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APPLICATION NOTE ABSTRACTS

Phoenix, Arizona 85036.

The application notes listed in this section have been prepared to acquaint the circuits and systems engineer
with the broad line of Motorola integrated circuits and their applications. Application notes with a star (x)
before the AN number are printed in this section of the DATA BOOK. To obtain copies of the notes which
are not printed in this book, simply list the AN number or numbers and send your request on your company
letterhead to: Technical Information Center, Motorola Semiconductor Products Inc., P. Q. Box 20912,

AN-166  Using Linvill Techniques for RF Amplifiers
A design procedure, derived from theory devel-
oped by J. G. Linvill, simplifies the design of single
stage small-signal RF amplifiers. A 200 MHz ampli-
fier serves as an example of the technique.

AN-187  MECL Integrated Circuit Line Driver
Specially designed for high fan-out capabilities,
this integrated circuit line driver can supply a signal
to 150 logic gates without deterioration.

AN-194A  Designing Integrated Serial Counters
MECL monolithic integrated J-K flip-flops serve
as building blocks for ultra-high-speed ripple count-
ers. General design techniques for designing counters
of any arbitrary count.

AN-202  Noise Margins of MECL Integrated Circuits
A knowledge of ground line and signal line dc
and pulse noise margins is essential to the logic de-
signers. Many curves illustrate the variations of input
and ground line noise margins with temperature and
fan-out.

AN-203  Tuned Amplifier Design with an Emitter-
Coupled Integrated RF Amplifier
This note describes the design of a tuned ampli-
fier utilizing the MC1110 integrated circuit as a basic
building block. DC considerations, characterization
in terms of y-parameters, and amplifier design using
Linvill’s method are discussed.

AN-204  High Performance Integrated Operational
Amplifiers
Two new high performance monolithic opera-
tional amplifiers feature exceptionally high input im-
pedance and high open loop gain. This note describes

*AN-215  RF Small Signal Design Using Admittance
Parameters

The author shows that the power gain and sta-
bility of high frequency transistors may be com-
pletely described by two-port parameters.

This paper presents a summary of the overall
design solution for the small signal RF amplifier using
admittance parameters. Design considerations and re-
lationships for both stable and the potentially un-
stable transistor are presented together with a discus-
sion of the neutralized, unneutralized, matched, and
mis-matched amplifiers.

AN-223  Cascade Noise Figure for Integrated Circuit

Transistors

In vacuum tube circuitry, the combination of
the grounded-cathode and the grounded-grid cascade
has superior noise properties to all other two-stage
amplifiers. In transistor circuitry the noise perform-
ance of a single-stage amplifier is well known, but
little information has been published about the best
performance obtainable from two-stage transistor
amplifiers. This paper evaluates the noise perform-
ance of all possible two-stage transistor amplifiers.
Also, since the noise contribution of stages beyond
the second is normally small, this analysis will be
valid for amplifiers with any number of stages.

AN-233  Design of Monostable Multivibrators Using

MECL Integrated Circuits

This application note describes an integrated
monostable multivibrator composed of a MECL R-S
or JK flipflop plus a few discrete components. A
main feature of the multivibrators is their complete
compatibility with the MECL family of current mode
integrated circuits. These multivibrators can provide
a timed output ranging from 60 ns to the millisecond
range. The note discusses special circuits which have
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even faster recovery times. Pulsed recovery (recovery
during any point during the delay time) is possible
with both types of multivibrators.

AN-234  MRTL Family of Integrated Circuits

The purpose of this note is to familiarize the
logic designer with the Motorola Resistor Transistor
Logic (MRTL) family. Logic diagrams, pin layouts,
and loading data are given for each device. Three illus-
trative applications of MRTL; an asynchronous 4-bit
comparator, an asynchronous 5-bit adder, and a shift
register, serve as design examples. This family is noted
for its economy and variety of logical elements.

AN-235  Using the Motorola MDTL Line of Integrated

Circuits

The MDTL line of integrated circuits is briefly
characterized with important capabilities of the
MDTL series, such as noise immunity, discussed.
MDTL applications are presented, including shift re-
gisters, ripple counters, clocked counters, and decade
shift counters.

AN-239  MECL Integrated Circuit Schmitt Triggers

The Schmitt Trigger, a regenerative circuit
which changes state abruptly when the input signal
crosses specified dc trigger levels, can be fabricated
from MECL integrated logic gates. This note de-
scribes the modifications necessary to convert stand-
ard MECL logic gates to Schmitt Triggers, and also
the performance to be expected from such units.
Examples of the MECL Schmitt Trigger used for wave
shaping and pulse generator applications are also in-
cluded.

AN-244  The MECL Line of Digital Integrated Circuits

This note familiarizes the digital integrated cir-
cuit user with Motorola MECL integrated circuits; pin
layouts, and logical diagrams. Pertinent character-
istics for each device in the MECL integrated circuit
line are given. The note includes applications of var-
ious circuits illustrating the versatility of the MECL
family. High speed operation, high input impedance,
high fan-out, and very low internally generated noise
characterize the line of integrated circuits.

*AN-245A  An Integrated Core Memory Sense Amplifier

This application note discusses core memories
and related design considerations for a sense ampli-
fier. Performance and environmental specifications
for the amplifier design are carefully established so
that the circuit will work with any computer using
core memories. The final circuit design is then anal-
yzed and measured performance is discussed. The
amplifier features a small uncertainty region (6 mV
max), adjustable voltage gain, and fast cycle time
(0.5 us).

AN-247  An Integrated Circuit RF-IF Amplifier

A new, versatile integrated circuit for RF-IF ap-
plications is introduced which offers high gain, ex-
tremely low internal feedback and wide AGC range.
The circuit is a common-emitter, common-base pair
(the cascade connection) with an AGC transistor and
associated biasing circuitry. The amplifier is built on
a very small die and is economically comparable to a
single transistor, yet it offers performance advantages
unobtainable with a single device. This application
note describes the AC and DC operation of the cir-
cuit, a discussion of Y-parameters for calculating op-
timum power and voltage gain, and a variety of applica-
tions as an IF single-tuned amplifier, IF stagger-tuned
amplifier, oscillator, video-audio amplifier and modu-
lator. A discussion of noise figure is also included.

AN-248 A High Voltage Monolithic Operational

Amplifier

This note introduces a high voltage monolithic
operational amplifier featuring high open loop gain,
large common mode input signal, and low drift. The
function of each stage in the circuit is analyzed, and
methods for frequency compensating the amplifier
are discussed. DC biasing parameters are also exam-
ined. Four applications using the amplifier are dis-
cussed: a source follower, a twin tee filter and oscil-
lator, a voltage regulator, and a high input impedance
voltmeter.

AN-251  Decade Counters Using MRTL Integrated

Circuits

This application note discusses the design and
implementation of decade counters using the MRTL
family of integrated logic. Ripple counters, shift
counters, and parallel clocked counters are developed
using BCD, 2’421, and excess 3 digital codes. Up and
down counting techniques are discussed. Output de-
coding, problem areas and circuit limitations are
covered for all counter types.

AN-252  Choosing MRTL Integrated Logic Circuits

This article discusses resistor-transistor logic,
MRTL, integrated circuits, and the considerations a
user should make prior to using this integrated circuit
family. Full consideration is given to the advantages
as well as the limitations one encounters with this
logic form. The discussion is general in nature and
applies to all popular versions of resistor-transistor
logic.

AN-253  An Analysis of MRTL Integrated Logic Circuits

Special emphasis is given to noise margin speci-
fications, large circuit fan-out, operating speeds, and
interfacing with saturated logic in this analysis of
Motorola MRTL integrated logic circuits. The J-K



flip-flop circuit is reviewed and basic counting and
shifting circuits are presented to illustrate typical J-K
applications.

AN-254  Using MRTL Integrated Circuit Flip-Flops

Circuit operation of MRTL J-K flip-flops is ex-
plained fully. The RS flip-flop is also briefly dis-
cussed. Pulse input requirements and loading consid-
erations are discussed and some applications of the
JK flipflop shown in the form of minimum-logic
small-count counters.

AN-257  Decade Counters Using MECL J-K Flip-Flops

This note discusses the use of MECL integrated
circuits in four types of decade counters. The logic
and circuit design of an excess three up-down count-
er, a 2’421 up-down counter, a Gray code counter,
and a switch-tail ring counter with ten line output are
illustrated.

AN-258  Monostable Multivibrator Design Usiﬁg An

integrated Circuit Operational Amplifier

This application note discusses the use of inte-
grated operational amplifiers connected as mono-
stable multivibrators. The classical monostable cir-
cuit including some limitations with respect to the
conventional component and integrated device de-
signs are briefly reviewed. The basic circuit theory
and qualifications of the operational amplifier con-
nected as a monostable device are then discussed and
the timing equation derived. Alternate monostable
configurations and their ultimate design limitations
are briefly reviewed with respect to utilization of the
MC1430/1530 and MC1431/1531 family of devices.
Finally a design example is used to illustrate the prin-
ciples and limitations outlined.

AN-259  Using Integrated Circuits in a Stagger Tuned IF

Strip

Integrated Circuits are quickly becoming “the
way to go” in the electronic industry, and justifiably
so. Their small size and high reliability, coupled with
low cost make them an ideal component for radio,
television, communication gear, computers, and an
infinite number of other uses. This application note
describes the use of an Integrated Circuit High Fre-
quency Amplifier, the MC1550, in a stagger tuned
I-F strip. The design frequency is 45 MHz; however,
the procedure is similar for designs covering its full
range of operation (DC to 300 MHz).

*AN-261  Transistor Logarithmic Conversion Using an

Operational Amplifier

The design of a log amplifier using a common
base transistor configuration as the feedback element
of an integrated circuit operational amplifier circuit
is discussed in this application note. Six decades of

APPLICATION NOTE ABSTRACTS (continued)

Jogarithmic conversion are obtained with less than 1%
error of output voltage. The possible causes of error
are discussed followed by two applications: direct
multiplication of two numbers, and solution of the
equation Z = XM

AN-262A Decade Counters Using MDTL Integrated

Circuits

Decade counting is a basic digital operation and
may be performed by a wide variety of counting cir-
cuits. This note illustrates how some of the com-
monly used = 10 counting techniques can be accom-
plished with Motorola Diode-Transistor Logic (MDTL)
integrated circuits. Ripple, clocked, and shift decade
counters using a variety of coding methods are dis-
cussed.

AN-263  Choosing DTL Integrated Logic Circuits

This article discusses diode-transistor logic,
DTL, integrated circuits, and the considerations a
user should make in choosing this integrated circuit
family. Consideration is given to the advantages and
limitations one encounters with this logic form. Three
versions of DTL are considered in this report; con-
ventional DTL, modified DTL, and high noise im-
munity DTL.

AN-264  MRTL Integrated Circuit Shift Registers

This note discusses the design considerations
for the implementation of a 16-bit shift register using
JK flipflops. The shift register described has the
capability, upon command, to shift left or shift right
and to enter information serially or in parallel. All
problems encountered in the implementation and op-
eration of the register are discussed.

AN-266  MECL Integrated Circuit Flip-Flops

Current Mode bi-stable elements are discussed
along with pertinent characteristics and specifica-
tions. The R-S, JK, and Master-Slave types of flip-
flops are evaluated according to performance. Me-
thods of reducing overshoot when driving a large
number of flip-flops and flip-flop fan-in, fan-out capa-
bilities are also given.

AN-270  Nanosecond Pulse Handling Techniques

The rapid advancement in the field of high
speed digital integrated circuits has brought into
focus many problem areas in the methods of pulse
measurement techniques and new concepts dealing
with these problems. This paper is intended to dis-
cuss the more common, yet perhaps not well known,
pitfalls of measurement systems, a method of de-
tecting them and possible solutions.
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AN-271  Breadboard Techniques For Low Frequency

Integrated Circuit Feedback Amplifiers

Certain considerations, unnecessary for discrete
devices, are of critical importance in the breadboard-
ing of integrated circuit systems. This paper provides
the engineer or technician with some wiring tips and
important precautions for integrated circuit bread-
boarding.

AN-273  More Value out of Integrated Operational

Amplifier Data Sheets

The operational amplifier is rapidly becoming a
basic building block in present day solid state elec-
tronic systems. The purpose of this application note
is to provide a better understanding of the open loop
characteristics of the amplifier and their significance
to overall circuit operation. Also, each parameter is
defined and reviewed with respect to closed loop con-
siderations. The importance of loop gain stability
and bandwidth is discussed at length. Input offset
circuits are also reviewed with respect to closed loop
operation.

AN-274  MECL Integrated Circuit Shift Registers

A generic shift-right, shift-left register with par-
allel entry, end-around-shift, and complementation
capabilities is discussed. Maximum practical oper-
ating speed, delay times and timing considerations of
the logic gating signals are determined. The basic
register as developed may be used for data handling,
for number scaling, or in the arithmetic portion of a
digital computer.

AN-276  Useful Frequency Range Extension for

MC1530 Operational Amplifiers

This application note explains various fre-
quency compensating techniques designed to extend
operating frequency of the MC1530. In addition
circuit configurations and frequency response curves
are shown for various compensation techniques.
Examination shows this amplifier can be used at fre-
quencies up to 14 MHz.

AN-277  Overshoot and Ringing in High-Speed Digital

Systems

The amount of overshoot and ringing that may
be expected in a system is determined as a function
of driving source impedance, rise-time, wiring length,
and loading. Determination of allowed overshoot and
methods of reducing overshoot are discussed for con-
ventional point to point wiring methods. Capacitive
loading effects of MECL devices and circuit hardware
are also discussed.

AN-278  Using Shift Registers as Pulse Delay Networks

This note discusses high speed clocked shift re-
gisters using JK flip-flops and employed as a digital
incremental delay. The register may be clocked with

a frequency division counter to accomplish any de-
sired delay with increments as small as 20 ns. The
circuit as developed may be used for timing basic
computer decisions or as an adjustable delay line for
pulse.

AN-279  Setup and Release Times in the MRTL J-K

Flip-Flop

This application note discusses the setup and
release times for J-K flip-flops. The method used to
measure setup and release time is discussed. A few
simple decade counters are analyzed for worst case
release times.

AN-280  MECL 85 MHz J-K Flip-Fiop

A new high-speed J-K flip-flop is discussed.
Capabilities, performance, and applications are ex-
plained along with typical and worst case operating
data. This flip-flop with four J inputs and four K
inputs more than doubles the operating speed of re-
gisters and counters as employed in a system.

AN-283  Using MDTL IC Flip-Flops

To properly implement a logic system with in-
tegrated circuits, it is important that the logic de-
signer be familiar with the devices he uses. One of
the more complex of integrated circuits is the clocked
flip-flop. The purpose of this report is to acquaint
the reader with the operation of the MDTL flip-flop,
to discuss the different modes of operation, and to
show some typical uses for this flip-flop.

*AN-284  MDTL IC Shift Registers

This report shows some frequently encountered
shift register designs implemented with MDTL logic
devices. Various operating characteristics are dis-
cussed as well as some of the important design con-
siderations.

AN-285  Loading Factors and Paralleling Rules for

MRTL Integrated Circuits

The need for loading factors in Motorola Re-
sistor Transistor Logic (MRTL) is discussed and pro-
per usage is illustrated. Modification of loading fact-
ors is covered for the case when circuit outputs are
paralleled.  Illustrations are provided by using the
MC700P Series of integrated circuits.

AN-286  Binary Addition Using MRTL IC's

This note discusses the principles of binary ad-
dition with positive numbers and considers the imple-
mentation of binary adders with MRTL. The full
adder function is illustrated using MRTL half adders,
NOR gates arranged to simulate half adders, and with
NOR gates in a two level logic scheme.

The full adder and associated logic is developed
for a four-bit parallel (asynchronous) adder and for
serial (synchronous) adder.
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AN-291 External Direct Setting of MRTL Dual J-K

Flip-Flops

A method is described to obtain full functional
capability from MRTL dual flip-flops by connecting
external circuitry to the proper terminals. Applica-
tions are provided that illustrate a reduction in pack-
age count by using this configuration as compared to
the employment of single unit, full capability flip-
flop circuits.

AN-296 Construction of A Master-Slave Flip-Flop from
MRTL Gates .
Information is provided on the construction of
a master-slave flip-flop circuit from standard MRTL
gates. Characteristics of the resulting circuit are given
and an application of the configuration illustrates the
advantage of this type of flip-flop.

AN-297 Integrated Circuits for High Frequency to
Voltage Conversion
This application note concerns the technique of
using integrated circuits in a linear frequency to volt-
age converter from 1 MHz to 30 MHz. A theoretical
analysis is given as well as a working design.

*AN-298 Noise Immunity With High Threshold Logic
A comparison of noise immunity characteristics
is made between MHTL devices and standard satu-
rated logic devices.

AN-299 An IC Wideband Video Amplifier With AGC
This application describes the use of the MC1550
as a wideband video amplifier with AGC. The analysis
of a single stage amplifier with 28 dB of gain and 22
MHz bandwidth is given with the results extended to
a 78 dB video amplifier with 10 MHz bandwidth.

AN-400 An Operational Amplifier Tester

A simple and inexpensive tester for Motorola’s
line of operational amplifiers is described which will
measure the open loop voltage gain, the equivalent in-
put offset voltage, the maximum positive and nega-
tive output voltage swing, and a view of the transfer
function which shows the linearity of the device.

Included is an elementary discussion of the
parameters measured and their relationship to closed
loop performance.

AN-401 The MC1554 One-Watt Monolithic Integrated

Circuit Power Amplifier

This application note discusses four different
applications for the MC1554, along with a circuit des-
cription including dc characteristics, frequency re-
sponse, and distortion. A section of the note is also
devoted to package power dissipation calculations in-
cluding the use of the curves on the power amplifier
data sheet.

AN-402 Insulated Gate FET's Used in IC's

The note acquaints the circuit designer with the
integrated FET. A brief description of the operation
of the Insulated-Gate Field Effect transistor is pre-
sented. This discussion is followed by a description
of the FET in integrated form and finally, the basic
advantages of FET IC’s are explored.

*AN-403 Single Power Supply Operation of IC Op Amps

A split zener biasing technique that permits use
of the MC1530/1531, MC1533, and MC1709 opera-
tional amplifiers and their restricted temperature
counterparts MC1430/1431, MC1433 and MC1709C
from a single power supply voltage is discussed in de-
tail. General circuit considerations as well as specific
ac and dc device considerations are outlined to mini-
mize operating and design problems.

*AN-404 A Wideband Monolithic Video Amplifier

This note describes the basic principles of ac
and dc operation of the MC1552G and MC1553G,
characteristics obtained as a function of the device
operating modes, and typical circuit applications.

~ AN-405 DC Comparator Operations Utilizing Monolithic

1C Amplifiers

The use of the MC1533 operational amplifier
and the MC1710 differential comparator are dis-
cussed. The capabilities and performance are given
along with typical operating curves for both devices.

AN-407 A General Purpose IC Differential Output

Operational Amplifier

This application note discusses four different
applications for the MC1520 and a complete descrip-
tion of the device itself. The final sections of the
note discuss such topics as operation from single and
split power supplies, frequency compensation, and
various feedback schemes.

AN-408 Problems and Solutions With MDTL and MRTL

Problems which may be encountered in using
MRTL or MDTL integrated circuits in low or medium
speed systems are examined in this report. Methods
of shaping clock waveforms, restrictions on input and
output terminals when interfacing with discrete com-
ponents, and techniques for extending temperature
range are discussed.

AN-409 MDTL Multivibrator Circuits

This note describes methods of using MDTL
gates to form astable and monostable multivibrators.
The operation of the MC951/MC851 monostable
multivibrator is also covered as well as a simple pulse-
shaping circuit.
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AN-411 The MC1535 Monolithic Dual Op Amp AN-424  Designing a Digital Organ Tone Generator

This note discusses two dual operational ampli-
fier applications and an input compensation scheme
for fast slew rate for the MC1535. A complete ac
and dc circuit analysis is presented in addition to
many of the pertinent electrical characteristics and
how they might affect the system performance.

AN-414  Operation and Application of MHTL

A digital organ tone generator is described here
to familiarize the reader with the capabilities of
Motorola in-stock integrated circuits in novel elec-
tronic organ designs. An organ using this kind of tone
generator has several advantages over the conventional
12-master oscillator divider organ.

I/C Flip-Flops AN-430 An Integrated-Gircuit Chroma Demodulator for

A master-slave R-S and a dual J-K are the initial
flip-flop elements available in the Motorola High
Threshold Logic (MHTL) family. This note describes
operation and characteristicsof eachunit and illustrates
several applications of these devices.

AN-417 IC Crystal Controlled Oscillators
Crystal controlled square wave oscillators can
be used as clock drivers, harmonic sources for fre-
quency markers, in frequency synthesizers, frequency

Solid-State Color Television Receivers

This note describes an integrated-circuit chroma
demodulator for solid-state television receivers, using
the Motorola XC-1325P. The demodulator requires
only the chroma signal and two reference phases from
the 3.58 MHz color oscillator for providing low-imped-
ance color difference signals to drive the chroma out-
put stages directly.

comparators, etc. It is difficult to obtain kigh fre- *AN-432A A Monclithic Integrated FM Stereo Decoder

quency square waves due to the long propagation
delays of the most integrated circuits. The MECL II
clock driver with 2 ns propagation delay eliminates
this problem. This note describes square wave oscillator
circuits with crystal control that are capable of output
frequencies, inverted and non-inverted, up to 150 MHz.

System

This application note discusses the circuit ap-
proach that has been taken in the realization of the
first monolithic integrated stereo multiplex decoder
built for consumer usage, as well as some of the details
concerning its incorporation in an FM stereo receiver.

AN-418 High Speed Monostable Multivibrator Design AN-434 The Motorola Autobass and Percussion System

with MECL Integrated Circuits

This note describes two configurations of mono-
stable multivibrators using the MC1023 clock driver
and a delay element. Operating frequencies in excess
of 70 MHz and pulse widths of 4 nanoseconds are
possible. Methods of obtaining the predetermined
delay are also discussed.

AN-420 An Integrated Circuit Stereo Preamplifier
This note describes the use of the MC1303P

A new musical feature that could readily be
incorporated in any electronic organ is described in
this note. This feature provides an attractive selling
point to beginner organists, as it substantially reduces
the number of techniques they must learn to perform
a satisfactory accompaniment. The implementation
of the system with integrated circuits is straightforward
and quite simple.

dual preamplifier integrated circuit in a high quality AN-435 The Electronic “Strobotuner”, An Accurate

stereo preamplifier circuit. It shows the designer how
to adapt or modify the circuit to meet particular
needs. The resultant preamplifier is suitable for use
in systems having the mest critical requirements.

AN-421 Semiconductor Noise Figure Considerations
A summary of many of the important noise
figure considerations related with the design of low
noise amplifiers is presented. The basic fundamentals

Digital Musical Instrument Tuning Aid

This report presents the electrical design of an
accurate digital tool for tuning musical instruments.

The concepts basic to the design and the prin-
ciples of operation are discussed with a step-by-step
procedure for using the tuner. A method of checking
the accuracy after a tuning procedure is also included.

involving noise, noise figure, and noise figure-frequency *AN-438 Analysis and Design of Active Fitters Using

characteristics are then discussed with the emphasis
on characteristics common to all semiconductors. A
brief introduction is made to various methods of data
sheet presentation of noise figure and a summary is
given for the various methods of measurement. A
discussion of low noise circuit design, utilizing many
of the previously discussed considerations, is included.

Op Amps

Excellent filters for frequencies below 100 kHz
can be economically realized with operational ampli-
fiers. Increased Q, design flexibility, reduced weight
and cost also add to the attractiveness of operational
amplifier active filters. Rigorous design theory and
practical circuit examples are given in this note.
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*AN-438 MC1539 Op Amp and its Applications

This application note discusses the MC1539, a
second generation operational amplifier- The general
use and operation of the amplifier is discussed with
special mention made of improved operation over
that of its first generation predecessor—the 709 type
amplifier.

In addition to the detailed discussion on the
dc and ac operation of the device, considerable em-
phasis is placed on operational performance. Many
applications are offered to demonstrate the device
capability, including a high frequency feed-forward
scheme, and a source follower application.

AN-446 128-Bit Read Only Memory

Read Only Memories can now be fabricated as
integrated circuit arrays and hence will have a great
impact upon digital system design. Applications of
the Motorola 16-word, 8-bit Read Only Memory
(ROM) are discussed. The applications are grouped
into two classifications according to the type of
memory addressing utilized — (1) Random Accessing
(2) Sequential Addressing.

AN-451 A Frequency Counter Using Motorola RTL

Integrated Circuits

A frequency-period counter with a total hard-
ware cost under $200.00, based on unit quantity
prices, is described. The instrument measures the
periods and frequencies of periodic waveforms, ranging
in frequency from 10 Hz to 20 MHz, and counts ran-
dom occurances for selected gate times of one milli-
second to 10 seconds. A four digit decimal readout is
provided. The low cost is achieved by utilizing plastic
MRTL devices in unique versions of a crystal controlled
oscillator, a period selector, a one shot multivibrator,
apulse shaper, and a switch contact bounce eliminator
circuit.

AN-452 An Op Amp RC Bandpass Filter

The design of audio range active filters using
operational amplifiers and RC frequency elements is
discussed. A computer program in BASIC is given for
general design. The design example, a filter with a
center frequericy of about 1600 Hz and adjustable Q
from 10200, is provided.

*AN-456 A 50 MHz Programmable Counter Designed with

MECL Il Integrated Circuits

A high speed programmable counter using the
MECL I family of logic is discussed. The counter is
designed to accept an input frequency up to 50 MHz
and divide it by any number from 2 to 999. This
number is programmed into three decades of syn-
chronous down counters. These decades with addi-
tional decoding and control logic comprise 2 complete
high speed divide-by-N counter system.

AN-457 Switching Voltage Regulator Uses Discrete and

Integrated-Circuit Approaches

A switching voltage regulator can be consider-
ably more efficient than the conventional series-pass
centinuously conducting regulator. This note discusses
the operation of switching regulators including design
information. It also describes practical regulators
using discrete and integrated-circuit driver circuits.

*AN-459 A Simple Technique for Extending Op Amp

Power Bandwidth

The design of fast response amplifiers is pre-
sented without the use of “tricky” compensation
procedures or calculations using data sheet informa-
tion. Circuit analysis for compensation procedure
is given.

*AN-460 Using Transient Response to Determine

Operational Amplifier Stability

This application note describes a technique for
evaluating the stability of any particular feedback
amplifier configuration by analyzing its response to a
step-function input. A theoretical analysis is given
along with an example.

AN-463 An Integrated Circuit Phase-Locked Loop

Digital Frequency. Synthesizer

A digital frequency synthesizer design is detailed
which incorporates digital channel selection and ex-
hibits excellent frequency stability through the use of
a phase-locked loop. The system design takes advan-
tage of state of the art in both linear and digital mono-
lithic integrated circuits, plus some ideas new to the
synthesizer field.

AN-464 MTTL Designer’s Note — The MC4004/MC4005,

A 16-Bit Random Access Memory

High speed, non-destructive readout (NDRO)
memory systems can be constructed with the MTTL
16-bit memory chip. Information concerning the chip
that is pertinent to the design of a complete memory
system is herein presented. The topics discussed are:
(1) operation of the 16-bit memory including typical
read and write sequences, (2) typical dc and switching
characteristics as a function of temperature, power
supply, and output load, and (3) examples of memory
system organization utilizing the 16-bit memory as
the basic cell.

AN-465 MTTL Designer’s Note — The MC4006/MC4007

Decoders

Two MTTL complex functions, the MC4006
Binary to One-of-Eight Decoderand the MC4007 Dual
Binary to One-of-Four Decoder are discussed. Their
basic modes of operation and expansion capabilities
are described. Examples of the use of the decoders in
various systems are presented.
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APPLICATION NOTE ABSTRACTS (continued)

*AN-467 Using Motorola High Threshold Logic

This application note explains operation of the
Motorola High Threshold Logic (MHTL) family of
integrated circuits. It briefly describes the members
of the family and provides many of the characteristics
of the units. Several examples are provided to aid the
reader in the application of this unique logic family.

AN-471  Analog-To-Digital Conversion Techniques

The subject of analog-to-digital conversion and
many of the techniques that can be used to accomplish
it are discussed. The paper is written in general terms
from a system point of view and is intended to assist
the reader in determining which conversion technique
is best suited for a given application.

*AN-473 A Monolithic High-Power Series Voltage

Regulator

This note discusses MC1560/MC1561 voltage
regulator in terms of internal operation, development
of these circuits, and how they are advantageously
used in supply fabrication.

AN-474  The MC1541 - A Gated Dual-Channel Sense

Amplifier for Core Memories

The MC1541 sense amplifier can provide many
magnetic core memory systems with lower system
cycle times and a lower package count than with pre-
vious sense amplifiers. Circuit operation, design con-
siderations, interface problems and typical applications
are discussed.

*AN-475 Using the MC1545 — A Monolithic, Gated-

Video Amplifier

Because of the unique design of the MC1545,
this amplifier can be used as a gated video amplifier,
sense amplifier, amplitude modulator, frequency shift
keyer, balanced modulator, pulse amplifier, and many
other applications. This note describes the ac and dc
operation of the circuit and presents applications of
the device as a video switch, amplitude modulator,
balanced modulator, pulse amplifier, and others.

AN-476 MTTL Designer's Note — The MC4000 Data

Selector and the MC4002 Data Distributor

Two MTTL complex functions, the MC4002
fourand two-channel data distributor, and the MC4000
dual fourchannel data selector are discussed. Their
basic modes of operation and expansion capabilities
are described. Examples of the use of the data distri-
butor and the data selector in various systems are
presented.

*AN-480 Regulators Using Operational Amplifiers

The theory of op amp voltage regulator design
is discussed. The problem areas associated with such
designs aré also detailed. The MC1560 is used as a
OTC voltage reference in the op amp regulator designs
that are shown. It is shown that regulation from
0.01% to 0.001% is possible.

AN-486 A Monolithic Circuit for Television Sound

Systems

This application note describes the MC1351P
monolithic integrated circuit designed for television
sound systems. The circuit consists of a limiting 4.5
MHz IF amplifier and a full wave quadrature detector;
in addition, it has an audio preamplifier and an audio
driver on the same chip, capable of delivering 3 Vrms
to the audio output stage.

AN-487 A High-Speed Ripple-Through Arithmetic

Processor

A simple, systematic building block approach
for designing a high-speed, ripple-through arithmetic
processor is described. Using only gates and full adders,
ultra-high speed multiplication, division, square root
extraction, addition, and subtraction may be per-
formed. Several variations of an arithmetic Pprocessor
design are detailed and comparisons of speed and
package count using the MECL and MDTL logic in
14-pin, 16-pin, 24-pin, 32-pin, and 64-pin packages
are given.

AN-488 High-Speed Addition Using Lookahead Carry

Techniques

The use of the lookahead carry principle to
increase the operating speed of adder systems is de-
scribed. Several adders of different sizes using varia-
tions of lookahead carry are developed and the logical
implementation of these using the MTTL III and
MECL II and III logic families is given.

*AN-483  Analysis and Basic Operation of the MC1595

The MC1595 monolithic linear four-quadrant
multiplier is discussed. The equations for the analysis
are given along with performance that is characteristic
of the device. A few basic applications are given to
assist the designer in system design.

*AN-490 Using the MC1595 Multiplier in Arithmetic

Operations

This application note discusses the use of the
MC1595 linear four quadrant multiplier in arithmetic
operations. Included is a discussion of the MC1595
used in the multiply, divide, square and square root
modes of operation. Actual circuits for these functions
are shown with measured data and a discussion of the
errors occurring in each mode.



APPLICATION NOTE ABSTRACTS (continued)

*AN-492 Operating Characteristics of the MC3000/
MC3100 Series Transistor-Transistor Logic
Gates

This application note explains the advantages of
using the MC3000/MC3100 Series of Motorola Tran-
sistor-Transistor Logic gates over conventional TTL.
Design data is included which should allow determina-
tion of the operating characteristics under almost any
set of conditions.

*AN-493 The MC3000/3100 Series Transistor-
Transistor Logic Flip-Flops

This application note explains the basic opera-
tion of the various flip-flops available in the MC3000/
3100 series of transistor-transistor logic fromMotorola.
Typical operating characteristics are included so that
operationunder different conditionscan be determined.

*AN-494 The Motorola Transistor-Transistor
Logic Lines

This application note contains a general descript-
ion and comparison of Motorola’s MTTL I, MTTL II,
MTTL III, MTTL5400/7400, and the MC4000 lines.
The basic gate and the MTTL III bypass circuit are
discussed and tables of electrical characteristics are
included. Two appendices provide definitions of com-
mon MTTL terms, a discussion of the effect of input
diodes, and loading rules for the MC4000 series com-
plex functions.
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AN-215

RF SMALL SIGNAL DESIGN
USING ADMITTANCE PARAMETERS

INTRODUCTION

Design of the solid-state small-signal RF amplifier
using two port parameters is a systematic, mathematical
procedure, with an exact solution (free from approxima-
tion) available for the complete design problem. The only
sources of error in the final design are parameter vari-
ations resulting from transistor parameter distributions
and strays in the physical circuit, Parameter distribu-
tions result from limits in measurement and random
variations among identically designed transistors.

The purpose of this paper is to provide, in a single
working reference, the important relationships necessary
for the complete solution of the RF small signal design
problem using admittance parameters. Further,equa-~
tions are givenin the appendix for the conversion of other
sets of two-port parameters to admittance parameters.

The paper is based on work by Linvilll, Sternz, and
others, Those who may wish to consider the derivations
of some of the expressions should refer to the original
work presented in the references.

The report assumes that the reader isfamiliar with the
two port parameter method of describing a linear active
netwtlJrk. Several references are available on this sub-
ject. 1,4,

It has also been assumed that a suitable transistor for
the task at hand hasbeen selected, and that two-portpara-
metersare available for the frequency and bias point which
will be used. Device selection will not be covered as a
Separate topic in this report; rather, a thorough under-
standing of the material in the report should provide the
designer with the tools he needs to select transistors for
a particular small signal application.

The equations given in the text of the report are appli-
cable to the common emitter, common base, or common
collector configuration, if the applicable set of parameters
(common emitter, common base, or common collector
parameters) is used. Equations for the conversion of the
admittance or hybrid parameters of any configuration to
either of the other two configurations of the same para-
meter set are given in the appendix.

While directed primarily toward circuit design with
conventional junction transistors, two port network theory
has the advantage of being applicable to any linear active
network. The same design approach and equations may
therefore be used withfield effect transistors?, integrated
circuits, or any other device which may be described as
a linear active two-port network with measurable para-
meters.

Finally, various parameter interrelationships and other
data are given in the Appendix,

GENERAL DESIGN CONSIDERATIONS

Design of the RF small signaltuned amplifier is usually
based on a requirement for a specified power gain at a
given frequency. Other design goals include bandwidth,
stability, and input-output isolation. After a basic cir-
cuit type is selected, the applicable design equations can
be solved.

Circuits may be categorized according to feedback
(neutralization, unilateralization, or no feedback), and
matching at transistor terminals (circuit admittances
either matched or mismatched to transistor input and
output admittances), Each of these circuit categories
will be discussed, including the applicable design equa-
tions and the considerations leading to the selection of
a particular configuration,

STABILITY

A major factor in the overall design is the potential
stability of the transistor. This max{ be determined by
computing the Linvill stability factorlC using the follow-
ing expression: {

|712 72
oo~ W
Z%ey; Egp- Re Gy,

When C is less than 1, the transistor is unconditionally
stable, When C is greater than 1, the transistor is po-
tentially unstable,

The C factor is a test for stability under a hypothetical
worst case condition; that is, with both input and output
transistor terminals open circuited. With no external
feedback, an unconditionally stable transistor will not
oscillate with any combination of source and load. If a
transistor is potentially unstable, certain source and
load combinations will produce oscillations.

Although the C factor may be used to determine the
potential stability of a transistor, the conditions of open
circuited source and load which are assumed in the C
factor test are not applicable to a practical amplifier,
Consequently it is also desirable to compute the relative
stability of actual amplifier circuits, and Stern? has de-
fined a stability factor k for this purpose. The k factor
is similar to the C factor except that it also takes into
account finite source and load admittances connected to
the transistor. The expression for k is:

2 (&) + Gy leyy +Gp)
Re —— @
[Fiavas] + Re Gypryy)

If kis greater than one, the circuit will be stable. If k
is less than one, the circuit will be potentially unstable
and will very likely oscillate at some frequency.

Note that the Cfactor simply predicts potential stability
of a transistor with an open circuited source and load,
while the k factor provides a stability computation for a
specific circuit.

Stability considerations will be discussed further in
the descriptions of each basic circuit type to follow,

GENERAL DESIGN EQUATIONS

There are a number of design equations which are ap-
plicable to most types of amplifiers, These equations will
be discussed first. Descriptions of specific amplifier
types will then follow, and each will contain additional
design equations applicable to that particular amplifier,
POWER GAIN

The general expression for power gain is:

] [921] * Retvy)

IYL + Yzzl 2 Re Oy, - J12%21 ) @
T2t Yy
Equation 3 applies to circuits with no external feed-
back. It can also be used with circuits which have external
feedback if the composite y parameters of both transistor
and feedback network are substituted for the transistor
¥ parameters inthe equation. The composite y parameters

T -
Re (Y12Y21) = Real part of (Y12Y21)
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are determined by considering the transistor and the feed-
back network to be two 'black boxes' in parallel:
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For example, the above combination of transistor and
feedback network may be characterizedas a single "black
box" by the following equations:

F1e =11 Yuae

Y12¢ = Y12t * Vit
@

Ya1c * Va1t * Vau

Yoc = Ya2e * Yar

Where:

Yiles Y12¢s Y2lcs Y22c are the composite y param-
eters of the parallel combination of transistor and
feedback network.

Y1its Y12t Y21t Y22t are the y parameters of the
transistor,

V116> Yiof» Y216 Voor are the y parameters of the
feedback network,

Note that, since this approach treats the transistor and
feedback network combination as a single "black box"
with ¥11¢s ¥12¢r Y21¢» a0d Y29¢ 28 itsy parameters, the
composite y parametfers may therefore be substituted in
any of the design equations applicable to alinear, active,
two port analysis.

The neutralized and unilateralized amplifiers are
special cases of this general concept, and equations as-
sociated with those special cases will be given later.

Equation 3 provides a solution for power gain of the
linear active network (transistor) only. Input and output
networks are considered tobe part of the source and load,
respectively, Two important points should therefore be
kept in mind: .

(1) Power gain computed from equation 3 will not
take into account network losses. Input network
loss reduces power delivered to the transistor.
Power lost in the output network is computed as
useful power output, since the load admittance
Yy, is the combination of the output network and
its load.

(2

-

Power gain is independent of source admittance.
An input mismatch results in less input power being
delivered to the transistor, Accordingly, note that
equation 3 does not contain the term Yg.

TRefer to Seshu and Balabanian, ""Linear Network Analy-
sis, "John Wiley and Sons, 1959, P321

The power gain of a transistor together with its as-
sociated input and output networks may be computed by
measuring the input and output network losses, and sub-
tracting them from the power gain computed with equa-
tion 3.

In some cases it may be desirable to include the ef-
fects of input matching in power gain computations. A
convenient term is transducer gain G, defined as output
power delivered to a load by the transistor, divided by
the maximum input power available from the source.

The equation for transducer gain is:

4 Re (7)) Re (rp) |1y 2

G =
T 2 )
|62 + ¥ Gz * V) - Y1892

In this equation, Yy, is the composite transistor load
admittance-composed of both output network and its load,
and Yg is the composite transistor source admittance-
composed of both input network and its source, There-
fore, transducer gain includes the effects of the degree
of admittance match at the transistor input terminals but
does not take into account input and output network losses.

As in equation 3, the composite y parameters of a
transistor feedback network combination may be substi-
tuted for the transistor y parameters when such a com-
bination is used.

The Maximum Available Gain MAG is an often used
transistor figure-of-merit, The MAG is the theoretical
power gain of a transistor with its reverse transfer ad-
mittance y19 set equal to zero, and its source and load
admittances conjugately matched to yjij and yg9, re-
spectively.

If yy9 = 0, the transistor exhibits an input admittance
equal to yj; and an output admittance equal to yp3.

The equation for MAG is, therefore, obtained by solving -

the general power gain expression, equation 3, with the
conditions

V1270
s
YL = Y22

.
and yg =¥y

which yields:

2
[
MAG= —————————— ®)
4 Re (5,)) Re ()

MAG is a figure of merit only, since it is physically
impossible to reduce yjg to zero without changing the
other parameters of the transistor. An externalfeedback
network may be used to achieve a compositey,y of zero,
but then the other composite parameters will also be
modifed according to the relationships given in the dis-
cussion of the composite transistor - feedback network
"pblack box."

TRANSISTOR INPUT AND OUTPUT ADMITTANCES

The expression for the input admittance of atransistor
is:

Y12 T2
Y =¥y - ————— @
™ =¥

T2 s T

1.Obtained by solving the equations for transistor Yyyand
Y, UT with y19 equal to zero. These equations are given
later in the report.
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The expression for the output admittance of a transistor
is:

Y12 Y1

Y, =y, ®
ouT ~ Y22
¥+ Y,

When the feedback parameter yjg is not zero, Yy is
dependent on load admittance and Yoy is dependent on
source admittance.

AMPLIFIER STABILITY

One of the major considerations in RF amplifier design
is stability. The stability of a final design can be assured
by including stability computations and considering stabil-
ity in all design decisions relating to feedback and tran-
sistor source and load admittances.

The potential stability of the transistor should first
be computed using equation 1.

The various alternatives concerning input - output
matching and neutralization - unilateralization will now
be discussed for both the unconditionally stable transis-
tor and the potentially unstable transistor.

THE UNCONDITIONALLY STABLE TRANSISTOR

When the Linvill stability factor of the transistor as
determined by equation 1 is less than one, the transis-
tor is unconditionally stable. Oscillations will not occur
using any combination of source and load admittances
without external feedback, Stability is therefore elimina-
ted as a factor in the remainder of the design, and com-
plete freedom is possible with regard to matching and
neutralization to optimize the amplifier for other perfor-
mance requirements,

AMPLIFIERS WITHOUT FEEDBACK

The amplifier with no feedback is a logical choice for
the unconditionally stable transistor in many applications
since it may offer the advantages of fewer components and
a simple tuning procedure,

Source and load admittances may be selectedfor maxi-
mum gain and/or any number of other requirements.
Power gain and transducer gain may be computed using
equations 3 and 5, respectively; input and output ad-
mittances may be computed using equations 7 and 8,
respectively,

The amplifier stability factor may be computed using
equation 2 . While amplifier stability was assured from
the beginning by the use of an unconditionally stable tran-
sistor, the designer may still wish to perform this com-
putation to provide some insight into danger of instability
under adverse environmental conditions, source and load
variations, etc,

Gimax

Gmax,» the highest transducer gain possible without
external feedback, forms a special case of the no feed-
back amplifier,

The source and load admittances required to achieve
Gmax may be computed from the following:

L .
LA 2 2|
%" TR,y “’ Re (5)3) Re (ryg) = Re 39,0 | *- [ry7) ! @
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B! = - !m(ylr‘ + m_w’ly——l}z (10)
2 Relryy)
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1m0 12)
= - Im,y) + T retp (12)
Therefore, if the maximum possible power gain without
feedback is desired for an amplifier, equations 9, 10, 11,
and 12 are used to compute Yg and Yy,

The magnitude of Gpay may be computed from the
following expression:

szx

2
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Equations 9, 10, 11, and 12 can be obtained by differ-
entiating equation 5 with respect to Gg, Bg, G, and By,
and setting the four derivatives equal to zero. The Gg,
Bs, G1,, and B, thus computed can then be substituted in
equation 5 to obtain the expressionfor Gy ax, equation 13,

THE LINVILL METHOD

The amplifier without feedback design problem may
also be solved graphically using a technique developed by
J.G. Linvill,T Linvill's technique is very usefulfora cer-
tain class of problems. Since it is so fully discussed in
many good references we will not go into it further here.
An advantage of the Linvill technique is that it provides
a reasonably rapid graphic solution relating gain, band-
width, and stability. A disadvantage is its scope of use-
fulness, since the standard Linvill solution applies only
toanamplifier with no external feedbackand with Yg con-
jugately matched to the transistor input admittance, YN

THE UNILATERALIZED AMPLIFIER

Unilateralization consists of employing an external
feedback network to achieve a composite yjg of zero.

While unilateralization is perhaps most often used to
achieve stability with a potentially unstable transistor,
other circuit considerations may also warrant the use of
unilateralization with the unconditionally stable tran-
sistor. For example, the input-output isolation afforded
by unilateralization may be desirable in a particular de-
sign.

Design equations for the unilateralized case are ob-
tained by first computing the composite y parameters
of the transistor - feedback network combination and
then substituting the composite parameters in the general
equations.

Referring to the discussion on composite y parameters
and setting up the basic condition that ¥12c must equal
zero, the other composite y parameters canbe computed.
Assuming that a passive feedback network is being used,
then

Yua =221 = Vi = oy

and gince Yige = 0, Yiot* Vior =0
then ¥yg = -¥iarr

and Yy ® -ylu =Yy =Vgp = ~Fau

1.Applica,tion Note AN1GS,
See also reference 5 in the bibliography.
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Substituting the above results in equations 4 yields the
following:

Fi1e = V11t * V12t
Ig2¢ = Yoz * Y12t
Vige =Y1zt = 1270
Y210 = Ya1e = 12t

Substituting these composite y parameters in equations
7, 8, 3, 16, and 5 respectively, yields equations 14, 15,
16, 17 and 18 for the unilateralized case:

Unilateralized input admittance

Ym =¥11* V12 (14)

Unilateralized output admittance

Your =Y22 * Y12 as)

Unilateralized power gain, general expression:

2
Iyzl - le Re (¥)
. alih el B
GFU = 2 (16)
|‘IL *Ypt 712\ Retyy)

Unilateralized power gain with YLconjugately matched
to YoyuT:
|"21 - 712] :
i —_ an
4Rely)) + ¥yp) Relipy * 719
Unilateralized transducer gain:

4 Re(¥,) RelY) |"21 ‘ylzl 2
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Note that equations 14, 15, 16, 17, and 18, are given
entirely in terms of the transistor y parameters, not
those of the feedback network or the composite.

Another benefit of unilateralization is input - output
isolation. As can be seen in equations 14 and 15, YN is
completely independent of Yy, and YOyt is similarly
independent of Yg. In a practical sense, this means that
in a single or multi-stage amplifier using unilateralized
stages, tuning of any one network will not affect tuning in
other parts of the circuit, Thus, the troublesome task of
having to re-peak an entire amplifier following a change
in tuning at a single point can be eliminated.

NEUTRALIZATION

Neutralization consists of employing a feedback net-
work to reduce yjg to some value other than zero.
Neutralization is generally used for the same purposes
as unilateralization, but provides something less than
the ideal cancellation of the transistor feedback param-
eter which unilateralization achieves. A typical example
of neutralization might be a feedback network which
provides a composite by of zero while having only a
negligible effect on the transistor gj2.

The equations for a particular neutralized case would
be developed in the same manner as those for the uni-
lateralized case. Since there are an infinite number of
possibilities, no specific equations will be given here,

This completes the discussion of design with the un-
conditionally stable transistor. The potentially unstable
transistor will now be considered.

THE POTENTIALLY UNSTABLE TRANSISTOR

When the Linvill stability factor of the transistor as
determined by equation 1 is greater than one, the tran-
sistor is potentially unstable. Certain combinations of
source and load admittances will cause oscillations if

no feedback is used. In designing with the potentially un-
stable transistor, steps must be taken to insure that the
amplifier will be stable,

Stability is usually achieved by one or both of two
methods:

(1) Using a feedback network which reduces the com-
posite yjp to a value which insures stability,

(2) Choosing a source and load admittance combination
which provides stability.

A discussion of these basic methods is given below.
USING FEEDBACK TO ACHIEVE STABILITY

Either unilateralization or neutralization may be used
to achieve stability. If unilateralization is used, the tran-
sistor-feedback network combination willbe uncondition-
ally stable. This may be verified by computing the Lin-
vill stability factor of the combination. Since y3g¢ = 0,
the numerator in equation 1 would be zero.

With stability thus assured, the remainder of the de-
sign may then be done to satisfy other requirements
placed on the amplifier, After unilateralization has con-
verted the potentially unstable transistor to an uncon-
ditionally stable combination, all other aspects of the
design are identical to the unilateralized case with the
unconditionally stable transistor. Power gains and input
and output admittances may be computed using equations
14 through 18.

If neutralization is used to achieve stability, the Linvill
stability factor can be used to compute the potential
stability of any transistor - neutralization-network com-
bination. Since in this case yqg¢ # 0, C will have a value
other than zero.

After unconditional stability of the transistor-neutrali-
zation network combination has been achieved, the design
may then be completed by treating the combination as an
unconditionally stable transistor, and proceeding with
the case of the unconditionally stable transistor in an
amplifier without feedback. Power gains, input and output
admittances, and the circuit stability factor may be com-
puted by using the composite parameters of the combina-
tion in equations 2, 3, 5, 7, and 8.

STABILITY WITHOUT FEEDBACK

A stable design with the potentially unstable transistor
is possible without external feedback by proper choice of
source and load admittances. This canbe seen by inspec-
tion of equation 2; Gg and/or Gp, can be made large
enough to yield a stable circuit regardless of the degree
of potential instability of the transistor,

This suggests a relatively simple way to achieve a
stable design with a potentially unstable transistor. A
circuit stability factor k is selected, and equation 2 is
used to arrive at values of Gg and Gy, which will provide
the desired k. In achieving a particlliiar circuit stability
factor, the designer may choose any of thefollowing com-
binations of matching or mismatching of Ggand Gy, to the
transistor input and output conductances, respectively:

(1) G matched and G mismatched

2) Gy, matched and G s mismatched

(3) Both G s and GL mismatched

Often a decision on which combination to use will be

dictated by other performance requirements or practical
considerations,

AN
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Once Gg and Gy have been chosen, the remainder of
the design may be completed using the relationships which
apply to the amplifier without feedback, Power gain and
input and output admittances may be computed using
equations 3, 5, 7, and 8,

Although the above procedure may be adequate in many
cases, a more systematic method of source and load ad-
mittance determination is desirable for designs which
demand maximum power gain per degree of circuit
stability. Stern has analyzed this problem and developed
equations for computing the conductance and susceptance
of both Yg and Yy for maximum power gain for a parti-
cular circuit stability factor.2,4 These equations are
given here:

Gy = \[k['yliul * Re(”lzyzﬂ].\] Eur € 9
2 €22
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Defining D as the denominator in equation 5 yields:

4 2
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where, A= 3

- M, 27
N = Inly,p927), (28
and,

Z = that real value of Z which results in the smallest
minimum of D, found by setting,

%xz’+|xm+m)+m]z.m\lk(l.»m_ (20)

equal to zero.

Computation of Yg and Yy, using equations 19 through
29 is a bit tedious to be done very frequently, and this
may have discouraged wide usage of the complete Stern
solution. However, examination of Stern's work suggests
some interesting shortcuts:

(A) COMPUTATION OF Gg AND Gj ONLY, USING
EQUATIONS 19 AND 20, K a value equalto -bgg is
then chosen for By, the resulting Yy, will be very
close to the true Y, for maximum gain, The tran-
sistor Ypy can then be computed from Yj, using
equation I;‘, and Bg can be set equal to -Im(YIN),

Computation of Bgand By comprise by far the more
complex portion of the Stern solution, This alter-
nate method therefore permits the designer to
closely approximate the exact Stern solutionfor Yg
and Y1, while avoiding that portion of the computa-
tions which are the most complex and time con-
suming, Further, the circuit can be designed with

tuning adjustments for varying Bg and By, thereby
creating the possibility of experimentally achieving
the true Bg and By for maximum gainas accurately
as if all the Stern equations had been solved.

(B) MISMATCHING Gg TO gy3 AND Gp, TO g95 BY AN
EQUAL RATIO YIELDS A TRUE STERN SOLUTION
FOR Gg AND Gg,. This can be derived from equa-
tions 19 and 20, which lead to the following result:

G,
G-b (30)
82 En
I a mismatch ratio, R, is defined as follows,
GL GS
R=— =— (1)
€22 Eyy

then R may be computed for any particular circuit
stability factor using the equation:

¥or¥ Re(y ) (32)
s m? - kE 21 1z| M 12"21]
2 8y €

Equation 32 was derived from equations 2 and 31.
Having thus determined R, Ggand Gy, canbe quickly
found using equation 31.

Bg and By, can then be determined in the manner
described above in alternate method (A).

This alternate method may be advantageous if
source and load admittances and power gains for
several different values of k are desired. Oncethe
R for a particular k has been determined, the R for
any other k may be quickly foundfrom the equation

2
a+Rr)® x

r_1 (33)

s+ Ry K

2

where Rj and R2 are values of R corresponding to
kj and k2, respectively.

(o}

~

COMPUTER DESIGN. The complete Stern design
problem may be programmed into a computer.
Power gain, circuit stability factor, Y, and Y can
be obtained from the computer for any value of k.
MAG, Gy, and the Linvill stability factor of the
transistor may also be included in the program.

After employing either the complete Stern solution or an
alternate method to obtain Yg and Yy, for the potentially
unstable transistor in an amplifier without feedback,
power gains and input and output admittances may be ob-
tained using equations 3, 5, 7, and 8,

SENSITIVITY

In all but the unilateralized amplifier, Yy isa function
of load admittance. Thus Yy changes with output circuit
tuning, and this can be troublesome, Consequently, it is
sometimes desirable to compute the extent of variation
of Yy with changes in Y. A term, sensitivity s, has
been defined to provide a measure of this characteristic,
and is equal to per cent change in Yy divided by per cent
change in Yy. The equation for sensitivity is:

Y,

L | 811

.
a2 * YL

K

.
g * Y * En
Y11

822
Y21 ¥y
11 E2)

6= arg (-y57py) *

8= (34)

Y11

K e®

where,

K e®- x (cos @+ j sine )

A more complete discussion of sensitivity is given in
reference 6,
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SUMMARY

The small signal amplifier performance of a transistor
is completely described by two port admittance param-
eters. Based on these parameters, equationsfor comput-
ing the stability, gain, and optimum source and load ad-
mittances for the unilateralized, neutralized, andno-feed-
back amplifier cases have been discussed.

The unconditionally stable transistor will not oscillate
with any combination of source and load admittances, and
circuits using a stable transistor may be optimized for
other performance requirements without fear of oscil-
lations.

The potentially unstable transistor requires that steps
be taken to guarantee a stable design, Stability is usually
achieved by unilateralization, neutralization, or selection
of scurce and load admittances which result in a stable
amplifier,

Unilateralization and neutralization reduce the com-
posite reverse transfer admittance. They may be usedto
achieve stability, input - output isolation, or both,

Maximum power gain per degree of circuit stability
without feedback may be achieved using Stern's equations.

The degree of input - output isolation is described by
the term sensitivity, which makes it possible to compute
changes in input admittance for any change in load ad-
mittance.

The theory and design equations in this report are
applicable to any linear active device which maybe char-
acterized as a two-port network. Therefore, the term
"transistor" used herein refers generally to all such de-
vices, including FETs and integrated circuits.
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GLOSSARY

C = Linvill's stability factor

k = Stern's stability factor

G s = Real part of the source admittance
GL = Real part of the load admittance
Bs = Imaginary part of the source admittance
BL = Imaginary part of the load admittance
811 = Real part of 1

[N = Real part of Yoo

G = Generalized power gain

YL = Complex load admittance

Ys = Complex source admittance

GT = Transducer gain

MAG = Maximum available gain

* = Conjugate

YIN = Input admittance

YOUT = Output admittance

C'max = Maximum gain without feedback
GU = Unilateralized gain

GTU Unilateralized transducer gain

é = Sensitivity

APPENDIX |

A. Conversions among parameter types for y, z, h, and
g parameters.

htoy
! st Ll ar
Yu Ty Y12 7 Va1 T Va2
11 11 11 11
where Ah = hu h22 - h12 h21
ytoh
1 Y12 Y21 ay
Ry, =—  h., = — By, =—— h. = —
11 12 21 22
i1 i Y11 Y11
where Ay =¥y Yp = Y13 Va3t
htoz
ah P "B 1
2305 T P2 T 2217 T P22 T
22 22 22 22
ztoh
Az %12 “Z21 1
hy, = — hyy = — hy, = — ho, = —
11 12 21 22
222 %22 %22 T %33
where Az = 211 293 " %12 Zyq
htog
Ro2 B2 1 LT
g =— g, = — gy = — By = ——
u Ty 127 215 22 = on
where Ah = hu hzz - h12 h21
gtoh
822 it ~B31 811
h,, = — h,, = — h,, = — h,y, = —
n o, 12" 21 " 5, 2" 5,

where Ag = £y3 B35 - 813821
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ztoy
292 “Z12 ~Zy 1
Vg = —— gy, = — Yoy = Vuy = —
u = 12" n T 2"
where Az = zu 299 zlz z21
ytoz
Va2 Y12 Ya 4%
2, = — 2, = — 2y, = —— Ty = ——
1 S 12 = 2n " o 2~
where Ay =¥y Y32 - V1293
ztog
1 Z12 2 az
Eu1 “;— B2 T T Ba1 T, B2 =
11 i n %11
where 4z = Zyy %99 ~ Zp Zgy
gtoz
1 812 821 ag
Ty =— Zyy = —— Z,, =—— Z,, = —
11 12 21 22
€11 &n &1 €11
where Ag=gy; 853 - 8138y
gtoy
ag 812 —E21 1
S P Sp— [ — Py =——
11 12 21 22
822 22 22 822
where Ag =g;) 85 - 81383
ytog
ay Y12 -2 1
gy = — 8132 — 8y =— By = —
' Y22 Y22 2 Y22 = Y22

where &Y =¥y Va3 - V1272

B. Conversions among common emitter, common base,
and common collector parameters of the same type for
¥, and h parameters.

Common emitter y parameters in terms of common base
and common collector y parameters.

Yize = V1o * iz * Yo * Tom T Yire
Vize = ~Uyg + Vo) = -0yyc + Y130
Tate = “Ua1p * o) = “Uyye * Yoy

Y22 ™ Yazp * Vi1 * Yize * Vaie * Y2z

Commonbase y parameters in terms of common emitter
and common collector y parameters.

Tib * Vize * V1ze * V21e * V22e ~ Yazc
Vizo = “O12e * Vage) = -Uape + 932

Yoo = “Uz1e * Yoo * ~Uyac * Y230

L

Yo = V32¢ * Yi1e * Vize * Y21e * Yoze

Common collector y parameters in terms of common e-
mitter and common base y parameters.

Yite = Y1te = Vi * Vi * Yo * Yoy

V1ze = “Orge * F12e) = “Oypp * Top)

Yate = “Opge * Y21) = “Opp * Vi)

Ya2e = Yite * V1ze * Y210 * Y22e = Y1

Common emitter h parameters in terms of common base
and common collector h parameters.

By By
h ~ = h
11e 11c
A+ Bopy) (hyp) + Bygy By 4 s b
by Bogy = Bya (14hgy) by Boz
by, = ~ - b, =1k
12¢ 1z 12¢
(4% Byg) (-hygy) + hompBygy 1 4 myy,
hagp -By) - hagy by, Ha1p )
= ~ =1+ h, )
hzle 1 +h 21¢
(1 + hyp) (o) + g by 210
bz, hao,
hoge = ~ = Rage

(% by (-hygy) + hogp by, 1+ By

Commonbase h parameters in terms of common emitter
and common collector h parameters.

hlle "ue
h,.. = I~
116
@+ gy Qhyp) + Bygehyze 1 am
21e
Be e
= 1]
BriePaze - Paie Mize ha1e

ByreBaze = Pygell *+ By Byy bop,

= a8 - h
120 12¢
(% Baped A-bped + hyy By, 14 by,

Byge (-hyg) + BypeBope ) byse Baae
= = (h -1 - —
12
Bi1eBa2e - Parc Brze bote
Hpte (1hyge) - Byje hope 21e
bai = >
(% hypd A-bypd + By hppy 14 gy,
Bige (1 + hgpe) - By bage A1+ by
= ~
hi1eBaze = Bagc My bore
ha2e LPY
oz = =
(4 by (-hypg) + by bpge 14 by,
B2 Ba%e
= L]
Bi1eP22e - Marc Mz hie
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Common collector hparameters in terms of common base
and common emitter h parameters. .

Byip P
h. = £l = h
11¢ 11e
(@ o+ byy) (-hyg) + Bogy By 1+ By,
1+ h21b
by, = % 1=1h
120 12
(1 + byyy) (-hygy) + Bogy Bygy
Bygn -1 _1 ( ,
h, = 8 = =(1 + h,
21c 21¢’
(U + hyg) (-hyp) + By By 1+ Byy
. ) o Tem
22 T (5 m ) () + Bog B 1+ T2z
210} (-Byg) + Bogp Pyap Ba1b

Expressions for voltage gain, current gain, input imped-
ance, and output impedancein termsof y, 2, h, and g pa-
rameters.

Voltage Gain
291 2L Ta “ha1 2, 831 %L
A = = = = -
v
AZ + 24y ZL Vog + YL h11 + AhZL 8gg * ZL
Current Gain
Ao Tu Tt | Tfa

1 + 2

Zgp * 2, AV *Y Y

hzz + YL Ag + 81y ZL

Input Impedance

Az + z., 2

11 %1, y22+YL Ah + b Y

1L

Zp*t 3, Yy bgy + ¥y,

LA

8 * 2y
Ag + 813 ZL
Output Impedance
Az + Zgg Zs Y * Ys hll

Z = = =
ouT
Zyy * Zs Ay + yzzYs Al + Ixzz Zs

+Zs

Ag + 522 Ys
g+ Y

Conversionbetweeny parameters and s (scattering)para-
meters:

o T g I Yy
1"
(14yy,) (4yp9) - ¥yp oy
2y

D . 1'
27 (ayy) Qavgg) - ¥yp Ty

-zy
1" Ty ongg) Ty |

(14y44) (1-y95) + Y1 Ty '
8, AL 22 21712
22
(147,1) Q439)- 319 Y1

g o ro22) (-1 + 815851 1
u (1+su) (1"22) - 819 8y Z,
2819

127 (1+sn) (1+szz) - 819 81
S IR S
2 (1+48,,) (1+559) - 815 85y | Z

(ey)) U-555) + 815 8] 4

h (1+sn) (1+su) - 89 8y z—o
Where Z = the characteristic impedance of the
transmission lines used in the scatter-
ing parameter system, usually 50 ohms.

Y22

Conversion between h parameters and s parameters:
(b);-1) (hyy+1) - by by,
811° —_—
(b 3+1) (hyg 1) - byp Byy
28y
819 = +t
(ny+1) (hyp+1) - By By
SR : S
21 (ayy#1) (agy#1) - hyp By
_ (ehyy) Qhyy) + Byp Byy
2 (g 1) (agy#1) - By By
. l_(l+su) 1+ szz) -8y azﬂ 2
U7 sy e oy 9 | °

tt

~ 2512
1z {1-5,,) (1+8,,) + 8., 8
11 22 12 21

-2521

by =

(1-84,) (1+s22) + 8y Sp1

by [ G-syp) esy)) - 515 ’zl:‘ 1
[ Gosp)rep e oy 8y | 2,

+In converting from y to s parameters, the y parameters
must first be multiplied by Zo and then substituted in
the equations for conversion to s parameters.

t1In converting from h to s parameters, the h parameters
must first be normalizedto Zg in the following manner
and then substituted in the equations for conversion to
s parameters:

Parameter To Normalize
hn divide by Zo
l:12 use as is
h21 use as is
h22 multiply by Zo
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AN-245 A

AN INTEGRATED SENSE AMPLIFIER
FOR CORE MEMORIES

INTRODUCTION

A definition of a sense amplifier could be “the inter-
face circuitry between the storage elements of a memory
and the logic output elements of the memory.” By this
definition, a sense amplifier can have many different type
inputs and outputs. This paper will discuss a sense ampli-
fier for ferrite core memories. Specific sense amplifier re-
quirements were received from computer and core memory
manufacturers. From these requirements, design goals
were evolved for a sense amplifier that would satisfy the
market.

An integrated sense amplifier offers advantages other
than such obvious omes as saving weight, space, and
assembly wiring; the inherent ability to match active com-
ponents within the integrated circuit gives the integrated
sense amplifier a distinct advantage over the discrete ver-
sions. In some cases, it would be very difficult to build a
discrete circuit of the same quality as an integrated circuit,
or to do so could be quite expensive. Therefore, a well-
designed integrated sense amplifier will offer superior per-
formance and be less expensive than its discrete counter-
part.

THE CORE MEMORY

Figure 1 isa typical core memory subsystem of a general
purpose digital computer. The appropriate x and y lines
are selected by the memory address register (MAR). The
selection technique depends on the memory organization
and will not be discussed in this application note. The most
common organizations use one core per bit so the number
of cores which must be sensed simultaneously is determined
by the “word” length. However, each sense line links one
bit for all words in the memory. When a particular word is
selected the sense amplifiers detect the presence of “ones”
or “zeroes” in all the bits and this information is then
placed in the memory data register (MDR). The time

required to get the information from the cores to the MDR
is called the “access™ time. If the memory is of the “des-
structive readout” type, the information in the MDR must
be written back into the memory at the same location. The
time required to do this is called the “write” time. The
sum of the “read” and “write” times is defined as the cycle
time and indicates the speed of the memory.

The various memory organizations use different sense
line configurations and current drive techniques. How-
ever, in all the configurations the sense winding is routed
so as to obtain an optimum signal-to-noise ratio. This
generally means the sense winding goes through half the
cores in one direction and half in the opposite direction
(See Figure 2). The purpose of this wiring technique is to

BUFFER

DIODE

FROM CONTROL
SUBSYSTEM MEMORY ADDRESS
REGISTER

MEMORY

Y SELECT

\ MATRIX

AMPLIFIER

STROBE

MEMORY DATA
REGISTER

TO
TO BUFFER CONTROL &
REGISTER ARITHMETIC
UNITS

FIGURE 1 — GENERAL PURPOSE COINCIDENT CURRENT CORE MEMORY SUBSYSTEM
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FIGURE 2 — HALF SELECT WIRING
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BINARY
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“DISTURBED UNCERTAINTY
ZERO™ THRESHOLD REGION

POINT
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FIGURE 3b — TYPICAL CORE OUTPUT SIGNAL

cause voltages induced in the sense line to cancel. The
sense amplifier must detect the difference between the
minimum “disturbed one” signal and the maximum “dis-
turbed zero” signal. The “disturbed one” signal can be
either positive or negative so the sense amplifier must be
bipolar (See Figure 3a).

