












































































































































































































































































































































































































































































































































































































































Il A D Conversion Handbook 

Table 1. Capsule Selection Table: 

Open Loop Rated Output 

Description Model 
Gat 

v _. �~� 

VIV V mA 

General Purpose - Bipolar 
·Moderate Performance Op Amps 
Good Performance Economy 118 A/K 2SOk ±IO ±s 
Low Cost, 20rnA Output 119 A/K SOOk ±IO ±20 
Slew Rate, High Gain, IC ADS07 J/K 80k !I: 10 tlO 
Economy, Speed, IC , AD20lA SOk ±IO ±s 
Lowest Cost, General Purpose, Ie AD741 K/L SOk ±IO ±s 
Super Beta-Low 2nA Ibias, IC AD208/A SOk/80k ±13 ±1.3 

General Purpose FET -
Low Bias Current, Higb Zia Op Amps 

Lowest Cost Discrete 40 J/K SOk tlO tS 
Guaranteed CMR - Low Bias 43J SOk : tl0 tS 
Lowest Bias - High CMR 41 J/K/L lOOk ±IO tS 
Lowest Drift - 20rnA Output . 146 J/K lOOk ±IO t20 
Best Choice - Economy IC ADS03 J/K 20k/SOk tlO ±S 
Hybrid - Lowest Offset & Bias, IC ADS11 AlB 2Sk tlO ±S 
High GBW, Slew Rate, IC A,DS13 JIK 20klSOk :1:10 ±s 

WIde Bandwidth 
Fast Settling Op Amps 

lOOOVIIls Slew, lOOns Setding, lOOmA 46 J/K 2Sk tlO :1:100 
12SV/ps, 2S0ns Settling to 0.1% 48 J/K lOOk tlO t20 
Lowest Cost -Ills Settling to 0.01% 45 J/K SOk tlO t20 
0.01 % Buffer, IllS to 0.01 % 44 J/K lOOk tlO ±20 
looMHz GBW, Lowest Drift 120 AlB SoOk ±IO t2S 
Wideband, BOV I"s, IC ADSOS J/K look12S0k ±IO tS 

Low Voltage Drift-
Chopper Stabilized Op Amps 

o.lllvfc Drift - Lowest Noise 234 J/K/L 10M ±IO tS 
Lowest Cost - General Purpose 233 J/K/L 10M ±10 tS 
Low Cost, Non-Inverting, High Zin 260 J/K SM ±IC) ±S 
General Purpose - 2SmA Output 231 J/K 10M ±IO t2S 
High Bandwidth - 20mA Output 2101211 100M ±IO t20 

Low Voltage Drift 
Differential Input, High CMR Op Amps 

Lowest Cost - 0_2SIlV/·C 184 J/K/L 300k ±IO ±S 
Battery Powered - Gen. Purpose 153 J/K SOk ±I.O ±1.0 
Lowest Bias, 4nA, O.SIlV/·C 180 J/K 300k tlO ±2.S 
Super Beta, Ijl.V/'C, 20nA, IC ADS08 J/K/L 2SOIc/SOOkIlM tlO ±S 
Highest CMR, Low Offset and ADS04 J/K/L 2S Ok/S 00k/1 M itO ±S 
Drift, Ie .. 

Electrometers -
Ultra Low Bias Current 

Varactor, Inverting 310 J/K lOOk ±to ±s 
Varactor, Non-Inverting 311 J/K lOOk ±10 ±S 
Lowest Cost - High Gain FET 42 J/K/L 300k ±10 ±S 
High CMR, Wideband 41 J/K/L lOOk ±IO ±S 
FET, Input, IC ADS23 JIKlL .. 7Sk ±1O ±s 

High Output Voltage or Current Op Amps 
tOOmA Booster - Lowest Cost Bloo 0_85 ±IO tlOO 
lOV, 20rnA Output - High CMR 163 AlK Sook ±20 ±20 
20jl.V, SmA Output - Economy 165 A/K 250k ±20 ±S 
loomA Output - 10MH. fp - Diff Input 46 J/K 2Sk ±to ±too 
Guaranteed 10mA vs. Temp, IC AD512 K/s SOk ±12I±t0 t12l±10 

Based on Analog Devices, Inc. Product Guide - 1972 
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Operational Amplifiers 

