 15pF unit to fully discharge. After this, C1
changes state, the reference switch swings positive, the
capacitor is recharged and the entire cycle repeats. The
frequency at which this oscillation occurs is directly re-
lated to the voltage-input-derived current into the sum-
ming junction. Any input current will require a corre-
sponding oscillation frequency to hold the summing point
at an average value of QV.

Maintaining this relationship at megahertz frequencies
places severe restrictions on circuit timing. The key to
achieving 10MHz full-scale operating frequency is the
ability to transmit information around the loop as quickly
as possible. The discharge-reset sequence is particularly
critical and is detailed in Figure 123. Trace A is the A1
integrator output. Its ramp output crosses 0V at the first
left vertical graticule division. A few nanoseconds later,
C1’s inverting output begins to rise (Trace B), switching
the reference switch to ground (Trace C). The reference
switch begins to head towards ground about 16ns after
A1’s output crosses 0V. 2ns later, the summing point
(Trace D) begins to go negative as current is pulled from
it through the 15pF capacitor. At 25ns, C1’s inverting
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Figure 123. Detail of 60ns Reset Sequence (Whoosh!)

outputis fully up, the reference switchis at ground, and the
summing point has been pulled to its negative extreme.
Now, A1 begins to take control. Its output (Trace A) slews
rapidly in the positive direction, restoring the summing
point. At 60ns, A1 is in control of the summing node and
the integration ramp begins again.

Start-up and overdrive conditions could force A1’s output
to go to the negative rail and stay there. The AC-coupled
nature of the charge dispensing loop can preclude normal
operationand the circuit may latch. The remaining HCMOS
inverter provides a watchdog function for this condition. If
A1’s outputrails negative the reference switch tries to stay
at ground. The remaining inverter goes high, lifting A1’s
positive input. This causes A1’s output to slew positive,
initiating normal circuit action. The 1k-10uF combination
and the 10M-inverter input capacitance limit start-up loop
bandwidth, preventing unwanted outputs.

The LM134 current source driving the reference string has
a built in 0.33%/°C thermal coefficient, causing slight
voltage modulation in the Q3-Q4 pair over temperature.
This small change (= +120 ppm/°C) opposes the —120ppm/
°C drift in the 15pF polystyrene capacitor, aiding overall
circuit tempco.

To trim this circuit, apply exactly 6V at the input and adjust
the 2kQ potentiometer for 6.000MHz output. Next, put in
exactly 10V and trim the 20k unit for 10.000MHz output.
Repeat these adjustments until both points are fixed. A2’s
low drift eliminates a zero adjustment. If operation below
600Hz is not required, A2 and its associated components
may be deleted.

Linearity of this circuit is 0.03% with full-scale drift of
50ppm/°C. Zero point error, controlled by A2, is 0.05Hz/°C.

8-Bit, 100ns Sample-Hold

Figure 124 shows a Simple, very fast sample-hold circuit.
This circuit will acquire a £5V input to 8-bit accuracy in
100ns. Hold stepis inside 1/4 LSB with hold settling inside
25ns. Aperture time is4ns and droop rate about 1/2 LSB/us.

Theinputisfedtoa Schottky switching bridge viainverting
buffer A1. The Schottky bridge, similar to types used in
sampling oscilloscopes'8, gives 1ns switching and elimi-
nates the charge pump-through that a FET switch would
contribute. The switching bridge’s output feeds output
amplifier A2. A2, configured as an integrator, is the actual
hold amplifier. Its output is fed back to the switching
bridge’s input, forming a summing point with A1’s output
resistor. This feedback loop places the bridge within a
loop, enhancing accuracy.

The bridge is switched by driving the sample-hold input
line. Q1 and Q2 drive L1’s primary. L1’s secondaries
provide complementary drive to the bridge with almost no
time skewing.

