


















































































































































































































































































































































































































































Full-scale settling time measurement is made in the following manner: The comparator 
threshold reference level is adjusted to bias the comparator output corresponding to DAC 
full-scale digital input into its linear operating region with the LSB set to "dynamic." This 
line is then switched to logic "0", reducing the full-scale DAC output level by 1 bit. This, in 
tum, causes the comparator output corresponding to full-scale DAC output to shift by the 
equivalent of 1 LSB. In the case of high-resolution DAC's having small LSB analog equiva­
lent values, the comparator output will still remain in its linear region. This procedure es­
tablishes a calibrated l-LSB band on the oscilloscope tube face, independent of comparator 
gain. Settling time is then measured from the time the digital input code changes until the 
time the comparator output enters a I-bit band centered about full-scale for the final time. 
Typical waveforms associated with settling-time measurements made in this manner are 
shown in Figure 17b. 

In the case of current-output DAC's, settling time can be measured by terminating the out­
put in the inverting node of a high-speed operational amplifier, such as the ADI Model 46, 
connected in the inverting configuration, and making the measurement in the manner de­
scribed above. Alternatively, the current output can be terminated in a resistor to convert 
to voltage directly. Since most current-output DAC's are output-voltage limited to approxi­
mately ±2V, the 1 LSB analog voltage equivalent is less than 1mV for DAC's having resolu­
tion beyond 11 bits, using this technique. This reduced voltage range heightens the problem 
of making accurate settling-time measurements, since any noise voltage present becomes a 
more significant fraction of full-scale. 

In general, to make accurate settling-time measurements for a current-out DAC terminated 
directly in a resistor, it is necessary to keep all lead lengths to an absolute minimum to re­
duce spurious noise pickup and ringing due to excessive lead inductance. The general tend­
ency of high-gain comparators to oscillate can sometimes be reduced by connecting the out­
put of the DUT to the negative, rather than the positive, comparator input, to reduce 
inter-wiring capacitive coupling from the comparator output to its positive input, as shown 
in the configuration of Figure 17. 

Comparator Thermal Effects 
High-speed comparators of the type used in the test setup of Figure l7a generally have input 
stages biased at a relatively large current level to maximize comparator gain-bandwidth. As a 
result, these comparators generally exhibit a thermal time constant of the order of several 
milliseconds, due to differential self-heating of the input transistor pair as the comparator 
output changes state. This can add a "tail" of several parts in to,OOO to the final settling 
time of the comparator output, attributable to the comparator, rather than the DUT. The 
most effective way of establishing with certainty that observed thermal settling times are 
due to the measurement system, rather than the DUT, is to make the settling time measure­
ment using the technique described above twice: first with a high-speed comparator, using a 
square-wave frequency consistent with the anticipated settling time, then with an ultra-low­
drift comparator which has been designed to minimize thermal effects (at the expense of 
gain-bandwidth), and a square-wave frequency below 100Hz. 

Alternate Method for Zero and Full-Scale Measurement 
A simpler scheme for settling-time measurement than that shown in Fig. 17a which does not 
require a differential comparator is shown in Figure 18. A square-wave, synchronized to the 
dynamic digital input square-wave drive, but out of phase with the output of the DUT, is 
summed with this output. The amplitude of this reference square-wave, ER, is adjusted to 
exactly equal that of the DAC output Eo when switching transients have subsided. This pro­
duces a zero-volt steady-state error signal or ''virtual ground," by analogy to the error volt­
age existing at the inverting node of an operational amplifier configured in the inverting 
mode. 

Oamp diodes at the "virtual ground" point limit the voltage excursion during the switching 
transient period, and the subsequent oscilloscope overdrive; this reduces the oscilloscope 
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overload recovery time. A calibrated I-bit threshold level at either zero or full-scale DAC 
output can be established by switching the LSB digital input from "dynamic" to logic "1 ", 
or logic "0", respectively, as in the scheme of Figure 17a. A I-bit band centered about the 
steady-state display level corresponding to full-scale, or zero, DAC output, can then be read­
ily established on the oscilloscope tube face, and settling time to ±Y2 bit of final value is 
measured as the time for the error voltage existing at the ''virtual'' ground point to enter 
this band for the fmal time. 

If only settling time from full-scale to zero volts is to be measured, the offset square-wave 
reference, ER, and its summing resistor R can be eliminated, simplifying the measurement 
process, using the scheme of Figure 18. 
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'-CLAMP DIODES 

DIFFERENTIAL GAIN ADJUST 
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Figure 18. DAC zero and full-scale settling time measurement­
virtual-ground method. 

Major Carry 

When a DAC is operated in a tracking mode, as shown in Figure 6a, for example, the bit-to­
bit, rather than full-scale settling time is of importance. The one-bit digital code transition 
causing the greatest switching transient, and consequently, the longest settling time at the 
DAC output, generally occurs at the major (YJ-scale) carry transition of the digital code. At 
this particular code transition, the digital number changes from 0111. . 1 to 1000 .. 0 (or 
vice-versa when counting in the opposite direction), causing all bits to change state, and gen­
erally introducing the worst-case l-LSB switching transient into the DAC output. 

Figure 19 illustrates a test configuration for measuring settling time at the major-carry code 
transition. All bits, except the MSB, are driven in parallel by a square-wave alternating be­
tween logic "0" and logic "I" levels. This square-wave is inverted and applied to bit 1, caus­
ing this bit to be driven out-of-phase with all the other bits. The steady-state output for this 
input drive is a square-wave having a l-LSB peak-to-peak amplitude at half-scale DAC out­
put, corresponding to the major-carry input code transition being traversed from either di­
rection. The DAC output is ac-coupled into an oscilloscope having its sweep start synchro­
nized to the input square-wave. Settling time to ±YJ bit of final value, in this case, is merely 
the time required for the I-bit output step-change to reach 50% of its final value. (If the 
amplitude of the square-wave output is used to establish a I-bit calibration reference band 
to expedite the measurement of tracking settling time, the differential nonlinearity occur­
ring at the major carry should first be checked, since this generally represents the code tran­
sition causing greatest differential nonlinearity, as well as the greatest switching transient at 
the DAC output (as discussed under Differential Linearity J. 
Accurate measurement of DAC major carry transient "glitch" duration or amplitude using 
the scheme of Figure 19 is significantly easier than that of full-scale settling-time measure­
ment, since the DAC analog output steady-state signal excursion in this instance is only 1 
bit. As a result, amplifier or comparator overload recovery and thermal response time prob­
lems associated with large signal swings at the input to the measurement system are virtually 
eliminated. 
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Figure 19. DAC major-carry settling-time measurement. 

ADCTESTING 
Because of the fundamental ~-bit quantization uncertainty associated with analog-to-digital 
conversion, ADC testing is more difficult than DAC testing, owing to the need for determin­
ing both the output code and the transition point, referred to the input, rather than simply 
measuring an output response to a predetermined code. The effects of noise (occurring in 
either the signal or the converter, or picked up in the wiring) are to introduce an uncertainty 
in the precise determination of the analog input values at which the output code transitions 
take place, and to, in effect, increase the quantization band. The nature of these quantiza­
tion and noise uncertainty errors is shown in Figure 20. (It should be noted, in passing, that 
the fundamental ±~-bit worst-case quantization uncertainty sets the requirement that the 
device accuracy can be no better than its resolution in the case of ADC's. This is in contrast 
to DAC's, which can have accuracy specifications exceeding their resolution capability. This 
distinction (or duality) comes about because of the inverse nature of the devices: the DAC 
output can, with arbitrary precision, locate a level which is a measure of one precise number 
representing either itself or the quantum determined by the digital number, while the ADC's 
output level is determined by any input value within the quantized range of input.) 
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Figure 20, Quantization and noise uncertainty error. 
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A simplified diagram of an ADC test setup was seen in Figure I a. The ADC calibration is 
established by observing correspondence between the state of the input digital toggle-switch 
register driving the reference DAC and the output digital display representing the state of 
the ADC. This simplified setup suffers from the disadvantage that the precise location of 
each analog calibration level within the I-bit quantization band encompassing each of these 
respective values cannot be determined. As a result, calibration accuracy, linearity, and dif­
ferentiallinearity cannot be determined to a precision greater than I LSB using this basic 
scheme. 

One is generally concerned with establishing the calibration of the ADC so that the nominal 
analog calibration voltage is centered in the quantization band determined by the adjacent 
transition values. In addition, one normally is interested in checking linearity and differen­
tiallinearity to a degree better than the ±~-bit quantization uncertainty imposed on 
accuracy. 

DYNAMIC CROSSPLOT 

By summing a small ac signal with the analog reference voltage applied to the input of the 
ADC under test~ the ADC output can be dithered about each of its digital output codes of 
interest with a large number of analog inputs in a short time. This permits the analog values 
corresponding to the transitions and the center of each code quantization level to be readily 
determined, using a dynamic crossplot test. This in turn permits determination of device 
nonlinearity and differential nonlinearity to a precision greater than ±~-LSB. 

The dynamic crossplot test configuration is shown in Figure 21. The digital code of interest, 
NREP, is entered into the reference DAC via the toggle-switch register, thereby applying 
EREP, the analog equivalent ofNREP, to the analog input of the DUT. Low-frequency ac 
dither Eac and adjustable dc offset Eos voltages are summed with the reference DAC's out­
put. The dither signal has a frequency that is low with respect to the conversion rate, so that 
the digitized output of the DUT will exactly track its analog input, within the ±Y2-LSB quan­
tization limits. A digital register stores the results of each conversion. A 2-bit DAC is formed 
using resistors having weights of 2R and R to sum the LSB and the adjacent bit, respectively, 
of the stored ADC output. The decoded 4-step analog output, corresponding to the two 
stored-ADC least-significant-bit states, is applied to the Y axis of the oscilloscope. The ac 

212 

10KHz 
CLOCK 

MSB 

DIGITAL 
DISPLAY 

2 LSB'S DECODED FOR 
ANALOG DISPLAY AT 
EACH CARRY CROSSOVER 

2R / 
······...-r-..IVIJ"R~ ILlL ....----. 

O X AXIS 
STORAGE ED Y AXIS OT--"""" 

.,...R.,E_G_IS_TE .... R-r04 STROBE 

CONVERT ,.r-..I...-~"" OSCILLOSCOPE 
(X-YMODEI III START ADC 

UNDER 
TEST 

t 
STATUS 

+V 
EREF + EAC + EOS 

,.....---... NREF r---------, 
ADJ F OFFSET 

TOGGLE 
SWITCH 
REGISTER 

10 Hz 
DITHER 
GENERATOR 

I----t WEIGHTED 

IN 

""O-F-FS-ET.(;Tt OUT-V 

1--:--.4 CURRENTS ....--I\if\llr---'l 
: IREF_-+--i_ 

r--=--- V .................. 
... REF -= + 

DAC '-__ -+ ___ ..... ~ _ DITHER AND OFFSET SUMMED 

I---...... ~ ---,. ___ AT INPUT TO DAC OUTPUT AMP 
~AC .•• i~ EOS 

1 DITHER ~ DITHER 
":' IN/OUT ~~ 

Figure 21. ADC dynamic cross-plot test. 
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dither signal is applied to the X axis of the oscilloscope, which is operated in the X-V cross­
plot mode. A number of dynamic-crossplot waveforms, obtained using the test configura­
tion of Figure 21, are shown in Figures 22b-22e. 

The DUT is calibrated using the dynamic-crossplot display in the following way: The CRT 
beam is positioned in the center of the tube face, with the X-axis drive signal initially re­
moved, to establish the Y-axis position. All bits, except the LSB of the reference DAC, are 
turned off; the LSB is turned on. The DUT's zero is adjusted to center the first step of the 
decoded output staircase waveform, corresponding to the digital code 000 ... 01 on the 
Y-axis of the display, as shown in Figure 22b. Next, all bits, except the LSB of the refer­
ence DAC, are turned on, corresponding to the digital code 111 ... 10, and the gain of the 
ADC is adjusted to center the next-highest step of the decoded staircase waveform on the 
Y axis, as shown in Figure 22c. These steps calibrate zero and full-scale. 

Using the dynamic crossplot display, differential nonlinearity and noise at each bit code 
transition can be investigated. Figure 22d illustrates the waveform that appears at the major 
(half-seal e)-carry code transition (0 I 1 1 ... I to 1 000 ... 0) of the digital output code 
of the DUT when its bit-1 gain is j2 LSB too large with respect to the gains of the other bits. 
This causes the staircase step width corresponding to the code 0 1 1 1 ... 1 to be j2-LSB 
too wide. 

Figure 22e shows the waveform at the 3j4-scale-carry code transition, 1 0 1 1 ... 1 to 
1 1 0 0 ... 0, when the bit-2 gain of the DUT is j2-LSB too small with respect to the other 
bit gains. This causes the staircase step width corresponding to the code 1 0 1 1 1 ... 1 to be 
Y2-bit too narrow. ADC differential nonlinearity is measured as the deviation in staircase step 
width from the average step width. The waveforms in both Figures 22d and 22e, show 
~-LSB differential nonlinearity. 
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Figure 22. ADC dynamic cross-plot waveforms. 
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Differential nonlinearity, non-monotonicity (missing codes), and noise can be investigated 
at each bit code-carry transition by turning on and off each bit of the reference DAC in suc­
cession and observing the dynamic crossplot waveform in each case. Summation errors are 
investigated by turning on all bits, one at a time, in descending order of significance, and 
leaving them on. The dynamic crossplot waveform is observed as each new bit is turned on. 
This tests the performance of the DUT in the range from half scale to full scale. 

The effects of noise and nonlinearity can also be assessed using the dynamic crossplot test. 
Noise is seen as a jitter in the location of each staircase-waveform step transition. Device 
nonlinearity will gradually displace the staircase waveform either to the left or right, as 
successive bits are turned on and full-scale is approached. 

Several points should be noted with respect to the dynamic crossplot test configuration of 
Figure 21: 

1) Since, for simplicity, only the two least-significant bits of the DUT's digital output are 
decoded, the dynamic crossplot waveform repeats every four steps. Initial DUT calibration 
must therefore be made statically to an error less than 2 bits before the dynamic crossplot 
is used, so that one can be assured that the desired code transition is being examined, and 
not one that is 4 LSB's away, which does not have associated with it the desired carry 
transitions. 

2) A triangular dither waveform is shown in Figure 21. This waveform could just as well be 
a sine-wave, since a linear time relationship is not required in the X-Y display mode for a 
linear X vs Y presentation. 

3) The external storage register shown in Figure 21 can be eliminated (at the expense of 
minor crossplot display degradation) if the conversion rate is reduced so that the time be­
tween conversions is large, compared to the conversion period, since conversion switching 
transients will be observed in the crossplot display in this case. Typical dither and conver­
sion clock frequency ranges that have been found useful for dynamic crossplot analysis of 
high-speed successive-approximation ADC performance using the configuration of Figure 21 
are 4-4OHz, and 10kHz to 100kHz, respectively. 

ANOMALOUS ERRORS 

The dynamic crossplot test just described is very useful in quickly detecting certain ADC 
performance anomalies, such as might be caused by oscillating comparators and hysteresis, 
for example. An oscillating comparator causes an excessive randomness in the code tran­
sition points on the displayed crossplot - more than could be attributable to random noise. 

Some converters exhibit a hysteresis effect, which causes the location of the code transition 
points to be dependent on the direction from which the point is approached. This causes 
two horizontally-separated dynamic-crossplot waveforms to appear, much like a series of 
hysteresis loops. In addition, some converter families have been found to exhibit excessive 
noise at certain code transitions. The dynamic crossplot test is especially effective in facili­
tating discovery of such anomalies, because they are displayed quite prominently. 