Frequency Response 
Offset V Oftage Input Bias CUttent 

VI. Temperature @2SoC YO. Temoeratuni 

Unity Gain FuD Power Slew Rate 
MHz kHz V//ll /lvtc max pA pA/"C 

1.5 100 6.0 ±20/±S ,o,+3SnA ±0.6/±0.SnA/C 
1.5 100 6.0 ±20/±S 0,+3SnA ±0.6/±0.SnA/e 
3S 320 20 ±IS/±IS max ±2SnA -
1.0 10 O.S ±lS ±7SnA -
1.0 10 0.5 ±lS/±S ±7SnA -
1.0 10 0.3 +15/+5 ±2.0nA -

4.0 100 6.0 ±SO/±20 0,-50/-20 2x/lOo e 
4.0 100 .~.O ±30 0,-10 2x/lOoC 
1.0 SO 3.0 ±2S/±10/±2S 0,-0.5/-0.25/-0.15 2xllOo e 
5.0 ISO 10 ±7/±2 0,-30/-20 2x/lOo e 
1.0 - 6.0 ±7S/±2S 0,-15/-10 2x/lOo e 
1.0 70 5.0 ±7S/±2S 0,-25/-10 2x/lOoe 
1.0 - 20 +75/+25 0,-30/-20 2x/lOo e 

40 lOMHz 1000 ±7S/±2S 0,-100 2x/lOoe 
IS 1.SMHz(inv.) 125 (inv.) ±SO/±lS 0,-50/-25 2x/lOoe 
10 1MHz 75 ±SO/±lS 0,-50/-25 2x/lOoe 
to IMHz 75 ±SO/US 0,-50/-25 2x1l0°C 

to-tOO 4MHz 250 ±lS/±8 O,+SSnA 0.9/0.7nA/C 
10 2MHz 120 ±IS/±S typ ±7S/±2SnA -

2.5 500 30 ±1.0/W.3/±0.1 ±100 ±4/±2I±2 
0.5 4.0 0.25 ±LO/±0.3/±0.1 ±SO ±2I±t/±O.S 

100Hz 2-S0Hz 100V/sec ±0.3/±0.1 ±300 ±10 
0.5 3.0 0.2 ±0.2S/±0.1 ±IOO/±SO ±lI±O.S 
20 500 100 ±O.S/±LO ±100/±lS0 ±lI±3 

1.0 5.0 0.3 ± !.S/±O. S/±0.2S 0,+2SnA ±0.2SnA/e 
0.15 5.0 0.02 ±S.0/±2.0 ±3nA ±O.lnA/e 
1.0 to 0.6 ±!.S/±0.5 ±4nA ±O.lI±O.OSnA/e 
0.3 !.S 0.12 ±S.0/±3.0/± 1.0 ±SO/±20/±20 -
0.3 1.S 0.12 ±S.0/±3.0/±LO ±200/± 100/±80 -

2kHz 7Hz OAV/ms ±30/±10 ±10fA ±1fA/e 
2kHz 7Hz OAV/ms ±30/±10 ±lOfA ±1fA/oe 
1.0 4.0 0.25 ±75/±2S/±7S 0,-0.5/-0.25/-0.15 4(0 to +70oe) 
1.0 SO 3.0 ±2S/±IO/±2S 0,-0.5/-0.25/-0.15 4(0 to +70°C) 
0.5 70 5.0 ±90/± 3 0/±60 -1.0/-0.5/-0.25 2x/lOoe 

- IMHz - ±LOmV/e ±SOO/lA --
1.5 SO 6.0 ±20/±S 0,+3SnA ±0.6/±0.SnA/e 
1.S 50 6.0 ±20/±S 0,+3SnA ±0.6/±0.SnA/e 
40 IOMHz 1000 ±75/±25 0,-100 2x/10oe 
1.0 10 0.5 ±20/±25 ±200nA -

(Specifications typical @ +2S oe and rated power supply unless otherwise noted,) 
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Data for the table has been distilled from the Analog Devices 
Product Guide - 1972. It is suggested that the reader consult the 
latest Product Guide or supplement for information on the 
most-current product line. Copies of the Guide, as well as 
individual product data sheets, are available from Analog Devices 
or the nearest field office or representative. 