Typical signal waveforms at the input to the sense
amplifier, amplifier output, discriminator output, and
strobe are shown in Figure 3a. This is an idealized signal
waveform at the input to the sense amplifier. In actuality,
there are common and differential mode noise at the input
during most of the memory cycle. Figure 3b shows the
typical signal as seen at the input to the sense amplifier.
The amplitude of the “disturbed one” signal depends on
the size of the core and the rise time and amplitude of the
select currents from the core drivers. The area between
the minimum “disturbed one” signal and the maximum
sum of “disturbed zero™ signals is called the uncertainty
region (See Figure 3b). This area would ideally be as large
as possible, since it is very important in the overall per-
formance of the memory subsystem. Normally, the thres-
hold of the sense amplifier will be set in the middle of the
uncertainty region.

SENSE AMPLIFIER DESIGN CRITERIA

Many factors must be considered in the design of an
integrated core memory sense amplifier. First, the ampli-
fier should be as versatile as possible. The design must meet
awide variety of speed requirements and should be suitable
for low cost fabrication. Additional criteria are:

1. The amplifier must be able to detect bipolar signals.

2. The threshold should be adjustable in order to meet
the maximum number of requirements with a single
amplifier.

3. The threshold should be constant with temperature.
This requires the memory manufacturer to compen-
sate the switching currents for the change in core
output voltage rather than depend on the sense am-
plifier to have precisely the correct threshold versus
temperature characteristic.

4. The uncertainty region should be as small as possible.

5. The power supplies should be commonly used values
and the tolerances on these supplies should be as
loose as possible.

6. The sense amplifier requires a strobe to “enable” the
amplifier at the optimum point.

7. The bandwidth of the amplifier must be sufficiently
high to pass the fastest rise time signals with as little
degradation as possible.

8. The amplifier must be able to recover rapidly from
large common mode and large differential mode sig-
nals.

N
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FIGURE 4 — BLOCK DIAGRAM OF MC1540

THE MC1540

Figure 4 is a block diagram of the MC1540. The ampli-
fier portion is a two-stage differential amplifier with emitter
degeneration in each stage, buffering between stages, and
overall common mode feedback. The schematic of the
amplifier section is shown in Figure 5. The low frequency
differential voltage gain of the first stage, assuming it is
driven from a voltage source, can be closely approximated
by:

RL
L}
re+RE + B+l
RE is the emitter degeneration resistor on each side and re

Adiff =

approximately ;—z With 8 relatively high, the last term in

the denominator can be neglected and the equation for the
gain reduces to the following equation:
R R
Adiff ~ rTRL - L 1
etRE RE 1+r1_
RE
This equation shows that the gain is a function of resistor
ratios rather than resistor magnitudes. Ry and RE are
formed during the base diffusion so that the ratio RL/RE
should be constant from run to run. Also, re is directly
proportional to a resistor which is formed during the base
diffusion and is a function of temperature so that gain
variations with temperature change are to be expected.
However, the gain variation will be significantly less than

for a circuit with no emitter degeneration.
Since the amplifier incorporates differential gain of the

first stage and single ended gain of the second stage, the
overall gain can be approximated by the following equa-
tion:

R R
) 2

fe +RE;/ [2rep * RE))

The buffering between the two stages significantly in-
creases the bandwidth of the amplifier. Without buffering,
the predominant pole would be caused by the Miller effect
capacitance of the second stage being driven from a high
impedance. Buffering reduces this impedance approxi-
mately by a factor of § of the transistor.

Some of the data taken on this amplifier in integrated
form is shown below.

1. Voltage gain — The voltage ga;m on all units was be-
tween 37.5 dB and 40 dB.

2. Gain versus temperature — The gain changed less
than 1.0 dB when the temperature was varied over a
-559C to +125°C range.

3. Bandwidth — The 3.0 dB point on all units was in ex-
cess of 50 MHz. The rise time of the amplifier was
less than 7.0 ns.

4. Propagation delay — This was found to be between
8.0 and 11.0 ns on all units. The measurement was
made between the 50% points of the input and the
output waveforms. The rise and fall times of the in-
put were approximately 10 ns and the amplitude was
25 mV.

S. Common mode rejection — The low level common
mode rejection defined as the differential mode gain
divided by the common mode gain, was found to be
57.0 dB at 10 MHz. Figures 6a and 6b show the am-
plifier response to a + 1.0 volt and a + 2.0 volt com-
mon mode input respectively. Figure 6¢ shows the
amplifier response to a 20 mV differential input.
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FIGURE 5 — DIFFERENTIAL AMPLIFIER SCHEMATIC

The schematic of the dc restoration circuit, the thres-
hold adjusting circuit, and the output gate is shown in Fig-
ure 7. The threshold of the sense amplifier is dependent
upon the dc voltage at point A. Since R1 is much larger
than R2 or R3, changes in the dc voltage at point C reflects
as a dc voltage change at point A; thus, the threshold
changes.

The dc restoration action can be explained as follows:
The input signal to the collector of Q] and the capacitor is
positive from a low impedance and the entire signal is
coupled through the capacitor. When the leading edge of
the signal occurs at point A, both the base-emitter junctions
of Q1 and the gate input diode become reverse biased and
the capacitor will start to charge through R4. When the
negative going edge of the signal arrives at point A, Q) is
turned on, and point A becomes a low impedance node be-
cause of the emitter follower action. The capacitor will

discharge through Qg very rapidly. The base of Qp is
driven by a low impedance source so that the transient base
current during the time the capacitor is being discharged
produces a negligible voltage change at the base of Q1.

Also Q) is designed to supply the maximum transient

current required for pulse widths up to 750 ns. Since the
dc levet at the emitter of Qj is restored rapidly, the sense
amplifier threshold does not change significantly with a
change in duty cycle.

As temperature increases, the threshold of the DTL gate
decreases by 2 AVBE/OC. The four diodes in the base of
Q2will decrease the dc levelat thebase of Q2 by 4 AVBE/C.
The VBE change of Q) will cancel one of these, and the
VBE change of Q2 will cancel another; hence the dc level
at point A will also decrease by 2 AVBE/CC. Therefore, if
the amplifier voltage gain does not change with tempera-
ture, the sense amplifier threshold will be constant.

Nkt
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FIGURE 7 — DC RESTORATION CIRCUIT, THRESHOLD ADJUSTING CIRCUIT, AND OUTPUT GATE

The output gate is similar to that of the popular MDTL
logic family. Both the amplified signal from the memory
and the strobe signal must be above the gate threshold
level before the output transistor will saturate. The out-
put transistor is capable of “sinking” 6.0 mA with a satu-
ration voltage less than 400 mV. This guarantees a noise
margin equal to that of the MDTL logic family. Many
sense amplifiers may be strobed from a common source

with no ill effects, as long as the driving unit has sufficient
fan-out capability. Also the outputs of several sense am-
plifiers can be wire-ORed. Figure 8 shows the voltage
transfer characteristic of the gate. The width of the tran-
sition is approximately 200 mV. This would refer to the
input of the sense amplifier as a transition width of 2.0 mV
if the voltage gain was 100.
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Additional data taken on the sense amplifier are listed
below. 6
1. Threshold — 17 mV nominal for V-=-6.0V, V¥ =
+6.0V,and Vi = -6.0 V. s
2. Threshold temperature coefficient — -10 uv/ecC. 5 ¢
P
3. Threshold range — The nominal threshold varies from 33
13 mV at -5.0 V threshold bias to 21 mV at 7.0 V 2
threshold bias. 9?2 \
4, Propagation delay from input to output — Typically 1
20 ns. o r—
5. Propagation delay from strobe input to output —
Typically 10 ns. 0 02 04 06 08 1.0 1.2 1.4 1.6 1.8
eyn (VOLTS)

FIGURE 8 — OUTPUT GATE TRANSFER
CHARACTERISTICS
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FIGURE 9 — CORE MEMORY SENSE AMPLIFIER
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FIGURE 10 — SIGNAL WAVEFORM AT PINS
ONE AND TEN

Figure 9 is the schematic of the complete sense ampli-
fier. External components that must be supplied are ap-
propriate resistors for terminating the sense windings and
acoupling capacitor. The size of the capacitor is dependent
on the width of the disturbed “1” signal from the memory.
The capacitor should be of sufficient size to ensure that
the “sagging” due to the capacitor charging does not affect
the threshold. Also the capacitor must be large enough so
that noise, just before the disturbed “1” signal, does not
affect the threshold. Figure 10 illustrates the charging and
discharging time of a 0.01 uF capacitor. The typical ex-
cursion below the base line is approximately 100 mV for
an input pulse 300 ns wide.

The rise time of the output can be decreased signifi-
cantly by connecting an external resistor from the output
to the positive power supply. This resistor must be large
enough so that the sum of the current through the resistor
and the current from an external load does not exceed the
rated value of 6.0 mA if a 400 mV Vgt at +1259C is a re-
quired specification.

The sense amplifier also works fine with +5.0 V and
-6.0 V power supplies. If the threshold-adjust pin is also
tied to -6.0 V, the nominal threshold increases to approx-
imately 20 mV. However, -5.3 volts on the threshold-
adjust pin sets the nominal threshold at 17 mV for +5.0 V
and -6.0 V power supply operation. If the threshold-adjust
pin is tied to the negative power supply, the nominal thres-
hold is also 17 mV for power supplies of +5.0 Vand ~5.0 V.

PARAMETER SYMBOL |MIN|TYP|MAX/UNITS

input Threshold Vin 14 |17 | 20 mVv
Uncertainty Region 2 6 mV
Amplifier Voltage Gain Av 80
Propagation
input to Amplifier Output] t3+1g+ 15 ns
Input to Gate Output 13tg- 30 ns
Strobe to Gate Output tgt+g- 15 ns
Recovery Time
& = 1400 mV (DM) r (DM) 20 | 50 ns
®jn = £2.0 volts (CM) tr (CM) 40 | 50 ns

Operation is marginal for 4.5 V power supplies. There-
fore it is recommended that +5% supplies be used if the
sense amplifier is operated with +5.0 V power supplies.

SPECIFICATIONS

Specifications for a sophisticated integrated circuit
must be such that the customer is guaranteed a circuit
that will meet his requirements. The most important
specifications for a sense amplifier are threshold limits (or
uncertainty region), propagation delays, and recovery
times. Other characteristics must also be limited so that
good circuit performance and reliability result.

Some of the important specifications for the MC1540
are listed in the table above. For a complete specification
and the manner in which each test is made, refer to the
MC1540 data sheet.

SUMMARY

The MC1540 was designed with both customer re-
quirements and integrated circuit production capabilities
in mind. The circuit will operate properly with large varia-
tions in temperature and power supplies. It requires only
three external components to achieve the complete core
memory sense amplifier function. It has a saturated logic
type output and can be strobed from any saturated logic
family. It can be packaged in either the 10 pin TO-5, the
10 pin ceramic flat pack, or the dual in-line plastic package.
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TRANSISTOR LOGARITHMIC CONVERSION
USING AN INTEGRATED OPERATIONAL AMPLIFIER

INTRODUCTION

Many approaches have been made to the design of
logarithmic amplifier circuits, using both active and pas-
sive elements. With the proper circuit configuration of
diodes or transistors a log amplifier can be constructed
using the logarithmic characteristies of these semicon-
ductor devices. All diodes and transistors do not exhibit
good logarithmic characteristics, so care must be taken
inselecting the proper device. Thisapplicationnote deals
with a technique for obtaininglogarithmic conversion using
operational amplifier-transistor feedback circuits, be-
ginningwith an analysis of the logarithmic characteristics
of transistors. A brief look at the basic logarithmic am-
plifier will be given followed by two log function generator
applications: direct multiplication of two numbers, and
solution of the parabolic equation Z = X",

TRANSISTOR LOGARITHMIC CHARACTERISTICS

Shockley's first-order theory of a p-n junction

1=1 9V _y
o

considers only diffusion current; however, it is popular
because of its simplicity. In other circumstances the
seriesresistance associated with the bulk semiconductor
material must be accounted for. Also such mechanisms
as surfaceinversion layers and generation-recombination
in the space charge regions are not accounted for in the
above expression. Consequently a diode or transistor
configuration must be devised which will minimize these
adverse effects. The common base transistor configu-
ration discussed in this application note does this very
well. By using the transfer conductance and fulfilling
certain conditions, the desired logarithmic characteris-
tics can be obtained.

The derivation of the transfer conductance is based
around an NPN silicon all-diffused transistor as shown in
Figure 1. The detailed derivation is given in the Appen-
dix. The resulting collector current expression is

I, = 2T 1B &

It is important to note that a non-constant base
transport factor will cause aN to vary, consequently, a
diffused base transistor such as the 2N2218 is best suited
for thisapplication. The base transport factor is within
a few tenths of a percent of unity. The upper end range
of equation (1) is usually between 1and 10 mA of collector
current dependingupon the junctionareaand contact size
of the transistor being used. Me;a.surementselsewhere1
indicate an 8 to 10 decade range of collector current
yielding a logarithmic relation. Simple practical inte-
grated circuit operational amplifiers operating with only
a single polarity input are limited to from 3 to 7 decades
depending upon the particular amplifier being used and
also on the effort expended to reduce external disturb-
ances.

LOGARITHMIC AMPLIFIER TRANSFER FUNCTION

The basic function generator configuration for log-
arithmically compressing data is shown in Figure 2. In
this configurationthe requirement that the collector volt-
age be equal to zero is virtually met. The small amount
of collector potential that does exist will be negligible for
all practical purposes. Rewriting equation (1) for the
direction of collector current shown in Figure 2, we find

1= mnxes[eq"E/kT] @

If I « I, which is the condition that governs the lower
limit of operation, then

)

The polarity of Vo, is shown inFigure 2. Combining equa-
tions (2) and (3)Eand the condition of V,; = Vg yields

E:E e | quut/kT]
R n-es
s
E.
kT in
or === In
out q Rsarnles

I I
- —_—
7N\
Vc VE
. - 4+ + -
c Ig
-— —_—
—_— N P N

R
s
O—v\\

Input
Inverting Input
Output

Non Inverting Input

FIGURE 1 — NPN SILICON TRANSISTOR MODEL

FIGURE 2 — BASIC LOG AMPLIFIER

NN
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AN-261 (continued)

Converting from In, to logy gives

E.
kT in
v = 2.3 = log,, ( )
out q 10 Rsun Ies

o kT KT 1
Vout=2:3 5 logyg (B ) <23 (T)logm(m) 4)

at T =27°C ‘-‘aT- = 0.026V
vout = 0.06 log10 (Ein) +K (5)

The empirical results obtained from the logampli-
fier are plotted in Figure 3a. From Figure 3a the trans-
fer function was found to be

E ¢ = 0-062 log o (E, )+ 0.450 (6)

where Eout and Ein are in volts.

OPERATIONAL AMPLIFIER LOG AMPLIFIER

The operational amplifier usedin the log amplifier
is the MC 1533. Frequency compensation of the opera-
tional amplifier is chosen such that the amplifier will be
stable with a closed loop gain of unity. The 0.1 uF capac-
itor between pins 1 and 5 is necessary to reduce the ac
gain of the feedback transistor. It is usually necessary
tobypass the power supplies right at the amplifier socket
with a 0.01 or 0.1 4 F low-inductive capacitor to eliminate
any internal high frequency oscillations whichmight occur
because of excessive impedance in the power supplies.
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o
Y
/1
10,000 .;{
V4
4
s /-
£ Wi
=.1000
2 £
[ (I
g Vi
3
>
5 100
="
= y 4
- rA
"4
£
7
10
—
Vgt = 0-062 log, o (E, ) +0.450
1.0 /
7
V4
0.1
220 260 300 340 380 420 460 500 540580
Output Voltage (Vout) {mV)

FIGURE 3a — INPUT VS. OUTPUT RESPONSE OF LOGARITHMIC
AMPLIFIER OF FIGURE 3b
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BIAS CURRENT ADJUSTMENT
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FIGURE 4 — DC BIAS CURRENT AND INPUT OFFSET

VOLTAGE SUPPLIES

The extremely wide range of input voltage required
makes it necessary that input offset voltage and bias cur-
rents be properly compensated for. The typical biascur-
rent for the MC 1533 is 0.5 uA. If the amplifier were used
without proper bias current compensation, this would re-
quire an input voltage of 50 mV above a 100k input resis-
tor just to overcome the bias current requirements. This
would immediately swamp out the lower end input of a 4
to 5 decade log amplifier where input voltages are in the
1 to 10mV range. Input offset voltage, which is reflected
to the output by the closed loop gain of the amplifier, will
cause an appreciable error, and must be compensated for
with an external supply.

The method of dc compensation used is shown in
Figure 4. The input offset voltage adjustment is made
with pin 1 shorted to ground and Egy,; adjusted to zero.
The bias current adjustment is accomplished by placing
a 500k feedback resistor in place of the transistor and
then monitoring E,; and E;; and adjusting the bias cur-
rent pot until Eq,¢/Ejy = 500k/100k = 5 throughout the
desired input range. This procedure must be carried
out individually for each operational amplifier that is to
be used as a log amplifier. After completion of the bias
adjustments, the feedback resistor may be replaced by
the feedback transistor in the configuration shown in Fig-
ure 3b.

The same type of bias current compensation is
required in the log™* amplifier where input voltage levels
are in the 300 to 600 mV range. The offset voltage ad-
justment, however, may be replaced by approximately
100 ohms to ground, since the offset level is insignificant
with respect to the input voltage range.

The effect of having an improperly adjusted offset
voltage pot or bias current pot is demonstrated in Fig-
ure 5. It may be necessary to slightly adjust the bias
current pot in order to straighten out the log character-
istics, even after the initial adjustment procedure. It
is extremely important in applications where log-analog
operations are to be performed, that the logarithmic
transistors have identical characteristic slopes. Level
shifts are not important, since they canbe easily adjusted
for at the summing point of one of the internal amplifier
stages as shown later in the multiplier circuitapplication.

MULTIPLICATION USING TRANSISTOR
LOGARITHMIC CHARACTERISTICS

The following example explains a method of ob-
taining the product Z = XY. The circuit used is shown in
Figure 6. The inputs and output are monitored in milli-
volts and the scale is selected such that one machine unit
equals 10 mV. The circuit can be broken into three por-

AN
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tions: the input logarithmic amplifier, the summing point
amplifier, and the output log~! amplifier. The frequency
compensationfor eachamplifier isthe same as that shown
in Figure 3b.

A. Input Logarithmic Amplifier: Each input in
this portion of the product function generator is identical
to that shown in Figure 4, with the feedback resistor re-
placed by the log transistor. Initial adjustments must be
carried out in the same manner as discussed previously.
The output of amplifier #1 will be of the form

Eout(l) = —(alog X + Cl) (7

and amplifier #2 will be identical except for the constant
C
1

Eout(z) = —(alog Y + CZ) 8)

The constants Cyand Cy are in the order of 300 mV while
a = 62 as determined previously from Figure 3a.

B. Summing Point Amplifier: The output of this
amplifier will be

Eout(SPA) =alogX+alog Y +C; + Cy- E,
= alogXY+cl+ CZ— Ec ©)

The input required for the output log_1 amplifier stage
must be of theform alog XY + Cg. With the proper selec-
tion of E, the term Cl + Co — E, can be made equal to
Cg, resulting in the requirez?i input of the 1og”1 amplifier
stage.

C. Output Log‘1 Amplifier: This stage uses a
2N2906 transistor connected in a common base configu-
rationat the input of the operational amplifier to achieve
an anti-logarithmic amplifier. This stage must have a
base current supply added to avoid having base current
drawn from the input voltage. Distortion in the log~1
characteristic would result without this supply. The
initial calibration of this stage must be determined by
plotting input voltage Ein(OLA) versus output voltage on
semi-log paper and adjusting the 5 k base current pot
until a straight line is obtained over the desired output
range.

The results obtained from this circuit configura-
tion are tabulated in Table 1 along with the correct prod-
uct andpercent error. Up to 7.7% error in output voltage
was observed over the 3 decades of operation; however,
simple calculations indicate thata 0.35% error in Ein(OLAg
will cause a 10% error in output voltage at the upper en
of the output range. A 0.51% error in Tin(oLA) Will cause
a 10% error in output voltage at the lower end of the out-
put range. It becomes apparent why both an input offset
voltage adjustment supply and a base current adjustment
supply must be provided for where wide ranges of input
or output voltages are to occur.

ANALOG SOLUTION OF THE PARABOLIC _ 0
EQUATION Z = X~

The circuit shown in Figure Twas used to generate
Z for three different values of "n'" (3, 2, and 0.5). The
results are shown in Figures 8, 9, and 10, respectively.
The value of E, (summing point amplifier) is positive for
n > 1and negative for n < 1. As shown in Figure 7, E.
is positive and "n" is equal to 3. It is important here
that the ratio of Rf/Rs be selected accurately to avoid
additional error in the computation of X®. The degree of
accuracy maintained was 8% for "n" = 3, 9% for "n" = 2,
and 5% for "n" = 0.5. As in the output stage of the pre-

vious application, a very small percentage error in input
will increase more than anorder of magnitude at the out-
put.

Temperature variation will cause large deviations
in output voltage accuracy since the output voltage of the
first stage is directly proportional to temperature in de-
grees Kelvin.

B X k 1
Eout(l)‘ T[2.3(a)log10 (Ein) + 2.3(6)logm(~—stnI]§:s )

The temperature effect will cancel itself if the junction
temperatures of the input and output transistors are kept
equal. Methods of obtaining the required temperature
equalization might be the use of a common heatsink for
all the log transistors, use of multiply packaged transis-
tors, or ultimately the use of a monolithic chip containing
the logarithmic transistors. A multiply packaged tran-
sistor MD 985 (PNP-NPN) was tried in the Z = X3 con-
figuration and resulted in an output error reduction of
from 8% maximum to 4% maximum.

CONCLUSION

A diffused base transistor operating in a common
base emitter follower configuration, with the collector at
zero potential, hasa wide range of logarithmic impedance.
This configuration can be used to obtain a logarithmic
compression of input data over 6 decades of operation
with an error of less than 1%. The author feels that ad-
ditional range could be obtained by the use of a chopper
stabilized operational amplifier. Two arithmetic prob-
lem solution applications were shown; however, accuracy
was limited by temperature variations, interstage inac-
curacies, and resistor ratio inaccuracies over the three
decades of input and output swing. A monolithic configu-
ration of log transistors is felt to be the best method of
compensation for temperature effects.
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FIGURE 8 — OUTPUT VS. INPUT RESPONSE OF FIGURE 7 FOR a = 2
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FIGURE 7 — CIRCUIT FOR COMPUTING Z = X»
a¥
10, 000 — 10, 000
—
7
‘1,
/"’ P’~—— Solid line indicates the
1,000 ”/ 1. 000 - correct calculated result
v joa
7
— AT = ;4
&> S b N
& / K N
- / Solid line indicates the 5 fll;med points indi(cia;e
orat btained dat:
m'\" 100 correct calculated result wo 100 2] ory obtain ata
@ ()
g 7o ¥
3 =
> 7 AN g
‘é l \ . 5 ’
< Plotted points indicate 2
8 10 laboratory obtained data 8 1o
z
T
1 1
] 20 40 60 80 100 0 50 100 150 200 250 300
Input Voltage Ein (mV) Input Voltage Ein (mV})

FIGURE 9 — OUTPUT VS. INPUT RESPONSE OF FIGURE 7 FOR a =3



AN-261 (continued)

10, 000
-
<
1,000 =
- A Y
N\
e 4 AN
> N
£ N\
= Solid line indicates the
= 10 correct calculated result
° 0
g 2
i 3
>
El d
5 Plotted points indicate
10 laboratory obtained data
1
0 50 100 150 200 250 300
Qutput Voltage Eout (mV)

FIGURE 10 — OUTPUT VS. INPUT RESPONSE OF FIGURE 7 FOR a = %;

x| Y z [cmume«ﬂ o
gt 41 | topu 82 oviput | £ox¥ | Difterence| % Exror
0.9% mv | 18.8 mv| 140 my| 1.7 0.28 | 2.04

81 mv 82.4 mV. 80.6 1.8 2.2

207 mviss mv| 205.5 1205 1.2

|05 mviess mv) ea7 1 48 7.4

| Loav 1110V 1.038 ‘ 0.072 | 6.9

| 134v 144 V 1.338 0102 | 1.7

| 2oy |z v 2.965 0.025 | 0.8

| 499 v | 504V .97 0.01 | 1.4
P11 v | 10034 V[ 10,06 028 | 2.8

‘ 12.97 V 12.5 V 12.4 0.1 0.8

4.0 mV} 1444 mV 410 mV| 57.8 0.8 14
40,9 mv|154.9 mV| 163.8 8.9 5.4

12,3 mv[39T mv| 410 13 3.2

250 mv| Lo02 .00 0.2 | 2.0

500 mv| 205V 2.00 0.05 | 2.5

730  mv| 3.08 V 2.95 013 | 4.4

1003V | 4.28 V 1.0 0.26 | 6.5

9.8 mv| 7T.45 mv| 729 mV| W o1 0.14
145 mwy (143 mv| 142 1 0.7

40.9 mV 1407 mV | 401 ) 1.5

85 mv|s3T mv] 833 4 0.48

199 mV 2.04 V 1.95 0.09 4.6

250 mv| 2.5¢ V 2.45 0.00 | 3.7

50 mV 14 mvV 754 mv | 700 54 1.1
50 mv| 2.56 V 2.5 0.06 | 2.4

102 mV 5.31 V 5.10 0.21 4.1

155 mv| 1.94 V 7.7 019 | 25

2001 mv|10.38 V | 10.35 0.03 | 0.29

250 mv)12.54 vV | 12.50 001 | o:

1003 mv | 5.6 mvises mv| 562 36 6.4
I 145 mV 144V 1.455 0.015 | 1O

i50 mvl 491V 5.02 o1 | 2.2

w mv|102z v | 1023 003 | 0.29

120 mv | 11.87 V 12.04 0.17 1.4

499 mV 5.07 mV 2.48 V 2.53 0.05 2.0
10,08 mV| 5.0 V 5.04 o | 0.4

20,15 mv| 9.30 V_| 10.07 o | 1.7

TABLE | — TABULATED RESULTS FROM MULTIPLIER CIRCUIT Z=XY

APPENDIX

The emitter current of Figure 1 is given by the
expression

qVg/kT aV/kT
Ip = Iggle - 1]~ efsgle -1] (10)
where IEs = emitter reverse saturation current
ICS = collector reverse saturation current
o = inverted common base current gain

The collector current is given by

qv c /KT qu /kT
I = ICS[e -1]- anIEs[e - 1] (11)

where o = normal common base current gain.

Equations (1) and (2) must be modified to include
those adverse components such as surface leakage cur-
rents and space charge generated currents. Since these
currents generally behave as majority carriers in the
base region, they are consequently not collected and do
not appear at the collector junction. These currents may
be included in equations (10) and (11) as follows:

qVg/kT qV /KT
Ig = Iggle -1]- aIICS[e -1

Vg /kTmj .

+ 2 I [e (12)

ES{

qV /KT aVg/kT

CS[e —-1]- anIES[e -1]
qV ./kTm;

coiele © o (13)

CSj

If we now set Vc = 0 in equation (13) we find

qVE/kT
I = ~algdle -1] (14)
For VE > 100 mV, equation (14) reduces to
qVE/kT
I = —anIES[e (15)
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AN-284
MDTL INTEGRATED CIRCUIT SHIFT REGISTERS

INTRODUCTION

A shift register is a group of serially connected
flip-flops which may be used for temporary storage of
information and/or the transforming of serial informa-
tion to parallel form. By the addition of a parallel input
feature to the shift register it is possible to reverse this
transformation as well as increasing the adaptability of
the shift register to certain logic operations. Other fea-
tures which may be desired include end-around-shift,
complementation, and shift-right, shift-left capabilities.
Examples of shift registers with each of these features
as well asa generic shift register which incorporatesall
the above capabilities will be discussed.

MDTL FLIP-FLOPS

The MDTL family contains a wide selection of
binary elements which enables the systems designer to
select a device with the particular characteristics which
meets the needs of the application. In the interest of
simplicity, the MC945/MC845 flip flop with direct clear
as well as direct set inputsavailableisused as the basic
building block for the shift registers discussed. Appen-
dix "A" lists the modifications necessary to construct

the shift registersusing other binary elements within the
MDTL family.

BASIC SHIFT REGISTERS

A shift right register is illustrated in Figure 1.
In operation, the data present at the serial input termi-
nals (D, D) is shifted into the first flip flopat each nega-
tive transition of the clock pulse. Concurrently, thedata
stored in the (n-1)th flip flop is shifted into the nth flip
flop and replaced by the data contained in the (n-2)th flip
flop. Information shifted into the flip flop may be read
out in a parallel manner by sensing the states of all the
flip flops or may be collected serially at the output of
the nth flip flop.

Some applications require retention of the stored
data during serial readout. Shift registers with end-
around-shift capabilities are frequently used for this
purpose. The basic change necessary to provide this
feature consists of connecting the output of the nth stage
to the serial data inputs of the 15t stage. Provisions for
data entry may take the form of a logic network which
defeats the end-around-shift, thereby allowing serial
data entry, or the use of direct set and direct clear in-

CLOCKO

mo m 9

m| o

Qn

CLOCKO- —_————

FIGURE 2 — END-AROUND-SHIFT RIGHT REGISTER WITH SERIAL AND PARALLEL DATA INPUTS



AN-284 (continued)

puts to allow parallel data entry. An end-around- shift
register with provisions for either serial or parallel
entry is shown in Figure 2.

Note that the parallel data inputs may be simpli-
fied if incorporated in a shift-right register in an appli-
cation where serial input is not required and it is known
that at least ''n' negative transitions will occur prior to
thearrival of a second parallel data entry command. For
such anapplication, the synchronous set input to the first
flip flop may be permanently held at ground potential.
This eliminates the necessity for the gating associated
with the Cp terminals.

The capability of shifting stored data either right
or left is useful in some applications. Figure 3 illus-
trates a shift register with this capability. Note that the
control signals (R and L) must be complementary to en-
able the shift register to function correctly. An excep-

tion to this may be noted in applications involving sub-
tractionor multiplication where it may be desired to com-
plement the information stored in the register. It can be
seen that a negative transition of the clock pulse will
toggle each flip flop if both R and L are low. I thecom-
plementation feature is desired, it is necessary to oper-
ate the flip flops in the J-K mode as shown (Q connected
to Sg, Q connected to Cy). The second set of steeringin-
puts may be left open if only the shift-left, shift-right
capabilities are to be used.

It is sometimes desirable to incorporate the com-
plementation feature in registers which do not require a
bidirectional shift capability. Such a configuration is
shown in Figure 4. The logic is such that a low level at
the control point (I) inhibits the normal logic levelsat the
inputs and results in toggling of each flip flop at a nega-
tive transition of the clock pulse.

SHIFT LEFT LO— -

SHIFT RIGHT RO——9¢
Dr

(A

CLOCK

DL

CLOCK O— T

o [FD)

:
i
i
i

FIGURE 4 — SHIFT RIGHT REGISTER WiTH COMPLEMENTATION FEATURE
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The generic shift register of Figure 5 incorporates
all the features described previously ina single register.
Figure 6 tabulates the logic levels required at each con-
trol point toinsure that the register performsthe desired
function.

It should be noted that the wired-collector gate
configuration is used extensively in the generic shift re-
gister to minimize both "can count” and logic delays
through the gates. This precludes the use of the buffer
element (MC932/MC832) for any of the gates shown (ex-
ceptions are those controlling parallel data inputs, but

the characteristicsof the buffer are not required in these
positions) as well as the gates providing the logic levels
at the R and L control points. It may be advantageous to
form the logic which controls the direction of shift in
such a manner that points R and L may be held low si-
multaneously. This eliminates the need for the two gates
used to inhibit the logic levels at the inputs of the flip-
flops and also allows the use of buffer elements to con-
trol the R and L points. Each flip-flop toggles on the
negative transition of the clock if R and L are low, pro-
vided that the parallel input control (P) is also low.
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r' PR = Data input for shift right
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E

D
D. = Data input for shift left
Dl’ Dn’ Dn = Parallel input data

Serial input data

D,
D
D
X =
Hiz V.. Per MC945/MC845 specification

2V

EXPLANATION OF SYMBOLS

Lo s vlL Per MC945/MC845 specification

¢ = Hi or Lo Level (Optional)

Y =Register shifted on each negative clock
transition

Z = Register complemented on each nega-
tive clock transition

FIGURE 6 — GENERIC SHIFT REGISTER COMMANDS
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TIMING CONSIDERATIONS

With any shift register more complex than a basic
shift-right with serial inputs, it is necessary to insure
that the command instructions-have settled out prior to
the ensuing clock pulse transition. As an example, con-
sider that the generic shiit register of Figure 5 is re-
quired to shift right for a period of time corresponding
to "N clock pulsesand must shift left onall clock pulses
following the Nth pulse. It is, therefore, mandatory that
the information in the master of the flip flop be made to
conform to a left-shift prior to the negative transition of
the N+1 clock pulse. The directionof shift controls must,
therefore, be complemented at least two gate delays
prior to the negative transition of the N+1 clock pulse.
(One of these gate delaysis due tointerstage gating while
the second results from the cross-coupled gate configu-
ration of the master flip-ilop.) The complementation
may safely occur up to 10 nanoseconds prior to the end
of the Nth clock pulse. For operation at 8 MHz, the in-
terval during which reversal of directional shift com-
mands may be safely accomplished is 25 nanoseconds in
duration.

Timing considerations for the end-around-shift

commands are identical. An additional gate delay is
necessary for the inhibit command for obvious reasons.
The parallel input data command should be returned to
a low level at least 80 nanoseconds prior to the first
clock pulse which is required to shift the register. The
minimum time interval between a given clock pulse and
the initiation of the parallel input command is determined
by the required read-out time which is dictated by sys-
tems requirements

CONCLUSIONS

Shift ‘registers with capabilities ranging from a

~ basic shift-right configuration to a generic shift register

incorporating parallel as well as serial inputs, shift-
right, shift-left, end-around-shift, and complementation
features have been discussed. The basic building block
utilized was the MC945/MC845 flip-flop with both direct
set and direct clear inputs available and it was assumed
that operating frequency was such that the additional de-
lay introduced by the necessary logic would not impair
operation of the registers. Modifications necessary to
permit the use of other flip-flops within the MDTL family
and operating frequency limitations are discussed in the
appendix.

APPENDIX A — MODIFICATIONS NECESSARY TO PERMIT USE OF ANY MDTL FLIP-FLOP IN SHIFT REGISTERS

INTRODUCTION

Including package and temperature range options,
a total of 32 types of flip-flops is offered in the MDTL
family. Due to pin limitations, individual direct clear
inputs are not always available which may complicate
parallel data input provisions. In addition, the truth
table of the MC950/MC850 binary element is such that
extensive revision of the preceding configurations is
necessary when this device is used, particularly if the
complementation feature is desired.

Some of the important characteristics of the MDTL
flip-flops are tabulated in Figure A-1. More informa-
tion on these devices may be obtained from AN-283
"Using MDTL I/C Flip-Flops" and from current MDTL
data brochures.

MC931/MC831 FLIP-FLOPS

This device differs from the MC945/MC845 type
in that outputs are not buffered and the direct inputs (Sp
and Cp) affectonly the slave portionof the flip-flop. Due
to the latter characteristic, direct inputs should be ap-
plied to the MC931/MC831 only when the clock pulse is
high. It should also be noted that the slave will switch
to the state stored in the master portion when the clock
returns to a zero level. In general, the MC945/MC845
flip-flop is preferred when the application calls for the
parallel input feature and either the Unibloc or the
ceramic flat package is to be used. Since the MC931/
MC831 may be "cleared' by the simple expedient of for-
cing the trueoutput toa low state (observing the require-
ment of a high level on the clock pulse) while no provi-
sion for direct clearingof the MC945G/MC845G (TO-100

OUTPUT DIRECT FLIP-FLOPS TYPICAL MAX.
DEVICE TYPE PULL-UP CLEAR PER PACKAGE | TOGGLE FREQ. (MHz)
MC931G/MC831G 6 kQ None* 1 10
MC945G/MC845G 6 kQ None 1 10
MC948G/MC848G 2kQ None 1 12
MC950G/MC850G Active Yes 1 40
MC931F /MC831F /MC831P 6 k2 Yes 1 10
MC945F /MC845F /MC845P 6 kQ Yes 1 10
MC948F /MC848F /MC848P 2kQ Yes 1 12
MC950F /MC850F /MC850P Active Yes 1 40
MC952F /MC852F /MC852P 6 k2 Common** 2 10
MC953F /MC853F /MC853P 6 kQ None 2 10
MC955F /MC855F /MC855P 2 kQ Common** 2 12
MC956F /MC856F /MC856P 2k None 2 12

* Qutputs are not buffered — direct clear is possible.
** These types also have common clock input.

FIGURE A-1 — MDTL FLIP-FLOP CHARACTERISTICS
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AN-284 (continued)

package) isavailable, the choice between these flip-flops
frequently becomes a matter of designer's preference.
With the exception of parallel entry, the MC931/MC831
device types may be used in the configurations shown in
the main portion of this report with no modifications
necessary.

MC948/MC848 FLIP-FLOPS

There is no difference in the truth table or opera-
tion of the direct inputs between this device and the
MC945/MC845 flip-flop. The shift registers described
previously will operate with this type of flip-flop with no
modifications, provided that Unibloc or ceramic flat pack-
ages are used.

FLIP-FLOPS IN TO-100 PACKAGES

The direct clear input is not available with either
the MC945/MC845 or the MC948/MC848 when these de-
vices are housed in the ten-lead TO-100 package. This
complicates the parallel input of data in situations where
the flip-flops are not cleared through normal operation
of the register. One means of circumventing this prob-
lem is shown in Figure A-2. The method is quite similar
to that used for complementation with the exception that
a high level on the synchronous clear inputs is maintained
and the gates controlling the direct set inputsare enabled.
Since the synchronous inputs are overridden by the direct
set, clocking the register results in all flip-flops attain-
ingthe states dictated by the parallel inputdata. Although
the configuration appears relatively complex, the "can
count” is only two inverters per stage greater than that
normally required for parallel data input with flip-flops
which have direct clear inputs available.

DUAL J-K FLIP-FLOPS

Monolithic dual J-K flip-flops have recently been
introduced in the MDTL family. In general, the MC953/
MC853 and the MC956/MC856 device types should be
used in shift register applications only if parallel entry
of data is not required or if the application is such that
the register is cleared during normal operation. These
devices have separate clock inputs and no provision for
direct clear while the MC952/MC852 and the MC955/
MC855 have a common clock input and a common direct
clear. The latter feature is attractive for parallel entry
while the common clock feature reduces the number of
external connections necessary.

Figure A-3 illustrates a method of entering data
into the register in parallel form. A monostable multi-
vibrator is utilized and a restriction is placed on the
clock pulse which requires that no negative transition
should occur during the parallel data entry interval. It
is also necessary to insure that the parallel data com-
mand pulse hasa width of at least 200 nanoseconds. Note
that the modification results in a savings in "can-count'
for registers with greater than 4-bit capacity and does
not require complementary data inputs. The method
may, therefore, be preferred to that of Figure 2 in some
applications which use the MC945/MC845 flip flops with
direct clear inputs.

MC950/MC850 FLIP-FLOP

The truth table of this device differs significantly
from those presented previously. Since no combination
of fixed dc inputs causes the device to ""toggle” oneach
clock pulse, it is necessary to sense the level of the out-
put of each flip-flop in order toachieve complementation.
A method of using the MC950/MC850 in a shift right re-
gister is shown in Figure A-4 and the logic necessary to
implement the complementation feature is illustrated in
Figure A-5. A generic shift register using the MC950/
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FIGURE A-2 — SHIFT RIGHT REGISTER WITH PARALLEL DATA INPUT PROVISIONS
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AN-284 (continued)

MC850 is shown in Figure A-6. The register responds
to the commands tabulated in Figure 6 of the main por-
tion of this report. Note that both direct set and direct
clear inputs are available on the MC950/MC850 regard-
less of package option, so provisions for parallel entry
are easily implemented.

MAXIMUM OPERATING FREQUENCY

The maximum operating frequency of the basic
shift register is determined by the capabilities of the
flip-flops used and closely approximates the maximum
toggle frequency of the flip-flops. An exception to this
is sometimes noted when the MC950/MC850 is used.
The clock drive mechanism frequently determines the
maximum operating frequency for these devices due to
the capacitance associated with the clock inputs.

Provisions for other features which necessitate
interstage gating tend to reduce the maximum operating
frequency. It should be noted, however, that no more
than one level of interstage gating is required for any of
the registers previously described. The maximum op-
erating frequency of any of these registers with minimum
output loading and a 50% clock duty cycleis typically 75%
of the maximum toggle frequency provided that direct
coupled flip flops are used. Optimum results are ob-
tained by reducing the clock duty cycle to 35% and mini-

mizing capacitive loading of the outputs while increasing
fan-out of all outputs.

Due to the high speed capabilities of the MC950/
MC850, shift registers utilizing this component together
with interstage gating exhibit a typical maximum opera-
ting frequency of 20 MHz. In general, the register will
still be limited by the clock drive mechanism even when
interstage gating is used

SUMMARY

Parallel entry of data into registers which util-
ize flip-flops with restrictions on direct inputs and the
complementation feature whenutilizing the MC950/MC850
device require techniques which differ from those illus-
trated in the main portion of this report. Modifications
can be made toallow theuse of any MDTL flip-flop in the
implementation of the previously described shift regis-
ter features.

Examination of the more complex registers re-
veals that the maximum operating frequency is reduced
by 25 to 50% of the maximum toggle frequency of the flip
flop depending upon the type of binary element used.

ACKNOWLEDGEMENTS The author would like to ac-
knowledge the efforts of Frank Kramer whose laboratory
efforts were essential in the preparation of this report.
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AN-298
NOISE IMMUNITY WITH HIGH THRESHOLD LOGIC

INTRODUCTION

The following material discusses general noise con-
siderations and compares the noise immunity of the new
high threshold devices with standard saturated logic
devices. Some basic illustrations are provided which
indicate the flexibility of usage that may be achieved
with the MHTL family.

Typical characteristics of the MHTL family are:

Single 15-volt power supply

7.5V switching threshold

6 volt signal line noise margins

13 volt logic swing

30 mW gate power dissipation

85 ns gate propagation delay

4 MHz flip_flop toggle frequency

-30° to +75°C operating temperature range

NOISE INJECTION

Electrical noise has always been a source of trouble
for electronic systems whether they are composed of
discrete components or integrated circuits. Origination
of electrical noise can be from many sources both
external to the electronic system under consideration
and self-induced noise by the circuitry itself. Exzamples
of external sources would be switching of inductive
circuits, rotating machinery, and various electronic
control circuits as depicted in Figure 1.

Internal noise may be caused by the switching of one
circuit affecting the state of another circuit (Figure 2).
The amount of noise induced into the passive circuit is
a function of the voltage swing, current change, and the
switching speed of the active circuit and the inductive
and capacitive coupling between the two circuits. Coup-
ling may also take place by the use of a common path
for the active and passive devices suchasa power supply
or ground lead. Noise from external sources is induced
into the system under similar conditions. Generally,
noise is a random combination of many sources and as
such is extremely hard to analyze. The net result, how-
ever, is that induced positive andnegative spikes relative
to the quiescent condition of a line may cause erroneous
information to be absorbed into the system. This condi-
tion must be avoided if proper operationisto be achieved
by the unit,

NOISE REDUCTION TECHNIQUES

Several schemes have commonly been employed to
reduce the effect of electrical noise on a system com-
posed of integrated circuits. Physical shielding of the
integrated circuits and its assoclated wiring prevents
external electromagnetic radiation from inducing noise

into the circuitry. Special buffering circuits may be
employed between the electronic circuitsand signal leads
dependent on external sources. These signal leads in
many cases require special routing considerations and
special shielding. Extra filtering of the power supply
leads may be required to reduce the noise introduced by
this route. Internal noise generation may require special
spacingand routing considerationsas well as maintaining
short lead lengths. In some cases the power supply may
need to be by-passed at several points on a board.

The amount of additional components and equipment
necessary to protect integrated circuits from electrical
noise can increase to a point where it is economically
desirable to seek other methods of operation to obtain
the desired results. It would be advantageous to have an
integrated circuit family with a high degree of inherent
noise immunity for economical construction of an elec~
tronic system. This will minimize the amountof special
care needed for proper circuit operation in areas with a
high electrical noise environment.
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A HIGH THRESHOLD LOGIC

The most popular families of integrated circuits in
use today exhibit a comparatively high speed of opera-
tion and have typical threshold values between 0.7 and
1.5 volts. A new type of logic family, High Threshold
Logic (MHTL), has beendeveloped that closely resembles
the modified diode-transistor logic family (Figure 3).
The basic differenceis that the high threshold logic uses
a reverse biased base-emitter junction operating in the
avalanche breakdown mode as a threshold element. As
can be seen in the figure, the logical NAND function is
provided by each gate. The inputs of the modified diode-
transistor gate must exceed two forward base emitter
drops or typically 1.5 volts before base current is ap-
plied to the output inverting transistor providing the "0"
state. In the high threshold device, however, the inputs
must exceed the reverse biased base-emitter breakdown
plus one forward Vgg, drop or typically 7. 5 volts before
the output inverting transistor turns on. Since the other
logic families exhibit a threshold level similar toorless
than the modified diode-transistor device, a considerable
increasein threshold level hasbeenobtained with the new
configuration. The higher threshold incorporated in the

devices demands a higher power supply and a nominal 15
voltsisused. The transfer curve for the basic gate oper-
ating with a 15-volt supply is shown in Figure 4. It can
be seen that for anyinput signal up to 6.5 volts, the out-
put will remain in the high state or above 13.5 volts. A
2-volt margin, from 6.5 volts to 8.5 volts, is used for
the transition regionand guards against variationsbetween
manufacturing lots and temperature effects from -30°C
to +75°C. At 8.5 volts on the input, the output is in the
low stateorless than 1.5 voltsand remains there forany
further increase of the input voltage. This diagram in-
dicates worst case noise margins of 5 volts in both the
high and low states for a Vg of 15 volts while typical
values are about 6 volts.

LOGIC FAMILY COMPARISONS

BASIC OPERATING CHARACTERISTICS

A comparison of basic operating characteristics for
high threshold logic with the standard forms of logic is
provided in the table shownin Figure5. The values given
are typical for an ambient temperature of 25°C and
indicate relative characteristics between the different
families. One difference that should be noted is that the
high threshold logic is slower than the other families.
This characteristic aids in the rejection of noise and will
be illustrated in following figures.

GATE
POWER PROPA- DC
DISSI- GATION NOISE LOGIC

YcC  PATION DELAY IMMUNITY SWING

(VOLTS) (mW)  (as)  (VOLTS) (VOLTS)
o R LogIc| 36 12 25 0.5 1.0
e ] 5.0 8 30 12 45
T Togic| 50 15 10 12 3.5
HCH THRESHOLD 15 30 85 6 13

FIGURE 5 - BASIC OPERATING CHARACTERISTICS

SIGNAL LINE NOISE IMMUNITY

Measurements were made on the different logic
families to determine the signal line noise immunity not
only from a voltage margin consideration, butalso from a
pulse width and energy point of viewaswell. Figure 6-A
illustrates a test set-up to measure immunity of the gate
to noise on the signal lead. Positive going noise was
injected on the signal lead for this set-up with the output
of gate #1 in the low state. When sufficient noise was
injected, the flip-flop driven by the second gate would
begin to toggle indicating the effect of the injected noise.
This type of test not only measures the power needed for
disturbance, but also the pulse width of noise necessary
to propagate throughand cause faulty operation ofa driven
device. A series of values of voltage level and injected
current to cause disturbance were taken versus the pulse
width at each corresponding point. Current readings were
obtained as a voltage drop across the pulse generator
resistor. The pulse generator offset voltage was adjusted
to eliminate the effect of its quiescent condition on gate
levels. Voltage threshold as a function of pulse width
isplotted in Figure 6-B. The energyof eachlogic family
is plotted in bar graph form at the knee of each respect-
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ive curve in Figure 6-C. For narrower pulse widths,
the energy necessary to cause a disturbance increases.
The high energy value obtained for MHTL is a result of
the high threshold voltage and low gate impedance in this
state.

Figure 7-A illustrates a similar test except that gate
#1 is in the high state andnegative going noise is injected
on the signal lead, Similar results are shown in Figure
7-B and C.

GROUND LINEIMMUNITY

Tests were made on the devices toprovide information
on the immunity to noise injected on the ground terminal.

The test configuration is shown inthefirstpart of Figure
8. A plot of voltage threshold versus pulse width is given
in Figure 8-B for the worst case condition found for the
particular family dependent on the input state. The energy
relationships are provided in Figure 8-C.

POWER SUPPLY IMMUNITY

A similar test was made for noise injected on the
power supply lead. In this case, the flip flop will only
be affected by negative going noise and the results
indicate worst case conditions for the particular family
dependent on the state of the first gate., The test con-
figuration and results are given in Figure 9.
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The preceding tests were taken with a fanout of one on
the first gate and a fanout of the flip-flop only on the
second gate. This condition tends to be an advantage for
the RTL family and the results are somewhat optimistic
in this case.

These comparisons indicate that the high threshold
logic has an appreciable inherent advantage over the
standard families of integrated circuits. In addition, the
higher threshold level present in these devices providesa
considerable margin that may be used in conjunction with
simplified buffering networks tofilter out excessive noise
spikes under very extreme conditions.

USAGE

The preceding discussion has generally referred to
the basic high threshold gate circuit. Additional com-
ponents are available, however, which exhibit the same
noise immunity characteristics obtained by reverse
biased base-emitter breakdown action. The availability
of other units such as line drivers, J-K flip-flops, R-S
flip-flops, and monostables will allow the designer to
construct a complete logic system with a high degree of
noise immunity throughout.
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Situations arise where it would be advantageous to
work into a system that operates at a higher speed than
is obtainable by the high threshold devices. Translation
between high threshold logic and standard logic families
can be accomplished to allow theusage of high threshold
devices as peripheral circuitry to a higher speed logic
system. Thus, the high threshold devices may be oper-
ated in the noise environments and translation may take
place into the lower threshold and higher speed system
at the appropriate locations as indicated in Figure 10.

The higher supply voltage used in this logic family

provides for the convenient interfacing with many discrete
components. For example (Figure 11), the input may be
controlled by a photo transistor so that illumination will
cause the gate output to be high and darkness will provide
a low output state. The output of the gate might feed into
a logic system such that after a specific count would
operate a relay. If a line driver unit were used as the
output element, a 35mA, 15-volt relay could be employed.
Other components such as lamps, SCRs, or transistors
may also be driven directly at the output. As can be
seen, the uses of the high threshold devices are many
and varied.
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FIGURE 11 - OPERATING WITH DISCRETE COMPONENTS

SUMMARY

The new high threshold logic provides an integrated
circuit logic family with a greater inherent immunity
to electrical noise than is available with standard logic
families. This logic family is ideal for situations where
a large degree of electrical noise exists and where it is
desirable to minimize the additional precautionsneces-
sary to reduce the effects of electrical noise. Input and
output compatibility of the units withdiscrete components
opens the door for a wide range of device employment.
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SINGLE POWER SUPPLY OPERATION
OF 1/C OPERATIONAL AMPLIFIERS

INTRODUCTION

The operational amplifier is gaining wide recog-
nition as a versatile, predictable and economical system
building block. It is beingused in the more common con-
figurations such as scaling, summing, phase shifting,
etc., as well as in special design configurations such as
modulators, demodulators, and multiplexers.

The I1/C operational amplifier is generally de-
signed tooperate from symmetrical positive and negative
power supply voltages with a resultant frequency response
extending down to dc. In some system applications, the
circuit designer requires many of the desirableac char-
acteristics of the operational amplifier,but does not have
both positive and negative power supplies available nor
require the dc response capability.

This application note describes a technique that
can be used with the Motorola family of operational am-
plifiers to permit operation from a single power supply
with 2 minimum of design compromise. General con-
siderationsas well as those falling specifically under ac
and dc considerationsare discussed to permit maximum
design versatility with a minimum of design problems.

It should be noted that the information discussed
in this application note applies not only to the MC1530,
MC1531, MC1533, and MC1709 series of operational am-
plifiers, but also to the MC1430, MC1431, MC1433, and
MC1709C restricted temperature range devices of the
series.

GENERAL CONSIDERATIONS

The same maximum device ratings that are pub-
lished on the data sheet are applicable to the operational
amplifiers when operating from a single polarity power
supply and must be observed for normal operation.

Power supply decoupling capacitors are promi-
nent on all of the configurations to be discussed. The
importance of the decoupling capacitors, whether with
single supply operation or dual supply operation, cannot
be overemphasized. These operational amplifiers are
high gain, high frequency devices and stray signals
coupled back through the power supply can create in-
stability problems. The decoupling capacitors should
be placed physically as close as possible to the device
to minimize the effects of the inductance of the power
supply leads.

Finally, the circuit interconnections should be
laid out such that the lead lengths to the summing point
are short to minimize pickup and such that ground loops
are avoided.

DC CONSIDERATIONS

There are three basic techniques readily appar-
ent for setting up single polarity power supply operation
of the 1/C operational amplifiers:

1. Separate power supplies.

2. Split zeners from a single supply voltage.

3. Divider networks from a single supply volt-
age.

The split zener method was chosen from these to
be most representative of what designers would employ
and will be used in the illustrations.

Other techniques and modifications will be also
apparent to many designers and will no doubt be useful
if the basic rules outlined below are followed.

The first area of concern in setting up for single
supply operation is to maintain the dc voltage levels be-
tween particular circuit nodes. The Motorola MC1530/
1531 operational amplifier has three reference levels
which, when operating from dual supplies, are +V,
ground, and -V (e.g. +6 V, 0, -6 V). Thus for single
supply operation these reference levels can be main-
tained by using ++V, +V, and ground (e.g. +12V, +6 V,
0), where ++V represents a voltage level a factor of two
higher than +V. This isillustrated in Figure 1(d) where
the MC1530/1531 is connected in the split zener biasing
mode. Note how the appropriate device terminals are
biased up to the proper levels. Pin 4, the negative ter-
minal, is set at ground; pin 3, the ground terminal, is
set at one-half the device zener supply voltage; pin 6,
the positive terminal, is set at the total device zener
supply voltage. In addition, the differential input ter-
minals, pins 1 and 2, which are normally at ground po-
tential in the dual supply mode, must also now be biased
up to one-half the device zener supply voltage.

With the input terminals of the device biased up
to one-half the zener supply voltage, the output terminal,
pin 5, also will be at one-half the zener voltage plus or
minusan offset voltage error due to input offset voltage,
input offset current, and impedance unbalance. Nor-
mally, these error voltages are or can be maintained at
low levels such that the resultant dynamic output range
capability of the device is not degraded appreciably.

To minimize offset errors due to unequal voltage
drops caused by the input bias currents across unequal
resistances, it is recommended that the magnitude of
isolation offset resistance R4 be equal to the parallel
combination of Ry and R3. 1

"As with any operational amplifier, the deviation
between the absolute zener levels will also contribute to
an error in the output voltage level. However, due to
the excellent matching characteristics of monolithic de-
vice parameters, this error is in the range of 50-100 uv
per volt deviation of zener level and will generally be
inconsequential when compared to the offset errors dis-
cussed above even when using higher closed loop gains.

Figures 2 and 3 illustrate the split zener biasing
mode as applicable to the MC1533 and MC1709. Note
that due to the absence of a ground reference terminal
in the normal mode of operation, only the input device
terminals are set at one-half the zener supply voltage.
Otherwise, the dc biasing scheme is identical to that for
the MC1530/1531.

In this discussion a positive power supply wasas-
sumed. There is no reason why a negative power supply
could not be employed as long as the maximum ratings
and node voltage levels of the devices are maintained.
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AC CONSIDERATIONS

From anac standpoint with only a few exceptions,
the basic circuit functions identically to that of oneusing
dual power supplies. The normal frequency compensa-
tion techniques required for stability of each device2 3
still hold; the closed loop gain of these test vehicles is

still the ratio of R—Z

Since the summing point (input base) and output
of the device are at one-half the zener supply voltage
rather than ground, capacitors C1 and Cg must be used
for coupling signals to theinputand from the output. The
size of these capacitors will then determine the lower
frequency response of the device.

It should be noted here, that with the split zener
approach, decoupling capacitors, C3 and C4, caninsome
instances be much larger than when operating directly
from anexternal power supply due to the relative differ-
ence between the zener and power supply impedance
levels.

The magnitude of isolation resistance Rg should
be chosen such that the input terminal, summing point,
can be biased without seriously degrading the equivalent
input impedance of the device due to the shunting effect
of this resistance. If the degradation becomes excessive,
serious closed loop gain errors can occur. Conversely,
excessive resistance magnitudes can lower the open loop
gain capability of theamplifier. Resistancesin theorder
of 50-100 k should not be considered excessive.

SINGLE POWER SUPPLY OPERATION

)
FIGURE 3 — SINGLE POWER SUPPLY OPERATION OF MC1709 (¢

Offset resistance R4 is chosen to minimize off-
set error due toimpedance unbalance as discussed under
dc considerations and may or may not beused as dictated
by impedance levels and output dynamic range considera-
tions.

CONCLUSIONS

A method has beenillustrated to permitoperating
the Motorola line of 1/C operational amplifiers from a
single supply by using a split zener biasing mode.

This technique when properly applied permits ac
operation of the operational amplifier with little or no
compromise of device characteristics. Although only
the inverting mode of operation was illustrated in the
examples, non-inverting modes, ac summing, etc., may
also be used with the devices by observing the general
considerations outlined.
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AN-404
A WIDE BAND MONOLITHIC VIDEO AMPLIFIER

INTRODUCTION

The Motorola MC1552G and MC1553G series of video
amplifiers are silicon passivated monolithic integrated
circuits designed for wide band system applications. The
device characteristics should be effective in the design
of wide band communications systems where low inter-
modulation and harmonic distortions are required and in
radar or PCM pulse applications where gain stability and
fast rise times are of concern.

Wide bandwidth, low distortion, gain predictability,
and stability are enhanced in bothdevices by use of nega-
tive feedback. A temperature compensated dc feedback
network is alsoemployed to stabilize quiescent operating
points for maximum dynamic range capability over the
military temperature range of -55°C to +125°C.

GENERAL DESCRIPTION

The MC1552G and MC1553G video amplifier configu-
rations are similar as shown in the schematic diagrams
of Figures 1 and 2. The maindifference betweendevices
is the magnitude of the feedback and emitter resistances
used to set up the voltage gain levels. Both devices are
designed for single-ended input and single-ended output
operation from one power supply.

Eachdevice employs a three-stage direct coupled com-
mon emitter cascade (Q;, Qg, Q) Wwith series-series
negative ieedbaickfrom the third stage emitter to the first
stage emitter. * This particular multiple stage feedback
configuration supplies a solution to the problem of gain
control and gain stability in the units. The variation of
active and passive device parameters with material prop-
erties, process controls, temperature, etc., in inte-
grated circuits normally prohibits gain predictability and
stability. The proximity of the elements on a monolithic
chip contributes to a commonality of characteristics in
the form of matching of active element characteristics,
low tolerance resistance ratios, and similar temperature
characteristics. All ultimately contribute to controlled
operation of the video amplifiers. In this particulararea
the multiple stage series-series feedback configuration
delegates dependence of closed loop voltage gainupon the
magnitude of resistance ratios (Appendix A), which are
controllable within a few percent and track within a few
percent over a temperature range, and thus supplies a
predictable and stable gain.

The negative feedback also extends the effective band-
width of the devices by trading gain for bandwidth. A
more constant gain-bandwidth product canusually be ob-
tained withthe multiple stage feedback used in the MC15-
52G and MC1553G than with feedback in single amplifier
stages connected in cascade.

An emitter follower Q4 is used at the output of the basic
feedback triple to provide low output impedance to enhance
output efficiency and to minimize bandwidth degradation
due to capacitive loading. A separate shunt-shuntdc feed-
back loop, which is normally decoupled with respect to
ac signals, consisting of emitter follower resistor R9,
and shunt feedback resistor R7 extends from the input to
the output of the devices to set the quiescent output volt-
age. Current extracted from this loop by current source
Q5 provides close temperature compensation of the qui-
escent point (+50mV).
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AN-404 (continued)

The diode bleeder network consisting of Di-Rjg-Dy
determines the magnitude of sink current flowing in cur-
rent sources Q5 and Q6. As implied above and discussed
in other publications,3when the diode D2 and transistors
Q5 and Q6 are in'close proximity on the monolithic chip,
the diode V-I relationship will be essentially identical to
that of the base-emitter diode of Q5 and Q6. Therefore,
when 2 finite dc current is driven through diode D2, an
identical dc emitter current flows throughthe transistors
thereby establishing bias conditions.

The output quiescent level of the devices is maintained
at one-half the operating supply voltage. Current source
Q86 is usedto establish symmetrical positive and negative
load current excursions regardless of emitter resistance
magnitude, power supply voltage, or ambient tempera-
ture.

+6 Vdc 0.1 pF

FIGURE 3 — TEST CIRCUIT FOR MC1552G/1553G VIDEO AMPLIFIERS

CHARACTERISTICS

Figure 3 isthe test circuit usedto determine the char-
acteristics of the video amplifiers. There are several

Horizontal scale = 5 ns/cm

(a) Input pulse
(b) Output pulse with inadequate bypass itor

(c) Output pulse with adequate bypass capacitor

FIGURE 4 — EFFECT OF POWER SUPPLY BYPASS CAPACITOR ON
AMPLIFIER OPERATION
considerations that should be followed when operating the
MC1552G and MC1553G video amplifiers to assure reli-
able operation and correlation of device characteristics.

1. A high frequency capacitor should be used to bypass
the power supply (Figure 3). This capacitor should be
as close to thedevice as possible to minimize the ef-
fects of power supply lead inductance. Figure 4illus-
trates pulse degradation that can occur with inade-
quate power supply decoupling. In this particular
example, instability was encountered.

TABLE | — VOLTAGE GAIN LEVELS OBTAINABLE WITH MC1552G/MC1553G VIDEO AMPLIFIERS

Device Voltage Gain Configuration Comments
Volts,Volt
50 Figure 3
100 Figure 3 Ground Pin 3
MC1552G N N :
50 to 3000 Figure 3 Connect external resistance from Pin 4 to gnd
. Non-inverting
1< to 3000 Figure 6 Voltage gain = 6. 25 x I%OO
400 Output @ Pin 7
61 Non-inverting
Figure 7 Output @ Pin 4
Non-inverting
29 Output @ Pin 3
200 Connect Pin 3 to Pin 4
Output @ Pin 7
Figure 7 Non-inverting
30 Connect Pin 3 to Pin 4
MC1553G Output @ Pin 3/4
Connect external resistance from Pin 3 to gnd
400 to 3000 Output @ Pin 7
Non-inverting
61 to 480 . Connect external resistance from Pin 3 to gnd
Figure 7 Output @ Pin 4
Non-inverting
29 Connect external resistance from Pin 3 to gnd
Output @ Pin 3




AN-404 (continued)

2. Terminal 6 of the device should be grounded as close
to the can as possible to minimize overshoot inpulse
applications.

3. If large input and output coupling capacitors are used,
it may be necessary to place a shield between them
to avoid input-output coupling.

4. The shunt feedback decoupling capacitor on terminal
5 is requiredto preserve the input impedance and the
resultant gain when driving from higher source imped-
ance levels.

VOLTAGE GAIN

The MC1552G and MC1553G video amplifiers present
numerous voltage gainoptions that may be usedto estab-
lish a broad range of gain levels. In order to review the
gain options adequately with 2 minimum of confusion, the
available options of eachdevice willbe discussed individ-
uwally. The voltage gain options and conditions are cata-
logued in Table I for reference. The appropriate voltage
gain equations are alsoderived inthe Appendices and may
be used to verify and determine gain levels.

MC1552G GAIN OPTIONS

As outlined in Table I, when connected in the test con-
figurationof Figure 3 without any modifications, the MC -
1552G videoamplifier hasa voltage gain of 50 volts/volt.
Grounding pin 3 of the device introduces a resistor in
shunt with the existing first stage emitter resistor and
increases this gain by a factor of two to the 100 V/V le-
vel. These are fixed gain options.

The gain can be adjusted over a much wider dynamic
range and insmaller increments by inserting an external
resistance from pin 4 of the device to ground in the con-
figuration of Figure 3. This simply places adiscrete re-
sistance in shunt with the emitter resistance. As shown
in Table I and indicated in Figure 5, curve A, the gain
can be adjusted continuously from 50 V/V to 600 V/V.

The MC1552G can alsobe used as a non-inverting am-
plifier with a wide range of voltage gains. In this mode
of operation, showrn in Figure 6, the input signal is in-
serted through an externalseries resistor into the emit-
ter of the input transistor. The normal input terminal,
pin 1, is connected to ac ground. With this technique the
amplifier gain can be adjusted over a range of less than
unity to 600 V/V as shown in Table I and indicated in
Figure 5, curve B. Inthis configuration, the gain is a
linear function of the external series resistance. (See
Appendix C)

MC1553 GAIN OPTIONS

The MC1553G video amplifier also exhibits great ver-
satility with respect to available gain levels, but in 2
slightly different manner.

Figure 7 shows the MC1553G connected much in the
same manner as thetest circuit of Figure 3. The excep-
tion is that, in Figure 7, two additional output signalter-
minals, Vi and Vg, are provided. Inspection of Figure
2, the schematic diagram of the device, shows that these
extra output terminals are available and each is capable
of supplying graded gain levels for a given device gain.
As listed in Table I, the signal gain from input pin 1 to
output pin 7 is normally 400 V/V;61V/V and non-inverted
at output pin 4; 29 V/V, and non-inverted at output pin 3.
(See Appendix A) Connecting pins 3 and 4 together short
out a portion of the feedback resistance and reduce the
gain at output pin 7 by a factor of 2 to 200 V/V; the gain
at pins 3 and 4 remains at the 29 V/V level non-inverted.

The voltage gain of this video amplifier can also be ad-
justed over a wider dynamic range and in smaller incre-
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AN-404 (continued)

ments by use of external resistance (Appendix B). As
indicated in Table I and shown in Figure 8, insertion of
an external resistance from pin 3 to ground permits a
significant gain adjustment range at two of the three out-
putterminals by introducing a voltage divider in the feed-
back network.

Insertion of external resistances will, in some instan-
ces, permit a higher gain error and gain variation with
temperature because of the tolerances and differences in
temperature coefficients betweenthe internaland external
resistances.

