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PREFACE TO THE 1977 SEMINAR EDITION

Analog-Digital Conversion Notes is the first major revision of material previously published
in the highly successful Analog-Digital Conversion Handbook, first published by Analog
Devices, Inc., in 1972 and reprinted in 1976.

This volume contains Parts I and II of that book, updated wherever specific converter
products are referred to, in order to reflect the revolution in cost, size and (in some
cases) performance brought about by the development of converters in integrated-circuit
and hybrid form.

Two entirely new chapters have been added to further reflect changes in the structure of
the technological marketplace brought about by the availability of both converters and
computers as true components. Chapter II-2 is a consideration of the relationship between
processes, configurations, and performance in miniature low-cost converters. Chapter I-4
considers the application of converters with parallel and serial digital interfaces, micro-
computers, asynchronous serial data ports, and proprietary integrated data-conversion-
subsystem architectures—a natural sequel to the wide-ranging discussion of system con-
siderations in Chapters I-2 and I-3.

As with the earlier volume, it is our hope that this volume will help the purely digital or
purely analog designer obtain appropriate practical knowledge of the complementary field
and the interface between them, and that it will serve as a useful text and reference
source for all designers and users of interface equipment. We will welcome the comments
and suggestions of our readers for the benefit of future editions and readers.

March 1, 1977 D.H. Sheingold
Norwood, Mass.
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| TRANSDUCERS

(D. H. Sheingold, with apologies to Leonardo da Vinci: Rule of Proportions, Academy of Fine Arts, Venice)

Figure 1. Functions in a data system.
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Data-System Components

This book is basically about A/D and D/A converters: understanding them, applying
them, testing them, choosing them, and using them in systems.

When used in systems, they are often accompanied by an impressive panoply of other
devices, both analog and digital, to measure input signals and perform intermediate
processing with varying degrees of sophistication.

This chapter provides what might be termed a brief biographical “thumbnail” sketch of
the main role players. Their general characteristics and aptitudes are summarized, and
their roles in further conversion activity are hinted at within the short discussions devoted
to each device.

In this book, the reader will quickly find that by far the greater weight of discussion is
given to the properties and uses of analog circuits and their characteristics in the
performance of system functions. The reasons for this lie primarily in the extreme
fine-structure and the many degrees of freedom associated with analog circuits. They
must labor in the real world, where noise immunity is a function of resolution and signal
level, speed is a function of signal level, accuracy is a function of component tolerance
and signal level, and the challenges to the designer’s knowledge and ingenuity are many
and unrelenting. On the other hand, their basic promise, in favorable environments, is
functional simplicity, speed, and overall low cost.

With digital techniques, on the other hand, the principal challenges are to combinational
ingenuity, equipment architecture, decreasing the cost and complexity of interconnections,
and — in common with analog techniques — anticipating where Murphy’s Law will strike
next, and debugging where anticipation has failed. Digital circuits have high noise
immunity, no drift, high speed (individually) and low cost (individually), and the rules

for using them are few and simple.

With the exception of pre-amplification, a great many of the functions described here in
analog form could be performed digitally, after the conversion. That they are not often
is (so far) the result of favorable tradeoffs in cost, speed, and complexity. However,
reductions in cost of digital integrated circuits and the increase of chip complexity are
rapidly making feasible the development of devices that are intended to perform analog
functions, but contain digital components. Examples of these include analog function
generation with read-only memories (ROM’s) and the universe of arithmetic, logic, and
control possibilities with microprocessors.

Figure 1 illustrates the relationships of the principal components of a data system in a
“global’ perspective. Those to be introduced in this chapter include the following:

Sensors

Operational Amplifiers
Instrumentation Amplifiers
Isolation Amplifiers
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Function Modules
Multiplexers

.
Sample-Hold Circuits

Analog-to-Digital Converters
Digital-to-Analog Converters
Up-Down Counters

Filters

Power Supplies
Comparators

DPM’s

Digital Displays

Rarely will a system use all of the above components; on the other hand, the more-
complex systems will often use appreciable quantites of one or another of them.
Furthermore, as components shrink in size and cost and become available as integral
parts of subsystems with specified performance (and perhaps even a modicum of
software), the designer may not even have to think of them as individual components,
but rather as sub-blocks in a supplier’s diagram (examples may be found in Chapter I-4).

SENSORS

One might imagine that the systems designer has very little say in the choice of sensor,
that he accepts whatever data signals exist without protest and gets on with the interface
system design without further ado. However, if the systems engineer can have a say in
the selection of the original transducer, he can go a long way towards easing his own
conversion-design task.

For example, in monitoring or controlling mechanical shafts, the designer may be
confronted with signals obtained by three radically-different position-sensing approaches:
digital shaft encoders, synchros, and potentiometers, plus variations on all three.

Likewise, temperature measurements may be accomplished with thermocouple and
thermistor, while mechanical force may be measured directly by load cells and strain
gauges, or obtained indirectly by integrating the output from accelerometers, or even by
counting interference fringes in an optical system.

Although it is not our role to recommend any particular type of signal transducer for a
particular application, we thoroughly endorse the idea of getting the systems-design
engineer into the act before the signal sources are settled upon, instead of later, when
it is found that the designer is painted into a corner by the few options allowed.

AMPLIFIERS

If the transducer signals must simply be scaled up from millivolt levels to an A/D
converter’s typical £10-volt full-scale input, an operational amplifier with appropriate
closed-loop gain may be the first choice. Possibly, if the system involves many sources,
each transducer can be provided with its own local amplifier so that the low-level signals
are amplified before being “shipped” to the data center. Besides scaling, operational
amplifiers are used for a host of linear and nonlinear, static and dynamic functions. _
Specialized amplifiers, such as instrumentation and isolation amplifiers, are always worthy
of consideration, because they are frequently the most cost-effective option.

COMMON-MODE PROBLEMS

If analog data must be transmitted over long distances (and often, over quite short
distances), differences in ground potential between signal site and data center will add
spice to the interface systems design problem. In order to separate common-mode
interference from the signal to be recorded or processed, devices designed for the purpose
(i.e., instrumentation amplifiers) may be introduced. Typically, an instrumentation
amplifier is characterized by good common-mode-rejection capability, high input impedance,
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low drift, adjustable gain, and somewhat greater cost than operational amplifiers. They range
in form from the monolithic AD521 and hybrid AD522 to potted modules.

ISOLATION

In the event of either very-high common-mode voltage level or the need for extremely-low
common-mode leakage current, or both (as might be mandatory for many clinical
medical-electronics applications), an isolation amplifier is required to interpose a break in
the common-mode path from the signal source to the data center. Isolation amplifiers
involve optical isolation or transformer-coupled carrier isolation techniques, and (for a
given technology) they typically cost about the same as instrumentation amplifiers.
Though most-often used for isolating input data from system level, they may also be

used for communicating system outputs to devices at other levels.

FUNCTION MODULES

These are special-purpose analog devices and circuits used for a wide variety of signal
conditioning operations on signals that are in analog form. Where their accuracy is
adequate, they can simply, and at low cost, relieve a processor of an expensive and
time-consuming software and computational burden. This category is large and open-
ended, but some of the more popular operations performed are multiplication; taking
ratios; raising to powers; taking roots; performing special-purpose nonlinear functions such
as linearizing transducers; performing rms measurements; computing vector sums;
integration and differentiation; current-to-voltage or voltage-to-current transformations,
etc. Some of these operations can be purchased in the form of such readily-available
devices as multiplier/dividers, log/antilog amplifiers, etc. Others represent but a sampling
of the vast potential inherent in operational-amplifier circuitry, available to the designer
at low parts cost, and limited only by his ingenuity.

ANALOG MULTIPLEXERS

If data from many independent signal sources must be processed by the same computer
or communications channel, a multiplexer is usually introduced to couple the input
signals into the A-D converter in some sequence. Additional logic keeps track of which
data source is coupled to the converter at any instant.

Multiplexers are also used in reverse. For example, when the converter must distribute
analog information to many different channels, the multiplexer, fed by a high-speed
output D/A converter, continually refreshes the various output channels with computer-
generated information.

DIGITAL MULTIPLEXING

Often, a digital distribution system uses no device that specifically goes under the label

of “digital multiplexer.” Unlike the comparable process of shunting analog information
from computer to many output channels via a single D/A converter, or from many sources
to a single A/D converter, the digital multiplexing function is often delegated to the
devices being multiplexed, as they share a set of common inputs.

For example, if many digital sources must be multiplexed into a computer or data-
transmission channel, they are usually tied to the computer by a common set of
parallel “bus’ lines.

Commands from the computer then instruct the individual sources which one among them
must feed its burden of data into the common bus, thence to the computer. Conversely,
if the computer is bent on updating a number of digital output registers (each of which
might be connected to a D/A converter), the updating process is accomplished by
computer commands that strobe the selected register to accept the data being transmitted
over the common output bus lines. Only that register instructed to receive the data can
do so; the remaining registers simply ignore the data fed in parallel to their input
terminals.
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SAMPLE-HOLD CIRCUITS ,

In many interface systems, the original signal varies quite rapidly, calling for some
subtlety in the interface linkage. Because an A/D converter takes a finite time to
digitize the input signal, changes in this signal level during the actual conversion process
could result in gross errors with some converter types. In any event, the lengthy
conversion period would be completed some appreciable time following the conversion
command, so that the final digital value would never truly represent the data level
prevailing at the instant at which the conversion command was transmitted.

Sample-hold devices are typically introduced into the data link to make a fast
““acquisition” of the varying analog signal and “hold” this signal for the duration of the
conversion process. Sample-hold circuits are also used in multi-channel distribution
installations, where they enable each channel to receive and “hold” its own signal level
for activation of different output processes. Usually, a data-acquisition sample-hold
circuit must exhibit ultra-fast signal acquisition, with minimal droop for a matter of

1 to 50 microseconds. By contrast, an output data distribution sample-hold circuit can be
updated more leisurely, but it is often required to “hold” an analog value for many
milliseconds — or even seconds — in the interval between updates.

A/D CONVERTERS

These devices, which may range from monolithic IC’s, such as the AD7570, to high per-
formance modules such as the ADC1102, convert analog input data — usually voltage —
into its equivalent digital form. Key characteristics of A/D converters may include abso-
lute and relative accuracy, linearity, monotonicity, resolution, conversion speed, stability,
and — of course — price. Other aspects open to choice include input ranges, digital out-
put codes, and physical size.

Although the industry tends to converge upon the successive-approximations technique
for a very large number of system applications, because of its inherently excellent com-
promise between speed and accuracy, other popular alternatives include counter-compara-
tor types, and dual-ramp and “‘quad-slope’ approaches. The dual-ramp has been widely-
used in digital voltmeters. In addition, synchro-to-digital and resolver-to-digital converters
are used where data from mechanical shafts must be converted into digital form.

D/A CONVERTERS

These devices “reconstitute” the original data after processing, storage, or even simple
transmission from one location to another in digital form. The basic converter consists of
an arrangement of weighted resistance values (or divider ratios), each controlled by a par-
ticular level or “significance’ of digital input data, that develops varying output voltages
or currents in accordance with the digital input code.

Although converters have fixed references, for most applications, a special class of D/A
converters exists, having a capability of handling variable and even ac reference sources.
These devices are termed multiplying DAC’s, because their output value is the product of
the number represented by the digital input code, and the analog reference voltage, which
may vary from full scale to zero, and in some cases, even to negative values. In some
instances, such as for ac measurements and resolver/synchro conversion, the multiplying
converter’s weighted divider circuitry is based on tapped transformers, instead of precision
resistors, since turns ratios have excellent long-term stability and immunity to temperature
effects.

REGISTERS

Digital registers are used to hold information in readiness for passing it along to com-
puters, D/A’s, and so forth. For example, a multi-channel interface system using an A/D
converter for every input channel would store the digitized values in each converter’s out-
put register until called on by the computer to feed the stored value into the common
input bus. The converse holds true for output multiplexing, where a number of D/A
converters provide different voltage levels for the independent output channels. Each
D/A is then fed by a storage register, which “holds” the digital input word until the com-

4 Chapter I-1



puter feeds in the new, updating digital value.

Shift registers are used, for example, where the data is transmitted serially over a single
pair of wires, instead of as parallel bits over many wires. In this case, the shift register
accumulates a serial input word in much the same way that a train and its many carriages
(bits) enters a station. When all the bits have entered the shift register, the data bits
(passengers) may be read out (detrained) in parallel.

UP-DOWN COUNTERS

These devices, analogous to ramp generators, are quite useful for performing a variety of
“tricks” with A/D and D/A converters. Specifically, they are used in forming electronic
servo loops for automatic error correcting, offset adjusting, long-termed sample holds, etc.

In electronic servo applications, the up-down counter accumulates pulses representing the
variable being controlled, adjusted, or measured, in much the same way that a servo-motor
shaft accumulates rotational angle. The counter is often used in conjunction with a D/A
converter to develop an analog value proportional to the accumulated count. The

process is also used in tracking-A/D converters and resolver/synchro-to-digital converters.

FILTERS

Filters are used on the input side of an A/D converter to remove unwanted components
of the input signal. Noise and line-frequency pickup are also attenuated in this way, but
at the expense of reduced response to fast input-signal amplitude variations. Filters are
also used on the analog output from D/A converters, in order to smooth out the “lumps”
created by discrete digital values. Often, the electromechanical device being actuated by a
D/A converter (examples include d’Arsonval meters, servo motors, magnet coils, loud-
speakers, etc.) acts as a filter in its own right, owing to substantial electrical or mechanic-
al inertia.

In high-speed information-processing systems, “‘anti-aliasing’ low-pass filters are used
ahead of A/D and following D/A converters to avoid errors caused by intermodulation of
unwanted high-frequency components of the signal (and input noise) with harmonics of
the sampling frequency.

COMPARATORS

Conversion systems involve both analog and digital comparators. For example, the A/D
conversion process involves balancing the unknown input voltage against some form of
internally-produced reference. A comparator responds to the polarity of the inequality
between input and reference. More rarely, comparators are used as fast, high-gain (open-
loop) amplifiers. Digital comparators, as their name implies, are used on digitized, rather
than analog forms of data. For example, a digital comparator might be used in set-point
control to provide considerably better accuracy, resolution, and stability, than is possible
with an equivalent analog process.

POWER SUPPLIES

Accuracy of interface systems is steadily rising, to the point where 12-bit resolution is
quite routine, and 16-bit operation is frequently involved for higher repeatability,
resolution, linearity, and accuracy. Consequently, the design of the dc power system is
no longer a trivial matter (it never really was!) since errors that remain second-order
effects at 8-10 bits become menacing first-order effects at the 16-bit level. In many in-
stances, careful separation of analog and digital grounds is required, demanding, in turn,
considerable isolation between the various outputs that modern power supplies provide.

We certainly advocate raising the priority of power-supply engineering from the status of
an “afterthought™ to that of an item that should be eliminated as a concern early in the
design process. Too often, the power supply design (or choice) is left until last, where it
is presumed to be able to take up all the slack or tolerances that other design stages
create. Instead, at least as much initial attention should be devoted to the power supply
as selection of converters, amplifiers, sample-holds, multiplexers, and other devices. A
related question is whether to use power supplies and/or regulators in large, medium, or
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small “chunks,” for major portions of the system, for individual chassis, or perhaps even
for mounting on individual boards. The issues involve space, cost, circuit independence
vs. excessive lead length and wire size, avoidance of ground loops, allowable local dissipa-
tion levels, etc.

If continued operation despite loss of primary power is essential, either from consider-
ations of overall system reliability or because of potential loss of data in volatile memory,
the system design should include some arrangement for continuity of supply, for detection
when standby power is in use, and for contingency decisions or alarm.

DIGITAL PANEL METERS (and DVM’s)

These devices form a kind of self-contained digital processing system all on their own.
They can, of course, be used in conjunction with computer or digital recorder, owing to
the BCD output that most DPM’s provide.

Basically, the DPM may be regarded as an analog-to-digital converter, complete with case,
overrange capability, input protection, visual readout, and remote electrical output, usual-
ly in BCD format. Thus, the DPM may be used as an A/D converter, complete with visual
displays for initial adjustments, in a multi-channel conversion system. Alternatively, it pro-
vides a very unambiguous and error-free component for quality-control systems, where
human operators use the DPM with high resolution and repeatability in set-point appli-
cations for adjusting temperature, pressure, weight, and other industrial variables.

DIGITAL DISPLAYS

Decimal displays are often required in conversion systems for initial setup procedures.
Although normal operation of the system involves data rates considerably too fast for the
eye to follow, calibration, checkout, and other manual operations nonetheless require a
display to be added, often in conjunction with a counter. Thus, manufacturers offer deci-
mal displays in decade increments, and usually with input data compatible with con-
ventional logic levels and prevailing codes.

ONE MORE IMPORTANT ELEMENT

As Figure 1 indicates, there is one additional element that is always present in a data
system but seldom shown on a block diagram: homo sapiens. These systems are designed,
built, programmed, tested, and perfected by humans to serve human purposes; and quite
often humans interface with data systems in operation, reading displays and making
adjustments—to, and within the system. It is to all these humans that this book is fra-
ternally dedicated.
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Data Acquisition

Analog data is acquired in digital form for any or all of the following purposes:

Storage

Transmission

Processing

Display
Data may be stored in either raw or processed form; it may be retained for short, medi-
um or long periods. It may be transmitted over long distances (for example, to or from
outer space), or short distances (from a lab bench to a minicomputer alongside it). The

data may be displayed on a digital panel meter, or as part of a cathode-ray-tube presen-
tation.