In settling on the seven major classes, we have established what 
appears to be a near-optimum point of departure for proper 
amplifier selection. In some exceptional cases, an amplifier has 
been included in more than one category because of its outstand­
ing versatility. But in most instances, one single attribute or key 
parameter is focussed on in each group. For example, the 
chopper-stabilized group naturally features low drift; however, it 
includes several models which could qualify for high output 
capability or wide bandwidth. 

To ease the task of designers seeking the best device for a given 
job, based purely on its technical qualifications, both modules and 
IC's are listed together in each category. However, for the benefit 
of the many users who prefer IC's because of their low cost, small 
size, and hermetically-sealed package, we have clearly identified 
the IC members of each family as such under "Description." 
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OPERATIONAL AMPLIFIER CLASSIFICA TIONS 

1. General Purpose - Moderate Performance 

Amplifiers in this group include Analog's lowest cost devices. They 
are best suited for general purpose designs with moderate drift 
requirements in the range from 5 to 40J.lV;oC, unity gain-band­
widths to IMHz, and full-power response to 100kHz. Typical 
applications include summing, inverting, impedance buffering 
(followers) and active filtering. They are also useful for developing 
nonlinear transfer functions. 

2. General Purpose FET - Low Bias Current, High ZIN 

These models should meet most design requirements, especially 
those which cannot be satisfied by bipolar input designs because 
of excessive bias currents or too-low input impedance. The lower 
bias currents (0.15 to 100pA) and higher input impedances (1011 

ohms) of FET's make them a natural choice when resistance values 
exceed 100kQ and it is necessary to minimize input loading and 
current-offset errors to improve accuracy. Significant applications 
include integrators, sample and hold amplifiers, current to voltage 
converters and low-bias-current log circuits. 

3. Wide Bandwidth - Fast Settling 

Amplifiers in this group feature both differential FET and bipolar 
input stages, which afford a wide choice of drift and bias current 
specifications. They emphasize exceptionally fast response and 
wide bandwidths (to 40MHz, lOOns settling) for applications in 
data-acquisition and pulse-data transmission systems. Critical 
specifications are step response settling time, full power response 
and current output. 

These amplifiers are useful for sample and hold circuits, AID 
converters, and as high-speed buffers and integrators. Offering high 
output current capability, they should be considered for video or 
line driver circuits, D I A output amplifiers or as deflection coil 
amplifiers. 
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4. Low Voltage Drift - Chopper Stabilized 

These amplifiers are widely accepted as the best cho!ce when it is 
essential to maintain low voltage offsets and bias currents with 
time and temperature or whenever external offset adjustments are 
not practical in the application. Using carrier modulation tech­
niques, these designs achieve bandwidths to 20MHz, drifts to 
O.IJ..LVtC and long term stability of 2J..LV/month. Typical applica­
tions include error-summing amplifiers for servo loops, precision 
regulators, or as input amplifiers for laboratory grade metering 
instruments and test equipment. 

5. Low Voltage Drift - Differential Input, High CMRR 

"Chopperless" low drift designs with differential inputs should be 
considered for high-accuracy instrumentation, low-level transducer 
bridge circuits, precision voltage comparators and for impedance 
buffer designs. In general, they should be selected over single 
ended choppers where a differential input is required or whenever 
possible chopper modulation spikes are objectionable in the circuit 
design. 

Amplifiers in this group feature differential bipolar transistor 
input stages achieving input drifts as low as 0.25 J..Lvtc, offset 
voltages to 100J..LV and exceptionally stable long term drifts of 
3J..LV /month. These devices offer differential performance with 
input noise of IJ..LV p-p, a CMV of 10V and 100dB of CMR. For 
comparison, chopper-amplifier stability approaches IJ..LV/month, 
but they are useful as single-ended amplifiers only. 

6. Electrometer - Ultra Low Bias Current 

Amplifiers with bias currents less than IpA are classified as 
suitable for electrometer use. Frequency response and voltage drift 
are usually secondary requirements. Both varactor bridge and 
FET -input designs are employed to achieve low bias currents, 
ranging from one picoamp (l0-12A) to ten femtoamps (l0- 14A). 
These amplifiers are used as cuiTent-to-voltage converters with 
high impedance transducers such as photomultiplier tubes, flame 
detectors, pH cells and radiation detectors. 
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7. High Output - Voltage/Current 

Amplifiers offered here have bipolar or FET inputs with output 
voltage swings of ±20 volts or output current to ± I OOmA. Also 
included is model B 100, a 100mA wideband booster for op amps. 
Typical applications include audio amplifiers, voltage or current 
regulators and driver stages for sonar transducers, galvanometers 
and deflection coils. 