Single-Shot Conversion Errors 

Some converters, which appear correctly calibrated when triggered at a high repetition rate, 
exhibit conversion errors when triggered intermittently at a low rate. Errors of this type can 
generally be traced to a thermally-induced offset voltage at the comparator input when this 
device has remained in one state for more than a few hundredths of a second. These effects 
are more common in older designs, which incorporate discrete-transistor comparators. Use 
of monolithic comparators in most contemporary converter designs has largely eliminated 
this problem. One-shot conversion errors are not readily detected using the dynamic-cross­
plot test configuration of Figure 21, since repeated conversions at a high rate are necessary 
to obtain a useful display, owing to the restriction on low dither rates imposed by the os­
cilloscope's short disl'lay persistence. Single-shot errors can be detected by removing the 
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dither and observing the binary display as the conversion rate is reduced, while holding the 
analog input constant. Errors of this type will generally show up (if present) when the con­
version rate is lowered to 1 Hz or less. 

SEMI-A UTOMATIC TESTING 

A more elaborate ADC test configuration than that of Figure 21, which lends itself to semi­
automatic ADC testing, is shown in Figure 23. A 3-position toggle switch permits selection 
of logic "0", logic "1", or "dynamic" for each reference-DAC bit input. The output ER of 
the reference DAC is applied to the input of the DUT. The digital output word NO of the 
DUT is transferred to a storage register at the completion of each conversion. The digital 
word NR at the input of the reference DAC is subtracted from NO, and the digital error 
NO - NR is applied to a low-resolution DAC, permitting analog presentation of the error. 
Alternatively, this error, NO - NR, can be applied to a limit comparator having preset high 
and low error limits, permitting go-no testing. 

Dynamic testing using the configuration of Figure 22 can be done in two principal modes: 
bit-scan, and count, by analogy to the DAC test configuration, shown in Figures 9 and 11. 
The resolution of the reference DAC used in the configuration of Figure 23 should be at 
least two bits better than that of the ADC being tested, so that quantization of the analog 
input to the DUT will not limit the error readout resolution to less than that imposed by 
the ±Y2-bit quantization band attributable to the DUT. 
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Specifying Converters 

The applications for digital data-handling equipment and the products of the conversion­
and-data-acquisition industry have spawned a multiplicity and diversity of companies, pro­
duct lines, and products. We find it sobering (though not a little gratifying) to discover that, 
as a major manufacturer, with a reasonably complete line of monolithic, hybrid, and mod­
ular products, we can deliver some 125 distillct converter types, of which a large number are 
in the "recommended-for-new-designs" category, and that the line is growing substantially 
each year. 

Thus the very large number of converter products available in the marketplace, even from a 
single manufacturer, can overwhelm even the most informed engineer, when faced with the 
problem of selecting a device, or a group of devices, for a given application. 

Interpretation of the specifications adds another dimension to the task, which is further com­
plicated by the virtual absence, to date, of standardized definitions of specifications among 
manufacturers. 

To remedy this situation, and attempt to make the system designer's job of finding the 
"righ t" converter a little easier, * this chapter lists some of the elements of the decision and 
steps a user can take to help "home in" on a near-optimum selection. In this chapter are 
also summarized interpretations of the specifications consistent not only with the previous 
three chapters and with engineering practice at Analog Devices, but also - it is to be 
hoped - with interpretations that may become accepted as standard within the industry. 

A selection guide is provided for the convenience of the engineer who may seek orientation 
to the various categories of devices available off-the-shelf from Analog Devices. It is based 
on the 1977 Analog Devices catalog, which leads to the natural suggestion that the latest 
catalog available be consulted for specific choices. The reader is invited to request a copy 
from Analog Devices, either directly or via our nearest sales office. 

Finally, a brief example of a data-acquisition design process, based on the suggestions in this 
chapter, is given. 

TWO BASIC FACTORS 

The two key factors in choosing the right device are: 

Completely define the deSign objectives. Consider all known objectives and try to anticipate 
the unknowns that will pop up later. Include such factors as signal and noise levels, required 
accuracy, throughput rate, characteristics of the signal and control interfaces, environmental 
conditions and space factors, anticipated budgetary limitations that may force performance 
compromises or a different system approach. 

Understand what the specs mean. It is essential to have a firm understanding of what the 
manufacturer means by his set of specifications. It should not be assumed (in 1977) that any 
two manufacturers mean the same thing when they publish identical numbers defining a 

"'It's possible tha t some of the points raised here, if previously unanticipated by the reader, may actually make the initial 
selection more involved, wi th the benefit that problems will be fewer at a later (and more expensive) stage. 
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given parameter. In most cases, the manufacturer has honestly attempted to provide accu­
rate information about his product. This information must be interpreted, however, in terms 
meaningful to the user's requirements, which requires a knowledge of how the terms are de­
rmed. Two examples that give an insight into how differences arise are included and discuss­
ed at length in the Specifications section: linearity and temperature coefficient. 

DEFINING THE OBJECTIVES "7" APPLICATION CHECKLISTS 

General Considerations 
A. Accurate description of input and output 

1. Analog signal range; source or load impedance 
2. Digital code needed: Binary, 2's complement, BCD, etc. 
3. Logic-level compatibility: TTL, CMOS, etc., logic polarity 

(Unless otherwise noted, logic levels mentioned in Analog Devices 
publications are standard TTL, positive true) 

B. Data throughput rate 

C. Control and data-interface details or constraints. 

D. What does the system error budget allow for each block? 

E. What are the environmental conditions: temperature range, supply voltage, 
re-calibration interval, etc., over which the converter should operate to the 
desired accuracy? '" 

F. Are there any special environmental conditions that must be coped with? 
High-power RF, high humidity, shock and vibration, and cramped space are a few. 

G. What are the bounds of integration for the purchased portion of the system? Turn-
key system, real-time interface, data-acquisition subsystem, subassemblies, components? 
What are the hardware/software, analog/digital tradeoffs? 

In addition to the above general considerations, there are specific items to consider when 
choosing each block in a system. 

Considerations for D/A Converters 

A. What resolution is needed? How many bits (e.g., 8, 10, 12, etc.) of the incoming data 
word must be converted? To what degree of accuracy, linearity, etc.? 

B. What logic levels and codes can be provided to the DAC? (The most popular logic sys­
tem is TTL, and the most-frequently used codes are binary, 2's complement, offset binary 
(2's complement with a complemented MSB), as outputs of systems, and BCD, usually de­
rived from digital voltmeters or thumb wheel switches.) Is digital input serial or parallel? 

C. What kind of output signal is needed: a current or a voltage? What is the desired full­
scale range? (Most DAC's are available with either current output - at very high speed - or 
voltage output, with the added delay of an internal operational amplifier. Voltage-output 
DAC's are the more convenient to use and, with the exception of those designed specifi­
cally for high speed, will serve in all but those applications calling for ps and sub-ps settling 
times. Current-output DAC's are used in applications where high speed is more essential 
than stiff voltage output, such as circuits with comparators (e.g., A/D converters), or where 
fast amplification is to be provided externally (e.g., via CRT deflection amplifiers». 

D. What kind of reference is needed, fixed (internal or external) or variable (mUltiplying 
DAC)? How many quadrants are needed, and how arranged, for multiplying DAC's (l-quad­
rant, 4-quadrant, 2-quadrant digital, 2-quadrant analog)? 

E. What is the nature of the digital interface? What are the speed requirements? What is 
likely to be the shortest time between data changes? After a change in the digital input data, 
how long can the system wait for the output signal of the DAC to settle to the desired ac­
curacy for a full-scale change? For a I-bit change at the major carry? Are switching tran­
sients of any consequence? Can they be filtered? Must they be suppressed (Le., deglitched) 
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within the DAC? What is the analog signal feed through requirement for multiplying DAC's 
at low frequencies? At high frequency? 

F. Over how wide a temperature range (at the device, including its internal temperature 
rise) must the converter operate? Over how much of this range must the converter perform 
essentially within its specifications without readjustment? What deterioration of specifica­
tions is permitted (gain vs. linearity, etc.)? 

G. How stable are the terminal voltages of the power supplies that will power the DAC? 
Is the power-supply sensitivity specification adequate to hold errors from this source within 
reasonable limits? Are there constraints on converter dissipation? 

Though no list can be complete, the above items will be the minimum consideration in any 
more-complete tabulation. 

Considerations for AID Converters 

The process of selecting an AID converter is similar to that involved in the selection of DI A 
converters. Some of the following considerations are analogous to those for DIA's, and 
others are unique to A/D's. 

A. What is the analog input range, and to what resolution must the signal be measured? 

B. What is the requirement for linearity error, relative accuracy, stability of calibration, 
etc.? 

C. To what extent must the various sources of error be minimized as ambient tempera­
ture changes? Are missed codes tolerable under any conditions? 

D. How much time is allowed for each complete conversion? 

E. Is the reference to be fixed, adjustable, or variable (ratiometric measurement)? 

F. How stable is the system power supply? How much error due to power-supply 
variation is tolerable in the conversion system? Are there constraints on converter dissipation? 

G. What is the character of the input signal? Is it noisy, sampled, filtered, rapidly-varying, 
slOWly-varying? What kind of pre-processing is to be (or can be) done that will affect the 
choice (and cost) of the converter? What conversion circuit philosophies are acceptable 
for - or indicated by - the application? (e.g., successive-approximation, dual-slope inte­
gration, counter-&-comparator, etc. As a rule, integrating types are best for converting noisy 
input signals at relatively slow rates, while successive-approximation is best suited to con­
verting sampled or filtered inputs at rates up to 1 MHz. Counter-comparator types provide 
lowest cost but may be both slow and noise-susceptible; they are useful for peak followers 
and sample-holds that employ digital storage.) 

H. What is the format of the digital interface? Parallel, byte-serial, serial? What kind of 
logic? Three-state, CMOS, TTL? 

Considerations for Analog Multiplexers and Sample-Holds 
When a sampled-data system is to be assembled, in which one AID converter is time-shared 
among many input channels by the use of a multiplexer and sample-hold, their contribution 
to system performance errors must be taken into account. These accessory devices are dis­
cussed elsewhere, but they are also discussed briefly in this chapter because of their rele­
vance to the converter selection process. 

Multiplexers 

A. How many input channels are needed? Single-ended or differential? High-level or low­
level? What dynamic range? 

B. What kind of hierarchy is used, if a great many channels are involved? What is the 
addressing scheme? 

C. How much time is needed for settling to desired accuracy when switching from one 
channel to another? Maximum switching rate? 
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D. How much ac crosstalk error between channels is allowable? At what frequencies? 

E. What error is produced by the leakage current flowing through the source resistance? 

F. What will be the mUltiplexer "transfer" error, produced by the voltage divider formed 
by the on resistance of the multiplexer and the input resistance of the sample-hold. Is the 
multiplexer active or passive (i.e., does it have an output amplifier?) 

G. Is the channel-switching rate to be fixed or flexible? Continuous or interruptible? 
Should it be capable of stopping on one channel for test purposes? 

H. Is there danger of damage to active signal sources when the power is turned off? 
(MOSFET multiplexers are inherently "safe" (at least in this sense), since the switches open 
when power is removed. JFET multiplexer switches can conduct when power is removed, 
making it possible to interconnect, and therefore damage active signal sources. 

Sample-Holds 

A. What is the input signal range? 

B. Considering the slewing rate of the signal and the multiplexer's channel-switching rate, 
what is the sample-holds's allowable acquisition time to within the desired error band? 

C. What accuracy is needed (gain, linearity, and offset errors)? 

D. What aperture delay and jitter are allowable, going into hold? (The delay component 
of aperture time is considered to be correctible, since the switching operation can be ad­
vanced to compensate. The uncertainty (jitter) cannot be compensated, and a random jitter 
of Sns applied to a signal slewing at, say, 1 V/p.s produces an uncertainty of SmV. In sampled­
data systems, operating at a constant sampling rate, with data that is not correlated to the 
sampling rate, delay is of no importance, but jitter modulates the sampling rate. 

E. How much droop is allowable in hold? 

F. What are the effects of time, temperature, and power supply variation? 

G. What offset error is caused by the flow of the sample-hold's input bias current through 
the series resistance of the multiplex switch and the signal source? 

DEFINING THE SPECIFICATIONS 

Figures 1 and 2 depict the specifications of typical DI A and AID converters. Though the 
specs probably mean "what you think they mean," it is important that their meaning and 
implications be spelled out. The following list, in alphabetical order, should prove helpful. 

Absolute Accuracy. Absolute accuracy error of a D/A converter is the difference between 
the analog output that is expected when a given digital code is applied and the output that 
is actually measured with that code applied to the converter. 

Absolute accuracy error of an AID converter is the difference between the analog input the­
oretically required to produce a given digital output code and the analog input actually re­
quired to produce that same code. Since a band of analog values can produce the same code, 
the "input required to produce a given digital output code" is defined as the midpoint of 
either the theoretical or the measured band. 

Absolute accuracy error can be caused by gain error, zero error, linearity error, or any com­
bination of the three. Absolute accuracy measurements should be made under a set of stand­
ard conditions with sources and meters traceable to an internationally accepted standard. 

Acquisition Time. The acquisition time of a sample-hold circuit is the time it takes to ac­
quire the input signal to within the stated accuracy. When conservatively specified, as in 
Analog Devices' specifications, it includes the settling time of the output amplifier. Since it 
is possible, in some cases, for a signal to be fully acquired (and the circuit switched into hold) 
before the output has settled, one should be sure of what a manufacturer means by this term, 
since the output of the sample-hold is not meaningful until it has settled. 

Aperture Time. This is the time it takes in a sample and hold circuit, for the switch to open 
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SPECIFICATIONS (TA = +2SoC, unless otherwise specified) 

MODEL ADS63K AD563S 

MIN TYP MAX MIN TYP MAX UNITS 

DATA INPUTS 
TTL. Vcc = +SV. Pin 2 

Open Circuit 
Bit ON Logic "I" +2.0 +2.0 V 
Bit OFF Logic "0" +0.8 +0.8 V 

CMOS. 4.75 <;v cc <:;;1 5 .8, 
Pin 2 tied to Pin 1 

Bit ON Logic "I" 70%Vcc 70%Vcc V 
Bit OFF Logic "0" 30%Vcc 30%Vcc V 

Logic Current (each bit) 
Bit ON Logic "I" +20 +100 +20 +100 nA 
Bit OFF Logic "0" -so -100 -50 -100 /J.A 

OUTPUT 
Current 
Unipolar -1.7 -2.0 -2.3 -1.7 -2.0 -2.3 rnA 
Bipolar ±0.8S ±1.0 ±1.15 ±0.85 ±1.0 ±1.15 rnA 
Resistance (exclusive of 

span resistors) S.3k 6.6k 7.9k S.3k 6.6k 7.9k .0 
Unipolar Zero (all bits OFF) 0.01 0.05 0.01 0.05 % of F.s. 
Capacitance 33 33 pF 
Compliance Voltage -1.5 to -1.5 to V 

+10 +10 

RESOLUTION 12 Bits 12 Bits 

ACCURACY (Error relative ±~ ±\4 LSB 
to full scale) (0.006) (0.006) % of F.S. 