Figure 125 shows the circuit acquiring a full scale step.
Trace Aisthe input command while Trace Bis A2’s output.
The aberration visible in A2’s output when switching into
hold (hold step) is due to minute residual AC imbalances
in the bridge. Figure 126 studies this effect in high resolu-
tion detail, with the hold step trim deliberately discon-
nected. After A2’s output nominally settles at final value,
the circuit is switched into hold. The bridge imbalance
allows a small parasitic charge to be displaced into A2’s
summing point, causing A2 to step 10mV higher (in this
case). If the trim is connected and properly adjusted, it
supplies a small compensatory charge during switching.
Figure 127 shows the effect of this on the output. The
settled hold output is the same as the acquired value. To
trimthis circuit, ground the input while pulsing the sample-
hold control line. Next, adjust the trim for minimal ampli-
tude step between the sample and hold states.

In contrast to low frequency sample-hold circuits this
design cannot pass signal if left in the sample mode. The
transformer’sinherent AC coupling precludes such opera-
tion. Similarly, extended sample mode duration (e.g.,
>500ns) will cause transformer saturation, resulting in
erroneous outputs and excessive Q1-Q2 dissipation. If

Note 16: See References 7, 8 and 28.
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Figure 125. Fast Sample-Hold Acquiring a Full-Scale Input

extended logic high durations are possible at the control
input, it should be AC coupled.

15ns Current Summing Comparator

Figure 128 shows a way to build a high speed current
comparator with resolution in the 12-bit range. Current
comparison, the fastest way to compare D — A outputs
and analog values, is commonly used in high speed A—D
converters and instrumentation. A1 is set up as a Schottky
bounded amplifier. The bound diodes prevent A1 from

LTANAT - TA124

A=10mV/DIV B
(ON 5V LEVEL)

LTAN47 - TA126

Figure 126. Hold Step with Mis-Adjusted Compensation

saturating due to excessive summing point overdrive,
aiding response time. The 3pF capacitor, a typical value,
compensates DAC output capacitance and is selected for
best amplifier damping. The 10k feedback resistor, also
typical, is chosen for best gain-bandwidth performance.
Voltage gains of 4 to 10 are common. Figure 129 shows
performance. Trace A, a test input, causes A1’s output
(Trace B) to slew through zero (screen center horizontal
line). When A1 crosses zero, C1’s input biases negative
and it responds (C1’s output is Trace C) 10ns later with a
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Figure 127. Hold Step with Properly Adjusted Compensation
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Figure 128. Fast Summing Comparator

TTL output. Total elapsed time from the test input arriving
ata TTL high until the comparator output achieves a TTL
high is inside 15ns.

50MHz Adaptive Threshold Trigger Circuit

Figure 130is an extremely versatile trigger circuit. Design-
ing a fast, stable trigger is not easy and often entails a
considerable amount of discrete circuitry. This circuit
reliably triggers from DC-50MHz over a2mV-300mV input
range with no level adjustment required.

A1, a gain of ten preamplifier, feeds an adaptive trigger
configuration identical to the one described in Figure 97°s
fiber optic receiver. The adaptive trigger maintains the A3
output comparator’s trip point at 1/2 input signal ampli-
tude, regardless of its magnitude. This insures reliable
automatic triggering over a wide input amplitude range,
even for very low level inputs. As an option, the network

shown in dashed lines permits changing the trip thresh-
old. This allows any point on the input waveform edge to
be selected as the actual trigger point.!”

Figure 131 shows performance for a 40MHz input sine
wave (Trace A). A1’s output (Trace B) takes gain and the
A3 comparator gives a clean logic output (Trace C). At the
highest frequencies, any bandwidth limiting in A1 is irrel-
evant; the adaptive trigger threshold will simply vary
ratiometrically to maintain circuit output.

Fast Time-to-Height (Pulsewidth-to-Voltage)
Converter

The circuit of Figure 132 allows very short pulsewidths (in
this case 250ns full-scale) to be determined to a typical
accuracy of 1%. Digital methods of achieving similar
results dictate clock speeds of 1GHz, which is cumber-
some. In addition, processor based approaches using
averaging techniques require repetitive pulses which this
circuit does not. Gircuits of this type are frequently re-
quired in automatic test equipment and nuclear and high
energy physics work where determination of short
pulsewidths is a common requirement.