DEFINITIONS OF OP AMP SPECIFICATIONS 

Absolute Maximum Differential 

Under most operating conditions, feedback maintains the error 
voltage between inputs very close to zero volts. However, in some 
applications, such as voltage comparators, the voltage between 
inputs can become large. Ed defines the maximum voltage which 
can be applied between inputs without causing permanent damage 
to the amplifier. 

Common Mode Rejection 

An ideal operational amplifier responds only to the difference 
voltage between inputs (e+ minus e-) and produces no output for 
a common mode voltage, that is, when both inputs are at the same 
potential. However, due to slightly different gains between the 
plus and minus inputs, common mode input voltages are not 
entirely subtracted at the output. If the output error voltage is 
referred to the input (dividing by closed loop gain) it reflects the 
common mode error voltage between the inputs. Common mode 
rejection ratio (CMRR) is defined as the ratio of common mode 
voltage to common mode error voltage. CMRR is sometimes 
expressed in dB. 

CMR = 20 10glO (CMRR) 
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Precisely specifying CMRR is complicated by the fact that 
common mode voltage error, eecm' can be a highly non-linear 
function of common mode voltage, and it also varies with 
temperature. This is particularly true for FET-input amplifiers. As 
a consequence, CMRR data published by Analog Devices are 
average figures assuming an end point measurement at the 
common mode voltage specified. The incremental CMRR about 
some large common mode voltage may be less than the average 
CMRR which is specified, but much greater at lower voltages. 
Published CMRR specifications apply only to DC input signals. 
CMRR decreases with increasing frequency. 

Drift vs. Supply 

Offset voltage, bias current and difference current change with 
time as components age. It is important to realize that the 
published time drift for amplifiers does not accumulate linearly. 
For example, voltage drift for a chopper stabilized amplifier 
(which is by far the best amplifier type Jor long term stability) 
might be quoted as IJ,lV /day whereas cummulative drift over 30 
days would not exceed SJ,lV nor ISJ,lV in a year. In general the 
drift accumulation may be extrapolated by multiplying the 
specified drift/day by the square root of the number of days. 
Since our catalog specifies drift/month, divide by v'3O or S.S to 
obtain drift/day. 

Full-Power Response 

The large signal and small signal response characteristics of 
operational amplifiers differ substantially. An amplifier will not 
respond to large signal changes as fast as the small-signal-band­
width characteristics would predict, primarily because of slew-rate 
limiting in the output stages. We specify full power response in 
two ways: Full linear response and full peak response. 

Full linear response, fp, is the maximum frequency at unity closed 
loop gain, for which a sinusoidal input signal will produce full 
output at rated load without exceeding a pre-determined distor­
tion level. Note that this specification does not relate to 
"response" in the sense of gain reduction with frequency but 

III-22 



Operational Amplifiers 

refers only to distortion in the output signal. There is no 
industry-wide accepted value for the distortion level which 
determines the full linear response limitation, but we use 3% as a 
maximum acceptable limit. One subtle point here is that in many 
applications the distortion which is caused by exceeding the full 
linear response can be comfortably ignored. But a far more serious 
effect, often overlooked, is that a DC offset voltage can be 
generated when the full linear response is exceeded. This is due to 
rectification of the asymmetrical feedback waveform or overload­
ing the input stage with large distortion signals at the summing 
junction. 

Certain amplifiers designed to optimize high-frequency perform­
ance will provide full output swing substantially beyond the full 
linear response (3% distortion) limit described above. Since linear 
waveshape is not generally a consideration in the use of these 
devices, they are specified for the maximum frequency at which 
they will produce full output swing. This is termed "full peak 
response" and is indicated as such on the specification charts by 
the word "peak" in the row marked "Full Power Response." 