HIGH FREQUENCY RESPONSE

The low output impedance of the video amplifiers pro-
hibits load capacity from seriously degrading the high
frequency performance. The high input impedance of the
conventional configuration (Figure 3) will begin to re-
strict the bandwidths due to input capacity when the de-
vices aredrivenfrom highimpedance sources. This will
generally not occur until the source impedance exceeds
several hundred ohms. Negative feedback is used to
extend the effective bandwidth of the devices by trading
gain for bandwidth. Therefore, as illustrated for the two
examples of Figure 9, the video amplifier bandwidth will
be modified as the gain of the device is adjusted for the
conventional configurations.

Inthe non-inventory configurationof Figure 6the band-
width degradation with gain is not nearly as severe as
with the conventional configurations until the higher gain
levels are reached. Figure 10 shows the pulse response
of the MC1552G connected in the non-inverting mode at
gain levels of 1.2, and 52. Note that the bandwidth de-
gradation is minor. Examination of the circuit shows
that, in the gain ranges of concern in the non-inverting
mode, the amplifier feedback loop is not significantly
disturbed and thus the bandwidth is preserved.

In Figure 11the effect of load capacityon the responses
at the output terminals of the MC1553G is illustrated. As
shown, any variations in frequency response encountered
was in a manner to enhance high frequency operation.

LOW FREQUENCY RESPONSE

The low frequency response of the MC1552G and MC-
1553G video amplifiers is dependent upon the magnitudes
of the input -output coupling capacitors and the decoupling
capacitor used with the dc shunt feedback loop.

H = 5ns/cm

(a) Input pulse
(b) Output waveform

}Gain= 1.2

V =200 mv/cm
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The response curves of Figure 12 inconjunction withthe 60 l l TH
out

three typical device configurations illustrated in Tables
II, I, and IV permit rapid determination of the coupling CURVE
and decoupling capacitor magnitudes for the necessary 1A 24| | 3A 4A L
low frequency response. To obtain a given lowfrequency i )l i ;I L1
response, simply select the curve number in Figure 12 | Tl
that corresponds to the response and gain desired. The 4B 200
table associated with the particular circuit configuration 1 | I |”
chosen in Tables II, III, or IV is then scanned for the ap- ’
propriate capacitor magnitudes. 1(’|° \
4D 50

=400

AIN (dB)
o
=3

=
=

R

40

Example: Assume that a fixed gain of 100 and a
low frequency response of 1 KHz isdesired withthe con-
figuration illustrated in Table II (Figure 3). In Figure
12 this would be curve 2C. Table Il indicates that a 0. 01uF 20
coupling capacitor and an 8pF feedback decoupling capac- / / /
itor are required. To obtain the voltage gain of 100, the /
terminal 3 of the MC1552G can be grounded as indicated
in Table I.

If the gain is established by use of external resistances, 20
asper Figure 5 or 8, the curves of Figure 12 are no long- 10 100 1k 10k 100k 1M 10M 100M
er valid. Instead, the equations listed in Table V for the .
various configurations should be used to determine the ca- f, FREQUENCY (Hz)
pacitor values for the lower cutoff frequency, f.. InTable
V capacitor Cg is the series input coupling ca(i)acitor for FIGURE 12 — LOW FREQUENCY RESPONSE CURVES
the MC1552G non-inverting mode.
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TABLE Il — CAPACITOR VALUES FOR CAPACITIVE
COUPLED INPUT (Rs < 5 Ka)

CURVE NO. C,; (wF) Cy (uF)
1A 0.1 250
1B 0.1 150
1C 0.1 70
By 1 1 on ((J) '011 §g
2A .
v —)— 2B 0.01 18
2C 0.01 8.0
2D 0.01 4.0
g 2 (oF) |
3A 1000 3.0
I 3B 1000 1.8
. L 3C 1000 0.8
= = 3D 1000 0.4
4A 100 0.3 7
4B 100 0.18 /
4c 100 0.08
4D 100 0.04 .
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TABLE Il — CAPACITOR VALUES FOR CAPACITIVE
COUPLED INPUT (R; < 500 1)

W7

v

out

v

out

CURVE NO.

C, {wF)

1A
1B
1c
1D
2A
2B
2C
2D
3A
3B
3C
3D
4A
4B
4C
4D

20
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TABLE IV — CAPACITOR VALUES FOR TRANSFORMER

COUPLED INPUT

CURVE NO.

C, (uF)

1A
1B
1C
1D
2A
2B
2C
2D
3A
3B
3C
3D
4A
4B
4C
4D

200
100
70
30
20
10
0
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TABLE V — CAPACITOR VALUES FOR AMPLIFIERS USING EXTERNAL
GAIN ADJUST RESISTORS

Configuration

¢ 1
(farads)

C2 s
(farads) (farads)

Table TI
Capacitive Coupled Input
(Rs< 5K)

1

2t (L7x 10h

8C (‘fﬂ‘-‘) —
! Vin

Table I
Capacitive Coupled Input
(Rs < 50090)

vo\lt/V.
in _,
21r{c(l.5 x 107)

Table IV
Transformer Coupled Input

Vont/V.
in_,
2 wfc(3 x 10%)

Figure 6
Capacitive Coupled Input
Non-inverting

1
2 nfc(IOO)

27Rf
c

Cs = Series coupling capacitor, non-inverting mode.
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PERFORMANCE WITH POWER SUPPLY VARIATIONS

In the design of some systems it is sometimes advan-
tageous to operate the video amplifiers from a supply volt-
age other than the 6 volt supply used to characterize the
devices. This is permissable as long as the maximum
device ratings are not exceeded or levels reduced so as
to render the device inoperable. Figures 13, 14, and 15

illustrate typical variations of conventional configuration

device parameters as the supply voltage is modified. Fig-
ure 13 depicts the typicaldevice currentdrain at the var-
ious usable supply voltage levels. The peak to peak output
voltage swing capability of the devices with various loads
is shown in Figure 14. Figure 15 shows the dependence
of pulse rise time (bandwidth) upon supply voltage.

APPLICATIONS

The MC1552G and MC1553G video amplifiers can be
used in a wide variety of design applications. Any solid
state system that requires wide bandwidth, gain predict-
ability and stability will find these versatile amplifiers
capable of meeting design requirements.

In addition to the conventional linear operating modes
(i. e., pulse amplifiers, wide band, etc. )the videoampli-
fiers can also be used in many alternate configurations,
both linear and non-linear. Actually the number of ap-
plications is limited only by the ingenuity of the circuit
designer. As long as the maximum ratings of the devices
are observed in all applications and reasonable dc oper-
ating levels maintained in the linear operating modes,
full versatility of the devices can be realized.

PULSE AMPLIFIER

One of the prime design functions of the MC1552G and
MC1553G devices is the processing of complex video
pulses or pulse trains, The capability of the MC1552
device when connected in the mode of Figure 3 was illus-
trated in Figure 4 for a high speed pulse.

When connected in the non-inverting configuration of
Figure 6, the MC1552G still maintains its high frequency
capability as was shown in the output waveshapes of Fig-
ure 10.
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In either mode of operation, the considerations out-
lined for operating the devices shouldbe observed to as-
sure reliable operation.

SUMMING/SCALING AMPLIFIER

Figure 16 illustrates the MC1552G video amplifier con-
nected as a summing/scaling amplifier.. In this non-
inverting configurationthe summationof input signal cur-
rents is accomplished at the summing point, pin 4, through
the input resistors. Scale factor considerations are ac-
complished by adjustment of the design values of the input
summing resistors.

The voltage gain associated with each input signal is
discussed in Appendix C. Using the resistor values indi-
cated in Figure 16 to establish the scale factor levels,
the-input signals of Figure 17a were injected into the am-
plifier. The composite summed/scale output wave shape
is shown in Figure 17b.

OSCILLATOR

The wide bandwidth and output swing capability of the
video amplifiers makes them suitable for high frequency
master clocks or local oscillators in many system de-
signs. One possible configuration is shown in Figure 18.
In this instance positive feedback is injected through the
1 MHz series mode crystal to input pins 1. The bias de-
coupling capacitor normally on pin 5 should be omitted in
this oscillator design to insure that the crystal operates
into a relatively low impedance. The output of the oscil-
lator istaken from pin 7 which is buffered from the oscil-
lator circuit proper by a stage of gainand an emitter fol-
lower. As shown in Figure 18a, no provisions were made
in the design to control the loop gain or the amplitude of
oscillation in order to reduce harmonic content. Instead,
a "brute-force” = filter was inserted at the output (pin 7)
to extract the fundamental frequency. Figure 18b shows
the resultant output waveform.

For more sophisticated designs or for higher frequen-
cies, a tuned feedback network can be used in conjunction
with the crystal to provide the necessary phase shift ad-
justment and feedback control to insure oscillation and
reduce harmonic content. If desired, AGC networks can
also be included.

0.1 uF

_I'_—'——")I——

0.1 uyF

INPUT A 10 uF

750 mV p-p o—

100 kHz
INPUT B 10 uF

100 mV p-p o-—)

1 MHz 1.2k =

FIGURE 16 — MC1552G CONNECTED IN SUMMING/SCALING AMPLIFIER
PEREORMANCE

H=2us/cm

(2) Input signal waveforms
(b) Composite output signal waveform

FIGURE 17 — SUMMING/SCALING AMPLIFIER WAVEFORMS

0.1 puF 12 uH

(a) Oscillator configuration

10k

(b) Output waveform

FIGURE 18 — MC1553G CONNECTED AS OSCILLATOR
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TUNED AMPLIFIER

The gainand frequency capabilities of the MC1552G and
MC1553G video amplifiers makes them logical choices
for tuned amplifier applications. The high input imped-
ance associated with the devices can accomodate narrow
bandwidth requirements in a tuned configuration.

Figure 19 illustrates how the MC1552G video amplifier
can be used witha single tuned transformer coupled input.
Two responses are presented. The first uses the input
impedance of the video amplifier asthe transformer sec-
ondary termination, and the second uses a 1K damping
resistor on the secondary. Insertion of the damping re-
sistance broadens the response at the expense of gain but
atthe same time reduces loading variations on the source

which can become substantial with this particular type of
tuning.

The overall amplifier gains are substantial because of
the transformer characteristics and can be calculated
from the gain equation derived for this type of coupling
in Appendix D. Examination of the equations will also
indicate that maximum gain does not occur when the sec-
ondary is tuned to the center frequency. This is simply
because of the primary inductance and reflected induct-
ance or capacitance of the secondary as indicated.

AGC

In many amplifier applications it is necessary to in-
clude AGC capabilities to accommodate signal levels with

Akiwk
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wide dynamic ranges. Asdiscussed previously, the gains
of theMC1552G and MC1553G video amplifiers can be ad-
justed with external resistances. A logical design point
for AGC considerations would be the replacement of the
external resistances with variable resistances or simply
diodes.

In Figures 20 and 21 the external resistances werere-
placed with 1N914 diodes and the gain of the amplifiers
measured as a function of diode control (AGC) current.
As illustrated, a wide range of gain control is obtained,
The 1N914 diodes were chosen solely for convenience in
this instance and can be replaced by any other suitable
diode on the market.

This type of AGC control doeshave thelimitations that
thelowest level of gain that can be obtained is the normal
unmodified gain of the amplifier. For lower gain level
control an alternate design approach is necessary. Fig-
ure 22 illustrates a configuration that can be used with
the video amplifiers to obtain AGC at reducedgainlevels,
In this configuration the diode is used simply as a vari-
able impedance in 2 voltage divider network.

APPENDIX A — VIDEO AMPLIFIER VOLTAGE GAIN

When the schematic diagrams of Figures 1 and 2 are
examined from an ac point of view, without the bias cir-
cuitry, the simplified representation shown in Figure 23
evolves. This simplified ac circuit is adequate to deter-
mine the voltage gain between the input, pin 1, and any of
the designated output terminals. (In the MC1552G video
amplifier, nodes A and B are not available and feedback
resistors Rfl and sz are a single resistor.)

VOLTAGE GAIN FROM INPUT TO NODE A

From Figure 23 the following nodal equations can be
written to determine the voltage gain from the inputof

the video amplifier to node A,
Vo = e-Kyp) (03]
e, = (e, -9 (-K)) (3)
where K1 = 'Rl
el
V,=(eg - ) (K; Kp) | @
o [y ®

Substituting equation (5) into (4)

R
1
AP [es ‘(__R 7 Rel T —Rﬂ) Vz] KK O

el T

R . (K Kz) ]

el ‘1
\'2 1+ o————=—1=¢_K ()
2 [ Re1+Ri1+Rf2 s 1K2

e

Vg = ( R, _"") ®)
1 +{=—————] KK
Rel +Rf1 + sz 172
Substituting equation (8) into (1) and
simplifying
R, +R
v f
Vi el 1 ©

e Ry *Ry+Rp . r

1
K5 ¢

If the forward voltage gain K3Kp is large, as it nor-
mally would be in a feedback amplifier, then equation 9)
reduces to

v R
=1+ R—ﬂ (10)
s el

=

(]

Equation 10 illustrates how the voltage gain at node A
is determined by the ratio of tworesistors. In integrated
circuit fabrication resistance ratios can be controlled to
much smaller tolerances (2-3%) than resistor magnitudes
(15-20%) thus more predictable gains can be established
by the former method.

VOLTAGE GAIN FROM INPUT TO NODE B

To determine the voltage gain to node B, the original
nodal equations of node A, with two exceptions, may be
used. The two exceptions are that equation (1) is no long-
er required, and that:

V2 -€
i, = =0 (11)
£ Rfl + sz
This family of equations again yields a complex gain
equation which when the amplifier forward gain is as-
sumed large reduces to

V. +R
Re1 * By
PR T R ¥ S *
53
S el

(12)

which is again determined by resistance ratios,
VOLTAGE GAIN FROM INPUT TO NODE C

To determine the voltage gain to node C, one equation
must be added to those used for node B,

€= iR = “B3ipsFe (13)

With a large forward voltage gain thevoltage gain from
the input to node C can be written as

Rfl +Rfz + Re

2
(e =g ST

S0 ¢
ey Re2
In equation (14) the concept of resistance ratios is still

maintained, In addition, note that the gainis now inverted
due to the inversion of the final gain stage.

N
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APPENDIX B — MC1553G VOLTAGE GAIN WITH
EXTERNAL GAIN ADJUST RESISTOR.

The voltage gain of the MC1533G video amplifier can
ba"vadjusted by the use of an external resistor connected
between pin 3 and ground. (Figure 2). This resistor in
effect introduces a voltage divider in the feedback loop
which by reducing the feedback factor increases the gain,

Figure 24 is the simplified AC circuit of thevideo am-
plifier with the external resistor Ry3 inserted. From
this model the voltage gain to any of the output nodes can
be determined.

‘)
ijs

FIGURE 24 — SIMPLIFIED VIDEO AMPLIFIER CIRCUIT WITH EXTERNAL
GAIN ADJUST RESISTOR

VOLTAGE GAIN FROM INPUT TO NODE A

Examination of Figure 24 indicates that nodal equations
(1) through (6) of Appendix A still are applicable. Addi-
tional nodal equations required to account for the external
resistor are

€ = (iel + if + ix) Rel = (ﬁlib1 + iI - ix) Rel (15)

A
i ==L (16)
xRy
V, -¢
1 .
i, = +1i (17)
i Rfl X

If again the forwardgain is assumed large, the complex
equation that evolves can be reduced to

1 1
=1+ R_el (18)

5

which is identical to equation (10), the gain to node A
without an external gain adjust resistor. Because the
node in question is adjacent to the summing point, (first
stage emitter), alteration of the feedback loop will not
appreciably alter the resultant gain at the node. This
point is illustrated in Figure 8,

VOLTAGE GAIN FROM INPUT TO NODE B

For this node the same nodal equations can be used as
for node A and the solution oriented to solve for the gain
at this point, With a large forward gain the simplified
gain to node B can be written as:

Ri1 R

+R,.+ R

I B £3 (18)

This equation can he verified by letting resistor Ry
become infinite and comparing to equation (12).

VOLTAGE GAIN FROM INPUT TO NODE C

Extending the nodal equations for the gain at node B to
include node C (equation 13) and assuming a high forward
gain, the voltage gain to node C can be written as

%o Rc
2L 1. (20)
e Re,
Rel 1’\‘.92 + R“ (Re2 + RiZ)
Rﬂ + th + Fs‘.e2 + Rf3
Fte1
which., when Rf3 ==, is identical to equation (14).
i ISR
i l‘; R e3 iS¢
clisS
< eo
& ) o
_ﬁ > ™
E R
‘ N N——
Q_——
't
R >
s1 T‘s1 R T'sz el jRez
®s1 ®s2 - =

FIGURE 25 — SIMPLIFIED VIDEO AMPLIFIER CIRCUIT IN NON-INVERTING
SUMMING AMPLIFIER MODE

APPENDIX C — MC1552G NON-INVERTING SUMMING
AMPLIFIER VOLTAGE GAIN

From Figure 25 the following nodal equations can be
written

€ = "leg Be = ~A3hpsRe @1
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FIGURE 26 — INPUT TRANSFORMER AC EQUIVALENT CIRCUIT
e - v Combining these equations and solving for the output
Ls 5arey (22) voltage e vields (when high forward gains are assumed)
e =i, (R_+R, +JwL)) - i, (JuM) (32)

- s 1 Ws T 172
e, =Kye, (23) .

i B 0 =i (uM) -1, (r + R, «JuwL, + JoC) 33
e, =iy R=-i R (24) 1 2 2 2 (33)
i =S (25)
te1 =~ re; The output voltage is
¢ =l rig i i) Re 26) e, = 1y JuC) (34)
. €q1” € @1 Substituting equations (32) and (33) into equation (34)
s1 Rs1 yields for the transfer functions.

e -¢
. s2 e
2" R (@8) —2- (35)
e
s
. _V-¢ M
i = R, (29) s,
_ o Ry + R+ JuLy) [r+ Ry + Sy - 1)l )
Vo=l - i) Re, = (33 ig - i) Re, - (30)
From equation (36) it can be seen that maximum gain
1 59 Rc does not occur when the secondary is tuned to resonance.
LR :(R_ +§—)(R_)(Rf+Rez) (81)

sl s2 e2

APPENDIX D — TUNED AMPLIFIER GAIN

The input circuitry of Figure 19 at the frequencies of
interest can be drawn as shown in Figure 26a. Resist-
ances R, and R, are the primary and secondary ac re-
sistances, Rg thé source or terminating resistance, and
R_ the amplifier input impedance. The exact expression
for the voltage gain of the transformer is cumbersome
because the secondary circuit is series - parallel as far
as the secondary induced voltage is concerned. The par-
allelcombination of Rg and L canbe replaced by a series
combination of r and L as shown in Figure 26b if R is
much greater than L (normally true except for very low
Q circuits), ©° where

- ol

Writing the primary and secondary loop equations
(32) & (33)

ACKNOWLEDGEMENT

The author wishes to thank Van Osdel for his assist-
ance in the preparation of this application note.

REFERENCES

1. A Monolithic Feedback Triple With 3 GHz Gain - Band-
width Product - J. E. Solomon, G. R. Wilson; Inter-
national Solid State Circuits Conference, Philadelphia,
Pa. February 1966.

2. AHighly Desensitized Widebhand Monolithic Amplifier
J. E. Solomon, G. R. Wilson; IEEE Journal of Solid
State Circuits, Vol SC-1, No. 1, Sept. 1966, . . .

3. Anlntegrated Circuit RF-IF Amplifier - J. J. Robert-
son; B. Welling; Application Note AN-247.

NN



/7

AN-432 A

A MONOLITHIC INTEGRATED
FM STEREO DECODER SYSTEM

INTRODUCTION

The use of integrated circuits in high quality FM
receivers is already a fact. As the trend continues to a more
extensive use of these units, the development of an inte-
grated circuit FM stereo decoder becomes most desirable.

In practice, the integration of a discrete multiplex circuit
cannot be restricted to the realization of the different
stages involved in the stereo decoding action, but should
consider the incorporation, in the same chip, of some of
the auxiliary circuits so often used in FM stereo design.
The number and type of these auxiliary circuits vary from
one receiver to another. In some of them it reduces to a
simple lamp indicator, in others it evolves into a more
sophisticated approach where automatic, as well as manual
selection for the muting and the stereo-monaural mode
are available.

A comprehensive solution of all these circuit problems
is given by either the MC1304 or the MC1305 versions of
the IC multiplex. These two ICs consist of two different
functional blocks, one containing the stereo decoder, the
other containing three auxiliary circuits providing muting,
stereo-monaural selection, and stereo lamp indication. The
MC130S, in particular, has provision to incorporate an
external variable resistor (pin 9) to adjust the channel
separation. (Figure 3)

These auxiliary circuits can be combined in several
ways, giving the designer a choice of several combinations
which meet personal design preferences. Muting between
stations, automatic switching to monaural reception for
weak stereo signals, and “stereo select” action, are some
of these options.

Special care has been taken to assure the quality of
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FIGURE 1 — MC1304 Circuit Schematic
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these auxiliary circuits. The stereo lamp indicator in par-
ticular has a built-in hysteresis that makes it possible to
tune a stereo station without flickering.

The ICs feature excellent channel separation across the
entire audio range (in excess of 30 dB); good ultrasonic
rejection (in excess of 20 dB at 38 kHz); low THD content
at the output (less than 1%*) and excellent SCA immunity
for services using a 67 kHz subcarrier (in excess of 50 dB
without the use of an external trap).

Power supply requirements are mainly determined by
the lamp indicator circuit, which handles up to 40 mA.
The rest of the IC requires 10 mA at 8.5 V.

FM STEREO DECODER CIRCUIT OPERATION

The complete circuit diagram of the MC1304 is shown
in Figure 1. (No functional differences exist between the
MC1304 and 1305 versions.) For the sake of simplicity,
Figure 2 shows only the FM stereo decoder portion neglect-
ing the auxiliary switching and biasing circuits.

The composite signal from the FM detector is coupled
to the base of Q4, via C1. This capacitor, in conjunction
with the input impedance of the integrated circuit, gives
an R-C time constant which will determine the minimum

*NOTE: If the THD (stereo mode) of audio frequencies
higher than 3 kHz is being evaluated using a
distortion analyzer, values in excess of 1% will
be recorded. This apparent discrepancy is due
to the presence of spurious frequency by-
products (beating between the 19 kHz pilot
and the audio information) that fall in the
harmonic frequency spectrum of the incoming
audio signal, and are not attenuated by the
frequency roll-off of the de-emphasis network.
If a wave analyzer is used, a true reading for
the THD, as well as the incidence of these by-
products is obtained.

of Stereo Decoder Portion

frequency response in the circuit, and consequently, the
highest channel separation obtainable at the low frequency
end of the audio spectrum.

In receivers where a strong high frequency roll-off of
the composite signal is expected, parallel R-C compensa-
tion could be used in series with the input to improve
channel separation at the high frequency end.

Transistor Q4 is used as an emitter follower to provide
the high input impedance level needed in the IC to avoid
any serious loading of the FM detector. Actually, due to
the high degree of feedback provided by its associated
emitter resistance, the input impedance is determined
primarily by the 20 kilohm resistor connected between
its base and the biasing network. The output of Q4 is fed
to the detector, via Q6, another emitter follower stage,
and to Q7, the 19 kHz amplifier.

For the recovery of the 19 kHz pilot signal, a parallel
tuned circuit is used across the input of Q7. To further
increase the overall selectivity of the circuit at 19 kHz, thus
improving its noise immunity, a second high-Q resonant
circuit is used at the output of this stage.

The combination Q8—Q9 acts as a high gain PNP tran-
sistor which couples the 19 kHz signal into the base of Q14,
the frequency doubler, which has a high-Q parallel-tuned
circuit for its collector load. The coil of this tuned circuit
is tapped down to reflect a low impedance across the out-
put of Q14. A 10:1 transformation sets an output imped-
ance not higher than 2 kilohm, avoiding saturation of Q14.
If higher impedances are used, the time symmetry of the
38 kHz signal could be lost and a severe degradation of the
channel separation is to be expected.

A synchronous detector is used to demodulate the
stereophonic information. When a stereo signal reaches
the detector, the 38 kHz voltage developed across the
doubler load will switch the transistors of the two upper
differential pairs ON and OFF, according to the polarity
of the driving signal. A time multiplexing of the composite
stereo signal takes place (see Appendices I and II) at a

NN
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FIGURE 3 — MC1305 Circuit Schematic

38 kHz rate, permitting the separation of the left and
right channel information.

The three resistors (R1, R2, and R3) associated with
the lower pair in the synchronous detector help increase
the channel separation by adding matrixing action to the
decoding process (see Appendix II). As it was stated in
theintroduction, R3 becomesan externaladjustable resistor.

An additional feature of this demodulator is its capa-
bility of cancelling, to a large extent, the ultrasonic com-
ponents that otherwise would be present at the audio
outputs when a stereo signal is being processed. This
cancellation is obtained by combining two equal but oppo-
site in-phase voltage variations in a given load, by cross
coupling the collectors in the two upper pairs.

If the time symmetry of the 38 kHz square wave driving
the detector is maintained by choosing the proper ac load
for the doubler, no even harmonics of the 38 kHz drive
will be present in the detector and, consequently, no SCA
intermodulation will take place.

As could be expected, the degree of time-symmetry
that can be obtained in a practical circuit has certain limi-
tations. Even so, the minimum attenuation achieved in
this circuit for any one of the SCA intermodulation
products*® (Table III) is not lower than 55 dB below the
1 kHz output level, obtained with an input signal of

*NOTE: See reference.

200 mV(rms) (L = 0; R = 1 or vice versa).

This effective 67 kHz *built-in” trapping action makes
it unnecessary to use an external SCA trap and, conse-
quently, better channel separation is available at the high
end of the audio range at lower cost.

The detector can also handle a monaural signal. In this
case, the two upper differential pairs (Q10—Q12, and
Q11-Q13) will be inactive and the monaural signal fed to
the lower pair will be developed across the output load
resistors, R and RR, as for stereo (Figure 2).

The overall gain of the decoder could be made a function
of the B+ voltage being used. When an 8.5 V power supply
is used, the gain is very close to unity. If more gain is
needed, the B+ voltage and the values used for R, and
RR could be increased. The associated capacitors will
have to be modified to preserve the 75 us de-emphasis
required by the system. In particular, if a 14 V B+ voltage
is selected, R, = RR = 10 kilohm and the overall gain will
be around 4.5 dB above the level obtained usingan 8.5V
supply. A 6 dB lower output is to be expected when a stereo.
signal is processed using the monaural mode of operation.

AUXILIARY CIRCUITS

Three auxiliary circuits are incorporated in the MC1304.
Each consists of an electronic switch associated with a
Schmitt Trigger. This provides fast and positive switching
after the respective threshold levels have been reached.

Muting and Stereo/Monaural Switches. Both the muting
and the stereo/monaural switch are “normally closed”
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switches so they will open only if a minimum dc voltage
is supplied to the proper terminal. The values required to
turn the switches ON and OFF are given in Table IV.

If no voltage is supplied to these circuits, the muting
switch and the stereo/monaural switch will ground points
@ and@(Figure 2) through Q17 and Q22, respectively.

To avoid overloading in these switching transistors,
points @ and@each have a 5.0 kilohm resistor in series
with the driving source.

An effective ac grounding of the signal at @ makes it
possible to obtain a high level of audio attenuation at the
output of the decoder. This muting action can be achieved
automatically. If this is the case, the dc voltages needed
to turn the switch ON and OFF become a function of the
S/N level of the incoming RF signal, as mentioned in
“Circuit Considerations”.

The Stereo Lamp Indicator. The stereo lamp indicator
is connected internally and represents a ‘“normally open”
switch in series with the bulb and the power supply.

When a stereo signal is received, the dc voltage on the
emitter of Q14 rises, triggering the switch ON.

The 19 kHz pilot level needed at the input of the IC to
turn the stereo lamp indicator ON (pilot sensitivity) can be
adjusted, within a certain range, by adding a resistor, Ra,
in series with pin 1. This resistor will change the threshold
level of the combination Q8—Q9. In a typical unit, the
pilot sensitivity is increased by a factor of 2:1 by changing
the value of the series resistance from 0 to 240 ohm (see
Data Sheet).

The dc voltages required to turn this switch ON and
OFF differ by 2 mV on the average, which is the built-in
hysteresis mentioned before. The hysteresis assures a
definite ON condition once the threshold level of the
switch has been reached.

Functional Arrangements of the Auxiliary Circuits. The
three auxiliary circuits can be combined in various ways
to form different functional arrangements. Specific circuit

considerations are discussed in a following section.

One of these arrangements has already been mentioned
when referring to the automatic mute action. In this case
only one switch has been considered at a time.

Other schemes, combining the action of two switches,
are also available; for example, the mute switch could be
driven using the dc voltage developed across the 38 kHz
emitter decoupling network (pin 14). If this is the case,
the mute driving voltage could be made low enough, under
the absence of a stereo signal, as to keep the switch in the
ON position, muting any monaural station as well as the
interstation noise.

The short circuit between @ and ground decreases the
effective emitter resistance in series with Q4, but still
provides a high enough load to develop a substantial 19 kHz
signal at the input of Q7 (pin 2) if a stereophonic signal is
fed to the input. Accordingly, the dc voltage at pin 14
increases, triggering the mute switch OFF. The final result
of this combination will be a receiver with a “stereo select”
action, able to reject any monaural program automatically.
When this combination is being used, the use of a stereo
lamp indicator becomes redundant.

Stereo reception is poor when the signal to noise ratio
is low, and it is, therefore, desirable to detect weak signals
monaurally. Such action is easily obtained automatically
by making the dc driving voltage applied to the stereo-
monaural switch a fraction of that applied to the mute
switch. The voltage divider is designed in such a way that
any RF level below a predetermined point considered
acceptable, will not provide enough dc voltage to switch
the stereo-monaural switch into the stereo mode.
CIRCUIT EVALUATION

The circuitevaluation has been conducted using different
levels of composite and pilot signal levels. The circuit
used for this purpose is shown in Figure 4. The overall
performance of a typical circuit is summarized in Tables I,
IL 1L, IV, V and VL.
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0.002 xF cc
19 0.02
uT 0.01 uF 15 t30 002135 |
kHz | %‘&? 3 339 "“F:mg =20.02 uF
3Ra =
COMPOSITE 5.0 uF 3 ° 1 10713 8 ., I
SIGNAL  ejpo—ff——]
INPUT 5 12 LEFT CHANNEL OUTPUT
MC1304

6 RIGHT CHANNEL OUTPUT
IO\ 12V

STEREO SWITCH INPUT

o]
L1, L2 (19 kHz)
Nominal inductance: 8.0 mH

uF

2 14
;‘E 0.05 uF
E T0.01 24.7k

TZ.

Ny
STEREO INDICATOR LAMP
l{max) 40 mAdc
SYLVANIA TYPE 12ES OR EQUIV

~

O uF

Miller #1361 or equivalent
L3 (38 kH2z)
Nominal inductance: 8.0 mH

Tap: 10%
Miller #1362 or equivalent

Unloaded Q: 120 (Measured at 50 kHz using nominal inductance value.)

Unloaded Q: 125 (Measured at 50 kHz using nominal inductance value.)

I

FIGURE 4 — Typical Circuit Configuration

NN



/4

AN-432 A (continued)

TABLE | — Channel Separation
versus Frequency

input signal: 200 mVrms, 10% pilot (L = 1; R = 0 or vice versa)

Channel Separation
Froquency de
Hz A=1L=0 RTOL=1
100 35 36
1000 47 a8
10,000 35

TABLE Il — Uitrssonic Frequency Rejection

(measured with respect to the 1 kHz level)

Input signal: 280 mV pesk (L = -R), 10% pitot

Frequency Attenuation
kHz dB
19 31
38 23

TABLE IH — 87 kHz SCA Rejection

(messured with respect to the 1 kHz level,
without an input trap)

Input signal: 200 mVrms composite signal, 10% pilot adjusted to
F.C.C. specs”

sca Frequency
Frequency By-Products Attenustion
KHzZ kHz )
60 3 60
67 9 75
10 75
74 2 70

*NOTE: 80% composite, 10% plot; 10% SCA

TABLE IV — Auxilisry Circuits

Mute Switch Typical
Values

Minimum dc voltage to be applied to Pin 5

10 turn the Mute OFF 1.5V
Maximum dc voltege to be applied to Pin 5
o turn the Mute ON 07v

Stereo-Monaursl Switch

Minimum dc voitage to be applied to Pin 4

1o have stereo operation 15V
Maximum dc voltage to be applied to Pin 4
to have monaural operation orv

TABLE V — Chennel Separation at 1 kHz

versus Temperature
Ambient 1 kHz Channet*®
Temperature Separation
°c d8
R L
25 a6 | 45
55 40 48

"NOTE: Using polystyrene RP.J Centralab cepacitors (Tol. £ 10%)

TABLE VI — 1 kHz Channel Separation
versus Pilot Level

Pilot Level Channei Sepsration
mVrms d8
15 a2
50 38
100 25

The data sheet on either the MC1304 or 1305 comple-
ments the information given above, showing the 19 kHz
sensitivity of the unit and the THD performance, for both,
the monaural and the stereo mode.

REFERENCE

Popp, D. J. — The study of SCA Interference in Stereo
FM Receivers

IEEE Transactions on Broadcast and TV Receivers —
July 1963

CIRCUIT CONSIDERATIONS

The incorporation of the MC1304 in an FM receiver
calls for two basic considerations:

(A) The selection of the B+ voltages for the IC and
lamp indicator.

(B) The derivation of the dc voltages needed to
drive the mute and stereo-monaural switches.

A — POWER SUPPLY SELECTION

Two practical situations could occur: (a) The IC is
being incorporated in an existing receiver where discrete
components are being used; (b) An entirely new design is
being worked out.

In the first case the selection of the B+ voltage for the
IC and the lamp indicator will be mainly determined by
the B+ availability of the receiver while in the case of a
new design the gain of the multiplex unit could be the deter-
mining factor for the choice of the B+.

In any case, the B+ voltage for the IC should have some
degree of regulation to overcome the usual variations on
the main voltage (10%). This regulation is needed because
the percentage of THD in the unit is bias dependent. For
this reason, independently of the value being chosen for
the B+, the voltage between pin 8 and ground (MC1304)
should be kept close to 4.6 V. This condition can be easily
achieved selecting the proper value for the resistor con-
nected between pin 8 and B+.

If an MC1305 is used instead, the B+ voltage should be
8.5 V because a 2 kilohm resistor (Figure 3) has been
integrated on the chip.

The maximum dc current taken by the MC1304, under
any B+ condition, never exceeds the 20 mA range.

For the lamp indicator the maximum B+ value is limited
to 22 V because no higher voltage between any pin and
ground is permitted (see maximum ratings). The type of
lamp being used will determine the maximum load in the
circuit. Care should be taken not to exceed the 40 mA
maximum rating.

The use of separate supplies for the IC and the lamp
driver is strongly recommended. This circuit approach
simplifies the design of both power supplies and does away
with the B+ modulation effect that, otherwise, will be pre-
sent when switching the lamp indicator ON or OFF.

B — DERIVATION OF THE DC DRIVING VOLTAGES

The stereo lamp driver switch is the only switch that is
driven internally. If automatic muting or stereo-monaural
selection are required, the dc driving voltage to those cir-
cuits will have to be made dependent on the RF incoming
signal.



AN-432 A (continued)

10k
DC FROM
I 50 uF

DETECTOR
DIODE
220 =
22k ¢ 1.0k
TOPING5 ¢ AA-=31.0k :E-——»To PIN 4
>
(MUTE) 1 h (STEREO-MONO)

1

FIGURE 5 ~ Suggested Emitter Follower Circuit for Driving
Voltages of Auxiliary Circuit Functions

Probably the most economical way to achieve this goal
is to use the dc voltage available at the output of one of
the ratio detector diodes (the one producing a dc voltage
positive with respect to ground).

This voltage,due to the presence of filtering capacitances,
is fairly immune to noise “spikes”, a condition that is highly
desirable when driving a Schmitt trigger switch. The only
limitation for its usage is generally related to the available
dynamic change of this dc voltage.

A minimum of 2:1 is required for the switch circuits.
Obtaining the actual values are not usually a problem. The
switch will remain in the mute mode if the value of the
voltage applied to pin 5 is lower than 0.6 V, and it will
change its state if this voltage becomes higher than 1.2 V.
If the ratio is available, a voltage divider could be always
designed to get the proper values.

In some receivers the sensitivity is too high, limiting the
dynamic dc change to a ratio lower than 2:1. If this is the
case, a small reduction of the sensitivity will be usually
sufficient to improve the dynamic range. In a new design, of
course, this problem could be contemplated from the start.

To avoid any loading from the IC, the auxiliary circuits
could be isolated from the detector load using an emitter
follower such as the one shown in Figure 5. This circuit
permits an independent adjustment of the mute and stereo-
monaural switches, which is desirable because they act at
different RF signal levels.

APPENDIX |

SYNCHRONOUS DETECTOR WITH
IMPROVED CHANNEL SEPARATION

To have a better understanding of how the synchronous
detector in the MC1304 works, the detector is redrawn in
Figure 1A, showing one of the outputs with solid lines and

the other with dotted lines.

The pair Q15—-Q16 is common to both channels.

Due to the inherent mechanism of a balanced pair, a
phase inversion is always present between the two tran-
sistors in the pair.

In particular, as Q10 and Q13 are driven in parallel,
there isa 1800 phase shift between Q12 and Q13. A similar
situation occurs between Q15 and Q16, in the lower pair.

The signal developed across R is the sum of two signal
products. One is the product of the square wave present
at Q13 and the signal present at Q16. The other is the pro-
duct of the square wave present at Q12 and the signal
present at Q15.

FIGURE 1A -~ Synchronous Detector

The signal at Q15 will be 180° out of phase with respect
to Q16. Only a fraction (k) of the voltage fed to Q15 will
be present at Q16, due to the presence of R1, R2, and R3.
If both the square wave at Q13 and the composite signal at
Q16 are assumed to have the same phase, then

Vout =

(L+R) + (L-R) cos wsct] (1 + ; cos wsct)
% [(L+R) +(L-R) cos wsctl (1 -% cos wsct) m

where: [K]< 1

If only the audio frequencies are being considered, the
former expression becomes:

Vout = (LHR) + Z(LR) -k (L) + 2 (LR) (D

2 2K) 2 2k
Vout=R1-;—k-?)+L +;-k+? 3)

NN
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AN-432 A (continued)

As can be seen, the output signal contains not only the
wanted left channel information, but some unwanted
right channel information. But this remainder is a function
of the value given to k. In particular, if

2
-2 %) @)
m T

then an optimum value for k that cancels the crosstalk in
the detector can be found.

k="

m =(0.221 (5)

Replacing the value given by (5) in expression (3),
we can find the value of the output signal:
8L
Vout = Y ©)
Vout=1.55L (©)]

A similar analysis could be done for the other channel.

APPENDIX It
ANALYSIS OF THE MATRIX CIRCUIT

The lower differential pair is redrawn in Figure 2A.

A variation of the incoming signal (aej) is assumed to
take place at the base of Q1. Considering the base of Q2
to be grounded for ac, and disregarding VBE in both tran-
sistors, we will have:

air |<a aiz] ¢ m
Q2 Rr1 Ae R2 at Aei

o

FIGURE 2A — Lower Differential Pair

R3R;

R3+Ry
Ae=A¢i — RIR3
Ry + 173
Rj +R3

Making
R3R|
R3+Rp
and Ry+P =8

P
then, se=nejg

The value of ai2 will be given by

A
aip= R3R
Ry + 371
R3+Rj
Aej

or ISy ?

For i1 the value will be given by

. one

aip = —

1 R
Then,
2y _ses P S
aiy Ry ¢ 'SRy e
or

R3Rj

Al R3 + R} R3

aip R R3+R}

in our circuit, R} =1.0kQ
R2=1.0kS2
R3 =310 (Three 93092
resistors in parallel.)
Then,

Aig 310
2y 110 - 0236

This value is a satisfactory approximation to the value
needed for k as described in Appendix I.



AN-438

ANALYSIS AND DESIGN OF ACTIVE FILTERS
USING OPERATIONAL AMPLIFIERS

INTRODUCTION

Frequency selective networks for use in the frequency
range below 100 kHz have always been a problem. In this
area of operation the inductors and capacitors required
are large, both in value and physical size. Also, at these
frequencies inductors and capacitors become quite lossy
and the circuit Qs begin to suffer.

The answer to this problem is to exchange the large
inductor and capacitor for a large block of gain, and use
well known feedback principles to achieve selectivity with
R-C active filters. Previously, to achieve a high degree of
accuracy and circuit stability, a large number of active
components was required in a fairly sophisticated circuit.
Consequently, the design time and number of active com-
ponents required made the use of active filters quite
expensive.

The solution to this problem came with the advent of
integrated circuits which allowed transistors to be “less
expensive” than resistors. Now, excellent gain blocks can
be fabricated at fairly reasonable costs. And as technology
improves, the performance will continue to improve and
the costs will continue decline, making the use of active
filters very economical.

Although a great deal of work and investigation has
been focused at placing the entire selectivity function on
a single silicon chip, the large values of capacitors required
in most instances has precluded this approach in all but
the most specialized applications.

This paper discusses the use of operational amplifiers
as gain blocks for active filters. A section on stability is
also included along with various practical examples.

I. BASIC TWO-PORT ANALYSIS OF AN
OPERATIONAL AMPLIFIER WITH FEEDBACK

Consider an operational amplifier (op-amp) and feed-
back in the form of two-port y parameters as shown in
Figure 1.

FIGURE 1 — Basic Two-Port. Analysis of an Op
Amplifier with Feedback

For this network the following two-port equations can be
written for the amplifier:

I1=y11, E1+y12, E3 (1.a)
l3=y21aE1 +¥22, E3 (1.b)
I2=y11.B2+y12. B4 Q.a)
I4=y21 E2+y2) E4 (2.b)
I5=y11, ES*+¥12, B6 (3.2)
le=y21, Es+y22, E6 (3.b)

These equations can be manipulated to find the output
voltage Eo, as a function of Eq, E2, the y-parameters,
and the open-loop gain, A. This approach is somewhat
rigorous and the resulting equation would be too compli-
cated to be of any practical use. However, with a few
normally valid assumptions, the complexity of the solution
for Eg is greatly reduced and results in a very simple and
easily used form.

One assumption is that the input impedance of the
operational amplifier is very large with the result that
Ix ~ 0 and I4 = 0. Then, from Equation (2.b),

E4=-Ep Yilc 4
Y22,
also, because
Ix=~0,I3~ —I5. ®)

Then from equations (1.b) and (3.a)

¥21, B1 t¥22, E3=-y11, B5 — ¥12, E6. (6)

Because the amplifier is assumed to have an extremely
large open-loop gain (A — ), the differential input signal,
E3 — Eg, required is very small. Assuming that E3 = E4 =
Es, then from Equation (4),

Es ~—Ep [L2e) )
Y22,

E3~-Ep (2L} ®
¥22,

NN
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AN-438 (continued)

Substituting Equations (4), (7) and (8) into Equation (6)
gives the following expression for the output voltage, Eg,

PN LS

E¢=-E1
Y12y Y22 Yi2y

as a function of the input voltages and the feedback net-
works. As a simple example to verify this equation, con-
sider the amplifier shown in Figure 2.

MM Eo

FIGURE 2 — Basic Example of Two-Port Analysis

For this example,

-_ 1 =_ 1 = 1
y2la-_— YIzb-_liz‘ YZlc—_— 4

Ry R3
=1 =1 =1
Y22, R Y11y R, Y22, % )
Then from Equation (9),
R R2
Ep=-Ej { —=] +Ep [1+==] . 10
o=-51 () vz ( 2| (10)

From this equation it is seen that for E) = O (inverting
amplifier) the closed loop gain is the familiar expression:

Eo . _R2
B R . (11)

Similarly for Ej =0, the non-inverting gain is found to be,

Eo - 14Rg
E2 R] - 12)

For the discussion to follow, the inverting amplifier mode
of operation (E2 = 0) will be used because of its simplicity
as seen in Equation (9). However, a similar discussion
could be generated using the non-inverting mode with
E] = 0. The purpose of the foregoing discussion was two-
fold-first to generate a general equation for closed loop
gain from which an active filter discussion might begin
and second, to bring light upon the operation of an op-
amp when feedback networks, other than pure resistive
networks, are used in either mode of operation.

I. ACTIVE FILTER ANALYSIS

It should be noted that the expression for the closed
loop gain in the inverting mode

Eo _ Y2, RE)
E; Y12y

does not make any assumptions that the networks [y,],
[yb] or [yc] are passive. Indeed, these networks could be
active. For the case at hand, however, these networks will
be considered to be passive, in which case

Y21 T Y12y

and equation (11) becomes

Eo - y2la)
Bl fei ) 14
E; (YZIb a9

The synthesis of a particular frequency response curve
will in most cases be done using RC networks in various
combinations. For most applications these networks will
be combinations of series or parallel connected resistors
and capacitors as shown in Figure 3.

Rq . &
0—4—'\::;:}—0 O——AM———0
—)

_ R1CyS+1 SCp
vils) = T yals) = W
(a) (b)

FIGURE 3

The problem of synthesizing filters with networks such
as those shown in Figure 3 is not as futile as it may first
appear.

From Equations (1.b) and (3.b), it is seen that

=3 =16

P PR O
This indicates that the synthesis problem reduces to that
of finding the relationship between the input voltage and
the short circuit output current. Or in other words, the
problem has reduced in complexity from a two-port net-
work to a one-port network.

For many circuits, the relationship between the short-
circuit current and an impressed input voltage can be
written by inspection of the circuit. For more complicated
networks, simple Laplace transform methods may be re-
quired, or perhaps even the use of signal flow graphs,
matrix algebra or state variables for extremely difficult
problems.

The approach of this section will be to exploit a very
simple, but often forgotten method of “working back-
wards” and also includes a discussion of a general method
for finding yo1’s.



AN-438 (continued)

A. “Backwards Method™

This method is best explained with an example. Con-
sider the network shown in Figure 4, where

Ry  Ep W ©2
—YW th <
Eq ig == ¢, Rzi:t 1 €0 Y11
f1a A
FIGURE 4 - E le of “Back ds Method”
. I
It is necessary to find y; = 1
Ei[Eg=0.

Assume [] = 1 ampere. Because of the shorted output,
I2 = 0. E)(s) can be expressed as

1 1
Exs) =11 (—)= — . 16
29 =1 (SC2) 5 16)
I3(s) can be expressed as
SC1 .
13(s) = Ex(s) SC1 = — = = 17
3(s) = Ex(s) 5Cy 5, G an
It is known that
L=l1+13=1+% a8)
C2
and
E1(s) = E2(s) + 14Ry 19)
or
- Ci SC2R G
El(s)-s({_2 +O+ 2R = R+ 0

SC2

Since this is the voltage function that will produce
I3 =1, then

I SC
ST —(2_ = ¥y2i @D

SCoR; (1 +=1)+1
C2

However, the direction of current for 1] was assumed in
the opposite direction from that which was derived in the
two-port model, and hence, the sign on the transfer
function must be changed. Then finally,

-SCp

S S 2)
C1

SCR1 (1+=—=)+1
C2

y21=

This method does not require the use of long involved
laplace equations for loops or nodes and greatly simplifies
the algebra involved.

B. General Method

A procedure for finding the forward transfer admittance
for any generalized network can be found by considering
an application of Kirchhoffs voltage law with a slight
modification. Consider a generalized network consisting
of k loops with 17,12, . . . I being the transforms of the
loop currents, and Vi, Vo, . . . Vg the transforms of the
driving voltage in each loop respectively.

Application of Kirchhoffs voltage law results in k
simultaneous equations

Vi=Z11l1+Z1)lo+... Z1klk
Va=Zl1 + 21 +. . . Zklk

Vk = Zkl1 + Zgolo + . . . Ziklk 23)

where Zj; = total impedance around the i-th loop and
Z;j = the total impedance common to the i-th loop and
the j-th loop.

For the case under discussion, only one voltage source,
V], is present and hence, Vx =0 fork # 1.

The problem is now to find Ik, the output current,
when the output terminal is shorted. It should be noted
that by shorting the output terminals, a modification to
Zik must be made. Once this modification to Zxk is made,
the transfer function can be found by solving the
determinant.

To demonstrate this, consider the following two
examples.

Example 1

* q
Vi 14 ==

,
4 3 Rz

FIGURE 5 — Circuit of Example 1
For the circuit of Figure 5 we have the following:
1

Z11=R1+ —
=R+ o
-1
Zip=——
12= g
- 1
- (24)

with the output shorted Z7 becomes

1
Zyy=_1 +____.
2760 §C 25
Solving forlz— s
Vi

NN
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AN-438 (continued)

o) © (26)
I SC2

SCoR; (1+51y4
C2

(_l_ -l_ + 1—
SCy ) (SC1 SCa )
Again adding the minus sign, it is seen that this is the

same result obtained for the previous “backwards” example
for Figure 4.

Example 2

FIGURE 6 — Circuit of Example 2

Consider a slightly more complicated network as shown
in Figure 6.

For this network,
Z11=R1+oh ) 291 =0, Z3] = b
11 1 scp fu1=0, 31'§C_1

1
Z12=0, Z22=R2+ =, Z32=R2

SC2
Z13=- oo\ Z23=R2 , Z33=R2+R3 + o
13‘"§C—1, 23=-R2, £33=R2 3 fl
Then
1
R+ — 1
SC1) 0
1
0 Ry+ — 0
(R2 SCz)
-1 R
SCy —R2 0
I3 - (27
Vi
(R1+_1) 0 _1
SC] SC[
1
0 Ry+ — -
(R2 SC2) Ry
-1 1
SCy -R2 (R2+R3+S—C-l)

Solution of this determinant gives

13 keG+w)

vi (28)

$2+ awy + (w2)?

where

-1 1
R1R3Cy R2C2

- R1tR2+R3 1
=27 227% 1
(@2) RjR2R3 CiC2

R1(R2+R3)C1 +R2 (R1 +R3)C2
VRiR2R3 (R} + R7 + R3) C1C2

The short circuit transfer admittances of a number of
second-order RC networks are given Figure 7.

IIl. THE PROBLEM OF SYNTHESIS

A great deal of work has been done conceming the
problem of passive network synthesis. Unfortunately,
most of the effort to date has been concemed with
synthesis of driving point impedances, matching net-
works, and voltage transfer functions. Very little literature
is available conceming the synthesis of transfer admittances.
However, a basic approach to the problem follows.

If networks [ya] and [yp] are passive RC networks,
their poles will be on the negative real axis of the complex
frequency plane; however, the zeros of the transfer ad-
mittances of [ya] and [yp] can be located anywhere in
the complex frequency plane. From this, it can be con-
cluded that if the poles of Y21, are the same as the poles
of ¥21y» the denominators of Equation (14) will cancel
and almost any desired pole-zero configuration can be
synthesized.

In mathematical terms, this means that y5;, is chosen
as

- PO
Y2|a‘@)’
and
- RO
Y21y Qi)

then

o (v} | p
7Y R(s)

This is the general method. Simplicity and ease of
calculation will, however, always dictate the approach
used. For example, suppose it is required to synthesize the
following filter response:
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Transfer Admi of Some Rep S d-Order RC N ks T
TRANSFER PARAMETER - COMPONENT TRANSFER RC NETWORK PARAMETER ~ COMPONENT
ADMIT TANCE RC NETWORK RELATIONS ADMITTANCE RELATIONS
m Ca Kot o w2 s ot
1 1o | R*Rg *“Z * RpReCaCa
Ky —o—— Ry Rg R3 Kp* = ( o pRAC
Rsz::psm% o—'vava‘wv:o R™R|RyR3C C
9% Rq Ra
& C':: ::cz 2 RitRa*R3 Wv— (”a.mz)n"ﬂ‘(:’c‘
ws: :
P RiRaR3C/Co Re | R Ry |lo | %27 TRpCy*Raca
/RRgR3(R ¥R+ R3ICCe 8 on IC; w anqc A R:n )
R{(Ry+R3IC+RARFR,IC,
(2) e mzmﬁlapuc;q
2 ¢ C2 1 | 2 ! f—
S Ry 101 kpr — ;wd:——r ™
K — o ( A% R P RiRyC|C nc4nc[l+-—4—]
RZ:;LpS*wp:_'h 2 e R A TR
| R
]
o— q ‘,/R.ch,cz WHERE Rps RiRy
RORI(C+Co1+RyCy ARy
Ry  RafRi+Rad
Rm= g Rg*Rp ' Rq* Ri*Rp+Rg
c c2 el —
(' W ¢ Jo | ®m R Wst RRGC, Ra Co2_
. [—I v *R® kg *“Z" R3RqCpcq
£ R23 Ca
1 ._.i R3RaCpCq zmu/R,,,
%* R To °zR R
(R +RRIC+RCy ° 1 — sCovRaca P Aot
R Y FRa7RmIR3 RaCptq
3 & FRog SRy 9 (¥ Ra/Rrm)R3 CprRAICFCa)
_ s R €2 g, o i w2: .
i 2 Kot —— WHERE: Cp2 C(+C
“LP = | "R Riree, | P RCC prCrtte
Rs2, s IR RiR2CIC,
of oc R
Ple Cqrcat 2 g S
TN et gaey mx"a’Rb
F_T__., o RiRaCiC2 < 1.
AR (C,+Co1+R,C, Kﬂ’ﬁu'wz “ReC [u-a]
B | r oer| Sl Sz, us
<R R, 10| kqe — ! hhda o 7°7a P 'R2c2eq]
y 2 —=| *R* RRyCr' WP~ RIRLCICE ¢
o-—i(—vw—‘r'vv\——d \RaC2" P RR2CIC2 c /P A~ . r—tlﬂl)(lfﬁ
£l c2 ¢ R G+B+20+A)
o /R B gl T
R (Ry#Ry)C*R,C, 2 ol P HERE:Q=—g—
P RR
@ BRU+PY —2
[ e wys ! R +Rp
Sz R RR3C, * "2 RpCp
RS
24 Lsea? (6)
SC+—S+w, 1,
@® Pl R | Ryl Ry 0 2 RitRpeR3 1 2ew? R pe Dol 1 o
T “p "TRiRaR3 (G2 K z R PRl kRRizRe
E, ¢ szolipswpz c L
’_——1—_. QR ¢ ® s w2 - [l‘(l*P)a]
o M/ RRRR3(R+Ry*R3)C/C It P *Rec?
R € C
RR,*R4IC,+Ry(R +RS1C. !
[(Rp*R31C)+Ry(R #R)ICH P
= s
R2 g Rive e iy LA
C(“_”__
P
WHERE a’a/n,mz

tCourtesy of ‘G. S. Moschytz from “Active RC Filter Building Blocks Using Frequency
Emphasizing Networks.” June 1967, IEEE Journal of Solid-State Circuits.

FIGURE 7
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Eggs) = — 5(5+100) (S +10,000) _ -~ 5(S2+10.1 x 103§ +106)
Ej (S +500) (S + 1000) (S + 500) (S + 1000)

The straight line Bode approximation of this function
is shown in Figure 8.
35

AN
30
25 y AN
20
B~ 15
- 10

(dB)

102 103 104 105
w=>

FIGURE 8 — Bode Plot of E0 _ 5(S+ 100) (S + 10,000)
Ey (S +500) (S + 1000}

Next, consider the transfer admittance which results
when the networks shown in Figure (3.a) and (3.b) are
connected in parallel.

- _RiGiS+ 1, SCo
¥i{(s) = y1(s) + y2s) —R | R SIT

or
+

Cy s2+s( Lo+ _1 1)+ 1
RyC2 RiC1 RCp RICIR2Cy| |
1
s+

[ R2C2

ys) =

If we let this be the transfer function for y21;, and use
the network of Figure 3.a for the feedback y21p, then the
overall transfer function becomes

1 1 1 1
C1 [52"S(izfz *Ricr* RZCI) * lelkzcz]

1 c3 [s+R2c2] [S+R3C3]
For this problem,
@ —L_ =500
R2C2o
1 _
b) —— = 1000
(v) R3C3
© —L =106
R1C1R2C2
@—L+_ L +_1 -301x103.
R2C2  RiC1  R2C)

Also, from the dc gain considerations,

ZZE' =10 = 53 . 770N
y2]b|s=0 Ry’ 29
§ or
‘ R3=10R].
§ 3=10R)

Since there are five independent equations and six un-
knowns, one unknown may be arbitrarily chosen from
which the remaining five can be calculated.

Let Ry = 1kQ

Then,
Cy =2 uF
C1 =0.1315 uF
R] =38k
R3 =3.8kQ
C3 = 0.0265 uF

The circuit to synthesize this transfer function is
shown in Figure 9.

A very important point should be made at this time.
The impedance which is used to terminate the non-invert-
ing (+) input should be the dc Thevenin equivalent re-
sistance that is found by “standing” at the inverting (—)
input and looking back away from the amplifier. By doing
this, one eliminates the dc output offset voltage component
that is due to the bias current of the amplifier. Thus, for
the first stage the dc Thevenin resistance is the parallel
combination of a 3.8 k§2 resistor and a 38 kQ resistor,
hence a standard value resistor of 3.6 k has been used.

Another and perhaps more expedient approach to this
problem would be to use the Motorola MC1437P Dual
Operational Amplifier and take advantage of the isolation
properties between the amplifiers. If this is done, the
original transfer function can be broken up into two trans-
fer functions and the calculations become very simple.

That is,
Eg _Eo
.k (30)
1 Ej EO]
where
Eo) _5(8+100) Eg -—(S+10000) 31
E; (§+500) " "Eg; (S + 1000)
For the first amplifier,
Boy _-s@s+100) [ Y2a) 32
Ei ~ (5+500) Y21
38k
p
1k 2\" F |
M I 0.0265 uF
O 3.8k
L—e
|
To.1315 uF =
FIGURE 9
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Figure 3 shows that a parallel RC network for both net-
works will provide the desired response as shown in
Figure 10.

C2

Yy

Al
——— " N—e

Rq Ra

——AA——
Eq
o—e - Eo,
———O
)l + .~ %MC1437P
Cq R3

FIGURE 10 — Paraliel RC Feadback Example

Using a parallel RC network for both ¥21, and Y21y, as
shown in Figure 10, Equation 33 can be written.

R|C)S+1 ( 1}
By v, R G PTRIEG g
E| y2i,  RaC2S+ 1 €2 (g4 i \
R2 RzCz/
where
Cq P
—= =5—— =100, —~_ = 500
1&] RiC1 R2Co

When one of the components has been selected the others
can then be found. Therefore, suppose an additional re-
quirement is imposed that the input impedance for a dc
input must be at least 10 k. Since the inverting oper-
ational amplifier input impedance is simply the impedance
placed between the voltage source and the inverting
terminal, the dc impedance is merely R1. The problem is
now to select components which are standard or near
standard values. If Rl is selected to be 16 kQ, then

Cl = C—; = 0.02 uF, from which R2 can be found to be

The second amplifier can be analyzed in a similar straight
forward manner with the resulting circuit shown in Figure
11.

This gives rise to a second point that should be made.
The dc gain of the first stage is unity and as a consequence
the amplifier has been compensated for unity gain as
suggested on the data sheet. The dc gain of the second
stage is 10 and subsequently, the amplifier is compensated
for a gain of 10 as suggested on the data sheet. Both
compensation networks are shown in Figure 11. Without
compensation, instability may occur—in fact is may occur
anyway. The investigation of this is found in the next
section.

IV. STABILITY CONSIDERATIONS

Consider the basic negative feedback circuit as shown
in Figure 12.

Bis)

E1 0 + {m O Eg

FIGURE 12
For this circuit, the closed loop gain is given by:

Eg As)
El - [TA®AO) ° (34)

and the characteristic equation for stability is
C(s) = 1+ A(s) B(s) . (35)
When C(s) = 0, that is to say,

16 kS also. A(s) B(s) =14£180° (36)
16 k
——AAA———
160 k
VAVAﬁ
16k —HI—
—AAN— 0.02 uF \|
Eq 4 - 18 % 0. 0701[ F
| ——AM—— .001
/1 %MC1437P —
0.1 uF \
+ Al %MC1437P ———o0 Eg
0.001 uF
8.2k 1.5k 200 pF 4
= 15k 15k 20 pF
5000 pF
Ep 5(S+100) (S +10,000) =
— D —————— F
Eq 1S + 500) (S + 1000) soop

FIGURE 11 — A Resulting Filter Using a Dual Operational Amplifier.
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The closed loop system is unstable. To investigate this,
the problem becomes one of finding g (s) in terms of the
feedback y-parameters since the properly compensated
open-loop amplifier function, A (s), is usually known and
can be approximated as

A(s) =:;Aio , 37
S+wo

where A is the dc open loop gain of the amplifier given on
the data sheet (AyQL) and wq is the open loop —3 db
break frequency for the compensated amplifier, also given
in curves on the data sheet for various compensation net-
works.

To find the expression for (s) consider Figure 13:

apsh + an,ls“'l +....a1staQ

B(s) =

bmsM + b 1M1+ brs+ bo -
The stability criteria becomes,

(i) m=n unconditional stability
(ii)) m ®n+1 conditional or marginal stability

Example 1
As an example of this stability discussion, consider the
filter network of Figure 14.

10k 10k
Es Ee
lynl
Is 's
- —L— - 1 uF
A
o Iyal [
+ | Ya —— -
1 ! 53 H'_ O
3- + 1k
Eq
Eg
FIGURE 13 FIGURE 14.

By definition of B(s), we must find

=-E3
B(s) B¢ - (38)

From Equation (1.b), with E1 = 0 we have
13=y,;, E3.

Analogous to the discussion of Section I,

I3=-I5
and
E3=Es.

Substituting these expressions into Equation (3.a) we
have

-v22, E3=y11, E3 +y214 E6
or

E3 12

Be Y221tYin

=6 9

Knowing B(s), we can now find the stability conditions.
From Equation (36),

AwQ . Yi Zb(s) _
Stwo  y2,()+y11,()

1<180°

For the network of Figure 14,
y22, = 1076 (8 +103),

_ 104 (s + 109
Yilh™ "gr2x108)

Y12y = e
126" s+ 2x10%) °

Solving for §(s) gives
B(s) = -102 - - 100
S2+ L11x 1048+ 1.1x 107  (S+104)(S+1.1x103)’
+jw
6000
jw=4500 |
A=22x106
4000
2000
[
-2000
4000
- 6000
a 10,000 6000 2000 -jw
FIGURE 15 — Root Locus for
Als) ls) = 1054

(s +103) (S + 1.1 x 103) (S + 104)
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and

A(s) B(s) = 100woA
(S+wp)(S+104)(S+1.11x103)

Assume that the operational amplifier has been compen-
sated such that wg = 103.

Then,

. 1054
A(s) BE) (S+103)(S+104) (S+ 1.1 x 103) “0

The root locus for this function is shown in Figure 15.
From the root locus, the frequency at which the poles just
cross the jw axis is found to be 4500 rad/sec. Letting
S = j4500 in Equation 40 and setting the magnitude of
the equation equal to 1 will determine the open loop
gain “A” that will make the system unstable:

1= 105A
[1+3j4.5] (10 +j4.5] (1.1 + j4.5|102

Solving for “A”,

A=22x 106,
From this result we can deduce two things: (1) most oper-
ational amplifiers on the market (AQL < 106) would be
stable in this application,(2) an “ideal” op amp (AQL = )
would oscillate!

Example 2

FIGURE 16 — Network for Stability Example Number 2.
For the network shown in Figure 16,

¥22, =106 (S + 103)

¥21p = —103
b S2+4x103S+3x 106
S7>+3x103S+106

T 103(S2+4x103S+3x 106)

Y1llp

Solving for B(s),

66) = 109
(S+2x103)(S+3.4x103)(S+5.9x 102)

If it is assumed that

wo=8x102,
the value of open loop gain that will make the closed
loop system oscillate can be found in a similar fashion as
Example 1. For this example,

A=38.

The root locus plot of this example is shown in Figure 17.
To perform a filter function with this network would

be idiocy. +jw
2000
A =38
N jw = 1500
N
— 1000
% ¥ 0 3
\k
/ - 1000
//
/]
—2000
4000 3000 2000 1000 590 4] —jw

[

FIGURE 17 — Root Locus Plot
8x1011A

(S+8x102) (S+2x 103) (S + 23 x 103) (S + 5.9 x 102)
V. PRACTICAL DESIGN EXAMPLE

It was required that a filter be designed for a phase
locked loop frequency synthesizer that meets the following
specifications:

(a). dc Voltage Gain 15 V/V

(b). Reference frequency (5 kHz) at least 70 dB down
from dc gain

(c). First harmonic of the reference frequency (10 kHz)
at least 60 dB down from dc gain

(d). All other harmonics of the reference frequency
(15 kHz, 20 kHz, etc.) at least 50 dB down.

Examination of Figure 7 shows that an infinite Q zero
(for ideal components) can be achieved using the circuit
shown for circujt #6. It is also noted that at the zero, a
positive 1800 phase shift occurs, with the overall phase
shift at w = - oo being 0. It was decided that two such
networks might be connected in tandem using the
MC1437P dual operational amplifier with the first notch
set at 5 kHz and the second notch set at 10kHz. How-
ever, each network of #6 also contains two poles which
must be taken into account. It was then decided that the
best way to handle this problem was to place a two section
RC network on the output of the op amp to roll off the
high frequency components. The overall design is shown
in Figure 18.

Nk
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0.0015 pF

Y.
VAl

AAA
WA

20k

0.005 uF

FIGURE 18 — Dual Notch Filter.

From Figure 7

KR (82 + wz2)

s2+ cﬂ:‘s+wp2
qrR

T@) =

wp? = [1+Q1+p)a]
R%C2

qR=__1_ .:|1+(l+p)a
1+p C+a)
R

a=

( ]511 152]{ 2)

The calculations for the first network are as follows:
1
a = —= (2n)(SkHz
(@) wz RC (2m)( )

Arbitrarily select R = 330€2 from which C is found to
be C=~ 0.1 uF

(b) Choose R] =R3 = 6209

Then “a” is calculated to be

a= R =330
RiR2 310
R1+R2

A

(c) The next step is to find a value for p which will
place the poles of T(s) on both sides of the notch. By trial
and error, a value of p = 3 was selected.