The circuit functions by charging a capacitor during the
period of a pulsewidth. When the pulse ends, charging
ceases and the voltage across the capacitor is proportional
to the width of the pulse.

A=5V/DIV

B =0.5V/DIV

c-=2vov F

HORIZ = 10ns/DIV

LTAN47 + TA129

Figure 129. Fast Summing Comparator’s Waveforms.
Total Delay is 15ns

Note 17: This technique is borrowed from oscilloscope trigger circuitry.
See Reference 29.
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Figure 130. 50MHz Trigger with Adaptive Threshold
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Figure 131. The Trigger Responds to a 40MHz Input. Input
Amplitude Variations from 2mV-300mV Have No Effect

The input pulse to be measured (Trace A, Figure 133)
simultaneously biases the 74C221 dual one shot and Q3.
Q3, aided by Baker'8 clamping, capacitive feedforward
and optimized DC base biasing, turns off in a few nanosec-
onds. Current source Q2’s emitter forward biases and Q2

Note 18: See Reference 45.

supplies constant current to the 100pF integrating capaci-
tor. Q1 supplies temperature compensation for Q2, with
the 2.5V LT1009 referencing the current source. Q2’s
collector (e.g., the 100pF capacitor) charges in ramp
fashion (Trace B). A1 supplies a buffered output (Trace C).
When the input pulse ends, Q3 rapidly turns on, reverse
biasing Q2’s emitter and turning off the current source.
At1’s voltage is directly proportional to the input pulse
width. A monitoring A — D converter can acquire this
data.

After a time set by the 74C221’s RC programmed delay, a
pulse appears at its Q2 output (Trace D). This pulse turns
on Q4, discharging the 100pF capacitor to zero and
readying the circuit for the next input pulse.

This circuit’s accuracy and resolution are crucially depen-
dent on minimizing delay in switching the Q1-Q2 current
source. Figure 134 provides amplitude and time expanded
versions of critical circuit waveforms. Trace A is the input
pulse and Trace B is A1’s input, showing the beginning of
the ramp’sascent. Trace G, A1’s output, shows about 13ns
delay from A1’s input. Traces D and E, A1’s input and
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Figure 132. Fast Time-to-Height Converter
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Figure 133. Time-to-Height Converter Acquires a 250ns Pulse

output respectively, record similar A1 delays for ramp
turn-off. The photo reflects the exiremely fast current
source switching; the vast majority of delay is due to A1’s
delay. A1’s delay is far less critical than current source
switching delays; A1 will always settle to the correct value
well before the one shot resets the circuit. In practice, a
monitoring A — D converter should not be triggered until
about 50ns after the circuit’s input pulse has ceased. This
gives A1 plenty of time to catch up to the 100pF capacitor’s
settled value.

A=5V/DIV
(UNCALIBRATED)

B=02VDIV &
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LTAN4T + TA134

Figure 134. Detail of Time-to-Height Converter’s
Ramp Switching

As mentioned, current source switching speed is essential
for good results. Figure 135 details current source turn off.
Trace A is the circuit’s input pulse rising edge and Trace B
shows the top of the ramp. Turn off occurs in a few
nanoseconds. Similar speed is characteristic of theinput’s
falling edge (current source turn on). Additionally, it is
noteworthy that circuit accuracy and resolution limits are
set by the difference in current source turn on and off
delays. As such, the effective overall delay is extremely
small.
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Figure 135. Current Source Turn-Off Detail for the Time-to-
Height Converter

Tocalibrate this circuit, putina250ns width pulse and trim
the 1kQ potentiometer for 10V output. The circuit will
convert pulse widths from 20ns to 250ns to a typical
accuracy of 1%. The 20ns minimum measurable width is
due to inability to fully discharge the 100pF capacitor. If
this is objectionable, Q4 can be replaced with a lower
saturation device or A1’s output can be offset.