Initial Bias Current 

Bias current, ib , is defined as the current required at either input 
from an infinite source impedance to drive the output to zero 
(assuming zero common mode voltage). For differential amplifiers, 
bias current is present at both the negative and positive inputs. All 
Analog Devices specifications pertain to the worse of the two (not 
average or mean). For single ended amplifiers, bias current refers 
to the current at the active input only. 

Initial bias current, Ib , is the bias current at either input measured 
at +2SoC, rated supply voltages and zero common mode voltage. 
The designation (0, +) or (0, -) indicates that no internal 
compensation has been used to reduce initial bias current and 
hence the polarity is always known. The sign indicates the power 
supply polarity to which an external compensating resistor should 
be connected to zero the initial bias current. The designation (±) 
indicates that internal compensation has been used to reduce 
initial bias current, and that the residual bias current may be of 
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either polarity. In general, compensating initial bias current has 
little effect on the bias-current temperature coefficient. One 
should note that the bias current of FET amplifiers increases by a 
factor of 2 for each 10°C rise in temperature. 

Initial Difference Current 

Difference current, id, is defined as the difference between the 
bias currents of a differential amplifier. The input circuitry of 
differential amplifiers is generally symmetrical, so that bias 
currents at both inputs tend to be equal and tend to track with 
changes in temperature and supply voltage. Therefore, difference 
current is about 10% of the bias current at either input, assuming 
that initial bias current has not been compensated. 

Input Impedance 

Differential input impedance, Rd, is defined as the impedance 
between the two input terminals, measured at +25°C, assuming 
that the error voltage ee is nulled or very near zero volts. To a first 
approximation, dynamic impedance can be represented by a 
capacitor, Cd' in parallel with Rd. 

Common-mode impedance, Rem' is defined as the impedance 
between each input and ground (or power supply common) and is 
specified at +2S o C. For most circuits, common-mode impedance 
at the negative input Rem-, has little significance, except for the 
capacitance which it adds at the summing junction. However, 
common-mode impedance on the plus input, Rem+, sets the upper 
limit on closed-loop input impedance for the non-inverting 
configuration. Dynamic impedance can be represented by a 
capacitor, Cern' in parallel with Rem; it usually ranges from S to 
2SpF on the plus input. 

Common-mode impedance is a non-linear function of both 
temperature and common-mode voltage. For FET-input ampli­
fiers, common mode impedance is reduced by a factor of two for 
each I O°C temperature rise. 

As a function of a common mode voltage, Rem is defined as 
average impedance for a common mode voltage change from zero 
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to ±Eem, that is, maximum common mode voltage. Incremental 
Rem about some large common mode voltage may be considerably 
less than the specified average Rem' especially for FET input 
amplifiers. 

Initial Offset Voltage 

Offset voltage, eos ' is defined as the voltage required in series with 
the input from a zero source impedance to drive the output to 
zero. Initial offset voltage, Eos' defines the offset voltage at +25°C 
and rated supply voltages. In most amplifiers, provisions are made 
to adjust initial offset to zero with an external trim potentiometer. 

Input Noise 

Input voltage and current noise characteristics can be specified and 
analyzed very much like offset voltage and bias current character­
istics. In fact, drift can be considered to be noise which occurs at 
very low frequencies. The primary difference in measuring and· 
specifying noise as opposed to DC drift is that bandwidth must be 
considered. At low frequencies, 100Hz or less, l/f noise prevails, 
which means that the noise per root cycle increases inversely with 
the square root of frequency. At the mid-band frequencies noise 
per root cycle is constant or "white." 

For this reason two noise specifications are given. Low-frequency 
random noise in a pass band of 0.01 to 1Hz is specified as 
peak-to-peak with a 6.6 rms uncertainty, signifying that 99.9% of 
the observed peak-to-peak excursions will fall within the specified 
limits. Wideband noise in a bandpass of 5Hz to 50kHz is specified 
as rms. 

Maximum Common-Mode Voltage 

For differential-input amplifiers, the voltage at both inputs can 
have values above or below ground potential. Common mode 
voltage, is defined as the voltage (above or below ground) when 
both inputs are at the same voltage. Eem is defined as the 
maximum peak common mode voltage which will produce less 
than a 1 % error at the output. Eem establishes the maximum input 
voltage for the voltage follower connection. 
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Open-Loop Gain 

Open loop gain, A, is defined as the ratio of a change of output 
voltage to the error voltage applied between the amplifier inputs 
to produce the change. Gain is usually specified only at DC(Ao )' 

but in many applications the frequency-dependence of gain is also 
important. For this reason, the typical open-loop gain response is 
published for each amplifier. 