Processing can run the gamut from simple comparison to complicated mathematical ma-
nipulations. It can be for such purposes as collecting information, converting data to a
useful form, using the data for controlling a process, performing repeated calculations to
dig out signals buried in noise, generating information for displays, simplifying the jobs of
warehouse employees, controlling the color of paint, the thickness of a wrapper, the speed
of a subway train.

But it all starts with getting the data in digitial form, as rapidly, as accurately, as com-
pletely, and as cheaply as necessary.

The basic instrumentality for accomplishing this is the analog/digital converter; it can be a
simple shaft digitizer, a DPM with digital outputs, or a sophisticated high-resolution high-
speed device. To accommodate the input voltage to the specified conversion relationship,
some form of scaling and offsetting may be necessary, performed with an amplifier (/at-
tenuator). To convert analog information from more than one source, either additional
converters or a multiplexer may be necessary. To increase the speed with which infor-
mation may be accurately converted, a sample-hold is desirable. To compress an extra-
wide analog signal range, a logarithmic amplifier may be found useful.

The properties of the data-acquisition system depend on both the properties of the analog
data itself, and on what is to be done with it.

In this chapter, we shall show some of the configurations that have proven useful and/or
popular and discuss some of the considerations involved in the choice of configuration,
components, and other elements of the system. Additional information can be found in
the chapters on the individual devices.

THEN AND NOW

Two decades ago, A/D converters capable of 0.05% performance and 50,000 sample/
second conversion rates, cost about $8000, consumed about 500 watts, and occupied per-
haps one-third of a cubic meter. Today, Analog Devices’ AD7570 requires less than 20
~ microseconds for a 10-bit 0.05% conversion, lists for $49 in 100’s, and is packaged in a

28-pin DIP. And it is designed for easy interfacing with the modern microprocessor.
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In the past 20 years, through several “generations” of equipment, data-acquisition hard-
ware has changed radically, thanks primarily to the semjconductor revolution, and prices,
have come down to the point where digital, rather than analog, “massaging” of infor-
mation is a matter of routine, rather than exotic necessity.

What have not changed, however, are the fundamental system problems confronting every
digital data-systems designer. Of course, it helps to have small, quiet, low-cost, cool, low-
drain components. But (s)he is still up against the laws of Mother Nature, who often
seems to prefer to keep her secrets safely obscured by noise, rfi, ground loops, power-line
pickup, and transients coupled into signal lines from machinery. Separating the signals
from these obscuring effects, then, becomes a matter for ingenuity and imagination, cou-
pled with a great deal of experience; it is not merely a matter of purchasing fast, high-
resolution A /D converters. (But having them available at realistic cost provides incentives
for giving them useful jobs.)

ENVIRONMENT AND COMPLEXITY

Data-acquisition systems can be separated into at least two basic categories: those suited
to favorable environments (electrically quiet laboratories), and those intended for hostile
environments (factories, vehicles, military surroundings, and remote installations). The
latter group includes industrial process control systems where, for instance, temperature
information developed by thermocouples located on tanks, boilers, vats, pipelines, bear-
ings, oil burners, etc., (that are often spread over miles of factory real estate) is fed into a
central computer that provides real-time process control. Included are digital control of
steel mills, automated production processes, numerically-controlled machine tools. Any
or all of these applications may be characterized by the vulnerability of data signals to the
phenomena mentioned above and the requirement for almost routine isolation and
measurement of off-ground voltages. Also included are electrically-noisy environments,
such as generating stations, where thermocouples measuring bearing temperatures of rotat-
ing machinery are exposed to volts of interference caused by megawatt changes in load;
and aircraft control systems, radar stations, etc.

On the other hand, for laboratory-instrument applications, and such test systems as those
gathering long-term drift information on arrays of zener diodes undergoing constant-
temperature life tests in well-shielded ovens, or gas chromatographs, automatic weighing
machines, mass spectrometers, and other sophisticated instruments, the system designer’s
problems are related more to the performing of sensitive measurements (usually under
favorable conditions) than to the gross problems of protecting the integrity of analog data.

Systems existing in hostile enviroments may require devices capable of wide temperature-
range operation, excellent shielding, considerable design effort aimed at eliminating
common-mode errors and preserving resolution, conversion at early stages, redundant
paths for critical measurements, and (perhaps) considerable processing of the digital data
to ensure that it is reliable. Measurements in the laboratory, with narrower temperature
ranges and less ambient electrical noise, may be easier to make and communicate, but
higher accuracies (or resolutions) may require more-sensitive devices, and a still-consider-
able degree of effort to preserve appropriate signal/noise ratios.

KEY FACTORS

The choice of configuration and circuit building blocks in data acquisition depends on
several critical considerations:

1. Resolution and accuracy

Number of analog channels to be monitored
Sampling rate per channel

Throughput rate

Signal-conditioning requirements

AN o

The cost function
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Besides the choice of appropriate component performance levels, careful analysis of the
above factors is required to obtain the lowest-cost circuit configuration. Typical con-
figurations include:

1. Single-channel possibilities
Direct conversion
Preamplification and direct conversion
Sample-hold and conversion
Preamplification, sample-hold, and conversion
Preamplification, signal-conditioning, and any of the above

2. Multi-channel possibilities
Multiplexing the outputs of single-channel converters on a processor bus
Multiplexing the outputs of sample-holds
Multiplexing the inputs of sample-holds
Multiplexing low-level data
More than 1 tier of multiplexers

Some of the more-interesting signal-conditioning options include

1. Ratiometric conversion

2. Wide-dynamic-range options
High-resolution conversion
Range biasing
Automatic gain switching
Logarithmic compression

3. Noise-reduction options
Filtering
Integrating converters
Digital processing

Finally, in evaluating tradeoffs, there are at least three types of ““budgets” that should be
considered: cost budget, system time budget, and error budget.

SINGLE-CHANNEL CONVERSION SUBSYSTEMS

Direct Conversion

Figure 1 represents the simplest digitizing system, a lone A/D converter, performing repeti-
tive conversions at a free-running internally-determined rate. It has power inputs and an
analog signal input. Its outputs are a digital code word, including ‘“‘over-range” indication,
(in parallel or byte-serial form), polarity information (if necessary), plus a “status” out-
put, to indicate when the output digits are valid.

Perhaps the most well-known converter of this kind is the digital panel meter, which con-
sists of a basic A/D converter and a numerical display. For many applications, the sole
purpose of digitizing is to obtain the numerical display, i.e., to use the DPM as a meter,
rather than as a system component.

Vs
v A/D = TO COMPUTER OR
N CONVERTER BUFFER | COMMUNICATION
(SEE CHANNEL
CHAPTER
CONVERT 1-4)
COMMAND

STATUS

Figure 1. Simplest data-acquisition system configuration.
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The DPM, however, is not necessarily the best way to digitize a single channel. Its two
major shortcomings are: it is slow, and its BCD digitial coding must be changed to bina-
ry if its output is to be processed by binary equipment. When free-running, its output is
strobed into an available interface register when the data is valid, rather than by an inter-
face command.

Converters designed for system applications (including many DPM’s, such as the AD2008)
can usually receive external commands to convert or hold. For dc and low-frequency
signals, the converter is usually a dual-slope type, which has the advantage that it is in-
herently a low-pass filter, capable of averaging out high-frequency noise, and nulling
frequencies harmonically-related to its integrating period. (For this reason, the inte-
grating period is usually made equal to the period of the line frequency, since the major
portion of system interference usually occurs at that frequency and its harmonics.)

If the converter is responding to individually-important samples of the input, the maxi-
mum rate of change of the average input for full resolution, and the conversion rate, have
the following relationship (binary conversion):

dVv _
a0 =2""Vgs /TconverT

max

For example, if Vg = 10V, n =11 (1/2048 resolution) and T opyert = 0.1s, the maximum
rate of change of input is about 1/20 V/s. At faster rates of change, 1 LSB changes cannot
be resolved within the sampling period.

If, on the other hand, individual samples are not important, but large numbers of samples
are to be dealt with, essentially delineating a stationary process, the only requirement is
that the signal be sampled at least twice per cycle of the highest frequency of interest.

For this purpose, in the example given above, the maximum signal frequency that can be
handled is SHz.

So far, the context has been that of the dual-slope integrating A/D converter, which
spends about 1/3 of its sampling period performing an integration, and the remainder of
the time counting out the average-value-over-the-integrating-period as a digital number,
and resetting to initial conditions for the next sample. It should be noted that the dual-
slope type will always read out the average value, which results in a valid sample of the
input waveform over the integrating ‘“window.”

Though it is slow, an integrating A /D converter, such as the quad-slope AD7550, is quite
useful for measurements of temperature, battery discharge, and other slowly-varying volt-
ages, especially in the presence of noise.

However, by far the most popular type of converter for system work is the successive-
approximations device (described amply in PartIl), since it is capable of high resolution
(e.g., 16 bits), high speed (e.g., 1us for 10-bit conversion), and quite reasonable cost. In
the above example, if Teonyert, Using a successive-approximation converter, is 10us, the
maximum allowable dV/dt for maintenance of bit-at-a-time resolution becomes 500V/s, an
improvement, but far from sensational.

The successive-approximation converter has the weakness that at higher rates of change, it
generates substantial linearity errors, because it cannot tolerate change during the weight-
ing process. The converted value lies somewhere between its values at the beginning and
the end of conversion; but the time uncertainty approaches the magnitude of the con-
version interval. Figure 2 illustrates this point. Finally, even if the signal is slow enough,
noise rates-of-change (perhaps introduced by the signal itself) that are excessively large
will cause erroneous readings that cannot be averaged, by either analog or digital means.
An external sample-hold can greatly improve matters, as will be shown.
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START END START END

ANALOG INPUT (+% LSB)

Conversion Period Conversion Period == | SLEWING @ 2% LSB/AT

aT, a,

ANALOG EQUIVALENT

MSB TOO
5 OF OUTPUT NUMBER

ANALOG VALUE-RATIO TO F.S.
-
]

01111111 01111111

Figure 2. Successive-approximations converter error with fast-
changing input (2%LSB per conversion interval). Note that
output reading of 127/256 FS is the same for both intervals,
though one starts at 124/256 and the other ends at 129/256.
Error increases with ramp speed.

Direct conversion, especially near the signal source, is most useful if the data must be
transmitted through a noisy environment. This can be seen, even in the case of an 8-bit
converter (1/256 resolution) and a high-level 10V signal, if one considers that bits will
be lost if the peak-to-peak noise level induced in the analog signal is greater than 40mV
(approximately 10V/256); the standard TTL digital noise immunity, on the other hand,
is 1.2V (or 2.0 — 0.8V), a gain in signal-to-noise of better than 10:1.

CONVERT COMMAND

" | -
V'N T comventen BUFFER [~ L0 o
N7 |« CHANNEL
| GAINI-
chi

= STATUS

ANALOG PREAMP
GAIN = 1000

Figure 3. A/D Converter with preamplifier.

Preamplification and Direct Conversion (Figure 3)

Converters designed for OEM system applications are, in most cases* “‘single-ended” in
reference to signal ground, and have normalized analog input ranges of the order of 5

or 10 volts, single-ended or bipolar. It makes sense to scale signal inputs up or down to
the standard converter input level, to make fullest-possible use of the converter’s available
resolution.

If the signals are of reasonable magnitude (already preamplified or outputs of an analog
computer), and already exist within the system, the scaling may be simply accomplished
with operational amplifiers in a single-ended or differential configuration. If the signals
are from outside the system, or are quite small, or have an appreciable common-mode
component, a differential instrumentation amplifier may be profitable used, with charac-
teristics depending on the gain required, the signal level, the needed CMR, bandwidth,
impedance levels, and cost tradeoffs.

Finally, if the input signals must be galvanically isolated from the system, a light- or
transformer-coupled isolation amplifier must be used to break all conductive signal paths.
This kind of isolation is essential in some medical-instrument applications. It is also use-
ful where large common-mode spikes are encountered, for industrial applications requiring
intrinsic safety, and for all applications in which the signal source is at a high off-ground
potential.

*Extremely-high-resolution converters, such as the ADC-16Q, have a high-CMR differential front end. DVM’s, and some
DPM’s, also tend to have differential inputs, in consonance with their low full-scale-input levels (e.g., 0.1999V).
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Sample-Hold and Conversion (Figure 4)

A successive-approximations converter can be made to operate at considerably-greater ac-
curacies at high speeds, overcoming the weaknesses mentioned above, by introducing a
sample-hold at its input. Between conversions, the sample-hold acquires the input signal,
and, just before conversion takes place, it is placed in Zold, where it remains throughout
the conversion. It can be seen that, if the S/H responds instantaneously and accurately,
the converter can convert changes (from the preceding sample) of any magnitude accu-
rately, at speeds up to the conversion rate. In practical sample-holds, however, there will
be acquisition time, tracking delay, and aperture time; typical values of these quantities
are 2us to 0.01%, a fraction of a us, and 25ns, with 2-3ns uncertainty. If the aperture
time and tracking delay compensate one another, or are unimportant as long as they are
consistent, the principal source of time error is the aperture uncertainty. The relation be-
tween aperture uncertainty and maximum rate of change for maintaining resolution in an
n-bit system is

apu

dV/dt’ =270Vt
max

for the example given, (fampie = 100kHz, Vig = 10V, t,,, = 3ns)

dV/dt’ =5mV/3ns = 1.67V/us
max

This number is also limited by the slew rate specification of the sample-hoid.

Figure 4b shows, in contrast with Figure 2, that the successive-approximations converter,
with a constant input applied by the S/H, will deliver an accurate digital representation
of the beginning input at the end of each conversion interval. Any errors that are
functions of time will be due to errors of the sample-hold, including the acquisition errors
above, plus droop during the conversion interval, and any linearity, offset, and transient
errors. Noise present on the signal, though sampled and converted, may be susceptible to
digital averaging by the processor.

Since sample-holds usually operate at unity gain, with errors referred to full-scale (which
should be the same as the converter’s full scale range), scaling or preamplification should
occur before the signal is applied to the sample-hold.

CONVERT' l
S/H I 1
CONTROL COMMAND
- A/D. TO COMPUTER OR
S,fc',‘f_;w CONVERTER BUFFER | COMMUNICATION

CHANNEL
STATUS I

4a. Sample-Hold in single-channel data acquisition.

ANALOG
PREAMP

TART END START END

[=— Conversion Period =~ [==— Conversion Period "

T AT ANALOG
AT ? RAMP

INPUT
{+%:L.8B)

EQUIVALENT
OF OUTPUT
NUMBER

]
0

4b. Successive-approximations converter example of Figure 2,
preceded by sample-hold. Digital output is within %LSB of
analog input at start of conversion, 124/256, and 127/256.
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Sample-hold devices can be used with other types of converters, to establish precise timing
of the signals being sampled, independently of the time required by a given device to com-
plete a conversion. Their utility is especially evident if the conversion time is variable, as
in counter types.

Signal Conditioning (Figure 5)

This is a blanket term that includes a wide variety of possibilities. Scaling of input gains
to match the input signal to the converter’s full-scale range is a simple, obvious example.
One might also include dc offset to bias odd ranges, such as 2.5 to 7 volts, to levels more
compatible with standard converters. Preamplification, as discussed earlier, is a typical
example. Linearizing of data from thermocouples and bridges can be performed by ana-
log techniques, using either piece wise-linear approximations (generated by biased diodes)
or smooth series-approximations using low-cost I.C. multipliers; it could be done digitally,
after conversion with a microprocessor or by using a ROM to store the inverse function.

Analog differentiation could be used to measure the rate at which the input varies; inte-
gration could be used to obtain total dosage from a rate of flow. Either could be used
to produce a 90° phase shift; an op amp could be used to provide an arbitrary phase
shift. Sums and differences can be used to reduce the number of data inputs (analog
data reduction).

Analog multipliers could be used to compute power by squaring voltage or current
signals, or by multiplying them together. Analog dividers of various types could be used
to compute ratios or the logarithms of ratios, or square roots. Devices that compute
Y(Z/X)" can take ratios over wide dynamic ranges, and perform ideal-gas computations.

Comparators can be used to make decisions based on analog levels (e.g., to convert only
when an input exceeds a threshold or is within a “window.”) Op amps and diodes may
be used to perform simple “ideal diode” functions.

A..d — what seems almost like getting “something for nothing” — logarithmic modules
can be used for range compression to permit the conversion of signals having resolutions
of 10® with 12-bit converters. (This will be discussed later in the chapter.)

Active filters are essential elements to minimize the effects of noise, carriers, and un-
wanted high-frequency components of the input signal. Their growth of use, and the
increase of interest in their design are reflected in the large number of magazine articles
and the preponderance of filter discussions in such publications as the IEEE Transactions
on Circuit Theory, plus a growing number of books on both analog and digital filtering.

One could go on and on, but the basic point should have been made: That in system
design, all data-processing need not be digital (with all due respect to the great potential
inherent in the use of microprocessors). Analog circuits can perform processing or data
reduction effectively, reliably, and economically, and should be considered as alternative
ways of reducing numbers of transmission channels, software complexity, noise, and —
more often than not — cost.

-5y 60k

40.5k
HW—— -V =2, - 2. +15Vv
OUT =2.222 (VIN ~ 25) O_M_ VOuUT = 2.222 (V|N ~ 2.5)
10 22 17,6k 15k
vin 0to—10V
25-7V

0to +10V
Vin

25-7V

INVERTING
NON-INVERTING

Figure 5a. Op amps used for offset and scaling.
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Figure 5b. Op amp to generate arbitrary phase shift,
Gain = 1, all-pass.
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Figure 5¢c. Using multipliers for nonlinear functional realtionships
(such as linearization).
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Figure 5d. Ratio of two voltages raised to arbitrary non-
integral power.