True RMS Wideband Voltmeter

Most AC RMS measurements use logarithmic techniques
to compute the waveform’s RMS value. This method limits
bandwidth to below 1MHz and crest factor performance to
about 10:1. Practically speaking, a waveform’s RMS value
is defined as its heating value in the load. Specialized
instruments employ thermally based assemblies that com-
pute the RMS value of the input. The thermal method
provides substantially improved bandwidth and crest fac-
torcapability compared to logarithmically based converters.

Thermal RMS-DC converters are direct acting, thermo-
electronic analog computers. The thermal technique is
explicit, relying on first principles. The simple operation
permits wideband performance unattainable with implicit,
indirect methods based on logarithmic computing.

Figure 136 shows a classic scheme for implementing a
thermally based RMS-DC converter. Here, the DG ampli-
fier forces a second, identical, heater-sensor pair to the
same thermal conditions as the input driven pair. This
differentially sensed, feedback enforced loop makes am-
bient temperature shifts a common-mode term, eliminat-
ing their effect. Also, although the voltage and thermal

interactionis non-linear, the input-output voltage relation-
ship is linear with unity gain. The ability of this arrange-
ment to reject ambient temperature shifts depends on the
heater-sensor pairs being isothermal. This is achievable
by thermally insulating them with a time constant well
below that of ambient shifts. If the time constants to the
heater-sensor pairs are matched, ambient temperature
terms will affect the pairs equally in phase and amplitude.
The DC amplifier will reject this common-mode term. Note
that, although the pairs are isothermal, they are insulated
from each other. Any thermal interaction between the
pairs reduces the system’s thermally based gain terms.
This would cause unfavorable signal-to-noise performance,
limiting dynamic operating range. Figure 136’s output is
linear because the matched thermal pair's non-linear
voltage-temperature relationships cancel each other.
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INSULATION
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Figure 136. Conceptual Thermal RMS-DC Converter

The advantages of this approach have made its use popu-
lar in thermally based RMS-DC measurements. Typically,
the assembly is composed of matched heater resistors,
sensors and thermal insulation. These assemblies are
relatively large and expensive to produce. Figure 137’s
economical wideband thermally based voltmeter is based
on a monolithic thermal converter. The LT1223 provides
gain, and drives the LT1088 RMS-DC thermal converter.1?
The LT1088's temperature sensing diodes are biased from
the supply. A1, set up as a differential servo amplifier with
a gain of 9000, extracts the diode’s difference signal and
biases Q1. Q1 drives one of the LT1088’s heaters, com-
pleting aloop. The 3300pF capacitor gives a stable roll-off.

Note 19: Complete details on this device and a discussion on thermal
conversion considerations are found in Reference 40.
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Figure 137. Wideband True RMS Voltmeter

The 1.5M-0.022.F combination improves settling by re-
ducing gain during output slew. The LT1088’s square-law
thermal gain means overall loop gain is lower for small
inputs. Normally, this would result in slow settling for
values below about 10%-20% of scale. The LT1004 1k-3k
network is a simple breakpoint, boosting amplifier gain in
this region to improve settling. A2, a gain trimmable
output stage, serves to compensate for gain variations in
the two sides of the LT1088. To trim the circuit, put in
abouta 10% scale DC signal (e.g., 0.05V). Adjust the zero
trim so that Vgoyt = Vn. Next, apply a full-scale DC input
and set the full-scale trim to that value at the output.
Repeat the trims until both are fixed well within 1% of full-
scale. An alternate trim scheme involves applying no
input, grounding Q1’s base and setting the zero trim until
At1’s output is active. Then, unground Q1’s base, apply a
full-scale input and trim the full-scale adjustment for that
value at the output.