Overload Recovery 

Overload recovery defines the time required for the output 
voltage to recover to the rated output voltage Eo- from a saturated 
condition. In some amplifiers the overload recovery will increase 
for large impedances (greater than 50kn) in the input circuit. 
Published specifications apply for low impedances and assume that 
overload recovery is not degraded by stray capacitance in the 
feedback network. Overload recovery is defined for 50% overdrive. 

Rated Output 

Rated output voltage is the minimum peak output voltage which 
can be obtained at rated output current before clipping or 
excessive non-linearity occurs. Rated output current is the 
minimum guaranteed value of current supplied at the rated output 
voltage. Load impedance less than Eo /10 can be used but Eo will 
decrease, distortion may increase and open loop gain will be 
reduced. (All models are short-circuit protected to ground.) / 

Settling Time 

Settling time is the time required, after a demand-for an output 
step change (such as a step input to a unity-gain follower), for the 
output to reach and remain at the final value, within a band of 
specified magnitude. This period includes an initial delay, a period 
of "slewing" at maximum speed, a period of recovery during 
which an overshoot or "ringing" may occur, and final relaxation 
to within the defined error band (sometimes with a long "tail.") 
For small error bands, such as 0.01 %, settling time is difficult to 

- . 
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measure. One approach, used for measuring converter settling 
time, is discussed in the chapter "Testing Converters." Other 
means have been discussed in the literature. * 

Slewing Rate 

Slewing rate, S, usually in volts/~sec, defines the maximum rate of 
change of output voltage for a large input step change. S = 21Tfp Eo 

Temperature Drift 

Offset voltage, bias current and difference current all change or 
"drift" from their initial values with temperature. This is by far 
the most important source of error in most applications. The 
temperature coefficients of these parameters, !leos/!lT, !lib/!lT, 
and !lid /!l T are all defined as the average slope over a specified 
temperature range. In general, however, drift is a non-linear 
function of temperature and the slopes are greater at the extremes 
of temperature than around normal (+25°C) ambient which 
generally means that for small temperature excursions, the 
specification is conservative. 

For example, a rather popular method of specifying this extremely 
important parameter consists of: a) arithmetically subtracting the 
measured offset values at the upper and lower temperature 
extremes and b) dividing this difference by the temperature 
excursion. This can yield an extremely misleading result, particu­
larly where offset drifts in the same direction at the two extremes. 
It is obviously possible to have no difference in the two end-point 
measurements, yet severe slopes may exist between the two as 
illustrated in Figure 9. In this case the apparent (specified) drift 
would be zero ~vtC. 

Analog Devices employs two methods of drift specification - a 
"true butterfly" curve characteristic for the high performance/low 
drift models, and a "modified butterfly" for the lower cost 
amplifiers. Both overcome the deficiencies described above. A 

*For example, Analog Dialogue, Vo1. 4, No.1, "Settling Time of Operational Amplifiers" 
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eosH - eosL 
----- = OIlVtC 

TH - TL 

Figure 9. Two-point method of computing Offset Temperature Coefficient 

comparison of these methods is shown with definitive equations in 
Figure 10. Essentially, the butterfly characteristic insures that if 
the amplifier is adjusted to zero at room temperature (Tr ), the 
offset at any temperature would, in no case, exceed the value 
predicted by multiplying the specified drift rate (in JJ. V t C) by the 
temperature excursion. 

BUTTERFLY CHARACTERISTICS 

True Butterfly Spec Modified Butterfly Spec 

I eosH I + I eosL I 
TH -TL 

fj. eos Lr-r is the max. drift coefficient permissible 

Figure 10. 3-point ("Butterfly") Definition of Offset Temperature 

Coefficient 
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Unity-Gain Signal Response 

Unity-gain small-signal response, ft, is the frequency at which the 
open loop gain becomes unity or zero dB. "Small signal" indicates 
that in general it is not possible to obtain large output voltage 
swing at high frequencies because of distortion due to slew rate 
limiting or signal rectification. For amplifiers with symmetrical 
response on both inputs, ft may be obtained by either the 
inverting or non-inverting configurations. Some wideband ampli­
fiers with feed forward design have fast response only on the 
negative input, which restricts high-speed use to the inverting 
circuit. 