(d) For p = 3, the following were found

wp = 2.29 wg =(27) (11.45 kHz)
qRr =0.187

and the poles of T(s) are

S1 =(27) (59 kHz)

S2 = (2m) (2.29 kHz)

From a noise consideration, it is advantageous to put the
majority of the overall gain in the first stage. Therefore, a
feedback resistor for the first stage was found that would
give a dc gain of 15 V/V. This calculation is straight-
forward and is explained as follows:

Setting S = 0 in the expression for T(s) gives a dc
transfer admitttnce of

(w2)?
s=o0 R1 wpz

¥21,

substituting the values of wy, wp and Rl into this
equation gives

1

Y21, R
$S=0
Recall
1
Eo_5-Y21a _328kQ
E: v21p 1
RF
Solving for RE
RF =49.3kQ

A standard value of 51 k2 was selected.
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If a capacitor is placed in shunt across the feedback
resistor, a greater amount of negative feedback occurs to
an AC signal and consequently reduces the gain as the
frequency is increased. This will give additional high fre-
quency roll off to the filter. In each stage, the value of
this capacitor was selected such that

1
ﬁ =(2m) (SkHz) .

The calculations for the 2-section RC network are
fairly straight-forward. The criteria for component se-

lection was to choose the two poles to both be at about
7 kHz to roll of the high frequency harmonics.

The design of the second active filter proceeds exactly
as the previous explanation with the notch set at 10 keps.

It should be pointed out that the second amplifier is
operating at unity gain and is compensated for such oper-
ation. The first stage is operating at a gain of 15 V/V and
so has been compensated for a gain of about 15 V/V. The
overall frequency response is shown in Figure 19. It is
easily seen that all of the design specifications have been
met.

+50 I — —

+40

5 kHz
Notch

‘5 kH2 SkHz

Two | ]
1,30';":" 7kHz —»
Roll-Off

1/2 MC1437P 1/2 MC1437P

Filter Attenuation (dB)
o

104 10°

Frequency (Hz2)

FIGURE 19 — Phase Locked Loop Filter Response
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AN-439

THE MC1539 OPERATIONAL AMPLIFIER
AND ITS APPLICATIONS

INTRODUCTION

The MC1539 is a second generation monolithic oper-
ational ampl: fier designed to operate nominally from +15
volt supplies. It has output short circuit protection and in-
put over-voltage protection not previously available with
first generation monolithic operational amplifiers. The
MC1539 is a pin-for-pin replacement for the 709 type
amplifier and offers capabilities not possible in this first
generation device.

The MC1539 exhibits low input offset voltage and
current (1 mV and 20 nA typically at 25°C) and has out-
standing offset characteristics over its temperature range.
The very nearly constant, temperature stable input offset
voltage and current can be very important in some appli-
cations. Another outstanding feature of this amplifier is
the 34 V/us typical slew rate obtainable in the gain-of-100
configuration. The only external components needed for
normal operation are the supply decoupling capacitors and
the RC network for closed loop stability.

This application note is designed to provide the circuit

and system designer with a basic understanding of the
MC1539 operational amplifier, both from a “black box”
concept and from an actual circuit operation point of
view. The application note begins with the circuit de-
scription (since parts of the MC1539 circuit are proprietary
at the time of this writing, the circuit analysis will be
somewhat limited) followed by the frequency response and
compensation techniques for various modes of operation,
and a discussion on the device operational capabilities . . .
large signal swing, noise characteristics, and temperature
effects. Applications are given to demonstrate the superi-
ority of the device and include a voltage comparator, a
summing amplifier, and a voltage follower circuit. The unity
gain amplifier circuit is extended to encompass a feed-
forward concept where the frequency range of the system
is extended into the 1 MHz range.

The circuit diagram and the equivalent circuit as they
appear on the data sheet are shown in Figure 1. The MC1539
is a pin-for-pin replacement for first generation operational
amplifiers of the 709 type.

v
7 O——
INPUT
.G GD. 5:5'3 k Sk 7 1 LAG g
+
8 ) v Q
50
10 2 (-)
- - b 3ao
2 id s > Zin +
1€ -0 :: 6
1k K
! bt ] Rousr”ourpuT
(52 T 340 3
3 26 k (o,
650
v— 5 J, OuTPUT
$ LAG
> 1.1k 1.8k 4
a0 EQUIVALENT CIRCUIT
V- CIRCUIT SCHEMATIC *PATENT PENDING
FIGURE 1 — The MC1539
CIRCUIT DESCRIPTION provide the desired input over-voltage protection. With

The MC1539 is a three-stage amplifier with the first
stage differential-in, differential-out amplifier designed for
high gain, high common-mode rejection, and input over-
voltage protection. The second stage is a differential-in,
single-ended-out amplifier with low gain and high common
mode rejection. Common mode feedback is employed
from the second stage back to the first stage to further aid
in the control of a common-mode input signal. Through
these two differential amplifier stage and the utilization
of common-mode feedback, a typical common-mode
rejection of 110 dB is obtained. The third stage is a
single ended amplifier that provides high gain, voltage
translation to a ground reference, output current drive
capabilities, and output short circuit protection.

The first two stages are shown in Figure 2. The two
diodes D1 and D2 and the two 1 k§2 resistors R1 and R2

this protection, one input can be connected to the +V
supply and the other to the —V supply without damage
to the input differential amplifier. Should this extreme
condition occur, a current (I;) would appear through the
appropriate forward biased input diode of magnitude:

vVt_v--vVp
i=——5——7 (1)
Rij+Rp
which ignores the forward resistance of the conducting

diode. For £15 V operation,

_+15—(=15)- 07

I Tk+ Ik

I;=14.65 mA. 2
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? +Veo
4 A
N N 53k 3
\ 3
v5
Ibs —O
v3 >
e R
R1 Ip1 12 I3
—
Q1 Q2
D2
o1 500
1k} —> ‘ B
rR2 § 'b2
Q3
¥
<
311k
6k
. " ~Vee
Patent Pending

+Vee

tos
5 a1o ( 2N
as 1 |
6
>
< 40
S o3 S Ri6
OUTPUT D6

LAG PIN ® ¢ |

~Vee

FIGURE 2 — Input Stages

Since this is a known worst case condition, D1, D2, R1,
R2 can be easily designed to handle this input condition.
Hence, maximum differential input without device damage
is stated as * V; however, this is a maximum rating and
not a normal mode of operation. With this input pro-
tection, a maximum differential signal from base to base
of the input differential amplifier is about 750 millivolts
which eliminates the possibility of reverse biasing the base-
emitter junction of one of the input differential amplifier
transistors.

Before continuing with the discussion on the circuit
behavior, the following basic assumptions and circuit con-
straints are made to simplify the analysis:

1. Transistors, where necessary, are matched. §’s are
identical. I, terms are identical with offsets (voltage and
current) assumed to be zero.

2. Transistor beta = 160 for input stage (81)

= 120 for second stage (82)
= 50 for output stage (83) for all
output stage transistors except Q10.

3. Vp = VBE = 0.7 volts

Since developing the quiescent levels requires a know-
ledge of the proprietary portions of the circuit, the
quiescent levels will simply be stated -in Table I and the
derivation omitted.

TABLE | — Quiscent Circuit Levels
(For £15 V Supply)

Vy=-139V

V2 =+13.75 V
V3=V4=+145V
Vg =+135 V

I{ =66 pA

12 =13~33pA
14 =1.0mA

FIGURE 3 — Output Stage

These voltage and currents are shown in Figures 2 and 3.

In the collectors of the input differential amplifier is
a network that acts as a current source. Consequently, the
impedance seen looking into this network from the
collector of Q1 or Q2 is very high and will be assumed
infinite. Knowing this, it can be assumed that the load seen
by the first differential amplifier is the input impedance
of the second differential amplifier. This impedance is
found as

where Rey = Teq + 1 kQ, the effective emitter resistance
in the second stage (Q4 or Q5). For room temperature
operation, bulk emitter resistance is given as:

KT 26mV
g~ I - Q)]

Therefore,

26 mV
Ry; =82 [ + lkﬂ}

1
> 19
=(120) x (1 kQ2 + 93Q)
R, = 131kQ. ®)

Equation (5) represents the effective load that each
collector sees to ground in the first differential amplifier
stage.

The gain for the first stage is found as

RL;

=1 6
Re,’ ©

Adl

AN
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where Rey = re; + 500 €. For room temperature con-
siderations again using Equation (4), obtain

Te) = 29082, (7)
therefore,
131 x 103
1 (500 + 290)
= volts 8
Ad1 =166 volt ®

Continuing on into the second differential amplifier stage,
it is seen that

RL,
Ag2= Rey ©)

where R[2 = 5.3 k& (collector resistor for Q5) since the
input impedance into the third stage is very high, and
Rez = l'ez + 1 kQ.

53k
Ad2 =7 % (1093 k)

volts

Ad2 = 2.42—mI t (10)

Thus the gain of the first two stages as obtained from
Equations (8) and (10) as

Av = Ad] X Ad2
=166 x 242
= 400-Yolts |
Av =400 e @11

The output stage is illustrated in Figure 3. The
quiescent operatinglevels are found for £ 15 volt operation
as

I _Vcc—Vs+ VBE
5= Ri4
Is=0.80mA. 12)

The output drivers are biased Class-AB by diodes D3, D4,
and D5. These diodes match the base-emitter characteristics
of the output devices resulting in an output standby
current (I16) equal to that of I5.

I = 0.80 mA. (13)

The gain of the output stage is found as

R
AV R, a4)

w

where RL3 is an output impedance (1/hoe) of transistor
Q7, known to be about 300 k2. Hence,
=300k
AV3 =Tk
Ay = 300 volts/volt. (15)

The open-loop gain (AyQL ) is found as
AVQOL = AV x Avz
= (400) x (300)
A = 120,000 volts
VOL Yolt (16)

This value of AyQL is typically found; however, the
device is specified at 50,000 (minimum) over the full
operating range of —550C to +125°C range.

Looking at the quiescent values for the entire circuit,
the standby current drain (IS) can be approximated:

Is=l1+lg+15+1g
=66pA+1mA+0.8mA+0.8mA
Ig =~ 2.7 mA. a7

For +15 volt supplies, this results in a standby power
drain of

Pp =Is x (30 voits)
= (2.7 mA) x (30 volts)
Pp =81 mW. (18)

Standby power dissipation is specified as 90 mW typically
and 150 mW maximum. Power dissipation versus temper-
ature will be discussed later in more detail.

The input bias current Iy, (or Ipy) can be approximated
knowing I2 (or I3) and 8} of the input transistors:

12
Tor~3

~33pA
160

Ip; = 206 nA. 19

Input bias current is specified as 200 nA at room temper-
ature and 230 nA at —559C. Input offset current is the
magnitude of the difference between the input bias
currents,

Tio ={lb1 —Ib2] - (20)

and is typically 20 nA. Small Ij and it’s very low temper-
ature dependance are important items as will be illustrated
later.

The output impedance, specified as 4 k€2, can be
verified since the impedance at the collector of Q10 is
known to be about 10 MQ. It was stated earlier that
B3 = 50; therefore, the output impedance in an open-loop
condition (Zgyt) is determined as

OL.

10 x 1069
Zout=""(s02
O.L.

=4 k. 21D
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This impedance, however, does not appear in the closed-
loop condition. The closedloop output impedance Zoyt

is found as C.L.
ZOU!) (1 + 52_
Zout = O.L. Rj .
CL. AyQL () (22

Equation (22) demonstrates that the closed-loop out-
put impedance is inversely proportional to open-loop
gain as a function of frequency. As an example, in the
unity gain mode (R2 = RI1), at low frequencies, the
maximum closed-loop output impedance is

4k (A +1
Zout=" 5% 1&
C.L.
= 0.169. 23

At higher frequencies of operation the output no longer
looks like an ideal source. At the unity crossing frequency
(wy) the open-loop gain AVQL (wy) is equal to the closed-
loop gain and

Zout = Zout = 4 kS at this frequency.
CL. O.L.

The single ended input impedance (Zin) to the ampli-
fier is found as

Zin=2[1k+p1 (re; + REY ]
=2 [1k + 160 (290 + 500) |

Zin = 254 kQ. (24)

The input impedance of the MC1539 is specified as
300 k<2 typically and 150 kQ minimum.

The common-mode input impedance, which is not
specified for the device, is found in a slightly different
manner. From Figure 2, it is seen that, when driving the
amplifier with both inputs tied together, the common-
mode input impedance is now found to be the impedance
looking into one input in parallel with the impedance
looking into the other input. Since symmetry and balance
can be assumed, the common-mode input impedance is
one-half the input impedance seen in the voltage follower
configuration. A ballpark number for common-mode in-
put impedance is 100 MQ. Common-mode input im-
pedance is not a straight forward, simple parameter to
measure because of the impedance levels involved, and
will vary with temperature and common-mode input
voltage.

The output stage shown in Figure 3 illustrates the out-
put short-circuit protection offered by the MC1539. From
the emitter of Q6 to the output pin, there exists two
paths for conduction. One is through diodes D3 and D7 and
the other is through the base-emitter junction of Q8 and
the resistor R16. Output current will flow through the
emitter follower transistor Q8 through the 40 Q resistor
R16 as long as the voltage drop across R16 is less than
one diode forward drop. When approximately 15 mA of

output current (the maximum rating) flows through the
40%2 emitter resistor, the resulting 600 mV will bring into
conduction the diode string D3 and D7 which in tum
“shuts down” the output emitter follower by removing

_ base current from transistor Q8. A similar argument holds

for the diode string D4, DS, D6 in parallel with the base-
emitter junctions of Q9 and Q11 and the 40Q resistor
R17. Hence the output, as well as the input, are well
protected from accidental misapplications of the device.

MAXIMUM RATINGS

On the front page of the MC1539 data sheet there is a
table entitled MAXIMUM RATINGS. This table is re-
printed, for ease of reference, in Figure 4. The output
short circuit protection is illustrated in the continuous
output short circuit duration (tg). The inpuz over-voltage
protection is also demonstrated in that the Differential
Input Signal is allowable to +V* volts where V' is the
positive supply voltage. The input is also protected from
excessive common-mode input levels, as illustrated by the
+V+* rating. These obviously are not operating ratings, but
simply levels of voltage that can be applied without damage
to the device.

MAXIMUM RATINGS (T4 = 25°C unless otherwise noted)

Characteristic Symbol Rating Unit

Power Supply Voltage xt :}g zg‘é
Differential Input Signal Vin v+ Volts
Common Mode Input Swing CMVjn V¥ Volts
Load Current Iy 15 mA
Output Short Circuit Durati 1 Continuous
Power Dissipati (Packa%q Limitation) Pp 680 mw

Derate above Tp = 25°C 4.6 [mw/oC
Of ing T Range Ta | —55to +125] C
Storage Temperature Range Ts‘g —65 to +150

FIGURE 4 — Maximum R atings from Data Sheet

Another limitation is the Power Dissipation which is
limited to 680 mW at 25°C ambient. This limitation is a
package constraint and not necessarily a chip limitation.
The power dissipation is to be derated - from room
temperature (T = +25°C) by a 4.6 mW/OC factor. It is
also seen that the MC1539G will function with supplies
to +18 volts and over the full military temperature range,
—559 to +125°C. Care must be taken when operating at
extremes: i.c., when operating at 18 V supplies at
+125°C the MC1539G dissipates typically 140 mW (from
the Power Dissipation versus Power Supply Voltage curve
on the data sheet) plus (4.6 mW/°C) (100°C), which equals
600 mW unloaded with Vgyt = 0. Since 680 mW is the
package limitation, the output swing and load must be
such that they don’t exceed the additional 80 mW.

COMPENSATION TECHNIQUES

Input Lag Compensation

The MC1539 offers access to the collectors of the first
differential gain stage for frequency compensation pur-
poses (input lag). Component values for compensation in
the various gain configurations are listed in Figure 5 and
are from the data sheet.
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Vin R1 c1
O—\W\-
2
s Vout
R3 = R1 || R2 MC1539G -0
Input Lag
3 Gain_| Compensation
(n_z) rRa [ c1
a3 R1 ) | (pF)
OUTPUT 13000 | 30k | 1000
4 ?‘;T LAG 100 | 10k [ 2200
- 10 1k | 2200
= -V 1 390 | 2200

FIGURE 5 — Operational Amplifier in Closed-Loop
onfiguration with Input Compensation.
Figure § also illustrates the MC1539G in a closed-loop
frequency compensated configuration, where frequency
compensation is achieved with a resistor (R4) and a
capacitor (C1) as shown. The often-asked question of
how frequency stability is obtained by using this R4 C1
network between pins 1 and 8 merits some discussion.

FIGURE 6 — Input Lag Model

Figure 6 illustrates a first-order model for the
differential voltage at the collectors of the first stage.
Since the current sources in the collectors of Q1 and Q2
represent an assumed infinite impedance, the resistor Rx
is the differential load of the second stage, Ry =~ 260 kS2.
The parasitic capacitance between the collectors is repre-
sented by capacitor Cx. From Figure 6, the pole location
for the first stage with no compensation applied is ex-
pressed as

1
PNC. = 2nRxCy ° (23)

Curve A of Figure 7 shows a measured open-loop, uncom-
pensated response of the MC1539 and the arrows indicate
approximate pole locations on the uncompensated open-
loop response. The second pole location at 350 kHz is due

to the first differential amplifier stage. From equation
(25) it is seen that

I B
X = RPN C.

_ 0.159
T (2.6 x 105) (3.5 x 109)

= 1.75 pF. (26)

120 . n
N ARROWS INDICATE
8 110 i UNCOMPENSATED
Z 100 8 POLE LOCATIONS.
zZ o BN |
g 80 \\ N I/lé
g 70 b
< N
K 60 ANY e ©)
Q so0 i
2 N N @
a 40 ) N
o Ta=+25% N )
G 30— 115 v SUPPLIES Uis
z 20— Ry =2kQ i NQu \
a 10 NC R
N
S Il [1[fs [[A
100 1k 10k 100 k ™ 10M

FREQUENCY (H2)
FIGURE 7 — Open Loop Voltage Gain versus Frequency

This is a reasonable value and will be used in further cal-
culations involving Cy.

Frequency compensation added between pins 1 and 8 in
the form of an R4-C1 series network, is to modify the
original pole at 350 kHz by moving the original pole, adding
asecond pole, and introducing a zero. Instead of the single
pole function seen at the input lag pins when uncom-
pensated, the compensated function now appears as:

[1 + jw (zero)]
[1+jw (poler) ] [1 + jw (pole2) |’

and the pole and zero locations can be approximated as:
1

Zero = 3iRCp @7
1

Poley = ‘M , (28)
1

Polep = 2nR4Cx - (29)

A more rigorous expression for the pole and zero lo-
cations is developed in Appendix B. Equation (27) is an
exact expression where Equations (28) and (29) are
approximate relations. For all of the recommended
compensation networks, the resulting pole and zero
locations are shown in Table II.

TABLE It — First Stage Pole and Zero Locations for Input Lag
Compensation

Gain | Ry Cq Zero | Poleq [Polex***| Bode
(VIV) | () | (pF) | (H2) | (H2) [(Hz) | Plot
inFig8
1 390 2200 | 185k| 278 204 M B
10 1k 2200 | 72.3k | 278 79.6 M C
100 10 k 2200 | 7.23 k| 278 7.96 M D
1000 ] 10| —— 60 k* | —— E 1
1000 |30k | 1000l 853k | 10 [ 2asm £,
AvoL — |- |3s0Kk**] ——
uncom- oo
pensated

* From equation {25) with R, = 260 k§2 and Cy =11.75pF.
** From equation (25) with Rx =260 k §2 and Cy = 1.75pF.

*** C, assumed to be 2 pF.
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FIGURE 8 — MC1539 Open Loop Bode Plot Responses

Figure 8 illustrates the open-loop response in Bode
plot form using pole and zero locations shown in Table
II. Plot A is for the uncompensated open-loop response.
It shows four breakpoints representing the four poles of
the amplifier. The first breakpoint, (D), occurs at about
5 kHz and is caused by a pole associated with the lateral
PNP (Q10). The second breakpoint, ), occurs about
350 kHz due to the pole resulting from the input differ-
ential amplifier stage. It is the location of this pole that is
altered by input lag compensation. The third break occurs
at about 1 MHz due to the second differential amplifier
pole. The fourth break, due to the output stage pole,
occurs at about 2 MHz.

From this illustration, the expression for the uncom-
pensated open-loop transfer function is

€out - -K

) ) () e)
( Yo sz) Jw3 Yos

(30)
where,

w] =27 (5x 103)

w2=2m(3.5x105)

w3 =2n(1.0x106)

w4 =2m(2.0x 106)

K = AyQL (w) for w =0. 31

The insertion of the input lag compensation network
modifies the location of the w3-pole. As shown in Table II,
an additional pole and zero are introduced and the transfer
function with R4 C1 network inserted is

Cout _ —K (1 +jw|zero])
fin (1 +jwil) (1 +jw[Pole]])(1 +jw[Pole2]) (1 +j %)(1 +j ﬁ)

w4

(32)

0 I
20 e
o 40 b LD £2h N
3 60 N\ N2
L 80 N A I I
w . . m
I 100 S
[ 120 N N
% 10 >
T 160 LTA=+25%C mA J
115 V SUPPLIES T NN
o0 |t T
200 IR L1l
[T T Il I
10 100 1k 10k 100 k 1™

FREQUENCY (Hz)

FIGURE 9 — Open Loop Phase Shift vs. Frequency

where [zero], [Polei], and [Poley] are defined in
equations (27), (28), and (29) respectively. For the
different gain compensation networks, Bode Plots B, C. D,
and E2 of Figure 8 are defined. These Bode Plots demon-
strate the unconditiona stability offered by the MC1539
in a gain of 1, 10, 100, or 1000 closed-loop configuration
using input lag compensation as suggested on the data
sheet. The unconditional stability is assured by the —6dB/
octave slope that exists at the closed-loop gain crossing.

For the closed-loop gain of 1000, where R4 = 0,Cl1 =
10 pF is recommended, the compensation merely moves
the 350 KHz pole down to about 60 kHz and conditional
stability results from the —12 dB/octave slope that exists
at the 60 dB crossing. This compensation technique has
been used for some time, is valid and usually stable but the
designer should be fully aware of what has happened. The
10 pF compensation offers a wider bandwidth and a faster
response time at the expense of overshoot and ringing.

Figure 9 furthers this discussion by illustrating the
phase shift of the open-loop device for the various com-
pensation networks. From this set of curves, phase margin
can easily be obtained for the open-loop device.

When operating the compensated amplifier over its
rated temperature range, one should be very careful of the
variation of the component values due to temperature in
the compensation network. A capacitor with poor temper-
ature characteristics can cause instability for a circuit
that is room temperature stable.

MCH1539G Internally Compensated Hybrid Version

For those applications requiring an operational ampli-
fier that is intemally compensated, Motorola has made
available the MCH1539G, and the commercial version, the
MCH1439G. Figure 10 illustrates this hybrid configuration
where unity gain compensation (3902 and 2200 pF) is
internal to the high profile TO-5 package. The resistor is
Nichrome (3902 + 10%), and the capacitor is Ceramic
(2200 pF + 10% that is held within £10% over the full
temperature range). The MCH1539G is a pin-for-pin re-
placement with the MC1539G.

N
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HI PROFILE TO-5 CAN

MC1539G PIN-OUTS,

FIGURE 10 — MCH1539G (internally Compensated)
Operational Amplifier.

The MCH1539G will meet all specifications that the
MC1539G is guaranteed for, in the properly compensated
unity gain configuration. An illustration of the hybrid con-
struction is shown in Figure 11. As seen in Figure 10,
although the device is internally compensated, pins 1 and
8 are brought out so that additional compensation may be
added or so that the output nulling scheme (discussed
later) can be applied.

FIGURE 11 — MCH1539G
Hybrid Layout.

Slew Rate

The slewing rate of an operational amplifier is the
maximum rate of change of the output voltage (eo), with
respect to time, that the device is capable of producing
while maintaining its linear characteristics.

Slew Rate = 320 (max)m—, (25)
dt second

Slew rate and the full power response of the device are
related. Full power response is the maximum frequency
measured in a closed-Joop unity gain configuration for
which rated output voltage, *Eq, can be obtained for a
sinusoidal signal, with a specified load, and without
distortion due to slew rate limiting. For a sinusoidal
signal, the output wave can be written as

eo = EgSin 2nfMmt (26)

where f)f is the full power response frequency, in Hz. The
slew rate can be found as:

de
T = 2rMEoCos 2nfmt, @n

and since the maximum rate of change occurs as the wave-
form crosses the zero axis, the slew rate — full power
response relationship can be shown as

Slew Rate = 2rfME, . (28)

Note that this is done on a distortion limitation and not
on a gain reduction limitation. From Equation (28), as the
voltage swing (Eg) is reduced, the operating frequency
can be proportionally increased without exceeding the
maximum slew rate. Extending this, as the operating freq-
uency approaches unity gain bandwidth, the corresponding
voltage swing will define the maximum peak amplitude
for “small signal” unity gain response.

To illustrate the validity of Equation (28), consider the
typical slew rate specified for the unity gain configuration
(4.2 V/ps). From Equation (28) obtain

. Slew Rate .
R €)

For full power response, Eg = 12 volts, and

4.2 x 106 volts/second

M =" 2x(12 volts) = 55 kHz. (30)

As will be shown later in the section on performance
characteristics, the full power bandwidth figure from
Equation (30) is reasonably valid.

The MC1539 specifies slew rate as shown in Table 111
(taken from the data sheet).

TABLE 1] — Typical Slew Rates

Gain Configuration %‘Eﬁ (V/us)
1 4.2
10 6.25
100 34

An easy way to observe and measure the slew rate of an
operational amplifier is to measure the slope of the output
waveform of a square wave input signal. The input square
wave must have a rise time that exceeds the slew rate
capability of the amplifier. The MC1539 demonstrates
superior capabilities in that it will slew 34 V/us typically
in a closed loop gain of 100 condition, 6.2 V/us and
4.1 V/us in a closed loop gain of 10 and 1 respectively.
Figure 12 illustrates the output waveform of a MC1539 in
a closed loop gain of 100 configuration with the input
being overdriven. The waveform shows about 40 V/us in
both directions.

VERT: 10 V,X¢V
HORIZ: 500 ns/CM

INPUT OVERDRIVEN

FIGURE 12 — Slew Rate Limiting.
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What can cause slew rate limiting when using an oper-
ational amplifier?

It appears that the most significant contributor to slew
rate limiting can be related to the input lag compensation
network (R4 C1). It is known that the rate of change of
voltage with respect to time across a capacitor is given by

I=CgTVC. (1)

where 1 is the current into the constant capacitance C. In
the R4-C1 network, there will exist a voltage change from
pins 1 to 8 (call it AV}g) which will cause a current (i) to
flow in the R4-Cl series network. The voltage change
seen across the capacitor will be (AV]g — iR4) and will
determine AV(C/At. There is no known, easily obtainable
relationship to link the slew rate with R4 and C1, and to
be sure it would be a rather complicated relationship in-
volving not only R4 and C1 but also the closed loop gain,
the load impedance, and other factors. It is easily seen
that as R4 is increased (as the closed-loop gain is increased),
holding C1 = 2200 pF, constant, that the slew rate increases.

The slew rate can also be reduced by adding capacitance
from pin 5 to ground. This is due to the lowering of the
frequency of the first pole and reducing the bandwidth
(fM in Equation 28). Still another external connection
to improve the slew rate capability is the addition of the
10 k€ resistor from pin 5 (output lag pin) to the output
(pin 6). The effect of this resistor is seen by referring once
again to Figure 3. The collector of Q10 is nominally at
about +1.8 volts. To drive the output in a positive direction
(without the 10 kQ resistor), the voltage V5 is driven
down and the base of Q6 is driven, which in turn causes
the output to rise. This would happen rapidly because
charge could easily be driven into the base of Q6. How-
ever, when the voltage VS is driven positive, transistor
Q10 is tumned off causing a high impedance discharge
path to exist to rid Q6 of its base charge. This in turn
causes a slowly changing negative going output compared
to what is possible going the other direction. To solve this
high impedance discharge path problem, a 10 k< resistor
is placed from pin 5 to pin 6. This causes 0.18 mA of
current to be pulled out of this high impedance node,
resulting in more than an order of magnitude improvement
in slew rate. The closed loop gain of 100 typical slew rate
is increased from 1.7 V/us to 34 V/us with this additional
resistor.

Ein R1
> Ao (W) Ex

Phase Compensation

By utilizing an input compensation network the
MC1539 can be phase compensated for unity gain and
still exhibit uncompensated slew rate capabilities. A
suggested compensation network is shown in Figure 13.
The uncompensated open-loop response is shown in
Figure 14, along with the compensated response |A 5 ()l
resulting from the input phase compensation network of
Figure 13.

The transfer function of Figure 13 is

r 1
Rj(R2 + jwC2
Ao(w) 1
Eout - -(Ri tRyt j('JC——Z) 2
Ein R: 1
Ri (R2 +5563)
Rp+R3+ 1
(Ri + R+ 3009)
Rearranging Equation (32), (33)
c Ao(w) Rj [1 +jwCaR2]
el [Ri +Rp+ R3] lx +juy | Ry + LELTR3) ]
Ri +R1 +R3

and dividing numerator and denominator of Equation (33)
by Rj,

(€D
E Ao (w) [1 +jwC2R7]
out = =
- Ri+R3] i Ri + R
Ein 1 +_Ri—_ 1+jwC2|Ro+ lRl +3R3
1+
| i
110 T T T
100 | Agtwl_| |1
90
e ma A Al
z ;z Aglw) |Wo [” &2
:(9 R,
w 50 LI
g 40 \u —-12 ﬁlb/Octa.ve
30
§ 2 —6 dB/Octave | I
™y
10 ~
o
i
10 100 1k 10k 100 k 1M
FREQUENCY (Hz)
R1 _
Ein O~ -
R2 )8
SRL Eout
c2
[*T

FIGURE 13 — Input Phase Compensation Scheme
For the MC1539.

FIGURE 14 — Phass Compensation Bode Plots

NN
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When R1 and R3 are chosen such that (R1 + R3) <<R;,
Equation (34) may be further simplified to

Eout = Ag () [ + jwCaR] (35)
Ein  T+jwCo [R2+R1+R3]

The Ag (w) term that has been carried this far has four
poles (see Figure 8 and is of the form

-K
Ao (@)= T T D)

where K = AyQL (0) and w = 2nf. (6)

From Figure 14 we select wq such that A g (w), rolling
off at —6 dB/octave, shall intersect the 0 dB axis at or
before w3y, and that the zero location in Equation (35)
resulting from the input compensation will occur at wj.
The placement of the zero at w] results in the cancellation
of the first pole in the open-loop response of the oper-
ational amplifier. Hence, the transfer function obtained
by substituting Equation (36) into Equation (35) is

Eout _ —AVOL (0) [1 + jwCaR]
Bin " (04529 (14 99.(1+j-2) (1 +§2) (1 +jC2 [Ry + Ry + R3D)
wl w2 w3 w4

(37)
Therefore, for pole cancellation to occur,
w] = —1 (38)
R2C2
& 10k 10k

—-15V

FIGURE 15 — Unity Gain Circuit for Fast Response Time.

In the uncompensated open-loop response of Figure 15,
described by Equation (36), the following is recalled:

AyQL (0) = 50,000 min; 120,000 typ
w) =~2n(5kHz)
w2 =27 (350kHz)
w3 =~ 2r(1.0MHz)
w4 ~ 27 (2.0MHz)
Rj =150k min (39)

From Equation (33) for («w = 0) we have

AIO(O)= AO(O)Ri

Rj+R1 +R3 0

Once R1 and R3 have been chosen, then the phase
compensated open-loop voltage gain is known. When this
is known, the low frequency pole (wo) is known and R2
and C2 are obtained from

1

Wo =
Ri+R3
S . 4
Q2R+ = @
R;
and
W= e @)
RaC2
Example

Determine input phase compensation so that A  (w) =
60 dB as w — 0. Using minimum specified values from the
MC1539 data sheet,

60 dB = (94 dB) (150 kQ)
B {50ka+ R + R) “3)

Hence,
94
R) +R3=(= — 1) 150kQ
1+R3=( % )
=0.57x 150kQ2

R] +R3=853kQ. 44
If R1 = R3 for good bias current error cancellation then

R]1=R3=42.65kQ. (45)
The nearest standard value is 43 kQ.

For Ap (w) = 60 dB and w2 = 27 (350 kHz) we find
that wgo = 27 (280 Hz) as seen in Figure 14.

Equations (41) and (42) can now be solved for R2 and
C2, as

woC2 [Rz sRI*R3 J =1

R;+R3
1+ R
1
Cy=
2 Rawi
and
Ry = R; +R3 (46)

w] R;+R3
(w DA+=5=5)

(¢]



AN-439 (continued)

For the present problem,

(85.3%)

SK 853k
—-NQa+

Gasox VU a0k

R2=

= 85.3kQ

(17.85) (1.57)

=3.04kQ (3k std value), @7
and

- 1
Bk (2 (Sk)

-10-7
37

C2

=0.0106 uF (0.01 uF std. value). (48)

Warning: It can be seen from Figure 15 that if Ag (w) is
larger than 60 dB, instability may occur in a closed-loop
unity gain configuration. This is because an increase in
Ao (w), holding wq fixed, will shift the Bode Plot up
vertically, allowing the w9 breakpoint to be present before
the unity gain crossing is achieved. This is caused, from
Equation (43), by assuming a minimum input impedance
in that calculation. The author experienced this problem
and had to increase the values of R1 and R3 to regain
unity gain stability. If one experiences instability when
evaluating this technique, this may be the reason.

Table IV lists the experimental results using the com-
pensation technique. The test circuit, showing the unity
gain configuration, is illustrated in Figure 15.

TABLE IV — Performance Comparison {Unity Gain}

Suggested

Electrical Input compensation from
Characteristics Compensation MC 1539 data sheet
Small Signal
Bandwidth 250 kHz 1 MHz
Large Signal
Slew Rate 39 V/us 4.2 V/us
Power
Bandwidth 110 kHz 50 kHz

(20 V pk=pk)

Qutput Noise
(Rg = 10k2) 27.0mv 45 mV
Open Loop
Voltage Gain 1000 min 50,000 min

The input phase compensation scheme offers the ad-
vantage of high power bandwidth and slew rate with
relatively few additional components. The lower small
signal bandwidth, higher output noise, and lower open-
loop voltage gain are the obvious disadvantages. This
technique should be evaluated in the context of a par-
ticular application.

Another scheme will be shown in the applications
section of this note where a unity-gain power bandwidth
of 1 MHz is possible by using the feed-forward capabilities
designed into the MC1539 amplifier.

PERFORMANCE CHARACTERISTICS

Considerable data has been compiled on the MC1539,
both in evaluating its performance and in comparing it
with competitive devices. This section is devoted to a
discussion of performance capabilities, and how this per-
formance compares with other known operational ampli-
fiers.

The MC1539 uses three stages of gain and level transla-
tion. Its open-loop uncompensated response shows that
four poles are present before the response crosses the
0 dB axis. This can be seen in Figures 7 and 8. As
discussed earlier, the amplifier if improperly compen-
sated will exhibit instability in a closed loop configuration.
The input lag compensation is the most generally used as
it is very straightforward, well understood, and easily
applied. Unless otherwise stated, input lag compensation
will be used throughout the performance discussion.

The following discussion will include many curves
from the data sheet with pertinent comments related to
each. For a good discussion about getting more value out
of an operational amplifier data sheet, refer to Motorola
Application Note AN-273.

Figure 16 illustrates the test circuit used for evaluation
of the MC1539, and Table V lists the test conditions
recommended for evaluation of the device.

~AAA
VWA

R3

= ¢ ** Supply Decoupling
e I ‘ -V Capacitor — 0.1 uF

is usually sufficient.

FIGURE 16 — Test Circuit.

TABLE V — R ded Test Conditi
Test Conditions
Curve Voltage
. R R R R C

No. Gain ; 1

D L || B b
A Ayor 0 o0 0 w |0
B 1 10k 10k Sk 390 2200
c 10 1k 10k 1k 1k | 2200
D 100 1k 100 k 1k 10k 2200
E1 1000 Tk 1™ 1k 30k 1000
Ez 1000 1k 1™ 1k 0 10

NN
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FIGURE 17 — Closed Loop Gain vs. Frequency

Recalling the open-loop voltage gain and phase shift
curves, using the recommended test conditions of Table V,
the closed-loop gain vs. frequency curves shown in Figure
17, are obtained. Two things are readily observed in
Figure 17. First, the effect of the two different compensa-
tion networks in the gain of 1000 mode; and second, the
unity gain curve shows some peaking. This peaking results
from the effects of the closeness of the poles at 1 MHz
and 2 MHz, and can be reduced by adding heavier com-
pensation which will result in a slight reduction in
bandwidth. The stability of the response over the full
temperature range will be discussed in the Temperature
Effects section. A

Figure 18 illustrates the power bandwidth capability of
the MC1539. This curve was obtained by operating the
device at room temperature (+25°C), using 15 V supplies,

» ARl

6" T, = +25°C
4[-£15 V SUPPLIES
2

°

- R = 1.0k
- THD < 5% :
Lo il

OUTPUT VOLTAGE SWING (V pk-pk)
-
N

10 100 1k 10k 100 k iMm
FREQUENCY (Hz)

FIGURE 18 — Power Bandwidth {Voltage Follower Configuration)

driving a 1 kS load, while maintaining a total harmonic
distortion (THD) of less than 5%. The curve shows a full
20 V pk-pk response to 50 kHz. A similar test, run on
competitive devices, resulted in a 20 V pk-pk signal to
5 kHz for the 709-type amplifier (using data sheet recom-
mended compensation: 1.5 k2, 5000 pF, 200 pF), and a
10 kHz bandwidth (20 V pk-pk) for the 101-type ampli-
fier using the recommended 30 pF compensation. The
superior performance of the MC1539 is evident.

In addition to the power bandwidth curve of Figure
18, large signal swing vs. frequency data is also available
for all of the standard closed-loop configurations. Figure
19 shows the curves that were obtained, again driving a
1 k€2 load.

Figure 20 slows the output swing capabilities for
different load resistances and supplies. In determining
these curves, a standard closed loop gain configuration of
100 (R2 = 100 k) was used at room temperature with a
1 kHz input signal. The output was observed while main-
taining a THD < 5%. Supplies of +12 V, *15V,and
+18 V were chosen giving a 6 volt operating area about
the nominal 15 V operating voltage. Intermediate values
can be obtained by interpolation. The closed-loop gain
configuration of 100 was used so that the 100 k{2 feed-
back resistor would be large enough to not alter the

16 Eq
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4—115 V SUPPLIES
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-

FIGURE 19 — Large Signal Swing vs. Frequency
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FIGURE 20 — Output Swing vs. Load Resistance.
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effective load resistance. When a small value of R2 is
used, it must be factored when determining the load size.
As shown in Figure 20, a 1 kS load is the practical lower
limit. This is expected since the known output load
current upper limit is 15 mA from %15 volt supplies. Re-
moving the THD < 5% restriction and allowing the output
to go into saturation produces the curve shown in Figure
21. Here the 1 k2 load is used and the supplies are varied.
The test circuit used was a standard gain configuration of
10 at room temperature (+25°C) with a 1 kHz input
signal.

The improved performance of the MC1539 over its
“Brand-X” counterparts is shown in Figure 22. The
voltage follower pulse response (Figure 22) is as much as
an order of magnitude better than its competition, which
is not surprising considering the slew rate and response
times specified for the device.

Figure 23 shows the positive and negative common-
mode limits for various supply voltages. The common-
mode input can go further negative than positive due to
the current source type circuits in the collectors of the
input differential amplifier. Figure 24 indicates the com-
mon-mode rejection at +25°C, with +15 volt supplies, for
a circuit having unity gain compensation (worst case) over
the frequency range. For lighter compensation, the rolloff
does not occur as low in frequency.

Temperature Effects

The excellent temperature stability is partially shown
in Figure 25 by plotting Common-mode Rejection vs.
Temperature for fi, =1 kHz at 20 V pk-pk,

and #15 volt supplies. The following equations are for
calculating common-mode rejection (CMre;):

AVCM =20 log [(?.Pl) CM] @9)
n
CMrej = AVCM — AVOL (50

where ( :put) c is the common-mode gain in volts/volt and
in

AvVcym and AvQL are in units of dB. The circuit used is
shown below the curve in Figure 25.

Figures 26, 27, and 28 are reprints from the data sheet
showing input offset voltage and current, and input bias
current over the full temperature range. These curves again
emphasize the superior temperature stability of the device
and can be very important in some applications. One that
comes to mind is a comparator circuit being driven from a
voltage source having a reasonably high source impedance.
The low bias current will cause very little error due to the
high source impedance, and the very stable bias and offset
currents over temperature will reduce the amount of error
due to shift in the comparator’s reference point.

Figures 29, 30, 31, and 32 show the variation in the
closed-loop gain response curves over the full temperature
range, —55°C to +125°C. Figure 33 illustrates the stability
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AN-439 (continued)

of the devise’s power dissipation over temperature. This
curve represents the device dissipation for zero output and
*15 V supplies.

Noise Considerations

The MC1539 was not designed especially for low
noise applications as was, for example, the MC1535.
However, considering the very large open-loop gain
(120,000 typ.) the device offers fairly good noise char-
acteristics.

Table VI shows a comparison of the noise at the output
for five currently available monolithic operational ampli-
fiers.
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TABLE VI — Output Noise Voltage Comparison

Device Output Noise Voitage for Closed
Type Loop Gain of 100 {Equal Bandwidths)
MC1530 3.0 mv
MC1533 1.25 mV (low gain)
1.90 mV (high gain)
MC1535 0.72 mvV
MC1538 1.5 mV
MC1709 0.8 mV
L 10
w
14
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w
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FIGURE 26 — Input Offset Voltage vs. Temperature
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Figure 34 offers what should be a very practical and
useful set of curves by showing output noise vs. source
reistance for closed-loop gains of 1, 10, 100, and 1000.

CIRCUIT APPLICATIONS

This section includes some circuit configurations sug-
gested to make the MC1539 a more versatile device. Also
included are some test circuits used to observe parameters,
and applications using the MC1539.

100
a
2
T
3w s
; FAy = 1000 H
2 +—
g LAy =100 ]
o 1 1]
2 F Tt
g FAy =10
°] FAY = 10—
0.1
0.1 1 10 100
Rg - SOURCE RESISTANCE (k$2)
RE
R;
- Vn
—O
+
cq
R
S R ReR;
s Rg + R;
= R4 F '

FIGURE 35 — Output Nulling Circuit

Output Nulling

It has been shown that the error due to the bias current
can be compensated by setting (see Figure 35)

Ri1R2

= — 51
3 R *R) (51)
There will still remain, however, an output error term due
to the input offset current and voltage. This output error
can be nulled out by introducing a small current source at
either pin 1 or pin 8. This adds current to, or takes current
out of one node which allows the output to be nulled.
The 1 MQ resistor offers sufficient impedance so as not to
alter proper circuit operation.

Ijo and Vjg Test Circuit

The input offset parameters, voltage and current, and
their stability with temperature variation are two of the
many reasons why the MC1539 is a second generation de-
vice. The circuit of Figure 36 will allow the user to
measure ljo and Vio for himself so that he might become
more confident in the excellence of the MC1539. The
operation of the test circuit is as follows:

R1 R2

AAA . AAA
VWA

Eout

MC1539G

R1 =

FIGURE 34 — Output Noise vs. Source Resistance

FIGURE 36 — Input Offset Test Circuit
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1. Close S1 and measure Eg. Call this voltage E1.
2. Open S1 and measure Eg. Call this voltage E2.
The following equations define the offset parameters:

. _E1
Vio SR volts (52)
(=)
__iE1-El
7 r3@ +%2— ) amps. (53)
1

Equations (52) and (53) are developed, along with the
test circuit in Appendix A.

Substituting some numbers into equations (52) and
(53) let

R] = 51Q
Ry = 5.1kQ
R3 = 100 k2 £1%

then
E1
Vio =—— volts,
' "To0
and
|E1 - E2| mos
io= —————— — al .
07 (1 + 100) (105) P
Comparator

The low input bias current (Ip) and input offset current
(io) plus their excellent temperature characteristics and
the very high slewing rate make the MC1539 a good device
to use as a comparator. Figure 37 shows one comparator
configuration that has been used with good success. The
zener diode connected to pin 5 limits the positive going
waveform at the output to about 2 volts below the zener
voltage. The silicon diode connected to the output limits
the output negative excursion to protect the logic circuit

that is being driven. The output parallel RC network pro-
vides two functions: first, recalling charge control con-
cepts,2 it is known that a parallel RC network can be
made to match the input characteristics of the logic cir-
cuit, eliminating any reduction in response time due to RC
charging time; second, some saturated logic circuits
(MRTL for example) have a rather low value of input
base resistance, RB, (as low as 450Q), and the additional
resistance in series with the output will help minimize the
output current overload problem.

One thing that should be pointed out to avoid trouble
when trying to use the MC1539 in a “parallel bank A-D
converter” type of application, is that when the differ-
ential input voltage exceeds about 750 mV, the input
protective circuitry begins to draw current. The effect is
that when the differential input exceeds that amount
needed to cause one of the input diodes to conduct, the
input impedance of the comparator is reduced, causing a
relatively heavier load to exist on the source. In the
circuit of Figure 37, this is of no concern because only
one comparison is being made; however, if 32 comparators
were paralleled to perform a 5-bit high speed A-D function,
then error problems can arise when input signal source
impedance is not low enough. Many of the 32 paralleled
comparators will have differential inputs in excess of
750 mV. One solution to this dilemma is to use a
different type of comparator, like the MC1710 or the
MC1711.

Supply Protection

If there is concern about the possibility of the +V supply
leads being reversed in a system, which could have rather
disappointing results, the simple circuit shown in Figure
38 is offered as food for thought in this area. The MZ500-23
zener diodes exhibit an 18 volt (typical) zener knee and
will remain non-conductive if the £15 V leads are switched
to the device. This type of protection might be worth
considering during the bread-boarding phase of a program
where there is a limited number of sample devices to
evaluate. With the diodes in position, the output voltage
swing is obviously reduced since the effective supply
voltage at the device has been reduced by two diode
forward-voltage drops.

+15 V

—-10V <

<

INPUT SWEEP 9

SIGNAL 4
=2 20 KHz

-

FIGURE 37 — Voltage Comparator
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Q+15V

MZ500-23

—o
louTPUT]

FIGURE 38 — Supply Protection

Voltage Follower

As has been mentioned before, the MC1539 is an
excellent choice for the voltage follower application.
Figure 39 illustrates this configuration. Unity gain com-
pensation is shown since the device is being operated in a
non-inverting unity gain mode.

The MC1539 does not experience the common-mode
latch-up problem that the 709-type amplifier is plagued
with in this configuration. This allows the output to be
tied directly back to the (-) input, pin 2, as shown in
Figure 39.

Recalling from Equation (22) the output impedance
for this configuration at low frequencies is

7 = (4X2) (1 +0)
out 12x105

=3.33x10-2Q
= 33.33 millichms, (54
which represents a relatively good voltage source. The
input impedance can be approximated as
Z = AvoL (w) Zin
in =—m—m—m—m—m——

VE. L, R (59)
Rj

and at low frequencies

(1.2 x 105) (3.00 x 105)
1+0

Zip =
V.E.
=3.6x 1010 (56)

which is indeed high. However, the input impedance is
limited by the value of the common-mode input im-
pedance and the value expressed in Equation (56) is a
theoretical value. However, one can expect the input im-
pedance for the voltage follower to exceed 100 MQ. With
these input and output characteristics, the device makes
an excellent buffering element.

FIGURE 39 — Voltage Follower

FIGURE 40 — Summing Amplifier

Summing Amplifier

When thinking of operational amplifiers, traditionally,
the analog computer summing amplifier application comes
to mind. Because of the high open-loop gain found in the
MC1539, the device functions with a small amount of
loop-gain error as a closed-loop summing amplifier. Figure
40 illustrates this classic configuration. To minimize the
output error due to input bias current, the Rg resistor
value should be selected to equal the dc Thevenin
equivalent seen looking out of pin 2:

Rg=RAHRBIRCIRE. 7N

Another point worth mentioning is that the input lag
compensation need only be sufficient to handle the
highest gain condition. Compensation must be suitable
for the closed loop gain ratio of
RF
RA IRB I Re

For the configuration shown in Figure 40, the output
is expressed as

R RE RE

Eout= — |=E EA +—CEg+—+
out [RA A Rp B RCEC] (58)

Ra
Ep OAM—e

R

8
Eg O-wWA-

Mc15396G O €,

Ec o—w—-——nc 3,

0.1 WF
’-I: —185V

FIGURE 41 — Differential Amplifier
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Differential Amplifier

Another classic configuration that comes to mind is
that of the differential amplifier. The basic configuration
is shown in Figure 41. Again for best input offset error
cancellation, one should select

Rc=RalRp, (59)
and the resulting output expression is
- _|Re RE RE
Eout= —|—EA+—Ep| + |1+—|Ec (60
Ra Rp Rc 0
where R is defined in Equation (59).
Again, the R4C} compensation should be sufficient to

handle the gain condition of
Vnolse < 0.1 mV RMS __Rp
RARB
FIGURE 42 — Low Noise Output (RA + RB
GAIN (ag)  COMPENSATED
b ~— - _ AMPLIFIER RESPONSE
______ FEED-FORWARD
m RESPONSE
S COMBINED RESPONSE
L I c1 MC1539 S
~ s 5 / . e
A N TN I AN
Ein O—AMA + LF 16 X
31 > > —>—OE ., N
: P | e \ _
LT g g, J FREQUENCY (Hz)
R

FIGURE 43 — Basic Feed-Forward Circuit

>
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O— WA
10k

AAA

10k

FIGURE 44 — Unity Gain Feed-Forward Amplifier

Low Noise Circuit

The need arises from time to time to further suppress
the amount of noise at the output of the MC1539 in a
closedloop mode. As an example of this consider an
application where it is required to operate in the non-
inverting gain of 100 mode with a source impedance of
about 300€2. The circuit is also required to operate at
reasonably low frequencies with output noise of less than
0.5 mV-rms.

From Figure 34, for a closed-loop gain of 100,
Rs = 300%2, and using a standard R4Cj compensation,
about 1.4 mV-rms of noise can be expected at the output.
By further suppressing the noise at the output stage of the
amplifier (pin 5) it is possible to achieve much higher
noise suppression at the expense of closed-loop bandwidth.

The circuit of Figure 42 illustrates this solution where
the output noise measured is less than 0.1 mV-rms and the
circuit bandwidth is about 5 kHz.

Feed-Forward Technique

The MC1539 was designed with the feed-forward idea
in mind. The basic principle in the feed-forward concept is
to extend the power-bandwidth of the amplifier by routing
the high frequencies around the first two stages of the
operational amplifier, as seen in Figure 43. The high
frequency boost circuit is designed to complement the
natural roll-off of the compensated closed loop amplifier.
The high frequency circuit takes over completely when
the input frequency is too high for the input stage to
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FIGURE 45 — Feed-Forward Amplifier Response.

respond, and the ultimate roll-off is due to the output stage
which must pass all frequencies, and the expected roli-off
due to the feed-forward amplifier.

Figure 44 illustrates the MC1539 with the feed-forward
amplifier in place. In this particular configuration, a 10
volt pk-pk output (unity gain) was obtained at frequencies
in excess of 1 MHz. By increasing the gain of the feed-
forward amplifier, a 10 V pk-pk output signal (closed
loop gain of 10) has been obtained at 2 MHz.

The feed-forward concept offers a fast responding,
slow settling, response to a step function input. The re-
lationship is developed in Appendix C, and the band-pass
qualities of the feed-forward amplifier are illustrated in
Figure 45.
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APPENDIX A
INPUT OFFSET TEST CIRCUIT DEVELOPMENT

SR3

v out

FIGURE A1 — Basic Circuit for Offset Analysis.

Assuming the basic circuit shown in Figure A1, where
the amplifier has very high open-loop gain, (ko — =), the
following can be equated:

Eo = ko(V—e) (A1)
V. = -IR4 (A2)

€ = E-11R3 (A3)

E = -I4Rg (A4)

Ix =I1-1If (AS)
- Eo—E

I = =2— A6

F R (A6)

These six equations can be combined and reduced (assum-
ingkg > 0) as:

Eo = —koRal2 + KoR3l1 — koE (A7)

R} Ri
E =—Ey;—-Ril} ——E. A8
Ry O i R, (A8)

FIGURE A2 — Signal Flow-Graph of Basic Circuit.
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Equations (A7) and (A8) are easily flow-graphed, as shown
in Figure A2.
The output voltage (E) is calculated as

Eo=lz[k4(1 +&)] -1 [R3(1 +53)+Rz] (A9)
R1 Ri1

Equation (A9) shows the output as a function of I] and
I5. These two currents include both Iy and Ijg terms as

1141
=152 (A10)

lio=|11 - 12 . (A1)

To eliminate the effect of the bias current (Ip) term in the
output, let R3 = 0 and 1] =12. Eq must now equal zero:

Eo=12 [R4(1+§—f)]—11[Rz]=0

R4(1+%) R2=0
1

RiR2
R1+R2 )

(A12)

Equation (A12) shows the optimum value of R4 for
eliminating the I, error term in the output voltage.

Figure A3 illustrates a test circuit that allows the
R3 =0 selection. From Figure A3, if the output is alternate-
ly measured with R3 shorted and with R3 in the circuit,
the difference between these readings is proportional to

FIGURE A3 — Offset Test Circuit

As an example, let
R; =518
R2=5.1kQ
R3=100k % 1%.

Illustrative values for E1 and E2 might be

Ijo. The output when R3 = 0 is called Ej, when R3 =0, E;1=83mV
it is called E2. The offset equations follow as
E E7 =363 mV.
1
Vip=—+, Al3
1 (RZ) a13) Then from Equations (A13) and (A14),
R 83 mV
io =m= 082 mV
Eq —
1o = [EL—E2| (A14)
R2 280 mV »
R3 (1 t—= ljp=—=22MY____ =277qA,
R} 107 (100k2) (1 + 100)
APPENDIX B

DEVELOPMENT OF POLE LOCATION
FOR INPUT LAG COMPENSATION

Figure Bl represents the model for the input lag com-
pensation. Writing loop equations, the following are
obtained:

N 1 1
ejin =(Rx t—) I} ———1I
in é(x SCx 1 SCx 2

=_1 1 1
0=—2-11+ et —\ 1 . Bl
o (R4 s SCI) 2 ®1)

-

Nt _L _?{ o
DT DR

J) O

FIGURE B1 — Equivalent Circuit for Input Lag Compensation
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and the output is either

eom=(R4+__.s‘Cl 12, (82)
or
1
e, =— __ I. B3
out ) 1 (B3)

To formalize the notation, the system equations can be
expressed as:

¢in z]1 zp2 | |1

0 1 222 | |12 (B4)
where

zi1 =Ry +S]C—x

2125221 = - Sl_Cx‘

z222=Rq +§i:.; + ?ICT
Using the above,

[E] =1(Z] O], (BS)

and if the system matrix [Z] has an inverse, the current
matrix can be solved for as

m =fzi-1 (gl (B6)
where
[ 222 —212]
iz = 221 . 211 (B7)
and
A=z11 222 - 212221 - (B3)

Combining Equations (B6) and (B7), obtain

I 20 -z12 | [en
A A
= s B9
2| |22 211 0 ®9)
. J L& A L d
or
I 222 %n
15} 221 ®n (B10)
L _J L. A -

Using these results in Equation (B2) or (B3), it can be
shown (with rather messy algebraic manipulations) that
the voltage transfer function for either expression is

eout - K (S+a) Bl1
ein S2+(bc)S+c ®1)

where

K=—1
RyxCx
1

R4Cy

b= RxCx + RxCi + R4C]
1
¢ =RxR4CxC1

a=

Looking at Equation (B11) it is seen that the transfer
function is a first order function divided by a second
order function. The first order zero is purely a function of
the frequency compensation components R4 and C1, as
shown in Equation (27).

The two poles are functions of not only the external
components (R4 and C1) but also of internal parameters
(Cx and Ry).

From the Equation (B11), the poles are given by

- be boy 2 _
PL2==12* JE)"-c, (B12)

or

= —bc 4
P| 7= 1+ 1- 13
1,2 2 [ f bzc] (B13)

The number inside the bracket in Equation (B13) will be
either very small or approximately two. This indicates
that one pole will be very small and the other will be
approximately —bc.

Solving Equation (B13) on the computer for sufficient
accuracy, the pole locations (and the zero locations from
Equation (17) in the text are shown in Table A.

TABLE A — Frequency Compensated First Stage
Pole and Zero Locations

Rg [ Zero Pole 1 Pole 2
() (pI!) (Hz) (Hz) {Hz)
390 2200 185k 272 204 M
1k 2200 72k 271 80 M
10k 2200 7.2k 263 82M
30 k 1000 5.3k 610 2.65 M

The previous analysis holds only for the R4C1 input
lag compensation combination. For the gain of 1000
compensation (R4 =0, C} = 10 pF) the 350 kHz pole is
merely shifted to about 60 kHz.
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APPENDIX C

BASIC FEED-FORWARD STEP
RESPONSE ANALYSIS

Figure C1 illustrates a Bode Plot of the combined
feed-forward, closed-loop system response. For a unit
amplitude step function input, we can write, in Laplace
notation:

Vout = Vin - Av(s) n
= S S
e

Vout

P
VOut = AOPI 2 (S + Zl)
7 S(S+P1)(S+Py)

, (&)

or in a slightly more directly usable form,

_AP1Py Z1

Vout = A

©3)

To find Vyt as a time function it is necessary to take
the inverse Laplace transform of Equation (C3):

Vo () =£1 [Vout(s)] - c9)

by using a set of transform tables, Equation (C3) in the
time domain becomes

1
[(s FPDE*P) SCHPNE Pz)]'

Combining terms and rearranging,

- AoPiP2
Vo ()= Ao Z®s1_P) 15 .
’L—{e"’”(l -2 ta -2,
2

which represents an exact expression for vo(t) as a function
of pole and zero locations.

The zero (Z1) is referred to as a “phantom zero”. The
optimum output response results when Z1 cancels with
P1. For phantom zero cancellation let Z1 = P1 (1 + ¢)

where € is small and P2 > P1 (i.e.,zl_z 1o 50).
P2 400
If the following assumptions are made,

le
P2

Pi(1+¢)
T‘é]

=__AoP)
(1+e)(P2-Py)

AoP1P2 o FIt _ eP 2t then with algebraic manipulations of Equation (C6), the
Vo (1) = + oo output voltage expression is of the form
2 ®@-P) |
! CS
e ; ©) Vo (8~ Ko [e(1 — eP1ty+ (1 - eP2t) &)
L_ Z1P2 (1 —eP1ty — Z1P1 (1 — e P2ty
PPy (P2 - Pj) which is illustrated in Figure C2.
|
»Ao i Vo (1)
3 : A
I
g ) !
g |
° |
; |
> [
h l 1 X > w >
oA F2 o TIME (SECONDS)
FREQUENCY (RADIANS)

FIGURE C1 — Bode Plot for Feed-Forward System

FIGURE C2 — Output Voltage-Time Response
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AN-446
THE XC170 128-BIT READ ONLY MEMORY

INTRODUCTION

A Read Only Memory is a digital storage device
containing information that cannot be altered during the
normal operating sequence. Such a memory is often
referred to by such titles as fixed-constant memory,
non-alterable memory, fixed-program memory, etc. The
semiconductor Read Only Memory (ROM) described
herein has information stored during the manufacturing
process that cannot be electrically altered. The storage
pattern is inserted as the final step in the processing
sequence and hence the user can obtain a given function
in a custom integrated circuit at a price based upon the
development of a single mask and the related processing.

The Motorola XC170 128-bit ROM is organized as 16
words by 8 bits. Four address bits (see Figure 1) provide
binary-coded inputs to select the desired word. The chip
also contains four enable inputs useful for address
expansion. (The availability of enable inputs depends
upon the package, two enable inputs are provided in the
16-pin package.) A word line is enabled (in high or “1”
state) when all enable inputs are driven high. With the
connections as shown in Figure 1, word line 0 wil
forward bias the word-line buffer transistors Qg 0 through
Qo,7- The current from the word-line buffer transistors,
Qo,0, for example, flowing through R1 will forward bias
the base-emitter junction of the bit O output transistor
Qo and cause the outpui to go low. Under these
conditions the presence or absence of connections
between the emitters of the word-line buffer transistors

and the resistor connected to the base of the output
transistors (between Qo and Ry for bit 0) determines
the presence of a stored “1” or a “0” for each bit. If the
connection is present and the output is low, a “1” is
stored for that particular bit. Hence, the circuit is initially
constructed with all “1’s” stored and is programmed with
the desired “0’s™ by etching away the link connections.
Wired-ORing on the outputs is facilitated by the open
collector outputs. The output transistors are capable of
sinking 20 mA.

ROM:s with a basic organization as described above may
have a transient characteristic that is undesirable in some
applications. This is only true for certain storage patterns.
A “glitch” (a positive pulse in this case) may occur in the
output waveform during a transition between two address
states for all bits where both words contain a “1”. In
reference to Figure 1, suppose word O and 15 both had
“1’s” stored for bit 7. An address state change from word
0 to word 15 will cause word line O to go low and Qg 5 to
turn-off. The same address state change will cause word
line 15 to go high, turn Q5 on and drive the bit 7
output low. However, there is 1o guarantee that QO 7 will
not turn off before Q5 7 turns on and cause the bit 7
output to go high temporarily. These transition pulses
may occur even if only one address input changes state.

It should be emphasized that this transition pulse
occurs only if the corresponding bits of both words
contain “1’s”. In most applications the transition pulse
does not affect system operation or can be eliminated by
(1) added output capacitance or (2) gating stages.

Word Word 0 Word 0
Line Bit 7 Bit 0
Chip o \ - T FeTTT T B
Enable :‘ + + !
1nputs Vv
o - - / 0 ce t__ = Vee :
| |
] ! |
Qq,7 i 9,0 H
f Word —— —— —--—J L__.,._ — _.l
O Line r [_
— . = — e — 4
- \ : _= r 1
- | a |
/ 1Tais7 v ! 150
o_\ _ — 151 ccl p-— —1 cc :
| |
Address < /LDQ- | = y | i Lk I Bit
Inputs | Iy __l I—-——-—~___J o
Word 15 < N Word > Output
O Bit 7 j: B.," ai:r 105 :: 1
Qutput 1
b3 < 980
> b3
o_>_'_——- 1 Qg7 - -1 i

FIGURE 1 — 16 Word, 8 Bit Read Only Memory
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APPLICATIONS

A large number of read only memory applications fali
into the random accessing category. This classification of
ROM applications may also be thought of as code
translation since in these instances the function of the
memory is to convert an address code to the code stored
at that address. This basic concept can be used for a
variety of system tasks. Typical random accessing
applications discussed in this note are: (A) binary to
one-of-N decoding (B) binary to two-of-eight decoding (C)
data distribution (D) BCD to seven-segment indicator
lamp decoding (E) binary to sixteen-segment lamp
decoding (F) logic function generation (G) simple parity
checking (H) Hamming single-error parity generation and
detection (I) right-most one detection (J) right-most one
detection and zeroing. These examples will serve to
illustrate the possible uses of ROMS in the random
accessing category.

Many other uses for read only memories belong in the
sequential addressing category. These applications utilize
the code translation function of a ROM and, in addition,
use sequential addressing of memory locations to generate
a series of coded information.

3 Bit
Binary Input

| O € ENABLE INPUTS

U
A2 Al AD ol I
111 ]

A fundamental operation in digital system is to
perform, under direction of the system control, a
sequence of operations on digital data. This fundamental
operation is required whether the machine is
wired-program controlled, stored-program controlled, or
any of the intermediate compromises. In a stored program
computer there are many sequences such as a sequence of
instructions or the gating sequences necessary to process a
single instruction. Many wired-program machines contain
or can be organized to contain sequencing type circuits.
Read Only Memories such as the Motorola XC-170 can
provide the above sequences and thereby incorporate the
advantages of arrays into many systems.

1. RANDOM ACCESSING APPLICATIONS

A. Binary to One-of-N Decoding

A binary to one-of-eight decoder can be constructed
utilizing a ROM chip with the storage pattern shown in
Figure 2. The three binary-coded inputs drive address lines
AO, Al’ and A2. Address line A3 as well as the enable
inputs can be used for enable gating in this scheme. Note
that the output is low for the selected bit and hence
inverters may be required at the output in some
applications. The need for these inverters can be
eliminated by utilizing the inverted pattern shown in
Figure 3 which provides a high output for the selected bit.
In this variation the chip enable inputs must be
permanently high to keep the outputs low when not
selected. This has the disadvantage of preventing the use
of the enable inputs for gating. A one-of-sixty-four
decoder (Figure 4) can be constructed using nine ROM
packages with the storage pattern of Figure 3.

A third useful one-of-eight decoding pattern is shown

in Figure 5. Address line A5 acts as an inversion control
ROM for the output. Henee a single part number could be used
in two designs requiring inverted outputs.
7 ____e B. Binary to Two-of-Eight Decoding
. A four-bit binary to two-of-eight decoder is useful in a
Tor s variety of applications including memory address
OUTPUT decoding. A storage pattern fulfilling this application is
shown in Figure 6.
Note that bits 0-3 decode address bits A2 and A3.
Similarly bits 4-7 decode address bits A, and A,. This
circuit can also be thought of as a dual two-bit binary to
one-of-four decoder.
INPUT OUTPUT (BIT NO.)
A: Az A‘ Ao 7 6 5 4 3 2 1 [} INPUT OUTPUT (BIT NO.)
) o 0 0 [] 4] o ) ] o 0 o A A, A A 7 [ 5 4 3 2 1 o
o o o 1 0 o o o o o o ° 3 2 1 L]
\/\/\,A’"\/vv\\/\m o o -] o 1 1 1 1 1 1 1 1
e T T . ] o [ 1 1 1 1 1 1 1 1 1
o o 1 o 1 1 1 1 1 1 1 1
N O N N N A
1 o 0 1 0 ° o o Py 0 1 0 o 1 o o 1 1 1 1 1 1 1 1
1 0 1 o ° 0 o o 0 1 o 0 o 1 () 1 1 1 1 1 1 1 1 1
1 o 1 1 o ° P o 1 0 0 0 o 1 1 o 1 1 1 1 1 1 1 1
1 1 o o|e o ©o 1 0 o o o b A .
1 1 o 1]/0 o 1 o0 0o o0 o o ¢ o o1 ! ! ! ! o1 oo
1 1 1 oo 1 © © 0o o o o O
1 ] 1 4] 1 1 1 1 1 1 1
1 1 1 1 1 0 o o o ] ] 4] 1 o N 1 4 1 1 N o 1 1 1
1 1 o ] 1 1 1 o 1 1 1 1
1 1 o 1 1 1 0 1 1 1 1 1
1 1 1 [} 1 o 1 1 1 1 1 1
1 1 1 1 [ 1 1 1 1 1 1 1

FIGURE 2 — Binary-to-One-of-Eight Decoder

FIGURE 3 — Inverted ROM Storage Pattern
for a One-of-Eight Decoder

NN
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6 Bit Binary Input
(Double-Rail)
6] 5] 4 3[ 2] 1] o
| I I A2 A1_AD A3 Enable
; Yy { ROM I:g Inputs
IJ FTTTTL— 5353
I ——
ROM | | ROM | _
NO. 6
7 0

FIGURE 4 — Binary to One of Sixty-Four Decoder

C. Data Distribution

A data distributor that routes input data to one-of-N OUTPUT
outputs as directed by the control lines is often required. :IBN”HY NPUT 'CNO\”“ETT:(;ON
The simple data distributor shown in Figure 7 routes the ARYA L

data appearing on the single input data line to one-of-eight

outputs according to the binary information received on l I | I T
—————————0 ENABLE

the three control lines. AD INPUTS
An ROM with the storage pattern described previously ¢ C
for a one-of-¢ight decoder can provide data distribution to

one-of-eight outputs. If the data line (address input line
A3 in Figure 2) is in the “1” state the output line
specified by bits Ag, A1, and A2 contains a “1”. The ' r
comments made previously concerning the use of an Bl-- ——~ 80
inverted pattern to eliminate output inverters apply here ¥ ¥
also. However, in the case of a data distributor the

capability to perform. the wired “OR” function at the cell et
output may be valuable and so the non-inverted pattern
(Figure 3) may be preferred. As an example of the use of
ROM chips for data distribution, a circuit to distribute
eight bits of data to one-of-eight registers is shown in
Figure 8. The register selection bits specify which of the ROM STORAGE PATTERN
eight registers is to be the destination register.