MULTI-CHANNEL CONVERSION

In multi-channel conversion systems, elements of the acquisition chain may be shared by
two or more input sources. This sharing may occur in a number of ways, depending on
the desired properties of the multiplexed system. Large systems may combine several

different kinds of multiplexing, as well as cascaded tiers of the same kind.

Multiplexing the Outputs of Single-Channel Converters

Although the conventional way to digitize data from many analog channels is to intro-
duce the time-sharing process, whereby the input of a single A/D converter is multi-
plexed in sequence among the various analog sources, an alternative parallel conversion
approach is becoming increasingly practicable. Cost of A/D converters has dropped radi-

14
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cally during the past decade, and it is now possible to assemble a multi-channel con-
version system, with the seeming extravagance of one converter for every analog source,
just as economically as the conventional analog multiplexed system. (Figure 6.)

i ] ]
—_— 3—sc-—sm-—Anc§PDB>
i
f ] ] 10
SIGNAL = pmx | COMPUTER
INPUTS ¢ = s il = D B Dpp BUS| OR comm.
CHANNEL
] J 1 1
=
— SC [~ S/H [~ ADC & P B >
SIGNAL S/H CONVERTER _ _# BUFFER DIGITAL
PREAMPS. CONDITIONING PROCESSOR MULTIPLEXER

Figure 6a. Basic multi-channel conversion scheme, using digital
multiplexing before transmission.
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Figure 6b. Multichannel conversion using remote A/D converters.

There are a number of important advantages to this parallel conversion approach, which,
by the way, is virtually standard practice for resolver/synchro conversions beyond about
the 10-bit accuracy level. First of all, quite obviously, slower converters may be used to
obtain a given digital throughput rate; alternatively, the converter-per-channel may run at
top speed, providing a much greater flow of data into the digital interface. For a constant
data rate, however, with more channels (and fewer conversions per channel), the reduced
conversion speed, plus the fact that each converter is looking at continuously-changing
data, rather than jumping from one level to another, may allow the sample-holds to be
eliminated, at a cost saving. Fewer conversions also mean that a slower converter might
be used, generally resulting in even further cost saving, especially since some channels may
not require a great deal of resolution.

The parallel-conversion approach provides a further advantage when applied to industrial
data-acquisition systems, where many strain gages, thermocouples, thermistors, etc., are
strung out over a large geographical area. In essence, by digitizing the analog signals right
at their source and transmitting serial digital data, rather than the original analog signals,
back to the data center, a considerably immunity to line-frequency (50-60-400Hz) pickup
and ground-loop interference is achieved. Among other factors, the digital signals can be
transformer or optically coupled, for example, to gain complete electrical (hence ground
loop) isolation. Also low-impedance-digital drive and receiving circuits drastically prune
vulnerability to noise.

Not least, among the subtle benefits of digitzing sensor signals at their source, is the abili-
ty to perform logical operations on the digitized data before it is fed into the computer.
In this way, for example, main-frame involvement with data is streamlined and redundan-
cies are minimized. More-specifically, logic circuits can arrange to access data from slowly-
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varying thermocouple sensors less frequently, while reading-in data from critical sources at
enhanced speed. In fact, the versatility of a digital subsystem may be exploited to make

ite own decision as to when a narticular data channel should be fed into the t‘nmnnfpr if
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certain signal sources remain constant or within a narrow range for long periods, then
change rapidly later in the process, it is possible to ignore these data until the changes oc-
cur. (A local microcomputer can store the stationary values and make the decisions).

In summary, a great deal of flexibility and versatility is gained by transferring the inter-
face process from analog multiplexing to digital multiplexing. Logic decision circuits can
exercise judgement on when and what data to feed the computer, and, in general, can
give the overall interface a much larger measure of autonomy than is possible with an
entirely-analog conversion system. (The computer cannot make decisions about the data
submitted by an analog multiplexing system until it has received the data upon which to
base its judgements...this means that the data have been interfaced before the computer
can decide that that particular piece of information is redundant. And there is no guaran-
tee that it will be redundant on the next pass.)

Finally, it should be noted that if the data is being transmitted from a lunar vehicle to
Earth, the channel is quite crowded, and the sort of redundancy-reduction data compres-
sion described above is absolutely essential to make sure that the items of data that get
through are those having the highest priorities, by virtue of containing intelligence rather
than redundant information.*

For each channel of the digitally-multiplexed system, there could be the array described
earlier: preamplifier, signal-conditioning, sample/hold, converter. It is also possible that
for one or more of the channels, there are a number of sequentially-multiplexed sub-
channels, especially if they are carrying similar information.

Multiplexing the Outputs of Sample-Holds

Working back from the interface (with a minimum number of shared elements) towards
the more-conventional situation in which the number of shared elements is maximized,
we consider the case of a shared A/D converter, with a multiplexer at its input, switching
among the outputs of a number of sample-holds (Figure 7). This configuration is found
where sample holds are updated rapidly, even simultaneously, then read out in some
sequence. It is generally a high-speed system, in which all items of data delineating the
state of the system must do so for the same given instant. Multiplexing may be done

3 S/H
‘ TIMING
LOGIC
S/H - ‘
A ™ |
. 2
3= S/H u L A/D INTERFACE
——
L_. X
TO COMPUTER OR
COMMUNICATIONS
——l S/H CHANNEL
————3 S/H

Figure 7. Multiplexed simultaneous sample system.

**New approaches to Data-Acquisition System Design,” by T. O. Artderson, Analog Dialogue, Vol. 5, No. 1, January, 1971,
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sequentially, or by random addressing. For this kind of operation, the former is more
typical. The sample-holds must have sufficient freedom from droop to avoid accumulat-
ing excessive error while awaiting readout, which period may be considerably longer than
in the case of the converter-per-channel. Increased throughput rate could be obtained by
using additional converters, with fewer multiplex switch points and faster update rate.

Applications that might require this approach include wind-tunnel measurements, seis-
mographic experimentation, or in testing complex radar or fire-control systems. Often,
the event is a one-shot phenomenon, and the information is required at a critical point
during the one-shot event. . .such as, for example, when a supersonic air blast hits the
scale model.

Multiplexing the Inputs of Sample-Holds

The next step towards increased sharing is to share the sample-hold as well as the A/D
converter. Figure 8 shows the typical system embodying this idea. For most-efficient use
of time, the multiplexer is seeking the next channel to be converted, while the sample-
hold, in Aold, is having its output converted. When conversion is complete, the status
line from the converter causes the S/H to return to sample and acquire the next channel.
Then, after the acquisition time is completed, either immediately, or upon command, the
sample-hold is switched to #old, a conversion begins, and the multiplex switch moves on.

This system is slower overall than the previous example, and, since the channels may tend
to be diverse rather than identical, the multiplexer could equally well be switching
sequentially or in a random-access mode. For some systems, a manual mode, for check-
out, may also be desired. In the random-access mode, it is quite possible that some chan-
nels (those with more “intelligence”, i.e., change/time), will be accessed more frequently).

SCALED, PROCESSED

INPUTS Lo
——— ]
—i r—-—\
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—— e ) M
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——
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- COMPUTER
OR COMM.
‘ CHANNEL .

Figure 8. Multi-channel analog multiplexed interface.

Multiplexing Low-Level Data (Figure 9)

The idea here is that, in addition to sharing of the converter and the sample-hold, expensive
instrumentation-amplifier capacity must also be conserved. The decreasing cost of instru-
mentation amplifiers (in fact, of amplifiers of all types), plus the disadvantages of low
low speed and the engineering effort involved in ensuring the successful transmission and
multiplexing of low-level data, are likely to result in decreasing use of this system ap-
proach. Some of the considerations are discussed in the chapter on Multiplexing.*

Low-level multiplexing is often involved with the use of programmable-gain amplifiers, or

the even-more-sophisticated automatic range-switching preamps, which combine the use of
converters having modest resolution with range-switching controlled from the interface to

obtain additional significant bits. ‘(For example, a 12-bit converter, and 32 steps of adjust-
able gain, can provide 17-bit resolution, assuming — big if — that the resolution is actually
present in the signal and that the system is capable of handling it without degradation.)

All the difficulties that are inherent in single-channel low-level circuitry are compounded
by the addition of low-level multiplexing of n such channels. Not only is guarding neces-
sary, but individual channels should be individually guarded. And, following the principle

*Analog-Digital Conversion Handbook, Analog Devices, Inc., 1976, $3.95.
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that the guard should be present right up to the input of the preamplifier, the guard too
must be switched (or else driven from the common-mode level as measured separately at
the amplifier*). Not only must the problem of pickup be considered, but the new dimen-
sion of crosstalk is added. And not only signal-to-signal crosstalk (not a great problem
with small differential signals), but also common-mode-to-signal. Not only must input
capacitance be balanced, but it must be balanced in the context of a multiplex switch
having at least two circuits.

The saving grace (though perhaps not for some) is that systems of this sort are slow, and
a large capacitor across each pair of input leads can reduce capacitive unbalance and high-
frequency noise, without slowing-down the system excessively.

The usual low-level problems of thermal unbalance at connectors, lead junctions, and
switches (and don’t forget kovar-to-copper at IC’s), must also be dealt with. All such
unavoidable thermocouples should have thermal symmetry.
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Figure 9. Low-level multiplexing.,

More than One Tier of Multiplexers

If there are 64 channels to be multiplexed, the problems of stray capacitance (including
capacitive unbalance) are worsened by the parasitic capacitance of the off channels on the
conducting channel: if there are n channels, the capacitance will be (n — 1) Cpgg plus the
usual stray wiring capacitance. It is practical to reduce this capacitance by using two tiers

of multiplexer. In the above example, with 8 channels per switch, the capacitance is reduc-
ed to 14Cpgo from 63Cpgo-

SIGNAL CONDITIONING

Discussed here are a few topics that keep c'oming up in connection with data-acquisition
systems.

Ratiometric Conversion

Some A/D converters have a ratiometric, or “external reference” connection, allowing the
output digital number to represent the ratio of the input to an arbitrary (within specified
limits) reference input. In effect, the device becomes an analog divider with digital
readout.

Devices of this sort are useful in making precision measurements that ignore variation of
a device reference. For example, Figure 10 shows how a potentiometer ratio can be
measured, independently of variations of the applied voltage, by applying the same volt-
age to the reference input of the converter.

*The extra switch points can be eliminated by passively summing the voltages at the amplifier inputs, via high-im-
pedance buffers, with two equal resistors, CMV = %(e, + e,), and buffering with a simple follower.
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Figure 10. Measuring a potentiometer ratio, independently of the
applied voltage, a ratiometric measurement. If the sensor is a
bridge, the amplifier could be an instrumentation type instead

of a follower.

In a multiplexed system, where measurements may be taken from a number of similar
devices, such as strain-gage bridges, the common bridge supply may be used as the con-
verter’s reference to eliminate normal-mode gain error caused by supply-voltage variation.

Wide Dynamic Ranges

The need for wide-dynamic-range signal conditioning in a single channel may occur in two
basic ways: Either it is necessary to resolve a voltage anywhere in the range to a high de-
gree of accuracy, relative to full scale, (for example in the measurement of position in a
follow-up system); or it is sufficient to measure a quantity having a wide range of varia-
tion to modest accuracy, relative to actual value (for example, to within 1%, over a
10,000:1 range).

For signals in the first category, a high resolution-and-linearity converter (such as the
ADC-16Q) is the simplest answer. Another possibility is the use of a moderate-resolution
converter (e.g., 12-bit resolution), preceded by an amplifier with switched gain (Figure 11)
controlled from the digital interface. In one form of operation, a trial conversion is per-
formed at the lowest gain; if the MSB is 0, the gain is doubled and another conversion is
performed; if the MSB is still 0, the gain is doubled again, etc., until either the MSB is
turned on or the top end of the range is reached. Each doubling represents an addition-
al bit of resolution. This scheme may be programmed with the RTI1200 interface
(Chapter 1-4), for up to 15 bits of resolution (but not accuracy).

_0\4
- i — 1 |
\ ) E —= TO COMPUTER
—0 S/H - n-Bit — BUFFER
ADC  H COMMUNICATION
= -
—0 —
— —JT
XMWV u
XapAW—4 = DE [
2 CODER COUNTER = LOGIC |
X29 7 -« DRIVER |4
X1 ] -
1
LOGIC-CONTROLLED t
SWITCHES CLOCK  [=—
CONTROL AMPLIFIER GAIN

Figure 11. Switched-gain amplifier.

Yet another possibility, when seeking accurate measurements of small variations about a
fixed value of voltage, is to sum a voltage equal to the nominal fixed value (and opposite
in polarity) and measure the differences. If the voltage is applied (Figure 12) via a high-
resolution DAC, the interface can keep track, digitally, of both the initial value and the
difference voltage, using an ADC of quite modest performance. (The tradeoff here is the
cost of a high-resolution DAC, such as the DAC-1138, plus logic and a modest 8-, 10- or
12-bit ADC, vs. a 16-bit ADC.)
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In any of these schemes, it is essential to keep in mind that every element in the front
end, wiring, preamplifiers, components, references, must be compatible with the resolu-
tion and accuracy sought. This also includes the noise level.

For signals in the second category, the switched-gain amplifier is a satisfactory, but slow-
and-expensive approach. An intriguing alternative is to use a logarithmic amplifier for
for data compression (Figure 13).

The error of a logarithmic amplifier, after calibration, is a log conformity error (nonline-
arity on a semi-log plot) that is specified in terms of a maximum value at the output, or

a maximum ratio to actual input over a specified range. For example, 1% log conformity
error means that the error at the output, for 2V/decade* scaling, is 8.6mV, corresponding
to an input uncertainty of +1%. Typical input voltage range (i.e., for the Analog Devices
755) is ImV to 10V. The corresponding output-voltage range is ¥4V (i.e., +2 decades at
2 volts per decade, with respect to a 0.1V reference level.) Since an error of 1% referred
to the 1mV minimum input signal is 1/106 of full-scale input, and since the corresponding
output error of 8.6mV is 0.0086/8 = 1.075 x 107 of the output swing, the dynamic range
of the signal has been compressed by a factor of 1000, as a result of the logarithmic trans-
formation. This means that a 12-bit converter (with suitable scaling) can be used to
digitize the log amplifier output, with a quite-comfortable error margin.
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0G

SH ADC |
— ] AMPLLIF|ER -J sggke | 0.05- 11 (11-12 TO COMPUTER
WIDE- g 0.01% BITS) | INTERFACE|  OR COMM.
RANGE ‘ CHANNEL
INPUT SIGNAL va ‘
(VOLTAGE OR CURRENT) B VB =Klogo ;-
LOW-LEVEL TO HIGH LEVEL R

A: INPUT, e.g. 10V to TmV £1% (10uV Resolution at Low End)

B: OUTPUT, 4V #8.6mV (K = 2, VR = 0.1V) (Resolution About 0,1%)
If K Adjusted to Match ADC, ““Scale Adj.” Not Necessary

Figure 13. Low amplifier used for range compression in
data-acquisition system.

Though it might appear that the representation of data having an inherent 20 bits of
resolution (10" = 2? ) by a signal having 12-bit resolution is getting “something for
nothing,” in violation of some Natural Law, the scheme really works. There are, however,
some points to consider:

1. Compression is achieved by exponentially distorting the relative value of the Least
Significant Bit. Thus, for a 10,000-to-1 signal range, represented by +4V output, an LSB
(of 12 bits, offset binary, suitably scaled) is worth 23mV at 10V input (i.e., 10 [1 — log;e™"
8/8192])and 2.3uV for 1mV input. Therefore, while the approach is quite useful for
compressing data requiring essentially constant fractional error (e.g., 1%) anywhere in a

*A decade is a 10:1 range of input voltage or current,
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wide range, it is not at all suited to applications requiring high resolution (e.g., 0.01% FS)
at any point in the range.

2. Since the digital number is a logarithmic representation of the analog input signal,
it must be dealt with as such in the digital process. If the number is to be used in com-
putation, it should be antilogged, using a ROM and/or processor computing capacity, un-
less of course the computation is facilitated by the availability of a logarithmic relation-
ship. If the data is simply to be stored or transmitted, and eventually returned to analog
form unchanged, it does not require any further digital transformation, just an analog
antilog operation following the output D/A conversion (unless logarithmic analog data is
acceptable).

3. Since a logarithmic function is inherently unipolar (the logarithm is real only for
positive values of the argument — positive signals require a 755N, negative signals a 755P),
it is far from ideal for signals that are inherently zero-centered. While it may be useful to
bias some types of input signals into a single polarity, functions that demand symmetrical
treatment may be badly distorted by the wide variation, in both resolution and speed, be-
tween zero and full-scale input. Such functions would profit by a type of compression
that is symmetrical about zero. An example of an easily-obtained form is a sinh™!
function (Figure 14), which involves two complementary antilog transconductors (752P
and 752N) in the feedback path of an op amp. The resulting function is logarithmic for
larger values of input, but it passes through zero, essentially linearly (but slowly).

Noise Reduction

Like diseases, noise is never eliminated, just prevented, cured, or endured, depending on
its seriousness and the costs/difficulty of treating it.

Noise in data-acquisition systems takes three basic forms, transmitted noise, inherent in
the original signal, inherent noise, generated within the devices used in data acquisition
(preamps, converters, etc.) and induced noise, “picked up” from the outside world, power
supplies, logic, or other analog channels, by magnetic, electrostatic, or galvanic coupling.
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Figure 14. Bipolar signal compression using complementary
logarithmic transconductors to synthesize sinh™* function.
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Noise is either random or coherent (i.e., correlated to some noise-inducing phenomenon
within or outside of the system). Random noise is usually generated within components,
such as resistors, semiconductor junctions, or transformer cores, while coherent noise is
either locally-generated by processes, such as modulation/demodulation (e.g., chopper-
stabilization), or coupled-in. Coherent noise often takes the form of “spikes,” although
it may be of any shape, including — collectively from many sources — pseudorandom.