SELECTION PRINCIPLES 

In selecting the right device(s) for a specific application, the 
designer should have clearly in mind the design objectives, a firm 
understanding of what the published specifications mean, and the 
significant features affecting the application. 

l. A complete definition of the design objectives includes 
signal levels, desired accuracy and bandwidth, circuit impedances, 
environmental conditions, etc. 

2. Firm understanding of what the manufacturer means by 
the numbers published for the parameters. Often, two manufac­
turers may have comparable published specifications, which may 
have been arrived at using differing measurement techniques, * 
creating a pitfall for the designer. 

*An excellent contemporary case in point is the room-temperature bias-current spec for 
PET-input I.C. op amps. When bias current is measured on automated high-speed test 
equipment, the chip doesn't have sufficient time to warm up, which means that the 
reading will be low, often by a factor of 4, because of the doubling per 10°C 
temperature rise. At this writing, Analog Devices is one of the few Ie manufacturers to 
take this into account and specify the current actually encountered by the user under 
equilibrium conditions rather than a useless "test" spec. Also, maximum bias current is 
specified by Analog Devices as the worse of the two input currents, rather than their 
average. With the "average" spec, e.g., (0.1 + 1.9)/2 = 1.0 "Murphy's Law" decrees that 
the larger current will appear at the active terminal. 
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3. A checklist of essential characteristics of the design 

A. Character of the application: differential or single­
ended, follower or inverter, linear or nonlinear 

B. Accurate description of the input signals: voltage 
or current source, range of amplitudes, source impedance, time/ 
frequency characteristics 

C. Environmental conditions: maximum ranges of 
temperature, time, and supply voltage over which the circuits must 
operate (to the required accuracy) without readjustment 

D. Accuracy desired, as a function of bandwidth, 
static and dynamic parameters, loading 

SELECTION PROCESS 

In general, the objective of amplifier selection should be to choose 
the least-expensive device that will meet the physical, electrical, 
and environmental requirements imposed by the application. This 
implies that a "general purpose" amplifier will be the best choice 
in all applications where the desired performance requirements can 
be met. Where this is not possible, the limitations are usually 
imposed by either bandwidth requirements or offset and drift 
parameters. As mentioned earlier, an extended discussion of these 
factors appears in the Analog Devices Product Guide - 1972 and 
(if out of print) its successor publications, available upon request. 
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As we have noted in the chapter on Data Acquisition, and 
elsewhere, it is often necessary to retrieve millivolts of analog data 
from volts of common-mode interference. In some cases, it is also 
necessary to galvanically isolate the amplifier's input from its 
output and the power source, either to protect the amplifier from 
high voltage, to protect the device being measured (viz., a hospital 
patient) from stray leakage current, or simply to obtain better 
common-mode rejection. 

The instrumentalities for achieving these objectives are called 
instrumentation amplifiers, and they include a special subclass of 
isolation amplifiers. Although amplifiers of this class often contain 
operational amplifiers, they are distinguished from op amps in 
being committed devices with a definite (set of) output-input 
relationship(s) and an essentially fixed configuration. They are 
designed to meet the specific objectives of high CMRR, low noise 
and drift, moderate bandwidth, and a limited range of gains 
(usually I to 1000, programmable by a single resistor). 

Although there are a wide variety of frills and added-cost "extras" 
in the $250+ range on the market, ranging from digitally-program­
med gain to auto ranging (primarily for use in low-level-multi­
plexed systems), simple instrumentation amplifiers are becoming 
available at such low cost* that they seem destined to encourage 
the growth of per-channel amplification in instrument applica­
tions. For example, as this is written, the AD520 Monolithic 

*both from manufacturers, such as Analog Devices, and built in-house using low-cost Ie 
op amps 
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Instrumentation Amplifier has just been introduced (Spring, 1972) 
at an initial price of $12 in 1 ~O's. t 
Accordingly, this chapter will focus on the properties, specifica­
tion, and application of simple instrumentation and isolation 
amplifiers, while recognizing that more-complex devices exist and 
do have a role (albeit somewhat limited) in AID conversion 
systems. 