DIFFERENTIAL NONLINEARITY ±l-l ±Yz LSB 

SETTLING TIME TO l-lLSB 
All Bits ON·to-OFF or 

OFF-to'()N 1.2 1.2 /J.S 
POWER REQUIREMENTS 

Vcc. +4.75 to +IS.8VDC IS 20 15 20 rnA 
Vee. -ISVDC ±S% 20 25 20 25 rnA 

POWER SUPPLY GAIN SENSITIVITY 
Vcc@+SVDC 3 10 3 10 ppmofF.S./% 
Vcc@+ISVDC 3 10 3 10 ppmofF.S./% 
Vee@-ISVDC 14 25 14 25 ppm of F.S./% 

TEMPERATURE RANGE 
Operating o to +70 ·55 to +125 °c 
Storage -65 to +ISO -65 to +150 °c 

TEMPERATURE COEFFICIENT 
With Internal Reference 

Unipolar Zero 1 2 1 2 ppm of F.S./% 
Bipolar Zero 10 10 ppm of F.S./% 
Gain 20 30 ppm of F.S./% 
Differential Nonlinearity 2 2 ppm of F.S./% 

MONOTONICITY Guaranteed over full Guaranteed over full 
operating temp. range operating temp. range 

EXTERNAL ADJUSTMENTS' 
Gain error with fixed IOn resistor ±O.I ±O.l % of F.s. 
Bipolar Zero Error with Fixed 

IOn resistor ±O.l ±O.l % of F.s. 
Gain Adjustment Range ±0.2S ±0.25 % of F.s. 
Binary Bipolar Zero Adjustments 

Range ±D.25 ±D.25 % of F.S. 
BCD Bipolar Offset Adjustment 

Range ±0.17 ±D.I7 % of F.s. 

PROGRAMMABLE OUTPUT 
RANGES (See Figs. lao lb) Oto+S Oto +5 V 

·2.5 to +2.5 -2.5 to +2.5 V 
Oto +10 o to +10 V 
·5 to +5 ·5 to +5 V 
·IOto +10 ·10 to +10 V 

REFERENCE INPUT 
Input Impedance Sk Sk .0 

REFERENCE OUTPUT 
Voltage 2.425 2.500 2.575 2.425 2.500 2.575 V 
Current 5 5 rnA 
Impedance J 1 .0 

"Device calibrated with internal reference Specifications subject to change without notice. 

Figure 1. Typical microcircuit d/a converter specifications (AD563). 

after the control command has been given. In a good SHA, this should not exceed SOns 
delay, including IOns uncertainty. 

Common-Mode Range. Common-mode rejection usually varies with the magnitude of the 
range through which the input signal can swing, determined by the sum of the common­
mode and the differential voltage. Common-mode range is that range of total input voltage 
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SPECIFICATIONS (typical @ +2SoC, ±1SV and +SV unless otherwise noted) 

MODEL 

RESOLUTION 

ANALOG INPUTS 
Voltage Ranges 

Bipolar ".' 
Unipolar 

Impedance (Direct Input) 
o to +5V, ±2.SV 
o to +10V. ±SV 
±10V 

Buffer Amplifier 
Impedance (min) 
Bias Current 
Settling Time 

to 0.01% of FSR for 20V step 

DIGITAL INPUTS 
Convert Command 
Logic Loading 

TRANSFER CHARACTERISTICS 
Gain Error (Note 2) 
Unipolar Offset Error 
Bipolar Offset Error 
Linearity Error (max) 
Inherent Quantization Error 
Differential Linearity Error 

No Missing Codes 
Power Supply Sensitivity 

±ISV 
±SV 

TEMPERATURE COEFFICIENTS 
Gain (max) 

Unipolar Offset 
Bipolar Offset (max) 
Linearity 

CONVERSION TIME (max) 

DIGITAL OUTPUTS (All Codes Positive-True) 
Parallel Data 

Unipolar Code 
Bipolar Code 
Output Drive 

Serial Data (NRZ format) 
Unipolar Code 
Bipolar Code 
Output Drive 

Status 
Status 

Output Drive 
Internal Clock 

Output Drive 
Frequency 

INTERNAL REFERENCE VOLTAGE 
Max External Current 
Voltage Temperature Coefficient (max) 

POWER REQUIREMENTS 
Supply Voltages/Currents 

Total Power Dissipation 
TEMPERATURE RANGE 

Specification 
Operating 
Storage 

"Same specification .. AD'72AD 

""Same speciflC&tioD .. AD'7ZBD 

Specif"lC&tions subject to cb..,.. witbour notice. 

AD572AD 

12 Bits 

±2.S, ±S.O, ±10.0V 
o to +S, 0 to +10V 

2.SkSl 
S.OkSl 
10kSl 

lOOMSl 
SOnA 

Note 1 
1 TTL Load 

±0.05% FSR (Adj to Zero) 
±O.OS% FSR (Adj to Zero) 
±0.1% FSR (Adj to Zero) 
0.012% FSR 
±I-i LSB 
±I-i LSB 
Guaranteed: 0 to +70°C 

±0.OO2% FSR/%t.VS 
±O.OOl% FSR/%t.Vs 

±3Oppm/C (-25 to +85°C) 

±3ppm FSR/C 
±ISppm FSR/"C 
±3ppm FSR/"C 

Binary 

ADS72BD 

• 
• 
• 
• 
o 

• 
• 

• 

• 
• 

• 
• 
• 
• 
• 
Guaranteed: -25 to +85°C 

• 
o 

±lSppm/OC (-2S to +8SoC) 

±3ppm FSR/oC (max) 
±7ppm FSR/"C 
±2ppm FSR/oC 

• 

Offset BinarylTwo's Complement • 
2 TTL Loads • 

Binary • 
Offset Binaty • 
2 TTL Loads • 
Logic "I" during Conversion • 
Logic "0" during Conversion • 
2 TTL Loads 

2 TTL Loads • 
SOOkHz • 
+10.00V. ±SmV • 
±4mA • 
±2Oppm/oC tlOppm/"C 

+15V, ±S% @ +2SmA * 
-15V, tS% @-2OrnA 
+SV, tS%@ +SOrnA • 
92SmW • 
-25 to +8SoC • 
-SS to +125°C • 
-55 to +1S0·C 

Narc 1 Posirive pulse 200ns wide (min). Leading cds« 
("0" to "1") resers regis ..... TraDing cdse 
("1" to "0") initiates conversion. 

Note 2 Witb '00, 1'110 f"",cd resisror in plaoe of GIlD 
Adju. pM: see Figures 4 and 5. 

AD572SD 

• 
• 
• 

• 
• 

• 

• 
• 

• 
• 
• 
• 
• 
Guaranteed: -S5 to +l25°C 

• 
• 

±ISppm/:C (-2S to +85°p 
±25ppml C (-55 to +l25 C) .. 
•• 
•• 

• 
• 
0' 

• 
• 
• 
• 
• 

• 
• 
• 
• .. 
• 
• 
• 
• 

• 
• 

Figure 2. Typical microcircuit aId converter specifications (AD572). 

over which specified common-mode rejection is maintained. For example, if the common­
mode Signal is ±5V and the differential signal is ±5V, the common-mode range is ±lOV. 

Common·Mode Rejection. The ability of a device to reject the effect of voltage applied to 
both input terminals simultaneously. It is usually expressed either as a ratio (CMRR = 1 06 ) 

or as 20 log! 0 of the ratio (CMR = l20dB). A CMRR of l06 means that a lOV common­
mode voltage is processed by the device as though it were an additive differential input 
signal of lOll V magnitude. 
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Common-Mode Voltage. A voltage that appears in common at both input terminals of a 
device, with respect to its output reference (usually "ground"). For inputs VI and V2 , with 
respect to ground, CMV= Y2 (VI + Va). Common-mode error is any error at the output due 
to the common-mode input voltage. 
Compliance-Voltage Range. For a current source (e.g., a current-output DAC), the maximum 
range ofterminal voltage for which the current source will maintain its defined characteristics. 

Conversion Time. The time required for a complete measurement by an analog-to-digital 
converter. In successive-approximation converters, it ranges typically from 1.0J.Ls (ADC-
1103-001) to 400J.Ls (ADC-16Q). Popular 12-bit general-purpose AID converters, such as 
the AD572, have conversion time of about 25J.Ls. 
Crosstalk. Leakage of signals between circuits or channels of a multi-channel system or de­
vice, such as a multiplexer. Crosstalk is usually determined by the impedance parameters of 
the physical circuit, and actual values are frequency-dependent. 

Deglitcher (See Glitchl. A device that removes or reduces the effects of time-skew pulses in 
DI A conversion. A deglitcher normally consists of a sample-hold circuit, which holds the 
DAC output constant at the previous value until the switches reach equilibrium. Since the 
phenomena involved can be extremely fast, the deglitcher is usually a portion of the circuit, 
rather than a specific general-purpose modular device. 
Differential Nonlinearity. In a converter, differential linearity error describes the variation 
in the analog value of transitions between adjacent pairs of digital numbers, over the full 
range of the digital input or output. If each transition is equal to its neighbors (Le., 1 LSB), 
the differential nonlinearity is zero. If a transition differs from one of its neighbors by more 
than 1 LSB (e.g., if, at the transition 01111111 to 1000000, the MSB is low by 1.1 LSB), a 
DI A converter can be non-monotonic, or an AID converter using it may miss one or more 
codes. A specified maximum differential nonlinearity of ±1hLSB at 25°C ensures that mo­
notonic behavior will exist over a tangible range of temperature, or each step is (1 ± Y2)LSB. 
Differential-Nonlinearity Temperature Coefficient. Since bit weightings vary to some degree 
with temperature, a converter having acceptable differential nonlinearity at 25° may have 
> 1 LSB error at some other temperature. The temperature coefficient describes the maxi­
mum variation of differential1inearity error with temperature over the specified range. 
Often, instead of a temperature coefficient, this specification may appear as a range of 
temperature for which behavior is monotonic. 
Droop Rate. When a sample-hold circuit using a capacitor for storage is in hold, it will not 
hold the information forever. Droop rate is the rate at which the output voltage changes (by 
increasing or decreasing), and hence gives up information. As a rule, when using a SHA (sam­
ple-hold amplifier) ahead of an ADC, the SHA should not droop more than 0.1 LSB during 
the conversion time of the ADC. 
Dual-8lope Converter. An integrating AID converter in which the unknown signal is con­
verted to a proportional time interval, which is then measured digitally. This is done by inte­
grating the unknown for a length of time determined by a counter. Then a reference input 
is switched to the integrator, which integrates "down" from the level determined by the 
unknown until a "zero" level is reached. The time for the second integration process is pro-
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Figure 3. Voltage-time relationships in dual-slope conversion. 
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portional to the average of the unknown signal level over the predetermined integrating 
period. The same counter and clock are used for this measurement, and thus the output is 
immune to long-term variations of the integrator's characteristic time and the clock fre­
quency. The counter provides the digital readout. 

Feedthrough. A term referring to that characteristic of a circuit or device manifested by 
undesirable signal leakage around switches or other devices that are supposed to be turned 
off or provide isolation. Both digital and analog signals can cause analog feedthrough errors. 

Four-Quadrant. In afour-quadrant multiplying DAC, if both the reference signal and the 
number represented by the input may be bipolar, the output can be either positive or nega­
tive, obeying the rules of multiplication as to algebraic sign in all four quadrants. 

"Gain" Adjustment. The "gain" of a converter is that analog scale factor setting that estab­
lishes the nominal conversion relationship, e.g., I OV full scale. It is adjusted, typically, by set­
ting the feedback resistor of a DAC, the input resistor in a current-comparing ADC. or the 
reference (voltage or current). 

"Glitch ". If one applies the output of a counter to the input of a DAC to develop a "stair­
case" voltage, the number of bits involved in a code change establish "major" and "minor" 
transitions. The most major transition is at Y2-scale, when the Df A switches all bits, i.e. from 
011 ... 111 to 1000 ... 00. If, for digital inputs having no skew, the switches are faster to 
switch off than on, this means that, for a short time, the DAC will seek zero output, and 
then return to the required 1 LSB above the previous reading. This large transient spike is 
commonly known as a "glitch." The better-matched the input transitions and the switching 
times, and the faster the switches, the smaller will be the energy contained in the glitch. Be­
cause the size of the glitch is not proportional to the signal amplitude, linear filtering may 
be unsuccessful and may, in fact, make matters worse. (See also Deglitcher) 

10000000 

WITH IDEAL DEGLITCHER 

Figure 4. Glitch at a major carry. 

Least-Significant Bit (LSB). In a system in which a numerical magnitude is represented by 
a series of binary (Le. two-valued) digits, the least-significant bit is that digit (or "bit") that 
carries the smallest value or weight. For example, in the natural binary number 1101 (deci­
mal 13, or (1 x 23 ) + (1 X 22) + (0 X 21) + 2°», the rightmost "1" is the LSB. The weight 
of 1 LSB, in relation to full scale, is the resolution implied by the digital number. 

Linearity. Linearity error of a converter is the deviation of the analog values, in a plot of 
the measured conversion relationship, from a straight line. The straight line can be either a 
"best straight line," determined empirically by manipulation of the gain and/or offset to 
equalize maximum positive and negative deviations of the actual transfer characteristic from 
this straight line; or, it can be a straight line passing through the end points of the transfer 
characteristic after they have been calibrated (Figure 5). Sometimes referred to as "end­
point" nonlinearity, the latter is the definition used by Analog Devices, both because it is a 
more conservative measure, and because it is much easier to verify in actual practice. "End­
point" nonlinearity is similar to relative accuracy error (see Relative Accuracy). 

For Multiplying D/ A converters, the analog linearity error at a given digital code is defined 
in the same way as for multipliers, i.e., by deviation from a "best straight line" through 
the plot of the analog output-input response. 

Once the converter has been adjusted and calibrated, deviations from linearity become abso­
lute errors. While differential-linearity errors are cyclic, other linearity errors, such as might 
be caused by amplifier nonlinearity, tend to follow the usual nonlinearity patterns of other 
analog devices. 
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Figure 5. Comparison of linearity criteria for 3-bit D/A converter. 
Straight line through end points is easier to measure, gives more­
conserative specification. 

Monotonicity. The output of a monotonic DI A or AID converter never decreases in response 
to an increasing input stimulus (or vice versa). In high-speed converters, it is not especially 
hard to trim a design to be monotonic over limited temperature ranges. In order to be mono­
tonoc over very wide temperature ranges, error components of DAC switches and resistor 
networks must track each other very closely with temperature change. Monotonic behavior 
requires that the differential nonlinearity be < lLSB. In ADC's, the counterpart of non­
monotonic behavior is the "missed code," which is produced when a transition from one 
quantum of the analog range to the adjacent one does not result in the adjacent digital code, 
but in one removed by one or more counts. Monotonic behavior in high-resolution conver­
sion over wide temperature ranges is not easy to accomplish at the present state of the art; 
consequently, converters like the AD572, which have no missed codes over the specified 
temperature range, at reasonable cost, are not commonly seen in the industry. Integrating 
converters, such as the AD7550 are inherently monotonic; AID converters of this class are 
also inherently slow (usually more than 35ms for a full conversion). 

Most Significant Bit (MSB). In a system in which a numerical magnitUde is represented by a 
series of binary (i.e., two-valued) digits, the most-significant bit is that digit (or "bit") that 
carries the greatest value or weight. For example, in the natural binary number 1101 (deci­
mal 13, or (1 x 23 ) + (1 X 22) + (0 X 21) + (1 x 2°», the leftmost "1" is the MSB, with a 
weight of ~ nominal peak-to-peak full scale. In bipolar devices, the sign bit is the MSB. In 
AID converters having overrange bits, the MSB is the most-significant "overrange" bit. 

Multiplying DA C. A multiplying DAC differs from the conventional fixed-reference DAC 
in being designed to operate with reference signals that vary, often (ac) at high speeds. The 
output signal of such a DAC is proportional to the product of the reference voltage and the 
fractional equivalent of the digital input number. In addition to the usual DAC specifica­
tions, the multiplying DAC is specified as to analog signal feedthrough at low and high fre­
quencies, and number of quadrants (1, 2-digital, 2-analog, or 4). 