Noise is characterized in terms of either root-mean-square (rms) or peak-to-peak measure-
ments, within a stated bandwidth.* Random noise from a given source, within a given
bandwidth, will give consistent 7ms measurements. For a typical gaussian amplitude dis-
tribution, and a sufficient number of measurements, one may expect a consistent relation-
ship between the probabilities of obtaining peaks of given size in relation to the rms, as
shown in the Tables in Figure 15.
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Figure 15. RMS vs. peak-to-peak amplitudes for gaussian noise.

RMS values of noise from uncorrelated sources (e.g., from different devices, or from dif-
ferent portions of the frequency spectrum of the same device) add as the square-root of
the sum-of-the-squares. However, if noise is dominated by picked-up spikes, root-sum-
of-squares is of small comfort. ‘

As we have indicated at the beginning of the chapter, there are two basic forms of system-
design problem: those involving essentially ordinary signal levels in unfavorable environ-
ments, and those involving extremely high-resolution measurements in favorable
environments.

For unfavorable environments, where the major source of noise is induced noise, the
designer must rely on early preamplification and conversion, isolation, shielding and guard-
ing, signal compression and filtering, and — where possible — an information rate (via fast
sampling or parallel paths) that has enough redundancy to allow the digital processor to
retrieve data via correlation and summation.

In favorable environments, where the measurement process and the processing hardware
introduce the major portion of the uncertainty, the emphasis must be placed on measure-
ment techniques, filtering, choice of data-acquisition hardware for best resolution, and —
again — the use of high-speed digital processing for signal retrieval, including drift com-
pensation and scale-factor adjustment.

Where noise is likely to have large spikes as a major component, the integrating-type
converter (dual-slope) usually provides additional filtering. For random noise, if there are
sufficient samples taken of a given signal channel, the statistical properties of the noise
are imparted to the digital output, which may be filtered by digital techniques.

*For a useful discussion of the properties of noise, see “Noise and Operational Amplifier Circuits,” in Analog Dialogue,
Vol. 3, No. 1.
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Data Distribution

After analog data have been converted to digital form and have been duly stored, trans-
mitted, or processed, the results of this handling, as well as some newly-created digital
numbers, may be required once again in the “real world” of phenomena. In analog or
digital form, they may be used to drive meters or motors, display information, stimulate
devices under test, generate heat or light, modulate waveforms, sound the alarm, or —
in short — they are converted from abstract numbers to the manipulation of energy.

The multiplexed digital output words are made available in serial order at an output
register, for distribution to their destinations. Though an increasing number of real-
world functions, such as numerical displays, stepping motors, printers, and the like, are
effected by digital numbers (perhaps with “decoding,” but without the interposition of
electronic analog variables), there is still a widespread — and growing — use of electronic
D/A converters in distribution systems. This chapter treats of those systems that use D/A
converters.

FACTORS AFFECTING DISTRIBUTION-SYSTEM DESIGN

The configuration, choice of components and their specifications, the system timing, and
location of multiplexing, depend, as with data acquisition, on

Number of channels

Settling time per channel

Update rate

Output resolution

Output linearity and accuracy

6. The nature of the loads

7. The cost function

i S S

There are a number of areas for decision by the system designer:

Digital signal readout: Serial paths or parallel paths? Serial words or parallel words?

Signal storage between updates: in digital or analog form? Registers or sample-
holds? Single-rank or dual-rank? Sample-holds or inertia?

Multiplexing: Digital or analog? If digital, parallel or serial? If analog, with
sample/holds or multiplex switching?

Update: Simultaneous, sequential, or random?

Conversion: At computer or at load? Single converter with analog multiplexing, or
many converters with digital multiplexing?

Analog output: Voltage or current?  Discrete values or smoothed? Permissible
level of switching transients? Isolated or galvanically-connected circuitry?

Techniques to reduce costs: Combining sample-hold and multiplexing. Inertial
filtering. Using low-precision DAC’s in “slave” circuit for standardized calibration.
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DIGITAL vs. ANALOG DISTRIBUTION
The systems designer has a choice between feeding data to analog actuating and indicating

devices via either a D/A converter (with storage register) for each channel (Figure 1), or a
single D/A converter, with a sample-hold circuit for each channel (Figure 2).

Once updated, a D/A converter-with-input-register will store an analog value indefinitely,
or at least, for so long as the power is connected. By contrast, a sample-hold circuit,
since it holds the analog data on a capacitor, is susceptible to a definite “‘droop” (posi-
tive or negative) in the analog output as the charge on the capacitor changes due to leak-
age across the switch, from the amplifier’s summing point, or from the supplies (or
perhaps even due to the capacitor’s own leakage resistance or dielectric absorption). Thus,
even though the data may not change at all, as is ideally the case for an aircraft simu-
lator’s altimeter in “‘straight & level” flight, it is necessary to update sample-hold circuits
periodically to correct for output droop. On the other hand, so long as the data remains
unchanged, a distribution system based on D/A converters (with registers) need not be
periodically refreshed.
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Figure 1. D/A Converter for each channel,
parallel-word distribution.

The D/A converter’s ability to store without error lays the foundation for an “updating
by exception” rule, whereby the data channels are only updated if the information
changes. Otherwise, the computer leaves the D/A unrefreshed.

A further consideration in the use of D/A converters vs. sample-hold circuits lies in the
matter of allowing for acquisition and settling time. The data sheet for a typical data-
distribution sample-hold circuit at reasonable cost may call for acquisition periods ranging
from 2us to 20us or more. Thus, it is often necessary for the computer to remain con-
nected to each channel for the duration of this acquisition period (unless buffered), which
may use up appreciable main-frame time. By contrast, the storage register of a D/A con-
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verter can be updated in a fraction of a microsecond, so it is quite conceivable that an
entire 10-channel data-distribution system, using one D/A per channel, can be updated in
the time required to refresh a single sample-hold circuit.
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Figure 2. Sample-hold for each channel, with single fast,
accurate D/A Converter. Multiplexing occurs by sampling
each channel individually as its associated data appears
on the input bus.

Offsetting some of the flexibility of the D/A-per-channel data-method is the cost of inter-
connecting the D/A’s to the data source. Parallel data at the 10-bit level requires at least
12 conductors (10 data lines, ground, and command line) from the computer to the D/A
converter, which, for fast transmission rates, requires costly multiple twisted pairs. If the
D/A’s are widely-distributed, as, for example, in a steel rolling mill, installation cost for
the cable may easily be the largest single economic factor, far outweighing the cost of the
D/A converters. Cable and installation costs can be reduced somewhat by introducing
serial, instead of parallel data transmission. However, the penalty now lies in more-
involved logic and added updating time (which may not be a problem at all), since each
10-bit channel requires at least 10 times as long to update. (See also SERDEX, in
Chapter 1-4).

CONVERTER-PER-CHANNEL DISTRIBUTION

Figure 1 illustrates the main ingredients of the distribution approach based on one D/A
converter for every channel. Computer data is fed on a parallel bus to all D/A-converter
input registers, while an update command is addressed individually to each register. When-
ever the computer strobes a new data word into the data bus, it emits a command signal
that causes one of the storage registers to accept this new word. A succession of parallel
digital words and update commands then completes the data-refreshing cycle. The con-
verters may be randomly addressed (and with varying numbers of data points per channel)
or a computer may program sequential addresses, if the data is programmed to arrive in
the same order. :

Simultaneous Updating

In some instances — for example, in semiconductor test equipment — it is advantageous
to update all analog channels simultaneously, thereby minimizing settling time in both the
converter’s output amplifiers and the IC device undergoing test. A data-distribution ar-
rangement that eliminates delays caused by sequential refreshing of each D/A converter

is shown in Figure 3.

This arrangement (used in the AD7522) interposes an extra digital buffer between the
computer’s data bus and the D/A converter’s input register. The system updates the
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buffer registers serially while a previously-programmed semiconductor test takes place;
then, as soon as a new set of analog voltage and current values are required, a command
signal feeds the new set of digital words from the buffer registers tc the input registers.
While the device is being tested at these new voltage and current excitation levels, the
buffer registers are again loaded sequentially for the following test.

Serial data transmission, to remote DAC’s (with or without galvanic isolation) is conduct-
ed in much the same way, using two wires for the data, plus an extra conductor for
command signals. However, the buffer register in this case is a shift register, accepting
the data serially, but passing it on to the converter in parallel. In the AD7522, the buffer
registers can be operated in parallel, byte serial, or bit serial.
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Figure 3. Simultaneous D/A updating.

ANALOG DISTRIBUTION

Two approaches to sample-hold-circuit updating are shown in Figures 2 and 4. In
Figure 2, analog data is “‘shipped’ over a common cable to all the sample-hold circuits.
However, each sample-hold device, normally in #old, remains oblivious to the input data
until a command signal connects it momentarily to the data bus (sample). On receipt of
its update pulse, the sample-hold circuit acquires whatever analog information appears on
the data line and holds this value until subsequently commanded to acquire a new signal
level.

An alternative arrangement, using a modular (de)multiplexer for distribution of analog
data among individual channels, is shown in Figure 4. Here, the sample-hold circuits re-
spond to whatever signals are presented at their input terminals, and then hold this signal
level when the analog input is disconnected. The multiplexer switches serve double duty,
both in multiplexing and for charging the hold capacitor. Though more subject to leak-
age and crosstalk than the circuit of Figure 2, this is a simple and low-cost arrangement.
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Figure 4. Multiplexing and sample-hold using
multiplex switches.

A data-distribution arrangement that eliminates sample-hold circuitry is presented in
Figure 5. Here, the purpose is to utilize the inherent storage capacity of the device be-
ing activated. For example, it is possible to distribute data among several d’Arsonval in-
dicators in a utility substation simply by exploiting the natural inertia of the meter
movement. So long as the data can be refreshed with sufficient rapidity, the meter’s aver-
age response is simply dependent on the “duty cycle” (dwell time at each switch point to
refresh period). Thermal ovens can be controlled by pulsing in this way, as can instru-
ment servos and other devices with built-in inertia of one kind or another. For such ap-
plications, the converter should have sufficient peak output current-handling capacity and
the switches low-enough resistance (perhaps even electromechanical relays) to avoid intro-
ducing errors.

HIGH-
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LOADS

MUX
.

LI

i

ADDRESS
DATA

Figure 5. Using output-transducer inertia for averaging
and data storage, eliminating per-channel storage
(registers or capacitors/op amps).

ACQUISITION vs. DISTRIBUTION

As a rule, data acquisition poses more challenging problems than data distribution, but
some of the problems assume different shapes. Since data distribution can take place at
macroscopic power levels (volts and milliamperes), noise is not a great problem (except
for induced noise in hostile environments). To the contrary, DAC outputs are sometimes
boosted, as in programmable power supplies; in such cases, it is useful for the DAC’s out-
put amplifier system to have remote sensing to avoid errors due to voltage drops in the
wiring. This may also be the case for high-resolution DAC’s (such as DAC-1138) at more-
modest power levels.

Sample-holds used in data acquisition must have short aperture time (or at least small
aperture uncertainty) because they must either deal with the “instantaneous” value of a
signal, or sample it rapidly at equal time intervals. Their Zold time need be no longer
than is necessary for the ADC to digitize the signal. In short, the emphasis in sample-

Chapter 1-3 27



hold circuits for data acquisition lies on rapid acquisition, followed by rapid conversion.
By contrast, sample-hold configurations used for data distribution usually permit relaxed
update timing, but the analog values may have to be preserved for long pericds without
“droop.” Thus, sample-holds for data distribution must have long #old times, and short
acquisition-and-settling times. Where high resolution (12 bits or better) and large ratios
of hold to settling time are necessary, multiple D/A distribution, with storage in regis-
ters becomes preferable; the decreasing cost of IC DAC’s makes the choice easy.

FILTERING/SMOOTHING

In data acquisition, the purpose of filtering is to remove (or at least reduce) analog trans-
mitted, inherent, or induced input noise. In distribution, filtering is used to reduce
“noise” caused by quantization (finite increments of digital resolution causing discon-
tinuous analog outputs — the obverse side of quantization uncertainty in A/D conversion),
and to deal with coupled-in switching transients and “‘glitches” (which are large spikes
caused by intermediate codes introduced by asymmetrical switching times at such tran-
sitions as 0111 1111 to 1000 0000.

Discontinuities are often tolerable, especially in DC-value testing, where they occur at the
application of test conditions, and readings are not taken until the system has settled. On
the other hand, if the converter is producing an analog ramp in discrete steps, the discon-
tinuities may have to be smoothed, and certainly any feedthrough transients and/or
“glitches” must be minimized. Linear filtering of glitches is impractical, because they
have far from uniform magnitudes and they do not occur at uniform intervals; hence,
filtering leads to badly-distorted waveforms. Glitches are minimized at the DAC by very
fast switching with the best-possible matching of rise and fall times (to minimize the ener-
gy in the pulse), and then plucked out by ““‘deglitcher” circuitry, which Zolds the output
fixed during switching, then releases it for normal settling. The DAC-10DF is an example
of a DAC specifically designed for this purpose.

For reconstructing very coarse sampled data, sophisticated interpolation techniques are
used to overcome the limitations of simple filtering. An example is integration of the dif-
ference between two adjacent values so that the “points™ are connected by straight lines,
and the discontinuities become more-easily-filtered changes in slope rather than steps.

THE COST FACTOR

As of this writing, costs of low-resolution monolithic DAC’s are very low and still decreas-
ing. For modest-resolution systems (8-10 bits), multiple DAC usage (for example, employ-
the AD7522, which is double-buffered and even permits serial input, as well as direct
interfacing with microprocessors) is competitive with sample-holds, and generally gives
better performance, as we have noted. From 10 to 12 bits, sample-holds appear to hold
the cost edge. Above 12 bits, it is difficult to obtain sample-holds with adequate reso-.
lution and speed because of the problem of obtaining capacitors with decent dielectric
absorption characteristics. So, for high resolution, converters-with-registers, though more
expensive, must win by default.

MINIMIZING CALIBRATION ERRORS BY SERVOING

Where many low-cost DAC’s are used, it is possible to produce outputs that have abso-
lute accuracy limited only by their resolution. This is done by slaving their outputs to
that of a high-resolution, accurately-calibrated, temperature-stabilized master DAC
(Figure 6).

Figure 6a shows the basic principle, with “master’ and “slave” DAC’s. In this illustration,
computer data fed to D/A(1) is converted and applied to a comparator in which it is com-
pared with the output of the slaved DAC, D/A(2). The comparator’s output drives an
up/down counter in the appropriate sense to drive the output of the slaved DAC up if it
lower than the master and down if it is higher. Thus, at balance, the slaved DAC will
hunt between the two values adjacent to the “correct” value. Filtering provides a degree
of interpolation.
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Figure 6a. Controlled-output DAC.

In Figure 6b, this process is extended to multi-channel multiplexing, to update a number
of lower-resolution DAC’s. Use of feedback as part of the updating process permits an
array of low-cost, low-resolution (monotonic) converters to establish precisely-controlled
analog output voltages, regardless of calibration drift, but limited by the resolution.

The principal disadvantage of this scheme is its slowness, since the precision DAC must
first settle, then the analog output of the DAC being updated must settle to each new
trial value before the next clock pulse can be applied to the counter. If the high-precision
DAC is a 16-bit unit, (e.g., DAC-1136) with settling-time just under 100us, and the DAC’s
being updated are 12-bit units, with LSB-settling time of 2us, each channel can require at
least 8ms for updating, but a possible minimum of less than 100us. The comparator re-
versal can be used to signal completed conversion and initiate updating of the next chan-
nel, to minimize throughput time per cycle of update.
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Figure 6b. Low-cost high-accuracy distribution.
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ISOLATION

If a data-distribution system is spread over a large geographical area, it frequently becomes
nccessary to isolate the various analog loads from the digitai data source. Otherwise, sub-
stantial differences in ground potential at the various locations could cause large ground
currents or excessive induced noise. Isolation could be accomplished by transformer or
optical coupling, applied either to the digital signals (two-wire line with serial-to-parallel-
to-analog conversion at the load), or to the analog signals after conversion, using (for
example) isolation amplifiers in the 284 family, which also provide auxiliary floating
power for additional remote circuitry, such as low-level preamplifiers.
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Subsystems and
Data Communications

Now that we have seen a number of basic data-acquisition and data-distribution archi-
tectures in Chapters I-2 and I-3, it may be worthwhile to pause and consider some forms of
system implementation. Areas of contemporary interest include:

1. Proprietary systems, subsystems, and components for interfacing and data
communication.

2. Interfacing converters with nearby destinations, such as a microprocessor data bus,
using parallel and byte-serial connections.

3. Communicating sensor-based data with distant destinations using serial techniques.

In Chapter I-2, most of the configurations treat parallel data from the converter as an input
to a nebulous “buffer’” block. This buffer translates the converter’s output into machine
data format, monitors the status of conversion, initiates conversions, addresses the multi-
plexer, initiates sample/hold, gain-ranging, etc. This function is achieved by the purchase of
proprietary interface products, ranging from IC’s and modules to complete systems, and
integrating them into the user’s overall system.

In this chapter, we shall examine ways in which these forms of interfacing are achieved—first
by outlining a number of proprietary systems and subsystems that form a hierarchy, then by
a more-detailed consideration of the two basic forms of interfacing—parallel (and byte-serial)
and serial.