A slightly different data distribution circuit which INPUT OUTPUT (BIT NO)
makes use of the ROM wired “OR” output feature is ay A, A Al? & 5 4 3 2 1 0
shown in Figure 9. The information on the eight data lines e © o o|1 © © © o ©o 0 ©
is routed to the eight output lines as directed by the three e 9 o 1o 10 o 8 o 2 3
control bits. Hence eight different combinations of A O I S A T T S -
routing are available. This system has some of the ¢ 1 © 1{0 o 0o ©0 0 1 0 ©
attributes of a switching matrix such as a crossbar switch R IS - - A
in that the input data can be routed to any of the eight Voo e o b
outputs as specified by the control. The various R oo
interconnection patterns can be generated: (1) external to " 1 e o |1 o1 1 1 0o 11
the ROMs by utilizing a basic storage pattern such as is e
shown in Figure 2 and wiring the chip outputs for the LI N N W U AL UM SN S N U

appropriate interconnections or (2) internally in the

ROMs by generating a separate pattern for each storage
chip. FIGURE 5. Inverting/Noninverting Decoder
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INPUT OUTPUT (BIT NO.)
Ay A, AL Ayl 7 6 4 3 2 1 o
-] [:} ] o -] ] 0 1 [ [ [} 1
0 o [ 1 o 0 1 [} [} o [} 1
[ ] 1 -] (] 1 ) [ [ [ [ 1
] ] 1 1 1 ] 4] o (] ] o 1
] 1 ] () [\ ] ] 1 o [+] 1 [+]
(<] 1 (] 1 (] o 1 [ ) [} 1 [
o 1 1 ) ] 1 [ [ [] [ 1 o
o 1 1 1 1 (] 0 0 [] [ 1 0
1 o o [ [ [ [ 1 [ 1 (] o
1 ] ] 1 [} 1] 1 o o 1 [} [
1 [} 1 [ [ 1 [ 0 [ 1 ] o
1 [ 1 1 1 [ (] o [ 1 [} [
1 1 o o o o o 1 1 4] ) ]
1 1 o 1 o 4] 1 4] 1 o o ]
1 1 1 o o 1 o ] 1 o o o
1 1 1 1 1 -] o [ 1 ] [ o

CONTROL

LINES

DATA !

DA ROM ] OUTPUT
! LINES

FIGURE 6 — ROM Storage Pattern for a Four Bit Binary
to Two of Eight Decoder

D. BCD to Seven-Segment Indicator Lamp
Decoding

The typical ROM application requires that multiple
functions be derived from a single set of input variables.
The digit indicator illustrated in Figure 10 is an example
of this type of requirement. In the indicator, the digits are
illuminated by activating combinations of the seven indi-
vidual lamps. For example, if segments 3, 4, 5, 6, and 7 are
illuminated a three will appear. The indicator uses seven
lamp lines in ten combinations to provide a full decimal
display.

FIGURE 7. Basic Data Distributor

The Motorola ROM, with its 16 word by 8 bit
organization, readily provides the needed indicator codes
when it is programmed as shown in Figure 10. In this
example, the input digit information is in BCD and is
translated by the ROM to the corresponding indicator
code. ROM output bit O provides the drive function for
indicator segment 1, output bit 1 provides the function
for segment 2, and so on. Note that the remaining six
BCD input states and the six corresponding ROM words
could be used for other characters. .

REGISTER
SELECTION
BITS OO
L
DATA o ROMNO. 1 1 .
BIT 1 — REGISTER
— — NO. 1
‘ :
J - —
- —! REGISTER
DATA o ROM NO. 2 NO. 2
BIT2 — ] .
[ — ]
' ]
' ! —
: | |
] 1 l
1 1
1 g
1 3~ _
! L 1 =recistER
DATA o [ NO.8
BITS ROMNO.8[ ]

FIGURE 8 — Data Distributor —— Distributes Eight Bits to One of Eight Registers
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Control
Bits o
gj /
ROM
Data -
batole No.t | _
-
A | — Eight
| Output
- l — Bits
ROM | —
D'ata No. 2 | —
Bit2 — |
|
|
| /
Data rRom |
Bit8 No. 8

FIGURE 9 — Data Distributor — Distributes Eight Bits to Eight Output Lines

E. Binary to 16-Segment Indicator Decoding

A circuit to translate a six-bit binary word into the
code necessary to drive a 16-segment indicator is shown in
Figure 11. A possible character set is also shown. In order
to achieve the translation with only five of the 128-bit
ROMs, display of the symbols O through 9 is restricted to
seven of the segments in the right half of the 16 segment
indicator. Hence, the circuit shown provides 32 words
with a 16-bit length for character display and 9 additional
words for numeral display.

F. Logic Function Generation
A single cell of the ROM is capable of generating eight
logic combinations of two, three, or four variables. The
particular logic combinations desired will of course
depend upon the system requirements. Many practical sets
would probably include the following:
F=Ap+A)j+A2+A3
F=Ap+A'1+A2+A"3
F=40 ® (A1 ® (A2 © A3)]
F=A0A] A2 A3
F=AQA1A2A3

3 SEGMENTS

— DIGIT | ILLUMINATED INPUT ROM OUTPUT (BIT NO.)
Ay A, A A 76543210

2 4 0 1,2,3 , 6, 0 0 ) o 00 1 1 1 1 1 1
1 4,5 [ [} 0 1 000711000

2 1,3,4,6,7 0 [4 1 0 01101101

- - 3 3,4,56,7 ) "] 1 1 01111100
7 4 2,4,85,7 o 1 0 o 01011010

1 5 5 2,3,5,6,7 o 1 0 1 01110110
6 1,2,6,6,7 0 1 1 0 01110011

7 3,4,5 0 1 1 1 00011100

AR— 8 1,2,3,4,5,6,7 | 1 [ o 0 o1t 1111 11
6 9 2,3,4,5,7 1 4 0 1 01011110
N N~ NI,

DIGIT INDICATOR INDICATOR CODE INPUT CODE ROM STORAGE PATTERN

FIGURE 10. BCD to Seven S

q

Lamp D
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G. Simple Parity Checking

A circuit to detect simple parity can be constructed
with the Motorola 16-word, 8-bit ROM. Such a parity
circuit has a low package count when compared with
equivalent parity trees utilizing basic gate packages. All of
the ROM chips needed to perform simple parity detection
over a N-bit word use the same memory storage pattern.

The parity tree utilizing ROM chips is identical in
concept to the tree technique used for parity detection
circuits realized with gates. However, instead of three bits
per tree element, this particular ROM approach examines
four bits within the basic element.

The ROM cell is metalized to have a “0” in bit position
7 for all memory locations where the four address bits
constitute even parity. A “1” is stored in bit position 7
for the remaining words. The ROM storage pattern is
shown in Figure 12.

A parity tree utilizing five identical ROM chips to
perform simple parity checking over a 16-bit word is

INPUT OUTPUT (BIT NO.)
Ay A, A A L7 8 5 4 3 2 1 )
e o o o]0 - - - - - - -
o o o 1 1 .
o o 1 o |1 - - - - - = =
o o 1 1 o - - - - - - -
o 1 o o |1 - - - - - - -
o 1 o 1 o - - - - - - -
o 1 1 ofoe - - - - - - -
o 1 1 1 1 - - - - - - =
1 o o0 o0 |1 - - - - - - -
1 o 0 1 o - - - - - - =
1 0 1 ofoe - - - - - - -
1 o 1 1 1 - - - - - - -
1 1 e oo - - - - - - -
1 1 o 1 1 - - - - = = -
1 1 1 [ 1 - - - - - - =
1 1 1 1 ° - - = - = = =

FIGURE 12 — ROM Storage Pattern for an Even Parity Code

shown in Figure 13. The bit 7 outputs from the four cells
in the first level of the tree are the inputs to the single
ROM needed for the second level of the tree. A “0”
output from the second stage chip (ROM 5) indicates even
parity and a “1” output indicates odd parity.

The parity tree can be expanded as needed to provide
parity checking over a long word. A tree with three levels
of decoding utilizing 21 ROM packages can serve a 64 bit
word.

H. Hamming Single Error Detection and Parity
Generation

A single error in a word can be detected by adding an
extra bit to the word. By adding several extra bits to the
original word, the location (bit number) of the error can
be identified. One scheme for performing this function is
the Hamming parity code. Single error detection and
correction over a word containing four information bits
will first be described.

The number of extra bits that must be added to the
word is found from the inequality 2K > m + k + | where
m is the number of information bits and k is the number
of correction bits necessary. Hence, for four message bits,
three correction or parity bits are necessary. These three
parity bits, Py, P2, P4 are inserted into the message bits
Mi, M2, M3, My, in the sequence Mg, M3, M2, P4, M1,
P2, Py. Parity bit Pj is generated by requiring bits P1, M1,
M7, M4, to possess even parity. P2 examines P2, M1, M3,
Mg4. P4 examines P4, M2, M3, M4. With the parity bits
calculated and inserted, parity code generation is complete
and the resulting seven bit word can be stored, transmitted
or go through any other operation where errors may be
induced.

16 Bit Word
TrshaTis]iz TToTs Js AEE [3]aTi o
A3A2 A1 AD A3A2A1AD A3A2AIAD A3A2A1AD
T W | 1 1 i T 11
ROM 4 ROM 3 ROM 2 ROM 1
lnit 7 Bit 7 Bt 7 B 7
A3 A2 A1 AD
ROM 5

*aan

FIGURE 13 — Parity Tree For 16 Bit Word
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The following procedure is used to determine if an
error has been induced into a word that possesses Hamming
parity bits. The three parity bits are recalculated from
the transmitted message bits using the above procedure.
These new parity bits are then individually exclusive-ORed
with the corresponding transmitted parity bits. An out-
put from the exclusive-OR (non-match of parity bits) shows
an error has occurred and by considering the parity bit
weights will indicate the position of the bit in error.

As explained, a single ROM memory chip can perform
the parity generation function, but three exclusive-OR
circuits plus a ROM are required to perform the error
detection function over the four information bits. The
ROM chip calculates the parity bits P}, P, and P4 when
the four information bits serve as the address bits. Each of
the 16 memory locations is programmed to contain the
proper parity information for Py, P, and P4 for the
corresponding combinations of input variables. Note that
only three of the eight storage bits are required. As shown
in Figure 14 the parity bits P1,P2, and P4 are generated
by a direct read of the ROM. Error detection is performed
by comparing the generated parity bits with the
transmitted parity bits.

Bits 1, 2, and 3 of the storage pattern shown in Figure
15 specify the pattern required to generate Py, Py, and P4
for the four message bits. (Bit O of Figure 15 is a simple
odd parity bit. Bits 4-7 are used in a later example of
Hamming parity generation.)

The Hamming method can be expanded to cover longer
words. Consider a word with 32 information bits.
According to the Hamming parity formula, the number of
correction bits, k, equals 6 for this case. Figure 16 indi-
cates the message bits of this word that are checked by the
6 parity bits. Here, as in the previous example, the idea is
to choose a parity bit that will provide even parity for a
new word composed of the generated parity bit and the
message bits it covers.

ROM
QUTPUTS

TRANSMITTED ] l l I I
PARITY BITS Pl P2| PA@——————OP1| o0y

MESSAGE ENABLE
BITS l — INPUTS

—OP2¢ Parity
PY P2 P4 _ord| Bits
1 A
COMPARE —on
CIRCUIT Error

Detection:
(EXCLUSIVE OR —OP2} Erary code

OF CORRESPONDING | pg| of Bitin
INPUTS) Error

FIGURE 14 — Hamming Single Error Detection and Parity
Generation 4 Message Bits

INPUT OUTPUT (BIT NO.)
A3 A2 A1 Ao 7 6 5 4 3 2 1 o
o o ] o o o o ) o o o 1
0 o [ 1 1 1 0 ] -] 1 1 4
[+] o 1 o 1 1 ] 1 1 -] 1 o
4] ] 1 1 o 0 ] 1 1 1 0 1
° 1 [ ] 1 1 1 [ 1 1 [ °
[ 1 o 1 0 o 1 ° 1 [} 1 1
[} 1 1 ] [ (] 1 1 0 1 1 1
0 1 1 1 1 1 1 1 [ ] ] ]
1 0 [ [ 1 1 1 1 1 1 1 [
1 ] ] 1 [ ° 1 1 1 0 [ 1
1 0 1 4 [ ° 1 [} [ 1 ] 1
1 [ 1 1 1 1 1 [ [ ] 1 (]
1 1 ° [ ] o ° 1 [ [ 1 1
1 1 0 1 1 1 0 1 [} 1 [ ]
1 1 1 o 1 1 [ ] 1 ] 0 [
1 1 1 1 ] [} [} 0 1 1 1 1
FIGURE 15 — Uni | S ge Pattern for H
and Simple Parity Generation
P1 P2 P4 PS 16 P32
M1 X x
M2 x x
M3 x X
M4 x 3 x
M5 3 x
M6 x x
M7 x x x
M8 x x
M9 x x x
Mio x x x
M1 1| % x x X
M12 x x
M13 x x
M<|4 x x x
M‘.5 x x
M‘IG x X x
M,,7 x 13 x
M18 x x 3 x
M19 x x
M20 x x x
M21 x x x
M22 x x x x
M23 x x
M24 x x x x
M25 x x x x
M2S x x x x x
M27 x x
M28 x x
M29 x x x
M30 x x
M:,'1 x x x x
M32 3 13
3 P
) 2 P4 _Ps 16 32 |

FIGURE 16 — Hamming Parity for 32 Information Bits
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Py is calculated by examining the bits shown for all 32
bits, i.e. M), M2, M4, Ms, etc. P2 is calculated by ex-
amining message bits M1, M3, Mg, Mg, M7, M1g, M1j,
etc. Figure 16 also shows which message bits P4, Pg, P16,
and P37 cover. Since the Motorola ROM has four address
inputs the word must be handled in groups of four
message bits and parity trees must be used to calculate the
six parity bits for the 32 bit message. As shown in Figure
17, each ROM in the first level of the tree calculates the
parity bits P1g through P37g for each 4 message-bit word
sections. (As used here the S denotes that P g is generated
over a section or group of sections of the original word, as
differentiated from the master parity bit P; which is cal-
culated over the entire word. In figure 7, for example, the
bit 7 outputs from the first level of the parity tree could
be called P1g. Then the bit 7 output from ROM Z would
be the master parity bit P.)

The second stage of parity calculations is performed at
the second ROM tree level. (ROM X and ROM Y in Figure
17). The eight Pig outputs of the first level (ROM A
through H) are divided into two sets of four and serve as
address inputs to ROM X and Y. The two P1g outputs of

ROM X and Y serve as address inputs to ROM Z. The
output P} of ROM Z is the desired master parity bit P}
over the 32 message bits. Likewise, in calculating each of
the other parity bits, P, P4, Pg, P1¢ and P39, a separate
2nd and 3rd level of the parity tree shown in Figure 17 is
required. Altogether, eight first level, 12 second level, and
three third level ROM chips are needed for Hamming parity
generation over a 32 bit word.

The preceding material serves as a general approach to
Hamming parity code generation over a long word. An
additional design constraint would probably be to require
a single ROM pattern to be used throughout the design.
Such a restraint may require more ROM parts than the
method outlined in Figure 17. The following example
adheres to the single part number criterion.

Figure 15 shows the entire ROM storage pattern for
generating P15, P2g, and P4g, etc. and inserting them in the
proper sequence among the four examined message bits.
The bit 7 pattern represents a simple parity calculation
and can be used to perform the second and third stages of
the parity calculation as indicated in Figure 17. The ROM
contains a “0” in bit 7 for all words at the address inputs

P1s Pazs P1s  Pazs Pis Fags

P1syPas f1es)
I | |

gt 32 M Bits o
4 Message
Bits
I—lnlzslzs Fr]zslzslu Izalzzlm'zo |1s|13|n|15 |15 u|13[1z ]n[mls |c l1 ]s ]s |A |3 |2 | |o
AJAZAIAL  A3AZATAD A3A2AIAD  AJAZAIAD AIAO ASAZAIAD A3 Alzﬂo A3A2 K1 AD
ROM A ROM B ROMC ROM D ROM E ROMF ROM G ROM H
'st IPgslPazs | S | | S | F----1 | S| | Sp— | | S| | E—

Pis Pazs Pis Pazs P1s Pazs Pis Pags

Pl

A3 A2 A1 AD A3A2 A1 AD
ROM X ROM Y
P1§ Pis
Al AD
ROM Z

FIGURE 17—Basic C pt of Hi

Parity G ion—32 Bits
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that present even parity over all four bits. This represents
even parity which is useful for simple parity checking.

Figure 18 shows the 32 message bit word and proper
spaces for six parity bits divided in a manner which allows
the use of a single storage pattern in all ROMs needed for
the generation'of Hamming parity bits P1, P2, P4, Pg,
P16, and P33. For convenience, word division differs
slightly from the preceding example. The basic ROM
storage pattern is the one chosen to generate the required
parity bits over message bits M23, M24, M35, and M.
(Section G of Figure 18, corresponding to ROM G in
Figure 19).

In this case, as in the previous 32 bit example, four
message bits drive ROM address inputs Ag thru A3 and
the ROM storage pattern generates the needed parity bits.
Parity bit P1g, appearing at ROM output G4 (ROM G bit
4 output), provides even parity by examining message bits
M24 and Mg (on address inputs A} and A3). Similarly,
Pog provides even parity by examining M25 and Mg
while P4g, Pgs, and P} ¢s each examine M3 thru M2g,

Note that Py is generated by examining every other bit
of a word formed by inserting the parity bits in the message
bits as shown in figure 18. The basic storage pattern (Figure
15) supplies even parity at the bit 4 output to satisfy the
P1s requirement for the four address bits. The P1g re-
quirement can be generated in a similar manner for any
group of four message bits. Likewise, P2g is generated by
examining the third and fourth message bits of each sec-
tion. Since the basic pattern complies with this requirement
by supplying even parity at the bit 5 output, a valid P)g can
be generated over any group of four message bits. The
same reasoning holds for P4s, Pgs, and P} s, which gener-
ate even parity over all four message bits and are supplied
at the 6 and 7 output positions. The choice of outputs
here depends on the fanout requirements of specific con-
nections.

Thus a single ROM storage pattern, as described in
Figure 15, provides: odd parity over four message bits at
output bit position zero; even parity over four message
bits at outputs one, two, and three required to generate
Hamming parity bits P1, P2, and P4; and the even parity
needed for longer message lengths at outputs four thru
seven. This enables the user to purchase ROM chips with
a single pattern versatile enough to accommodate most
parity generation applications regardless of word length.

By taking advantage of the simplifying relationships
which resulted from the chosen message bit groupings, all
the required parity bits can be obtained from this one
ROM pattern. Section F, for example, requires an
examination of message bits similar to that of section G
except for P4g. Since section F does not enter into the
calculation of P4, the ROM bit output corresponding to
P4g of section F is not fed into the second level of the
parity tree used in calculating P4. Sections H and I
contain the only message bits examined by P32, hence the
simple parity or four message bits section of the ROM
pattern is used. P37g is obtained at ROM output 7. These
and other circuit simplifications are summarized in Figure
18.

HAMMING PARITY BIT BIT NO.
Po ] Pa[Pa] Pa | Pr6] Pao g
P1 x 1 5
P2 x 2 2 g
M1 x x 3
P4 x a
M2 x x L3 } A
M3 x x 6
M4 x x x 7
P8 x 8
Ms x 3 9 } e
MG x x 10
M7 x x x n
M8 x x 12
M9 x x x 13 } c
M.|° x x x 14
M" x x x x 15
P16 x 16
M12 x x 17 } o
M13 x x 18
M,'4 x x x 18
M15 x x 20
‘M.ls X x x 21 } e
M17 x x x 22
M_‘ISJ x x x x 23
M‘|9 x x 24
M,‘!° x x x 25 } F
M21 x x x 26
h x x x x 27
M,‘_,3 x x x 28
M24 x x 3 x 29 } s
M2 x x x x 30
M2 :I x x x x x 31
P32 x 32
l\ll27 x x 33 } "
M28 x x 34
Mzgl x x x 35
M30 x x 36 }
M31 x x x x 37 1
M32 x x x 38
' 4 | 5 ] 6or7
ROM UT ROM QUTPUT BIT

NO
1.

. Pg requi

. P

TES

Basic ROM pattern generated for bits 28 thru 31 (M23.
M24. M2s, M2g)

P9 req ion of every ion (A — 1)
P2 requires ination of every jon (A — 1)
. P4 req ion of sections A, C, E, G, | with

address input Ag (bit 4) of section A inhibited

q inati f B, C, F, G with ad-
dress input Ag (bit 8) of section B inhibited

. Pyg requires examination of sections D, E, F, G with ad-

dress input Ag (bit 16) of section D inhibited
32 requi inati of i H, 1 with address
input Ag (bit 32) of section H inhibited

FIGURE 18 — Hamming Parity for 32 Information Bits

N



7%

(Panunuod) gip-NY

P:?.gv REGISTER — 32 MESSAGE BITS MJ
132 {31 {30 |29 {28 |27 |26 {25 J24 |23 {22 |21 20 {19 18 17 6 |15 14 lﬂ 2t ols 8§75 I
A2 A1 AD A2 At A0 A3 A2 A1 AD A3 A2 At AD A3 A2 All A0 A2 Al‘ A0 A3 A2 AT AD A2 Al AD A2 A1 AD
m———
Transmitted I l I l l l l | l l l
ROM o e e e e o e e e
H?M H G F E D C 8 A r 1]
P
A 1 P
7T 7 O O O g ¥ O ) 1
%‘ ,.____J I lr A YAl ROM 7 {Transmitted) Error |
1= A2 Detection
b d
m 'Aa- A0 Bit |
® . |
¢ a0 ad ROM |
T Al {
] ] ROM |7 I
3 1 A2 |
2 1 P,
2 4A ? Generated l
i :Al ROM P1 Master
[ Parity Bit
) e
g . —————— —— — ——— — ———— ———— ————
o) === =i =) e ————q pm———————— e —— - - r 1
I | | [Rom rom| | | [Rom rRom| | | | 1 |
| ROM I : G F E ol yVielfiF E G : i |
| I !
» | g ] 3 G 3 3 : 1 3 3 6 ) : | : 1
21 H I I Ly |
gl | H (! Il h '
| i1 i ! i1l ! P2 |
P ! Rom P! ROM L ROM 1 Same As ]
: 32 : i - || - T : 1 L |
g | ::I't:::) 1 | | | | | | | Except |
g } P32 L Iy P | P8 by P4 ] | P2 Outputs i
8 | l P | | [ Taken From
: | | Pie il 8 | | Rom 1 Bit 5 of !
| N 1 | (Transmitted) | | (Transmittsd)' | Py 1 Section |
! 1l | 11 f | 5= (Transmitted) | | A-l |
o | I I i ' I 1
il ! 1 N il - 1 N Ly |
| I I 1 by ]
| I I I Iy I
I I I ¥ |
I 1l . P P Ly |
I Psp P32 Il P g I 8 8 It "a I
| Generated Error 1 Generated Error ] Generated Error | ] ;eneratad Error I | |
| Master Detection | | Master Detection | | Master Detection | | aster Dstection 1 |
L Fariy Bt Bit L . Perity Bit git_ _ | _Periweit Bt gy ParivBit Bl




AN-446 (continued)

16 BIT WORD
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ROM A
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ROM B
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FIGURE 20. Detect Right Most One Circuit
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AN-446 (continued)
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AN-446 (continued)

The complete circuit for generating Py showing the 2nd
and 3rd levels of the parity tree is illustrated in Figure 19.
As indicated, master parity bits P), P4, Pg, P16, and P37
each must pass, like Pj, thru 2nd and possible 3rd levels
of a parity tree. An exclusive-OR comparison of each
master bit with the corresponding transmitted parity bit
must be made, to achieve error detection.

Since a single ROM can provide both the Hamming and
simple parity functions, the system to provide Hamming
single error detection and parity over a word of 32
message bits requires 22 chips plus comparison circuits as
shown in Figure 19. The resulting hardware saving over an
implementation requiring several hundred gates illustrates
the value of the ROM to the system designer. For systems
where error correction circuitry has been restricted
because of hardware cost, the ROM now makes additional
error control economically feasible. This will result in
more dependable systems.

1. Right-Most One Detection Circuits

A circuit to detect the right-most one in a word is often
needed in computers which scan peripheral units. The
right-most one, as used here, means the least significant
bit of the word that contains a logical one. The binary
code for the bit location of the right-most one within a 16
bit word can be provided by a circuit using four ROM
chips requiring four bit patterns. This circuit is shown in
Figure 20 along with the ROM patterns for the first 8 bits.

Detection is handled in groups of four bits starting at
the least significant. Note that, if all four bits contain
zeroes, the ROM storage pattern provides an output that
enables the next ROM while non-enabled ROM output
transistors are off. Therefore, the first ROM encountering
a logical one on its address inputs has control of the
detection process and provides the binary coded address
of the right-most one.

J. Right-Most One Detection and Zeroing Circuits

A frequent additional requirement for the previous
circuit is the capability of providing an output which
consists of the original word with the right-most one
(RM1) zeroed. This new word can then be examined for
the next right-most one. Each ROM chip of Figure 21, if
enabled, must code the RM1 address and furnish bits for
the next 16 bit word. ROM A, since it is the right-most
chip, merely removes the right-most one it it exists in the
first four bits. The pattern for ROM A and all following
chips is derived as follows. If address input Ag is enabled
(all bits examined by chips to the right of this ROM are
zero) them ROM output bits three thru six should be the
input address with the right-most one bit zeroed. A zero
(a one somewhere to the right) for input Ag will pass the
present input to the output without alteration.

SEQUENTIAL ADDRESSING APPLICATIONS
Many applications require a series of codes to be

generated in sequence. The ROM can provide a sixteen

word sequence of up to eight bits by either of two

methods: by sequential addressing with the use of a
binary address counter, or by the use of feedback frcm
the ROM output.

The block diagram of a sequence generator utilizing a
16-word, 8-bit ROM is shown in Figure 22. The address
counter, a four-bit binary counter, causes each of the 16
words to be addressed in sequence. The code used for
each 8-bit word will, of course, depend on the number of
different operations to be performed. If only 8 different
operations are to be performed a 1 of 8 code would be
utilized. If many different operations are to be performed,
a stage of translation utilizing additional ROM chips can
be used to convert the storage code to a 1 of N code.

The above sequence generation method can be
expanded to provide longer, multiple-of-eight word
lengths and longer sequences since larger read only
memories are usually required for sequence generation.
Two features of the Motorola ROM were specifically
included to allow memory capacity expansion: enable
inputs and wired-OR output capability. To illustrate the
flexibility these features provide, a 64 word, 32 bit
memory requiring no additional address decoding is
shown in Figure 23. As shown, the address drivers must
fanout to 16 ROMS.

Sequence generators constructed from the XC-170 can
be used to perform many essential functions for both
stored program and wired program digital systems. Among
these are: the generation of subroutines such as square
roots, etc. and the control of gating sequence operations
(micro-instruction generation).

The previous discussion has dealt with the use of the
ROM as a combinational circuit where the present inputs
completely determines the output. It is also possible to
use the ROM as a sequential circuit by using feedback
from one or more of the output lines.

ADDRESS
COUNTER
(BINARY COUNTER)

1 | '——o Enable
? (l: B ? Inputs

ROM

LTI

FIGURE 22. Sequence Generator

Summary

The XC-170 128 bit Read Only Memory can be used in
a variety of applications where up to eight functions are
to be generated from a 4-bit binary code. The basic chip
permits input address expansion and has output wired-OR
capability to allow the interconnection of several ROMS
to form larger memories. System designers will find the
Motorola 128-bit Read Only Memory an attractive
alternative for custom design of integrated functions.

N
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AN-446 (continued)
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FIGURE 23-— 64 Word, 32 Bit Read Only Memory




AN-456

A 50 MHz PROGRAMMABLE COUNTER
DESIGNED WITH MECL Il INTEGRATED CIRCUITS

INTRODUCTION

This note illustrates a programmable counter designed
with elements of the MECL II digital logic family. The
Divide-by-N Counter will receive any input frequency up
to 50 MHz and produce a selected output frequency of
Fin/N for any N from 2 through 999. Divide-by-N counters
find applications in frequency synthesizers and other forms
of digital processing instruments. The outstanding feature
of the counter is its high input frequency capability that
in many cases eliminates the need for any prescaling of a
frequency before it is applied to the + N counter.

The note is organized with an explanation of system
operation followed by detailed design of each of the major
sections of the counter.

SYSTEM OPERATION

Figure 1 is a block diagram showing the operation of
the 50 MHz + N counter. The logic diagram of the counter
is illustrated in Figure 2. The divisor N is programmed
into the counter by three decades of BCD input data.
This can be accomplished with decimal-to-BCD encoding
thumb wheel switches or any other type of decimal-to-
BCD data input methods. The binary encoded divisor is

gated into the decade counters while the clock line is held
high by the control section. When the high level is removed
from the clock line the counter begins counting down.
Near the end of the countdown, the control logic decodes
the binary number six (0110) and initiates a sequence
that: 1) inhibits the clock line, 2) while generating an out-
put pulse and strobing the preset gating section to condi-
tion the decade counters for the next countdown, 3) then
removes the inhibit level on the clock line so that the
counting sequence can begin again.

DOWN COUNTERS DESIGNS

The counter design uses MECL I JK flip-flops, the
MC1013 or theMC1027, that toggle at a typical 85 MHz and
120 MHz, respectively. Their four J and four K inputs
and short propagation delays make these flip-flops highly
versatile in logic designs. The pin configuration of the
MC1013/MC1027 is shown in Figure 3.

Three decade countersare used in the + N counter design:
two 9-0 BCD down-counters and a 13-4 down-counter. The
two counter types are designed in a conventional manner
as illustrated in Application Note AN-257 and Tables 1-5.

The use of four flip-flops in a down counter produces
sixteen possible states as illustrated in Table 3. To form a

+ Clock

Gate
Add 4 Section
To MC1004
BCD Input
MC1004 And
MC1023
000-999
Decimal
To MC1010
BCD
Encoder
MC1010

t

pef Units Clock
013‘4 Driver
own
Counter mc1023
MC1027
\ A
Clock Control
MC1013
T;;‘ Inhibit
- Decoder | o
Down -
Counter = MC1023
MC1013 MC1001 >
MC1004
Clock l
Hundreds
9-0
o Down
Counter
o MC1013
Strobe
Output @ ¢
Freq.
Input
Freq. @ ’

FIGURE 1 — Divide by N Counter Block Diagram
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NOTES:
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FIGURE 2 — Logic Diagram of MECL 11 50 MHz + N Counter
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AN-456 (continued)

counter of modulus ten, six of the possible states must be
discarded. The counter must cycle through the ten desired
states and, if started in an unused state, it must cycle back
into one of the ten desired states to prevent lockup.

The 9-0 down counter input conditions listed in Table 4,
can be transformed intoa Boolean expression and simplified
to the following equations by standard mapping techniques:

AT=0 AR=0
Bj=CD+A BR=A
Cj=A+D CR=A+B
Dj=A+B+C Dg=A

These equations result in the 9-0 synchronous down
counter shown in Figure 4. Note that an additional NOR
gate is necessary to implement the C D portion of the Bf
equation. The following worst case calculations deter-
mine the maximum operating frequency of the 9-0 down

The 9-0 down counter design of Figure 4 is used for
both the tens and hundreds decades and may also be used
in the units decade, but with some loss in maximum fre-
quency of operation. By using the faster MC1027 flip-
flops in the 9-0 down counter in place of the MC1013
flip-flops the calculated worst case frequency of operation

at 75°C becomes 55 MHz.

An unusual 134 down counter was used in the units

decade. This design yields a decade requiring no additional
gating, resulting in an improvement in operating frequency.
By using Table 5 and mapping techniques the following
equations are obtained:

Aj=0 AR =0
Bj=A+D BR=A
Cj=A+B CK=A+D
Dj=A+B DK=A+B+C

Implementation of these input logic equations results

counter at 75°C.

Required down time of the clock
tpd++ of the MC1013 flip-flop
tpd+- of the MC1023 gate

Worst case clock period =
Worst case frequency of operation

in the down counter of Figure 5. The following worst case
calculations determine the maximum operating frequency

for the 134 down counter at 75°C
7ns
9ns Required down time of the clock = 7ns
= 4ns tpd++ of the MC1013 flip-flop = 9ns
20 ns Worst case clock period =16ns
=50MHz Worst case frequency of operation =~ 65 MHz

TABLE 1 — Clocked J-K Truth Table
7 K Cp |ant1

Al other 3-K inputs and
the RS inputs are at a
0 tevel

- - 00%
~o~o0ef.
Qo -2qa

TABLE 2 — Jp-Kp Truth Table

Jp | Kp | ¥
Pin# . M 13
o o Qn
o 1 o
1 ° 4 All other J-K inputs
1 1 an and the R-S inputs
are at a “°0" lovet

TABLE 4 - 9-0 Counter Input Requirements

FIF B 2] D

sTate |3 K|T[R[T]K
9 1+t +] 411
8 Oi+jo|+|+|0O
7 MAEEIRIREES
6 #lop+1]1]+
S 1+i+]1]1]+
a4 O|l+[+]0|1]+
3 M REREEIRIR]
2 +lof1f+]1]+
1 Ve +]1]+
] 1{+|1]+]|of+
JaA=Ka=0

+ = Don’t care condition

TABLE 3 — Possible States

Binary
Weight: 8421
Decimal
Number ocCcsB A
NOTES:
1. *Any one of the J or K inputs may be used. 1s Trva
2. **Any Jand R inputs may be tied together to form Cp. :; : : ; ?
3. -0.75 V nominal is dafined #s & logic “1" or high level and 12 1100
<1.55 V nominal is defined as a logic “0" or low level. J and K
refer to static levels while 3, Rp, Ep refer 1o dynamic positive- n 1o
going transitions for » 1%, ° 1010
A high level on » J input inhibits the flip-flop from being 9 100 1
set by a Jp input. Likewisa 3 “1* level on a K inhibits a Rp 8 1000
from resetting the flip-flop. The J and K inputs perform the 7 0111
“OR" function in preventing a Jp or Rp from setting or re- 6 o110
satting the flip-flop. 5 010 1
a 0100
3 0011
2 001 0
1 000 1
o 000 O
GND
TABLE 5 — 13-4 Counter input Requirements
FIF clo
sTate [J1k]J]K][T[K 3—7
13 1efs]a]e] a1 "
12 o|+]|+|o]+]1 s J
" wlr]a]+]e]n 6 i MC1013
10 +|0|1|+)l+i 8 X mci027
3 1T+ |0+l +]1 9 [
8 of+fof+|+|0 10 H —1
? LEREESRE RN Rd -
1" 3
[ +i0l+{r1]1]+
5 1|+ |+ |1} +
4 1[(+]|+)1]0}+
52V
Ia=Ka=0
+ = Don’t care condition

FIGURE 3 — Pin Configuration of MC1013/MC1027
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AN-456 (continued)

If the faster MC1027 flip-flops are used in place of the
MC1013 flip-flops the calculated worst case frequency of
operation at 75°C is 72 MHz. All worst case frequencies
are for the decade counters only, and do not include any
output decoding delays. With good layout techniques the
total + N counter system will operate at 50 MHz over
a temperature range of 0°C to +75°C.

PRESET GATING SECTION

the four units flip-flops as is the case in the tens and hun-
dreds decades. The second reason is the inhibiting of the
clock at count 0110 (binary 6) by the control section.
This results in the toggling of Flip-Flop A (Figure 5) toa
*1” level and Flip-Flop B to a “0” level. Therefore, it may
be necessary to reset flip-flops A or C for certain divi-
sors. Only the set terminals in the tens and hundreds
decades need be gated at the end of a count cycle since, at

strobe time, these decades have already been counted down
to zero. The unused reset terminals are returned to VEE
(5.2 V) on these two counters. The input gating section is
illustrated in Figure 6. Note that the 9-0 down counter
input gates require the 1-2-4-8 complements on their inputs.

INPUT LINE CODE TRANSLATOR FOR 13-4 COUNTER

The use of a 4-13 decade counter circuit to improve
operating frequency requires that the units place of the

The function of the gating section is to preset the divisor
N into the set and reset terminals of the counter flip-flops
when strobed by the decoder control section. The use of
the 13-4 counter in the units decade requires that both the
set and reset inputs of the four flip-flops be capable of
being updated. There are two reasons for this requirement.
First, the counter’s lowest binary count is 0100 (binary 4)
and not 0000 (binary 0) precluding the simple setting of

2
6
3
%MC1023
012 2 12 2? ?12 2? ?12
= 3= R 3[= 35
3 13 =3 58 P8 i3 l—4‘35‘: Rc ha 313 S0 fo ks
3 13 al— 53 Q S a4
3 MC1013 rgld Mc1013 513 Mc1013 b—=13 mci013
K A 70|k ® w0k € ol © 1
K i TS )% a
K K3 R —K J K R 7 K
e[, Io s[_o_]s 6 9
-5.2 O
Input From O—~
Previous ] | ] | ] 1[
Counter
Decoder 9% OQg - (o7 Qp
(tens clock or

hundreds clock) Pin 7=-5.2(Vgg!

Pin 14 = Gnd (V)

To Decoder Gates MC1001/MC1004

FIGURE 4 — 90 BCD Down C Tens or Hundreds Decad
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FIGURE 5 — 13-4 Down Counter Units Decade 4-MC1013 or 4-MC1027
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AN-456 (continued)

divisor, encoded in a 0-9 BCD code, be converted to a 4-13
code. This is readily done by the use of an MC1004
OR/NOR gate. This circuit, illustrated in Figure 7, could
be eliminated by having the 4-13 binary code externally
available, as from a special thumb-wheel switch. In addi-
tion, Figure 8 illustrates a decimal-to-BCD encoder using
three 10-position switches and supplementary gating that
could be used to provide the three required decades of BCD.
In this encoder both the function and its complement are
available.

All Resistors = 1 kQ

OVgg=-5.2vV

NO
1.
2.

3.
4.

7
Hund

TES:

Switches are 10 position non-shorting.

Numbers at inputs to gates indicate corresponding switch
terminal.

VEgEg pin 7 = -5.2 V, Vg pin 14 = ground.

The 1-24-8 b are )

Tens
BCD 09

> To
Gating
Section

Hundreds
BCD 09
To

> Gating
Section

reds "

FIGURE 8 — 3 Decade Decimal to BCD Encoder
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FIGURE 10 — Control Timing Diagram
CLOCK DRIVER AND DECODER high level sets the Q output of control Flip-Flop 1 to a

The input frequency is fed into an MC1023 clock driver,
one half of which drives the four flip-flops in the units
decade. The other half drives control Flip-Flop #2 and
gate #5. (see Figure 9). Another MC1023 (gates la and 1b
in Figure 9) is used in the units decade to decode a 0100
(binary 4) for the carry output, which drives the next de-
cade counter, and a 0110 (binary 6) for the overall output
decoding sequence. The sequence of events can be followed
more easily by referring to Figures 9 and 10. This timing
diagram represents the last portion of the decoding sequence
for the units decade after previous decades have counted
down to zero.

As the +N system counts down from its preset number
(the divisor, N), the units decade repeatedly cycles through
its 13 to 4 sequence. When the hundreds and tens decade
have counted down to zero, a feed-forward signal is pro-
duced by an MC1001 six input OR/NOR gate connected
to the tens decade as a four place binary zero (0000) de-
coder. This low feed-forward signal enables the decoder
in the units decade (1b in Figure 9) to detect the next
count of six.

Six nanoseconds after the count of six reaches the units
decade clock input, the Q output of Flip-Flop A goes low.
Then, two nanoseconds later, (typical MC1023 delay) the
NOR output of the count of six decoder goes high. This

logical “1” level and the Q output to a logical “0” level,
after a five nanosecond delay. (Typical delay from set/re-
set inputs to Q/Q outputs).

Prior to this time, the Q output of Flip-Flop 1, which is
wire ORed with clock A, remained at a low level and did
not affect the toggling of the units counter by the positive
transitions of the clock. (In a MECL system if any of the
input paths to 2 wired OR connection are at a high level,
the OR connection is maintained high). When the Q out-
put of control Flip-Flop 1 is set to a “1” by the NOR out-
put of the count of six decoder, the OR connection changes
from low to high. The counter is thus inhibited while the
strobe pulse presets the counters. Although the units
counter is inhibited, the final events are sequenced by the
control section so that no count is lost.

The logical “0” level on the Q output of control Flip-
Flop 1 enables control Flip-Flop 2 to toggle on the next
positive transition of clock C (count §), after an eight
nanosecond delay. At this time the Q output of Flip-Flop
2 goes low and its Q output goes high. The Q transition is
the start of the counter output pulse.

Since the Q output is wire ORed with clock B, (the
MC1023 clock driver, gate 5 in Figure 9) which is still in
the positive portion of count 5, the OR connection is held
high until the negative transition. The fall of clock B then
serves as the leading edge of the strobe pulse. The strobe
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pulse is terminated ten nanoseconds later at the positive
transition of clock B entering count 4.

The count 4 positive transition on clock C will toggle
control Flip-Flop 2, after an eight nanosecond delay. The
change of state of the Q output terminates the 20 nano-
second output pulse. The same count 4 positive transition,
that occurs two nanoseconds later on clock B than clock
C, also toggles control Flip-Flop 1, after an eight nano-
second delay, to end the control sequence.

Expansion of the + N counter to accept larger divisors
can be accomplished in the following manner. By dupli-
cating the decoding design employed in the tens decade, the
hundreds decade can accept a feed forward decoding pulse
and also generate a carry pulse. This is the only modifi-
cation necessary for the addition of more BCD decade
counters.

SUMMARY

This note has illustrated the use of emitter coupled
logic as applied to a divide-by-N counter system. The use

of this logic family provides a considerably higher operating
frequency than is obtainable in a +N counter system using
a saturated logic family. The worst case data given in this
note are conservative and, therefore, intended for system
design. Due to the high frequencies of operation, perfor-
mance depends heavily upon system layout and the counter
will work best when used with two-sided printed circuit
cards where lead lengths have been minimized. Since the
introduction of higher speed MECL III, the < N counter
can be fabricated to operate in the 100 MHz + area.
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AN-459

A SIMPLE TECHNIQUE FOR EXTENDING
OP AMP POWER BANDWIDTH

INTRODUCTION

Unity gain compensation for operational amplifiers
usually yields the poorest slew rate and consequently the
lowest frequency-large signal swing. The listed 3 dB point AAA
may mean nothing if the available output swing is only a l
fraction of a volt and you need 10 volts. For most amp-
lifiers slew rate is dependent on the size of the compen-
sating capacitor at the input stage; the larger the capacitor
(largest at unity gain), the lower the slew rate. One way to €1 . R2
get unity closed loop response and still maintain large
signal swings, is to reduce loop gain and use only as much
compensation as needed. A simple method of achieving - =
this is illustrated in Figure 1.

— T ——
o
N

CIRCUIT ANALYSIS

To analyze the circuit, error voltage € may be approx-
imated by assuming Zj, >> R3. With this assumption,
Figure 1 may be redrawn as Figure 2.

By resolving the voltage sources and their apparent
source impedances (R} & R3) into current sources, the
circuit can be given in Norton form, Figure 3.

The error voltage can then be calculated as:

FIGURE 1 — Operational Amplifier Compensated for Unity Gain and
Large Signal Swings.

o €
€ 2
€= [—Rli + %;] [Rl H R2 ” R3]

+ <L +5
let Ry ” R2 “ R3 = Req °1<‘_> i;Rz Q_ 2

_ el . €2
G‘Req[a‘l*a—g

then, FIGURE 2 — Equivalent Circuit of Figure 1 for Calculating Error Voltage.
e2 = -AyQLXx €
_AvoLxc1xReq  -AVOLX€2XReq
&2 R] R3
€2 _ -AvQoLx R—ei G
= R 1 = - — (1 )
el BT~ 1+ GH
X >
1+ VOL X Req 2 > € R 1Enz IE R3 <>°_2
R3 R1 9 3 < R3
where G = AVQL X [Rﬂ]
R}
H = 1_11_ Figure 3 — Current Generator {Norton) Equivalent of Figure 2 for Error

R3 Voltage Calculation.
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RS
e ——eY e
R4
oo
e
Rs
ez “AVOL X |Rg+Rg
e
! 1+ AyoL x[ Ra ]
R4+ Rp.
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FIGURE 5 — Large-Signal Output Swing versus Frequency for the
MC1533G Operational Amplifier.
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e
= -5V
FIGURE 6 — C ion for Elimi Offset Muitipli

The feedback (H) is the same as in the nomal invert-
ing configuration, but the loop gain (GH) is lower. This
permits use of lighter compensation (smaller capacitor).
Compensation needed may be estimated if the loop gain
for this circuit is compared to that of the normal invert-
ing amplifier (Figure 4).

Amplifier compensation given in data sheets for given
values of gain actually apply more correctly to the value
of loop gain

AVOL R4
R4 + Rs
This is related to the closed loop gain by:
Rqe| _AvoL
GH = A X —| = ——
VOL [RS X

where K = closed loop gain.

From Equation (1):

GH = AyQL x {Rﬂ]
R3

R3

Req

Usually the highest data sheet slew rate is that given for

K = 100. Designing an example around this value, assume
R1 =R3=100kQ.

For compensation purposes, then, Ke =

)]

R3 R3

— = 100~ — forRyp <<Ry,R3
Req R2

Ry = 1kQ.

The expected large signal swing for the example can be
found from the data sheet for the device used. Motorola’s
MC1533G data sheet lists the expected output swing vs
frequency for several values of compensation, (Figure 5).

From these curves the large signal (20 V p-p, 5% THD)
bandwidth should be increased from approximately 2 kHz

to 70 kHz by going to K = 100 compensation (curve 3).

The circuit of figure 6 was built and the power band-
width was 110 kHz (20 V p-p, 5% THD). Note that the
compensation is much less than the 1 yF suggested for
unity gain. This same amplifier, connected in the standard
inverting configuration showed a unity gain power band-
width of 1.8 kHz (20 V p-p, 5% THD).

~ TRADEOFFS

From the reduced loop gain if can be concluded that
error will increase as we reach for higher slew rates. Error
for the circuit of Figure 1 is given by:

eg (actual) 1 1 R3

R3

= = ~ (dc
eo(ideal) 1+GH 1+AyQLX [Req] AvoL x R2

Nk
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Error for the previous example (due to low loop gain)
would typically be 0.16%. If a larger power bandwidth
were desired, R could be reduced to 100  and the
error will increase to 1.6% (discounting the effects of
offsets).

The second effect, and probably most noticeable, is
the increased offset voltage at the output. Even for a
circuit gain of 1 the Vjo will be multiplied by the effec-
tive gain K¢, Equation (2). If Ke = 100, the output offset
due to Vjo would be 100 x Vjo. With addition of a capa-
citor in series with R, (Figure 6) this offset multiplication
can be eliminated. For dc the gain is the same as the
circuit of Figure 4, which exhibits output offset of 2 Vjq
for unity gain.

Size of C should be such that the frequency given by

1
2z RoC

is at least a decade below the loop gain O dB crossover.
(Figure 7)

Curve 1 of Figure 7 represents a typical open loop
response of an operational amplifier. If the ratio Rj/Rp
(Figure 1) were 100 (40 dB), curve 2 would represent the
loop gain (with K = 100 compensation) of Figure 1.

” AR
90 @Tvpical Open Loop Characteristic 1+
/
/
80 i
N
70 \\ it
(@ Loop Characteristic N\
60— Rg
GH = 0.01 x Ayg ® — x AvOL
g 50— Ra i
and Compensated for k = 100. -‘77
w 1L LLATIN
N )
A1l NA \
30 N
. Nl \
\
20
10 \\
0 DB Crossover ~ \
0 L e
0.1 k 1k 10k 100 k 1,000 k

Frequency (Hz)

FIGURE 7 — Loop Characteristic for k = 100.

Adding capacitor C modifies the loop gain to allow
normal gain for dc

=

and yet reduces to the modified loop function when
1
2r RoC
(Figure 8).

CONCLUSION

Wider power bandwidths may be easily obtained with
a minimum of parts using the circuit of Figure 1. The
amount of improvement depends on the predominance
of the input lag network over the slew rate. When the rate
of improvement diminishes (as in going from K = 100
compensation to K = 1000) then it pays to look at other
external capacitors (notably, the output lag) which may
be the limiting factor for rates beyond 40 V/us. Design
of the above fast response amplifiers has been straight-
forward without any “tricky” compensation procedures
or calculations; data sheet information is all that is needed.

100

90

80 R1C

70 N

60

50

Loop Gain dB

40

20

"\

0.1k Tk 10k 100 k 1My 10M
Frequency (Hz)

FIGURE 8 — Modified Loop Gain with x100 Compensation and
Capacitor C.
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USING TRANSIENT RESPONSE TO
DETERMINE OPERATIONAL AMPLIFIER STABILITY

INTRODUCTION

System stability is one of the primary concerns of a
user of feedback amplifiers. Much time and effort is ex-
pended in a painstaking analysis (often undertaken with
insufficient information about the characteristics of the
amplifier) to confirm or insure unconditional stability.
This is usually followed by extensive bench testing in-
volving time consuming gain-bandwidth measurements.
Frequently the amplifier data sheet will specify the re-
quired compensation but only for three or four different
gain configurations. In an effort to save time the designer
may use one of these worst case configurations, possibly
resulting in the use of more restrictive compensation com-
ponents than would actually be required.

The method described herein enables the designer to
evaluate his design with a simple measurement, to make
the indicated modifications, repeat the measurement, etc.,
until the desired performance is obtained. Although the
example presented is for an operational amplifier, the
technique is applicable to any system that can be character-
ized by a second-order response.

BASIS FOR ANALYSIS

Most operational amplifiers have an uncompensated,
open-loop frequency response that can be approximated by
the form shown in Figure 1-A, the familiar Bode plot,
where the vertical scale is magnitude indB and the horizontal
log scale is frequency.

The equation representing this response is:

A wQ w] w2 w3
(s+w)(s+ wD(s+ w2 (s + w3)’

AvQoL = 1)

However, when the open-loop amplifier is compensated for
use as a feedback amplifier with a closed loop gain as low as
unity, the slope of the compensated open loop Bode plot as
it passes through zero dB must be less than 12 dB/octave
or the closed loop system will be unstable. If the open
loop slope is a constant 6 dB/octave (single pole), the
closed system is unconditionally stable and the output
waveform will have no overshoot to a step input. Thisis
a trivial solution and will not be included in the discussion
of this paper. For open loop compensated amplifiers that
have a slope greater than 6 dB/octave, the closed loop
system is marginally stable (having a certain amount of
phase margin) and will possibly have overshoot in its step
response and peaking in its frequency response. Therefore,
the most general open loop, compensated amplifier system
that can be used in closed loop systems with gains greater

than or equal to unity is a two pole system. Hence, the
generalized two pole system will be the subject of this paper.

For this case the response is given by:

A wo wi

(st wp) s+ w1) @

A'voL=

A Bode plot of this equation is shown in Figure 1-B. When
the amplifier is used in a closed loop configuration, with a
feedback of 8, the closed loop gain with negative feedback
is given by

AS
_AvoL | 3)
1+AvoL8

Substituting equation (2) into (3) yields

AvcL=

A wow]
AveL = GrogGron @
AB wQ w1

(s+wp) (s+w1)
Simplifying and replacing s by jw gives:

A wg w]
(jw+ wo)(jw+w)) +ABwo wi’

AvcL= )

Further manipulation will put it into standard form. i.e.,

/g
AycL(w)= .+ (6)
[l +jw(——w0 el )+ 1 (iw)z]

ABwowl ABwow]

which is precisely the response for a second order system,
as will be shown.

THEORETICAL BASIS .
A second order system can be described by the follow-
ing general differential equation:

dZx  dx
—+a—+bx=c 7
a2 @

As derived in the appendix, a general transient solution
for this, when c is a step input, is:

x(t)=ke -({wnt) [sin {wn m t+ ¢')] ®)

AN
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-6 dB/octave

-12 dB/octave

-18 dB/octave
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wo w1 w2 w3
Log Frequency

FIGURE 1-A — Typical Open Loop Operational Amplifier
Frequency Response

The preceding response is a sine wave of frequency
wd=wn1-¢2 9

and amplitude

A=ke Sont, (10)
where wq is the damped frequency of oscillation, ¢ is
called the damping ratio, and wy, is the natural (or un-
damped) frequency of oscillation. The total solution
(including steady state) for an amplifier with a closed loop
gain of AyCL is

~(§wont)
€

Vo(t)=AvCL |1 -——— sin (wny/1-¢2 t+eosIg)] (11)
J1-¢2

Neglecting AyCL for the moment as a scale factor, then
Vo(t) plotted as a function of t would appear as in Figure 2.

We are interested in easily measured parameters of this
response which will enable us to completely characterize
it, i.e., find ¢ and wp. As derived in the appendix, knowing
the values of the first three peaks and when in time the
first and third peaks occur, ¢ and wy, are as follows:

Vpi - Vp3
P p
lof —_—
w0 (222)
$= (12
Vp1 -V,
\/logzlo(u)+ 1.8615
sz

2
wp = _____.“—_ (13)

(t3-1) J1-¢2

-6 dB/octave

Gain -12 dB/octave

(aB)

wo wq

Log Frequency

FIGURE 1-B — Open Loop Compensated Operational
Amplifier Response

Time

FIGURE 2 — Transient R of S d Order Sy

Thus the response can be completely characterized by
taking these five measurements from one test set-up.

The response of the system can also be evaluated in the
frequency domain. As derived in the appendix, the cor-
responding characteristic equation in the frequency domain
for a second order system is:

AveL ‘
®. 1
[1 +jw(;ﬂ)+ o2 (jw)2] (14)
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Equation (14) can be compared term-for-term with Equation (15) confirms what would be expected, ie.,
Equation (6) to show what effect A, B, wq, and w] have that the closed loop gain is inversely proportional to 8,
on determining AVCL, wp and ¢. indeed is equal to 1/8. Equation(16) shows that for a given

This gives the following relationships: set of break frequencies (w( and w1) the natural frequency

is proportional to the square root of the product of A and
AvcL= 148, (15) B. Since A is the open loop gain and 1/8 is the closed loop

gain, the product A, called the loop gain, is a measure of
how much the amplifier has been closed down. In a similar

= 16
wn 3 AB(w0) (@1). (19 manner, Equation(17) showsthat  is inversely proportional
to the square root of Af and verifies the fact that as the
_ wQtw] an loop is closed down more and more, that is § becomes
= 2 [AB(w0) (@1) larger, ¢ becomes smaller and the amplifier becomes less
' stable.
15 § £=0.10 0
S ———" | —
e — N I B
\§?3<\ [ ¢=0 1.]6
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TABLE A
P
zeTafs) dB PEAKING

0.01 33.9803
0.02 27.9609
0.03 24.4412
0.04 21.9454
0.05 20.0111
0.06 18.4323
0.07 17.099
0.08 15.9457
0.09 14.9301
0.1 14.0232
0.15 10.5565
0.2 8.13619
0.3 4.84662
0.4 2.69544
0.5 1.2494
0.6 0.35458
0.7 0.00173
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Peaking 20
tas) \\
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FIGURE 4 — Peaking (dB) as a Function of ¢
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FIGURE 5 — Amplifier Example

The next section will consider the analysis of the second
order or two pole system when a step function is applied
to its input.

Referring again to Equation (14), by neglecting AyCL
as a scale factor, the response is left in a normalized form.
The characteristics of this function are treated extensively
in the literature. Figure 3 shows both a magnitude and

phase plot versus wi for selected values of §.
n

The log magnitude plot of Figure 3 represents precisely
the frequency response of the amplifier configuration.
Therefore by knowing ¢ it is possible to calculate the mag-
nitude of peaking that can be expected. This can be done
accurately by setting the derivative of Equation (14) to
zero and solving. This leads us to the following result:

1
P (dB peaking)=20logjo| ———
[2:,/1 -¢2 ]

where P is the increase in gain (in dB) because of peaking.

Table A lists “dB of peaking” versus ¢ for selected values
of ¢ while Figure 4 is a plot of Equation (18) which shows
graphically the effect of { on peaking.

PRACTICAL APPLICATION

The amplifier under test should conform as closely as
possible to the actual operating conditions.

The input pulse may be simulated with the use of a
square wave generator that has rise and fall times on the
order of 100 nanoseconds. An alternative source would
be a pulse generator but it must be capable of pulse widths
on the order of 100 microseconds. Both the square wave
generator and pulse generator should be capable of fre-
quencies below S kHz. These last two restrictions may be
required to insure that the response has sufficient time to
reach a steady state before the next pulse appears. The in-
put amplitude should be small enough to preclude the
effects of slew rate limiting or saturation of the amplifier.

The key to accurate measurement lies in the display of
the output response on the oscilloscope. To achieve max-
imum accuracy, the response waveform should be displayed
so that it occupies as much of the area of the oscilloscope
face as possible. The graticule is then scaled with the
initial value of the waveform at zero and the final value at
one. The horizontal scale should be adjusted so that the
three peaks required for determination of { are visible.

The values obtained from this display are then substi-
tuted into the equations to determine § and wq.

Referring to Figure 3, the log magnitude curve for the
calculated ¢ is traced to where it crosses the 0 dB line on
the modified vertical scale. The abscissa value of this point
w
@n
represents the small signal unity gain bandwidth. The
intersection of this line with the proper {-valued phase
shift plot yields the phase shift at 0 dB. The difference
between this value and 180° represents the phase margin.

is and by knowing wy from the output response, w

£<0.707 (18)
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EXAMPLE

The example to be considered is an amplifier with a
closed loop gain of 10. The particular operational ampli-
fier used is the MC1539. Although the recommended
compensation is R¢ =390 ohms and C¢ =2200 pF, 500 pF
was used for CC. The amplifier configuration is shown
in Figure 5. The pulse generator is terminated in its
matching impedance, RT, to obtain quality pulses. The
pulse width and frequency controls are adjusted to allow
sufficient settling time for the amplifier to reach quiescent
values.

v
RESULTS

The pulse response is shown in Figure 6. The following
values were interpreted from it:

Vp) = 1.867
Vpy = 0.366
Vp3=1.534
tyj=1.16us
t3= 3.48us
REFERENCE

Substitution of these values into Equations (12) and (13)
respectively yields:

¢=0.029
wp=2.71x% 10 radians
fn=431kHz

A frequency response was run on the configuration to
verify the results of the pulse response. Figure 7 shows
this response and indicates 20 dB of peaking at a frequency
of 425 kHz.

For the above calculated value of §, and using Table A,
approximately 24 dB of peaking would be expected. Thus,
the theoretical analysis and actual results agree quite closely.

SUMMARY

This application note has shown how the stability of a
second-order system, in this case, a feedback amplifier,
can be evaluated using simple measurements. This frees
the designer to optimize his design within a relatively
short time. Although the example presented a case of non-
standard compensation, the technique is applicable to eval-
uating the effects of other parameters that can lead to
instability such as capacitive loading at the output.

1. D’Azzo, J. and C. Houpis, Feedback Control Systems
Analysis and Synthesis, Second Edition, McGraw-Hill

Book Company, 1966.

t
FIGURE 6 — Pulse Response
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APPENDIX

THEORETICAL DERIVATION

The differential equation used to describe a second
order system is as follows:

d2 d
—x+a~x+bx=c‘ (AD
dt2 dt

The basic solution for x requires that x be of the form
x(t) = kemt, (A2)
Substituting into Equation (A1) yields
m2 kemt + amkemt + bkemt=c. (A3)
Since the system is linear, one solution can be obtained by
setting c equal to zero thus making the solutionindependent
of the input. This is known as the characteristic equation:

m2kemt + amkemt + bkemt = 0, (A4)

Since eMt cannot be zero for all time it can be factored
out leaving

m2k + amk + bk = 0. (AS)
This can be written in terms of new constants as:
amZ2+fm+8=0. (A6)
This is a quadratic equation in m whose roots are:

B JB2-4as

Ta (A7)

mj, m2=
Since the quantity under the radical sign can be negative,
Equation (A7) can be rewritten in terms of general com-
plex solutions,

mj =0 +jwd (A8a)
my=0-jwd (A8b)
where j =V-1.

Substituting Equations (A8a) and (A8b) into Equation
(A2) and adding yields

x(t):k]e(a+jwd)t+k2e (U -de) t. (Ag)

Using Euler’s expansion: etiwdt - oo wdt £j sin wgt

and factoring out e 9%, Equation (A9) can be written:
x(t) = k1 et (cos wgt +j sin wqt)

+k7e% (cos wqt - j sin wqt) (A10)

Combining terms yields:
x(t) = et [(k] +k2) cos wqt +j (k1 -k7) sin wdt]. (A11)

Because this equation represents a real physical system,
constraints are placed on k1 and k) such that:

k1 + k2 = real number

j (k] - k2) = real number
e
Therefore let k = kg e and k2=kg e~0.
Substituting these expressions into Equation (A9) gives:
x(t) = koel? [0 + i) ] -

1
M e 1

1
Lt koo 39 [o(0 -iwd)] (A12)
Expanding this expression yields

x(t) = oot [kO ej(wdt SN) J—

a

b
Lot kgeiwdt + 0)] . (A13)
Knowing that:
e]ﬁ + e-jﬁ
cos ﬂ = ——i—
x(t)=2kge ot cos (wgt + 0)] . (A14)

Letting ¢ = 6 + 7/2, (A14) can be rewritten,
x(t) =2 kge [sin (wdt + ¢)] or,

x(1) = ket [sin (wdt + ¢)] ) (Al15)

Returning for the moment to Equation (A7) and letting
B N

€77 fas Meny

(A7) can then be rewritten as:
mj, my=-{wptjwn f1-¢2. (A16)

Referring to Equation (A8a) and (A8b) then it can be
seen that:

a= _( wp (Al7a)

and wd=wn [1-¢2 - (A17H)
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Substituting these into (A15) yields

x(t)=ke @nt [sin (wn 152 :+¢)]. @a18)
This equation defines a sine wave of frequency wq =

wn 1 -¢2and amplitude A = k € wnt) Therefore
w( is the damped frequency of oscillation, { is called the
damping ratio and wy is the natural (or undamped)
frequency of oscillation when the damping ratio { is equal
to zero. Intuitively the exponent of e must be negative
to insure that the oscillations eventually deteriorate. If
the exponent is zero or positive the indication is that the
oscillation will continue at some constant amplitude or
will grow until limited by other system constraints.
Equation (A18) represents the transient response. The
steady-state response can be added to it for a complete
solution. The steady state output will be the product of the
unit step-function input and the closed loop dc gain of the
amplifier. Therefore the complete solution is given by

Vo(t) = Vin AVCL u(t)
+ke§wnt) [sin(wn 1-¢2 t+¢)] (A19)

where u(t)=0 <2<t <0
=1 0<t< oo,

The two constants k and ¢ need to be determined and
can be from the initial conditions. At time t = 0% (just
after Vip)

Vo(t) = Vin AycL + ksin ¢ = 0. (A20)

This assumes the output of the system is at zero immed-
iately after application of the step-function. This is because
it was zero immediately prior to the step-function and due
to capacitance of the system the output cannot change in-
stantaneously. This constraint gives us a second equation
to use in finding k and ¢. That is,

d[Vo(1)]

=0 at t=0. (A21)
dt

Differentiating Equation (A19) yields:

AVo®]_, ¢ eont

L P / ) -82 —
m ke n)cos(wn 1-¢2t+¢)wp j1-6 i

Loem +(-§'wn)ke'(§ ‘*’ﬂt)sin(wn 1-§2t+¢). (A22)

d[v
Setting t = 0 and Vo _,
dt
0=k(cos ¢) wn J1-¢2 -k ¢wp sin ¢. (A23)

Equations (A20) and (A23) can be solved for k and ¢:
¢=cosl¢ (A24)

_ ~Vin AvcL
J1-¢2

so that (A19) becomes:

k (A25)

Vin A -(§ wnt
Vo(t) = Vin AVCL - Vin VCLe (€ wnt) _

-(§ wnt)
Vo(t) = Vin AvCL {1 S -—==n

L- sin(wn f 1-¢2t+cos™] §)]. (A26)

The peak values of the oscillation can be determined by
differentiating Equation (A26) and equating it to zero.
The derivative of (A26) reduces to

sin (wn /1 -t2 ).

This is equal to zero at

wn/1-§2t=Nn N=0,1,2,3,....