Noise. In high-resolution DAC's, such as the DAC1138, noise can be an important consider­
ation, since the resolution is not confidently assignable when the peak noise exceeds the LSB 
value over a reasonable bandwidth. For an ADC, noise, either in the input signal, the input 
circuitry, or the conversion device itself, effectively increases the size of the quantization 
band, and may thus impart statistical properties to the output numbers, which may then 
require additional processing for successful interpretation. 

Noise: RMS vs. Peak-toPeak. For all but integrating converters, peak noise must be consid­
ered carefully, especially where small numbers of readings and limited processing capacity 
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are available. An rms noise specification over a given bandwidth allows peak-to-peak pre­
dictions for gaussian noise (peak-to-peak values greater than 7x rms will probably occur less 
than 0.1% of the time). However, both peak-to-peak and rms noise specs should be looked 
at, since large spikes could be present on the output of a chopper-stabilized amplifier, or 
could be coupled into the analog portion of the system. These spikes, if narrow, will con­
tribute little to driving the rms noise out of spec, but could nevertheless be considerably 
greater than 7x rms. If a DAC having spike noise on its output were used in a display sys­
tem, the noise would cause distortion of the pattern, and loss of useful resolution. 

Offset. For almost all bipolar converters (e.g., ±10 volts output) instead of actually gener­
ating negative currents to correspond to negative numbers, a unipolar DAC is used, and the 
output is offset by half full scale (lMSB). For best results, this offset voltage or current is 
derived from the same reference supply that determines the gain of the converter. 

This makes the zero point of the converter independent of thermal drift of the reference, 
because the Yz scale offset completely cancels the weight of the MSB at zero, independently 
of the amplitude of both. 

"ON" Resistance. "ON" resistance of a device such as a FET, when used as a switch perform­
ing a function (such as multiplexing), refers to the ohmic resistance while turned on. For 
multiplexer service, a few hundred ohms or less will usually provide adequate accuracy. For 
other switching service, such as in a DAC, values of 10 ohms or less are desirable. 

Power-Supply Sensitivity. The sensitivity of a converter to changes in the power supplies 
is normally expressed in terms of percent change in analog value (01 A output, AID input) 
for a 1% change in power supply, e.g., 0.05%/%b.Vs' As a rule, for a good converter, the 
fractional change in scale factor should be well below the equivalent of ±YzLSB for a 3% 
change in power-supply voltage. When power-supply voltage changes affect conversion ac­
curacy excessively, the key culprit is often a marginal "constant-current-circuit" for the 
reference diode. 

Quad-Slope Converter. This is an integrating analog-to-digital converter that goes through 
two cycles of dual-slope conversion, once with zero input and once with the analog input 
being measured. The errors determined during the first cycle are subtracted digitally from 
the result in the second cycle. The scheme results in an extremely accurate converter. For 
example, the 13-bit single-chip AD7550 is a CMOS quad-slope AID converter with temp co 
(gain and zero temperature coefficients) less than IppmtC. 

Quantizing Uncertainty (or "Error"). The analog continuum is partitioned into 2n discrete 
ranges for n-bit conversion. All analog values within a given quantum are represented by the 
same digital code, usually assigned to the nominal midrange value. There is, therefore, an 
inherent quantization uncertainty of ±YzLSB, associated with the resolution. in addition to 
the actual conversion errors. This uncertainty is a property of the system resolution. 

Relative Accuracy. Relative accuracy error is the deviation of the analog value at any code 
(relative to the full analog range of the device transfer characteristic) from its theoretical 
value (relative to the same range), after the full-scale range has been calibrated. 

Since the discrete points on the theoretical transfer characteristic lie on a straight line, this 
deviation can also be interpreted as a measure of nonlinearity (see Linearity). 

The "discrete points" ofa D/A transfer characteristic are measured by the actual analog out­
puts. The "discrete points" of an AID transfer characteristic are the midpoints of the quan­
tization bands at each code (see Absolute Accuracy). 

Resolution. Nominal Resolution is the relative value of the LSB, or 2-n for binary devices, 
for n-bit converters. It may be expressed as 1 part in 2n, as a percentage, in parts-per-mil­
lion, or simply by "n bits." Useful resolution (not usually specified explicitly) is the small­
est uniquely-distinguishable bit for all conditions of required operation (time, temperature, 
etc.) For example, a "12-bit" converter may have a useful resolution, over its temperature 
range, of only 1 0 bits. Useful resolution of DAC's and devices using them (including ADC's) 
is limited by the relative accuracy. but resolution need not limit accuracy. For example, a 
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4-bit D/A converter used in a programmable power supply has 16 levels, but it could have 
a required accuracy within 0.01 % (absolute and/or relative). Note that low-cost completely­
monolithic 8-bit DAC's need not necessarily have sufficient accuracy for such an application, 
although their resolution is more than adequate. 

Settling Time. This is the time it takes for a DAC to settle for a full-scale code change, usu­
ally to within the analog equivalent of ±Y2LSB. For some applications, e.g., in staircase wave­
form generation, another important specification is the settling time for a single LSB change 
(at the major carry, and elsewhere). 

Slew(ing) Rate. A limitation in the rate of change of output voltage, usually imposed by 
some basic circuit consideration, such as limited current to charge a capacitor. Amplifiers 
with slew rate of more than a few volts//lS are usually seen only in more sophisticated (and 
expensive) devices. The output slewing speed of a modern D/ A converter is usually limited 
by the slew rate of the amplifier used at its output. Slew rate magnitude is usually a guide 
(but by no means infallible) to settling time. 

Stability. In a well-designed intelligently-applied converter, dynamic stability is never a seri­
ous question. The term stability usually connotes the insensitivity of a converter's character­
istics to time, temperature, etc. All measurements of instability are difficult and time-con­
suming (especially in high-resolution devices), but instabilities vs. temperature are sufficiently 
critical in most applications to warrant universal inclusion in tables of specifications (see 
temperature coefficient). 

Successive Approximations. A method of comparing an unknown against a group of weight­
ed references (usually binary), capable of high speed. The process of successive approxima­
tions in an A/D converter is generally similar to the orderly weighing of an unknown quan­
tity on a precision chemical balance, using a set of weights, such as 1 gram, Y2 gram, % 
gram, etc. 

Switching Time. In a D/A converter, the switching time is the time taken for an analog 
switch to change to a new state from the previous one. It includes delay time, and rise time 
from 10% to 90%, but does not include settling time. 

Temperature Coefficient (See also Differential-Nonlinearity Temperature Coefficient). Tem­
perature coeffiCients of gain and offset are defined in terms of the "average" deviation over 
a range of temperature variation, i.e. (€r 1 - €r 2 }/(T 1 - T 2)' For specified temperature 
ranges that extend from below room temperature to above room temperature, the device is 
zeroed and calibrated at room temperature, and the temperature coefficient for the "high" 
range (T H - T A) and for the "low" range (T R - T A) are both compared with the speci­
fication; both must be better than specified. 

a. Gain TC This is affected by the reference zener « SppmrC for a good diode) and 
the reference circuitry, including the reference amplifier and switches (3ppmrC in very 
good converters). The total gain (or scale factor) change is specified in ppmrC. 

b. Zero TC (unipolar converters) The zero stability of a unipolar DAC is almost en­
tirely governed by the output amplifier's zero stability. Since output amplifiers are usually 
employed essentially as current-to-voltage converters, they operate at low values of closed­
loop gain, and the zero TC is not greatly affected by the choice of programmable gain set­
ting (i.e., O-SV or O-IOV). Zero TC is usually expressed in /lV/oC. Zero TC in ADC's is gen­
erally dependent only on the zero stability of the input buffer amplifier (if included) and 
the comparator and is expressed in /lVrC, referred to the input. 

c. Zero TC (bipolar converters) Converters that use offset-binary coding are "zero" 
set at the all-bits-off point, and their scale factor is set at either all-bits-on, or (for more pre­
cise zero) at the MSB transition. However, the zero TC is measured at the MSB transition 
(analog zero). It is affected by the reference TC, the tracking of the offset reference, and the 
tracking of the bipolar-offset and gain-setting resistors. For such precision DAC types as 
ADS61, which use the same reference for both the scale factor and the MSB offset, and 
monolithic resistor networks (with their excellent tracking), the zero-TC specification differs 
little for both the unipolar and bipolar connections. 
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Zero Setting. The zero level of a unipolar DAC is set to zero volts at the code correspond­
ing to OV. The LSB transition of an ADC is offset by ~ LSB, so that all subsequent tran­
sitions ideally occur midway between the nominal code values. (See also offset and zero 
Te.) 

SYSTEM-COMPONENT SELECTION PROCESS 

The most natural process for selection of appropriate off-the-shelf components to meet a 
system requirement involves a method of "successive approximations:" Choose the least 
costly device that meets the most significant requirements, and perform an error analysis 
to check its adequacy. 

If its performance seems far in excess of that needed (at possibly excessive cost), or inade­
quate in some respects, inspect the discrepancies for possible design tradeoffs, make a new 
choice (if necessary) and repeat the analysis. Remember, though, that in a maturing indus­
try, costs can be expected to decline. It is often less costly, in the long run, to go for better 
performance {rather than lowest possible cost} in the initial stages of a deSign. Also, efforts 
aimed at reducing the cost of any element of a system should bear in mind the relationship 
of its cost relative to that of the entire project. 

In fact, where new designs are concerned, and early results are essential, unless one is an ex­
perienced system designer with plenty of component and manufacturing experience (if quan­
tities are involved), it is usually good judgement to ignore initial cost (within the limits of 
good sense) and go for performance, convenience, and the highest level of system integra­
tion that the budget will allow (see Chapter 1-4). 

TYPICAL CONVERTER CLASSIFICATIONS 

Once the problem is defined and the key specifications have been determined, one is still 
faced with the question of narrowing the choices to devices (converters) likely to "fIll the 
bill" as rapidly as possible, so as to conserve the time needed for actual evaluation. 

The selection guides from the 1977 Analog Devices Short-Form catalog are useful for this 
purpose and are reproduced on the following 6 pages for the convenience of our readers. 
They are classified by family (aId, dla, vlf, etc.) and by technological groupings (IC's, 
modules), and within that grouping, by salient specifications (resolution, linearity error, 
settling time, gain tempco, etc.) They are up-to-date as of Spring, 1977.* 

AN EXAMPLE OF THE SELECTION AND VERIFICATION PROCESSt 

A computer data-acquisition system is to be assembled to process data from a number of 
strain gages. Signal-conditioning hardware, to be purchased with the gages, delivers ±lOV 
full-scale signals with 10-ohm source impedance. The signal channels must be sequentially 
scanned in no more than SO microseconds per channel. Maximum allowable error of the sys­
tem is about 0.1 % of full scale. System logic is to be TTL, and hardware may work in either 
binary or 2's complement code. Parallel data readout will be used. 

Probable temperature range in the equipment cabinets (including equipment temperature 
rise) is +2SoC to +SSoC. Sufficient power at both ±ISVand +SV is available, but the regu­
lation of the ±ISV supply is ISOmV. 

The objective: specify a set of conversion components having appropriate accuracy and 
speed. 

FIRST APPROXIMATION 

A useful rule of thumb that usually provides satisfactory results is this: For the critical specs 
of a multi-component system, choose each component to perform roughly 10 times better 

*Readers of this book are invited to communicate with ADI or our representatives for more recent listings, or to 
receive additional product suggestions for a given application. 

fFor maximum tutorial benefit, to avoid clutter, and to fit the available space, somc of the less-salient sources of error 
have been intentionally omitted. If there are any that you're concerned about for your application but don't see here, 
we invite you to communicate with out Applications Engineers. 
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CONVERTER ICs: DIGITAL·TO·ANALOG 
SPECIFICATIONS (typical @ +2SoC unless otherwise noted) 

Model 

AD559K 
AD559S 

AD7520JN/JD 
AD7520SD 
AD7520KN/KD 
AD7520TD 
AD7520LN/LD 
AD7520UD 

AD7521JN/JD 
AD7521SD 
AD7521KN/KD 
AD7521TD 
AD7521LN/LD 
AD7521UD 

AD7522JN/JD 
AD7522SD 
AD7522KN/KD 
AD7522TD 
AD7522LN/LD 
AD7522UD 

AD7S30JN/JD 
AD7S30KN/KD 
AD7530LN/LD 

AD7531JN/JD 
AD7531KN/KD 
AD7S31 LN/LD 

AD561J 
AD561K 
AD561S 
AD561T 

AD562K 
AD562A 
AD562S 

AD563J 
AD563K 
AD563S 
ADS63T 

Description Resolution 

8-bit DAC, replaces 8-Bits 
Motorola 1408/1508 8-Bits 

10-bit monolithic 
CMOS multiplying 
DAC 

12-bit, monolithic 
CMOS multiplying 
DAC 

10-bit, monolithic 
CMOS multiplying 
DAC with micro­
processor com" 
patible input buffer 
& holding register 

Low cost 10-bit 
monolithic CMOS 
multiplying DAC 

Low cost 12-bit 
monolithic CMOS 
multiplying DAC 

10-bit DAC 
with reference, 
monotonic 
perfonnance 

12-bit DAC, mono­
tonic performance 

12-bit DAC with 
reference, monotonic 
performance 

10-Bits 
10-Bits 
10-Bits 
lO-Bits 
10-Bits 
10-Bits 

12-Bits 
12-Bits 
12-Bits 
12-Bits 
12-Bits 
12-Bits 

10-Bits 
10-Bits 
100Bits 
10-Bits 
lO-Bits 
10-Bits 

10-Bits 
10-Bits 
10-Bits 

12-Bits 
12-Bits 
12-Bits 

lO-Bits 
lO-Bits 
lO-Bits 
10-Bits 

12-Bits 
12-Bits 
12-Bits 

12-Bits 
12-Bhs 
12-Bits 
12-Bits 

Differential 
Nonlinearity Gain T.e. 