We must be careful to limit the scope of this discussion, because any one of these topics
could itself justify a volume the size of this book for a thorough in-depth treatment of all
possible cases. Our method will employ the following techniques: First, this book is orient-
ed primarily towards converters: we shall seek to maintain that focus in this chapter. Second,
though we will tend to summarize in somewhat general terms, we will limit much of our
discussion to ideas for which concrete embodiments can be found in the Analog Devices
product line. This, in turn, permits an abbreviated treatment, with security in the knowledge
that the reader who desires greater depth can find substantial amounts of detailed informa-
tion relating to specific approaches in our published literature (and products available to
implement them).

1. SUBSYSTEMS FOR INTERFACING CONVERTERS TO ANALOG AND
DIGITAL WORLDS

Briefly summarizing some salient ideas from earlier chapters, data acqusition is the process
of transforming electrical voltages or currents, usually transducer outputs, into digital infor-
mation to be received at some defined destination in a system, for storage, display, process-
ing, or further transmission (Figure 1). The data-acqusition process typically involves these
forms of activity:

Analog signal-manipulation
Analog-digital conversion
Digital signal manipulation
Digital control manipulation
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Figure 1. Data-acquisition function.

Analog signal manipulation includes such operations as isolated pre-amplification, gain ad-
justment, linearization, algebraic functions (perhaps involving other inputs), sample-hold,
and analog multiplexing.

An analog-to-digital converter produces a parallel or serial digital code that represents the
ratio of an analog signal to a reference voltage or current. The digital code is usually—but
not always—a binary or binary-coded-decimal number proportional to the ratio.

Digital SIGNAL manipulation might involve multiplexing, various arithmetic and logic
operations—e.g., magnitude comparisons, algebraic operations, code or format conversions—
storage, transmission to a central or intermediate processor, and deriving control signals for
either digital handshaking or for operations on the “‘real-world” portion of the system.

Digital CONTROL manipulation includes control of all digital operations, programming of
analog functions (switching gains or circuit configurations), selection of analog channels,
initiation of conversions, etc., and all of the associated software.

A data-acquisition system (for our purposes) is a self-contained subsystem, consisting of the
conversion function (which involves at least one a/d converter) and some portion of both
the analog and the digital manipulation circuitry. This definition is obviously quite flexible,
since it permits a full functional range from a simple a/d converter (with a given analog
span and digital controls) to an ““intelligent” multi-channel measurement-and-control
subsystem—and a full physical gamut from an integrated-circuit chip to a rack (or a room)
full of equipment.

The properties that define a given subsystem are determined by the application; their choice
is affected by such factors as resolution, noise levels, system size and complexity, delegation
of system tasks, frequency and level of interactions, the physical environment, and (of
course) cost—of hardware, of software, of wire, and of system development, prototyping,
and manufacture.

When choosing the approach to take in designing a system, one system designer’s com-
ponent or subassembly may be another designer’s turnkey system. In general, the design
problem involves a classical “‘make-or-buy’’ situation. The designer will purchase available
components or subsystems that reflect the level of integration that is a best compromise
between out-of-pocket cost and the many costs—both overt and hidden— of expending de-
sign and manufacturing effort in technological areas that are peripheral to one’s primary
mission.

The hierarchy of systems integration is especially deep at Analog Devices, ranging as it does
from integrated-circuit converter chips to complete processor-based turnkey quality-control
systems for the textile industry. As examples of levels of the hierarchy that are relevant for
readers of this book, Table 1 lists some specific products that were available from Analog
Devices in January, 1977.*

*Since a complete discussion of their properties and applications is beyond the scope of this book, we will discuss several
of these products in the context of their role in the conversion system. Complete information is available, ranging from
free data sheets and brochures to complete instruction books and software manuals (at reasonable cost). Consult a nearby
Analog Devices field office, or write to the address on the flyleaf of this book,
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TABLE 1. REPRESENTATIVE EXAMPLES OF DATA-ACQUISITION SYSTEMS, SUBSYSTEMS
AND SUBASSEMBLIES MANUFACTURED BY ANALOG DEVICES IN JANUARY, 1977,
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Chapter 1-4

MACSYM ONE  Fully Integrated Measurement And Control SYsteM

Macsym One is a processor-based Measurement and Control SYsteM used to
automate the measurement, evaluation, and control of real-world events--analog
and digital--while interfacing with human operators and other computers. In one
compact package, it incorporates a processor, interface modules, an operator’s
panel, serial data ports and easy-to-use software. It can handle expandably from
8 to 4000 analog or digital input/output signals.

RTI1-1200 Analog/Microcomputer Interface Subsystem

The RT1-1200 Real-Time Interface is a complete ready-to-use analog input/
output subsystem designed for physical, electrical, and software compatibility
with the SBC-80/10 Single-Board Computer--and easy interfacing with any
other 8080-based microcomputer having accessible address, data, and control
buses. Interfacing as a block of memory locations, it has extraordinary versatility.

DAS1128 Data-Acquisition Subsystem

The DAS-1128 is a general-purpose 12-bit basic data-acquisition building block
that can accept 8 differential or 16 single-ended analog inputs, multiplex them,
sample-hold, and convert, with a maximum throughput rate of 35kHz. It can
be readily interfaced with microcomputer systems.

SERDEX SERial Data-EXchange Modules

SERDEX modules (and cards) permit easy communication between the parallel-
digital-data world of ADC's, DAC's, DPM's and other digital instruments, and
the 2-wire ASCII world of teletypewriters and computers. Transmitters translate
parallel data to asynchronous serial, Receivers translate ASCI| to parallel, and
Multiplexers permit operation of a number of modules in a system.

AD2008 Versatile Systems-Oriented Digital Panel Meter

The AD2008 is a 4%-digit line-powered DPM, with a floating opto-isolated front
end, designed for making accurate measurements in adverse electrical environ-
ments. Besides an easy-to-read display (for the human interface), it has both
parallel-BCD and pulse-train options available, and a variety of control facilities,
for flexibility in interfacing with local or remote equipment.

AD7550 Single-Chip Microprocessor-Compatible Ratiometric ADC

The AD7550 is a 13-bit analog/digital converter on a single monolithic chip. Its
three-state digital data outputs and select lines permit direct interfacing with an
8-bit microprocessor data bus in byte-serial format. It can be easily configured
for memory-managed 1/0. lts “‘quad-slope’” conversion technique provides
stabilities to within 1ppm/°C.
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We will review briefly the functional repertoire of these products in relation to the conver-
sion interface, starting with the simplest (the AD7550) and working our way up the chain.

THE AD7550 13-BIT CONVERTER ON A CHIP

The AD7550 is a 12-bit-plus-sign 2’s-complement ratiometric a/d converter, built on a single
monolithic CMOS chip and housed in a 40-pin DIP package. As the block diagram in Figure 2
shows, it is an integrating converter, employing the quad-slope principle (see Chapter 11-2),
and it requires a reference, three resistors, and a capacitor for normal fixed-reference opera-
tion. The data output is available via two sets of three-state latches*, one for the 5 more-
significant bits and the other for the 8 less-significant bits. The conversion-status (BUSY)
and overrange outputs are also three-state; this permits them to be connected to a micro-
processor’s common data bus and treated as data (as we shall shortly show in Figure 12).
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Figure 2. Block diagram of the AD7550 A/D converter.

Thus, the AD7550 can provide either full-parallel 13-bit data output (with both bytes en-
abled) or byte-serial data output (with both bytes wired to a common bus and enabled at
different times). In addition, a pulse-stream output can be used with a remote counter for a
kind of serial data transmission.

THE AD2008 SYSTEM-ORIENTED PANEL METER

The AD2008 (Figure 3) is a 4%-digit-plus-sign panel meter designed for flexible system inter-
facing, as well as for accurate display of input voltage or its ratio to external references.
Optional BCD or pulse-train outputs permit either parallel or serial interfacing. Line-power-
ed operation and opto-isolation permit floating measurements to be made in the presence of
common-mode voltages as great as 300V rms. In addition to magnitude and sign informa-
tion, digital outputs also include DATA READY and (for the parallel option) OVERLOAD;
control inputs include a 4-mode external TRIGGER-HOLD (2.5 conversions/second, maxi-
mum-rate conversion, finish-this-conversion-and-hold, start conversion), and remote display
controls (test segments, blank display, blank polarity).

*Three-state latches provide normal “1” or “0” data when enabled; the output floats (open switch) when not cnabled.
This permits a number of channels to share a common bus (enabled-one-at-a-time).
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SERDEX SERIAL DATA-EXCHANGE CARDS

SERDEX (SERial Data EXchange) components are flexible building blocks of systems in
which converters and other controlled devices can communicate with remote (up to 3km
distant) destinations under remote control, over a single twisted wire-pair, using asyn-
chronous serial ASCII-coded digital information. The three principal components are the
STX transmitter, the SRX receiver, and the SMX multiplexer, shown in basic functional
block form in Figure 4. A brief example shows how SERDEX works: The asynchronous
port, a Teletype machine, transmits the ASCII code for the character “?”. Upon receiving it,
the STX initiates a conversion. When the conversion has been completed, the STX translates
the parallel BCD output of the converter into ASCII format and sends back the numerical
magnitude of the converter input for printout, digit by digit. Since the STX ignores alpha-
betic characters, a printout might look like this:

HOW MANY TONS OF GRAVEL ARE ON THE SCALE? 112

‘(‘7”

The STX also responds to six characters, in addition to , as shown; they can be used to
initiate switch closures. For example, the next command might be

DUMP THE LOAD!

The “!”* would initiate a switch closure to carry out the instruction. The SRX receiver
communicates with d/a converter, to provide an analog output, in response to a transmitted
ASCII number, followed by the symbol “$’’; the SRX will also accept six other control
characters, like the STX. For systems involving more than one transmitter and/or receiver,
the SMX digital multiplexer sorts out the messages, in response to the character “#” and a
a numeral. For example,

HOW MANY CC OF SOLUTION ARE IN BEAKER #2? 053

causes the multiplexer to select STX number 2; at the same time, the a/d converter associat-
ed with the level measurement performs a conversion and sends back its reading, 053.

It its not hard to see that pilot measurement-and-control systems of respectable magnitude
can be quickly assembled with little software development, using standard Teletype
machines or computers of any scope having asynchronous serial data ports. More informa-
tion on SERDEX and its applications can be found in Section 3 of this chapter.
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Figure 4. The elements of SERDEX.

DAS1128 DATA—-ACQUISITION SUBSYSTEM

Thus far, we have considered two forms of system-oriented converters and a family of system
components that are converter-oriented. We now come to a classical data-acquisition sub-
system, the DAS1128. It can be seen that its form (Figure 5), resembles the central struc-
ture in Figure 1. The DAS1128 comprises an analog-input-signal multiplexer, a sample-hold
amplifier, a 12-bit a/d converter, and all of the programming, timing, and control circuitry
needed to perform the data-acquisition function and provide a parallel digital output in
binary, offset-binary, 1’s-complement, or 2’s-complement coding.

The user, by choice of external jumpers, can determine whether the device is to accept 8
channels of differential signals, 16 channels of single-ended signals, or 16-channels of
“pseudo-differential” input, with a common reference. The multiplexer can be jumpered to
scan continuously any number of consecutive channels, from 2 to 16, to scan sequentially
on step command, or to select channels as randomly addressed.

The user can also connect the device to establish a variety of full-scale ranges, with either
round-number full-scale voltage (e.g., 0 to+10V), or round-number per-bit voltage (LSB =
2.5mV, full scale = 10.24V). Where throughput rate is of prime importance, the device may
be connected in an OVERLAP mode, in which the next channel may be selected while a
conversion is in process; in addition, the clock frequency may be adjusted for the best
conversion-time/accuracy tradeoff, and, finally, the conversion may be short-cycled to the
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minimum-acceptable number of bits. The range of throughput rates is from 35,000 12-bit
conversions per second for different channels to 200,000 successive 4-bit conversions per
second on a single channel.
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Figure 5. Block diagram of the DAS1128 data-acquisition subsystem.

The DAS1128 can be made to interface with a microcomputer via peripheral interface chips,
as you will see in Section 2. However, the burden of interfacing is on the designer of the
system. For a subsystem that relieves the system designer of hardware problems relating to
the analog-digital-processor interface (and even many of the software considerations), one
can turn to the RTI-1200, which is physically, electrically, and software-compatible with a
popular single-board microcomputer, the Intel SBC-80/10.

RTI-1200 REAL-TIME INTERFACE

Figure 6 shows the salient electrical features of the RTI-1200 “Real-Time Interface’. First
of all, the upper central portion of the diagram shows the conventional multiplexer-sample-
hold-a/d converter configuration, that is characteristic of data-acquisition systems, and a
pair of optional d/a converters, for analog data distribution. At the left are the direct con-
nections to the microcomputer buses: data, control, and address. Other elements of the
RTI-1200’s optional (*) and inherent hardware features are overvoltage protection at the
analog inputs, a programmable-gain amplifier for up to 3 bits of additional dynamic range,
4-20mA current inputs and outputs*, logic drivers for controlling external devices, a dc/dc
power converter for deriving all operating voltages from the +5V computer power bus*, a
pacer-clock system for relating the computer to real time and for producing repetitive events
within the RTI-1200, and a socket for user-installed 1k programmable read-only memory
(PROM), which may be used either in relation to tasks involving the RTI-1200 (such as data-
linearizing) or simply to add memory capacity within the microcomputer system.

It should be readily apparent that, in hardware alone, the RTI-1200 marshals on one board a
fairly complete data-acquisition function. Its software features make that function even

more accessible. First, it is designed to appear to the computer as a block of memory loca-
tions. This means, for example, that with the appropriate address and a MEMORY WRITE
command, an a/d conversion can be initiated or data strobed into one of the d/a converters.
Some of the operations that become easy software exercises include:t self-checking, calibra-
tion, use of multiple RTI-1200’s (with card select), improving throughput rates, acquiring

tTechniques for these operations, and more, can be found in the RTI-1200 User’s Guide, $5, Analog Devices, Inc.,
P.O. Box 796, Norwood MA 02062.
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data on sequentially numbered channels, automatic gain ranging, end-of-conversion inter-
rupts, pacer-triggered interrupts, etc.
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Beyond the RTI-1200, and the limitations of its host computer, the SBC-80/10, one would
have to consider a general-purpose integrated Measurement And Control SYsteM, processor-
based, that could automate the measurement, evaluation, and control of analog and digital
real-world events, while interfacing with human operators, other computers, and peripherals.
Such a system is Macsym One. As the block diagram in Figure 7 shows, it incorporates a
processor, interface modules, an operator’s panel, serial data ports. It also includes easy-to-
use software involving a sophisticated operating system.
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Figure 7. Block diagram of Macsym One system hardware.
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MACSYM ONE—-A COMPLEAT SYSTEM

Macsym One is a fully integrated hardware/software system, easily programmable in a high-
level measurement and control language, designed to simplify the application of computing
power to “real-world, real-time” measurement and control problems, particularly when
computer knowhow, time, money, or staff is in short supply. It can be used as a program-
mable instrument, programmable controller, programmable data-logger, programmable
calculator, and remote network processor.

Its hardware consists of a chassis containing a single-board processor with memory, a system-
support board, an operator’s control panel, and a backplane capable of accepting 16 addi-
tional option boards. Systems are configured by plugging standard off-the-shelf boards

(as required for a particular application) into the backplane, which serves as a communica-
tions and power bus. Expansion chassis are also available. Input/output (I/O) boards provide
functional interfaces to analog and digital real-world process signals. A unique “master-slave”
expansion concept permits each family of I/O boards to be expanded 16-fold. The system
supports a number of standard peripherals, including floppy disk and cassette tape for
program and data storage, Tektronix 4006 storage-tube graphic display, and RS232 ports
for remote communication and user interfacing via RS232-compatible peripherals.

The supporting software greatly simplifies the task of creating and running programs that
match the system to the application. The support packages include a high-level language

for program development using simple English/algebraic expressions (MacBASIC), an execu-
tive program (XMAC) that facilitates the development and manages the running of user pro-
grams or subroutines written in high-level or assembly language, and an assembly-language
system—for creating assembly-language object code—that may be linked to and called from
the high-level language.

This completes the summary of a gamut of proprietary systems, subsystems, and compo-
nents for interfacing and data communication. It has been intentionally wide-ranging, and if
the reader has found it incomplete and somewhat breathtaking, these are perceptions that
were by no means lost to the writer. Let us now consider in somewhat greater detail a com-
mon application of a number of the devices described, the interfacing of parallel data.

2. INTERFACING CONVERTERS WITH MICROPROCESSORS, USING PARALLEL
CONNECTIONS

Microprocessors, because of their low cost and ready availability, have established what will
be the prime area for converter interfacing in the future. It therefore makes sense to indicate
how the general principles discussed in earlier chapters can be applied in fairly specific ways
to microprocessors.