Figure 138 is a plot of error vs input frequency. The
LT1088 is specified at 2% to 100MHz (50Q heater) or 1%
to 20MHz (250Q heater). As such, most of the error
shown is due to bandwidth restrictions in A3, but perfor-
mance is still impressive. The plots include data taken at
various input levels into both heaters. A 500mV input into
250Q dips to 1% at 8MHz and 2.5% at 14MHz before
peaking badly beyond 17MHz. This input level forces a 9.5
VRrums output at A3, introducing large signal bandwidth
limitations. The 400mV input to the 250Q heater shows
essentially flat results to 20MHz, the LT1088’s 250Q
heater specification limit.

The 50Q heater provides significantly wider bandwidth,
although A3’s 50mA output limits maximum input to
about 100mVRrys (1.76VRus at the LT1088).
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Figure 138. Accuracy Plot for the RMS Voltmeter

APPLICATIONS SECTION IV - MISCELLANEOUS
CIRCUITS

RF Leveling Loop

Figure 137’s wideband AC conversion can be applied in
other areas. A common RF requirement is to stabilize the
amplitude of a waveform against variations in input, time
and temperature. Instruments and transmitters frequently
require this function, which is not easy if waveform purity
must be maintained. Figure 139A shows a 25MHz RF
leveling loop. The RF input is applied to the AD539
wideband multiplier. The multiplier's output drives Af.
A1’s output s converted to DC by the LT1088 based RMS-
DC converter (see previous circuit). A servo amplifier
compares this output with a settable DC reference and
biases the multiplier's control channel, completing a loop.
The 0.33uF capacitor provides frequency compensation
by rolling off gain at a frequency well below the response
of the LT1088 servo. The loop maintains the output’s
25MHz RMS amplitude atthe DC reference’s value. Changes
in load, input, power supply and other variables are
rejected.

Figure 139B, a similar circuit, offers significantly lower
cost although performance is not quite as good. The RF
input is applied to LT1228 A1, an operational
transconductance amplifier. A1’s output feeds LT1228
A2, a current feedback amplifier. A2’s output, the circuit’s
output, is sampled by the A3 based gain control configu-
ration. This arrangement, similar to the gain control loops
described in Figures 112 and 114, closes a gain control
loop back at A1. The 4pF capacitor compensates rectifier

diode capacitance, enhancing output flatness vs frequency.
A1’s Isgt input current controls its gain, allowing overall
outputlevel control. This approach to RF leveling is simple
and inexpensive, although output drift, distortion and
regulation are somewhat higher than in the previous circuit.

Voltage Controlled Current Source

Figure 140 shows a voltage controlled current source with
load and control voltage referred to ground. This simple,
powerful circuit produces output current in accordance
with the sign and magnitude of the control voltage. The
circuit’s scale factor is set by resistor R. A1, biased by V),
drives current through R (in this case 10€) and the load.
A2, sensing differentially across R, closes a loop back to
A1.The load current is constant because A1’s loop forces
a fixed voltage across R. The 2k-100pF combination sets
roll off and the configuration is stable. Figure 141 shows
dynamic response. Trace A is the voltage control input
while Trace B is the output current. Response is quick and
clean, with delay of 5ns and no slew residue or aberration.

High Power Voltage Controlled Current Source

Figure 142 is identical to the basic current source, except
that it adds a 1A booster stage (adapted from Figure 104)
for increased output power. Including the booster inside
A1’s feedback loop eliminates its DC errors. Note that the
booster’s current limiting features have been removed,
because of this circuit’s inherent current limiting nature of
operation. Figure 143 shows this circuit’s response to be
as clean as the lower power version, although delay is
about 20ns slower. It is worth mentioning that the loop
stability considerations involved in placing A2 and the
booster in A1’s feedback path are significant. This circuit
receives treatment in Appendix C, “The Oscillation Prob-
lem - Frequency Compensation Without Tears”.