±0.19% max 
±0.19% max 

±1I2LSB max 20ppm/oC 
±1I2LSB max 20ppm/oC 

±0.2%max 
±0.2%max 
±O.l% max 
±O.l% max 
±0_05% max 
±0.05% max 

±o.2%max 
±o.2%max 
±O.l% max 
to.l% max 
±0.05%max 
to.05%max 

to.2% max 
to.2% max 
to.l% max 
to.l% max 
to.05% max 
to.05% max 

to.2% max 
±O.l% max 
±0.05%max 

±0.2% max 
to.1% max 
to.05%max 

to.05%max 
to.025% max 
to.05% max 
to.025%max 

±0.4% max 
±0.4% max 
±0.2% max 
±0.2% max 
±O.I% max 
±O.I% max 

±0.4% max 
±0.4% max 
±O.2% max 
±0.2% max 
±O.I% max 
±O.I% max 

±0.4% max 
±O.4% max 
±0.2% max 
±0.2% max 
±O.l% max 
±O.l% max 

±0.4% max 
±0.2% max 
±O.l% max 

to.4% max 
±0.2% max 
±0.1% max 

±0.05% 
·±0.05% max 
±0.05% 
±0.05% max 

±0.006% maX ±0.012% 
±0.006% max ±0.OI2% 
±0.006% max ±O.012% 

±0.012% max ±O.012% max 
±O.006% max ±O.012% max 
±0.006% max ±0.OI2% max 
±O.006% max ±0.012% max 

10ppmfCmax 
10ppmfCmax 
10ppmfCmax 
10ppm/oC max 
lOppm/oC max 
IOppmfC max 

10ppmfCmax 
10ppmfCmax 
10ppmfCmax 
IOppm/oC max 
10ppmfCmax 
10ppm/Cmax 

10ppmfCmax 
10ppm/oC max 
10ppmfCmax 
10ppm/oC max 
lOppmfCmax 
10ppmfCmax 

IOppm/oC max 
IOppm/oC max 
IOppm/oC max 

10ppmfCmax 
10ppmfCmax 
lOppm/oC max 

80ppmfCmax 
30ppmfCmax 
60ppm/oC max 
30ppm/oC max 

5ppm/oC max 
5ppmfC max 
5~pmtC max 

30ppmfC max 
20ppmfC max 
30ppmtC max 
10ppmtC max 

Inputs 

TTL 
TTL 

TTLI 
CMOS 

TTU 
CMOS 

TTU 
CMOS 

TTL! 
CMOS 

TTL! 
CMOS 

TTLI 
CMOS 

TTL! 
CMOS 

TTLI 
CMOS 

Output 

Unipolar 

Power 
Dissipation 

280mW max 
280mW max 

Unipolarl 20mW 
Bipolar 20mW 

20mW 
20mW 
20mW 
20mW 

Unipolar! 
Bipolar 

20mW 
20mW 
20mW 
20mW 
20mW 
20mW 

Unipolarl 20mW 
Bipolar 20mW 

20mW 
20mW 
20mW 
20mW 

Unipolar! 20mW 
Bipolar 20mW 

20mW 

Unipolar! 20mW 
Bipolar 20mW 

20mW 

Unipolar! 290mW max 
Bipolar 290mW max 

290mWmax 
290mWmax 

Unipolarl 475mW max 
Bipolar 475mW max 

475mW max 

Unipolar! 
Bipolar 

475mW max 
475mW max 
475mW max 
475mW max 

"Note: C = 0 to +70oC I = -25°C to +85°C M = -55°C to +12SoC Suffix N - Plastic Suffix D - Ceramic 

CONVERTER ICs: ANALOG·TO·DIGITAL 

SPECIFICATIONS (typical @ ~2SoC unless otherwise noted) 

Model 

AD7570]D 
AD7570LD 

AD7SS0BD 

ADS72A 
ADS72B 
ADS72S 

Desa-iption 

8 & IO-bit, CMOS, 
successive approxi­
mation A/D 

13-bit, quad slope 
AID 

12-bit bipolar AID 
with reference, 
comparator, buffer 
amplifier 

"Note: C = 0 to +70°C 
1= -2So C to +8SoC 
M = -SSoC to +12SoC 

Resolution 

8-Bits 
lO-Bits 

13-Bits 

12-Bits 
12-Bits 
12-Bits 

Differential 
Accuracy Nonlinearity 

±O.19% max No missing 
±O.OS% max codes 

±O.OO6% max No missing 
codes 

±o.012% max 
±o.012% max 
±o.012%max 

±Y..LSB max 
No missing 
codes 

Gain T.C. 

10ppmtC max 
10ppm/oC max 

Ippm/°<; 

Conversion 
Time 

20llS 
20lls 

40ms 

3Oppm/C max 251ls max 
ISppm/C max 2SIlS max 
25ppml"C max·· 2SIls max 

··±lSppm/C max for temperature range -2SoC to +8SoC 

CONVERTER ICs: VOLTAGE·TO-FREQUENCY 

SPECIFICATIONS (typical @ +2SoC unless otherwise noted) 

Power 
Dissipation 

20mW 
20mW 

9mW 

900mW 
900mW 
900mW 

Temp. 
Range" 

C 
M 

CII 
M 
CII 
M 
C/I 
M 

CII 
M 
CII 
M 
CII 
M 

ell 
M 
Cll 
M 
CII 
M 

Cll 
C/l 
ClI 

C!I 
Cll 
CII 

C 
C 
M 
M 

C 
I 
M 

C 
C 
M 
M 

Temp. 
Range· 

C 
C 

C 

M 

Model Description Input Output 
Nonlinearity 
(lOkHz) 

Quiescent 
Current 

Temp. 
Range- Package 

ADS37J 
ADS37K 
AD537S 

Low cost 
monolithic VII' 
converter 

±10V 
±lOV 
±10V 

0.001 to 100kHz 
0.001 to 100kHz 
0.001 to 100kHz 

"Note: C = 0 to +70oC 1= -2SoC to +85°C M = -5SoC to +12S·C 
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0.15% max 
0.07% max 
0.07% max 

1.2mA 
1.2mA 
1.2mA 

C 
C 
M 

14 Pin DIP 
14 Pin DIP 
14 Pin DIP 

Package 

16 Pin DIP 
16 Pin DIP 

16 Pin DIP 
16 Pin DIP 
16 Pin DIP 
16 Pin DIP 
16 Pin DIP 
16 Pin DIP 

18 Pin DIP 
18 Pin DIP 
18 Pin DIP 
18 Pin DIP 
18 Pin DIP 
18 Pin DIP 

28 Pin DIP 
28 Pin DIP 
28 Pin DIP 
28 Pin DIP 
28 Pin DIP 
28 Pin DIP 

16 Pin DIP 
16 Pin DIP 
16 pin DIP 

18 Pin DIP 
18 Pin DIP 
18 Pin DIP 

16 Pin DIP 
16 Pin DIP 
16 Pin DIP 
16 Pin DIP 

24 Pin DIP 
24 Pin DIP 
24 Pin DIP 

24 Pin DIP 
24 Pin DIP 
24 Pin DIP 
24 Pin DIP 

Package 

28 Pin DIP 
28 Pin DIP 

40 Pin DIP 

32 Pin 
Metal 
DIP 
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CONVERTER MODULES: DIGITAL-TO-ANALOG 

SPECIFICATIONS (typical® +2SoC unless otherwise noted) 

DAC·IOZ 
MDA-IOZ 

DAC-I2QZ 

l>ACHI8 

DACl009 

HiJIh Perform ... .., DAC-8QS 
DAC-IOQ5 
DAC-IZQ5 

DAC-8QM 
DAC-IOQM 
DAC-12QM 

DACH3Z 

HighSpecd 

Higb Resolution 

Low Power 

Multiplying" 

He,m. Scaled 

Hilh Reliability 

DAC-IODF 

MDA-8F 
MDA-IOF 

DACHOMlOl 
DACIIOMlO2 

DACH08 

DAC-I4QG4 
DAC-16QG4 

DAC-I4QM 
DAC-16QM 

DACH36Js 
DAC1136K' 

DACIH8j' 
DACH38K' 

DAC1122j 
DAC1122K 

DAC-8M 
DAC-12M 

MDA-llMF 

DACI125 

MDA-12QD 

DACI1l2 

DACI1l7 

Resolution 

Ulbits to.OS% max 
10 bits tlI.lIS% max 

12 bitsl3 digits :t6.012S% 

12 bitsl3 digits to.0125% max 

12 bicsl3 digitS 

8 bits/2 digits 
10 bits 
12 bits/3 digit. 

8 bitsl2 digits 
10 bits 
12 bitsl3 digit's 

12 bits 

10 bit. 

8 bits 
10 bitS 

8 bits 
10 bit. 

12 bits 

14 bits 
16 bits/4 digits 

14 bits 
16 bitsl4 digits 

.16 bits 
16 bits 

'18 bits 
18 bits 

12 bits 
12 bits 

8 bits 
12 bits 

11 bits 

12 bits 

12 bit~ 

12 bit. 

12 bits 

:to.0125% max 

to.2% 
to.OS% 
±0.0125% 

±a.2% 
±0.05% 
to.0125% 

±0.0125% 

to.05%max. 

';0.2% 
to.OS% 

to.2% 
±0.05% 

±0.0125% msx 

:1:0.003% 
:1:0.0015% 

:1:0.003% 
:1:0.0015% 

:to.OOIS% 
:1:0.00076% 

±0.00038% 
:1:0.00019% 

±O.OI%max 
±O.Ol%max 

to.2% 
:1:0.02% 

:1:0.03% 

±O.012S% max 

±0.0125% 

:1:0.0125% 

±0.11125% max 

Settling Time ... 
... Aecuracy 
for F.S. Stq> 

5,... to ±0.05% 
300ns to ±0.05% 

'I'sto ±a.01 % 

'I's to ±0.01% 
4#:5 [0 ±O.Ot % 

Sl'sto ±0.01 % 
51's to :to.01% 
'''''to ±0.01% 
51's to ±0.01% 
SI'SlO ±0.01% 
51's to to.OI% 

2IJs t6 ±O.Ol% 

200ns max to ±O.05% 

4005 to ±O.03% 

40ns to ±O.OS% 

25n5 to ±O.2% 
SOns t& ±O.OS% 

lSOns to ±O.Ol% 

2501'S to ±0.0015% 
2'OIls to ±O.ooIS% 

2501lS to ±0.0015% 
2'01'''0 ±O.OOI'% 

181" to ±O.OO 15% 
301lS to ±0.00076% 

601lS to ±0.00038% 
2301" to ±0.00038% 

20l's to ±0.01 % 
10l'sto ±0.01 % 

lOllS to ±0.2% 
lSI'S to :to.01% 

1,... to ±0.01% 

31'sto :to.Ol % 

31'S to ±0.01% 

'I'SlO ±0.01 % 
41'sto ±a.01% 

Cain 
TC 

±30ppmlOC 
t30ppmloC 

t30ppmloC max 

:t30ppmloC max 

%l1ppm/oC 

±7ppm/OC max 
:t7ppm/oC max 
±7ppm/oC max 

:!:7ppmlC max 
:t7ppml'C max 
±7ppm/oC max 

±]OppmtC max 

tSOppm/C max 
±2SppmloC 
:t2'ppm/C 
:tIOppm/C 
±lOppm/C 
±30ppmloC 

±7ppm/C 
±7ppmloC 

±ISppml'C 
±ISppmloC 

±'ppm/C 
±Sppm/C 
:tlppmlC 
:l:lppml'C 

±30ppm/oC 
±15ppmloC 

±2'ppmloC max 
±S ppm/o C maX 

:t30ppml'C 
±Jppm/oC 

±7ppmlcmax 
±15ppmJoC max 

Sioe 
(Inches) 

2 x 2 x 0.4 
2 x 2 x 0.4 

2x2xO.4 

2x4xO.4 
Z x Z xO.4 

2 x 2 ,,0.4 
2 x 2 x 0.4 
2 x 2 x 0.4 

2 x 4 x 0.4 
2 x 4 x 0.4 
2 x 4 x 0.4 

2 x 2 x 0.4 

4.5 x6 

2 x 4x 0.4 
2 x 4 ,,0.4 

2 x 2 x 0.4 
2 x 2 ,,0.4 

2 x 2 x 0.4 

4.5 x 4.75 
4.5 x 4.75 

2 x 4x 0.4 
2 x4 x 0.4 

2 x 4xO.4 
2 x4 xO.4 
2 x4xO.4 
2x4xO.4 

2 x 3 x 0.4 
2 x 3 x 0.4 

2 x 2 x 0.4 
2 x2 x 0.4 
2 x4xO.4 

2 x 2 xO.4 

I x 1.5 x 0.4 

2x2xO.4 

I x 1.5 x 0.4 

Input 
Code 
Options' 

BIN,OBN 
BIN,OBN 

CoB, COB, CBD 

BIN, BCD, OBN, 2SC 

BIN, OBN, BCD 

COB, COB, CBD 
C-B, COB 
CoB, COB, CBD 

BIN, OBN, 25C, BCD 
BIN, OBN, 25C 
BIN, OBN, 25C, BCD 

BIN,OBN 

OBN,25C 

C-B, COB 
C-B, COB 

BIN,OBN 
BIN,OBN 

BIN,OBN 

BIN, OBN, 25C, 5MB 
BIN, OBN, 25C, 5MB,SMD, BCD 

C-B, COB 
CoB, COB, CBD 

CoB, COB 
CoB, COB 
C-B, COB 
C-B, COB 

BIN, OBIN, CoB, COB 
BIN, OBIN, CoB, COB 

BIN,OBN 
BIN,OBN 

BIN,OBN 

CoB, OBN, 2SC 

C-B,COB 

C-B,COB 

C-B,COB 

CONVERTER MODULES: ANALOG-TO-DIGITAL 

SPECIFICATIONS (typical ® +2SoC unless otherwise noted) 

General PurpeK 

Model 

ADC-8S 
AOC-IOZ 
ADC-12QZ 

R_lutlon 

8 bitS/2 digits 
to bits 
12 bits 

Linearity 
Error 

iO.2% max 
:1:0.05% max 
:1:0.0125% max 

High Performance ADC-8QM 
ADC-IOQM 
AOC-l2QM 

AOC-8QU 
AOC-IOQU 
ADC-12QU 

ADClI33 

8 bits/2 digits 
10 bits 

iO.2% 

Dual Slope 

High Speed 

High Resolution 

High Reliability 

ADCllOO 

ADC-141 
AOC-17I 

AOC1l0'J 
AOCllO'K 

AOCll02 

AOCllOJ.(lOl 
AOCII03-OO2 
AOCll03-OO3 

AOCll09 

ADC-I6Q 

AOC-1ZQLIJ 
AOC-12QLIK 

ADCl121 

AOCllZ3 

AOCllll 

12 bitsl3 digits 

8 bitsl2 digit. 
10 bits 
12 bits/3 digits 

12 bit. 

11 bits/3Y.1 digits 

14 bits 
4\oidigits 

up to I,Z,OOO 
up to 1,20,000 

12 bits 

8 bits 
10 bit. 
12 bits 

10 bits 

16 bits 

12 bits 
12 bits 

12 Bits 

16 bits 

12 bit. 

;to.OS% 
:1:0.012'% 

:1:0.2% 
to.OS% 
:1:0.02'% 
.0.0125% max 

;to.05% il bit 

to.OI % tl bit 
10.01 % ±I bit 

:l:0.1%±1 bit 
to.OI% ±I bit 

to.OI2,% max 

to.2%max 
to.OS%max 
to.02S%max 

to.OS'" 

to.0015% 

:1:0.01% 
to.Ol% 

:1:0.0125% max 

to.OS%max 

:1:0.0125% 

HOTI8, I. Loti<: Codes, BIN, b;ury; Coli, """'Pfemenwy binary; OBN, off ... 
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biHryl COB. eomplemcawy offset binary; BCD. biBary coWed deei­
_,CBD. eompiemcBtll}" BCD; 2SC. two'. GeRJpltme8l:; 5MB.._ 
__ ~inary, SMD, ........... ;Ndc BCD. 

I. __ ......... 0II __ 1II0 ... 7ffC._ 

IfOnIe Nmpn'a!Ule from ."oC to +Ut'C. M.,. mud ... '" .... 
IbIe in an exlCRded operarinB Hmpeutuft ¥Inion at eXira OBIt. TIlt 
~ opemint; taaperature ra.nae iI.IlGfIMlly _'Joe to +lZ"C 
far BIId 18 WI_lid -U·C '" +BI·C for U WI_ 

Conversion 
Time 

Imsmax 
ZOlls max 
40~s max 

18#tsmax 
221" max 
251's max 

6.4l'smax 
S,...max 
15I',max 

251'0 max 

42msmsx 

40msmax 
40msmax 

(depends on 
the resolution) 

8jls max 

I,... max 
·!.S,...max 
!.S,...max 

4jl. max 

4ool's 

85-130,... 
85-130". 