Solving for t yields
g= N (A27)

wn,/ 1-¢2

Substituting this value of t into Equation (A26) gives:
~¢N7

Vo(t)=Vin AvCL, [1 ~(cosNm)(ey1-¢2 )] . (A28)

Neglecting the scale factor Vin AvCL and evaluating
forn=1,2,and 3, ¢

)= l1+e [1-¢2 =Vpy,

Vof ————
wnﬂ"fz
2m
Vo[ ————\=1-¢/1-¢2 =Vp,,
(wnf1-§2)
3
Vo T Y= g+ 1-¢2 =Vp3.
wn/1-§2

A

4
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Therefore:
-¢n -3¢
J ~¢2 ,/ _¢2
Vp1-Vp3 _ R TARNLIS B L ,
VP2 - -2{11’

Vp2

Taking the natural logarithm of both sides:
(Vm - V1>3)= =S

Vp2 Ji-¢2

(Since loge N =2.3log1g N)

Vp1 - Vp3 -n{
logio =

(2.3),/1 -¢2

Or solving for ¢:

Vp1 - Vp3
log10 \ ~vp,

/bgzm(mv;vw) 13615
P2

Where the peak values are normalized according to the
vertical scale shown in Figure Al.

Knowing the value of ¢, Equation (A27) can be used
to find wy by finding t at N = 1, the first peak, and at
N = 3, the third peak.

¢ = (A29)

Therefore
27
wy = ————, (A30)
(t3-t1) J 1-¢2

where t] is the time to the first peak and t3 is the time to
the third peak as shown in Figure Al.

7

Thus the two parameters { and wp completely specify
the response of a second order system.

The next part of this analysis concerns the application
of this time domain solution to an analysisin the frequency
domain. Thisis done so that the performance of the system
can be evaluated in the parameters more meaningfully
interpretedinstability analysis, bandwidthand phase margin.

Recalling the original Equation (7)

d2x dx
——+a—+bx=c. (@)
dt2 dt

This can be rewritten taking the Laplace transform of
both sides

s2x+asx +bx=c. (A31)

Where it is understood that x is the output in response to
the input c.

Equation (A31) becomes
x__ ! (A32)
¢ $2+4as+ b

This represents the transfer function of the system. The
system is unstable where s2 + as + b= 0. This is precisely
equivalent to Equation (A6). Therefore the roots of
Equation (A6) as finally defined by Equation (A16) are
also the roots of the denominator of the right hand side of v
Equation (A32). Since these have been determined, the
function, % , of Equation (A32) can be evaluated by sub-
stituting in the roots and replacing s by jw.

(s2+as+b)=(jw+Swn*jon 1 - 2) (jwttwp-jwn1-¢2 )
(s2+as+b)= [(jw)2 +jw2wn+§ 2w + wn2 (1-¢2)]
(s2+as+b)=(jw)2 + jw2 §wn + wn?

1 1 261 -1
TraTh o2 [1 +jw o—af Jp(jdi . (A33)

Equation (A33) can be normalized to a gain of AvcL
at dc by multiplying it by AyCL wp2 so the transfer
function becomes:

x _ AvcL(o) wp?
AvCL(w) = = = —
s2+as+b

AycL(®

wn wp

[1 +jw—25 + Lz (jw)z]
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AN-467
USING HIGH THRESHOLD LOGIC

The introduction of integrated circuits has triggered an
expansion in usage of electronic circuits. In the digital
field, initial devices available consisted of families which
generally exhibited reasonably fast operating times and
operated from power supplies of 3 to 6 volts (e.g., resistor-
transistor, diode-transistor, transistor-transistor and emitter-
coupled logic families). The inherent advantages of inte-
grated circuits made these families particularly attractive
to the computer market and other similar fields. The
industrial community, however, normally does not require
high-speed operation; and it is more concerned with the
electrical noise that is usually present in industrial environ-
ments. For these reasons, early digital integrated circuits
did not possess the characteristics that would provide the
maximum appeal to the industrial market.

Now, however, a new family of digital integrated cir-
cuits exhibits characteristics that are attractive to industrial
and similar users. It is Motorola High Threshold Logic
(MHTL) in the MC660 series. A summary of typical char-
acteristics of this family are given in Table I.

This note describes members of the family, operating
characteristics, and application information to help the
designer to more fully utilize the logic family.

TABLEI - TYPICAL CHARACTERISTICS

Vee=1521V

7.5-Volt Threshold
6.0-Volt Noise Margin

100 ns Propagation Delay
Fanout Capability of 10
-30°C to +75°C Operation

DEVICE OPERATION

The basic MHTL gate is shown in Figure 1A. It may be
noted that this gate is very similar in configuration and
operation to the Motorola Diode-Transistor Logic (MDTL)
gate shown in Figure 1B. The basic difference is in diode
D1, resistor values, and the collector supply voitage (V).
In MDTL, D1 is a base-emitter diode operated in its for-
ward direction and having a drop of approximately 0.75
volt. The input threshold level of MDTL is seen to be a net
of two forward diode drops (the input diode offsets a diode
drop in the other direction) or about 1.5 volts. In MHTL,
D1 is a base-emitter junction that is operated in its reverse
direction; this is commonly called zener operation. Con-
duction occurs, in this case, when the junction has approxi-
mately 6.7 volts across it. Thus the threshold voltage for
MHTL is one forward diode drop plus one reverse diode

drop or about 7.5 volts. The normal supply voltage for
this family is 15 volts + 1 volt and in order to keep the
power dissipation down, the gates have higher resistance
values than comparable resistors in MDTL devices.

The MHTL gate provides the same positive-logic NAND
function as the MDTL gate. It can be noted that if either
of the A or B inputs is below the threshold level, possible
base current to the transistor Q1 is routed to the low in-
put. If both inputs are above the threshold level, Q1, D1
and output transistor Q2 all turn on and the output goes
low. Thus the output is true or high if A or B is not true,
ie,F=AB=A+B.

Vee

Modified Diode-Transistor Logic
(B)

FIGURE 1 — Circuit Comparison Between the input of
High-Threshold Logic Gate (A) and Modified Diode-Transistor
Logic Gate (B).



AN-467 (continued)

A typical MHTL transfer curve is shown in Figure 2.
For normal input low voltages, less than 1.5 volts, it can
be noted that the output exceeds Vo minus 1.5 volts and
will continue to do so for any input up to 6.5 volts, a
tested point. A transition width is specified from 6.5
volts to 8.5 volts and once the input exceeds 8.5 volts,
the output is guaranteed to be below 1.5 volts. This will
remain true for any further increase in the input voltage.
It can be noted that with a 15 volt supply, worst-case
noise margin in either the high or low state is 5.0 volts.
Normally, the low input voltage is 1 volt, the transition
region is between 7 and 8 volts, and the high output volt-
age is better than 14 volts, thus typical noise margins of
6 volts are obtained in either state. As a comparison, the
transfer region for other forms of integrated circuit logic
generally lies within the unshaded area shown in the lower
left-hand portion of the figure. From this it can be seen
that MHTL could be considered as a “big brother” to
other families of integrated circuits.

Although the basic gate was shown and is available with
a nominal 15-kilohm pullup resistor, the devices are nor-
mally supplied with the active pullup configuration shown
in Figure 3. In this circuit when Q2 is off, base current is
supplied to Q3 from the 15-xkilohm resistor and load
current is effectively supplied through the 1.5-kilohm re-
sistor. When Q2 is on, load current flows through D2 and
Q2. Base current is also shunted from Q3 and this trans-
istor is off in this state. The diode drop across D2 accounts
for the somewhat higher low state voltage of MHTL as
compared to other forms of logic families.

"Each form of output has its advantages and dis-
advantages and the particular application would determine
which device to use. The active pullup configuration has a
lower output impedance in the high state and consequently
will provide a higher degree of noise immunity from an
energy point of view. This lower impedance can also better
drive a load when in the high state, thus it is a superior
interface for discrete components such as NPN transistors.
The outputs of the functions with active pullup should not
be connected together unless all inputs are also paralleled,
to insure simultaneous operation of all devices. If one
device were turned on while another device were off, the
device in the low state would be required to sink current
from the active pullup configuration of the high state unit.
This will not damage the devices, but it leaves very little
margin for providing load capacity to other devices.

The main advantage of the passive pullup configuration
is its ability to have outputs of separate devices connected
together. For each additional gate connected to the output
of a gate, the original output loading factor of that gate
must be reduced 1.25 because of the additional current
that will be handled when a device is in the low state.
When passive outputs are connected together, the imped-
ance in the high state is reduced, and correspondingly the
noise immunity from an energy standpoint is increased as
compared to that for a single gate. The passive gate also
normally has a lower VQr, than the active pullup configu-
ration since only a VCE(sat) is involved although VQL is
still tested at 1.5 V with an IQ[, of 12 mA.

Veg=15V
-30°C To +75°C
Worst-Case Noise
Margins
15.0
Vi
OHi35
z
S
z
@
=
] 40" Noise MHTL
g le— Margin —e
- 5.0 —\
3
<
<
3
© 41" Noise
[~ Margin -
1.5
VoL ¢
0 15 5.06.5 | 8.5 13.5 15
ViL 7.8 ViH
input Voltage (Volts)

FIGURE 2 — High-Threshold Logic Transfer Curves.

FIGURE 3 — MHTL Gate with Active Pullup

NN
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AN-467 (continued)

MHTL FAMILY

The MHTL family contains a sufficient variety of de-
vices that the system designer can build complete systems
with high-threshold characteristics. Gate devices providing
the positive-logic NAND function are available as duals,
triples and quads, as illustrated in Figure 4. Each basic
configuration is available with active or passive pullup.
Special logic functions are provided by the AND-OR-IN-
VERT gates. For each gate, fanout capability is ten with a
loading factor of one on each input. In addition, a dual,
4-input line driver (MC662) is available; it has a fanout
capability of 30 loads while maintaining an input loading
factor of one. This unit has a lower pullup impedance
(1 k) than the basic gate and is better suited for driving
capacitive loads of discrete devices.

Two types of flip-flops are available in the MHTL
family. The first is a dual JK flip-flop that operates on a
stored-charge principle and consequently is dependent on
fast rise and fall times (less than 500 nanoseconds through
the transition region of 6.5 to 8.5 volts) for proper oper-
ation. It is the MC663 shown in block form in Figure 5A.
The second type (MC664, Figure SB) is a single master-
slave flip-flop which has a built-in diode offset between
the master and slave sections. This feature makes transfer
of data into the device virtually insensitive to clock rise
and fall times. Both devices typically have maximum
toggle frequencies of approximately 4 MHz. A detailed ex-
planation of these two flip-flops is given in Motorola
Application Note AN414, “Operation and Application of
MHTL IC Flip-Flops.”

A. Expandable Dual 4-1nput Gate

MC660
MC661
MC662

tnput Loading Factor= 1
Output Loading Factor = 10

1
2
[-]
‘ ———————
[ Positive Logic: 6 =1 *2 ¢4 *5 +(3)
3
9
%a

C. Quad 2-Input Gate

MC668
MC672

T

Positive Logic: 3 = 2

8 Input Loading Factor= 1
10 Output Loading Factor = 10

[

B. Triple 3-input Gate

MC670
MCs71

Positive Logic: 6 =3 *4 *5

Input Loading Factor= 1
Qutput Loading Factor = 10

- -
N= =0 OO 2
(-]

13

D. Dual 2-Input AND-OR-INVERT Gate

MC673
MC674

Input Loading Factor = 1
Output Loading Factor = 10

6
Positive Logic: 6 =(1 *2) + ([3] =4 +5)

FIGURE 4 — Motorola High-Threshold Logic Gates
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MC663

5 J Q 6
4—-—-q5

2 K fip QP 1
.

9 J o 8
10——qC

12 K Rp 0 13

Input Loading Factor:
Rp Input =2
c Input = 1.5
Other Inputs = 1
Output Loading Factor =9
Loading factors are valid from —30°C to +75°C
with Voc =151 1 Vde
frog = 4.0 MHz typ
Total Power Dissipation = 200 mW typ

Truth Table
tn th+1
J K Q o1
[ o | o, | @,
1 Q 1 )]
(3] 1 (1] 1
1 1|8, |
Direct input {Rp) must be high.
O = low state
1 = high state
tn = time period prior to negative transition of clock pulse
th+1 = time period t to negati ition of clock pulse

Q,, = state of Q output in time period ty
NOTE: A low state 0" at the direct reset Rp causes a low state
*0’* at the Q output and the complement at the Q output.

NA = Not allowed

FIGURE 5A — MHTL J-K Flip-Flops.
Clocked Operation
MC664
tn th+1
S1 | S2| R | Ra| @
10
L Direct Input Operation ] X o X Qn
S %o — _ o [ X X1 6 [ 6,
3 ! Bp[Sp | o | @ X | 0 ] 6 X|[0q
s @ ® 1 | 1 | NC | NC X1 01 XT 09
S2 0 X 1 1 0
= 1 [s] 1] 1 X o 3 1 )
2 ———Q C
= 2] [¢] NA NA 1 3 o X 3
" 1 \ - 1 1 X 0 1
R ap——9 NC = No Change 3 1 0 1 V]
12—Ry, A =

Input Loading Factor:
Clnput=3
Other Inputs = 1

Output Loading Factor = 8

Loading factors are valid from —30°C to +75°C
with Veg =15+ 1 Vdc

fTog = 4.0 MHz typ

Total Power Dissipation = 160 mW typ

€ must be low

Notes for Clocked Operation Truth Table:

Direct inputs (Rp, Sp) must be high.
0 = low state
1 = high state
X = state of input does not affect state of the circuit
U = indeterminate state
tp, = time period prior to negative transition of clock pulse
tn4+1 = time period subsequent to negative transition of clock pulse
Q,, = state of Q output in time period tp

FIGURE 5B ~ MHTL Clocked R-S Master-Slave Flip-Flop.

Y
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Rext -

Vee O- — i g —I——

c 2! i

ext - ¢~
T
| ——4
56 da ?4
<,Rint
S 20k

Schematic of One Unit

Vee
14

3 |
600 || |6k [S15KS
<

>
<
1.5k

‘b
15k 5k

~ O—4

14 13

GND

MC667
1.1
1 2 1 12
< 1——Tgg . 13 Tss o
2 0
s P— op—
=
; input Loading Factor = 1
e 10 Output Loading Factor = 10
£ Loading factors are valid from —30°C to +75°C, with
2 Vee =15+ 1 Vde
K Total Power Dissipation = 240 mW typ
«
_/ An internal timing resistor is provided at pin 4(10).
An external timing resi may be b Vee
0.9 and pin 3{11) instead of using pin 4(10).
—-30 o +26 +50 +75 A timing itor is d pins 3(11) and 5(9).
Temperature (°C) (See circuit schematic.)
FIGURE 68 — Typical Resi Variations with Temp Change. FIGURE 6A — Dual Monostable Multivibrator.
1/3 of Circuit Shown MC66S

Positive Logic: 3 = .—(2f 1 3
Negative Logic: 3 = _+i?r 2
input Loading Factor = 1
Output Loading Factor: 6 8
MC830 series MC3000 series
MDTL=8 MTTL=55 s

MCB80O0P series 1" 10
MRTL =5

FIGURE 7 — Transiator from MHTL to MRTL, MDTL or MTTL.
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A dual monostable multivibrator (MC667) available in
the family is illustrated in Figure 6. Each section provides
both a positive-going and a negative-going pulse upon
triggering by a positive-going signal that passes through
the MHTL transition region of 6.5 to 8.5 volts. This is a
direct-coupled circuit and will not be triggered by sharp
noise pulses that do not exceed the threshold level. The
width of the pulse may be adjusted with an external
capacitor. The duration is approximately determined by the
equation, PW = 0.7 RTCT. An internal 20 Kilohm resistor
is provided for each muitivibrator, but external resistors
may be used for the timing function. The initial tolerances
of the internal resistance may approach * 20% with a
typical temperature variation characteristic for the resistor
as illustrated in Figure 6B.

Termination of the generated pulse occurs when the
timing capacitor is discharged to the point where Q1 and
Q2 conduct and the potential of pin three is clamped at
three VBE drops. However, because of this type of opera-
tion, the device is susceptible to negative noise spikes at
the  timing capacitor terminals. These spikes could cause
Q1 and Q2 to turn off, triggering the device by turning on
Q4 and . QS. Impedance at these points is kept down to
approximately 600 ohms in the quiescent state by keeping
Q3 on through the 15-kilohm resistor in the emitter circuit,
thus aiding in noise rejection. Additionally a negative-
going spike on the ground line may cause false triggering.
Typical noise margins on these two leads exceed 1.5 volts.

For these reasons, however, it is desirable to bypass the
power supply and ground terminals at the device if noise
is present on these leads and to shield the timing capacitor
from noise if it exists at this point.

The design of this monostable multivibrator allows the
generation of output pulses with widths virtually independ-
ent of trigger pulsewidths. However, the device does re-
quire a recovery time that begins at the end of the gener-
ated output pulse or when the trigger input returns to the
“0” state, whichever is later. Allowable duty cycle may be

determined from the equation, Duty cycle = w%

where Rt is in kilohms. Ry +4.5

Two translators are available in the MHTL family and
both are triple devices. The first (MC665) will convert
high-threshold logic to RTL, DTL or TTL. It is shown in
Figure 7. For conversion to DTL and TTL, a 5-volt supply
is connected to a 2-kilohm pullup resistor through pin 13.
For translation to RTL levels, pins 4, 9 and 12 are con-
nected to the RTL supply voltage (nominally 3.6 volts).
Output test conditions closely match those given for the
popular Motorola MC8O0OP series of MRTL devices and for
the MC830 series of MDTL integrated circuits. Expander
points without diodes are present at the inputs of two of
the units, but not on the third unit. This is because of the
need for additional leads for the RTL power supply and
the pin limitation of the 14-lead package.

The second translator (MC666, Figure 8) is also a

MC666

1/3 of Circuit Shown

<

2

MOTL o—j—4

Expander Q=
1

GND MRTL

MDTL

2
MTTL
1

12 MHTL

MRTL 13
L
6 3
4

9

10

Positive Logic: 12=2e[1] +13
Negative Logic: 12=(2+ [1])e13
input Loading Factor:
MC830 series MC3000 series
MDTL=1.0 MTTL=0.38
MCBOOP series
MRTL = 1.0

Output Loading Factor = 10

FIGURE 8 — Translator from MRTL, MDTL or MTTL to MHTL.

NN
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triple unit, but converts from DTL, TTL or RTL levels up
to HTL levels. Signals from DTL/TTL sources are applied
to one set of input terminals while signais from RTL
sources are applied to another terminal. The different in-
puts provide threshold levels and characteristics com-
patible with MDTL/MTTL and MRTL families. Each
DTL/TTL section also has an input expander terminal
without diodes. These terminals may be used to expand
input logic capability or to utilize high-voltage diodes to
readily interface high-voltage relay or switch circuits to
HTL levels. Both types of inputs may be applied simul-
taneously, with the output going high if the logic function
of either input goes high. If the RTL input is used by it-
self, the DTL/TTL input must be grounded for proper
operation. This is not necessary if the DTL/TTL input is
being used by itself, but it is advisable under this condi-
tion to ground the RTL input to reduce any possible
noise pickup.

A dual 4-input expander unit is also available in the
MHTL family. It may be used to expand the input logic
power of devices that have an expander node brought out
for this purpose: the dual 4-input gates (MC660, 661), dual
2-input AND-OR-INVERT gates (MC673, 674), dual 4-
input line driver (MC662) and the MC665 translator. The
expander devices may also be connected directly to a
normal diode input terminal. Operation in this manner re-
duces the threshold by a forward VBE drop on those in-
puts associated with the expander units. Nominal threshold
in this case is approximately 6.7 volts which is still ade-
quate for normal operation.

The devices that have been listed in this section have
been formally introduced. Expansion of the family, in-
cluding complex functions, is continuing, thus providing a
versatile logic family with high-noise-immunity throughout.

Propagation Delay Times

The MHTL family of devices exhibits a slower propaga-
tion time than that normally provided by other integrated
circuit logic families. This is an additional aid in rejecting
electrical noise because of the inability of the circuits to
respond to narrow spikes of noise. Maximum propagation
delays for each device are given on the appropriate data
sheets. For these measurements, loading composed of a
discrete RC network simulates full fanout for the device.

When actual devices are used as a load to measure pro-
pagation delay, a shoulder on the positive-going waveform
may be observed at the threshold level as shown in Figure
9. This is caused by the decoupling of the actual gate loads
from the driving gate. Since this point is very near the
50% level of the waveshape, a variation of approximately
50 nanoseconds may result in propagation time depending
on whether the 50% point is above or below the threshold
levels of the devices being used in the test. For this reason,
discrete loads are used to insure repeatibility of the test
conditions and yet provide an indication of the actual
propagation delay.

Typical values of the propagation delays for the NAND

gates with active pullup outputsare shown as a function of
temperature in Figure 10.

Supply Voltage Variations

MHTL devices are tested to ensure proper operation with
full fanout capability over the -30°C to +759C tempera-
ture range and with supply voltages between 14 and 16
volts. Normally the devices will provide proper operation
if the voltage varies from the specified range, but they are
not tested for this operation. When the 16-volt limit is
exceeded, devices may exhibit a higher leakage current on
the off transistors, although typical units will endure 20
volts collector supply before this becomes evident.

Another drawback to using higher power supply values
is the increased power dissipation of the circuits. Thus to
keep junction temperatures within acceptable limits on

[ Discrete Load R = 1.5 k{2 C = 10G pF

Actual Fanout = 10

Vertical Scale = 2 /.y,

Horizontal Scale = 100 Nanoseconds
cm

FIGURE 9 — Propag: Delay Waveforms

200

! T
_ Vec =15V -
8 175 — 50% to 50%
g No Load
o
g ]
& 150 —
©
E /
> 125
a
[ £
o]
.
v
5 T
a 25
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some devices, the ambient temperature limits must be re-
duced. Because of these two conditions, it is not advisable
to exceed the 16-volt supply rating unless the devices
have been tested to insure proper operation.

When a V( below 14 volts is used, the base drive to
the output transistor is reduced and is not capable of
handling the rated fanout. Figure 11 illustrates the VOL
values of typical units as a function of temperature with a
Ve of 14 volts and an IgL, of 12 mA. However, since
the devices are not tested to operate below 14 volts, oper-
ation of the devices at these levels cannot be guaranteed.
A second disadvantage of operating the units at a lower
Ve voltage is the reduction of the noise margin in the
high state. This may be seen from Figure 2 by realizing
that VQH decreases while the device threshold remains
constant.

LINE DRIVING

Applications exist where it is desirable to transmit data
over an appreciable distance. The large logic swing of
MHTL provides the means of transmitting data while mini-
mizing the effects of noise. Unfortunately, most trans-
mission lines have impedances below 150 ohms. The out-
put impedance of MHTL devices is not an ideal match for
these impedances, and consequently reflections may be
observed on the transmission line waveforms. The line
driver (MC662) has the lowest output impedance but it is
still not down in the 150 ohm region. An improvement can
be made in the impedance level by connecting an external
resistor at the output of the line driver to VCC. The addi-
tional current from a 510-ohm resistor can be handled by
the MC662 when in the low state and is used to help
charge the transmission line when going to the high state.
Figure 12A illustrates a test set-up with 500 ft. of #22

1.5
1.0
2
°
>
e oL =12mA
6‘ Vgg = 14 Volts
>
0.5
o
—30° 0 25° 50° 75°

Temperature {°C)

FIGURE 11 — Typical Variation in Vg with Temperature.
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FIGURE 12A — Line-Driving Test Configuration
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AN-467 (continued)

twisted-pair wire. Waveshapes of this connection are shown
in Figures 12B, C, and D where the driving device is a
standard gate output, a line-driver output, and a line
driver with an external 510-ohm resistor to V¢c plus a
100-ohm series terminating resistor.

Special Gate Applications

Two MHTL gates may be connected with two additional
resistors as shown in Figure 13A to form a Schmitt trigger.
With the input originally low, gate one will be off, which
turns gate two on and the output will be low. As the input
rises, a point is reached where gate one turns on sufficiently
to cause gate two to begin to turn off. Turn off of gate
two feeds back to the input of gate one causing a regener-
ative action and a sharp waveshape at the output. The
feedback through R2 and its action on R1 provides
hysteresis for the circuit as well as sharp waveshapes.
Typical values of turn-on and turn-off voltages are given in
Figure 13B as a function of values of resistors R1 and R2.

In this connection, the active pullup devices should be
used to minimize the effects of the feedback resistor and
input voltage level when the output is in the high state.
This configuration is ideal for receiving information trans-
mitted over long lines as described previously.

Additional current sourcing may be obtained from the
devices when in the high state by connecting an external
resistor from the output to VCC in the manner mentioned
for driving transmission lines. The current from the extra
resistor must be handled by the device when in the low
state, which reduces fanout capability. The resistor used
should not allow current to exceed the tested IQL value to
maintain VQL values within their specified range. When
using this scheme to drive an NPN device, however, an
additional silicon diode is required in the base or emitter
lead of the driven device to offset the normal VQL value
present for this type of operation.

Because of the typical VQL level of 1 volt for the active

) Originating

FIGURE 12B - Driving Gate — MC660

Rq =% Rz =0 Vert —2 V/cm; Horiz — 5 us/cm

Terminating

Originating

FIGURE 12C — Driving Gate — MC662

Rq =%% Ry =0 Vert —2 V/cm; Horiz — 5 us/cm

Terminating
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Originating

Terminating

FIGURE 12D — Driving Gate — MC662 R1 =510 Q; Rz = 100 2 Vert — 2 V/em; Horiz — 5 us/cm
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FIGURE 13A — Schmitt Trigger C
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18k| 7.2 6.5 7.1 5.6 6.8 29
27k| 71 6.6 6.9 5.9 6.0 3.5
39k| 7.0 6.7 6.7 6.0 5.8 4.0
s1k| 7.0 6.7 6.7 6.1 5.5 4.2
75k| 7.0 6.8 6.6 6.2 5.3 4.4 Output
100k 6.9 6.8 6.5 6.2 5.2 4.6

FIGURE 13B — Typical Schmitt Trigger Ch
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pullup devices, they would not normally be considered
suitable for driving NPN transistors directly because of the
turn-off voltage. The active pullup devices can be used for
driving NPN transistors, however, if that is the only load
on the output, as shown in Figure 14. The higher VoL
voltage is partially due to the extra diode on the output,
but if the gate is not required to sink current, then the
voltage on the base of the NPN transistor will be very
close to ground. It is equal to the resistance value of R1
times the leakage current of the collector-base junction of
the transistor.

Cross connection of the gates as shown in Figure 15
forms a simple storage element. A momentary logic “0”
on the S terminal causes the Q output to go high and the
Q output to go low. A momentary low on the R terminal
reverses the output state. Thus two flip-flops may be ob-

tained from a single quad 2-input gate package.

SUMMARY

The Motorola High Threshold Logic family provides
the system designer with devices that can be used to con-
struct a complete system with noise immunity that is not
available with the more familiar forms of integrated-
circuit logic families. Operating from a nominal 15-volt
power supply, which results in large logic swings, the
family allows simple interfacing with discrete devices:
MHTL devices can be used in peripheral equipment oper-
ating in noisy environments, with translators feeding into
low-level, higher-speed systems in quieter locations. The
unique characteristics of high-threshold logic make it ideal
for many applications where integrated circuits have not
previously been considered practical.

Vee
—_——— = Vi
$ b3
| off
=/
& |
L V=icg R1 LN
—_—— - Oon R1
FIGURE 14 — Driving Discrete Transistors
Truth Table
S R Q
3 0 ) g
@ o | 1 1
1 1] o
1 1 No
Change
= g . Thi - !
R This condition provides a

high ievel on both outputs.
The output state is inde-
terminable, however, if
both inputs simultaneously
go to a logic ““1°'.

FIGURE 15 — Gate Memory Unit
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THE MC1561 — A MONOLITHIC HIGH-POWER
SERIES VOLTAGE REGULATOR

INTRODUCTION

A complete monolithic high-power series voltage regu-
lator circuit has been designed, which incorporates an on-
chip power transistor to supply up to 1/2 ampere of current
to an external load. Excellent regulation characteristics
are achieved over an output voltage range of 2.5 to 37
volts, with performance being essentially independent of
voltage. A new design approach is used, which results in
excellent transient response and a low value of output
impedance (0.02 ohm). This impedance is maintained to
beyond 100 kHz, where the lead inductance to the load
dominates. The use of special temperature compensation
circuitry has provided a dc output voltage stability of £20
ppm/©C, over the temperature range of -55°C to +125°C,
despite the use of only diffused components. Load cur-
rents in excess of 10 ampere are possible by using a single
external power transistor.

In the sections below, the series voltage regulator is
analyzed using a feedback amplifier viewpoint, tempera-
ture compensation circuits are discussed, a novel lateral
p-n-p biasing circuit is introduced, and experimental results
are reported.

CONSTRAINTS OF THE IC TECHNOLOGY

The IC technology readily offers devices for the error
amplifier and the voltage reference element VR of the basic
series voltage regulator shown in Figure 1. The series pass
transistor appears to be the most difficult device to realize.
A power p-n-p transistor may at first appear to be the best
choice as it can be easily driven by an n-p-n stage without
using auxiliary power supplies. However, the power p-n-p
is difficult to realize in monolithic form.

An n-p-n series pass device requires a source of base
current that must be derived from a voltage larger in magni-
tude than the output voltage. Auxiliary supplies can be
avoided by using a current source that is operated directly
from the unregulated input. A JFET operating at pinch
off could be used but would add considerably to the IC
fabrication costs and would require a large minimum biasing
voltage (Vin—Vo). The lateral p-n-p transistor can be used
for the required dc current source without degrading ac
performance, increasing fabrication costs, or requiring an
excessive input-output voltage differential. The preferred
configuration for the monolithic series regulator is there-
fore one employing the n-p-n pass device with a lateral p-n-p
current source supplying the base drive.

BASIC DESIGN APPROACH

In the conventional series regulator (Figure 1), a resistive
divider is used to adjust the output voltage. Using this
feedback network within the regulator loop has many un-
desirable effects on dc performance: 1) the loop trans-
mission is an inverse function of the magnitude of the dc
output voltage and because of this the performance of the
regulator degrades at higher output voltages, and 2) the
voltage drop due to the base current of the error amplifier
(which is supplied through the divider network) is large
enough that a carefully balanced symmetrical input circuit
must be used. For low drift, hFE and the base biasing
resistors of the input transistors must match and this
match must be maintained over a wide range of tempera-
ture. These base current problems limit the magnitude of
the collector bias current that can be used, and thisreduces
the transconductance of the input differential amplifier.
Also, for external adjustment of the feedback network (to
achieve variable output voltages) either the temperature
coefficient of the external feedback resistors (TCR) must
match the TCR of the on-die diffused resistors, or all three
dc factors, use of the resistive divider adds phase lag to the
loop, which cannot be eliminated without the use of addi-
tional external capacitors.

s
—_—
+Vin O—{ Pass Device —0 +Vgq
< R1
2
+VR
Error
Ampilifier
—_—
o—: L —o
| s
| SR2

| Il

Pass Devices =

FIGURE 1 — Basic Series Voltage Regulator
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Performance has been significantly improved by develop-
ing a configuration that operates with a unity feedback
factor (i.e., no feedback resistance). The required dc level
shifting to achieve a particular value of output voltage can
then be provided in a circuit separate from the main regu-
lator. Such an approach, in which a second low-power
series regulator is used to provide the dc level shifting, is
described in this paper. This “regulator-within-a-regulator”
concept is shown in Figure 2 where the usual compro-
mises made between ac and dc performance are no longer
necessary.

+Vin +Vo

AR

Zero TC DC
Voitage }|—] Shifting
Ref..Ckt. Regulator

Main Control
Regulator
Ay =1

FIGURE 2 — Regul. Within a R

CIRCUIT IMPLEMENTATION
Main Regulator

The dynamic performance of conventional voltage regu-
lators is often limited by frequency compensation used
internally to the error amplifier. Such compensation,
which narrowbands this amplifier to obtain loop stability,
causes the output impedance to rise at frequencies as low
as 100 Hz. This also produces poor output voltage transient
response for abrupt changes in load current and can cause
undesirable coupling between circuits powered by the regu-
lator. An improved regulator configuration results if no
compensation is added to the loop, other than the capacitor
(CL of Figure 2) which is typically placed across the out-
put terminals to maintain a low output impedance at high
frequencies. It will be shown that compensation of this
sort is possible, and that it results in: 1) an easily stabilized
high-gain loop, and 2) an output impedance, which is
essentially constant to frequencies well beyond the band
edge of the loop transmission function.

Figure 3 is the ac equivalent circuit of the main control
regulator shown in Figure 2. Using a feedback amplifier
approach [1] and simple models for the transistors [2]
we can identify the following relations for the frequency
range of interest (w < wt/Bp). The open-loop gain ¢y is
given by

_ Vo - Qo
afS) = V—S(S) = (m (63}

where

BERL . r_kT 26 mV

o~ = =

; ~ at +25°C
%o 2l'e € qlE IE

IE = emitter current of Q1, Q2

Bo = low-frequency common-emitter current gain and
the dominant pole is given by

© ml/Ra"'l/ﬁéRLE 1 0}
P™ cp+cypd  RLCL

The loop transmission becomes
T=ayfy=ap 3)

for fy = 1. @y is defined in (1) and the open-loop output
impedance ZQ[ is

ZoL =RL/(1 +S/wp). O)
The closed-loop output impedance ZC is then found to be

_ oL ! 5
Zep= +T° 2re/B (—ITS/—%wl)) ®)

Two things are apparent from these equations. From
(2) it is seen that at the low frequencies of interest in
regulator design, a dominant single pole roll-off is produced
by the load elements RL, and CL, which results in good
loop stability despite the use of high-loop gain. Second, it
is seen from (5) that the open-loop dominant pole of T,
wp, does not appear as a zero in the closed-loop imped-
ance ZCL. This results since the dominant pole of ZQL is
also wp, which cancels with the zero due to T. For con-
ventional designs with a dominant pole in T only (those
using frequency compensation internal to the main regu-
lator), this cancellation does not occur and a low-frequency
zero results in ZCL, which degrades the performance of
the regulator. Equation (5) shows that ZC[ remains small
well beyond the low-frequency pole, wp, which was re-
quired for loop stability. As an example, for IE = 0.6 mA,

T ]

—0 +

[e3] Q2

FIGURE 3 — AC Equivalent Circuit of Main Control Regulator.
R, and C¢ Represent Stray Loading at the Collector of Q2
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Bo = 60, RL = 20 ohms, and C1, = 10 yF; we find T = 840,
wp/2m = 800 Hz, and Z¢L = 0.02 ohm from dc to approx-
imately 1 MHz.

The effects of the beta cut-off frequencies and addi-
tional phase shifts of the transistors will limit the maxi-
mum bandwidth that can be obtained in Z¢|.. In practice,
lead reactance in series with the load dominates the high-
frequency response.

AC Reference Shifting Circuit

As shown in Figure 4, the auxiliary dc shifting regulator
has been designed for essentially zero base current with
little concern over the resulting loss in frequency response.
Thus, the problem of drift arising from poorly controlled
voltage drops due to base current in R4 and R2 || R1 is
eliminated. In addition, the auxiliary regulator is purposely
narrowbanded by an external capacitor CN to attenuate
the noise that originates in the avalanche (zener) reference
diode. This noise roll-off is effectively set using a small
valued capacitor since a high impedance node is available.
A much larger capacitor is required in conventional regu-
lators where one must bypass a low impedance zener diode.

+Vin L_[ —O +Vout

DC Shifted
R1

: Reference
<& With Zero IC

AA

CN

o

R2
Reference
_-__L Input

FIGURE 4 — DC Reference Shifting Circuit

Voltage and Current Reference Generation

It is well known that the excellent component match-
ing available in IC fabrication permits realization of very
low drift dc amplifiers. This low drift, combined with
known drifts of an on-die voltage reference diode and other
elements such as forward diodes, can be used to produce a
reference voltage VR, which is essentially constant, inde-
pendent of temperature (zero TC). The voltage reference
diode used is a reverse-biased base-emitter junction, which
has a positive temperature coefficient (TC). This is bal-
anced against the negative temperature coefficient of for-
ward biased junctions. The circuit of Figure 5 provides
a zero TC current reference for lateral p-n-p current sources
and n-p-n current sources which are needed throughout the
regulator. In the design of this circuit, a number n of base-
emitter diodes (where VBE = ¢) is assumed at the top end
of the resistor string, and a number m of diodes is assumed
at the lower end as shown. From Figure S, it is seen that

+Vin

FIGURE 5 — Circuit to Generate the Zero TC
Voltage Reference VR

_RcVz + ¢(mRp ~ nRc)

6
VR Rp+ Rc ©)
and

Y 1

Re —— +(mRp —nR¢) —

av aT T
YR _ Q)

aT (Rp +Re)

where the resistors Ry, and R are assumed to have the
same TCR.
For a zero TC voltage reference, it is required that

v, ¢
—==—(mRp ~nR¢) — 8
Re o7 (mRp nc)aT ®)
or
Rp n+K
___b= (9)
Re m
where
. 0Vg %
Tt/ aT

The current, IE flowing in these resistors is given by

|E=VZ—£"—¢ (10)

where R = Rp + Re and p = n + m, and the temperature
change of this current is given by

R K+ p)— (V2 o) =

-R = p)—(Vz— oy

ol oT or an
oT R2
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Over the temperature range of interest, the temperature de-
pendence of the diffused resistor is approximately given by:

R(T) =Rg + aR(T - Ty) 12

where Rg = R(Ty), Tg = +259C, and & = temperature co-
efficient of resistance from which

5f=aR0. (13)

Substituting (13) into (11) and solving for a constant
current with temperature requires that

o9
aVZ+Kﬁ
-2 14
’ % (14)
o

For a zero TC current reference, a total number of
diodes p is required such that the positive change of the
zener voltage and the diffused resistors is balanced by the
negative change due to these diodes. As an example, the
zener reference diodes used have a breakdown voltage of
7 volts and a TC of +3.5 mV/°C (K of (9) = 1.75). The
TCR of the 200 /O diffused resistor gives a value of
a=19x 10‘3/°C and the forward biased diodes have a
temperature change of -2 mV/9C. Putting these values
into (14) gives a value for p of 2.94, which is sufficiently
close to the integer 3 to proceed with the design. As will
be seen, the undesirable effects of the nonlinear TC of the
diffused resistors [a linear TCR is assumed in (12)] are
minimized by 1) choosing a value of Ry, close to the value
of Re for the generation of VR, and 2) using current
source tracking in the differential amplifiers.

In addition to the zero TC requirements, the magnitude
of VR can be designed to have one of several values as
given by

V,+ Ko

VR=7n+—K>'
1+|-—
m

The values of n = 1 and m = 2 (VR = 3.46 volts) were
chosen because this leads to the smaller ratio of Rp/Re;
which can be more accurately fabricated in IC form. With
this choice, (9) gives

@1s)

Rp 1+
Rp_1+*K =1.375

which completes the design for both a zero TC voltage
reference VR and the zero TC biasing current references
Ig and IC.

It is noted that use of this circuit causes the complete
biasing of the regulator to be approximately independent
of both the unregulated input voltage, the regulated out-
put voltage, and the temperature.

Tracking Current Sources

To further improve the temperature stability of the out-
put voltage, circuitry has been used to reduce temperature
induced voltage offsetting (Vqg) in the differential ampli-
fier stages of the IC regulator. Asshown in Figure 4, two
current sources are associated with the biasing of each
differential amplifier stage. If under temperature variation

_these currents change in an unrelated manner, the magni-

tude of +Vyg would change and thereby introduce a tem-
perature variation in the output voltage V. This is avoided
by deriving both of these currents from the same compen-
sated reference to insure tracking for all temperature.

Biasing the Lateral p-n-p Current Sources

The lateral p-n-p transistors are ideal for use as dc cur-
rent sources since they can be designed for large output
impedance and low output capacitance, but they suffer
from batch to batch variation in hFg. A bias scheme is
needed that will operate the Jateral p-n-p in the common
base orientation (for high output impedance) and which
will also provide a predictable current magnitude that is
insensitive to hFEg variations. The circuit shown in Figure
6 satisfies these requirements.l The reference voltage +Vp
(of Figure 5) is used to establish the total current flow in
RE. (For simplicity, it can be assumed that the VBE drop
of the n-p-n is cancelled by the VBE rise of the p-n-p such

FIGURE 6 — Lateral p-n-p Current Source Biasing Circuit

that the voltage Vp appears at the lower end of RE or
VRE =V - Vp). This current IRE has two paths: the
collector of the n-p-n or the emitter of the p-n-p. Neglect-
ing the base current of the n-p-n, it can be seen that the
current that enters the collector of the n-p-n reappears at
the emitter and adds with the base current of the p-n-p,
IB, to satisfy the current source Ig max. Thus, the col-
lector current of the p-n-p must simply be the difference
between [RE and 1B max. both of which are well con-
trolled. In operation, the n-p-n is brought into that level

1This circuit was suggested by J. E. Thompson.



AN-473 (continued)

Q3

Q2

514

+Vout
Qe
RL
wa
a7 cR4 =
as e
3 1.6k CR3  CRS

4Down

Control

700

% 625 % 834 416

Note that all Resistances are in Ohms

FIGURE 7 — Monolithic Series Voltage Regulator.

of conduction necessary to satisfy (IB max — IB) and in
the limit, for low hFg of the p-n-p, the n-p-n just ceases
to conduct. Over the region in which hpE of the p-n-p is
greater than a minimum value, i.e., IC/IB max <hFE <<°,
the collector current of the p-n-p is closely controlled.

THE COMPLETE CIRCUIT

The individual elements previously described are com-
bined in Figure 7 to form the circuit implementation of
the block diagram illustrated in Figure 2. In addition to
the major elements already discussed, several secondary
functions are included in the complete circuit. These are
discussed below.

The bias current of the control amplifier Q13 is used
to pre-bias the driver transistor of the series pass device
Q8. This improves the hFE and ft of Q8, especially when
operating with small values of load current.

Due to the necessary independence of the biasing cur-
rents from the input voltage, a “‘start” circuit must be used
to allow the regulator to initially setup. To accomplish
this function, a second zener reference diode, CR2 is
biased by a large valued resistor R1 directly from +Vjq.
This auxiliary zener is coupled to the main reference zener
CR8, using a diode-disconnect scheme. When an input
voltage is first applied, a path is provided from +Vjp
through the resistor R1, the coupling diode CR1, and into
the base of the current reference transistor Q10. This
guarantees the initial bias setup. With both zeners conduct-

ing, the coupling diode has zero volts across it, and there-
fore, goes to an OFF state. Thus, ripple and noise present
at the start zener cannot feed through to the main zener
and degrade performance.

Short circuit current is controlled by the external re-
sistor RgC, which brings three diodes into conduction at
a selected maximum load current. These diodes are used
to divert the available drive current for the Darlington
series pass pair, Q8 and Q1. This passive scheme has the
advantage that local frequency instabilities cannot occur
during current limiting and provides a foldback in the cur-
rent magnitude as the die heats under the higher dissipation
short-circuit condition.

Under a short-circuit condition, the differential input
voltage to the control amplifier may exceed the reverse
base-emitter breakdown of the input transistors. Such
breakdown is prevented by a normally OFF transistor Q12,
which samples this voltage and is brought into conduction
during an output short circuit condition. The collector of
Q12 diverts the drive current of the dc level shifting ampli-
fier so that the output reference voltage applied to the
main control amplifier is also brought down to approx-
imately zero volts under output short circuiting.

The capability of electronically shutting down the regu-
lator to conserve system power or to provide an ac and dc
squelch is desirable in some applications. This function
has been accomplished by adding a normally OFF tran-
sistor Q9 in shunt with the reference zener. When this

NN
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device is brought into conduction, the zener goes OFF and
the voltage at this node falls to essentially zero volts. This
causes all current sources of the regulator to go OFF with
the result that the output voltage goes to zero and the only
current drain in the system is the small current that flows
through the resistor R1 (60 k£2). A high voltage diode
CR7 in the level shifting amplifier is used to prevent the
energy stored in the noise filter capacitor from discharging
back into the IC during shutdown.

EFFICIENCY

A simple model of the regulator (Figure 8) can be used
for the calculation of efficiency. In this model the current
source I represents the current consumed by the regulator
circuitry that is unavailable to the load Ry. The voltage
source VB represents the requirement for an input voltage
somewhat in excess of the output voltage to provide the
proper bias for the regulator. This voitage is, therefore,
dropped across the regulator circuitry and is unavailable
to the load.

The efficiency 7 is defined as

P,

n=lo
Pin
where
Pin=Vin(Ig +IL)
or

(16)

Efficiency is seen to depend upon the comparison of the
load current If, to the bias current I, and also the com-
parison of the output voltage V,, to the bias voltage Vg
(or “input-output voltage differential™).

For an example, consider the regulator operating at a
load current of 500 mA, and an output voltage of 35 volts
(I is 5 mA and VB = 2.5 volts). The maximum efficiency
(for a dc input voltage) is found, from (16), to be 0.92.
If the input voltage contains large ac components or large
minimum-maximum variations  will be lower than 0.92
since Pip depends upon the average input voltage, which
exceeds the required minimum total instantaneous input
voltage (VIN (min) = Vo + VB)-

SPECIAL DEVICES

A photomicrograph of the IC die is shown in Figure 9.
Several devices on this die are of novel design. The high
current n-p-n series pass transistor QI is a S-stripe inter-
digitated structure with ballast resistors of approximately
1.5 ohms each used in the common emitter lead to each
stripe. These resistors equalize current flow and thereby
eliminate hot spot formation and second breakdown prob-
lems. In addition they provide a convenient crossover
point to allow single layer metallization of the power
transistor.

+V|'n +V°

N\
9 °

- S -
+ 1
ls+iL ,Bl B L
RL

Q12

Q13

CR?7

Q?

R1 CR2

FIGURE 9 — Photomicrograph of IC Chip

Problems of building an avalanche (zener) diode with a
low dynamic impedance at low bias currents were resolved
by using an oval geometry for the active junction instead
of the typical rectangular geometry. This eliminates corner
breakdown and helps guarantee uniform breakdown of the
complete junction. A small area device (5.6 mils by 7.4
mils), CR8, provides a dynamic impedance of 20 ohms.

The requirement for a high voltage diode with small cur-
rent loss to the substrate (CR7 of Figure 7) has been solved
by use of a lateral p-n-p structure with a base-collector
short. The injected holes under forward bias are collected
by transistor action and the usual current loss due to the
substrate parasitic p-n-p transistor action is greatly reduced.
Compared with the base-collector junction of a typical low-
level buried-layer n-p-n transistor, the substrate current
loss at 300 uA forward bias is reduced from 200 uA to 2 uA.

The use of lateral p-n-p structures for dc current sources
is becoming common in IC designs. In this circuit, a circu-
lar geometry was used with a wide spacing from emitter to
collector (0.6 mil) to increase the output impedance. This
has provided an output impedance of 4 M2 at IC=0.6 mA
while maintaining a useful hgg (8 to 16).
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PERFORMANCE OF IC REGULATOR

Typical performance of the IC regulator is given in
Table 1. The close component matching and thermal track-
ing achieved in the IC realization, in combination with the
added zero TC circuitry, has proven very effective in re-
ducing dc output voltage changes with temperature. Many
units have been measured which have an output tempera-
ture drift of only +10 ppm/©C. The ability to achieve this
performance depends primarily upon ability to control the
temperature coefficient of the zener diode. This coefficient
is a direct function of the magnitude of the breakdown
voltage, with a change of +0.2 volts, creating a total change
in the temperature drift of £20 ppm/©C. Present control
of diffusion tolerance has provided units with an output
voltage change less than +30 ppm/°C.

TABLE |
TYPICAL PERFORMANCE
Temperature Drift of Vgt +30 ppm/°C
2, (Independent of Vgt 0.020 ohms
Input Regulation 0.003%/V
Transient Recovery Time 03us
(lioad = 150 mA; Aljgad = 50 mA
Reguiator Bias Current 5.0 mA
Maximum Load Current 600 mA
Output Noise
{With Cn = 0.1 uF) 0.15 mVrms
Minimum Voltage Differential 2.1 volts
Vin — Vout)

The output impedance of 0.02 ohm is maintained es-
sentially constant from dc to approximately 1 MHz as a
result of using frequency compensation at the load only.
A special printed circuit board layout with low inductance
leads to the load is necessary to reduce the lead reactance
contribution in the frequency range above 300 kHz. This
technique is also needed to provide the optimum transient
response in V, for step changes in load current. Tests made
with a constant load current of 150 mA and positive and
negative step changes of 50 mA (with a rise and fall time
of approximately 20 ns) have shown the peak overshoot to
be 50 mV with a recovery time of less than 0.3 us.

The maximum load current is established by current
density limits of the standard-thickness (10,000 A) alumi-
num interconnect metal [3]. For wide temperature opera-
tion this current limit is approximately 500 mA, although
the transistor structure used will carry currents of 1 ampere.
Problems of short-circuit dissipation are created at these
large current levels. A new 9-pin TO-66 package, which was
designed for high-power integrated circuits, that allows a
dissipation of 18 wattsat Tcase = +25°C (for a Tj=+150°C)
is used.

SOME INTERESTING APPLICATIONS

The capacility of electronic shutdown can be used in
many ways to extend the versatility of the basic unit. In
addition to power savings and squelching, a novel applica-

tion results from noting that the threshold voltage for this
control is simply that of two base-emitter junctions. The
ON voltage of these junctions is inversely dependent on
chip temperature, so a fixed dc input voltage applied at
the shutdown control produces automatic shutdown of
the regulator at some desired maximum junction tempera-
ture. Thus, the unit can be completely protected regard-
less of heat sinking used or operating conditions chosen.
Alternatively, by using a few external components, shut-
down can be used to eliminate short-circuit dissipation, or
a simple relaxation oscillator circuit can be added to cause
a low duty cycle ON-OFF sequencing during short-circuit-
ing to reduce dissipation, with normal operation automatic-
ally restored on the ON cycle following removal of the short.

A negative output voltage is possible and external n-p-n
or p-n-p transistors can be added to boost both the load
current capabilities and the high end of the output voltage
range. Output over-voltage protection and the usual power
supply features of remote sensing, complementary track-
ing, and output voltage programming can also be accom-
plished. Finally, a negative supply can be introduced at
the normal ground point to provide a laboratory-type
supply capable of achieving an adjustable output voltage
with a minimum of zero volts.

CONCLUSIONS

Additional transistors made available in an IC realiza-
tion have been used to provide improved regulator per-
formance over that which can be economically achieved
in discrete designs. The low drift dc capabilities of the IC
technology are seen to give excellent temperature perform-
ance in an all-diffused circuit without the requirement for
specially trimmed temperature independent resistors. The
overall performance that has been achieved using a single
die exceeds that required in most electronic systems and
can be obtained at relatively low cost.
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AN-475

USING THE MC1545, A MONOLITHIC
GATED VIDEO AMPLIFIER

INTRODUCTION

The MC1545 is a monolithic integrated circuit that was
designed for use as a wideband amplifier; however, because
of its novel design, the MC1545 can be used in a variety
of applications, that include a gated video switch, pre-
amplifier for core memory sense amplifier, balanced modu-
lator, frequency shift keyer for FSK systems, amplitude
modulator, pulse amplifier, and multiplexing circuits, to
name a few.

This application note will discuss briefly the dc and ac
operation of the MC1545 and present some of its many
applications.

I. CIRCUIT DESCRIPTION AND OPERATION

A schematic of the MC1545 with pin numbers for the
TO-5 package (G suffix) is shown in Figure 1. The circuit
consists of a constant current source transistor, Q7, and a
switching differential amplifier, Q5 and Q6, which splits
the constant current between two differential amplifiers,
or channels, composed of transistor pairs Q1 — Q2 and

Q3 — Q4 depending on the voltage applied at pin 1, the
gating pin. The collectors of both channels are tied together
and connected to a common load resistor (1 kS2). By
using this technique, the amount of current flowing through
each of the 1 k{2 load resistors is constant and independent
of which channel, Q1 — Q2 or Q3 — Q4, is conducting.
As a result, there is essentially no dc level shift at the out-
put when one channel is turned off and the other channel
is turned on. The steady-state change measured in the dif-
ferential output voltage when switching from one channel
to the other is typically 15 mV. The amplified signal
which appears at the collectors of the input channels is
transferred to the output via Darlington emitter followers
for a low output impedance and at the same time buffer
the input differential amplifiers from any capacitive loading
which would tend to lessen the frequency response.
Common mode feedback is provided from the emitter
of the first emitter follower back to constant current
source, Q7, to stabilize the dc operating point of the circuit

50 20 80+V 3(?
>
2850
< S
Stk 31k % JJ
Q1 a2z LN [
>
20 20 315 k 06
L ——010
39k 35k
<
Qé
> S
I\{ Zak 29k 35k
Q7
(Pin 10 Under Tab on TO-5 Can)
Pin Numbers Shown are for
190 500 G Package (TO-5), for F and
L P, Refer to Data Sheet.

2

FIGURE 1 — MC1645G Circuit Schematic
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FIGURE 2 — Single Ended Voltage Gain versus Frequency

and provide excellent common mode rejection.

The manner by which either of the two input channels
can be selected is as follows: The biasing of the MC1545
is such that with a sufficiently positive voltage applied to
the gating pin (pin 1 on the “G” package), or with the
gating pin left open, the voltage at the base of transistor
Q6 is more negative than the voltage at the base of tran-
sistor Q5. Asa result, transistor QS is “on” and transistor
Q6 is “off”. Under this condition, all of the constant
current which is established in the collector of Q7 passes
through transistor Q5 and establishes a bias current in the
differential amplifier composed of Q3 and Q4. Hence,
any signal applied to these transistors is amplified and will
appear differentially at the output. However, if the gating
pin is connected to ground or some negative value, the volt-
age at the base of transistor Q5 becomes more negative
than the voltage at the base of Q6, which causes the con-
stant current to flow through Q6 and establish the bias
current in the differential amplifier composed of tran-
sistors Q1 and Q2. In this state, any signal which is applied
to transistors Q1 and Q2 is amplified and will appear at
the output, while the signal that is applied to transistors
Q3 and Q4 is now gated off. The voltage required to

perform this gating function at pin 1 is compatible with
all standard forms of saturated logic (MRTL, MDTL, TTL,
etc.). In this manner either of two signals can be gated
through the amplifier depending upon the application of a
logic signal to the gating pin. This immediately points to
the use of the MC1545 as a video matrix cross-point
switch, a frequency shift keyer for FSK systems, a gated
video amplifier, a gated oscillator, a preampilifier for core
memory sensing, a channel selector for data acquisition,
and many more. In addition to these obvious uses, there
exist a number of less obvious uses which take advantage
of the unique design and versatility of the MC1545. Among
these is its use as an amplitude modulator and balanced
modulator. These will be explained in more detail later
in this application note.

Figure 2 shows a plot of voltage gain versus frequency
for the three temperature extremes of -55°C, 25°C and
1259C. It is apparent from this plot that the MC1545 is a
very wideband device and will serve well as a pulse ampli-
fier. In addition to its wide bandwidth, the MC1545 has
the added advantages of being dc coupled and providing a
differential output from which a signal and its complement
are available for driving logic functions which require both
the signal and its complement as inputs. Rise time, fall
time, and propagation delay are typically 6 ns for this
device, making it compatible with modern, second gene-
ration logic systems.

As was explained earlier, the amount of attenuation
which is given to an input signal when the amplifier is
gated “OFF” is a function of the dc voltage at the gating
pin. A curve showing this attenuation versus gate voltage
is seen in Figure 3. As would be expected, the amount of
attenuation of the input signal is a function of the input
frequency. A curve of this characteristic is shown in
Figure 4. This curve indicates that above 30 kHz, the am-
plifier begins to show a certain amount of capacitive feed-
through, primarily due to the physical closeness of the
pins, and can be improved by the use of proper shielding
between pins. However, even at an input frequency of
10 MHz, a channel separation of better than 60 dB can
be achieved.

20

Ay, Voltage Gain (dB)
1
@
o
\
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MC1545G
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FIGURE 3 — Voltage Gain versus Gate Volitage
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FIGURE 4 — Channel Separation versus Input Frequency

Another important parameter of any wideband ampli-
fier is common mode rejection, which again is a definite
function of frequency. This is shown in Figure 5 which
demonstrates that the MC1545, even though very simple
in concept, design and operation, has excellent common
mode rejection.

To demonstrate the great versatility of this device, a
number of applications will now be shown.

II. APPLICATIONS
A. Video Switch

Figure 6 shows the MC1545G connected as a gated
analog switch. It should be pointed out here that the
number of external components required for this applica-
tion is very minimal. This particular usage requires only
one resistor. In this application, a signal (analog or digital)
is applied to the amplifier at pin 4. With the logic signal at
pin 1 at a logic 1 state (positive voltage) the input signal
is amplified and passed through the amplifier. However,
if the logic signal at pin 1 is at a logic O state, the amplifier
is turned off and no signal will pass through the device. If
it were required that the opposite logic levels pass or block
the signal, the input signal can just as easily be applied to
pin 2 or 3 with pins 4 and S grounded. In this case, a high
logic level would block transmission and a low logic level
would pass the signal, making the use of inverters unneces-
sary. Taking “channel select time” as the time delay from
the 50% point of the gate pulse to the 50% point of the
full output swing, it is observed to be approximately 20 ns.
During the time that the gating logic is in the low state,
the circuit which gates the MC1545 must sink a maximum
of 2.5 mA, which most forms of saturated logic can do
easily. When the gating logic is in the high state, the circuit
that gates the MC1545 must source only the leakage cur-
rent of a reverse biased diode, which is 2 pA maximum.
These requirements are quite similar to the input require-
ments of a standard DTL or TTL logic gate.

B. Frequency Shift Keyer
Rather than grounding pins 2 and 3 as in the previous

example, it is possible to apply a second frequency to these
input pins and select which of the two frequencies, either
F1 or F2, will be passed through the amplifier. This is
illustrated in Figure 7. As the circuit is shown, frequency
F2 will be passed when the voltage at pin 1 is greater than
+1.5 volt and F1 will be passed when the voltage at pin 1
is approximately zero volts.

The MC1545 can be used as a gated sense amplifier —
preamplifier in core memory systems. By being able to
strobe independent of the systems read signal, the sense
amplifier can be gated on after the large common-mode
pulse has passed and sense the low voltage differential
signal stored in the core. This reduces the sense amplifier
recovery time from microseconds to nanoseconds since
the channel select propagation delay time is of the order
of 20 ns.

In addition to this preamplifier application, another
use can be made of this idea by paralleling and cascading a
number of MC1545’s to perform a one-of-N data selector
for data processing. A simple example of this is shown
graphically in Figure 8.
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FIGURE 6 — Video Switch

F2

F1 0O

>
5103

<4 Channel
Select
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FIGURE 8 — One-Out-Of-Four Data Selector

FIGURE 9 — Wideband Amplifier with AGC

C. Wideband Differential Amplifier with AGC

The gate characteristics of the MC1545, as shown in
Figure 3, also make it useful as an AGC amplifier. Witha
dc voltage applied to the gate pin, as much as 100 dB of
AGC can be obtained. Since there is essentially no dc level
shift with AGC, the output waveform will collapse sym-
metrically about zero with little or no distortion. This
application is shown in Figure 9.

D. Amplitude Moduiator

The gate characteristics of the MC1545 also makes it
useful as an amplitude modulator. Figure 10 shows the
measured gate characteristics, with gain plotted on a linear
scale. By biasing the gate at Point B and impressing an
audio signal on the bias, the gain of the channel varies
quite linearly between the points “A” and “C” on the
curve, giving very litile distortion on the output. Using
the gate characteristics in Figure 10, the up-modulation
(My) and down-modulation (Mp) may be calculated. Re-
ferring to Figure 11, the up and down modulation factors
are defined as:

Emax — E
My= L”;:— (upward modulation) 1

10

8.0 Vec=15V

5.0 L
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Ay, Voltage Gain (V/V)
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Vg, Gate Voltage (Volts dc)

FIGURE 10 — Voltage Gain versus Gate Voltage
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E — Epj
Mp = T‘“‘“ (down modulation) )
where:
E = peak amplitude of the unmodulated carrier

Emax = maximum amplitude attained by the
modulated carrier envelope

Emin = minimum amplitude of the modulated
carrier envelope

Audio

/ Envelope

RF Carrier

FIGURE 11 — Amplitude Modulated Waveform

Constraining the gate voltage to vary about the point
“B” with a maximum occurring at point *A” and a mini-
mum at point “C” and letting the RF carrier input be ejp,
(See Figure 12), then

Audio
Input

FIGURE 12 — Amplitude Modulator

€0 = einAV] (3)
Thus the values of E, Emax, and Epip are
E  =ein(Av)y (O]

Emax = ¢in (AV{) 5 (5)
Emin =ein (AVy)¢ (6)

0.2 V/em —e

FIGURE 13 — Qutput Waveform of Amplitude Modul
with 25 MHz RF and 5 kHz Audio

and by using equations (1) and (2), obtain

=(AV1)A.*(AV1)B ™
(Av)p
_ (Avpg —(Avpc

(Av))g @

Substituting the values of (Ay),,(Av|)g, and (AV)c,
from Figure 10 into equations (7) and (8) we find

My = 0.58

Mp =0.54
These are the values of up and down modulation which
can be expected without appreciable distortion.

When the circuit shown in Figure 12 was bread-
boarded and the resistor adjusted to give the proper bias

1
Carrier It
Input ot Na c3
5

MC1545G
2 5 (——-b-eo
7 c3
251 —i3
1
[o]
Audio 1( -V
Input o
Balance
Adjust

FIGURE 14 — Balanced Modulator
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point, the results for a carrier frequency of 25 MHz and an
audio frequency of 5 kHz were

My = 0.54, Mp = 0.52.

From Figure 10, the audio signal required to perform this
modulation is approximately 350 mV peak to peak. The
output waveform for this circuit is shown in Figure 13.
Note that the distortion is very low.

E. Balanced Modulator

The MC1545 can be connected as shown in Figure 14
to function as a balanced modulator. The operation here
is quite similar to the operation previously discussed for

Mathematically the switching function can be written

o0
S(t)=2 ZAnCosnwct

n=1

©)

where

(109

T+V

Tw

A

W
-
x

>
S1k & 1k
:

~€c em O

-v

Approximate Equivalent

FIGURE 15 — Balanced Modulator Model

the amplitude modulator except that the input differential
amplifiers have been connected such that their collectors
are cross-coupled. This is obvious in Figure 15 where the
input stage has been redrawn to reflect its actual operation.
If the carrier level is sufficient to completely switch the
top differential amplifier pairs, the circuit functions as
shown by the approximate equivalent circuit in Figure 15.
Here the modulation signal is alternately switched between
differential amplifiers at the carrier rate. The result is
that the modulation input signal is multipled by a sym-
metrical switching function which shifts the spectrum of
the modulation input and places it symmetrically about
the odd harmonics of the carrier. A pictorial explanation
of this is shown in Figure 16.

nm
Only the odd harmonics are present since Sin — =0, for
neven. 2

If the input modulation is given by

em = EmCoswmt, (11)
then the output will be given by
oo
eo=2 Emz ApCosnwctCoswmt. (12)
n=1
By use of the following trigonometric identity, %
CosACosB = 1/2 [Cos(A+B) + Cos(A-B)] . 13) %
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FIGURE 16 — Modulator Waveforms

The final result is expressed in the desired form,

e0=Em ) An[Cos(nwe + wm)t + Cos(nwe - wm)t] .
n= (14)

Hence, the output is composed of only the sum and differ-
ence frequencies (sidebands), and the carrier is suppressed.
When the circuit of Figure 14 was evaluated, the carrier
rejection that could be achieved was as follows: 62 dB
with fe = 15 kHz and fyy, = 3 kHz; 47 dB with f = 455 kHz
and fy, = 10 kHz, and 36 dB with f. = 30 MHz and
fm = 10kHz.

F. Pulse Amplifier

Pulse amplifiers are used in many applications such
as pulse radar IF’s, pulse width modulation, and pulse
amplitude modulation systems.

The MC1545 offers a number of advantages as a
pulse amplifier. It has a large bandwidth as is seen in
Figure 2. It has dc coupling which provides low frequency
response and therefore no droop, and with its differential
input and output, common mode signals, such as noise,
are greatly attenuated.

Figure 17 shows a typical pulse amplifier connection
for the MC1545 giving a voltage gain of 10 V/V (20 dB).

]
i
]
1

<

FIGURE 17 — Pulse Amplifier

1lI. CONCLUSION

A versatile integrated circuit, the MC1545, has been
discussed that takes advantage of state-of-the-art I/C fabri-
cation techniques and novel design to give the circuit and
systems designers a new building block. The MC1545
serves well in a number of applications, such as a video
amplifier, pulse amplifier, FSK keyer, balanced modulator,
amplitude modulator, differential amplifier with AGC,
preamplifier for core memory sense amplifiers, and many
more. The flexibility of this circuit is limited only by
the user’s imagination.



AN-480
REGULATORS USING OPERATIONAL AMPLIFIERS

INTRODUCTION

Regulators using op-amps as the gain elements usually
exhibit better regulation than their IC counterparts due to
the higher available loop gain in the op-amp. Voltage
drops of less than 0.01% over the entire load range are
commonplace, and with care 0.001% is feasible. It is
useful to look at all elements of such a regulator design so
that in the final result, performance is predictable over
load and temperature variations.

This application note will describe the most important
device and circuit parameters in regulator design, and
show an example of how they may be applied.

BASIC THEORY

Regulators can best be analyzed as a feedback system
and as such, can be drawn in block form as in Figure 1.
Output voltage for this simplified system is given by:

_ G

Vo =Vref 73R
where

G = Amplifier gain, AyQL

H=The fraction of Vg fed back to the summing
point.
Output voltage, VQ, is less than Vef by the term

- 1 -
Vref — VO = Vief e forH=1.

For the regulator of Figure 1, improved regulation results
from higher amplifier gain.