There is plethora of detailed microprocessor architectures and software systems, differ-
entiated by manufacturer, by “generation,”” and by degree of integration. It would be futile
and well beyond the scope of this chapter to explore even a few of them in detail. Instead,
we shall seek to show the elements that most microprocessors have in common and to in-
dicate how some of the conversion and data-acquisition devices mentioned earlier can be
interfaced to uP’s. Many of the underlying ideas can be found, with considerably more
flesh on them, in volumes of “The Bugbook” series*, which contain a wealth of basic
information and sets of microcomputer-interfacing experiments, using 8080-based systems.
EDN’s Microcomputer Systems Reference Issue is also a useful source.f

A microcomputer is a full, operational computer system based on a microprocessor chip.
A microprocessor chip (packaged integrated circuit) is something less than a microcomputer,
and the difference between the two is simply a measure of a continually shrinking technolo-
gical gap. Figure 8 shows a functional diagram of the connections to an 8080 microprocessor.
They include a 16-bit unidirectional latched address bus, which is used to address one eight-
bit byte out of a possible 65,536 bytes of (external) memory; an 8-bit bidirectional data bus

* A vintage example is THE BUGBOOK III, by David G. Larsen, Peter R. Rony, and Jonathan A. Titus, 1975, published
by E & L Instruments, Inc., 61 First Street, Derby, Connecticut 06418.
tAt hand at the time of writing was the 1976 issue (Nov. 20, No. 21), EDN Magazine, Cahners Publishing Co., Inc., Boston.
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for transferring data to or from the processor; a set of power-supply terminals; a pair of
clock terminals; and a set of incoming and outgoing control lines. The processor itself con-
tains an accumulator, a set of registers, and the operational capability of carrying out up to
256 different instructions, coded in 8-bit words. The instruction groups include data-trans-
fer; arithmetic operations; logic operations; branching operations; and stack, I/O, and
machine-control operations.

+5V -5V

+12v GND

28 12012 j11

13
=———jHOoLD

14 fint A-0
10 MEMORY AND 1/0
~2geser ADDRESS BUS.
A-15
—234ReaDY
wi e
e -
HLoa $2
i .
TWO-PHASE ~— 192 WA

CLOCK. 22 ' DBIN

B

SYNC
D-0 TO D-7

8-BIT BIDIRECTIONAL
DATA BUS.

(FROM THE BUGBOOK 11}

Figure 8. Functional diagram of connections to the 8080 microprocessor.

“Double-precision” operations are inherent: a number of instructions string two 8-bit data
bytes together as a 16-bit word. It will be seen that this is a useful feature in dealing with
converters.

MICROPROCESSOR INTERFACING, 1I/O VS. MEMORY

To interface a converter or a data-acquisition system to a microprocessor, a number of re-
quirements must be fulfilled:

It must be possible to address the converter subsystem, and, if a MUX with
random addressing is used, it must be possible to address specific analog channels.

The output of the converter must be transformed to a compatible format and
to circuitry compatible with three-state bussing.

Suitable software and control signals must be provided to initiate conversion,
determine when conversion is complete, and transfer the data appropriately.

There are two common ways of interfacing peripheral devices with microcomputers (Figure
9). One utilizes an area of memory space, usually restricted in extent, set aside for I/O
devices; for example, 256 inputs and 256 outputs may be used with the 8080. These
inputs/outputs interface with the accumulator via peripheral interface chips, which handle
the addressing, the conversion of (say) 12-bit parallel to two three-state <X 8-bit bytes, and
the controls for 1/O read/write.

The other approach, memory-managed interfacing, treats the external I/O devices (and their
peripheral chips, if necessary) as memory, using the controls for memory read/write. This
approach makes available a much larger number of possible addresses and greater freedom
over their disposition, as well as the large number of instructions involving memory, includ-
ing—in the case of the 8080—the double-precision 16-bit memory load-and-store instruction,
which becomes directly available for input/output control.
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Figure 9. Accumulator (or isolated) 1/0 vs. memory mapped 1/0.

There are some other advantages to memory-managed I/O. Figure 10 shows an interpreta-
tion of a microprocessor’s principal role (that it has in common with all stored-program
digital computers), that of memory controller. Its primary function is to fetch instructions
from memory. Time-wasting dislocations caused by the intrusion of the outside world into
this satisfying internal game are minimized if the outside world can be made to look like
memory. For example, the processor may think it is writing into memory when it is really
updating the output voltage of a DAC. Since different microprocessors communicate with
memory in essentially the same way, it becomes simpler (for both user and vendor) for a
company like Analog Devices to furnish memory-managed I/O devices (especially basic IC
chips, such as the AD7550 a/d converter) that will communicate, in concept, with a large
majority of available microprocessors, whatever the details of their hardware or software.

#PROCESSOR

ADDRESS LINES
16 BIT

DATA LINES
UNIDIRECTIONAL 8 BIT BIDIRECTIONAL

MEMORY READ l.:l
MEMORY WRITE

ADDRESS
DECODER

4

-

MEMORY

Figure 10. A microprocessor is a memory-controller.

Finally, the use of memory ports for I/O permits the use of “horizontal’”’ memory-managed
I/O (““card select” in the RTI-1200). This technique allows the design of highly structured
operating-system architectures, which can sidestep the difficulties posed by lack of relative-
and index-addressing modes in the 8080. ’

Concrete examples of some of these concepts can be given in terms of the products men-
tioned earlier in this chapter.

INTERFACING DAS1128 AND AN 8080

Figure 11 shows how a DAS1128 data-acquisition subsystem might be interfaced with an
8080, using an 8255 peripheral interface chip. A typical sequence of events, slightly simpli-
fied, is this:
1. A “setup” byte, addressed to this channel (address decoded), is latched (written) into
the 8255. It configures the 8255 as a set of two input ports (8 and 4 bits), which will
receive the data from the converter, and one 4-bit output port, which will address

Chapter 14 41



the appropriate MUX channel. (The DAS1128 will have been configured for random
addressing.)

A MUX-address bvte_ addressed to

T3S Uy iv, Gulaa (%3 Au.lx\u\ aGare

data bus and is latched (written) 1nto th MUX—address input of the DAS1128,
causing the multiplexer to switch to the appropriate channel.

N
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3. A conversion command, addressed to this channel (address decoded), is written into
the DAS1128’s STROBE input and initiates a conversion cycle, starting with
sample-hold.

4. At some later time, when the conversion can be expected to have been completed,
successive READ pulses, addressed to this channel (addresses decoded), cause data
in the 8-bit and 4-bit input bytes of the 8255 to be transferred to the microprocessor.
It is also possible (but not shown for the sake of simplicity) for the DAS1128’s
STATUS (BUSY) line to have triggered an interrupt cycle when the converter’s out-
put became valid, in order to get fast handling without tying up the processor during
the conversion. Interfacing could be either I/O or memory-managed, trading off 8-bit
(I/O) vs. 16-bit (memory) addressing for the sake of simpler software (2-byte instruc-
tions) and faster machine handling.

8212's ADDRESS BUS >
L 4
ADDRESS
BUFFER
” DAS1128
ADDRESS
DECODER STROBE
ROM RAM 0B
<%
8080
cpPU .1|1
- A1 Ao TS| pereca 4,
WR £ MUX ADR
PB7-
RD ——— 8255 B7.PBe 8 8LSB'S
RESET —— PC3PCy 24 4MSB'S
SYSTEM
CONTROLLER D7 -Do
AND J\/
BUSDRIVER o
A \/ ” '\

Q 8228 <‘ DATA BUS >

Figure 11. Interfacing a DAS1128 to an 8080 microprocessor.

It is easy to see that essentially the same technique could be used to interface a simple 12-
parallel-bit converter, such as the AD572, without the MUX, and with or without a sample/
hold. If a separate sample-hold (such as the AD582) were used, an appropriate time delay
must be used between the initiating HOLD command and the start of conversion.

INTERFACING AD7550’s WITH MICROCOMPUTERS

If the converter has three-state outputs with two separate <8-bit bytes that can be individu-
ally enabled, the peripheral-interface chip can be eliminated. The AD7550 is a good example
of such a converter. Figure 12 shows how the AD7550 may be connected to an 8-bit data
bus. The outputs of the AD7550 are arranged in three groups, each having 3-state outputs
and independent select (enable) lines. The three groups are:

1. Low 8 bits of the data word.
2. High 5 bits of the data word.
3. The “‘status” bit (busy signal) and the overrange bit.
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Figure 12. Interfacing the AD7550 to an 8 bit data bus.
Coding of AD7550 is 13-bit 2's complement.

When wired as shown, each of the three groups can be selected and enabled (500ns max
access time) for transmission on the data bus. A fourth signal, START, is required to ini-
tiate conversion.

A NOTE ON BIT-LABELLING

Note that the labelling of the bits differs from the normal bit-labelling used in conversion
technology. Elsewhere in this text, the most-significant bit is labelled “Bit 17, and the least-
significant bit is “Bit n”, corresponding to the fractional binary weights, 273; that is, bit 1
has the weight 2-1= %, and the LSB has weight 278 = 1/2B, This corresponds naturally
to the way converters work (full-scale digital output generally corresponds to a unity ratio
of analog signal-to-reference). Perhaps unfortunately, microprocessor manufacturers have
chosen to use integer-binary bit notation, in which the most-significant bit is labelled “Bit
n-1” and the least-significant bit is “Bit 0”, corresponding to the integer weights, 2J; that
is,0 bit (n- 1), the MSB, has the relative weight 2 n-1 , and bit 0, the LSB, has the weight

2V =1

The difference in format, for two-byte words, corresponds to the difference between “left-
justified’” words (integer point at left), e.g., (12 bits) [1 011011 1}{1101 XX X XJand
“right-justified”” words (integer point at right), e.g. [X XXX 101 1j01111101](For
better or worse,) the “first-generation” of uP-compatible devices discussed here are format-
ted for ease-of-use with popular microprocessors, rather than for either historical continu-
ity or highest analog accuracy in the single-byte 8-bit mode. Hence, in the AD7550, (and the
AD7570 successive-approximations ADC, and the AD7522 multiplying DAC), the low byte
has the 8 less-significant bits, the high byte has the (five) more-significant bits, and the bits
are labeled from DB, _; (the MSB) to DBj (LSB).

Figure 13 shows how two AD7550’s, each connected as in Figure 12, could interface to the
idealized microprocessor of Figure 10. Since the AD7550 was designed as a compromise for

both parallel and byte-serial operation, the external address decoding logic is necessary, as

shown. The resulting interface is nevertheless quite simple. The 1:8 decoder identifies 8

different instructions, all implemented as MEMORY READ, including the START CON-

VERSION, which is implemented with a dummy READ command. Following the START

command, the microprocessor can examine the status of conversion at will by reading data

from the status (BUSY) addresses. When this datum indicates that the conversion process

has been completed, a single 16-bit MEMORY READ instruction will provide the 13-bit
digital value.

If it is desired that the end-of-conversion (EOC) produce an INTERRUPT request, the status
line could be wired to an interrupt request line and enabled at the start of conversion. This

scheme can be extended to embrace any number of ADC’s, or indeed any number of com-

binations of ADC’s and DAC’s for an analog in/out subsystem.

Chapter 14

43



MICROPROCESSOR
| A0

MEM READ

. l 7Y
A0 A2
1:8 DECODE
0 7
\ i
EEZ & &
;, G 38
o -
AIN2
O—o AD7550
% R st ADDRESS FUNCTION
- 1777705, FFF8y | START CONVERSION ADC 1
- 1777715, FFF9y | READ STATUS ADC1
ANALOG 1777725, FFFA,|READ LOW BYTE ADC 1
INPUTS | _’ 1777735, FFFBy | READ HIGH BYTE ADC 1
EEzz2 177774g, FFFCy [START CONVERSION ADC 2
E I ] 177775g, FFFDy|READ STATUS ADC 2
o— 1777765, FFFE, |READ LOW BYTE ADC 2
177777,
AIN1 AD7550 e- FFFFy | READ HIGH BYTE ADC 2
(CONFIGURATION
OF FIG.12)

N

Figure 13. Interfacing multiple AD7550°s to a microprocessor.

SOPHISTICATED MEMORY-MANAGED INTERFACING VIA THE RTI-1200

One of the RTI-1200’s most important features is the way it interfaces to a microcomputer.
It appears as a block of memory locations, using the memory-managed I/O technique; all of
the 8080’s memory-reference instructions can be used in communicating with the RTI-1200.

HEX ADDRESSES

FCOO TO FFFF — | BLOC|
BLOCK 63
BLOCK 62
BLOCK 61

€CO0 TO EFFF —3 |

BLOCK 58
BLOCK 57

DCOO TO DFFF —#= | BLOCK 5¢

4C00 TO 4FFF —= | BLOCI

BLOCK 18

3C00 7O 3FFF ~—= |2 BLOCK
BLOCK 15
BLOCK 14

2C00 TO 2FFF —p» |

1C00 to 1FFF  —3 ||

BLOCK 7
BLOCK 6

0COO to OFFF =3 [

BLOCK 3
BLOCK 2
BLOCK 1

: THE RT!-1200 CAN BE POSITIONED
BLOCK 59 IN ANY OF 16 BLOCKS. HOWEVER,
TWO OF THOSE BLOCKS, AS NOTED
BELOW, CANNOT BE USED.

LocK. EACH BLOCK CONTAINS
BLOCK 19 1024 BYTES

== THESE TWO BLOCKS CANNOT BE
BLOCK 11 USED BECAUSE THEY ARE ALREADY
BLOCK 10 USED BY THE SBC-80/10.

Figure 14.. Positioning the RTI-1200 in the SBC-80/10’s

memory address space.
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For example, one of the memory locations used by the RTI-1200 contains the address of
the analog-input channel selected by the multiplexer. Stepping from one channel to the next
can be accomplished with a single instruction that increments or decrements the contents of
a memory location.

A diagram of the RTI-1200’slocation in memory space is shown in Figure 14. The RTI-1200
occupies a 1k (1024-byte) block, located at any of 14 positions selected by the user. The
functions relating to the operation of the RTI-1200 reside in the top 16 locations. the re-
maining 1008 locations are reserved for use by a 1k programmable read-only memory
(PROM) that a user may furnish (and plug in on-board). Such a PROM can be used simply
to expand the computer’s memory space independently of the RTI-1200’s functions. More
frequently, it can be used to store subroutines relating to the RIT-1200 (transducer linear-
izing, for example). This can be especially advantageous if more than one RTI-1200 is used
with a single microcomputer.

Figure 15 shows a more-detailed functional view of the memory space utilized by the
RTI-1200, and Figure 16, on the next page, is a bit-by-bit memory map. There are a few
features of especial interest:

XFFQ, the SETUP byte, is instructed as to whether or not the end of conversion will
trigger an interrupt. It is also instructed as to which pacer clock will be used, and whether
it will be used to trigger conversions or interrupts.

Bytes XFF5 and XFF4, and XFF7 and XFF6 write data into the two {optional) on-board
d/a converters, in a “right-justified”” 12-bit 2-byte format.

XFF8 provides a/d converter output, with 12-bit accuracy, but truncated to eight bits of
resolution.

XFFE and XFFD provide the full 12-bit a/d converter output, in the right-justified 2-byte
format.

Two bytes, XFF9 (Gain Select) and XFFA (MUX Address) can be either read or written
into. This allows their condition to be determined when gain-ranging or automatically
cycled MUX addressing is used.

-e— ADDRESS CFFF

w
CARD SELECT CEFE R
ADC DATA—HI BYTE 5332 R
ADC DATA-LO BYTE | CFF2 R
STATUS CFFC w
CONVERT COMMAND __ | CEFS R
MUX ADDRESS cFFR iR
% GAIN SELECT CFFe [
ADC DATA (8 BITS) 33 W
DAC 1 DATA—HI BYTE | CF%. W
DAC 1 DATA—LO BYTE | CFF2 W
DAC 2 DATA—RI BYTE | CFF2 w
BLOCK 46 DAC 2 DATA-LO BYTE | CFEL W
BLOCK 45 DRIVERS CFF3
iBLOCK 44 (UNUSED) CFFZ
BLOCK 43 (UNUSED) OFF;/ -
BLOCK 42 T B3
| — SETUP ﬁ —_
; / THE BOTTOM 1008
BLOCK 480 (CC00 TO CFFFyy) BLOCK ARE RESERVED
1S ONE OF FOURTEEN BLOCKS FOR A PROM THAT CAN
RYi 00 Ean o POSTIONED. w R
' THE RT1-1200
ccol N ADDRESS CCOO

Figure 15. An expanded view of a memory block occupied
by the RTI-1200.
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number of RTI-1200’s to occupy the same block of memory interchangeably when address-
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Figure 16. RTI-1200 memory map.

XFFF is a “card-select’” (horizontal memory-mapped) byte. This feature permits a

ed (Figure 17).
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Figure 17. Vertical and horizontal memory-managed 1/0 as applied to the RTI-1200.
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As an illustration of the simplifications afforded by memory-managed interfacing, combined
with the advantages of on-board firmware, in the conception and writing of system software,
here is the entire (8080 assembly language) program for acquiring a single reading from a
single channel:

MVI A,PTH

STA MUXADR 3 SELECT CHANNEL g7H

STA CNVCMD 5 ISSUE CONVERT COMMAND
LOOP: LDA STATUS

RLC

JNC LOOP s CHECK EOC BIT

LHLD ADCLO ;s READ DATA

HLT

This program selects the desired analog channel (07), issues a CONVERT COMMAND, de-
termines when the data is ready, and reads the data. At its conclusion, 12-bit data from the
converter will be present in a two-byte register-pair. This program requires only that the
desired gain has previously been selected (i.e., the desired data stored in the GAINSEL byte)
and that the proper setup data had been written into the SETUP byte. In this case, the
correct setup byte would be O0H (00, hexadecimal), which means that the pacers are turned
off, and end-of-conversion will not trigger an interrupt.

3. SERIAL INTERFACING

We’ve shown some of the ways analog information can be handled in its translation to dig-
ital and in the interfacing of the digital information with a processor bus. This approach
makes the most sense if the source of the analog information is electrically and physically
near the processor. If, on the other hand, the data must be carried through an electrically
noisy environment, and/or over distances greater than a few meters (a task which would
become quite expensive for parallel data transmission, because of the high cost of wire and
wiring, and the need for more driver power to deal with increased capacitance), immediate
conversion to some form of digital or pulse transmission in two-wire serial form is strongly
desirable.