52j.1s mllX 

65-901l5 

Z51'smax 

Gaia 
TC 

±60ppmtC 
t40ppm/oC 
i30ppmloC max 

:l:5ppmloC 
;t5ppmloC 

±'ppm/C 
:!:5ppmloC 
±JppmloC' 

:I:'ppml'C 

±7"ppml"C 

:l:50ppmtC max 

t5ppmloC 
t'ppm/oC 

:!:20ppmtC max 
±SppmtCmsx 

tlOppmloC max 

tlOppm/oC max 
tl0ppml'C max 
:t10ppm/oC max 

t30ppmtC 

t8ppmtCmax 

t5Oppm/o C max 
t2Oppm/'C mill 

tZOppmfC 

±40ppm/·C 

t7ppmi" C max 

Size 
(Inches) 

z x 3 x 0.4 
Z x 4 x 0.4 
Z x 4 x 0.4 

2 x 4 x 0.4 
2 x 4 x 0.4 
2 x 4 xO.4 

2" 4xO.4 
2 x 4x 0.4 
2 x 4 x 0.4 
2 x 2 x 0.4 

2 x 4 xO.4 

J X 4 xO.4 
3 x 4x 0.4 

2 x 4xO.6 
2 x 4,x 0.6 

2 x 4xO.4 

2 x 4x 0.8 
2 x4xO.8 
2 x4x 0.8 

2 x 3 x 0.4 

4.' x6 

3.65 x 4.1 
3.65 x 4.1 
2 x4xO.4 

3.65 x 4.1 

2 x 4xO.4 

Output 
Code 
Options' 

BIN, OBN, Z5C, BCD 
BIN, OBN, 2SC 
BIN,OBN,25C 

BIN, OBN, 2SC, BCD 
BIN,OBN,25C 
BIN, OBN, 2SC, BCD 

BIN, OBN, 2SC, BCD 
BIN, OBN, 2SC 
BIN, OItN, 25C, BCD 
BIN, OBIN, 25C 

5MB,SMD 

5MB 
SMD 

(any sign. 
magnitude code) 

BIN, OBN, 2SC 

BIN, OBN, 2SC 
BIN, OBN, ZSC 
BIN, OBN, 2SC 

BIN, OBN, ZSC 

BIN, OBN, 2SC 

BIN,OBN 
BIN,OBN 

BIN. OBIN, 2SC 

BIN,OBN 

BIN, OBN, ZSC 

,. AaaIos ;"put ,_ of DAC·8M, DAC-I2M, lid DACUZS III olOY. 
iRpat _ of MDA-IIMF III 0 to -IOV. 

4. Also available II a eard moun"d a8llembly with input wde 
opt;"n <_ DACl6QG) and oulpu, ampur .. n model 4411: 
or model 2J4L. 
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CONVERTER MODULES: DIGITAL·TO·SYNCHRO 

SPECIFICATIONS (typical @ +2SoC and ±15VDC and +5VDC unless otherwise noted) 

Input Accuracy Signal & Signal Reference Minimum Temp Settling 
Resolution (See Note) Ref. Freq. Level Level Output Load Output Size Range Time 

Bits Arc·Min Hz Vrms Vrms ZLL Ohms VA (See Note) (See Note) Micro-Sec 

DSC1605511 14 ±4 400 11.8 26 107 1.3 A C 100 
DSC1605512 14 ±4 400 90 lIS 6200 1.3 A C 100 
DSC160SS07 plus 14 ±4 00 90 115 6200 1.3 A plusE C 100 

STM1634522 
DSC1605711 14 ±4 400 11.8 26 107 1.3 A M 100 
DSC1605712 14 ±4 400 90 11S 6200 1.3 A M 100 
DSC1605707 plus 14 ±4 60 90 115 6200 1.3 A plus E M 100 

STM1634722 
DSC1606S11 10 ±30 400 11.8 26 107 1.3 A C 80 
DSC1606512 10 ±30 400 90 115 6200 1.3 A C 80 
DSC1606S07 plus 10 ±30 60 90 115 6200 1.3 A plusE C 80 

STM1633522 
DSC1606711 10 ±30 400 11.8 26 107 13 A M 80 
DSC1606712 10 ±30 400 90 115 6200 1.3 A M 80 
DSC1606707 plus 10 ±30 60 90 115 6200 1.3 A plusE M 80 

STM1633722 . 
DSC1607517 16 ±l 50-1000 7.5 2 2000 N/A A C 150 
DSC1607717 16 ±1 50-1000 7.5 2 2000 NfA A 150 

Sizes: A is 3.125" X 2.625" x O.S" Tem2 Ranges: Cis O"c to +71fC Accuracy applies: over operating temp range and ±10% reference frequency 
- E is 4.5" x 2.0" x 1.5" I is -SS'c to +8So C and amplitude changes and 10% harmonic distortion and 

Mis -SS'C to +IOS'C ±S% power supply variation and any balanced load from 
full power to +8SoC no load to full load. 
~ power at +10S'C DSCI605 and DSC1606 models shown are synchro outputs. Con!'l1lt factory 

for resolver versions. . 
DSC1607 is resolver form, without power amplifiers. 

CONVERTER MODULES: SYNCHRO·TO-DIGITAL 

SPECIFICATIONS (typical @ +25°C and ±15VDC and +SVDC unless otherwise noted) 

Output Accuracy Signal Signal Reference Tracking Acceleration Temp Frequency 
Resolution (See Note) Ref. Freq. Level Level Rate for 1 LSB Error Size Range Range 

Bits Arc-Min Hz Vrms Vrms !leg/Sec !legfSec' (See Note) (See Note) Hz 

SOC160251Z 14 ±4 400 11.8 or 90 26 or 115 2800 240 A C 3S0-1500 
SOC160261Z 14 ±4 400 11.8 or 90 26 or 115 2800 240 A M 350-1SOO 
SDC1602507 plus 14 :1:4 60 90 115 430 6 AplusD C 50-4S0 

STM 1631 522 
SOC1602607 plus 14 :1:4 60 90 115 430 6 AplusD M SO-4S0 

STM1631622 
SOC1603SlZ 10 ±30 400 H.S or 90 26 or 115 2880 480 A C 350-1500 
SOC160361Z 10 ±30 400 11.8 or 90 26 or 115 2880 480 A M 350-1500 
SOC1603507 plus 10 :1:30 60 90 11S 2880 48 AplusD C 50-450 

STM1630S22 
SOC1603607 plus 10 :1:30 60 90 115 2880 48 A plus D M 50-450 

STM1630622 
SOC1604507 plus 16 :1:1.3 400 11.8 or 90 26 or 115 360 60 A plus D C 350-450 

STM163251Z 
SOC1604707 plus 16 %2 400 11.8 or 90 26 or 115 360 60 AplusD 350-450 

STM163271Z 
SOC178651Z 10 ±30 400 11.8 or 90 26 or 115 8640 34,000 A C 350-1500 
SDC178661Z 10 ±30 400 11.8 or 90 26 or 115 8640 34,000 A M 350-1500 
SDC1786S07 plus 10 :1:30 60 90 115 1260 850 AplusD C 50-450 

STM1630522 
SDC1786607 plus 10 :1:30 60 90 115 1260 S50 AplusD M 50-450 

STM1630622 
SOCI7oo51Z 12 ±S.5 400 11.8 or 90 26 or 115 12,960 10,800 B C 350-1600 
SOC17OO52Z 12 ±8.S 60 11.8 or 90 26 or 115 1800 200 B C 50-1200 
SOC 1700S4Z 12 ±8.S 2600 11.8 or 90 26 or lIS 27,ooQ 54,000 B C 2300-2700 
SOC17OO61Z 12 ±8.5 400 11.8 or 90 26 or lIS 12,960 10,800 B M 350-1600 
SOC17OO62Z 12 :1:8.5 60 11.8 or 90 260r,llS 1800 200 B M 50-1200 
SDC17oo64Z 12 :1:8.5 2600 11.8 or 90 26 or 115 27,000 54,000 B M 2300-2700 
SDC170451Z 14 ±5 ±ILSB 400 11.8 or 90 26 or 115 3240 720 B C 350-1000 
SOCI704S2Z 14 ±5 ±ILSB 60 11.8 or 90 26 or 115 500 16 B C 50-500 
SOC170461Z 14 :1:5 ±lLSB 400 11.8 or 90 26 or 115 3240 720 B M 350-1000 
SOC170462Z 14 :1:5 ±ILSB 60 11.8 or 90 26 or 115 500 16 B M 50-500 

~, A is 3.12S· " 1.625· "OJt' Accuracy' Applies over operating temp range and ±10% frequency Consult factory for other options. 
B .. 3.1ZS· " 2.62S· ,,0.4" variation and ±10% signal and ref amplitude variation and 
Oil 3.125· " 1.5· " 1.0" 10% signal and ref hannonic distortion and ±S% power 

supply variation. 

Temp RI!!8!!' C isCOllUllerCiallfc to +71fC Z is replaced by a number, when ordering, to specify 'input type: 
I is industrial _55° C to +85" C Z • 1 signifIeS syncbro, signal 11.BV, reference 26V 
M is military -5S·C CO +10S·C Z & 2 signifies synchro, signli 90V, reference 115V 

Z & 8 signiflCS resolwr. signaJll.8V, reference 26V 
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CONVERTER MODULES: FREQUENCY-TO-VOLTAGE 

SPECIFICATIONS (Typical @ +2S oC and Vs = ±lSVDC unless otherwise noted) 

Model 
10kHz Full Scale 
4S1J (K) (L) 

100kHz Full Scale 
453J (K) (L) 

DC to 10kHz min DC to 100kHz min 
10% min 10% min 

Frequency Input 
Frequency Range 
Overrange 
Waveforms 
Threshold 

__ Sine, Square, Triangle, Pulse Train ---~ ...... 

With External Adjustment 
Hysteresis 
Levels (TTL Compatible) High 

Low 

Accuracy 
Nonlinearity 

+1.4V +1.4V 
OVto ±12V 
±SOmV 
+1.4SV to +12V 
-12V to +1.3SV 

OVto ±12V 
±100mV 
+1.SV to +12V 
-12V to +1.3V 

FIN = 1Hz to 11kHz 
FIN = 1Hz to 110kHz 

Gain vs. Temperature. (0 to +70oC) 

±0.03%(0.01S%)(0.OOS%) max 

±100 (SO) (SO) ppm/C max 
±0.03%(O.01S%)(0.OOS%) max 
±100 (SO) (SO) ppm/oC max 

Response 

Step Response to ±0.5% of Final Value 
FIN = DC to Full Scale 
FIN = Full Scale to DC 

Output 

4ms 
30ms 

O.Sms 
4ms 

Voltage (FIN = Full Scale). 
Current (Eo = +10V, -lQV) 
Offset Voltage @ +2SoC 

+9.SSV min; +9.9SV max 
(+20, -2lmA min 
±7.5mVmax 

+9.S5V min; +9.95V max 
(+20, -2)mA min 
±7.5mV max 

vs. Temperature (0 to +70oC) 

Power Supply 

±30j.lV 1° C max ±30j.lV/oC max 

Voltage, Rated Performance 
Current, Quiescent 

Temperature Range 
Rated Performance 

Case Size 

±15VDC 
(+10, -8lmA 

o to +70oC 
1.5" x 1.5" x 0.4" 

±1SVDC 
(+10, -SlmA 

o to +700 C 
1.5" x 1.5" x 0.4" 

CONVERTER MODULES: VOLTAGE-TO-FREQUENCY 

SPECIFICATIONS (typical @ +2SoC and Vs = ±lSVDC unless otherwise noted) 

Economy High Performance Versatile Economy 
10kHz 10kHz 20kHz 100kHz 

Model 456J (K) 450J (K) 454J (K) 452J (K) (L) 

Analog Input 
Voltage Signal Range o to +10V, min o to +lOV, min o to +20V, min o to +10V, min 
Current Signal Range o to +0.67mA, min o to +O.5mA, min 
Overrange SO%,min SO%,min 10%,min 10%,min 

Accuracy 
Nonlinearity, max 

Voltage lnpu t ±0.03%(±0.2%) ±O.Ol%(±O.OOS%) to.01%(±0.00S%) ±0.015% 
Current Input ±0.01 %(±O.OOS%) to.015% 

Gain vs. temperature, ppmfC, max ±120(±80) ±50(±2S) t50(±25) t150(±100)(tSO) 
Input Offset Voltage ±10mV tSmV,max t5mV,max ±7.SmV,max 

vs. Temperature (0 to +70oC) ±lOOI'V/oC tSO(t25)I'V/oC, max t50(t2S)I'V/C, max ±30I'V/oC, max 
Response 

Settling Time 1201'S 1201'S 1201'S 221'5 
Overload Recovery 15ms ISms 22ms I.Sms 

Output 
Waveform .. TRAIN OF TTL/DTL COMPATIBLE PULSES 
Pulse Width 501'5 SO/Js 2 51's 6/Js 
Pulse Polarity .. POSITIVE 
Logic "1" (HIGH) Level .. +2.4V, min 
Logic "0" (LOW) Level .. +0.4V,min 

Power Supply 
Voltage, Rated Performance .. ±lSVDC 
Current, Quiescent (+lS,-9)rnA (+15, -9)rnA (+15, -9)rnA (+25, -10)mA 

Temperature Range 
o to +70oC Rated Performance .. 

Case Size 1.5" x 1.5" x 0.4" 1.5" x 1.5" x 0.4" 1.5" x 1.5" x 0.4" 1.5" x 1.5" x 0.4" 

Low Drift 
100kHz 
458J (K) (L) 

o to t10V, min 
o to +0.5 rnA, min 
10%,min 

±0.01% 
±0.01% 
t20(±10)(t5) 
±10mV,max 
±30I'V/C, max 

221'5 
10ms 

S/Js 

(+25, -8)mA 

2" x2" x 0.4" 

Low Drift 
1 MHz 
460J(K) (L) 

o to ±10V, min 
o to + LOrnA min 
10%,min 

±O.ot5% 
±0.015% 
±SO(±2S)(±IS) 
±10mV,max 
±30I'V/oC, max 

lS/Js 
1ms 

... 
O.SI'S ... 

~ ... .. 
(+35, -8lmA 

... 
2" x 2" x 0.4" 
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Ie SAMPLE·HOLD AMPLIFIERS 

SPECIFICATIONS (typical @ +2SoC) 

ADS82K ADS82S ADS83K 

Open Loop Gain 2Sk min 2Sk min 2Sk min 
RL = 2kU 

Output Swing ±10Vmin ±10V min ±10Vmin 
Gain Bandwidth 1.5MHz l.SMHz 2MHz 
Acquisition Time (0.1%) 5p.sec Sp.sec 4p.sec 
Av = 1, RL = 2k, CL = SOpF 
Aperture Time 150nsec 150nsec 50nsec 
Drift Current 50pAmax SOpA max SOpAmax 
Charge Transfer SpC max 5pC max 20pC max 
Operating Temp. * C M C 

·C = 0 to +70oC; M = 55°C to +12SoC 

MODULAR SAMPLE·HOLD AMPLIFIERS 

SPECIFICATIONS (typical @ +2S°C) 

Product Acquisition Time Droop Aperture Aperture Input Size 
Model Classification To % Accuracy Rate Delay Jitter Resistance (inches) 

SHA-1A General Purpose 5p.s max to ±0.01% ±50p.V/ms max 40nsmax Snsmax 1012 n 2 x 2 xO.4 
SHAll 34 3.4p.s to ±0.01% ±SOp.V/ms 50nsmax Snsmax 10'n min 1.125 x 2 x 0.4 

SHA-ZA High Speed SOOns max to ±0.01% ±lOp.V/p.s IOns O.ZSns 10lln 2 x 3 x 0.4 

SHA-3 Low Droop 75p.s to ±0.01 % ±IOp.V/ms SOns Sns 108 n 1.125 x 2 x 0.4 
SHA4 75p.s to ±0.01 % ±IOp.V/ms SOns 5ns 10Bn 1.125 x 2 x 0.4 

SHA-5 Low Cost ISp.s max to ±0.01% ±20p.V/ms 40ns 4ns 4x 109n 1.125 x 2 x 0.4 

SHA-6 High Resolution Sms max to ±0.0007S% ±10p.V/ms max -1.7p.5 IOns 109nmin 2 x 4xO.4 

SHA1l14 High Reliability 500ns max to ±0.01% ±100p.V/p.s max IOns 0.25ns 10lln 2 x 3 x 0.5 

NOTES 

1 Gain of all SHA's is +1 except that the SHA-6 and SHA-2A can be connected for gains greater than unity: the SHA-2A can 
also be operated in the inverting mode. 