Vyef Amplifier

R

FIGURE 1 — Feedback Amplifier Form of Voltage Regulator
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Vreef Op-Amp

Q4

|||._~W______7—_‘._

FIGURE 2 —~ Feedback R

So far no mention has been made of load effects.
Indeed, since an ideal amplifier was assumed in the initial
circuit, its regulation would be perfect. Therefore, dif-
ficulties with regulation may be traced to amplifier
qualities so far ignored ... primarily output impedance.
The general form of the regulator amplifier is an oper-
ational amplifier with an additional emitter follower stage
to provide necessary current gain for useful output
current, as illustrated in Figure 2. Output impedance for
the emitter follower can be quiet low, being approx-
imately the impedance seen at the base of Q divided by
the beta of Qj. The base impedance is predominantly the
open loop output impedance of the operational amplifier.
Therefore, the open loop (no feedback) output impedance
of the regulator is

Z0 (open loop z—z—-o—gg;m

However, when feedback is applied around the amplifier,
Zg drops by the amount of loop gain. For full feedback
(H = 1) the output impedance becomes:

Zo (op amp)
b (1+6G)

It is obvious that for large amplifier gains there is a big
improvement in regulator performance; the output im-
pedance drops. For a second model, the regulator can be
drawn as a voltage source with a finite output impedance
as shown in Figure 3. Output voltage and percent
regulation are now easily calculated as

Z (closed loop) =

Vo=V’ —ILRQ and
V' - Vg
percent regulation= v X 100

=120 x 100(%)

Vo
RL
with | d Current Capability
MV ©
Ro
UN
v’ I a
L
@, T
._Vret G - Z, (Op-Amp)
1+GH ©° " pOy(1+G)

FIGURE 3 — Regulator Model

For some applications the previous equations will
adequately describe the dc behavior of the circuit.
However, for present day operational amplifiers, capable
of gains in excess of 100,000, other factors begin to
change the performance to something other than ex-
pected. To evaluate these other sources of error, consider
an example based on what has been derived so far.
Assume an operational amplifier with an open-loop gain
of 100,000, an output impedance of 100082, and an
emitter follower with a worst case beta () of 20. With
Vref =10 volts, the expected no load output voltage, from
Equation 2, would be low by an amount

10
Vief— Vo=
ref — VO 1+105
=0.1 mV,
and regulation from Equation (6) would be:

I x
% regulation = LV;RO x 100

103 _
~ —— = 0.5 m}
(20) (10%)

ILx05x103
% regulation ~ — o % 102

Ro
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for I1, =100 mA
% regulation = 0.05 x 102

=0.0005%.

This is indeed good regulation. However, the measured
value of such a system may vary by more than an order of
magnitude from this figure. Normally neglected amplifier
and circuit parameters must now be considered to
determine a closer measure of actual performance.

VOLTAGE OFFSETS

According to the calculation in Equation (7), the
output voltage will only be 0.1 mV less than the
reference. This small difference is usually masked by the
input offset voltage (Vio) of the operational amplifier
which typically runs from 1 to 10 mV for monolithic
amplifiers. Therefore, increased gain, without a tighter
voltage offset specification, will not guarantee closer
tracking of the output voltage to the reference. A second
effect of Vjg is output drift with temperature and loading.
Temperature coefficient of the input offset voltage is
roughly proportional to Vip; drift is typically 5 uV/°Cto
20 uV/°C. This not only exhibits itself as added shift
between V( and Vef over temperature, but over loading
as well. For example, assume an amplifier operating under
the following conditions:

Vsupply =15 volts
TCv;, =20 uV/°C

ILoad =0, +15 mA
PIA = 4.6 mW/°C

The term ¢ A is thermal conductance from the chip to
ambient and can be used to determine junction temper-
ature rise for a given power dissipation. Temperature
coefficient of the input offset voltage is not the linear
function that the drift specification would indicate (which
is usually an average or straight line approximation), but
for a rough approximation around normal room ambient
it will be sufficient. Added temperature rise due to output
loading (for the example given) can be calculated by:

APgiss
$IA
oc.i. = 15X 015)
TIS€ © ¢JA
=49°C

o -
Crise =

and the input offset drift will be

V, ad 49°C
io drift = — X
io drift oC

=098 mV.

For base current requirements of Q) approaching the
maximum available op amp current (usually 10-15 mA),
this drift will be an error in measuring regulation. Output
voltage will appear to drift after the load is applied, and
after some time will settle to a constant value. The
regulation figure ascertained in Equation (8) will be of
little value if the Vjq drift completely covers the excellent
short term regulation due to amplifier gain. The thermal
time constant associated with chip temperature rise is on
the order of 1 or 2 minutes and can easily interfere with
attempts to obtain good regulation over load, even though
the ac output impedance may appear to be excellent.
Since the regulation in Equation (8) corresponds to a
voltage change of only 50 uV, virtually any temperature
shift on the chip (or in the ambient) can cause the output
to move by a significant amount.

COMMON MODE AND POWER SUPPLY REJECTION

If the op amp is connected directly across the incoming
voltage (Figure 4), another type of error can occur which

o Q4
M \ v

RL

AMA

FIGURE 4 — Op-Amp Powered by Line Voitage

again will make the regulation appear much worse than
0.0005%. This is due to dropping input voltage with load
current being coupled to the op amp output by the
parameter “power supply sensitivity”.

If Vyef is a value other than the average of vtand VT,
the op amp can exhibit a gain, which is specified under
“common mode rejection ratio”, CMRR. When Qj is
operated from the same input voltage as the amplifier an
effort is usually made to minimize voltage differential
across the series pass transistor to maximize efficiency.
vtiv—
¢ 2
usually quite high under these circumstances and the error
that results can become significant if CMRR is less than
80 dB. Common mode error appears as an offset of either
polarity at the output and will vary over temperature. For
the above mentioned minimum (CMRR =80 dB), offset
will be £100 uV per volt of common mode. Rejection of
at least 90 dB is desirable to establish minimum offsets
from amplifier to amplifier.

The common mode voltage — Vief) is then

NN
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VOLTAGE REFERENCE

Output voltage stability with time and temperature
depends for the most part on the quality of the voltage
reference. Specifying a tight amplifier drift specification
alone will not guarantee a stable regulator over
temperature, only a good OTC reference will. Other
factors to consider, however, are: line rejection, cost, and
ease of adjustment (if any). The most obvious solution is
to use a zener diode which has a low temperature
coefficient by nature (about 5.1 volts), or one that has
been compensated by adding forward diodes. Low voltage
zeners lack flexibility for use in higher voltage supplies,
especially when it is desirable to have Vief =V(, and
high-voltage compensated zeners are normally expensive.
In addition, when the reference voltage equals the output,
current from the input voltage must be used to excite the
zener which will cause some line ripple to feed through to
the output. A first try at establishing a reference circuit is
shown in Figure 5. Since the diode also exhibits a finite
resistance

voltage. This is illustrated in Figure 6. Two terminal
current regulator “diodes” are now available that have
extremely high impedance when operated with more than
one or two volts across them and have an upper voltage
limit of about 100 volts. A less expensive, but more
variable method is the use of a FET with the gate and
source pins externally shorted yielding an IpSs current
above the pinch off region. An example of this using an
N-channel JFET (2N5457) is seen in Figure 6b. This
arrangement can also offer an equivalent resistance of
several hundred thousand ohms while delivering milli-
amperes of current to the zener, requiring but a few
volts to operate.

Expanding further on the circuit of Figure 6, if the
current source is very good, the zener may be replaced by
a resistor to establish a voltage whose value is Ip x R, as
shown in Figure 7. A completely variable reference can be
realized by making R a potentiometer. The reference is
now at the mercy of the temperature coefficient of the

(a)

w >

I
+ Zz
v —
VR

vz

Rz

(b}

FIGURE S — Zener Diode Reference

at each current level, the equivalent circuit may be
approximately redrawn as Figure 5B. Reference voltage
VR is now composed of two components, VZ and IZRz;
assuming I], =0,

VR=Vz +IzRz
Viovz
lZ_R*i-RZ

vr-vg
VR = W Rz +Vz
\'a - Rz
VR_R+RZ tVz {l —[RTiZ

Note that a portion of the input voltage is coupled into
VR due to Rz causing input voltage influence at the
output. By replacing the resistor R with a current source,
VR may be rendered nearly independent of the input

FET, which can be poor unless compensated. But for
short term stability this does offer the flexibility of a
variable VR.

A stable, positive voltage reference can be obtained
from a currently marketed voltage regulator IC. Only the
compensated reference portion of the circuit is used, but
it is priced well below compensated zener units which
approach its drift specification of 0.002%/°C (typ.). The
regulator IC is the MC1560-1460 series. With two external
resistors, the reference voltage can set up to 17 volts, as
seen in Figure 8. Here, then, is a flexible, stable voltage
which should suffice for all but the most critical regulator
applications. A high voltage version of this circuit
(MC1461-1561) offers outputs to 37 volts to satisfy most
system reference needs. Care must be taken, however,
when choosing the resistors (R and R in Figure 8) to
insure that their temperature coefficients match as closely
as possible the device TC for its full value to be realized.
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v+

VR

(a)

v+

i D
2N5457

Vg

1

()

FIGURE 6 — Current Source Stabilized Zener Reference

GROUND LOOPS

So far, considerable discussion has been centered
around devices and their effect on overall performance,
but the truth is, much regulation can be sacrificed by
improper layout and current path considerations. A
regulator diagram is given in Figure 9 with critical load
path wire resistances shown as Rw; and Rw2. These are
the most important simply because they carry the most
current and thus dron the most voltage.

Even if Vp=Vief, (H=1), and with Ay =co, the
voltage across the load (VL) will be only a fractionof Vg

RL

VL= Vo X Ry Rw, TR

This may seem insignificant at first giance, but #20 wire
exhibits 10 mQ/ft, which means 1 mV per 100 mA per
foot. For the hypothetical regulator designed earlier this
completely masks the true regulation. An additional
problem can be contact resistance if the regulator output
is connected to the system by binding posts or a similar
connector rather than being soldered. Even solder joints
can result in loss of millivolts if not properly made. Either
of the above conditions can be minimized (not eliminated)
by “remote sensing” as shown in Figure 10. Voltages at
the amplifier inputs are now:

Ve =VL +ILRwj,
Ve = Vief + ILRW,,
Ve~ Ve =e=Vpef - VL, and

VE+VE VL +Vier
3 =3  *lLRw,

7.5k
—o Vg
50 k %
FIGURE 7 — FET Current Source with
Potentiometer for Variable VR
Vin
o—— 13
VR

9
MC1460G % Rq

10

R2

A4

"k

= — 135V
= + .
Vg 1

FIGURE 8 — Monolithic Voltage Regulator

Used as TC Reference

Aniwiw



77

AN-480 (continued)

O AN
+
v Rw,
e
RLS
Vi
[ vo
In AAA ]
= Rwz
FIGURE 9 — Ground Loop Madel
o Q4 AAA ‘
vt Ll ﬁw1 W
Vi
T +
E Op-Amp RL‘:
1 i
Vref
_L  AAA—
= Rwy
FIGURE 10 — Voitage Reg with R S 9

Error given by Equation (13) is the same as for the
circuit of Figure 4, except that the common mode voltage
from Equation (14) is increased by the value Il Rw,. If
the common mode rejection of the amplifier is good, this
added voltage won’t significantly affect performance of
the regulator. The sense lines may be small gauge wire
since they carry very little current. Resistance Rw;
increases the open loop output impedance of the regulator
but in most instances an additional 10 or 20 m§2 will not
significantly affect performance.

BUILDING A REGULATOR

As an example, using the previous equations and
techniques, a +15 volt regulator will be designed using a
monolithic operational amplifier. For a preliminary spec-
ification, or design goal, assume a tentative 0.1% regula-
tion for a current load change of 0-300 mA and see if it
can be realized. Calculated output voltage change from
no-load to full-load must be no more than 15 mV, which

from Equation (6) indicated a maximum regulator output
impedance of 50 m&2. It is evident from Equation (4) that
some consideration must be given to three primary factors
influencing output impedance: series pass transistor gain
(6Q1), op-amp open-loop output impedance, and op amp
open loop gain (AVQL). A wide range of devices are
available that will give the desired result, so they are
usually chosen for reasons other than performance, for
example, cost and availability. For good performance at
moderate cost a 2N4921 will be used as Q] and an
MC1539 as the operational amplifier. The pertinent device
parameters, are:

BQy = 20 (min),

AyQL (op-amp) = 50,000 (min),
Zg (op-amp) =4 k2,

CMRR = 100 dB,
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Offset Voltage — 4 mV (max),
TCyio =5 uV/°C, and
Power supply Sensitivity = 150 uV/V (max).

Regulator output impedance (from Equation (4)) for this
combination of devices is 4 mQ causing a voltage drop
under full load of 1.2 mV, only a small part of the
allowable error. Maximum current supplied by the ampli-
fier (MC1539) is specified as 15 mA. For a single supply
of +30 volts this signifies an additional power drop
(besides normal operating power) of 225 mW. Assuming
the same ¢JA as in Equation (8), the additional chip-
temperature rise will be 49°C, and the possible offset
voltage drift could be as high as 0.245 mV, which is
negligible in this case. Since the output voltage is one half
the single supply value (+30) and Vief=+15 V, no
consideration need be given to common mode effects.
Power supply variations affect the output only to the
extent listed under “power supply sensitivity”, not
including reference disturbances, and will also be assumed
negligible for this example.

Since typical or minimum performance values were
used for both the transistor and the op amp, the fact that
regulation is better than the design goal is not surprising.

Static (dc) curves of performance are usually difficult
to measure because of output voltage drift and noise.
The former is caused by a combination of excellent regu-
tion and relatively poor temperature coefficients. If R}
and Ry were matched to 0.02%/°C the output voltage
would shift 3 mV for each degree change in their temper-
ature, and this can easily happen when Q] begins to heat
as load current increases. Regulation, then, becomes
dependent on the proximity of Ry, R2 and Qj, where it
becomes obvious that no amount of amplifier gain can

alleviate the difficulties caused by temperature gradients.

Transient behavior, however, is indicative of true regula-
tion if done in the proper manner. For noise levels below
1 mV a pulsed load technique may be used and the shift
in output voltage noted on an oscilloscope. This is also
valuable in establishing overall transient response although
the usual “spikes” will be considerably off the scope
face when measuring the relatively quiescent dc level shift,
illustrated in Figure 13. Another method, although not as
direct, can give good results if the operational amplifier

+20V 2N4921 °
A4 :
_%51 @ 0.1 +30V ‘% s1a Vo
0.1 uF 0.1 uF
- T
R3
3 0.05 uF
6 3 7 Cq +Sense
1
9
MC1460G S mMcis3sc S §
7% 25k
8 2 4
10
>
6.8k =
~Sense
o
Return Vo Return
o~ o

FIGURE 11 — +15 Volt Regulator

As a reference for our regulator, an MC1460G will be
used to take advantage of its low temperature coefficient
and excellent line rejection. Since ordinary carbon re-
sistors will be used to set the reference level, overall TC
will be determined by the TC differences in the resistive
divider. However, this effect should show up primarily as
output voltage drift with temperature.

The regulator, designed as just described, is shown in
Figure 11, and when tested, exhibited the regulation
shown in Figure 12.

frequency characteristics are known. If a known value of
dc current is drawn through a load of known trans-
conductance, and modulated by a low frequency signal
(See Figure 14), any signal voltage appearing as the output
will be a function of the signal load-current and the
output impedance at that frequency. If the op amp
break-points are known, output impedance (slope of

AZ——\I’;’) can be calculated for a wide range of frequencies

(and loads if the dc load level were changed). For the

Nk
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example regulator, a narrow band (tuneable) RMS volt-
meter that will accurately measure ac output voltages in a
band from approximately 100 Hz to 100 kHz is used.
With a value of 100 Hz as starting point, at a dc load of
100 mA and an ac modulation of 10 mA (RMS), the
output voltage is 0.1 mV RMS (BW=10 Hz). This
corresponds to an output impedance of 10 mQ2. However
from the compensation values used (0.05 pF, 180 %), it is
known that the first pole or break point occurs at
approximately 10 Hz, a factor of 10 from the signal
frequency. If the opamp rolloff is 6 dB/oct, then at dc the
output impedance would be 1 mQ. For frequencies much
removed from the audio region, other poles (or zeros)

may make the calculation more difficult; a choice of

. __1
frequencies between the first pole and zero (fZ = 2—R3C1)
is usually wise.

T T

Vnominal ~ Vout
Miltivolts
o
S

-05
-0.1
-0.2

] 50 100 150 200 250 300
Load Current in Milliamperes

FIGURE 12 — Load Regulation for Circuit in Figure 11

TRANSIENT RESPONSE

Output impedance vs frequency and transient response
are not unrelated for a smail signal analysis. If the output
impedance remains low at high frequencies, then tran-
sients will disturb the output voltage very little. However,
as noted, op-amps tend to begin “rolling off” frequency
response rather early (for stability considerations) and
hence the output impedance, directly related to amplifier
gain, goes up with frequency, even with output capacitors.
Operational amplifiers with relatively low gain (<10,000)
usually exhibit better bandwidth than high gain units and
make better regulators where medium frequency output
impedance is a factor. However, for non-linear loop
response, small signal parameters become useless and slew
rate must be considered as the prime parameter for
designing performance. Non-linear operation is en-
countered if transient speed is faster than the amplifier’s
ability to correct or follow. Speed of recovery is then a
function of the amplifier’s large-signal maximum rate of
change as indicated by its power bandwidth or slew rate.
Since direct feedback wusually dictates unity gain
compensation, good transient response may be difficult.

CONCLUSION

Excellent dc regulators can be constructed using
operational amplifiers if adequate precautions are taken in
construction and sensing. Open loop gains in excess of
100,000 are beneficial unless very tight specifications-on
amplifier input offset and reference drift are established.
Short term regulation of 0.01% is easily realizable with
0.001% well within expectations if some care is exercised.

Ve s

Regulator Output under Pulsed Load Condition (12 b)
Horizontal Scale: 200 us/cm
Vertical Scale: 1mV/iecm

Load Current Waveform for 12 a
Horizontal Scale: 200 us/cm

Vertical Scale: 100 mA/cm

FIGURE 13~ R

Test Wavef
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‘octlac
—_—
o
Narrowband
vt Regulator Vo RAMS = AF
Voltmeter Load Generator
©

FIGURE 14 — Regulator Test Using RMS, Narrow-Band Voltmeter

APPENDIX A

If the regulator output is to be a multiple of the
reference voltage the circuit of Figure A-1 is usually used.
Regulation for this circuit will be worse than for a circuit
where the reference and output voltages are equal because
of the loop attenuation introduced by R} and R3. Output
impedance is given by

Zg (op amp)

Al
o [ ot

Common mode rejection and power supply sensitivity are
degraded to:

Zg (closed loop) =

R
CMRR* = CMRR | aB-( +Ef) | dB

R
Power Supply Sensitivity* ~ PSS [ 1 +.R_%]

R
Not only is the reference increased by (1 +§—f), but the

offset voltage and its drift as well as the reference drift.
For many reasons this connection can be shown to be
inferior except from the standpoint of slew rate where the

attenuation of allows a compensation other than

Ry
R1+R2
unity giving a wider power bandwidth.

APPENDIX B
“Floating” IC Regulators

Voltage regulators utilizing monolithic operational
amplifiers are often used for stabilizing voltages con-
siderably higher than their ratings. This control is possible
because the entire circuit is not referenced to ground, but
rather “floated” between ground and the supply voltage.

A simplified version of the most popular form is
illustrated in Figure B-1.

o ]
vt Vo
Vo=zVref
R2
> .
b3 (1 * Rq )
<>
R1
o— 4+—o
FIGURE A-1 — Regulator Circuit Using a Reference
that is a Multiple of the Output
Vin ‘ Dq Q4 Vo
o—

N/

L

O3
D2
-— >
! \,_. L‘ 3 .
P4 +
> v
1 )
= v

FIGURE B-1 — Floating Regulator
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Zener Dy insures that the IC positive supply is greater
than the required output swing. D2 maintains a constant
supply voltage for the unit ( V¥ + V™ )=Vp,. The
voltage across the IC, is then tied to the output voltage by
fixed constants.

Disregarding the power source for the op amp (dis-
cussed above), the schematic can be further simplified to
that of Figure B-2.

illustrated in Figure B-3. The chief drawback of the circuit
of Figure B-3 is that the output voltage can be much
higher (for large multiplication ratios) than the common
mode voltage (VZ). For the floating regulator (Figures B-1
and B-2), the output voltage may rise as high as voltage
precautions permit, but it is not limited by either
common mode or differential voltage problems.

%

D3

Vi

>
<
>
>R1

v

+ vz ( )R1+R2
Vo= 1(V
o= vzl =7

FIGURE B-2 — Simplified Floating Regulator Mode!
Vo be simply derived if
Vi may be simply derived i
common mode effects are neglected:

-_Ra
2_R1+R2 Vo

The transfer function

Vi=Vo—-Vp3

Vo=AyoL (V2 - V1)

VoR2
Vo=AVOL |+, ~ VO * VD3

R2
Vo =AvoL Vo |:R1 TRy | tAvoL VD:J

R2
Vo 1+AvoL(l -5 5g>) =AVOL VD3

Vo _ ——————AVOI;{I
VD3 1+AVOLR[+R;
Rj

for AVOL Ry +R; > 1

Vo _Ri+Ry . Rj+Rp
vy R VOTTR VD3)

The circuit responds as a zener “multiplier”; the
output voltage (V) is a multiple of the reference voltage.
Another circuit which performs the same function is

:: R2 R2
1 =
FIGURE B-3

One limitation peculiar to this regulator is that
regulation decreases for increasing output voltages. This is
a result of the loop gain belifg dependent on the zener

1
R; + Ry’
AVOL =50,000, Vp; =10 V, and Vg=100 V, the

multiplication  factor For example, if

A
resultant loop gain is VoL 5000. This value may not

10
be sufficient to support the desired regulation; the
degradation of output impedance should be kept in mind
for variable voltage supplies constructed in this manner.

PRECAUTIONS

Zener voltage values cannot be chosen haphazardly,
although there is some margin. The value of VD, (of
Figure B-1) is determined by the power supply require-
ments of the op amp, but will usually be 30 volts. Values
of Vp; and Vpg are interdependent and will be governed
by the weight placed on loop gain (regulation) versus ease
of finding a good zener with a low temperature coeffi-
cient. Nominally, VD may be chosen to be 10 volts. Vb3
should be chosen to place the op amp input in a favorable
common mode range. To visualize this, consider Figure
B4 where an output voltage of 75 volts is to be regulated.
VD, and VD, have been chosen as above.
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Zero common mode level (relative to the power

85 ;' 53 _ 70V. This would indicate that V3
may be anywhere in the range of 5V *Vmax(cm). For
stability, the value may be 5.6 volts which is nearly
zero-TC without compensation. If VD had been a smaller

value, the common mode limits would have been lower,

supplied) is:

and the allowable values of V3 higher. The components
under a high voltage stress are resistor R2 and the series
pass transistor if appreciable voltage is dropped across it.
Regulation for a circuit of this type is always a function
of the desired output voltage level, decreasing propor-
tional to the zener multiplication factor, but can provide
reasonably good regulation at moderate voltages (100-250
volts) and in a small package.

+85 VvV

+100 vV

j\‘

Q, +75 Vv

D3

v
3 R
<
v
$ e
< +55 V
‘P
= < R2
= jL
FIGURE 84

N
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AN-489

ANALYSIS AND BASIC OPERATION OF THE MC1595

INTRODUCTION

The Motorola MC1595 four quadrant multiplier is the
second basic building block now available to analog systems
designers. Any control or instrumentation problem which
requires the product, square, square root or ratio of two
analog quantities can be easily achieved with the MC1595.
Monitoring power, brake horsepower, fluid flow, solving
of complex non-linear equations (using analog computer
techniques), frequency doubling, phase detection, dynamic
gain control, taking roots or powers, modulation circuits,
navigational problems, velocity, acceleration and distance
for linear or non-inear inputs, root mean square calcula-
tions, and generation of trigonometric functions are only
a few of the applications for this device.

This note will be concerned with an analysis of the
MC1595, the basic operating and design procedure and a
few applications that will hopefully encourage the designer
to consider the multiplier in his future system designs.

REVIEW OF MULTIPLICATION TECHNIQUES

There are many methods of performing analog multipli-
cation.l The following partial list is offered as a brief
comparison of techniques:

1. Hall Effect — The basic principle behind the hall
effect multiplier is that the voltage across a conductor is
proportional to both the current through it and the
strength of the magnetic field across it.

2. Magnetoresistance — A magnetoresistance multiplier
is basically a Wheatstone bridge made up of flux-sensitive
resistors where the two variables to be multipled are the
current in the coil producing the flux and the voltage
across the bridge.

3. Variable Transconductance — A multiplier of the
variable transconductance variety is based on the idea that
the output of a transistor amplifier depends upon the input
signal and the magnitude of the effective emitter resistance
(common-emitter configuration assumed) which can be
controlled by the magnitude of the emitter current. Hence,
the output at the collector is proportional to the input
signal times a function of the emitter current.

4. Quarter Square — This technique makes use of the
mathematical identity XY = 1/4 [(X + Y)2 - (X - Y)2].
Diodes are generally used to generate the square-law func-
tions required.

5. Pulse Height/Width — An oscillator generates a train
of rectangular pulses in which the height of the pulses is

modulated by one input and the other input modulates
the width. The area of the pulses is then proportional to
the product of the two inputs.

6. Triangle Averaging — This is a variation of the quarter-
square method. Instead of the squaredaw functions used
in the quarter-square method, quadratic functions are
generated by integration of clipped triangular waveforms.

7. Logarithmic Sum — This is the technique by which
an everyday slide rule operates. XY = antilog [log X +
log Y]. Logand antilog functions can be easily generated
using a nonlinear element in conjunction with an oper-
ational amplifier.2

Of these seven methods of performing analog multipli-
cation, the third (Variable Transconductance) is best suited
to monolithic implementation. The concept of variable
transconductance is used in the implementation of analog
multipliers in monolithic form, the MC1595.

MULTIPLIER DISCUSSION

Multiplier circuits have been constructed using digital
techniques but for reasonable accuracy the gate-count is
quite high. However, the use of a linear circuit had the
disadvantage of distorting at least one input due to the
nonlinear processing involved. The MC1595, on the other
hand, has overcome the distortion problem by precon-
ditioning one input that cancels the nonlinear processing
distortion. This preconditioning is shown in Figure 1.

I =aqe ﬁ 1
For Ebers-Moll
Transistor: + Qy

L2}

For Two Identical Transistors With §—e 00O

I [Py
Q2
+
| Q; #2
kT 11/
=—1n —
2 a ".1

qu q kT1 Iy -
12 =896 kT 2=|2¢k1' '; "._1 =14

a9 = a2

FIGURE 1 — Multiplier Preconditioning Principle
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FIGURE 2 — Linear Four-Quadrant Multiplier Model
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FIGURE 3a — Monolithic Realization of the MC1595 Linear Multiplier
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Briefly, this operation can be explained by considering the
collector response of a transistor to an input base-emitter
voltage. For two identical transistors, as shown, an input
I is seen to produce an output I3 that is approximately
equal to I1. This is achieved by first converting the input
current into a voltage ¢1 which is logarithmically related
to I, and then converting ¢1 into a current I3, that is ex-
ponentially related to ¢]. Since the transistors used are
identical, the logarithmic operation cancels the exponential
operation and output I7 responds linearly to input Ij.
Note that I has been processed nonlinearly in the tran-
sistor junctions.

In Figure 2,a modified version of the balanced multiplier
is shown in which the e input has been processed through a
diode-transistor network to produce a linear response via
nonlinear preconditioning. The original circuit responds
linearly to the ej input, so the output is now linearly
dependent upon the product of ¢] and e2. A monolithic
realization of the complete multiplier circuit is shown in
Figure 3a, where the input emitter degeneration and oper-
ating currents are adjustable to accommodate a variety of
input signals and applications. The circuit just developed
is the new Motorola MC1595 Linear Four-Quadrant
Multiplier. A photograph of the MC1595 die is shown
in Figure 3b.

MC1595 ANALYSIS

Figure 4 will be used as the equivalent model for the
analysis of the MC1595 multiplier. For the purposes of
this analysis, the following conventional assumptions have
been made for simplification: (1) Devices of similar geom-

FIGURE 3b — MC1595 Die

etry within a monolithic chip are assumed identical and
matched where necessary, and (2) transistor base currents
are ignored with respect to the magnitude of collector
currents; therefore, collector and emitter currents are
assumed equal.

O -Vee

+Vem A s
| =
+ + e ; s
o1 YO 02 ¥ ¢ ' 7 '
- - j 2
&1
11+ 1x 12-1x 1341y 14~ 1y

FIGURE 4 — MC 1595 Equivalent Model for Analysis
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From the model of Figure 4, the following equations
are obtained:

B+ly=Ig+Ig m
-y=Is+I7 ?2)
Ia=lg+I7 3)
Ig=Ig+Is (©)]
I3+[y
g=—2> 5
8 [¢1-¢2] ®
v
1+e T
L4-ly
Ig=— 2 6
3 [¢zf¢1] ©
VT
1+e
I3+1y
Ig= 7
6 [¢2—¢1] @
VT
1+e
-1y
=7 8
[¢1—¢2 @
VT
l1+e

kT
where VT = —q— ~ 26 mV at +25°C.

For simplicity, let us define

_ 9192
m= .

VT ©)

Substituting (5) and (6) into (4), and solving for IB, obtain

In= I3(1 +e™) + [4(1 +eM) - [y (e™ - &™)

(1 +eM+e™™)

(10)

and similarily with equations (7), (8), and (3) IA can be
solved for:

_I3(1+eM)+14(1 + eM) + Iy(e™ - e™m)

amn
(1+eM+em)
A differential output current defined as
Al=1a -1 12

can be expressed as

A= & (3 - 14 +2ly) 3)
(1 +e™M (1 +e™)

Now, for diodes D1 and D7 in Figure 4 the following can
be written,

a k28
11+Ix=a11(eVT—I)%aneVT (14)

23 2
Iz-lx=a11(eVT-l)zalevT (15)

where the approximate equivalence is justified by assuming
that the diodes are sufficiently forward biased. Further,
it is observed that

. [¢1 —d>2]
l_tl_":e VT J=em (16)
I-Ix

which, when substituted into equation (13), yields

_( -+ 2 (3-14 +2ly)

Al
I1+12)

an

For the desired case where 1 = I and I3 = I4 (which can
be controlled quite well on a monolithic chip),

2Ixl
Al=XY. 18)
I

The currents Ix and Iy are given by

V.
PP (19)
Rxtrepy *repn
V;
y
y= ———————— 20)
Y Ry+l’ezl+l’e22

where Tey1, Tejp, Tep)> and repyy are the bulk emitter
resistances of the model transistors Q1. Q12, Q21, and
Q)7 respectively. The bulk emitter resistance can be
expressed as

fe=——~ — 1)

at +25°C. It will be shown that the maximum value for
any of the bulk emitter resistances will be limited by placing
a minimum constraint condition on the IE terms in
Equation (21). In doing so, the following approximation
is seen:

AL WyVy
[1(Rx +1eq1 +Te12) Ry *Tea) +1ep))
~ ZVXVy , @2

and if I and IB from Equation (12) are dropped across a

AN
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load resistor (R[), a differential output voltage approx-
imation would be

AV, = AIRL

~ 2RLVxVy @3)
I1RxRy

which illustrates the four-quadrant capability of the

MC1595, giving sign and magnitude information linearly

with respect to each input.

If the approximations of Equations (22) and (23) are
to be valid, the bulk emitter resistances must be kept small
to minimize the error introduced by the currents Ix and
Iy. For example, with Ix and Iy in the direction shown in
Figure 4 and 11 = I3, I3 = I4 as discussed previously, then
the bulk resistances seen in the model circuit are

Sl

VT
I] - lx

~ VT
21 gy,

Tej2 ™

VT

l'e22 ~ I3 - ly) (24)
where, as before, VT = 26 mV at +25°C. The two
“problem” resistancesare re) 5 and re; .fe5 Will become
very large as (I} - Ix) approaches zero. That is, if I} = Iy,
then transistor Q12 is not conducting and the re | appears
to be quite large. Considerable nonlinearity and distortion
will result if the emitter currents are ever allowed to be-
come too small. As a working constraint, the emitter
currents will never be lower than one-third the value fixed
in the current sources I} (=I2) or I3 (=14)

From Figure 3, values of the current sources are set by
applying a bias voltage to pins 3(I] =I2)and 13(I3 = 1g).
Referring once again to Figure 3, and recalling that we
have assumed that base currents can be ignored in calcula-
tions, then the current flowing into pin 3 is equal to the
value of each of the current sources designated I} and I2
in Figure 4, and similarily the current flowing into pin 13
is equal to the value of each of I3 and 14 in Figure 4. To
avoid any further confusion in notation, we will designate
the current into pin 3 as I3 and the current into pin 13 as
113 (as illustrated in Figure 3).

By using the emitter current constraints (see next sec-
tion, “Using the Multiplier”), the bulk emitter resistances
can be less than 1% of the emitter degeneration resistors
(Rx and Ry), and hence can be ignored. Therefore, the
differential output voltage can be expressed as

Vo= KVxVy s (25)

where
2RL
" I3RxRy @)
USING THE MULTIPLIER

From the previous circuit analysis of the MC1595, the
circuit of Figure 5 illustrates the basic configuration for
using the multiplier.

P+Vee
>
AL
B :» Rye ¢
2|3‘ i: Rcm L o- Vo= KVaVy
+
Vem
2 14
+
Vx o—— 9 10 }
RX
Vs O— 12 11 ' Ix
R MC1595L
Vy o— 4 5
Vyos 00— 8 6 Iy
3 7

R3
V,‘m
10k * 10k

+Vee O—A A AM—O -VgE
10k
& 10k 1k
AAA AN AAA

b L

FIGURE 5 — Basic Multiplier Configuration

To demonstrate the thought process one would go
through in the initial design phase, consider the following
example which is widely used in multiplier applications.

Example:

Input Voltage Ranges:
FIOVSVy<+10V
-10V<Vy <+I0V

Output Dynamic Swing: 10V

1

K=i'-6

A good place to begin is the current sources since most
other decisions will depend on their value.
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The value of the current sources I3 and 113 can be
determined by applying a known potential to pins 3 and
13 respectively. One should select a value of current that
will keep the chip power dissipation to an acceptable value
and still maintain operation in a good exponential portion
of the diode curve. A value of 0.5 mA to 2.0 mA is seen
to be feasible, and a value of 1.0 mA is used to illustrate
the operation of the device in this example. The value of
the current sources can be fixed once the value of the nega-
tive supply has been chosen. A negative supply of -15 volts
has been selected for this mode of operation which will
allow a -10 V input capability and insure linear operation
in the current source transistor, and stay within the 30 volt
MAXIMUM RATING between any input pin and the nega-
tive supply pin (as specified in the data sheet). With -VEE
= -15 V, the current sources are each set to 1.0 mA by
putting a resistor from pin 3 to ground and from pin 13
to ground as

(R +50082) (1 mA)=(15-0.7)V
R=138kQ Q@7

where the forward voltage of a silicon diode is assumed to
be 0.7 volts. Since this is not a critical adjustment, a con-
venient value of 13.7 kQ, 1/4 W composition is used.
Recalling the emitter current constraints, from which
we were able to ignore the bulk emitter resistance terms,
the following is seen for the emitter resistors Ry and Ry:

Rx = V__X(M (28)
Ix(max)

= Y(max) @9)
2/3(N13)

_ +10V
“2/3(1.0mA)

=15kQ

and

R __.VMz 30)
Y ly(max)

= Vy(max) G1)
2/3(13)

_ +#l0V
2/3(1.0mA)
=15kQ.

Ry and Ry are equal in this example because the max-
imum voltage at both inputs are equal, which is not
necessarily so in all applications.

From Equation (26) the value of the load resistors are
each found to be

KI3RxR
RL = _2._¥

=(10-1)(10-3)(15 x 103)(15 x 103)
2

=11.25kQ (32)

and if I3 is varied slightly, a standard value 11 k§2 resistor
can be used. To vary I3, R3 is a 10 k resistor in series with
a5 k pot. At this point, everything necessary for operation
of the device has been specified except the common-mode
resistor (RCM) at pin 1 and the positive supply (+VC(C)-

With a +10 V input at Vy, the voltage at the collectors
of the Vy-input differential amplifier should be about 13 V
to insure linear operation; hence, the common-mode volt-
age at pin 1 must be about +13.7 V. The +13 V collector
potential appears at the bases of the cross-coupled differ-
ential pair where the minimum collector potential, again
to insure linear operation, should be about +16 V. With a
minimum of about 16 volts and a 10 volt swing, the
quiescent collector potential is about 21 volts. In this
quiescent condition the current source value (1 mA) is
seen in each load resistor (11 k2); therefore, a positive
supply of 32 volts is required. Using +Voc =432V, the
desired voltage at pin 1 is obtained through a common-
mode resistor, RCM as

_(32-137)V
- 2mA
=9.15kQ. (33)

ReMm

Since the collector potential is not critical, a value of
9.1 k2, is acceptable.

To summarize the operating configuration:

tVee=+32V
-VEE=-15V
R13=13.7kQ
R3 =10k + 5 kQ pot (Gain Adjust)
Ry =Ry =15k&
RL=11kQ
RCM =9.1kQ

which is illustrated in Figure 6.

One final item that needs to be mentioned is that each
input will exhibit some input offset voltage, which can be
nulled as shown in Figure 6. Also, the differential output
will exhibit some offset, which can be nulled as shown.

Nk
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AN-489 (continued)

A brief set-up procedure is as follows:

SET-UP PROCEDURE (FIGURE 6)

1. Set Vx = Vy =0 and adjust differential output offset
to zero.

2. Set Vx = 5.0 V, Vy = 0.0 V and adjust Vy.offset
until output is zero.

3. Set Vy = 5.0 V, Vx = 0.0 V and adjust Vx.offset
until output is zero.

4. Repeat Step 1.

5. Set Vx = Vy = +5.000 V and adjust gain control until
output is +2.500 V.

6. Set Vx = Vy = -5.000 V. If output error is appre-
ciable, repeat steps 1 through 5.

When the multiplier is operated in a dc mode, the dc
output at pins 2 and 14 will ride a large common-mode
voltage (= +22 volts in this example). Some common-
mode level translating circuits will be shown in the follow-
ing section; however, the present circuit (Figure 6) can be
operated in an ac mode where the output can be very
effectively ac-coupled.

The output response exhibits a single pole characteristic,
due to R and stray (or load) capacitance. In an operating
condition where R[, = 5.6 k2 the bandwidth capability of
the multiplier is observed and illustrated in Figure 7. Here,
one input is a constant 1-volt dc and the other is 1 V(rms).
The output is 0.1 V(rms) out to 1 MHz, is 3 dB down at
4.5 MHz, and 10 dB at about 14 MHz. The frequency
response curve exhibits a single pole characteristic, with
the pole located about 4.5 MHz. At this frequency, their
exists 45© of phase shift. Hence, the single-ended output
can be expressed as

MC1695L
5 4 —Ov,
6 8 —oOvy,,
7 13 3
13 20k S 20k
* Gain
Adj.

10k * 10k

+32 V O—WWA WAA-
k 10k 1k
AAA— AAA AAA

-~VWA—O -15 V

Vy — Offset Adjust _q9 VEVe<+ 10V

*"j_

~10VS Vy<+10V
1

K=15

FIGURE 6 — Basic Multiply Circuit

Vo = VxVy Cosf, (34)
o —
™~
‘~\ R =56k
-10 \
CO
-20 Vems Vo
] R | *Vee
< MC1595L —o0
Q
] €in = C < 3pF
-30 AMA
i R
1vt—= L
-40 N
-50
104 105 106 107 108

Frequency, Hz

FIGURE 7 — Multiplier Bandwidth
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Vx 6 6 10 " 1m S Offset 16k
Adjust
O— 9 Ao
1 AAA
A A A
12 121k un
Vy MC1595L 2 - Rg =
) 4 <
>—
+15 V
8 14 0
v
7 13 3 Vo= VyVy
Re + a 10
Rg 210k 3 10k
L 3 100 k
I ® Rz Pa K Factor
4 < Adjust
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L = >
— Input Offset = = = =
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FIGURE 8 — Multiply with Op Amp Level Shift
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AN-489 (continued)

where in Figure 7, Vx = +1.0 Vdc, Vy = 1414 Coswt,
and @ is the relative phase shift observed due to roll-off.
A 39 roll-off will cause the output to fall off by about
0.15%, which ideally occurs at each output, as can be
visualized by representing Equation (34) in vector notation.

In the configuration of Figure 6, the common mode
output is seen to be about +22 V. In many applications,
it is desirable to level shift to a ground reference. One
method of obtaining this is shown in Figure 8. Here the
common-mode voltage is reduced by the 10-1 attenuation
networks and the differential output voltage is fed into an
operational amplifier, which can operate easily with +2 V
common-mode, and whose closed loop gain is 10. The

VxVy .. .
resulting output is still ——XEX which appears single ended

about a ground reference. This circuit has the advantage
of being rather simple and relatively insensitive to temper-
ature. It has the disadvantage of being frequency limited
to about 50 kHz for large signal swings (10 V), due to the
slew rate of the MC1539 operational amplifier. Another
disadvantage of this configuration is the need for a third
power supply.

Figure 9 uses discrete components to perform the level
shifting making it very inexpensive, simple, and permits

operation at higher frequencies (limited by the 7.5 k2
resistor and stray capacitance associated with the output).
The circuit of Figure 9 also has the added advantage of
operating entirely from +15 V supplies. This circuit has
the disadvantage, however, of being somewhat temperature
sensitive if the base emitter junctions of the NPN and the
PNP (denoted by *) are not matched to track with tem-
perature. This problem can be greatly reduced by using
complementary pair transistors mounted in the same pack-
age such as the Motorola MD6100. A second problem
with this level shifting circuit is that it has a high output
impedance with little current drive capabilities. The
problem can be solved by placing an operational amplifier
connected as a source follower as shown in Figure 10.

Therefore, for dc operation over wide temperature
extremes, the circuit shown in Figure 8 is preferred; for
ac applications in which the input and output can be capac-
itively coupled, the circuit shown in Figure 9 is preferred.

Using the configuration of Figure 8, a general set-up
procedure for this circuit is as follows:

SET-UP PROCEDURE (FIGURE 8)

1. Set Vx = Vy = 0 V. Adjust output offset poten-
tiometer Py uatil the output reads zero volts.

TABLE | — Element Values for Figure 11

Vylmax Ry
Vylmax A RL R1 R3* R13 Vee v7 vem
Voutimax Y
+10V 15 kS 11k 9.1kn 13.7 kQ 13.7 k2 +32V ~-15V +21V
5V 8.2k 3.3k 39kQ 13.7 k2 13.7 k2 +H5V -15Vv 1M7v
Value given for R3 is approxii — use p H to adjust K factor exactly.
*J-_ - 0 +15 V
15k -T—
Sk $ 3s0n g 3s00 225 v
I ] vVos
] 10k ; P2 40k
5 6 1 | Vo
vy O————4 2 2N3904° +15 V O—AA N AN—O -15 V
1k 10k 1k
A\ or—————{8 rj AAA AAA —AMA
Yos VWA~ V W
MC1595L 14 J<2N39°6' L P i L
Vy O—————— 9 - 3 -
l/ ons
13 2N3904
Vi oy O————————12, 13 v _VxVy
os 10 ° 10
1% |
. Output
we L33, offtet 375K
15k BF Adjust
5 0-15V
Gain ’ -
Pg Adj. ;% 1uF
= = = 25V

FIGURE 9 ~— Discrete Level Shifting Circuit
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FIGURE 10 — Multiply with Discrete Level Shift

FIGURE 11 —

. Set Vx = 5.000 V, Vy = 0.000 V and adjust poten-
tiometer P3 until output reads zero volts.

. Set Vy =5.000 V, Vx = 0.000 V and adjust the volt-
age at pin 9 (Potentiometer P2) until output reads
zero volts.

4. Repeat Step 1.

. Set Vx = Vy = 5.000 V and adjust the gain poten-
tiometer (P4) until output reads -2.500 V.

. Set Vx = Vy = -5.000 V and note the output. The
output should again be -2.500 V. If the error is
appreciable (greater than 1 or 2 percent), repeat
steps 1 through 6.

To summarize the set-up process, the following equations

are seen (Ref - Figure 5):
= -0.7V —(-VEE)
3= TRz+5000

2= -0.7V — (-VEE)
135 R3+5008

+Vee - VeM(pi
Ry = YEC— VCM(pin 1),

213
For the constraint (re is neglected):

Ix(max) <(2/3) 113
ly(max) < (2/3) I3

R =Vxﬂ) = VAM
X Ixmax) 2313

Ry = Yy(max) _ Vy(max)
Y lymax) (313

-VEE is selected by knowing Vx and Vy maximum

negative values.

+V is selected knowing Vy, Vy, RL, and I3, 113.

(35)

(36)

@7

(38)

(39)

AN
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SOURCES OF MULTIPLIER ERROR

A. The major source of error in the multiplier arises
from voltage offsets and ohmic base resistances in the four
output transistors and the base diodes. The static error
adjustment procedure removes as much of this error as
possible by offsetting the input differential amplifiers to
compensate for the output unbalance.

B. A second and usually small source of error can arise
from signal nondinearity in the x- and y-input differential
amplifiers. To avoid introducing error from this source,
the emitter degeneration resistors Rx and Ry must be
chosen large enough that nondinear base-emitter voltage
variation can be ignored.

C. Care must also be taken to avoid aging and tem-
perature drift in the external components used with the
multiplier. This is especially important in the level trans-
lation circuitry of Figures 9 and 10.

CHOICE OF CIRCUIT CONSTANTS

Typical element values and power supplies required to
provide multiplier operation for two input and output
ranges are shown in Table I. In this table, note that the
value given for R3 is approximate; it should be adjusted to
set the I3 which provides the exact gain (K-factor) desired.
In some cases, it may be desirable to provide separate
power supply regulation for I3, since the multiplier gain is
directly dependent on this current.

LINEARITY

Linearity is measured for Vy and Vy separately using
an x-y plotter with the circuit in Figure 5. It is defined to
be the maximum deviation of output voltage from a
straight line transfer function expressed as error in percent
of full scale, see Figure 11. For example, if the maximum
deviation, VE(max)s is 100 mV and the full scale output is
10V, then the error is

=Vﬂmﬂ)x100

FR= Vo(max)

_100x 1073
T 1oV

=1%

x 100

To measure this the x-y plotter is set up first to plot Voyt
versus Vx in all four quadrants (Vy =10 V,-10 V<V <
+10 V) then Vgy¢ versus Vy (Vx=£10V,-10 V<Vy <
+10 V). The maximum deviations for x and for y are then
determined as shown in Figure 11. It is desirable, but not
necessary to zero out the multiplier static error before
making this test.

SQUARING MODE ACCURACY

Squaring Mode Accuracy is defined as the maximum
absolute deviation from a square law curve expressed as a
percent of full scale output. This deviation may be meas-
ured by connecting the x and y inputs together (squaring

mode) and plotting output versus input, -10 V< Vy = Vy
< +10 V, using an x - y plotter. Before carrying out this
test, the multiplier static error must be zeroed out.

POWER DISSIPATION

Because this circuit has no direct positive power supply
connections, power dissipation, Pp, within the actual IC
package should be calculated as the summation of the volt-
age-current products at each port (neglect base currents).

Under normal operating conditions, (Ref. to Figure 5),
it is valid to assume:

Ip=114=113,11 =2I3,and V2=V)4  (40)
then

Pp=2(V2-V7)13+2(V1-V7)I3

+(V13-V7) 13+ (V3-V7) I3 “1)
for the circuit in Figure 11, this is

Pp =~ 2 (36) (10-3) + 2 (29) (10~3)
+(1.2) 103+ (1.2) 10°3)
~133 mW. @2)

BANDWIDTH AND PHASE

Bandwidth is primarily determined by the load resistors
and the stray multiplier output capacitance and/for the
operational amplifier used to level shift the output. If
wideband operation is desired, small valued load resistors
and/or a wideband op amp should be used.

Phase shift in the multiplier circuit results from two
sources; phase shift common to both x and y channels (due
to the pole at the multiplier output mentioned above), and
relative phase shift between x and y channels (due to differ-
ences in transadmittance in the x and y channels). If the
relative phase shift between channels is only two degrees,
the output product of two sine waves will exhibit a max-
imum magnitude error of 3.5%, which is illustrated in
Figure 12. A 2% error due to phase shift occurs at about
200 kHz in the MC1595, and a 3© phase error bandwidth
is specified typically as 750 kHz.

PARASITIC OSCILLATION

When long leads are used on the input, oscillation may
occur. In this event, an R-C parasitic suppression network
similar to the one shown below should be connected di-
rectly to each input using short leads. The purpose of the
network is to reduce the Q of source-tuned circuits which
cause the oscillation.

Another technique which is also adequate in most appli-
cations is to inserta 510 £2 resistor in series with the multi-
plier inputs, pins 4, 8,9, and 12.

Muttiplier Input 510

(Pin 4,8,9,0r12) I‘ 1

10 pF -

APPLICATIONS

The applications of a four-quadrant linear multiplier
are almost limitless. Any control or instrumentation prob-
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For ¢ small, Exx ASinp =A@

€
AL For §= 2°, —~0.0349

Hence the magnitude of the error vector for 2°
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FIGURE 12 — Relative Phase Error
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FIGURE 13 — Basic Multiplier Applications
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lem requiring the product of two or more quantities is a
potential application for the device. The following repre-
sents some of the more basic uses of the four-quadrant
multiplier, from which more specific applications can be
derived. Figure 13 illustrates four basic uses — that of
multiplication, division, taking the square root, and ob-
taining the mean square. In the divide and square root
applications, the multiplier is used as a feedback element
around an operational amplifier in such a way that the
multiplier output is forced to equal the magnitude of the
-Z input. The circuit accuracy is somewhat worse in the
divide and square root modes than in the muitiply or
square modes. For a multiply accuracy of 1% of full scale
(this means that, if the maximum multiply outputis +10V,
an error of +0.1 V is obtained regardless of input), the
divide error can be several percent of full scale as the
divisor decreases below a few volts.

Three additional applications are shownin block diagram
form, in Figure 14. The frequency doubler operates on
the principle that

(Coswt)? = 1/2(1 + Cos2wt), @3)

which results in a dc offset and the doubled frequency
signal. The linear phase detector operates on the principle
that

KCoswtCos(wt+¢)= IE( CosQ2uwt +¢) + IE( Cosp (44)

and with the insertion of a low-pass filter (LPF), the out-
put Cos¢ is easily obtained. This differs from flip-flop
phase detectors or sample-hold phase detectors in that
these conventional phase detectors produce a voltage pro-
portional to the phase difference, where the multiplier
approach will produce a voltage proportional to the cosine
of the phase difference. The roots or powers block diagram
is relatively self-explanatory. The log and antilog functions
can be obtained by taking advantage of the exponential
relationships found in a transistor’s base-emitter junction
when used with an operational amplifiers.2

The applications illustrated very briefly in Figures 13
and 14, and others, will be discussed in detail in Parts II
and I1I of this series of application notes.

®FREQUENCY DOUBLER

Coswt

®LINEAR PHASE DETECTOR

>< ———————» 1/2(1 + Cos2wt]

Coswt
—eeee— ]
1 veF

———@» KCos¢

Cos{wt+¢) |

®ROOTS OR POWERS

Y

tog X
X — o log LA

YiogX
>< . > log”!  |—m z - xY

!

FIGURE 14 — More Basic Applications
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AN-490
USING THE MC1595 MULTIPLIER IN ARITHMETIC OPERATIONS

INTRODUCTION

The Motorola MC1595 four quadrant multiplier (see
Figure 1) is the second basic building block that is now
available to the analog systems designer. Any control or
instrumentation problem which requires the product,
square, square root or ratio of two analog quantities can
be easily solved using the MC1595. Monitoring power,brake
horsepower, fluid flow, solving of complex nonlinear equa-
tions (using analog computer techniques), frequency
doubling, phase detection, dynamic gain control, taking
rootsor powers, modulation circuits, navigational problems,
velocity, acceleration and distance for linear or nonlinear

inputs, root mean square calculations, and generation of
trigonemetric functions are only a few of the thousands
of applications for this device.

This particular application note will be concerned with
the use of the multiplier building block to perform a few
of the basic arithmetic operations such as multiply, divide,
square and square root. Using these techniques, the circuit
designer can then model and construct very complicated
systems using combinations of the above functions in con-
junction with operational amplifiers which may be used
to add or subtract.

1o
N 1 014
v _K—‘ )
+ -

9 n( ) ] 0 8
12 4
(-) (+)

4K
ax ak 4k
1 5
10 o 06
13 & —0 3
50082 5005 5008 50002 S 5009 5009
7 0—

FIGURE 1 — MC1595L Four Quadrant Multiplier




AN-490 (continued)

THE MC1595 MULTIPLIER

A comprehensive discussion of the MC1595’s circuitry
and operation is found in Part 1 of this series (AN-489)
and will not be further elaborated upon here. In that ref-
erence, it was shown that the MC1595 provided a differen-
tial output voltage, VO, which is proportional to the
product of the input voltages, VX and Vy. That is to say,

Vo =KVxVy )
where,
2R
I3RXRyY

and R is the load resistor (pins 2 and 14)
I3 is the current flowing into pin 3
R is the resistor between pins 10 and 11
Ry is the resistor between pins S and 6.
Usually, K is set equal to 1/10; however, the constant K

can easily be made equal to 1/20, 1/5, or any other fraction
which is compatible with the other system constraints.

MULTIPLY

It was shown in Part 1 of this series that the output of
the multiplier is a differential output which rides on a

large common mode voltage. Hence, for most applications,
the output of the multiplier must be level shifted and con-
verted to a single-ended output. Two circuits that perform
this function are shown in Figures 2 and 3. Figure 2 shows
the use of an operational amplifier for level shifting. This
circuit hasthe advantage of being rather simple and relatively
temperature insensitive. It has the disadvantage of being
frequency limited to about 50 kHz for large signal swings
(£10 V). This is due to the slew rate of the operational
amplifier.

Figure 3 uses discrete components to perform the level
shifting which makes it very inexpensive, simple, and per-
mits operation at higher frequencies (limited by the 7.5 kQ
resistor and stray capacitance associated with the output).
The circuit of Figure 3 also has the added advantage of
operating from *15 volt supplies. This circuit has the dis-
advantage, however, of being somewhat temperature sen-
sitive if the base-emitter junctions of the NPN and the
PNP are not matched to track with temperature. This
problem can be greatly reduced by using complementary-
pair transistors mounted in the same package such as the
MD6100. A second problem with this level shifting circuit
is that it has a high output impedance with little current
drive capability. The problem can be solved by placing an
operational amplifier connected as a source follower at the
output as shown in Figure 4. Therefore, for dc operation

SISV offset
Adj.
P1 1M
™
121k
. — AAN——
+32V O— _L—';’s":_‘ Tk
1uF |+ =
50 v
1: 10k 12k 212k
= bs 121k
2
MV -VxV
MC1539Z —— » XY
10
AAA
100k 3
1 2 14 4
1k “15v
15k
— 6 —
= MC1595
10k 10 Vyg,
15 k ToPin8
T 1 7
) 1 P2
i:'i" — 174 8 9 12 10k l 10k
+15VO'——’V\N—1F——JW\'—1-—JW\/—O-15V
= 10k
10k
1uF s 1k 1k
25 v +-15V l
- l P3
To Pin 12
vy VYos Vx ons vxos

FIGURE 2 — Operational Amplifier Level Shifting Circuit
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FIGURE 3 — Discrete Level Shifting Circuit

over wide temperature extremes, the circuit shown in
Figure 2 is preferred. For ac applications in which the
input and output can be capacitively coupled, the circuit
shown in Figure 3 is preferred. For this application note,
since the circuit functions are generally used in dc opera-
tion, the level shifting circuit shown in Figure 2 will be
used in each case. A general set-up procedure for this
circuit is as follows:

1. Set VX = Vy = 0 volts. Adjust offset pot P1 until
the output reads zero volts.

2. Set VX = 5.000 volts, Vy = 0.000 volts and adjust
potentiometer P2 until output reads zero volts.

3. Set Vy = 5.000 volts, VX =0.000 volts and adjust the
voltageat pin 12 (Pot P3) until output reads zero volts.

4. Repeat step 1.

S. Set Vx = Vy = 5.000 volts and adjust the gain pot
(P4) until output reads -2.5000 volts (K = 1/10).

6. Set Vx = Vy = -5.000 volts and note the output.
The output should again be -2.5000 volts. If the
error is appreciable (greater than 1 or 2 percent),
repeat steps 1 thru 6.

SQUARING CIRCUIT

Obviously, if the V¥ and Vy inputs are connected
together in the basic multiplier circuit, the resulting out-
put is given by:

Vo=Kv2 3)
where,

Vx=Vy=V.

Hence, the output is proportional to the square of the input
voltage. The proportionality constant is still given by:

2RL

=_" - . 4
I3RXRY @

The circuit which provides this function, with K = 1/10,
is shown in Figure 5. The set-up procedure is exactly the
same as that given for the basic multiplier circuit. Table I
shows the measured results of the squaring circuit.
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FIGURE 4 — Discrete Level Shifting Circuit with Source Follower Output
DIVIDE CIRCUIT Hence, the output voltage is the ratio of V7 to VY and

Consider the circuit shown in Figure 6 in which the
multiplier is placed in the feedback path of an operational
amplifier. For this configuration, the operationai ampli-
fier will try to maintain a “virtual ground” at the inverting
(- input. Assuming that the bias current of the opera-
tional amplifier is negligible, then I =7 and

KVxVy_-Vz 5)
R1 R2
Solving for VX,
-R1 Vg
X= oo ST ©)
R2K Vy
if R1=R2
vz
Vy=——
X=gvy )
If R1=KR2
vz
Vx=—— 8
X=vy ®

provides a divide function. This analysis is, of course, the
ideal condition. If the multiplier erroris taken intoaccount,
the output voltage is found to be

Rl |V AE
X= || oot v ©)
R2K| Vy KVy

where AE is the error voltage at the output of the multi-
plier. From this equation, it is seen that divide accuracy is
strongly dependent upon the accuracy at which the multi-
plier can be set, particularly at small values of Vy. For
example, assume that R1 = R2, and K = 1/10. For these
conditions the output of the divide circuit is given by:

-10vz , 10AE

— 10
Vy Vy

Vx =

From equation 10, it is seen that only when Vy =10 V is
the error voltage of the divide circuit as low as the error
of the multiply circuit. And when Vy is small, say 0.1
volt, the error voltage of thie divide circuit can be expected
to be a hundred times the error of the basic multiplier
circuit! In terms of percentage error,

AN
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TABLE I — Squaring Circuit Results

FIGURE 5 — Squaring Circuit

v Vp Vo %
Voits Calculated M d Error
0 0.000 0.000 [
1 0.100 0.0994 0.6
2 0.400 0.3996 0.1
3 0.900 0.9002 0.022
4 1.600 1.601 0.063
5 2.500 2.503 0.12
6 3.600 3.602 0.055
7 4.900 4.905 0.1
8 6.400 6.408 0.125
9 8.100 8.105 0.062
10 10.000 10.051 0.51
*% Error is Relative — Not Full Scale.
error
percentage error = x 100% 11
ual
or from equation (9),
AE
§ PE KVvy R2| AE (12)
Ep= ————mr = —
%\ [ R1 {Vz Rl} Vz
N R2K| Vy

KVxVy

Vx

FIGURE 6 — Current Flow for Squaring and Square Root Circuit
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From equation 12, the percentage error is inversely related
to voltage VZ (i.e., for increasing values of VZ, the per-

centage error decreases).
A circuit that performs the divide function is shown in

Figure 7. For this circuit,

Rl
—=K, 13
o 13)

and as a result, the output voltage is given by

vVo=——- : 14

The adjustment procedure for this circuit is as follows:
1. Remove or disconnect amplifier A2 from the circuit
and use adjustment procedure given in previous sec-
tion for multiply operation.

2. Connect A2 into the circuit. Set Vy =10.000 V and
Vz = 0.000 volts (connect toground). Adjust pot P1
to read zero volts at output (pin 12) of the MC1595).

3. Set Vy = Vz = 10.000 volts and adjust gain pot P4
to give -1.000 volts at the output.

Table 2 shows the actual measured performance of this
circuit.

-15V

10k 12k

8200 0.1 I

MC1595

-15V Vy

ToPin8

P2

10k
10k

FIGURE 7 — Divide Circuit
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FIGURE 8 — Square R oot Circuit

TABLE II — Divide Performance, Vy = 8.000 Volts

vz Vo Vo %
Volts Calculated M d Error*
1 0.125 0.141 13.6
2 0.250 0.266 6.4
4 0.500 0.517 3.4
8 1.000 1.019 1.9
10 1.250 1.270 1.6
12 1.500 1.521 1.4
16 2.000 2.023 1.15
20 2.500 2.526 1.04
24 3.000 3.031 1.04
32 4.000 4.042 1.05
40 5.000 5.060 1.20
64 8.000 8.090 1.12
80 10.000 10.120 1.2

*Note % Error is Relative Error — Not Referenced to Full Scale.
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SQUARE ROOT

If in Figure 6, both the VX and Vy inputs are tied
together, the result is

Vz _ KVX2+AE

R2 Rl as)
or
R1Vz AE
Vy=|——— =& 16
X*|R2K ~ K 8y

where AE is again the multiplier error.
If R1=R2

1

R1
if — =K,
and if )

AE
vx = ‘VZ < @1s)

Assume the ideal case for which AE =0, then,

vx=|Vz 19

and the square root function is accomplished. Several
points should be made concerning this circuit. First, with
the op amp level shift (Figure 2), the output of the multi-
plier is given by:

_-Vxvy
10

For the squaring circuit and the square root circuit, the
output of the level shift op amp will be given by:

Vo (20

V2
V =
ST

’ @n

where VX =Vy=V.

From Equation 21, regardless of the polarity of the input
signal, V, the output of the level shift op amp will be neg-
ative. Using this information and referring to Figure 6, the
obvious direction of current flow for I} and I7 is actually
reversed from that shown for these two circuits. This
means that VZ must always be positive. If it is required
that Vz be negative, pins 9 and 12 can be interchanged.
However, operation at or around Vz = 0 volts is not per-
mitted for either connection (pin 9 and pin 12). Secondly,
care must be taken to insure that pins 8 and 4 are not inter-
changed. This would cause positive feedback and the op
amp circuit will latch to one of the supply voltages. Thirdly,

the set-up procedure changes slightly due to the restriction
that VZ = 0. The set up procedure is as follows:

1. Remove or disconnect amplifier A2 from the circuit
and use the adjustment procedure given in the multi-
ply section.

2. Connect A2 into the circuit. Set Vz =25.000 volts
and adjust the gain pot, P4, until the output reads
-5.000 volts.

3. Set Vz = 1.000 volts and adjust the offset adjust pot,
P1, until the output reads -1.000 volt.

4. Repeat steps 2 and 3 until the desired accuracy is
achieved.

From equation 18, the percentage error (P.E.) in the
square root mode of operation is given by:

AE
P.E.SR=[1 - 1-@]X1m (22)

R1
for —=K.
R2

For K = 1/10, Equation (22) becomes

10AE
P.E.SR ={1 -|1- —V—Z—'] X 100. (23)

10 AE
If ~ << 1, then the percentage error is given approx-
z

imately by:

10 AE
PESR~ _ZVZ X 100 (24)

or, in the general case, for any K,

PESR R2AE

which is exactly half of the percentage error which was
found for the divide circuit (Equation 12). The meas-
ured performance of the square root circuit is found in
Table II1.

TABLE III — Square Root Performance

\'7] Vo Vo %
Volts Calculated M d Error*
1 1.000 0.924 7.6
2 1.414 1.371 3.1
4 2.000 1.966 1.7
8 2.828 2.800 1.0
16 4.000 3.982 0.45
25 5.000 4.993 0.14
36 6.000 6.008 0.13
49 7.000 7.028 0.40
64 8.000 8.058 0.73

81 9.000 9.098 1.1

*Note % Error is Relative Error — Not Refarenced to Full Scale.
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FIGURE 9 — Generation of Sin X {X< 1.6 Radians)
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log KY log X
X —® (See AN-261) mC1595 +
Y log X 1og-1 z=xY
1 (See AN-261) »
Y r— WN———
R1 _SJE- (1_':5) R1
FIGURE 10 — Roots ([Y| <1) or Pewers {[Y| >1} of X
CONCLUSION
SPECIAL CONSIDERATIONS In this application note, the arithmetic operations of the
1. Decoupling MC1595 multiplier have been discussed. Obviously with

Since this circuit is fabricated with VHF transistors,
normal decoupling of power supplies is necessary.

2. Oscillations

The first indication of the presence of oscillations is the
inability to adjust the multiplier to better than 1% accu-
racy. If long line lengths are used at the inputs, Q-
reducing networks may be necessary at the inputs to
prevent parasitic oscillations. An effective technique is
to place a 510 ohm resistor in series with each input
(pins 4, 8,9, and 12).

various combinations of these basic circuits when used in
conjunction with operational amplifiers to add and sub-
tract, much larger systems can be constructed to solve
problems directly. For example, the solutions to a second
order equation; solutions to gas flow problems; pressure,
volume, temperature (PVT) equations, generation of sine
and cosine functions and many others.

Two examples of this are shown in Figures 9 and 10
where the MC1595 multiplier has been incorporated to
generate the sine of X, and the roots or powers of X
respectively.
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OPERATING CHARACTERISTICS OF THE MC3000/MC3100 SERIES
TRANSISTOR-TRANSISTOR LOGIC GATES

INTRODUCTION

Transistor-transistor logic is rapidly becoming one of
the most popular logic families in the industry today.
Motorola now has available a series of MTTL I1I, MC3000
(0 to +75°C)/MC3100, -55 to +125°C integrated circuits
designed with speeds approaching the limits of saturated
logic along with good load driving capability. The Motorola
MTTL III circuits, in addition to the many characteristics
that have made transistor-transistor logic so popular, have
several advantages over conventional TTL. A summary of
the advantages are:

1. Superior transfer characteristics

2. Minimization of problems with overshoot or ringing
(addition of input diodes)

3. Wide range of logic functions

4. Compatible with MDTL (Motorola Diode-Transistor
Logic)
5. Low output impedance in “high” and *“low” state

6. Less power dissipation versus frequency than con-
ventional TTL.

Each of these important points will be discussed in detail.

TRANSFER CHARACTERISTICS

The first point to be discussed will be the superior
transfer characteristic of the MC3000/MC3100 Series,
beginning with the operation of conventional TTL.

CONVENTIONAL TTL

Applying a “low” to either A or B inputs of the gate
shown in Figure 2, a base-to-emitter diode of transistor Q1
becomes forward biased. No base drive is available for
transistor Q2 which turns OFF and causes transistor Q5 to
turn OFF. The collector of Q2 rises toward the supply
voltage, VCC, and supplies base drive to turn ON transistor
Q3, causing transistor Q4 to turn ON. Transistors Q3 and
Q4 act as emitter-followers and this places the output, Vo,
two VBE drops below V(o in its quiescent “high” state,
or approximately 3.5 volts.