V/F CONVERTERS

Perhaps the most-obvious approach is the use of a voltage-to-frequency converter, a device
that produces a (usually asynchronous) output train of pulses or square-waves at a frequency
proportional to the input voltage or current. V/f converters offer high resolution at low
cost, in common with other integrating methods. A V/f converter can continously track the
input signal without the need for clock pulses, convert-command signals, or any form of
external logic. The direct count of its output pulses, over a time period (Figure 18), can
produce a binary or BCD digital number, which represents the average value of the input
during the counting period.

V/F NTER
CONVERTER (g?slljiCOND

100kHz TIME BASE)

W

DIGITAL
QUTPUT

AAA

<

Figure 18. V/F converter used as a nearly 18-bit binary (5%BCD)
A/D converter. Resolution is 1 pulse in 200,000, or 0.05% of smallest
input signal (or 5ppm of full scale). ‘
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The VFC pulses require but a single wire-pair for transmission, unlike parallel converters,
which—for n bits—require at least n+1 wires, or synchronous serial converters, which require
a form of clock signal. The V/f converter may share a local power source with a transducer
and may be optically coupled for high common-mode isolation (Figure 19).

ISOLATED
POWER

-15V COM +15V!

9(*'*4-”
b3
===

299 (Y= piry

O1
VIF Jun f -

Fo -= |

g 02 60 PHOTO-COUPLER ’
0O *

500Vge TO 1500V ge

Figure 19. Optically-isolated A-D conversion.

Or a low-power-drain integrated-circuit V/f converter, such as the AD537, can use the two-
wire link both to obtain its excitation voltage and to furnish an output-current pulse train,
as Figure 20 shows. This avoids the need for local excitation. The current signal is converted
to a DTL/TTL or CMOS-compatible signal by the single-transistor termination circuit shown.
The excellent supply rejection, high output-drive capability, and square-wave output from
the AD537, are all advantageous in this application.

The pulse trains from a number of AD537 VFC’s may be multiplexed onto the same counter
in random order by connecting their collectors together (sharing a single pullup resistor),
and their emitters to the open collectors of a 1:N address decoder. Opening all gates but the
one selected will cause its output pulse train to appear at the common collector terminal.

A scheme for building a synchronous V/f converter can be found in pages 83-85 of the
NONLINEAR CIRCUITS HANDBOOK.* Synchronous VFC’s produce pulses only when
clocked, with a maximum rate related to the clock frequency. By a suitable interleaving of
clock phases in relation to a master clock, synchronous VFC’s can be multiplexed onto a
single line.

R

—ﬁﬂﬂﬁﬁﬁiwﬁa

Vs OFFSET I CAP +Vs
AD537 CURRENT-TO- ouTPUT
FREQUENCY QuTRLT
CONVERTER
N C
PRECISION
VOLTAGE -
REFERENCE
ve| VTI +vin| vin| - sync| eno| @

Lt !lufluw |

5V [0 [ | 0-1v
RcaL +15V| 1k [3.3k | 0-10V

THE AD537 CAN BE USED FOR TRUE TWO-WIRE OPERATION, AS SHOWN HERE. THE
FREQUENCY INFORMATION IS TRANSMITTED AS A CURRENT SIGNAL ON THE SUPPLY LINE
TO THE DEVICE. THE SIGNAL IS CONVERTED TO A DTL/TTL OR CMOS-COMPATIBLE SIGNAL
BY THE SINGLE-TRANSISTOR-TERMINATION CIRCUIT SHOWN. THE EXCELLENT SUPPLY
REJECTION, HIGH OUTPUT-DRIVE CAPABILITY AND SQUARE-WAVE OUTPUT FROM THE AD537
ARE ALL ADVANTAGEOQUS IN THE APPLICATION,

Figure 20. VFC two-wire operation.

*NONLINEAR CIRCUITS HANDBOOK, Edited by D. H. Sheingold, Analog Devices, Inc., 1974 & 1976, P.O. Box 796
Norwood MA 02062, $5.95.
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Although VFC’s are low in cost and simple to apply in uncontrolled operation, they have
shortcomings that may be serious in data-acquisition systems using 2-wire transmission.
Principal among these is the absence of ‘‘handshaking,” that is, they are not readily controll-
ed, and their format is not very suitable for the interchange of information. Furthermore,
the time required for a complete conversion cannot easily be shared for transmitting other
information over the line in either direction.

Much more desirable would be a means of transmitting measurements and control signals at
will bidirectionally over the two-wire pair and interfacing with Teletypewriters or other
human-operated data terminals, as well as minicomputers, microcomputers, etc., as shown in
Figure 21. This can be accomplished by the use of a standard coding and serial asynchronous
word format (ASCIIT), series connection in 20mA current loops, and the ability of any de-
vices in the loop to communicate by stopping and starting the flow of current.

~
BCD OR BINARY ——
DATA ACQUISITION SERDEX  POOOC 200q  MINICOMPUTER
AND CONTROL 20mA

CURRENT
LOOP

L LTI

PROGRAMMABLE
2004 CALCULATOR

il

CONTROL FUNCTIONS

DATA

‘ MICROPROCESSOR

LABORATORY INSTRUMENTS

OR PROCESS CONTROL DEVICE
ANALOG DIGITAL CONVERTER TELETYPE OR OTHER
DIGITAL INTEGRATOR J00] ASYNCHRONOUS
MULTIMETER TERMINAL
PRESSURE SENSOR
TEMPERATURE SENSOR
ElngVMETER Adapted from Larsen, Rony, and Titus

Figure 21. Interfacing processes or measurements and Asynchronous Serial ports.

MORE ON SERDEX

One such approach, as we’ve shown earlier, is via a system composed of SERDEX transmit-
ters, receivers, and multiplexers (as needed), mounted on cards that include their associated
clock circuitry — connected locally to a/d and d/a converters and other local input/output
devices. and remotely (via the twisted pair) to an asynchronous serial port.

Figure 22 shows the basic anatomy of a system. A regulated 20mA current source provides

$TX1003, SRX1005, OR SMC1007

<+ RECEIVER

Von <5.5V! E

20mA fd

K

TRANSMITTER

== TELETYPEWRITER

TWISTED-PAIR
UP TO 10,000 FT. RECEIVER

20mA _— ‘ TRANSMITTER

2N2222
LOOP SUPPLY [ OR

VOLTAGE: + EQUIV.
+12V TO+20V  _&
UNREGULATED -=— 1N746A
AT ~30mA (3.3v)

1202

Figure 22, 20mA current loop data transmission.

tAmerican (National) Standards (Institute) Code for Information Interchange.
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current for the loop. The current flows through receivers, transmitters, teletype machines,
etc., so long as the switches are closed. When any of the devices on the line causes a switch
to open, the current stops flowing, and all receivers on the line detect the level change. If a
switch opens and closes a number of times, it will transmit a coded message to all enabled
receivers; and the code, when decoded, will provide whatever information it represents and
will cause whatever subsequent actions are appropriate.

A character in the ASCII format used by SERDEX (Figure 23) consists of a START bit,
followed by eight information bits (LSB first) in non-return-to-zero (NRZ) format, and 2
STOP bits. A START signal is given by turning the current off (0). When a START signal
is received, the incoming bit stream is sampled at the center of each bit interval, until the
character is completed. Since a maximum of 11 bits are involved in a character code, and
synchronization is established by the START bit, extremely precise bit-timing is unneces-
sary. The eighth bit may be used as a parity bit. The STOP bits turn the current on, and it
remains on until the next character arrives. Figure 23 shows some examples of ASCII codes
used by SERDEX. Since SERDEX transmitters ignore the codes for alphabetic characters,
they may be used on printouts to convey background information about the commands or
measurements, including units of measurement. All SERDEX cards are pre-programmed
(via changeable jumpers) for teletypewriter operation at 110 baud (1.76kHz clock rate).
Other data-transfer rates up to 19.2k baud are available by jumpering.

EXAMPLES OF ASCII CHARACTER CODES:

(LSB)

CHARACTER

Rje - lojoiNjo|olsjw]|Nn]= o

~

slel=l=g=|l=]=1=1=1=]=121=i=|=]|=]=]|=|=|BITS8
ololele|e|elejelololelelolole|e|e|o|elBIT?
“lafajal=s]==s|=]=]=l=]=]=]|=]=]=]|=|=]|-=I|BITE
6----aoooo-aoooocooom1'4
olel=1=I=]|=]=l=lclele]=|=]|=]-2|c]le|o|e|BiT3
=sl=l=jol=]|=lololo]ojo|=]|=lc]o|=]=]|oje]BIT 2

===, 12l=lel==1el=|lo|={c]|=lo]|=|c]BIT1

T 0o~

By EyEvE -—— []
@, 0,0)D »
AT T L

Figure 23. Typical ASCII coding and format.

When an STX serial transmitter receives a control character, an action or a series of actions
is initiated. For example, when “%” is received, a pulse is initiated at the appropriate
terminal. If a question mark is received (?), an a/d conversion is initiated. When the con-
verter indicates that conversion has ended, the change of state of the szatus line causes
the resulting digital data to be transmitted serially back to the control center. As the
block diagram in Figure 24 indicates, up to 8 BCD digits can be sent, or up to 24 binary
bits (if they are arranged in groups of three for transmission as octal digits). By the use

of external shift registers, the STX2603’s word output can be expanded to transmit a
string of characters of any desired length, including the outputs of additional a/d convert-
ers or such ASCII characters as plus- and minus-signs, decimal point, space, carriage return,
and alphabetic characters.
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DIRECT TTL
* INPUT

STX 2603
%
ISOLATED ASCII TO CONTROL 2 ( CONTROL
CURRENT LOOP PARALLEL CHARACTER B CHARACTERS
RECEIVER CONVERTER DECODER . \
?
CURRENT LOOP conveRT
e
’“’\ COMMAND
1
ISOLATED PARALLEL |2
CURRENT LOOP Toasci |3
TRANSMITTER CONVERTER |4 STATUS
LOAD

}_._. A/D
-
DIRECT TTL oe° SHIFT CONVERTER

OUTPUT
PARALLEL 1N/
SERIAL OUT
SHIFT
REGISTER
7 (4x8)

5 PARALLEL
HIGHER ORDER DATA INPUTS

DATA BITS

et

SERIAL INPUTS

SHIFT

Figure 24. Block diagram of the STX2603 serial transmitter.

The serial output of the STX’s parallel-loaded shift register (and any external extensions) is
fed to the parallel-to-ASCII converter, where it is transmitted one-character-at-a-time to the
teletypewriter of computer.

Figure 25 illustrates a possible application of the STX serial transmitter to control the liquid
level in a tank from a teletypewriter. To determine the level in the tank, the operator might
type

WHAT IS THE LEVEL IN THE TANK IN CENTIMETERS?

The STX2603 ignores all the alphabetic characters. When it receives the question mark (?),
it initiates an a/d conversion and subsequently transmits the data back to the teletypewriter.
The STX2603 can recognize and respond independently to 6 other control characters (%, *,
$,!,’, and =) that may be useful for controlling system components, €.g., activating a pump,
then turning it off later. Thus, a check-and-fill dialogue might proceed as follows:

WHAT IS THE LEVEL IN THE TANK IN CENTIMETERS?287

TURN THE FILL PUMP ON%
WHAT IS THE LEVEL IN THE TANK?496
7575
7681
27760
TURN THE FILL PUMP OFF!
———
10‘.’503% $TX1003 O
MINICOMPUTER SERIAL COh:I/E[:iTER TRALOS
TRANSMITTER INPUT
FROM STORAGE
| ? ! biuiD TANK
TRANSDUCER
TURN FILL PUMP ON % o

L

TURN FILL PUMP OFF

P
o

N

Figure 25. Application of the STX1003 Serial Transmitter.
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In this manual system, the operator decides when the tank is sufficiently full and types the
turn-off command. Clearly, no significant difficulty is encountered in replacing the teletype-
writer with a computer having an asynchronous serial port and a high-level language capabil-
ity, such as BASIC.

The SRX2605 Serial Receiver (Fig. 26) has a slightly different set of six control characters
(%, ?,!,', /, *) to which it responds by emitting a pulse at the proper pin. If it receives an
equal sign (=), the internal register and ready flip-flop are cleared, and the data characters
that follow enter the shift register. When a terminating dollar-sign is received ($), the ready
flip-flop is set, data is strobed into the d/a converter (and updates its analog output), and
acceptance of additional data is inhibited until the next = arrives. A typical instruction
might read

APPLY A NUMBER OF MILLIVOLTS = 3206%

The alphabetic text is ignored. The equal sign (=) designates that data will follow; 3206 is
the BCD number that programs the BCD-coded 4-digit d/a converter. and the $, indicating
end-of-data, strobes the data into the d/a input register.

DIRECT TTL INPUT 8567
HIGHER ORDER
DATA BITS
SRX 2605
2
Ve ISOLATED ASCII TO CONTROL L, b ConTROL
)»\w»«\\ CURRENT LOOP PARALLEL CHARACTER 7 | | CHARACTERS
[ RECEIVER CONVERTER DECODER *
Loop :
SHIFT | ’—i

. REGISTER
STROBE
READY
SHIFT o] FLIP-FLOPL
192§ 37 4 Jcear

D/A
CONVERTER

SERIAL IN/
PARALLEL OUT
SHIFT REGISTER
4x8)

==

Figure 26. Block diagram of the SRX2605 serial receiver.

The SMX2607 multiplexer (Figure 27) is a bidirectional 8-channel multiplexer for imple-
menting more-elaborate system. For up to 16 channels, an additional multiplexer is used.
The first 8 channels (0 to 7) are addressed from the teletypewriter or computer by trans-
mitting the number symbol, #, followed by a digit from O (channel 0) through 7; for the
second set of 8 channels, # is followed by a letter from P through W, i.e., 8 through 15.

ADDRESS
REGISTER

)

SMX 2607

# SYMBOL
- DECODE

= CHANNEL 1
DIRECT TTL INPUT - r
ISOLATED ASCH TO - PARALLEL
[CURRENT LOOP PARALLEL TO ASCH  {o gl

RECEIVER CONVERTER CONVERTER | oyt CHANNEL 2

TO M
CHANNEL DIGITAL
,,; §m< MULTIPLEXEH

ISOLATED S,
cumemE L 00P WAVE SHAPING .
TRANSMITTER AND FILTER [ cerurn —
FROM g
CHANNEL

DIRECT TTL OUTPUT

Figure 27. Block diagram of a SMX2607 multiplexer.
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Multiple ranking of multiplexers permits communication with an unlimited number of
channels. For example, in a dual-rank configuration (8 x 8 = 64 channels), channel 3 of the
first rank and channel 6 at the second rank would be addressed if the multiplexers received
the characters #36.

Serial data received from the teletypewriter or computer is converted to parallel form, de-
coded to extract the number symbol and channel address, then converted back to serial
data for transmission to the selected channel. Data returning from the remote channel is
merely relayed back to the central control station.

Figures 28 through 32 show some additional system applications of SERDEX. Further appli-
cations in laboratory instrumentation can be found in AMERICAN LABORATORY, May,
1975. The use of SERDEX with a FIFO (first-in-first-out) serial buffer memory for collect-
ing data in bursts and playing it back at a more-leisurely rate can be found in ANALOG
DIALOGUE 8-2. The seminal article describing SERDEX appeared in ANALOG DIALOGUE
7-2. Finally, Figure 33, shows how data converted (and readable) at a remote location by an
AD2008/B digital panel meter can be interfaced to a teletypewriter.

o E—

D-TO-A
CONVERTER

- —| ANALOG
- oupPUT
.':/:r/./:/:r./:. ) I——b————l

A-TO-D
CONVERTER

I

SRX2605

S$TX2603 ~

Figure 28. Verification of programmed analog output. An
SRX2605 and an STX2603, operating on the same current
loop, form a highly-reliable system. When a ? is typed, the
D/A converter output is converted to digital and transmitted
back to the teletypewriter.

- %

pp—— CHANNEL 1
- D-TO-A
) CONVERTER [
| — %
|
I -
] o '
| 1
SRX2605 CHANNEL 2
D-TO-A
+H—» coNVERTER >
|
|
|
| >
i > CHANNEL 3
D-TO-A
L —— — »{ convVERTER >

*

Figure 29. Self-multiplexed analog output. Several D/A converters
are connected in parallel to one SRX2605. The %, !, or * strobes
the input register of the desired D/A converter.
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l i ? Je—
f—
— 8CHANNEL |
A-TO-D DATA
STX2605 |—=e] | ANALOG |
e CONVERTER UL TIPLEXER jug—e CHANNE
e o
1 | I—
CHANNEL
cLock
. ADDRESS
BINARY
RESET | COUNTER

Figure 30. Teletypewriter or computer-controlled n-channel
remote analog sequential channel addressing, using binary counter.
! Advances the counter, % resets to first channel, and ? initiates
data transmission back to the teletypewriter.

%

1

STX2603 [~

CONVERTER

CHANNEL 1
A-TO-D .

1

STX2603  jwa—

CONVERTER

CHANNEL 2
A-TO-D -

=1

STX2603 ||

CONVERTER

ATOD | CHANNELS

[

Figure 31. Many transmitters self-multiplexed on one series
current loop. %, !, or * interrogates the respective channels
and transmits the data to the teletypewriter.