'SHA·3 and SHA-4 differ only in that the SHA-4 settles much faster when switched from HOLD to SAMPLE. Settling time to ±1mV 
is 100,,5 for SHA-3 and 20"s for SHA-4. 

CMOS MULTIPLEXERS 

SPECIFICATIONS (TA = +2SoC, VSUPPLY = ±lSV unless otherwise noted) 

Out Temp2 

Type1 Function RoN Leakage Range Package 

AD7S01JN/JD lOnA,max CII 
AD7S01KN/KD 8-Channel MUX 300n,max lOnA,max ell 16-pin 

AD7S01SD SnA,max M DIP 

AD7S02JN/JD SnA,max ell 
AD7S02KN/KD Dual 4-Channel MUX 300n, max SnA,max ell 16-pin 

AD7S02SD 3nA,max M DIP 

AD7S03JN/JD lOnA, max ell 
16-pin AD7S03KN/KD 8-Channel MUX 300n, max lOnA,max ell 

AD7503SD SnA,max M DIP 

AD7S06JN/JD 4S0n,max 20nA,max CII 
28-pin AD7506KN/KD 16-Channel MUX 450n, max 20nA,max ell 

AD7506SD/TD 400n,max lOnA,max M DIP 

AD7507JN/JD 450n,max lOnA,max ell 
28-pin AD7S07KN/KD Dual 8-<:hannel MUX 4S0n,max lOnA,max ell 

AD7S07SD/TD 400n,max 5nA,max M DIP 

I Suffix "N": plastic; SUfIIX "D": ceramic 
2C: Commercial (0° to +700 C) 

I: Industrial (-2SoC to +8SoC) 
M: Military (-SSOC to +12SOC) 
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MODULAR MULTIPLEXER 

SPECIFICATION SUMMARY (typical@ +25°C) 

Model 

Channels 
Single-Ended 
Differential 

Voltage Range 
Rated Operation 
Overload Protection 

Transfer Error 
Settling to 0.01 % 
Cross Channel Coupling 
Common Mode Rejection 

DC 
60Hz 

Package Dimensions 

Sl 

4 

MPX-8A 

±10V 
±ISV 

0.01% 
<21JS 

<-SOdB 

120dB 
106dB 

2" x 2" x.o.4" 

I MPX-SA includes logic for expansion to 64 channels. 

CMOS SWITCHES 

SPECIFICATIONS (TA = +25°C, VSUPPLY = ±15V unless otherwise noted) 

Off TempS 

Type1 Function RoN Leakage Range 

AD7S 10DIJN/JD SnA,max C/I 
AD7S 10DIKN/KD Quad SPST 100n,max SnA,max, C/I 
AD7Sl0DISD Note 2 3nA.max M 

AD7S llDIJN/JD 
Quad SPST 

SnA.max C/I 
AD7S IIDIKN/KD lOon. max SnA.max C/I 
AD7S11DISDITD Note 2 3nA.max M 

AD7S 12DIJN/JD lSnA, max C/I 
AD7S12DIKN/KD Dual SPDT lOon. max lSnA, max C/I 
AD7S 12DISDITD Note 2 9nA.max M 

AD7S13JN/KN SOO.max SnA.max C 
AD7S13JH/KH DualSPST 800. max SnA.max I 
AD7S 13SH/TH 700. max 2nA.max M 

AD7S 16JN/KN QuadSPST 40012800. max IOOpA C 
AD7S16 SD/TD Note 4 400/2800. max M 
AD7S19JN Quad SPST 1000. max SOnA C 

Current Switch 
Note S 

Package 

16-pin 
DIP 

16-pin 
DIP 

14-pin 
DIP 

14-pin DIP 
TO-IOO 
TO-IOO 

14-pin DIP 

14-pin DIP 

• SUff'1X N: plastic/Suff'ix D: ceramic/Suffix H: TO-tOO 
I Dielectrically isolated-features latch free, overvoltage proof operation 
'C: Commercial (o·e to +70·C 

4VDD - VSS (supply voltages) .. +15V 
I VDD (supply voltage) .. SV 

I: Industrial (-2S·C to +SSoC) 
M: MilitarY (-SSoC to +12S·C) 

IC REFERENCES 

SPECIFICATIONS 

Output *Error, mV max 
Model Voltage Tm .... Tmax 

ADS80J 2.S00 ±3% ±90 
ADS80K 2.500 t2% %!)7 
AD580L 2.500t2% ±S4.3 
ADS80M 2:S00 ±l% ±26.7S 
AD580S 2.S00t3% ±100 
ADS80T 2.SOO±2% ±61 
ADS SOU 2.S00±1% ±29.S 

AD2700L/U 10.000 ±0.02S% ±s 
AD270lLlU -10.000 to.025% ts 
AD2702L/U ±10.000 to.025% ts 

·Inc:ludins initial offset. 

ttc .. 0 to +7cf'C, I. -25"C to +s5"c, M .. ·S5°C to +12S·C 

Temp 
Rangett 

C 
C 
C 
C 
M 
M 
M 

11M 
11M 
11M 
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than the overall desired performance. Thus, for a system that needs 0.1 o/a-grade performance, 
use a 0.01% converter (12 bits) with compatible multiplexer and sample-hold 

Reviewing the available A/D converters, we find ADC-12QM to be a possible choice. The 
ADC-12QM completes a conversion in 2Sps. For sample-hold, the compatible SHA-IA is 
chosen, adding Sps of settling time. Thus, the combination appears to be amply capable of 
meeting the 50Ms/channel scanning requirement. Since the multiplexer will scan sequen-
tially, its settling time is inconsequential. The multiplexer can be switched to the next ad-
dress as soon as the SHA goes into hold on data from the current address. Thus it has at 
least 25ps to settle before a measurement is called for. For convenience, one may use the 
MPX-SA; the small 2" x 2" x 0.4" module fits into the packaging concept, and the built-in com­
plete binary-address decoding makes it easy to work with. 

ERROR ANAL YSIS 

It's clear that the MPX-8A, the SHA-IA, and the ADC-12QM generally meet the problem's 
requirements for speed and resolution. Now we must look further into the details of errors, 
to determine if the worst-case situation is within the allowable 0.1 % system error. 

Multiplexer 

The switches of the MPX-SA, being MOSFET's, with variable-resistance channels, are not 
subject to voltage offset errors. Errors here will be due to two factors: 

1. Leakage current into the on channel from the off channels develops an offset voltage 
across the source impedance. 

Leakage current @ 25°C 10nA 
Source impedance . IOn 
Error voltage = lOx lOx 10-9 = 10-7 V (negligible 

2. Transfer error due to voltage division across the MOSFET on resistance and input im­
pedance of the SHA-IA: 

ON resistance 1000n maximum 
SHA-IA Rm 1012 n 
Divider ratio attenuation error: 10-9 (negligible) 

Sample-Hold 
1. Nonlinearity is 2mV over the 20V range, or 0.01% 
2. Gain error of 0.05% maximum (and other similarly small initial gain errors in the sys­
tem) may be compensated for overall when calibrating the system by setting the scale con­
stant of the ADC. It is not considered as part of the error budget. 
3. Input bias current of 10nA (max) causes an offset error voltage in the source resistance. 

Source resistance = Ion (source) + lkn(MPX switch) 
Offset error = 103 x 10-8 = 10pV (negligible) 

4. Offset vs. temperature = 25pVrC 
Since the temperature inside the housing may change by as much as 30°C, the total change 
over the range will be 

25 x 30 = 750pV, or 7S ppm of ±IOV 
An offset adjustment is provided for initial trimming. 

5. Offsetvs power supply = 100pV/%b.Vs 
Since the supply may vary by 150mVor 1% of lSV, the error contribution is 100pV, or 
0.001 % of full scale. 

By an analysis comparable to the above, we would normally also prepare a system timing 
diagram, and assign operate-and settling-time allowances. However, the components select­
ed for this example have more than adequate settling time, even for 0.01 % operation; con­
sequently, we can overlook the need for a formal timing analysis to determine whether 
settling times are adequate. 
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Converter 
1. Specified linearity error (relative accuracy) YlLSB, or 0.0125% 

2. Quantizing uncertainty: YlLSB, or 0.0125%. This is a resolution limitation, not norm­
ally considered in the error budget. 

3. Temperature errors 
a. Gain temperature coefficient: 5ppmrC for 30°C 

5 x 30 = 150 ppm, or 0.015% 
b. Zero temperature coefficient: 5ppmrC for 30°C 

5 x 30 = 150 ppm, or 0.015% 

4. Power supply sensitivity error: 0.002%/%b.Vs 
For a 1% shift, the error is 20ppm 

5. Differential nonlinearity temperature coefficient, 3ppmrC. 
For 30°C temperature change, error is 90ppm, less than YlLSB. Therefore, 12-bit mono­
tonicity can be maintained, with no missing codes. 

In this example, the worst-case arithmetic sum of these errors is 0.07%, and the rms sum is 
0.03%. Since these values are reasonably conservative for a system with specified error of 
0.1 %, the designer may either rest with these choices and go on to the more-difficult hard­
ware, software, interface, and wiring problems, or - if absolute-minimum cost or size of 
conversion hardware is an important objective - seek to reduce cost by considering a per­
haps more marginal design. 

Two approaches might be considered. The first would use integrated-circuit components, 
such as the AD572 12-bit AID converter, the AD582 or AD583 sample-hold, and the 
AD7501 or AD7503 multiplexer. The compromises that this approach makes necessary 
would have to be determined and negotiated in terms of the advantages gained. On the 
other hand, one might consider a product embodying a higher level of integration, such as 
the DASl128 data-acquisition subsystem (Chapter 1-4). The advantages gained by this ap­
proach would include the consolidation of a number of specifications, the elimination of 
a number of system-design details, and possible savings in both space and initial cost. 

CONCLUSION 

In this chapter, we have sought to help the designer in his process of choosing a converter 
by providing checklists of relevant questions in making a choice, definitions of specifica­
tions and related features, a selection guide, and an example of selection and evaluation. 
We now go on to some considerations for what must be done to make the system work as 
expected. 
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Converters 
Applying 

Successfully 

In Chapter 5, it was pointed out that, considering the many different types of converters 
on the market, the complex manner in which converter specifications relate to a specific 
system application, and the fact that prices of converters range from less than $10 to sever­
al hundreds of dollars, selecting the most economical converter for an application is not a 
simple task. To make the most appropriate converter choice requires that the user consider 
a number of questions: What are the real objectives of the conversion process, and how do 
they relate to the converter's specifications? How may the system be configured to relax 
the converter's performance (and price) requirements, and at what overall cost? How will 
the other system components limit and degrade the converter's performance? What tradeoffs 
are available in the system error budget? Is it more economical to make a long-term choice 
of one "general-purpose" converter, which will meet the needs of a large number of system 
designs, or to go through an optimum selection process for each individual application? 

In this chapter, we will discuss system aspects of selecting converters, a continuation of the 
discussion in the last chapter. 

Mter selecting the appropriate converter, the user should be fully aware that the thorough 
preliminary analysis and economic component choice usually involved is not by itself suf­
ficient to ensure that the system performance needs will be met. The system designer must 
take into account the physical surroundings, interconnections, grounding and power sup­
plies, protection circuitry, and all the other details that constitute good engineering practice. 

While these few pages cannot (and are not intended to) be a primer on engineering practice, 
it is useful for the converter user to become aware of those elements of practice that are of 
particular relevance to converter-system design. 

MAKING THE PROPER SYSTEM CHOICES 

A general rule of thumb used by some designers may be expressed as follows: "As the con­
verter performance requirements approach state-of-the-art converter capabilities in both 
speed and accuracy, the price of the converter will increase exponentially." The user may 
expect substantial cost savings if he can relax either of these parameters. 

Data-Acquisition Systems 

An example will serve to illustrate the process of elimination and winnowing that can be 
profitably employed to determine a converter's minimum performance requirements. Fig­
ure I shows, in the simplest terms, a block diagram of an analog data-acquisition system, 
the primary application for which AID converters are used. 

The data-acquisition system, under the direction of the control unit, selects the multiplexer 
input points, one at a time, and directs the signal appearing on each point to the analog in­
put of the AID converter via the associated multiplex channel. The signal level is encoded by 
the converter and outputted to storage. The storage unit retains each piece of data in a pre­
determined format, and holds it for further processing. 
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Figure 1. Data-acquisition system. 

Three Qasses of Converter Specifications 

STORAGE 
UNIT 

In attacking the problem of determining the converter performance requirements, it is use­
ful to divide the converter specifications into three classes: Those that determine accuracy 
under optimum conditions, those that are dependent on time (or speed of response), and 
those that are substantially affected by the environment. 

In the frrst class are included resolution, relative accuracy, differential linearity , noise, quan­
tization uncertainty, mono tonicity , and differential-linearity temperature coefficient. The 
reason this last term is included, though it would appear to be an environmental specifica­
tion, may be somewhat unexpected: Although the ambient temperature may be in the 
steady state, it can be elevated (e.g., 2Soe above normal room temperature) by virtue of en­
closure in a cabinet. Although calibration in situ can correct for errors produced by variation 
of gain and offset with temperature, no correction can normally be effected for errors char­
acterized by the differential-linearity T.e., dueto individual bit variations with temperature. 
For this reason, the differential-linearity error at 2Soe is augmented by the product of the 
steady-state temperature rise and the differential-nonlinearity temperature coefficient. 

Speed-dependent specifications in the second category include conversion time, bandwidth, 
settling time of the input circuitry, etc. Environment-related specifications in the third cate­
gory include gain (i.e., scale-factor) T.e., offset T.e., limits of the operating temperature 
range, etc. 

Approaches to Relaxing the Specifications 

Relaxation of the specifications in the first class may be effected through the use of signal 
conditioners. Choice of the specific form signal-conditioning may take is based on our know­
ledge of the input signals to be encoded and the information to be extracted from the encod­
ed data. Known or unwanted signal components may be extracted from the input signals, 
and the peak-to-peak variation of the remaining signals may be scaled to equal the input 
voltage range of the AID converter with an analog subtractor having adjustable gain. For 
example, if the signal conditioner is a differential instrumentation amplifier, such as the 
Model AD521 or AD522, it may be used to bias out dc offsets, and to scale the input appro­
priately (Figure 2). 

The level-shifting-and-scaling operation can be used to obtain efficient use of the converter's 
input range. By scaling, voltage increments in the original signals that were less than I LSB 
of the converter's input voltage range may be measured. 
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Figure 2. Differential instrumentation amplifier as a 
signal conditioner for data acquisition. 

. Logarithmic Compression 

In applications calling for wide dynamic signal range but capable of tolerating constant frac­
tional error (e.g., 1 % of actual value), rather dramatic efficiency can be realized through the 
use oflogarithmic amplifiers for data compression, as shown in Figure 3. Here, a logarithmic 
amplifier allows encoding of signals, that would ordinarily require a minimum of 20-bit con­
version to handle the dynamic range, with a far-Iess-costly 12-bit converter. Modest accuracy 
in a fixed ratio to (e.g., % of) actual value is 'substituted for extreme accuracy in relation to 
the entire full-scale range, at considerably less cost. For many applications this is an ideal 
performance mode, except for those applications in which extremely small errors are requir­
ed at all points in the range (e.g., measuring long-term stability of voltage sources). The log­
arithmic data can be dealt with easily if the data is to be processed digitally; or it can be re­
covered in linear analog form (if it is simply to be stored or transmitted digitally) by the use 
of another log amplifier, in the antilog connection, with a D/A converter. 