18ns Circuit Breaker

Figure 144 shows a simple circuit which will turn off
current in aload 18ns after it exceeds a preset value. This
circuit has been used to protect integrated circuits during
developmental probing and is also useful for protecting
expensive loads during trimming and calibration. The
circuit’s versatility is enhanced because one side of the
load is grounded. Under normal conditions, Q1’s emitter
(Trace A, Figure 145, is Q1’s current, and Trace C is its
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voltage) is biased on, supplying power to the load via the
10Q current shunt. Differential amplifier A1’s output re-
sides below comparator A2’s voltage programmed trip
pointand Q2 is off. When an overload occurs, Q1’s emitter
current begins to increase (Trace A, just prior to the third
vertical division). A1’s output (Trace B) begins to rise as it
tracks the increase in the 10Q shunt’s voltage. The 9k-1k
dividers keep A1 inputs inside their common-mode range.
Simultaneously, Q3’s emitter voltage (Trace C) begins to
dropas it betalimits. When A1’s version of the load current
exceeds A2’s trip point, A2 (Trace D) goes high, turning on
02.Q2’sturn on steals Q1’s base drive, turning off the load

Q1
2N3866

A=05V/Dlv BEER
B=0.2ADIV &

HORIZ = 20ns/DIV

LTANA7 + TA143

Figure 143. 1A Pulse Response of the High Power Current
Source
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Figure 144. 18ns Circuit Breaker with Voltage Programmable Trip Point
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Figure 145. Operating Waveforms for the 18ns Circuit Breaker.
Circuit Output (Trace C) is Shut Down 18ns After Output Current
(Trace A) Begins to Rise

current. Local positive feedback at A2’s latch pin causes it
to latch in this off state. When the load fault has been
cleared, the pushbutton can be used to reset the circuit.
The delay from the onset of excessive load current to
complete shutdown is inside 18ns. The 4ns delay of Trace
A’s current probe should be factored in when interpreting
waveforms. To calibrate this circuit, ground Q2’s base and
install a 250mA load. Adjust the 200Q trim for a 2.5V
output at A1. Next, remove the load, unground Q2’s base
and press the reset button. Finally, put in the desired trip
set voltage and the circuit is ready for use.
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APPENDIX A

ABC’s of Probes - Tektronix, Inc.

This appendix, guest written by the engineering staff of
Tektronix, Inc., is a distillation of their booklet, “ABC's of
Probes”. The complete booklet is available, at no charge,

PART I: UNDERSTANDING PROBES

The vital link in your
measurement system

Probes connect the measurement
test points in a DUT (device under
test) to the inputs of an oscilloscope.
Achieving optimized system per-
formance depends on selecting the
proper probe for your measurement
needs.

Though you could connect a
scope and DUT with just a wire, this
simplest of connections would not let
you realize the full capabilities of your
scope. By the same token, a probe
that is not right for your application
can mean a significant loss in mea-
surement results, plus costly delays
and errors.

Why not use a piece of wire?

Good question: There are legiti-
mate reasons for using a piece of
wire or, more correctly, two pieces of
wire; some low bandwidth scopes
and special purpose plug-in
ampilifiers only provide binding post
input terminals, so they offer a con-
venient means of attaching wires of
various lengths.

DC levels associated with battery
operated equipment could be mea-
sured. Low frequency (audio) signals
from the same equipment could also
be examined. Some high output
transducers could also be moni-
tored. However, this type of connec-
tion should be kept away from line-
operated ec#uipment for two basic
reasons, safety and risk of equip-
ment damage.

Safety: Attachment of hookup
wires to line-operated equipment
could impose a health hazard, either
because the “hot” side of the line
itself could be accessed, or because
internally generated high voltages
could be contacted. In both cases,
the hookup wire offers virtually no
operator protection, either at the
equipment source or at the scope’s
binding posts.

Risk of Equipment Damage:
Two unidentified hookup wires, one
signal lead and one ground,
could cause havoc in line-operated
equipment. If the “ground” wire is
attached to any elevated signal in
line-operated equipment, various
degrees of damage will result simply
because both the scope and the
equipment are (or should be) on the
same three-wire outlet system, and
short-circuit continuity is completed
through one common ground.

Performance Considerations:

In addition to the hazards just men-
tioned, there are two major perform-
ance limitations associated with
using hookup wires to transfer the
signal to the scope: circuit loading
and susceptibility to external pickup.