Consider the case where input A is “high” and input B
begins to go from a “low” to a “high.” Base drive is
gradually applied to transistor Q2 which now starts to
conduct with emitter current initially flowing through R4.
As transistor Q2 turns ON, the collector current of Q2
produces a voltage drop across resistor R2. The collector of
Q2 is connected to output V( by means of the two
emitter-follower transistors, Q3 and Q4, and therefore,
the output V( tracks the voltage at the collector of Q2.
As the voltage at input B increases, the base of Q2 tracks

voltage by the difference of VBE — VB of transistor Q1.
The collector current through Q2 increases, causing a larger
drop across resistor R2. The output, Vg, now changes at
arate of

Ry
Avg —
R4

as shown in Figure 1, between points a and b on the transfer
characteristic. When the emitter current of Q2 increases
to the point where the drop across R4 equals one VBE,
transistor Q5 begins to conduct. Point b on the transfer
characteristic has been reached. With a further increase
in the voltage at input B, transistor Q5 saturates and point
c on the transfer characteristic is reached. The collector of
transistor Q2 now sits of VEB of Q5 plus VCE of Q2.
This voltage is not positive enough to sustain operation of
transistors Q3 and Q4, and these devices are OFF. The
output is now in its quiescent “low” state of VCE equal to
approximately 0.2 volts.

44  Transfer Characteristics (TA = +25°C)
d

MTTL IH

Conventional TTL

Output Voitage Volts
N

Input Voltage (Volts)

FIGURE 1 — Comparison of MTTL and MTTL Il

MC3000/MC3100 MTTL HI

One difference between MTTL III and conventional
TTL is the replacement of resistor R4 in Figure 2 with
resistors R4a and R4b and transistor Q6 in Figure 3.

With a “low” on either A or B, a base-to-emitter diode
of transistor Q1 is forward-biased and no base drive is avail-
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able for transistor Q2, which keeps Q2 OFF as well as
transistors Q5 and Q6. The collector of transistor Q2 is
approximately supply voltage VCC, and base current is
supplied to transistor Q3, keeping this device and Q4 ON.

Assume now that input A is “high” and input B
gradually goes from a “low” to a “high.” The base of
transistor Q2 tracks the voltage at input B asin conventional
TTL by the difference of VBE — VBC of transistor Q1.
At the point where transistor Q2 turns on in conventional
TTL, transistor Q2 does not turn on in MTTL Iil, since. the
equivalent of an open circuit exists at its emitter. Withno
current flow, the collector of Q2 remains near the supply
voltage, VCc. Since transistors Q3 and Q4 act as emitter-
followers, the output remains at the “high” level, approxi-
mately two VBE drops below VCC. The bypass network
turns on when the potential at the base of Q2 is two VBE
drops above ground, causing the output transistor Q5 to
turn on as well as bypass transistor Q6. This is point d on
the Motorola MTTL III transfer characteristic (Figure 1).

Vee
T+s v
e R1 2R2 R3a R3b
325k <3800 180 90
) A
a3

Q4

Vo

VW\—
® 2
ao
W

FIGURE 2 — Conventional High-Speed TTL Gate

As the potential on input B increases further, output tran-
sistor QS saturates and point e is reached on the MTTL 111
transfer characteristic. The resistors in the bypass network
are chosen so that the network conducts the same current
asresistor R4 in Figure 2 when transistor Q5 is saturated.

Due to the square shape of the transfer characteristic, dc
noise immunity of the Motorola MC3000/MC3 100 Series is
improved considerably. The bypass network used to achieve
the described transfer characteristic provides additional
advantages over the simple resistor.

Figure 4 compares the variation with temperature of a
standard monolithic resistor and the MTTL III bypass net-
work impedance. As can be seen from this figure, there is
a much smaller impedance variation with temperature in
the MTTL III bypass network. Other advantages of the
bypass network include:

1. When turning off, transistor Q6 turns off after
transistor Q5. This provides faster tumn-off at
elevated temperatures of the output transistor
because of lower bypass impedance.

2. Fasterswitching and lower power consumptionresult-
ing from a lower current spike during the turn-off
transient at high temperatures.

3. A faster turn-on time at low temperatures.

ADDITION OF INPUT DIODES

Due to high speeds of operation, TTL generates large
values of current and voltage rates of change. A 1 volt
in approximately 1.3 nanoseconds for the rise time and a

Vcci+5v

SR1 $R2 yR3
$24k $ 800

AAA,

Ao

B O—

D1a 4

FIGURE 3 — Improved MTTL 11l Gate

1 volt change in approximately 1.0 nanoseconds for the
fall time provides dV/dt rates on the order of 109 volts
per second. With these rates of change, undershoot exceed-
ing 2 volts can develop in the system which can cause two
very serious problems. First, false triggering of the
following stage is possible since a positive overshoot
follows the large undershoot. This positive overshoot may
act as 2 “high” signal and tum on the following stage for
a short period of time. The diodes D1a and D1b on inputs

T T T 4
Standard V4
Monollthlc,/
Resistor
640 v aa
Y
//
'-E? 620
5 \ ,” L~ ol
e 7L~T mrTL
> 600 P p’ Bypass Network—]
« T~ ——7 ye
-~ b ” impedance
580
560
-60-40-20020406080100120140
Ta, (°C)

FIGURE 4 — MTTL 11l Bypass Network
ci versus Temp
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Scale: 2 Volts CM Vertical

50 ns/CM Horizontal
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c |
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H _—
o | Input
210
5(a) TTL Gate With Clamp Diodes 5(b) C ional TTL Gate Without Clamp Diodes

FIGURE 5 — Comparison of Waveforms with (a) and Without {b) Input Clamp Diodes

A and B, respectively, in Figure 3, limit the negative value
of the undershoot, dissipating the ringing energy and there-
by reducing the positive overshoot. Figure 5 shows the
effect of adding the clamp diodes on inputs of TTL gates
at the end of a 93 ohm line. In Figure 5bit can be seen that
without clamp diodes, the positive overshoot has turned the
following gate on momentarily. The second problem
results if the unused inputs of a gate are returned to the
supply voltage and a negative undershoot in excess of 2
volts occurs. These reversed-biased emitters may break
down and draw excessive current, generating noise in the
system.

ADDITIONAL GATES — AND GATE

The basic gate in the TTL logic family performs the
NAND function. One of the many advantages in using

14T Vee

AAA

Q1
/4

20

D1ai[ 1

75

MTTL HI MC3000/MC3100 Series is the additional logic
functions available in its series of gates. Figure 6 shows the
AND gate function. The technique used to generate this
function consists of adding the network composed of
transistor Q7, diode D2, and resistor R6 to the basic NAND
gate. With this network inserted between transistors Q1
and Q2, the voltage levels presented to transistor Q2 are
the same as in the case of the NAND function, only
inverted in phase. The inversion of the NAND function
is, of course, the AND function. This additional inversion
stage adds 3 nanoseconds propagation delay and around
6 mW power dissipation to the basic gate characteristics.

AND-OR-INVERT GATE

A limitation on TTL with its active pull-up circuit on the
output is the prohibition of the wired-OR function.

12 Vee 10 9
° 120€C o o
24x3  |soos 24kg 603
3 3 b3 3
fas
Qs Qb S
130—¢ azs azb ‘KV—J 8
10—
. Qs
Y'Y 2803 s003 % 35k
A 2
S K
& JGND
n 7

FIGURE 6 — MTTL Positive Logic AND Gate

FIGURE 7 — MTTL 11l “AND-OR-INVERT" Gate Circuit
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FIGURE 8 — MTTL 11l POSITIVE LOGIC “NOR" Gate Circuit

Motorola’s MC3000/MC3100 Series offers the AND-OR-
INVERT gate shown in Figure 7. This gate incorporates
two 2-input AND functions (transistors Q1A and Q1B)and
two inverters (transistors Q2A and Q2B). The inverter
transistors (Q2A and Q2B) operate in parallel and perform
the OR and INVERT functions. With “highs” on both of
the inputs to either Q1A and QIB, either Q2A or Q2B
is ON thus causing transistor Q5 to be ON with the output
being “low.” With “highs” on all inputs, both transistors
Q2A and Q2B are ON again causing transistor Q5 to be ON
and the output is “low.” With “lows” on both emitter
inputs to transistors Q1A and Q1B, both transistors will be
OFF thus causing transistors Q3 and Q4 to be ON and the
output high.

NOR GATES

The NOR function is available by a slight modification
to the AND-OR-INVERT gate just discussed. If one

14
Vee
>
g24x  g800 e0g
~VWA—O0 5
10— 3.5 kSE p—06
20-
30 —NW—O_,S 4
% 250
¥
3
LGND
7

FIGURE 10 — MTTL 11l Terminated Line Driver (NAND)

emitter is removed from each of the input transistors, Qla
and Q1b of Figure 7, we have a gate'which performs the
NOR function (Figure 8).

OR GATES

By the addition of a transistor and a resistor to the NOR
gate, the OR function can be performed. Figure 9 is the
same as the NOR gate of Figure 8 with the addition of
transistor Q7 and resistor R7 to perform the necessary
phase inversion for the OR function.

LINE DRIVERS

Using an unterminated line driver, a line appears
essentially as an open circuit at each end. Any pulse
traveling down the line will see a reflection almost equal
in magnitude to the original pulse. By terminating at the
loaded end, reflections are minimized.
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FIGURE 9 — MTTL HI Positive Logic “OR” Gate Circuit

FIGURE 11 — Typical Application of the Line Driver
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FIGURE 12 — Effects Of Series Termination With A MTTL 11l Gate
Driving a 93-Ohm Line
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FIGURE 13 — MTTL |1l Power Gate Circuit (AND)
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FIGURE 14 — Open Collector Gate For Implementing
the “Wired OR” Function

To minimize switching transients .on long lines, the
MTTL I family includes a pair of series-terminated gates.
Each of these gates has three outputs. Two of the outputs
have 75-ohm resistors in series with the standard output
node, and one connected directly to the node. For driving
93-ohm coax or 120-ohm twisted pair, a good match can
be made at the output of each resistor. For loads of 50 to
93 ohms, the two resistive outputs are shorted together for
better impedance matching. The non-resistive outputcan be
used to drive gates in a normal fashion.

Figure 10 shows the circuit of the NAND line driver.
Figure 11 shows a typical application of this circuit and
Figure 12 demonstrates the effects of the better impedance
matching of series termination gained at the expense of
some loss of noise immunity.
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FIGURE 15 — Output Current versus Output Voltage

POWER GATES

Standard MTTL III gates offer good load driving
capability and high fan-out. In some systems, however,
there are a few requirements that exceed the capability of
a standard gate. The MTTL III power gates are designed to
meet these requirements with a minimum of additional
circuitry. Available in both NAND and AND functions,
the power gates feature output circuitry designed to provide
twice the fan-out of conventional gates — 20 standard
gate loads instead of 10. Figure 13 shows the MTTL Iil
AND Power Gate.

OPEN COLLECTOR GATES

The standard MTTL HI gates with the active pull-up
circuit on the output prohibit the wired-OR function. To
overcome this difficulty, the MTTL III Series has gates with
no output pull-up circuit. The MTTL III open-collector
NAND gate of Figure 14 is designed for use where the wired-
OR function is required or for driving discrete components.

MDTL COMPATIBLE

The MC3000/MC3100 Series of transistor-transistor
logic is pin compatible with the MDTL (Motorola Diode-
Taansistor Logic) family. Supply voltage is applied to pin
14, and ground is applied to pin 7in both families. Because
of its “square” transfer characteristic, the MTTL I family
is the only TTL line that has a DTL type transfer
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FIGURE 16 — Output Current versus Output Voltage

function. This is an additional feature to consider when
updating present systems so that the faster switching times
of TTL can be utilized.

LOW STATE OUTPUT IMPEDANCE IN “HIGH” AND
“LOW” STATE

The Darlington output configuration provides extremely
low output impedance in the “high” state. The low imped-
ance results in excellent noise immunity and allows high-
speed operation while driving large capacitive loads. Figure
15 shows the “high” state output impedance under the
condition that all inputs are grounded. Calculating the
resistance at room temperature from the slope of the curve
a value of 10 ohms is found at 3.5 volts ranging up to 64
ohms at lower voltage levels.

Figure 16 illustrates the “low” state output impedance
under the condition thatallinputs are left open or returned
to the supply voltage, V(. Again calculating the resistance
at room temperature from the slope of the curve, a value
of 6.0 ohms is found at -Vyt of 0.2 volts, ranging up to
480 ohms at voltages greater than 0.5 volts.

Under normal operating conditions the “high” state
value of resistance would be 10 ohms at 3.5 volts and the
“low” state value would be 6.0 ohms at 0.2 volts.

POWER DISSIPATION

One disadvantage of the TTL “totem pole” output is
that both output transistors are ON during a portion of the
switching time. Since the turn-off time of a transistor is
normally greater than the turn-on time, the following
occurs (refer to Figure 2). '

In going from a “high” state to a “low” state on the
output, transistor Q4 is initailly ON and is in the process
of turning OFF. Transistor Q5 at the same instant in time is
off and is attempting to turn on. Transistor Q5 turns ON
before transistor Q4 can turn OFF. The result is a current
spike through both transistors and the load resistor. The
same effect takes place when the conditions are reversed
and transistor Q4 turns ON before transistor Q5 can turn
OFF. The active bypass network in the MC3000/MC3100
Series, shown in Figure 3, helps to limit this problem.
As mentioned in the section ON Transfer Characteristics,
the bypass network provides faster turn-off times. Figure

17 shows the power dissipation versus frequency for the
MC3000/MC3100 quad 2-input NAND gate. The power
dissipation per gate would be the values indicated divided
by four. From Figure 17 we find that power dissipation
increases at the rate of 0.4 mW/MHz for a single
MC3000/MC3100 NAND gate, as opposed to an increase
of 0.7 mW/MHz for a single gate in other high-frequency
TTL families.

TYPICAL DATA

The following set of curves represents the typical
operating characteristics of the MC3000/MC3100 quad 2-
input NAND gate.

Samples of the device were chosen from dc data, and
typical units were tested as a function of fanout, capacitive
loading, temperature, and power supply variations.

The following curves were plotted from the data:

A. Transfer Characteristics
Vip versus Voyt for F.0.=0,1,and 10@
Ta = -559C, +25°C, + 125°C
(Figures 18, 19, and 20).
B. Rise and Fall Times
t; versus CT for F.O.=1and 10@
-55,+25, and +125°C (Figure 21)
tf versus CT for F.O.= 1 and 10@
-55, +259, and +1259C (Figure 22)
tr versus temperature for F.0.=1and 10@
CT = 25, 33, and 100 pF (Figure 23)
tf versus temperature for F.O.=1and 10 @
CT = 25, 33, and 100 pF (Figure 24)
C. Propagation Delays
tpd1, tpd0 versus temperature, for
F.0.=1and 10 @ CT of 25,33, and
100 pF (Figures 25 and 26)
tpd1, tpdQ versus Ct=25,10 100 pF,
F.0.=1, 10 @-55,+25,and +125°C
(Figures 27 and 28)
tpd1, tpdo versus Ve for F.O.= 1and 10@
CT =25, 33 and 100 pF at 25°C
(Figures 29 and 30)
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determine typical operating characteristics under almost Zout Output impedance
any set of conditions. While these curves are for the VCE Collector-emitter voitage
MC3000/MC3100 Series quad 2-input NAND gate, this

data could be used with good approximations to other
gates with appropriate corrections as called out in the text
of this application note. Table 1 lists the gates that are
discussed in this application note.

SUMMARY

— This application note has explained the advantages of
using the MC3000/MC3100 Series transistor-transistor logic
gates over other conventional lines available in the industry

MC3100
MC3101
MC3102
MC3103
MC3120

MC3129

MC3126
MC3104

Table |

Quad 2-Input NAND Gate
Quad 2-Input AND Gate
Quad 2-Input NOR Gate
Quad 2-Input OR Gate

Expandable Dual 2-Wide 2-Input

AND-OR-INVERT Gate

Dual 3-Input 3-Output NAND Series

Terminated Line Driver

Dual 4-input AND Power Gate
Quad 2-input NAND Gate (Open Collector}
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THE MC3100/MC3000 SERIES TRANSISTOR-TRANSISTOR LOGIC
FLIP-FLOPS

INTRODUCTION

The success of any logic family depends on the capabil-
ities of its storage elements. The flip-flops in the MC3000
(0 to 75°C) and MC3100 (-55 to +125°C) series are
designed to provide maximum logic utility with fewer
restrictions than their predecessors. Eliminating serious
disadvantages of existing products was a major philosophy
in the design of the storage elements of the MC3100
series.* The resulting improvements center on the follow-
ing considerations:

1. The inputs to the storage element must have the
same threshold characteristics as a standard gate.

2. Undershoot as normally found in the system shall
cause no malfunction.

3. Clocking must occur on a single transition of the
clock where the clock is defined to have any duty
cycle such that the minimum up and down times
are met or exceeded.

4. The propagation delay should be as equal as possible
under normal load conditions.

5. Loading of one output should minimally affect the
delay of the other output.

*Reference will be made to the MC3100 series throughout,
however, a comparable MC3000 part exists.

6. The direct set and reset inputs should completely
override the clock and synchronous inputs under
all conditions.

7. The synchronous logic inputs should have short input
response times to both the “1” and *“0” inputs.
MC3100 SERIES FLIP-FLOP CIRCUITS

Table I lists the flip-flops that are discussed in the
MC3100 series.

TABLE | — MTTL Il Flip-Flops

Single J-K flip-flop with positive edge clock | MC3150

Single JK flip-flop with negative edge clock | MC3151

Single master-slave J-K flip-flop MC3152

Common clock, common reset, separate sets, | MC3161
dual JK flip-flops with negative edge clock

Separate clock, no reset, separate sets, dual | MC3162
JK flip-flops with negative edge clock

Type “D”, Dual type D flip-flops with MC3160
positive edge clock

The three basic designs are typified by the MC3150,
MC3160, and MC3i61. Common to ail designs are:
1. Edge clocking.

The flip-flop is clocked at the normal MTTL III
threshold voltage (approximately 1.5 V @ 25°C).

1/2 OF DEVICE SHOWN,

RESET AND CLOCK COMMON TO BOTH

TABLE Il

J-K TRUTH TABLE

an ] ant?

“ss20000]|c
- - -3 P
-0 ~0=0=0
O=-2=DO0=0

FIGURE 1 — MC3161 Logic Diagram
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FIGURE 2 — MC3161 Dual J-K Flip-Flop Schematic

2. Overriding asynchronous inputs.

The direct set and reset input functions control
regardless of the information on the clock or synchronous
inputs.

3. Short set-up times.

Prior to the clocking edge, the input information
must become stable. The MTTL I flip-flops require only
a minimum of time to read a “1” or a “0”. Unlike master-
slave or charge storage types, control of the clock pulse
width is no longer required to realize maximum usefulness.

4. Logic inputs require no special loading rules.

All inputs to the storage elements, including the
clock input, are compatible with all three MTTL families.
Each input can be expressed as a multiple of a MTTL
input load. (One load is a 4 kR resistor to VC( through
the base-emitter junction of a multiple-emitter transistor).
The switching threshold is the same as a standard gate
(2 Vbe — Voffset)-

The MC3150 and MC3160 flip-flops are positive edge
triggered storage elements. That is, the inputs are enabled
on the negative edge of the clock and the information is
stored in the flip-flop on the positive edge of the clock.
The MC3161 and MC3162, dual flip-flops, and the MC3151
single J-K flip-flop are negative edge triggered devices and
therefore operate in the opposite manner. That is, data is
stored on the negative edge of the clock.

Inadditiontothe previously mentioned storageelements,
the MC3152 master-slave flip-flop is also available. Data
is stored in the master flip-flop when the clock is low and
transferred to the slave flip-flop when the clock goes high.

Detailed discussion of each of the MC3100 series flip-
flops is the subject of this application note.

MC3161 DUAL JK FLIP-FLOP

The MC3161 dual JK flip-flop triggers on the negative
edge of the clock. Each flip-flop is provided with a separate
direct SET input in addition to the common direct RESET
input. These direct inputs provide a means of resetting a
group of flip-flops, such as a register, which may be fol-
lowed by the presetting of a data pattern. The clock input
for this device is common for both flip-flops making it
particularly useful in registers or other common clock
applications.

Data may be applied to, or changed at, the clocked
inputs at any time during the clock cycle except during the
time interval between the Setup and Hold times. The in-
puts are inhibited when the clock is low and enabled when
the clock goes high. The input steering network contin-
uously responds to input information when the clock is
high. The data state at the inputs throughout the interval
between the Setup and Hold times is stored in the flip-flop
when the clock falls. Each flip-flop may be set at any time
without regard to the clock state by applying a low level
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to the SET input. In addition, both flip-flops may be re-
set simultaneously by using the common RESET in a
similar manner.

Figure 1 is the logic and block diagram for the MC3161
while Table II is the JK truth table of operation. Opera-
tion of the circuit (Figure 2)is as follows: Assume that the
SET and RESET inputs are “high”, the Q output terminal
is “high”, and Q output terminal is “low”. Also assume
that the J and K terminals are “high”. With the clock “low”,
a “low” is applied to one emitter of transistors Ql, 4,
Q12, and Q20. With Q “high”, a “high” is applied to one
emitter of transistors Q1 and Q12. With Q “low”, a “low”
is applied to one emitter of transistors Q4 and Q20. With
the SET and RESET terminals “high”, a “high” is applied
to one emitter of transistors Q7, Q4, Q16, and Q1. Under
these assumptions, the state of individual transistors in
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FIGURE 3 — MC3161 Voltage Waveforms

the flip-flop can be determined. With a “low” applied to
one emitter of transistor Q1, transistors Q2 and Q3 are
OFF. This same condition occurs at one emitter of tran-
sistor Q4, which causes transistors Q5 and Q6 to be OFF.
A“low” applied to an emitter of Q12 keeps transistor Q10
OFF. The two “lows” applied to the emitters of Q20 keeps
transistor Q18 OFF. With Q “high,” transistor Q21 is ON,
which means that point C (the base of Q21) sets near
supply voltage, VCC. The base-to-emitter diode of tran-
sistor Q8 is reversed-biased and current flows through the
forward-biased base-to-collector diode of this device. With
transistor Q3 OFF, as previously determined, both emitters
of transistors Q7 are “high.” The base-to-collector diode
of transistor Q7 is forward-biased which causes transistor
Q9 to be ON, which in turn causes transistors Q11 and
Q14 to be ON. The voltage at point B sets at VBE of tran-
sistor Q14 plus VCE of Q9 which is not positive enough to

sustain operation of transistor Q13 and diode D1, thereby
causing these devices to be OFF. Under these conditions
the base-to-emitter diode of transistor Q15 is forward-
biased. This condition, along with the two previous “highs”
determined at the emitters of transistor Q16, cause tran-
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FIGURE 4a — MC3161 tpq and tpgq versus Temperature

sistors Q16, Q17, Q19 and Q22 to be OFF. Point C sits
near the supply voltage, VC(C, as previously assumed,
turning Q21 and D2 ON, resulting in the Q output being
“high.”

Now assume that the clock goes “high.” All inputs to
transistor Q1 are “high” causing transistors Q2 and Q3 to
turn ON. The same condition exists at the inputs of tran-
sistor Q12. With all inputs to transistor Q12 “high,” tran-
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FIGURE 4b — MC3161 tpq1 and tpdQ versus Capacitance

sistor Q10 turns ON, maintaining the ON conditions of
transistors Q11 and Q14. With transistor Q3 ON, a “low”
is applied to one emitter of transistor Q7, in turn removing
base drive from transistor Q9, turning it OFF. Transistor
Q10 has turned ON before transistor Q9 turns OFF and
output Q has not changed state. Looking at the other side
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of the flip-flop, allowing the clock to go from a “low” to
a “high” state does not effect transistors Q4 and Q20 as
both have one other “low” applied to their input terminals.
The state of the flip-flop has been maintained.

With the flip-flop in its present state and with the input
information on both the J and K terminals “high,” allow
the clock to go “low.” When the clock goes “low,” tran-
sistor Q10 turns OFF which causes transistors Q11 and
Q14 to turn OFF. The same condition (allowing the clock
to go low) tumns transistors Q2 and Q3 OFF. In this
switching operation, transistor Q3 must remain ON long
enough to allow transistors Q10, Q11, and Q14 to turn
OFF. Point B has now risen near supply voltage, VCc,
causing transistor Q13 and diode D! to turn ON. Current
isforced through the forward biased base-to-collector diode
of transistor Q15 (since both emitter inputs to transistor
Q16 are “high™) and through the forward biased base-to-
collector diode of transistor Q16. This condition causes
transistors Q17, Q19 and Q22 to turn ON. When transistors
Q17, Q19 and Q22 turn ON, point C drops to a voltage
level equal to the VBE of transistor Q22 plus VCE of
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FIGURE 4d — MC3161 tpg and tpgo versus Capacitance
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transistor Q17 allowing transistor Q21 and diode D2 to
turn OFF. Regeneration has taken place and the flip-flop
has changed state.

With the flip-flop in its previous state (before the clock
went “low”) assume that a “low” is applied to the J ter-
minal and a “high” to the K terminal. When the clock goes
“low,” the transistor combination of Q7 and Q8 will re-
main enabled and the flip-flop will not change state. In
the switching operations it must be emphasized that tran-
sistors Q3 and Q6 must remain ON long enough for regene-
ration to take place. Figure 3 shows the voltage levels
at the indicated points in the circuit of Figure 2. The
voltage level at point A determines the conditions that
exist at points B and C, as explained above. The conditions
existing at the clock and the two outputs, Q and Q, are
also shown.

As can be seen from the circuit diagram, (Figure 2) the
crosscoupling is internal during the regeneration period,
thus the propagation times of one output are relatively
unaffected by loading of the other output.

Figures 4a through 4h represent the typical operating
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FIGURE 4f — MC3161 tpd1 and tg0 versus Fanout
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characteristics of the MC3161 dual JK flip-flop. Samples
were chosen from the dc data and typical turn-on delay
(tpdo) and turn-off delay (tpd}) times were obtained as a
function of fanout, capacitive loading, and temperature.
Toggle frequency versus temperature is plotted for different
loading conditions. ‘

The logical “1” setup time is defined as the minimum
time that high state data must be applied prior to the clock
edge. Figure 5 shows the relation existing between infor-
mation on the J terminal, the negative edge of the clock
pulse, and the output terminal “Q” for a given fanout of
one and capacitance load of 25 pF. The typical value of
minimum logical “1” setup time is 8.1 nanoseconds.
Table III lists typical values of logical “1” setup time under
different loading conditions.

The logical “0” setup time is defined as the minimum
time that low state data must be applied prior to the clock-
ing edge. Figure 6 shows the relations existing between
information on the J terminal, negative edge of clock
pulse, and output terminal “Q” for a given fanout of one
and capacitance load of 25 pF. The typical value of mini-
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s 45 b F.0.=10CT = 100 pF
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FIGURE 4h — MC3161 f; versus Temperature

FIGURE 5 — MC3161 Logical “‘1”” Setup Time

From Left to Right:
1st Pulse — *J” input
2nd Pulse — Negative edge of clock
3rd Pulse — ’Q" Output

Vert. = 1 V/div. Vee = 5.0 Vde
Horiz. = 10 ns/div. Ta =+25°C
F.O.=1and Cy =25 pF

Load Logical “1"” Setup Time
F.0.=1and 25 pF 8.1ns
F.O.= 10 and 33 pF 6.6 ns
TABLE I

mum logical “0” setup time is 7.8 nanoseconds. Table IV
lists typical values of logical “0” setup time under different
loading conditions.

FIGURE 6 — MC3161 Logical “0” Setup Time

From Left to Right:
1st Pulse — “‘J” input
2nd Pulse — Negative edge of clock
3rd Pulse — *‘Q'" output

Vert. = 1 V/div. Vg = 5.0 Vde
Horiz. = 10 ns/div. Ta = +25°C
F.O.= 1and C1 = 25 pF

Load Logical ““0’* Setup Time
F.O.= 1 and 25 pF 7.8 ns
F.O.= 10 and 33 pF 8.0 ns
TABLE IV

AR
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FIGURE 7 — MC3162 Logic Diagram

As can be seen from Figures 1 and 2, all inputs to the
flipflop (which includes J and K terminals, SET and
RESET inputs, and clock input) have the same threshold
characteristics as a standard gate which is 2 VBE or, ap-
proximately 1.5 volts.

Input diodes are present on all inputs to the flip-flop
such that undershoot as normally found in the system will
cause no malfunction of the device. (See Appendix A).

Outputs Q and Q are characterized by the familiar
MC3000 series transfer characteristic. (See Appendix B).

MC3162 DUAL J-K FLIP-FLOP

The MC3162 dual J-K flip-flop is identical in circuit
operation to the MC3161. The MC3162, however, has
separate clock inputs and no common direct RESET in-
put. Figure 7 is the logic diagram along with the block
diagram of the device while Table V lists the operation
of the device.

MC3151 SINGLE JK FLIP-FLOP

The MC3151 single JK flip-flop (see Figure 8) is iden-
tical in circuit operation to the MC3161. An AND input
gating configuration formed by three J inputs ANDed
together and three K inputs ANDed together minimizes
external gating requirements. The enable input (JK) con-
sists of a J and a K input internally connected. This input
provides gating for the J and K inputs or an additional
logic input for use in counters or other applications. A
direct SET and direct RESET are provided to permit pre-
setting data such asinitial conditions into the flip-flop.

MC3150 SINGLE J-K FLIP-FLOP WITH POSITIVE
EDGE CLOCK

Figure 9 shows the circuit of the MC3150, and Figure
10, the logic diagram, block diagram, and truth table of
operation, Table VI.

This JK flip-flop triggers on the positive edge of the
clock. An AND input gating configuration formed by
three J inputs ANDed together and three K inputs ANDed
together, minimizes the requirements for external gating.

The enable input (JK) consists of a J and K input internally
connected together. This input provides gating for the J
and K inputs or an additional logic input for use in counters
or other applications. A direct SET and RESET are pro-
vided to permit presetting data such as initial conditions
into the flip-flop. The direct SET and RESET inputs fully
override the clock; i.e., the direct SET and RESET inputs
control the operation of the flip-flop regardless of the
state of the clock.

Information may be applied to, or changed at, the J
and K inputs any time in a clock cycle except during the

LOGIC DIAGRAM

el
w
o]}

FIGURE 8 — MC3151 Logic Diagram

interval of time between the Setup and Hold times. The
inputs are inhibited while the clock is high and data is
entered into the input steering section of the flip-flop when
the clock goes low. The input steering section of the flip-
flop continually reflects the input state when the clock is
low. Data present during the time interval between the
Setup and Hold times is transferred to the bistable section
on the positive edge of the clock and the outputs Q and Q
respond accordingly. The flip-flop can be set or reset di-
rectly by applying a high state to the SET or RESET inputs.

The circuit operation for this device will be explained
by referring to the logic diagram of Figure 10. A set of
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FIGURE 9 — MC3150 “AND" J-K Flip-Flop Schematic

gates, a and b, are connected in parallel with another set of
gates, g and h, with appropriate feedback from the outputs
to provide J-K operation. The three J inputs are ANDed
together at the g gate and the three K inputs are ANDed
together at the h gate. Assuming the clock is low, the in-
put data can affect only the two gates, a and b, after being
initially applied to gates g and h. With the clock “low,”
gates ¢ and d are cut off; both outputs are “high.” The

last pair of gates, e and f, store the previous information
and provide the outputs of the flip-flop. When the clock
ischanged from a “low” to a “high,” only one of the gates,
c ord, can turn ON since the data input is indirectly applied
to gate d and the data’s complement is applied to gate c.
The gate (c or d) that turns ON provides two functions. It
gates the feedback that stabilizes its inputs and transfers
data to the output gates e and f.
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RESET S—J TABLE VI

J=J1.J2.43.JK
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FIGURE 10 — MC3150 Logic Diagram
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FIGURE 11a — MC3150 t,40 versus Temperature

Figures 11a through 1le represent the typical oper-
ating characteristics of the MC3150 JK flip-flop. Samples
of the device were chosen from the dc data and typical
turn-on delay (tpdo) and turn-off delay (tpd1) times were
obtained as a function of temperature and capacitive load-
ing. Toggle frequency as a function of temperature is
plotted under different loading conditions.

Typical values for logical “1” setup times and logical
“0” setup times are 10 nanoseconds and 5.0 nanoseconds,
respectively. The logical “1” hold time, (the minimum
time that the “high” state data must be maintained after
the clocking edge) is typically 5.0 nanoseconds. The
logical “0” hold time (the minimum time that the “low”
state data must be maintained after the clocking edge) is
typically 5.0 nanoseconds.

MC3160 — TYPE “D”DUAL FLIP-FLOP WITH POSITIVE
EDGE CLOCK

Figure 12 shows circuit schematic for the MC3160,
and Figure 13 the logic and block diagrams of the device.
Table VI liststypical operating characteristicsof the device.

38 L L B I | l
36 4 Vcc = 5.0 vde 1
34 F
32 i >
30 |-F.0.=1 T, =-55°C =
28
26
24 ha
22 -
20 = ]
18 A X F.O.=,1 =
16 |— F.0.= 10 Ta = +125%C
- = {] 4
AT
[} 25 50 75 100
Capacitance (pF)

I
o

#
-
)

-

AV

S
[
v
1
m
[o]
L]

T+~ o

-
P

\
AL

I F.0.=10
Ta=+25°C

Turn-On Delay {nanoseconds)

FIGURE 11b — MC3150 t;,40 versus Capacitance

Turn-Off Delay (nanoseconds) Turn-Off Delay {nanoseconds)

fy (MH2)

T T T T O T T T [T T T1 "
L F.0.=10 Cr=100pF _{ Vcc=50Vdcle
19 - A
N~ L2 1
18 ~H
F.0.=1 Cy = 100 pF )
\ P2
17 P Az
\\ ’d’
16 e
L~
L
15 -
14 |
0
-55 o +25 +75 +125
Temperature {°C)
FIGURE 11c — MC3150 tpq41 versus Temperature
20MTTTT I TT L
- F.0.=10—1—{F.0.= 10 ==
= $259 o, el
19 | Ta=+25°C1—Tp = -55°C {— = -
N ¥ L A=
18 Za 4= - s
o+ l/' -
-
17 -3 f, F.O. = 1 —
,/,4{ e . Ta=-55%
p
16 Pl \ Fo.=1}
-
L Ta=+125%C
15 > F.0.= 10
- /1 | Ta=+25°
14 | F'O;;slc 11 Vec = 5.0 Vde
0oT_TA [ [ ] L1111
o 25 50 7% 100

Capacitance (pF)

FIGURE 11d — MC3150 t, g1 versus Capacitance

S0 FTTT T
a8 F.O0.=1 Cy =25 pF |
bl SRI
a6 £.0.=10 Cy=30pF N
as N
a2 rT 1IN N ™
A N ~
= ~
40 F.0.=1 Cy = 100 pF <
Y.
8 -
36 |1/ dedobd | |
7 4= =K1
34 7 ind Y B
\\
a2 F.0.= 10 Cy = 100 pF —Tal
30
o
-55 0 +25 +75 +125

Temperature (°C)

FIGURE 11e — MC3150 f; versus Temperature



AN-493 (continued)

The MC3160 dual flip-flop triggers on the positive edge
of the clock and performs the Type “D” flip-flop function.
This device consists of two completely independent Type
“D” flip-flops, both having direct SET and RESET inputs
for asynchronous operations such as parallel data entry in
shift register applications.

Information may be applied to, or changed at, the D
inputs any time during the clock cycle except during the
time interval between the Setup and Hold times. The
clocked inputs are inhibited when the clock is high and

MC3152 — “AND” INPUT J3-KK FLIP-FLOP

In addition to the previously mentioned flip-flops, the
MC3152 master-slave J-K shown in Figure 14 is also avail-
able. The logic diagram, block diagram, and typical char-
acteristics are indicated in Figure 15.

The MC3152 is a master-slave JK flip-flop that triggers
on the positive edge of the clock. The flip-flop hasan AND
input configuration consisting of two J-inputs and a J-
input ANDed together and two K-inputs and a K-input

DUAL TYPE D FLIP-FLOP

1/2 OF DEVICE SHOWN
14
chc

100 4
il 1.2k 3k 3k 12k

A

FIGURE 12 — MC3160 Dual Type D Flip-Flop Schematic

data may be applied to the input steering section of the
flip-flop when the clock goes low. The input steering sec-
tion continually reflects the input state being applied when
the clock is low. The information present at the inputs
during the time interval between the Setup and Hold times
is transferred to the bistable section on the positive edge
of the clock,and the outputs Qand Q respond accordingly.

The flip-flop can also be set or reset directly at any
time, regardless of the state of the clock, by applying a low
state to the direct SET or RESET inputs.

The circuit operation is similar to the explanation given
for the MC3150 flip-flop.

RESET
[+
[
cLock
-
=D °
SET
SET a4
D 2 Q5 TRUTH TABLE
CLOCK 3 &—e6 p {an| antt
RESET 1 oo o
SET 10 o1 0
110 1
D 12 of—o bl s
CLOCK 11 &—s8 an*l=pn
RESET 13 TABLE Vil

Total Power Dissipation = 120 mW/pkg
Toggle Fraquency = 30 MH2

Logical “1°’ Setup Time = 10 ns

Logical '0’* Setup Time = 5.0 ns

Logical 1" and *“0”* Hold Times = 5.0 ns
tpd-=17ns

tod+ =16 ns

FIGURE 13 — MC3160 Logic Diagram

ANDed together. An enable input (JK) is also provided
consisting of an additional J and K input internally con-
nected together. This input provides gating in addition to
the clock for the clocked inputs (J, 7, K and K) or an addi-
tional logic input (J-K) for use in counters or certain other
applications. A direct SET and RESET are provided to
enable presetting data into the flip-flop such as initial condi-
tions. The direct SET and RESET control the operation
of the clock.

Information is normally applied to, or changed at, the
clocked inputs while the clock is in the high state since the
inputs are inhibited under this condition. Information may
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be stored in the master flip-flop section when the clock
goes low. Once input data has been stored in the master
flip-flop section it cannot be removed (or changed) by
means of the clocked input. The direct SET or RESET
provide the only means of removing previously stored

FIGURE 14 — MC3152 “AND"” Input JJ-KK Flip-Flop Schematic

information. The state of the master flip-flop is transferred
to the slave flip-flop section on the positive transition of
the clock and the outputs respond accordingly. The flip-
flop can be set or reset directly by applying the low state
to the direct SET or RESET inputs.
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FIGURE 15 — MC3152 Logic Diagram
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CONCLUSION

This application note has explained the basic operation
of the various flip-flops available in the MC3100 series of
transistor-transistor logic from Motorola. Typical oper-

ating characteristics have been included for various devices
such that operation under almost any set of conditions can
be determined.

APPENDIX A —|

ADDITION OF INPUT DIODES

Due to high speeds of operation TTL generates large
values of current and voltage rates of change. A 1 volt
change in approximately 1.3 nanoseconds for the rise time
and a 1 volt change in about 1.0 nanoseconds for the fall

lows the large undershoot. This positive overshoot may
act as a “high” signal and turn on the following stage for a
short period of time. Diodes on inputs limit the negative
value of the undershoot dissipating the ringing energy and
therebylimiting the positive overshoot. Figures16aand 16b
show the effect of adding the clamp diodes on inputs of
TTL gates at the end of a 93 ohms line. In Figure 16b it
can be seen that without clamp diodes the positive over-

SCALE: 2 VOLTS/CM VERTICAL

50 ns/CM HORIZONTAL

TTL GATE WITH CLAMP DIODES

| caTe
OUTPUT GATE
’ ~ OUTPUT
z
e
@
2
a
5
s L INPUT
> To r \
2 INPUT
| GaTE N\
- GATE
16a 166

CONVENTIONAL TTL GATE
WITHOUT CLAMP DICDES

FIGURE 16 — Comparison of Waveforms With {a) and Without (b) Input Clamp Diodes

time, provides dV/dt rates on the order of 109 volts per
second. With these rates of change, undershoot exceeding
2 volts can develop in the system which can cause problems
in succeeding circuits. Two very serious problems result
from the possible undershoot. First false triggering of the
following stage is possible since a positive overshoot fol-

shoot has turned the following gate ON momentarily. The
second problem results if the unused inputs of a gate are
returned to the supply voltage and a negative undershoot
in excess of 2 volts occurs. These reverse biased emitters
may breakdown and draw excessive current which creates
noise in the system.

NN
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APPENDIX B
COMPARISON OF TRANSFER CURVES

CONVENTIONAL TTL

By applying a “low” to either A or B inputs of the gate
shown in Figure 17, a base-to-emitter diode of transistor
Q1 becomes forward biased. No base drive is available for
transistor Q2 which turns OFF and causes transistor Q5
to turn OFF. The collector of Q2 rises toward the supply
voltage, VC(C, and supplies base drive to turn ON transistor
Q3 which causes transistor Q4 to turn ON. Transistors
Q3 and Q4 act as emitter followers and this places the out-
put, VO, two VBE drops below V( in its quiescent “high”
state or approximately 3.5 volts.

Consider the case where input A is “high” and input B
begins to go from a “low” to a “high”. Base drive is
gradually applied to transistor Q2 which now starts to
conduct with emitter current initially flowing through R4.
As transistor Q2 turns ON the collector current of Q2 pro-
duces a voltage drop across resistor R2. The collector of
Q2 isconnected to output VQ by means of the two emitter
follower transistors Q3 and Q4 and therefore the output
Vo tracks the voltage at the collector of Q2. As the volt-
age at input B increases the base of Q2 tracks this voltage
by the difference of VBE — V(B of transistor Q1. The
collector current through Q2 increases causing a larger drop
across resistor R2. The output VQ now changes at a rate
AVB R2/R4 as shown on Figure 18 between points a and
b on the transfer characteristic. When the emitter current
of Q2 increases to the point where the drop across R4
equals one VBE, transistor Q5 begins to conduct. Point b

on the transfer characteristic has been reached. With a fur--

ther increase in the voltage at input B, transistor QS satu-
rates and point ¢ on the transfer characteristic is reached.
The collector of transistor Q2 now sits at VBE of QS plus
VCE of Q2. This voltage is not positive enough to sustain

operation of transistors Q3 and Q4, and these devices are
OFF. The output is now in its quiescent “low” state of
VCE equal to approximately 0.2 volts.

MC3100 TTL

The difference between Motorola’s TTL Il and conven-
tional TTL is the replacement of resistor R4 in Figure 17
with resistors R4a and R4b and transistor Q6 in Figure 19.

With a “low” on either A or B, a base-to-emitter diode
of transistor Q1 is forward biased and no base drive is
available for transistor Q2, which keeps Q2 OFF as well as
transistors Q5 and Q6. The collector of transistor Q2 sits
near supply voltage VCC and base current is supplied to
transistor Q3 keeping this device and Q4 ON.

Assume now that input A is “high” and input B grad-
ually goes from a “low” to a “high”. The base of transistor
Q2 tracks the voltage at input B as in conventional TTL
by the difference of VBE — VB of transistor Q1. At the
point where transistor Q2 turns “ON” in conventional
TTL, transistor Q2 does not turn ON in Motorola’s TTL III
since the equivalent of an open circuit exists at its emitter.
With no current flow the collector of Q2 remains near the
supply voltage Vcc. Since transistors Q3 and Q4 act as
emitter followers the output remains at the “high” level
which is approximately two VBE drops below VCC. The
bypass network turns ON when the potential at the base
of Q2 is two VBE drops above ground which also causes
the output transistor Q5 to turn ON. In Figure 18 this is
point d on the Motorola TTL III transfer characteristic.
As the potential on input B increases further, output tran-
sistor Q5 saturates and point e is reached on the Motorola
TTL III transfer characteristic. The resistors in the bypass
network are chosen such that the network conducts the
same current as resistor R4 in Figure 17 when transistor
QS is saturated.
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R1 < A2 R3a R3b
<
25k < 300 180 20
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Q4

>_—‘7 vo
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VW
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FIGURE 17 — Conventional TTL Gate
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The transfer characteristics just described compare the
operation of the Motorola MC3100 series of transistor-
transistor logic with other high frequency forms of this
logic available on the market today. Due to the square
type transfer characteristic of the Motorola MC3100 series
the dc noise immunity of this particular family of TTL is
considerably improved over other available families. The
bypass network used to achieve the described transfer
characteristic provides additional advantages over the
simple resistor.

Figure 20 shows the variation with temperature of a
standard monolithic resistor and the MTTL III bypass
network impedance. As can be seen from this figure there

is a much smaller impedance variation with temperature in
the case of the MTTL HII bypass network. The bypass net-
work offers several advantages over the simple resistor due
to its improved impedance variation with temperature.

(1) When turning OFF, transistor Q6 (Figure 19)
turns OFF after transistor Q5. This provides for faster
turn-off at elevated temperatures of the output transistor
by means of lower bypass impedance.

(2) Faster switching and lower power consumption
resulting from a lower current spike during the turn-off
transient at high temperatures.

(3) At low temperatures, a faster turn-ON time.
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THE MTTL LINES

AN-494
TRANSISTOR-TRANSISTOR LOGIC LINES

Motorola offers extensive lines of transistor-transistor
logic (MTTL) providing medium-to-high speed, high-noise
immunity, and performance advantages compared to com-
petitive types. Transistor-transistor logic is the fastest form
of saturated logic available to the designer. As a result of
this high speed, transmission line problems such as ringing
and line reflections can cause false switching. All Motorola
TTL designs incorporate clamp diodes on the inputs to
clamp any negative ringing that may occur to a level that
will not cause false triggering. The effect of these diodes
is discussed in Appendix A.

The MC5400/7400 Series is function and pin compat-
ible with the SN54/74 series. This series is characterized
by typical propagation delays of 13 ns/gate and 30 ns/flip-

flop. Power dissipation is typically 10 mW/gate and 40
mW/flip-flop. Alist of all MTTL device electrical character-
istics is given in Figure 1.

MTTL Iis similar to the MC5400/7400 Series, but offers
increased speed. The basic gate consists of three parts: 1.
A multiple-emitter input transistor; 2. A phase splitting
transistor; and 3. A “totem pole” output transistor pair.
MTTL I devices provide 10 ns/gate average propagation
delays and moderately good output drive capabilities. The
“totem-pole” output is utilized to increase switching speed
on the “low” to “high” output transition.

MTTL Il is a higher-speed version of MTTL L. It pro-
vides propagation delays that are nearly twice as fast as

ELECTRICAL COMPARISON OF MTTL LINES

comparable MTTL I gates. This speed is gained at a 7 mW
cost in power dissipation (per gate). This is roughly a 50

Operating Temp. Range
Storage Temp. Range

6 )c Ceramic (F & L)
6 Plastic (P)
83 Ceramic (F & L)
64 Plastic (P)
Ty max
Fanout Capability

Zour-High

-Low
Zin-High
-Low
Switching Threshoid
Speed: tg
1
t

Flip-Flops: f1
Min Clock Pulse Width
Max Clock Fall Time
Min Clock Amplitude
Logical **1’* Setup Time
Logical ‘‘0" Setup Time
Logical 1’ Hold Time
Logical ““0” Hold Time
AC Power Diss. ® 25°

F & L -65 to +200°C
P -55 to +125°C
0.09°C/mwW.
0.159C/mw
0.26°9C/mwW
0.309C/mW
+1759C +150°C

15/7  12/6 or 600 pF
700
100
400k 2
40k

15v
10 ns/Gate 18 ns/FF

2.5ns

1.5ns
30 MHz

20 ns

150 ns

18v

0.35 mW/MHz/gate

F & L -65 to +200°C
P -55 to +125°C

F & L -65 to +175°C
P -55 to +1250C

Parameter MTTLI MTTL Il MTTL It MC5400/MC7400
MC500/550 MC400/450 |MC2100/2150 MC2000/2050] MC3100 MC3000 MC5400 MC7400
Ve max cont. +8.0V +7.0V +8.0V +7.0Vv +7.0V +7.0V
pulsed < 1 sec +12.0V +12.0V +12.0 V
nominal +4.5 to 6.0 V +4.5 t0 6.0 V +4.5 to 5.5 +4.75105.25 +4.51t05.5
Vin max +5.5V +5.5 +5.56 +5.5 V
Vout +5.5V +5.5 +65.5 4565V
Power Diss. Gate 15 mw 22 mw 22 mw 10 mwW
F-F 40 to 50 mW 40 to 50 mwW 50 to 80 mwW 40 mw
OC Noiss Margin-High 8.700 vV 8.600 V 0.700 0.5600 0.70C G.4G0 V
-Low 0.750 0.650 0.700 0.400 v
-55 to 126°C 0to +75°C | -55t0 126°C 010 +75°C |-55t0125°C,0t075°C| _65 10 +125°C 010 +70°C

L -65 to +1500C
P -55 to +125°C

0.09°C/mw 0.099C/mw 0.09°C/mw
0.15°C/mwW 0.16°C/mwW 0.15°C/mw
0.26°C/mw 0.26°C/mwW 0.269C/mwW
0.30°C/mwW 0.30°C/mw 0.30°C/mw
+175°C +150°C +175°C +150°C
11/6 9/5 or 600 pF 10 or 600 pF 10 or 600 pF
00 100 70Q
100 1080 100
400 k2 400 k2 400 k2
2.5k 2.4k 4.0k
15V 15V 15v
6 ns/Gate 15 ns/FF 6 ns/Gate 13 ns/FF 13 ns/Gate 30 ns/FF
1.0ns 1.0ns 2.5ns
1.3 ns 1.3ns 1.5ns
50 MHz 70 MHz 15 MHz typ
15 ns 20 ns
100 ns None
18v
10 ns
5ns
Sns
Sto6ns

0.7 mW/MHz/gate

0.4 mW/MHz/gate

0.3 mW/MHz/gate

FIGURE 1 — Electrical Characteristics of MTTL Families
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percent power increase. The only major circuit change
from MTTL I is the addition of a transistor in the pullup
portion of the output.

MTTL III is the most advanced version of TTL gate
presently available. It has the same dc power dissipation
and propagation delay as MTTL II but has much improved
ac power dissipation characteristics (a factor of two better
than MTTL II) and has much more stable speed character-
istics over the full temperature range. The reason for this
difference is the active bypass in the lower output stage.
A detailed explanation of this circuit is included in a later
section. A significant advantage of MTTL III flip-flops is
that input information can be changed while the clock is
in either the high or low states.

The MC4000 series offers a large number of MTTL
complex functions. These functions fall in the MSI or
Medium Scale Integration class of 25 to 100 gates per de-
vice. Their use allows considerable savings of space, cost
per logic decision, power dissipation, time delay per gate,
and cost of assembly.

OPERATION OF THE BASIC GATE

The building block of MTTL logic is the NAND gate
shown in Figure 2. MTTL logic can be identified by a mul-
tiple emitter input transistor and an active pull-up in the
output network. It functions as follows: Suppose one of
the emitters on the input transistor is at ground (low)
potential. A transistor with a forward base-emitter bias
would normally conduct. However, in this case, collector
current is limited by the magnitude of the reverse base
current of Q2. Thus, when any of the emitters of Q1 are
in a low state, Q1 will saturate in the forward direction
and quickly pull Q2 into cutoff. Now, let all the emitters
of Q1 be at a high potential. Note that the collector
voltage is lower than the emitter and the base voltages, i.e.,
the collector-base junction is forward biased and the base-
emitter junction is reverse biased (the opposite of normal
transistor biasing). QI acts as a transistor with collector
and emitter currents flowing in directions opposite from
normal. Such operation is not particularly useful under
normal conditions because of its inefficiencies, but it is
ideal for this application. Because transistor beta is very
low in the reverse mode, most of the collector current
comes from the base instead of the emitter. This mini-
mizes the input loading of the gate for the high state.

The state of Q2 is completely controlled by the input
emitters of Q1. Q2 is a phase splitting transistor used to
drive the output stages. Since the inverted output drives
the upper output transistor and the noninverting output
drives the lower transistor, both output transistors cannot
be ON simultaneously except for a brief time during switch-
ing. When both output transistors are ON, a low impedance
path exists from power supply to ground. As a result, a
power supply current “spike” appears during switching.
At high switching rates, enough spikes occur per second to
cause a significant increase in power consumption.

Qi1

)

A — Medium-Speed MTTL | and MTTL $400/7400 Families.

5

B — High-Speed MTTL 1l Configuration.

o

C — High-Speed MTTL I1i Circuit With Bypass Network on
the Emitter of Transistor Q2.

FIGURE 2 — Basic MTTL Gate Circuits
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AOI GATES

MTTL devices with the active pullup in the output cir-
cuit cannot be “WIRE-ORed” as can MDTL circuits (See
Figure 3). If the outputs of the devices are tied together,
it is possible for the lower transistor of one circuit and the
upper transistor of the other circuit to be “ON” simulta-
neously. This condition provides a low impedance path
from V¢c to ground and the current that flows exceeds
the guaranteed sink current. As a result, the saturated
state cannot be maintained and the desired logic function
is not satisfied.

For this reason, Motorola offers “AND-OR-INVERT”
gates which perform the same function as the “WIRED-
OR” but at higher speeds. Open collector devices are also
available to permit the user to “WIRE-OR” if he wishes.

MTTL Il OPERATION AND ADVANTAGES

MTTL III circuits incorporate an active bypass network
in the base circuit of the output-pulldown transistor. This
bypass circuit lowers the impedance for the base turnoff
current of the lower output transistor thus providing a
faster turnoff. The faster turnoff reduces the time that
the output transistors are simultaneously in their active
regions. Thus, there is a narrower current spike during
switching, and the ac power dissipation is reduced. An
additional advantage of the bypass network is a more
nearly square transfer characteristic (see Figure 4) which
approximates that obtained with MDTL devices.

BYPASS OPERATION

In conventional TTL logic designs, a resistor is designed
in from the emitter to ground in the phase splitting tran-
sistor, Q2 (See Figure 2). Thus when the base voltage
rises above cutoff in this transistor, current flows in the
collector circuit. The resulting voltage drop at the col-
lector begins to turn OFF the Darlington output on the
upper half of the circuit. The pulldown transistor, Q4,
does not start to turn ON until its cutoff voltage is reached.
Thus, the switching transition is spread over about 0.8
volt as seen in Figure 4.

When the active bypass is added, voltage at the base of
the phase-splitter must rise to two base-emitter cutoff
voltages before any current will flow in its collector circuit.
Both the bypass transistor, Q6, and the pulldown tran-
sistor, Q4, remain in cutoff until this voltage is reached and
thus constitute a high impedance path from the emitter of
Q2 to ground. Negligible current flows in Q2 until the
pulldown transistor turns ON. Consequently, the voltage
drop at the collector of Q2, and therefore the “turnoff?
of the Darlington pair coincides with the “turnon” of the
pulldown transistor and the transfer characteristic is more
nearly square.

The bypass network also increases switching speed.
When the output is in the zero state, the pulldown tran-
sistor is ON and in saturation. In order to cut this transistor
OFF, the stored charge must be pulled out of its base. Con-
ventionally, this charge is leaked out at an R-C time con-

—1 >

N
7\

o

FIGURE 3A — The Outputs of MTTL Gates May not be Tied Together

Y Vee=+6.0V

4kQ 1.2k

O Vcc=+5.0V

FIGURE 3B — With the Totem Pole Output, Excessive Output Current May be Drawn if this Restriction is Ignored
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41

MTTL I

2
]
>
§ Conventional TTL
-]
5 2
>
-
3
g
3
(] 14
o T T .
1} 1 2 3
Input Voltage {Volts)
FIGURE 4 — Comparison of C ional TTL

and MTTL Il Series Transfer Characteristics

stant through a “pulldown” resistor from its base to ground
or to a negative voltage. As seen in Figure 5, the bypass
provides a low “pulldown” impedance resulting in a faster
shutdown. A significant ac power decrease results because
the current spikes which occur during switching have a
narrower pulse width. A comparison is shown in Figure 6.

MOTOROLA COMPLEX FUNCTIONS:
THE MC4000 SERIES

The MTTL MC4000 series of complex functions is de-
signed for general purpose, medium-and high-speed digital
applications requiring clock frequencies up to the 30-to
40-MHz range. The MSI (Medium Scale Integration) com-
plexity of these devices allows significant reductions in
package count, space, assembly cost, and cost per logical
decision. In addition, the MC4000 series MSI devices offer
increased speed at lower dissipation for identical functions.

4 \
£ 1000
£
]
£
§ 750 ¢ \
L] 4y Conventional 600 2 N,
@ 2ty
e Pulldown Resistor N
£ 500 | —
E MTTL Il Active
& Bypass Network
@ 250 |-»

0Lz

o 0.6 0.7 0.8 0.9 1.0 1.1

Base-E mitter Voltage of Pulldown Transistor, Q4

FIGURE 5 — Comparison of Active Bypass Network
i d: to a Fixed R

2 250
E
£ +25°C
§ 200 ™
s MTTL I} 0.7 mW/MHz/Gate | _ "
2 ° 4
g 150 SN S =t
- 0,

5 I g B e B
z _+-"
o 100 —ro
t P by
) MTTL 1 0.4 mW/MHz/Gate
% 50
o
a

0

0 10 20 30 40

Opaerating Frequency in MHz

FIGURE 6 — MTTL Il versus MTTL H AC Power Dissipation
Comparison for Quad 2-Input NAND Gates

T Veg=+5.0V

4

Propagation Delay = 4.0 ns
Powser Dissipation = 7.5 mW _ -

A — Low-Level Gate

Propagation Detay = 10 ns
Power Dissipation = 15 mW

é Vout

B — High-Level Gate

FIGURE 7 - Building Blocks for
MC4000 Series Compiex Functions
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The MC4000 series is compatible with all the MTTL
and MDTL lines. Input and output loading data are given
(Appendix A)in terms of MTTL and MDTL devices so that
the designer canintermix them witha minimum of difficulty.

The MC4000 series utilizes two forms of the TTL gates.
Shown in Figure 7 are the low-level gate (7A), a very high-
speed low-power gate useful within the device itself to
drive the internal circuitry not requiring high fanout cap-
abilities, and a high-level gate (7B) with the MTTL bypass
used to drive loads on the output pins.

The low level Darlington circuit, with its non-saturating
output device, was chosen for several reasons.

1. The total ON and OFF power when used intemally,
is approximately equal which tends to keep the package
power constant as a function of the logic applied. The
generation of switching noise is also reduced.

2. The switching times (ton and toff) are balanced
allowing more constant propagation delays with respect
to input logic.

3. The speed deviation with respect to power supply
and temperature is minimal.

4. The input threshold voltage is compatible with the
existing gate functions.

5. The variation of the “low” level with fanout is small
because of the low impedance.

This gate has an ON level of Vpe + Voffset- Figure 4
compares theactual transfer characteristic of a conventional
TTL gate to the transfer characteristic of a MTTL gate

APPENDIX A

EFFECT OF INPUT DIODES

Due to high speeds of operation TTL generates large
values of current and voltage rates of change. A 1 volt
change in approximately 1.3 nanoseconds for the rise time
and a 1 volt change in about 1.0 nanoseconds for the fall

av
time, providesarates on the order of 109 volts per

second. With these rates of change, undershoot exceeding
2volts can develop in the system which can cause problems
in succeeding circuits. Two very serious problems result
from the possible undershoot. First false triggering of the
following stage is possible since a positive overshoot fol-
lows the large undershoot. This positive overshoot may
act as a “high” signal and turn on the following stage for a
short period of time. Diodes on inputs limit the negative
value of the undershoot dissipating the ringing energy and
thereby limit the positive overshoot. Figure Al shows
the effect of adding the clamp diodes on inputs of TTL

with the bypass network previously discussed. If the ON
level voltage of the low level Darlington Network is applied
to a conventional TTL gate, the input voltage would be
beyond the first breakpoint. This results in a lowering of
the high output level. To achieve the maximum high level
consistent with the standard gates, the configuration of
Figure 7B is used. This high level gate hasa bypass network
so that the resulting voltage transfer characteristic has the
improved shape shown in Figure 4 for the MTTL III series.

CONCLUSION

This application note has given a general description
and comparison of Motorola’s MTTL I, MTTL II, MTTL
I, MTTL 5400/7400 and the MC4000 lines. The basic
gates and the bypass circuit have been discussed along with
existing and proposed complex functions in the MC4000
series. An appendix has been included which defines some
of the more important terms used to specify device
characteristics.

gates at the end of a 93 ohm line. It can be seen that
without clamp diodes the positive overshoot has turned
the following gate ON momentarily. The second problem
results if the unused inputs of a gate are returned to the
supply voltage and a negative undershoot in excess of 2
volts occurs. These reversed biased emitters may break
down and draw excessive current which creates noise in
the system.

LOADING RULES FOR MC4000 SERIES COMPLEX
FUNCTIONS

The characteristics of the MC4000 series, were defined
so that loading rules could be calculated for using the
MC4000 series with any of the TTL families that are avail-
able from Motorola. In addition, rules were established
for using MC4000 devices with the MDTL family. The
loading rules for interfacing with the various product lines
are based on worst case conditions for each family. Worst
case conditions for determining output loading factors
(fan out) are defined as operation at minimum low state
output current (IQf, at VoL, < 0.4 V at minimum supply
voltage (V) for the MC4000 series) while driving another
series of industrial grade devices at maximum forward
current (IF). Under the specified conditions, the fan outs
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Scale: 2 V/cm Vertical 50 ns/cm Horizontal

Gate Gate
Output Output—|
I
Input T"op"t
b o —
Gate r \ Gate
., N .
/ N —— ~

MTTL Gate with Clamp Diodes

Conventional TTL Gate without Clamp Diodes

FIGURE A1 — Effect of Clamp Diodes on Inputs of an MTTL Gate at the end of a 93-Ohm Line

for MC4000 circuits driving other MC4000, MTTL, or
MDTL devices are listed below.

OUTPUT LOADING FACTORS
MC4000 Driving MC4000
VoL =0.4 Vdc at IgL, = 16 mAdc, Ve =4.75 Vdc
(IF=1.6 mAdc max at VcC=5.5 Vdc)
F.0.=10
MC4000 Driving MTTL I
VoL=04 Vdc at IgL, = 16 mAdc,VCcCc=4.75 Vdc
(IF=1.66 mAdc at VcC = 5.0 Vdc)
F.0.=9 MTTL I Gates
MC4000 Driving MTTL 11
VoL=04Vdcat Ig, = 16.0mAdc, Vg =4.75 Vdc
(IF=2.5 mAdc at V¢ =5.0 Vdc)
F.0.=6 MTTL II Gates
MC4000 Driving MTTL HII
VoL=0.4VdcatIgL, = 16 mAdc, VcC=4.75 Vdc
(IF=2.3 mAdc at V¢C=5.5 Vdc)
F.0.=6 MTTL III Gates

MC4000 Driving MC7400
VoL =0.4Vdcatlgp = 16 mAdc, VcC=4.75 Vdc
(Ip=1.6 mAdc at V¢ =5.25 Vdc)
F.0. =10 MC7400 Gates
MC4000 Driving MC830 MDTL
VoL =04 VdcatIgL = 16 mAdc, VcC=4.75 Vdc
(IF=14mAdcat Vcc=5.0 Vdc)
F.0. =11 MC830 Gates

The above fan outs are determined by expressing
MC4000 characteristics in terms of the devices interfaced,
therefore, the numbers vary according to the driven ele-
ment. It should be emphasized that these are worst case
factors and they may be improved by using the higher
grade devices in the particular family or by maintaining
identical voltages at the supply terminals.

INPUT LOADING FACTORS

Input loading factors referenced to each product line are
listed below. The input loading factor relative to the MC830
applies only to gates with two kilohm pull-up resistors.
Because of high state current limitations MC830 gates with
six kilohm pull-ups can only drive three MC4000 inputs.

DRIVING INPUT CHARACTERISTICS MC4000 INPUT
ELEMENT OF DRIVING ELEMENT LOADING FACTOR
MC4000 I = 1.6 mAdc, Vcg = 5.5 Vdc, VE = 0.4 Vdc 1.0

MTTL | Ig = 1.66 mAdc, Vg = 5.0 Vde, VE = 0 Vdc 1.0

MTTL I If = 2.6 mAde, Vg = 5.0 Vde, Vg =0 Vdc 0.67

MTTL 11 if = 2.3 mAdc, Vg = 5.5 Vde, Vg = 0.4 Vdc 0.7
MC7400 I = 1.6 mAdc, Ve = 5.25 Vdc, VE = 0.4 Vde 1.0

MC830 IF = 1.4 mAdc, Vcg = 5.0 Vdc, VE = 0 Vde 1.15
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APPENDIX B

DEFINITIONS OF COMMON MTTL TERMS
AC Measurements
t+ or ty (Rise Time): Time differential between the 1
and 2 volt or 10% to 90% points
on the output during a transition
to a logical “1” state.

t_or tf (Fall Time): Time differential between the 2
and 1 volt or 90% to 10% points
on the output during a transition
to a logical “0” state.

tpd+ or td(off): Time differential from the 1.5 volt
point of the input to the 1.5 volt
of the output transition to a logical
“1” state.

tpd- or td(on): Time differential from the 1.5 volt
point of the input to the 1.5 volt
point of the output transition to a

logical “0” state.
tpd-) T (t
tpd = (tpd-) 3 ( d+): Average transition time.
DC Noise Immunity

Logical “1” noise margin is defined as the difference
between guaranteed minimum output voltage in the “1”
state and the threshold voltage (Vi «17) for the 1 to 0
transition (See Figure B1).

Logical “0” noise margin is the difference between the
guaranteed maximum output voltage in the “0” state and
the threshold voltage (Vi <¢’) for the 0 to 1 transition.

Output
Voltage Test Limit Test
Condition
Vout 1~
it
Tes:’CL'mdl ion Ven 1
th “0"
3} Vih 17
Vih 0"
Vout 0"
v, g ————
out’’1
| Vo 1 = Vaug 1 = vep w4+
2 1 Vam “0" = Vih 0" — Vout “0"
I~ i
1
!
4
}
I
1
|
1 Logical "0": Logical *1”
Noise Noise
Margin : Margin
v ' s
out ‘0 == % - '/ / O VoL
7/ /R
° 1 2 3
Vout “0” Vip, 0 Vth 1" Vout 1"
Input Voltage

FIGURE B1 — Logical “0” and 1" Noise Margins

Flip-Flop Set-Up and Hold Times

Flip-flop set-up time is defined as the time a data signal
must be present on the input before the clock transition in
order for proper operation to occur (See Figure B2).

Hold time is the time a data signal must be present on
the input after the clock transition to assure proper opera-
tion. (See sketch).

Setup and hold times frequently differ depending on
whether the transition is to the high or the low output state.

setup Time — Il oid Time

Clock Signal I |
| t

B LA L

Set-Up and Hold Times for Negative Edge Trigger F/F

i !
Set-Up Time > —Hold Time

FIGURE B2 — Set-Up and Hold Time
Definitions for MTTL 111
All-Logic Flip-Flops

Clock Signal

- ——

w1 M B

Set-Up and Hold Times for Positive Edge Trigger F/F
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