Filtering 

3.2" 10-8 
to 10-3 A 
.±.1% 

LOG 
AMPLIFIER 
2V/DECADE 

MODEL 755N I 
+5V to-4V 

± 8.6mV 

MPX, 
S/H 

0.01% 

AID 
CONVERTER 

12 BITS 

Figure 3. Using a log amplifier for range compression 
in a data-acq,uisition system. 

Another commonly-used signal-conditioning unit is the filter. Low pass filters are used to 
extract carrier, signal, and noise components, above the frequencies of interest, from the in­
put signals. These components appear as noise if the converter is unable to follow them. 
AID converters often incorporate follower circuits for impedance buffering. With a modicum 
of external wiring, they can be connected as active low-pass filters. (Figure 4) 
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Figure 4. Input buffer of an A/D converter connected 
as an active low-pass filter. 

A relaxation of the second class of specifications can also be effected by adding a sample­
hold amplifier to the system configuration, as depicted in Figure 5. 
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Figure 5. Data-acquisition system with sample-hold 
and input pre-conditioning. 

STORAGE 
UNITS 

The use of a sample-hold amplifier can increase the system throughput rate and increase the 
highest-frequency signal, of a given amplitude, that may be encoded within the resolution of 
the converter. The system throughput rate, without the sample-hold, is determined primari~ 
ly by the multiplexer's settling time, plus the AID converter's conversion time. 

The multiplexer settling time is the time required for an analog signal to settle to within its 
share of the system error budget, as measured at the input to the converter, after selection 
by the multiplexer. For a l2-bit conversion system, with a ±lOV range, multiplexers typical­
ly settle within Ips, and typical conversion times are 20ps. The sample-hold can be used to 
hold the last channel's signal level for conversion, while the next channel is selected and set­
tles. Since sample-hold amplifiers with acquisition times ofless than 5ps to within 0.01% are 
readily available, the throughput time can be reduced to approach the conversion time. Pairs 
of sample-holds and AID converters can be used for alternate conversions to increase 
throughput rate even further, though at considerable increase in cost. 

The following example indicates the improvement possible with a sample-hold: If the input 
is a full-scale sine wave, EpSsin(21Tft), the maximum rate-of-change is at zero, and (as can be 
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found by differentiating with respect to t) equal to 21TfEpS. If the change is to be less than 
1 LSB in the conversion time, the highest frequency that can be applied is 

For a 12-bit converter with a 20~s conversion time, fmax "'" 2Hz! Using a sample-hold, one 
can reduce the uncertainty in the time of measurement from the ADC's conversion time to 
the aperture time of the sample-hold, thus effecting an improvement in fmax by the ratio of 
the conversion time to the aperture-time uncertainty. 

Since 20ns or better is routinely available in sample-holds designed for operation with 12-
bit converters, an improvement of 1000: 1 is quite feasible, assuming that the S/H has ade­
quate bandwidth. 

If the speed of A/D conversion is significantly limited by the settling time of the input 
buffer-follower, the sample-hold may be connected to bypass it, providing an even greater 
increase in throughput rate. 

Relaxation of the third class of errors, those due to environment-related specifications, may 
be abetted by allotting one multiplexer channel to carry a ground-level signal, and another 
to carry a precision reference-voltage level that is near-full scale. Data obtained from these 
channels may be used by a processor to correct gain and offset variations common to all 
channels, generated in the sample-hold, the AID converter, and the associated wiring. 

Contributions to Error 

The decision to seek means of relaxing the required specifications is based on the availabil­
ity and cost of devices that meet the original specifications, as compared to the cost of al­
ternatives and any additional problems engendered by departing from a straightforward 
approach. To evaluate the performance tradeoffs, an error budget is a useful tool. 

Three classes of errors should be considered: 
Errors due to the non-ideal nature of each component 
Errors due to the physical interconnections of the system components 
Errors due to the interaction of system components. 

The first group of errors can be determined from the spec sheets for the system components. 
The second group result from parasitic interactions that are a function of the way the inter­
connections are managed, e.g., grounding, shielding, contact resistance, etc. The third group 
result from specific interactions between components in the system; though they are not 
specifically called out in spec sheets, they can be predicted from careful reading of the spec­
ifications of the individual devices, or from the user's knowledge of how they are designed. 
An example of this class of error sources might be the offsets created by series impedances 
in the signal path (signal-source impedance, multiplexer-switch on impedance) and the bias 
and leakage currents of the stages following these impedances, to which they are connected. 
A second example might be disturbances caused at the signal source as the multiplexer 
switches it into the circuit. 

By showing where the Important contributions to error lie, the error budget is used as a tool 
for establishing tradeoffs to set the final performance requirements for the system. The 
error budget can be used as a tool in predicting the overall expected error, whether by 
worst-case summation, by root-sum-of-the-squares summation, or by combinations of the 
above using specific knowledge of possible compensations and common sense. 

INSTALLATION AND GROUNDING 

The current popularity of modul~ and IC converters make it worthwhile to consider some 
elements of their design. . 
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For one thing, many types are "customer-programmable." This means that the customer 
may select one of several possible signal voltage ranges by choosing the appropriate jumper­
wifing configuration at the module's terminals. It goes without saying that all terminals used 
to determine the signal voltage range involve analog signals; to protect their low resolution 
levels, they should be kept away from circuit-card etch runs that carry logic signals. 

Customer-programmable inputs also permit modification by the connection of external re­
sistors, in addition to the jumpering mentioned above. Care should be exercised in doing 
this, for the reasons mentioned above. In addition, it should be noted that the excellent gain 
and offset T.C.'s of these devices are achieved by depending, not on absolute stability with 
temperature, but rather on the close tracking with temperature of key resistors within the 
module. Therefore, even if OppmrC TCR resistors are used externally, the overall gain and 
offset performance vs. temperature may be appreciably degraded. Since there may be ways 
of avoiding excessive errors, the manufacturer should be consulted before external resistors 
are "frozen" into the design. It may also be helpful to read about resistor tracking in actual 
designs, as covered in Chapters 11-2 and 11-3. 

In the design of the converter module, great care is taken to separate the analog and digital 
signal lines. This procedure should also be followed with the external layout of the board on 
which the converter is mounted. Etch runs of digital signal lines should not run parallel in 
close proximity with etch runs of analog signal lines. If these lines must cross, they should 
do so at right angles. Particular care should be taken with low-level high-gain points, e.g., the 
comparator input on AID converters and the summing junction of the output amplifier on 
DI A converters. Etch runs to these points should be as short as possible and should notcre­
ate loops. Analog-ground guard runs may also help reduce interference. 

Grounding 
Converter modules (actually, most data-acquisition components) have a number of ground 
terminals, which are not connected together within the module. These "grounds" are usual­
ly referred to as the Logic Power Return, Analog Common (Analog Power Return), and 
Analog Signal Ground (or Sense). These grounds must be tied together at one point, the sys­
tem "mecca," usually at the system power-supply ground. Ideally, a single solid ground 
would be desirable. However, since current flows through the ground wires and etch stripes 
of the circuit cards, and since these paths have resistance and inductance, hundreds of milli­
volts could be generated between the system mecca point and the ground terminal of the 
module. Separate ground returns are provided to minimize the current flow in the path from 
sensitive points to the system mecca point. In this way, supply currents do not flow in the 
same return path with analog signals, and logic-gate return currents are not summed into the 
return from a precision reference-zener diode. (Figure 6) 
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In any event, the connections between the system mecca point and the ground terminals 
should be as short as possible and should have the lowest feasible impedance. 

Each of the module's supply terminals should be capacitively decoupled as close to the mod­
ule as possible. A large-value capacitor with a high resonant frequency should be used. A 
15ILF solid-tantalum capacitor is usually sufficient. Analog supplies are bypassed to the mod­
ule's analog power return terminal, and the logic-supply terminal is bypassed to the logic 
power return terminal. 

When gain and offset adjustments are available and are intended to be used, the potentio­
meters with which they are performed should be mounted (with short leads) in such a posi­
tion that they will be accessible when the mounting board is installed in the system. 

The same care should be taken to locate a converter properly within a system as is taken to 
mount a module on its circuit board. A converter should never be located near a transformer 
or fan blower motor. Using mu-metal shielding to protect against electromagnetic and RFI 
pickup is an expensive and not-always-successful proposition. D/ A converters should be lo­
cated at their loads. This may require long cable runs for the digital control signals; however, 
the reduction in noise pickup and ground-potential differences between the D/ A's output 
and the load can easily justify the expense. Similarly, A/D converters should be located near 
the signal source when possible. Since this is not always possible, one suggestion is to use a 
differential amplifier to receive the signal at the end of a long cable run before presenting it 
to the AID converter. When the system is laid out, unshielded analog signal lines should 
never run in channels with either digital signal lines or power lines. 

Reducing Common-Mode Errors 

As we have indicated, a differential amplifier may be used to eliminate ground-potential dif­
ferences in various parts of the system in which the converter is used. In Figure 7, the signal 
source is a remotely-located transducer, and the differential amplifier is located near the 
A/D converter. The common-mode signal is the potential difference between the ground sig­
nal at the converter and the ground signal at the transducer, plus any undesirable common­
mode signal produced by the transducer, and any voltages developed across the unbalanced 
impedances of the two lines. 
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SIGNAL 
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OCCUR IF: 

CMRR< ~ 

IBl RS' #' IB2 RS2 

RSl C, #' RS2 C2 

t 
EOUT 

~ 
Figure 7. Common·mode and the difference signals 
due to line unbalance. 

If the signal source is the output of the system's D/ A converter, the differential amplifier 
would be located near the remote load. The common-mode signal is developed by the dif­
ferences in ground potential at the two locations. 

The amount of dc common-mode offset that is rejected depends on the CMRR of the ampli­
fier. However, bias currents flowing through the signal source leads can cause offsets if ei­
ther the bias currents or the source impedances are unbalanced. DC CMRR specifications 
generally include a specified amount of source unbalance (e.g., lkn). Such specifications 
also indicate a top frequency for which the dc spec is valid, usually the line frequency (50-
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60HZ), but sometimes 100Hz. At higher frequencies, unbalanced RC time constants (bal­
anced or unbalanced series resistance and shunt capacitance to common, plus the amplifier's 
internal unbalances) reduce the common-mode rejection, by producing a quadrature normal­
mode signal. This source of error can be greatly reduced by proper use of a guard shield, as 
shown in Figure 8. 
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Figure 8. Use of guard shield to improve common-mode 
rejection at higher frequencies. 

·Here, no part of the common-mode signal appears across the capacitors CA and CB, since 
the shield is driven by the source of the common-mode signal. The shield also provides elec­
trostatic shielding to minimize coupling to other signal1ines in close proximity to the input 
leads. 

When installing a guard shield, it is important that the guard shield connect only at one point 
to the source of the common-mode signal and that the shield be continuous, i.e., through 
multiplexers, connectors, patch panels, etc. Since the shield is carrying a common-mode 
signal, it should be properly insulated to prevent it from shorting to other shields or the 
earth ground. A final precaution that should be taken is to make sure that a conductive re­
turn path exists for the bias and leakage currents of the differential amplifier (unless it has 
transformer or optically-isolated, floating inputs). 

It is helpful, in reducing noise and improving common-mode rejection, to connect the larg­
est tolerable capacitance between the input leads. It will provide some filtering, and will re­
duce the capacitive unbalance by more than its ratio to the stray capacitance. (Figure 9) 

In portions of a system where differential amplifiers are not used, sufficient precautions 
should be taken to insure that voltages are not induced in ground return leads to the single­
point ground, and that the system is free from ground loops. 
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HOW TO ADJUST ZERO AND GAIN OF CONVERTERS 

Many converter types are pretrimmed and require no adjustments as purchased to meet speCI­
fied accuracy. For those cases where adjustments are called for, or where cost-savings can be 
effected by trimming inexpensive pre-trimmed devices, with modest specs, for use over nar­
row ranges for better-than-specified accuracy, or where long-term corrections are necessary 
during years of operation, here are some general principles of adjustment for converters. 
Naturally, the user should follow the specific instructions on product data sheets, especially 
where they conflict with these general guidelines. 

Proper adjustment of zero and gain in DAC's and ADC's is a procedure that requires great 
care, and the use of extremely sensitive reference instruments. The voltmeter used to read 
the output of a DAC, or the voltage source used as a driving signal for the ADC, must be 
capable of stable and clear resolution of 1/10 LSB at both ends of the range of the con­
verter; e.g., at zero and full scale. 

Most DAC's and successive approximation ADC's manufactured by Analog Devices are pro­
vided with Zero and Gain adjustments which are completely independent of each other, as 
long as the adjustment of Zero is attempted only when the actual conversion circuit is pro­
ducing Zero, and as long as the Zero (or Offset) adjustment is accurately completed before 
proceeding to adjustment of Gain (at full scale - 1 LSB). Of course, it is possible to make 
Zero and Gain adjustments in reverse order and at other points on the transfer function -
but it must be expected that the adjustments will no longer be independent, and the pro­
cedure will require a series of successive approximations. 

Adjustment Process 

Particularly for bipolar converters, fast and successful adjustment requires knowledge of the 
technique used in the circuit to convert the inherently unipolar DAC or ADC for bipolar 
operation. 

1. Sign & Magnitude Codes are generally obtained by use of a unipolar converter with 
separate means of reversing polarity. The Zero adjustment is always made by calling for a 
zero from the converter. (Logic zero into a DAC produces zero volts output, or zero volts 
into an ADC produces data-zero output.) 

2. Bipolar binary converters utilizing offset binary or two's complement coding usually 
employ analog offsetting to convert a unipolar design into bipolar. For instance, a 0 to 
+ 1 OV DAC may have its output amplifier offset by -SV, resulting in an output of -5 volts 
corresponding to 000000 input and +5 volts (minus 1 LSB) corresponding to a 111111 in­
put. Such a converter should have its "Zero" adjusted at -5V (100000 in 2's complement) 

An alternate explanation is as follows: converter Zero controls should always be set at the 
"All Bits Off" condition, and then Gain should be set at the "All Bits On" condition. 

Adjustment For DAC's 

ZERO: set input code so that all bits are "off", then adjust pot until output signal is within 
l/lOLSB of proper reading, or zero. 

GAIN: set input code so that all bits are "on", then adjust pot until output signal reads 
within 1/l0LSB of Full Scale less lLSB. 

Adjustment For ADC's 

ZERO: set input voltage precisely at YzLSB above the "all bits off" specified input. Zero 
control should be adjusted so that the converter just switches in its LSB. 

GAIN: set input voltage precisely at YzLSB less than "all bits on" input. Note that this is 
I YzLSB's less than the nominal full scale value: Le., all-l's value of a zero to +l OV 12-bit 

Chaoter 1/·6 245 



ADC is actually +9.9976. Gain adjustment should be made with an input ~LSB less, or 
+9.9963 volts. With input voltage set as described, GAIN control is rotated to the point 
where the last bit just comes on. For instance, in a 12 bit binary converter, reading of 
111111111110 would change to 111111111111. 

Converter Converter Range 

Resolution 20V IOV SV 

8 bits 39.06mV 19.53mV 9.77mV 

10 bits 9.77mV 4.88mV 2.44mV 

12 bits 2.44mV 1.22mV 610llV 

14 bits 610llV 3051lV 1531lV 
16 bits 1531lV 761lV 381lV 

Table 1. Voltage equivalent of %LSB for 
various resolutions and voltage ranges. 

It is important to note that this discussion is relevant for offset-binary positive-true coding. 
For 2's complem~nt, the "all-bits-off" positive-true condition is 1 0000000 and " all bits on'· 
is 01111111. For negative-true devices, the "all-bits-off' condition is 11111111 in offset 
binary, 01111111 in two's complement. When in doubt (or to avoid doubt), consult the 
data sheet. 
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