Circuit Loading: This subject will
be discussed in detail later, but cir-
cuit loading by the test equipment
(scope-probe) is a combination of
resistance and capacitance. Without
the benefit of using an attenuator
(10X) probe, the loading on the de-
vice under test (DUT) will be 1M ohm
(the scope input resistance) and
more than 15 picofarad (15pF),
which is the typical scope input
capacitance plus the stray
capacitance of the hookup wire.

Figure 1-1

Figure 1-1 shows what a “real
world” signal from a 500 ohm
impedance source looks like when
loaded by a 10M ohm, 10 pF probe:

through any Tektronix sales office or call 800-835-9433
ext. 170. For excellent technical background on probe
theory see Reference 42.

the scope-probe system is 300MHz.
Observed risetime is 6 nSec.

Figure 1-2

Figure 1-2 shows what happens to
the same signal when it is accessed
by two 2-meter lengths of hookup
wire: loading is TM ohm (the scope
input resistance) and about 20 pF
(the scope input capacitance, plus
the stray capacitance of the wires).
Observed risetime has slowed to 10
nSec and the transient response of
the system has become unusable.

Susceptibility to External Pick-
up: An unshielded piece of wire
acts as an antenna for the pickup of
external fields, such as line frequency
interference, electrical noise from
fluorescent lamps, radio stations and
signals from nearby equipment.
These signals are not only injected
into the scope along with the wanted
signal, but can also be injected into
the device under test (DUT) itself.

The source impedance of the DUT
has a major effect on the level of
interference signals developed in the
wire. A very low source impedance
would tend to shunt any induced
voltages to ground, but high fre-
quency signals could still appear
at the scope input and mask the
wanted signal. The answer, of
course, is to use a probe which, in
addition to its other features, pro-
vides coaxial shielding of the center
conductor and virtual elimination of
external field pickup.
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Figure 1-3

Figure 1-3 shows what a low level
signal from a high impedance
source (100mV from 100K ohm) looks
like when accessed by a 300MHz
scope-probe system. Loading is
10M ohm and 10 pF. This is a true
representation of the signal, except
that probe resistive loading has re-
duced the amplitude by about 1%:
the observed high frequency noise is
part of the signal at the high impe-
dance test point and would normally
be removed by using the BW
(bandwidth) limit button on the
scope. (See Figure 1-4.)

Figure 1-4

If we look at the same test point
with our pieces of wire, two things
happen. The amplitude drops due to
the increased resistive and capaci-
tive loading, and noise is added to
the signal because the hookup wire
is completely unshielded. (See
Figure 1-5)

Most of the observed noise is line
frequency interference from fluores-
cent lamps in the test area.

Probably the most annoying effect
of using hookup wire to observe high
frequency signals is its unpredicta-
bility. Any touching or rearrangement
of the leads can produce different
and nonrepeatable effects on the
observed display.

Figure 1-5

Benefits of using probes

Not all probes are alike and, for
any specific application, there is no
one ideal probe; but they share
common features and functions that
are often taken for granted.

Probes are convenient. They
bring a scope’s vertical amplifier to a
circuit. Without a probe, you would
either need to pick up a scope and
attach it to a circuit, or pick up the
circuit and attach it to the scope.
Properly used, probes are conven-
ient, flexible and safe extensions
of a scope.

Probes provide a solid
mechanical connection. A probe
tip, whether it's a clip or a fine solid
point, makes contact at just the
place you want to examine.

Probes help minimize loading. To
a certain extent, all probes load the
DUT —the source of the signal you
are measuring. Still, probes offer the
best means of making the connec-
tions needed. A simple piece of wire,
as we have just seen, would severely
load the DUT; in fact, the DUT might
stop functioning altogether.

Probes are designed to minimize
loading. Passive, non-attenuating 1X
probes offer the highest capacitive
loading of any probe type—even
these, however, are designed to
keep loading as low as possible.

Probes prot