DATA FORMAT:
2496317258924
N ——

CHANNEL 1
CHANNEL 2
CHANNEL 3

$TX2603

=1

A-TO-D

CHANNEL 1

CONVERTER

A 1

INTERNAL

SHIFT
REGISTER

~atgt

EXTERNAL
SHIFT

REGISTER

T

CHANNEL 2
A-TO-D .
CONVERTER
, I__.‘__..
ATOD CHANNEL 3
CONVERTER

Figure 32. Using external shift register for simultaneous
transmission of many channels with only one STX2603.
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STX2603 AD2008/B

—— o e e e e o

1 N(POLARITY} | (pro—
+12TO +18v (CHARACTER 1) 3 : ISOLATED A |-O ANALOG
CURRENT LOOP SUPPLY | W10 INSTALLED 5 = | ANALOG IN-HIGH
(UNREGULATED) N 7 T INPUT B _o,_}m,?_%%
Y, - S

' ! SECTION
p———————O—|
0—¢ 64 (+hn) ! 9 13 (1x 10% b e e o
OPTO-ISOLATED | 1
CURRENT  |(CHARACTER 2). .
LOOP ]
! 15 P (OVERLOAD}
—O— 68 (-lout} | 17}-0 o
]
_______ - i
(CHARACTERS 3—6): < 4 BCD DIGITS OUT
|
4710 o CONNECTOR P1

49
(CHARACTER 7) &1 =
\ W16, W17 53
%13 INSTALLED
55 +5V 14/R —0?_,
(CHARACTER 8) :; 16/T ac
W15, W19 POWER
INSTALLED 61 = H (DATA READY} 18/V
63 +5V

I =20mA 22k 00 lrmmmm e e
2N2222 (STATUS) 58 CONNECTOR P2

IN746A

(TRIGGER) 16 p—~O—————————————0— S (EXT. TRIG./HOLD}

(GROUND) 2}-O—————————————0—1 14 (DIG. GND)

TELETYPE-
WRITER

Figure 33. A digital panel meter AD2008/B is interfaced to a
teletypewriter through an STX2603 Transmitter Card. Using this
hookup, the DPM will convert upon receipt of a “?” typed on
the teletypewriter, and transmit the data back after a conversion
has been completed. The information will include polarity,
overrange, overload, 4 BCD digits, line feed, and carriage return.

CONCLUSION

We have summarized in this chapter a variety of means of implementing converter-interface
functions in terms of standard readily available products, at the various levels of system
involvement that are likely to concern our readers. More information on any aspect of this
discussion is no farther away than the nearest Analog Devices sales office.
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Analog Functions
With Digital Components

ANALOG FUNCTIONS WITH DIGITAL COMPONENTS

The ““analog” world has numerous circuit tricks that occur time and again, employing op
amps, multiplier/dividers, filters, phase shifters, function generators, etc. The term “‘ana-
log” commonly has two meanings, both of which are intended here: ‘‘analog” in the
sense of dealing with measurable quantities rather than abstract digital numbers, and
“analog” in the sense of continuous (derivatives existing nearly everywhere), rather than
discontinuous (quantized).

There have been a few excellent books on the applications of operational amplifiers,
fewer on the applications of op amps and analog function modules, and virtually none on
the use of digital components (converters, counters, shift registers, etc.) in the service of
analog relationships.

There are many excellent auguries favoring an intimate, long, and happy marriage between
the two families. Analog devices are cheap, plentiful, and capable of a great deal of
functional versatility ; digital devices are cheap, plentiful, and capable of a great deal of
functional versatility. The reasons there has been little apparent intercourse between
them are twofold: Interface devices, such as A/D and D/A converters have heretofore
been too expensive to be wasted as components (remember the days of $227 op amps
and $50 transistors?), and practitioners who volubly embrace the tricks of both trades

are either extremely rare or remain well-hidden.

This chapter is in no sense intended as an encyclopedia (in either breadth or depth) of
such connubial (i.e., “hybrid”) circuits; that volume is yet to be written. Rather, the few
representative items included here are intended to be suggestive of what is possible, and
to stimulate the reader to bring his creative faculties to bear on new ways of looking at
problems that he may have conceived of as being strictly “analog” or ““digital.” For

those already laboring in the vineyard, there will be no revelations, but perhaps there is
something a little new or different to make a scan worthwhile. The circuits are presented
in the form of independent modular panels that stand alone (‘bite-size morsels,”” to aid
digestion). The selected examples are:

SOURCES

Digitally-Controlled Voltage Source
Manual Digital Inputs
Thumbwheel BCD switch
Toggle-switch register
Digitally-Controlled Current Sources
“Current-output” DAC
Current gain: floating load
Current gain: buffered load
Current to grounded load
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SCALE FACTORS AND MODULATIONS

Digitally-Controlled Direct Gains
Digitally-Controlled Inverse Gains
High-Precision Analog Multiplication
. . . or Division

FUNCTIONAL RELATIONSHIPS
Analog Functions with Memory Devices
Arbitrarily Programmable Functional Relationships
Sinusoidal Input-Output Relationships

TRIGONOMETRIC APPLICATIONS

Digital Phase Shifter
Digital/Resolver Converter (Resolver Simulator)
Resolver (Digital) Control Transformer

WAVEFORMS

Sawtooth
Triangular-Wave
Sinusoidal

FUNCTIONS OF TIME

Precision Analog Delay Line
Tapped Delay Line

Serial Delay Line
Analog-to-Frequency Converter

DIGITAL SERVO DEVICES

Tracking Sample-Hold (A/D Converter)
Digital Pulse Stretcher

Digital Peak-Follower (with Hysteresis)
Automatic Zeroing Circuit

DIGITALLY-CONTROLLED VOLTAGE SOURCE
(or Precision Power Supply)

A well-calibrated D/A converter is probably the simplest available source of arbitrary pre-
cision voltages. Turn on the power, set the digital input, and expect (and receive) the
voltage you asked for. With a 10-bit converter, resolution is 0.1%; with a 12-bit con-
verter, 0.024%; and with a 16-bit converter, 0.0015% (15 ppm).

Let it be driven by a computer, and you have a ready supply of voltage for fast or slow
automatic testing. Set it manually (with a “toggle-switch register,” or with BCD thumb-
wheel switches), and it’s a convenient “volt-box,” or a handy reference source. Or set it
permanently by hard-wiring its logic inputs. No resistors or pots necessary!

If its output op amp doesn’t have adequate output current, follow it with an inside-the-
loop current booster. Feedback to the built-in amplifier-feedback-resistor will make the
output virtually independent of the booster’s dc characteristics. It can be followed with
an op amp having higher-voltage output and precisely-set fixed gain, if high voltage is
needed. Doing this outside the DAC’s loop protects the converter’s circuitry (including
the low-voltage digital components) from accidental exposure to fault voltages.

Because the setting is done digitally with (e.g.) TTL logic levels, the voltage can be set
from a distant location, or in the presence of a fair amount of electrical noise, relying on
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the inherently-high noise immunity of digital signals (at the cost of additional wire for
the parallel circuits). If noise pickup is not a major factor, it is interesting to note that
in some cases the switches can be closed “passively,” i.e., to the power-supply return for
“0”, left open for “1”.* The double-buffered AD7522, with serial input, may permit re-
mote voltage (or gain) settings, with minimal wiring, when appropriately pulsed.

TO OUTPUT AMPLIFIER

REF. FEEDBACK RESISTOR
VRi l
N / BOOST
DIGITAL —— -
INPUT r.—o:——-,: BOOSTED
FROM ] D/A s— NORMAL OUTPUT
COMPUTER CONVERTER | o g
OR MANUAL —— NORMAL
SWITCHES —
— / outeuT CURRENT
BOOSTER
VOLTAGE
OUTPUT
VouT =NVR

MANUAL DIGITAL INPUTS

_All that is needed to obtain a given output voltage from a D/A converter is to close the
appropriate switches. Human beings usually prefer base-10 numbers or BCD coding, de-
spite the fact that it throws away inherent binary resolution at the rate of 2-bits-out-of-12
(12BCD = 1/1000, 10BIN = 1/1024).

Thumbwheel-switch Encoder

A thumbwheel-switch encoder is the simplest way for the operator, especially if he is
mathematically unsophisticated, since the base-10 number can be set directly, and all the
appropriate switches are automatically closed. A D/A converter with BCD coding should
be used. The switch points that are “0” (positive true) are connected to ground; those
that are “1” are either left open* or connected to +Vg (but be sure to use a break-before-
make switch). The wiring for one decade of thumbwheel switchery is shown (““1”° open).
If the converter has complementary BCD coding, the complementary switch connections
should be used.

MSB

BCD
D/A
CONVERTER

Vout

TENTHS DECADE i
{ONE SET OF GANGED SWITCHES PER DECADE) HUNDREDTHS

Toggle-Switch Register

The toggle-switch register is physically more elementary, and it may be used with either
binary or BCD-coded DAC’s. It does require some calculations, though, especially for bin-
ary settings. As an aid to calculation, two tables are given, one for BCD (the same code

is used for each digit), and one for binary equivalents of representative decimal fractions of
full scale. Interpolation is performed by adding or subtracting an appropriate set of terms
(binary rules) to form the desired sum. Note that multiplication or division by 2 simply
moves a number one place to the left or right: by 4, two places left or right, etc.

*TTL only.
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*If converter operates with complementary logic, perform computations the same way,

TOGGLE-SWITCH REGISTER

SWITCH CODING
FOR EACH BCD QUAD
ol1l2]alalslalzlele
1
olojojojo|ofojo|1]1|-~=~- _o\Mse)
8CD h
olofojo|t{1|1]1]o]o}- -~~~ SN
TENTHS (|1
ojoj1|1]olof1]1]o]o}~~ ==~ SN
1
oj1{o|1]of1|o]1]o]1 |-~~~ - SN
1
SN
8cD !
- 0N—ro|
HUNDREDTHS{ |
- 0 \rd
1
Nl
|
_‘j__‘

but use complementary switch settings.

D/A

Converter

BINARY
OR
BCD

(Positive
True)*

t
i

|

ouT

For unipolar binary coding, the digits to the right of the ““decimal” point form the code,
MSB leftmost. For bipolar 2’s complement, divide the magnitude by two for the positive
number, then complement all digits and add 1LSB for the negative number. For offset
binary, complement the 2’s-complement MSB. (See Chapter 1, Part 11, for a more-com-

plete discussion of coding and conversion relationships in bipolar DAC’s.)

BINARY EQUIVALENTS OF DECIMAL FRACTIONS
msB

0.0008

0.0002
0.0001

0.1100
0.1000
0.0110
0.0100

0.0011
0.0010
0.0001
0.0001

0.0001
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000

1100
0000
0110
0000

0011
0000
1001
0100

0000
1010
0101
0010

0010
0001
0000
0000

0000
0000
0000
0000

1100
0000
0110
0000

0011
0000
1001
0

0000
0011
0001
1000

0000
0000
1000
0100

0011
0001
0000

1101
0000
0110
0000

0011
0000
1001
1010

0000
1101
1110
m

1100
0110
0011
0001

0100
1010
1101
0110

-0 0 - O =00 --00 O~00

—-0 0 -

Converting Base-10 Number to Binary Switch Setting — 2 Examples (12-Bit Conversion)

60

1.

+0.9FS

0.5
+04
0.9

Code:

—0.6F8S, 2’s Complement (Note: 0.6 = 0.4+ 0.2)

0.4
02
0.6

Code:
X ¥
Compl.
+1 LSB

(Note: 0.9=0.5+0.4)
0.1000 0000 0000
+0.0110 0110 0110
0.1110 0110 0110
1110

0110 0110, Straight Binary

1001, Straight Binary
1100 Scale Expansion
0011 One’s Complement

0.0110 0110 0110
+0.0011 0011 0011
0.1001 1001 1001
1001 1001
0100 1100
1011 0011
1011 0011

0100, Two’s Complement
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DIGITALLY-CONTROLLED CURRENT SOURCES

Many analog current sources have been developed with the variations that provide such
diverse advantages as low cost, simplicity, ability to ground the load, etc. In convention-
al all-analog circuits, the original controlling input is derived typically from a precision
potentiometer, zener diode, or other reference. However, availability of versatile D/A
converters now permits convenient digital control of current values, making, for example,
programmable current supplies an inexpensive reality. As with voltage sources, the ad-
justments may be performed by either a computer or a human operator. These are a
representative few among the many ways of accomplishing current drive.

“Current-Output” DAC

This would appear to be the simplest form of digital-to-current output source. However,
it is unsatisfactory, because, except for devices such as the AD56I, it generally has ap-
preciable internal admittance “looking back,” and this admittance (and the load) must be
included in computations of the share of current reaching the load. For this reason, the
principal application of the current-output DAC is to drive inverting-operational-amplifier
input terminals, which are normally at zero potential and thus impose negligible loading
error. The AD561, however, may be treated as a true current source (Chapter II-2).

The output resistance of these DAC’s is often introduced by the resistive dividers used
for attenuation of less-significant-bit currents (as is explained in Chapter 3, Part II). It is
feasible, for applications in which a restricted number of discrete values of current (say
16) are required, to construct highly-precise fast current-output converters with high in-
ternal resistance, using quad current switches (ibid.) without attenuators.

DIGITAL
INPUT:
COMPUTER

OR — ]
MANUAL 1

“pp1
CONVERTER iout

Current Gain — Floating Load

In this application, a load that has both terminals available is connected between the
amplifier output terminal and the return lead of the feedback resistor. The attenuation
introduced by Ry, if used, produces current gain. If the amplifier’s output current is inade-
quate, a booster may be used, inside the loop (BF). For large currents, a separate booster
supply should be used, with only the Ry pickoff point connected to the converter’s
analog ground.

DIGITAL

D/t
INPUT CONVERTER

1L

]
INTERNAL v =
OP AMP (if present)}

Current Gain — Buffered Load

For applications in which the amplifier’s output range imposes serious restrictions on the
kind of load that might be driven, a transistor with the load in its collector (or drain, in
the case of FET’s) allows a wide range of voltage swing across the load. Examples of
loads that might be driven in this manner are CRT deflection coils, motor windings,
chart-recorder pen drives, etc.
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DIGITAL

D/
INPUT CONVERTER

IS

— -\

(BOOSTER)

Current to Grounded Load

There are a number of ways of driving current to a grounded load, all of which employ
both positive and negative feedback to measure and control the current. One example,
using a voltage source and two operational amplifiers, is shown here. Amplifier Al
measures the difference voltage across Ry (direct from the top and inverted from the
bottom via A2) and sets it equal to the DAC’s V4, thus forcing a current Vui/RM through
the load. In the general case, the resistor ratios can be adjusted for scaling, the drive could
be from a current source, boosters could be used (at point “BF’’) etc. As with all operation-
al-amplifier circuits having complicated (or even simple) dynamics, attention should be
paid to dynamic stability: feedback capacitors may not be as helpful as capacitance
shunting the load.

DIGITAL

D/A
INPUT CONVERTER Vout

il

o=Yout V1 . Vi-iLRm
R R

|

V1-iLRm

DIGITALLY-CONTROLLED SCALE FACTORS

A D/A converter that accepts variable references (i.e., a multiplying DAC) can be though
of as a digitally-controlled potentiometer. As such, it can be used for setting gains, either
by a computer or a human operator. Computer-setting might be used, for example, in
adaptive control systems; manual setting might be employed where the device being con-
trolled is remote (think of it as a potentiometer with a long shaft).

The multiplying D/A converter can also be thought of as a means of modulating a com-
puter output by an analog signal. For example, if the computer is developing a square
wave, the analog signal might be amplitude-modulating it.

The simplest device operates in one quadrant, with either a positive or a negative
analog signal and straight binary or BCD coding.

For two-quadrant operations, there are two modes: bipolar analog and bipolar digital..
Bipolar analog operation simply requires a bipolar analog input and straight binary or BCD
digital coding. It also requires a converter that can accept analog signals of either po-
larity. Such DAC’s as the DAC1125 and AD7520, that use voltage switching and R-2R
ladder networks, are capable of this form of operation; current-source DAC’s are usually
unipolar, though the devices employing monolithic Craven-cell switches, such as the
AD561 and AD562 will accept a wide signal range without appreciable degradation of
linearity.

Bipolaf digital operation can involve offset-binary (or 2’s complement) coding, with an
inverted version of the analog input applied to the offset reference terminal, or to one
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end of an R-2R ladder network; or sign-magnitude coding (unipolar DAC), with the sign
bit switching the output polarity.

Four-quadrant operation involves a combination of circumstances: a DAC that can re-
spond to both bipolar analog and bipolar digital inputs in the correct polarity, with
appropriate speed and feedthrough performance. ‘“Feedthrough™ is the analog output
signal that appears when the digital input is calling for zero gain.

Shown here are four ways (among many) that digital gain control can be used to perform
useful functions.

Direct Scale Factor

This circuit provides simple digital scale adjustment, proportional to the digital number.
As noted, the digital number can be applied either by a computer signal, or manually.

DIGITAL
POLARITY

J ANALOG POLARITY

ViN * (REF. {NPUT) UNIPOLAR BIPOLAR

UNIPOLAR | ONE-QUADRANT| 2-QUADRANT

VARIABLE-
REFERENCE
DAC

N
DIGITAL
INPUT

—
Vout =NViN

I

BIPOLAR 2-QUADRANT 4-QUADRANT

Inverse Scale Factor

With the DAC in the feedback loop of an operational amplifier, the gain is inversely-
proportional to the digital number. As a follower, all gains must be greater than unity,
since even full feedback is 1LSB less than unity gain. As an inverter, the resistor ratio
can be chosen for attenuation, so that normalized unity gain can occur at a mid-scale
value (if R¢/R; = 0.1, nominal minimum gain is 0.1 (N = F.S.), and unity gain is at N=0.1).
But noise-and-error-gain will be =1/N. The rules of feedback call for unipolar (positive)
feedback gains only (signal may be bipolar).
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