INSTRUMENTATION AMPLIFIERS 

The instrumentation amplifier is a committed-gain amplifier with 
internal high-precision feedback networks. Its excellent drift, 
linearity, and noise-rejection capability make it a natural choice 
for extracting and amplifying low-level signals in the presence of 
high common-mode-noise voltages. 

These devices are commonly used as transducer amplifiers for 
thermocouples, strain-gage bridges, current shunts, and biological 
probes. As preamplifiers, they are capable of extracting small 
differential signals superimposed on large common-mode voltages. 
Wideband designs are also available for data-acquisition systems. 

Design 

Figure I shows a number of commonly-used circuit-design 
approaches. All require that only one resistor be adjusted to 
control the gain. Most commercially-available types have feedback 
sense and reference terminals for lead compensation, current­
output sensing, and adjustable offset reference voltage. A few uses 
of these terminals are discussed under Applications. 

The simple subtractor (la), uses only one operational amplifier. It 
has the disadvantage of poor source unbalance characteristics, 
because of its low input impedance, for normal values of Rl (CMR 

tThe AD520}, in a 14-pin hermetically-sealed DIL package (small size, environmentally 
protected), is not an op amp but a true-differential instrumentation amplifrer, with 
2 X 109 n Zin, 90dB minimum CMRR at gain of 100 (0-100Hz, 1kn source unbalance), 
50kHz full-power bandwidth, single-resistor gain adjustment. 
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depends critically on resistance matching). If a FET-input ampli­
fier is used with very large values of resistance, noise and 
bandwidth characteristics will suffer. 
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R, R, R, SENSE 

E, 

R, 
Eo 

REF E, 

G = 2~ [1+ ~J 
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'¢ 
R, 

R, [ 1J G=2-'- 1+~ 
R, K 

a. Simple Subtractor b. Buffered Sub tractor 

G=~ 
R, 

KR, 

REF R, R, R, R, SENSE 
~~~~~~~~~--~~-o, 

E,o-----------' 

R, [ 2J G=1+~ l+K 

\ , 
I 

" 

c. Buffered Sub tractor With Gain 

d. High-Input-Impedance 

Image of Subtractor 

G = RSCALE "" ESENSE EREF 

RGAIN E: E] 

E, 0--+--+--' + 

e. Current-Feedback Type (AD520) 

Figure 1. Instrumentation-Amplifier Designs 

III-33 



Il A 0 Conversion Handbook 

The buffered subtractor (lb) gets around the problem, at the cost 
of two additional op amps. Bipolar types are ordinarily adequate, 
but FET-input types would be used with signal inputs having high 
source impedance. Matched input-followers will provide low drift 
and keep high CMRR, if the main amplifier's drift is low and the 
resistances are well-matched. 

Reliance on resistance match for CMR is reduced, and bandwidth 
is improved in high-gain applications by using the buffered 
subtractor-with-gain (I c). The first stage has unity gain for the 
common-mode signal, thus increasing overall CMR by the differ­
ential gain of the first stage. (Separate followers-with-gain would 
not be capable of this improvement, because they would amplify 
differential and common-mode signals equally.) Matched ampli­
fiers will help CMR and drift-stability. 

The two-amplifier circuit (1 d) has high input impedance, saves the 
cost of an amplifier, but it also increases dependence on resistance 
match for high CMR. 

Unlike all of the other schemes, the differential current-feedback 
circuit (1 e) has high-impedance sense and reference input termi­
nals, allowing them to playa more important part in a wider range 
of applications. (It will be noted, in all of the other circuits, that 
resistance in series with either of those terminals, unless matched 
at the other, will cause common-mode errors.) The scheme also 
has a simple relationship between the gain and the resistance used 
to adjust it. The ability to match transistors and current-sources, 
and the close spacing on the monolithic chip, tend to make this 
approach feasible at low cost. 

Applications 

In data systems, instrumentation amplifiers are used primarily for 
pre-amplification and for adapting the input signal range to the 
usually-fixed range of the AID converter. Because they ideally 
respond only to the difference between two voltages, they can be 
used in both balanced and unbalanced systems. Balanced implies 
that the output of the signal source appears on two lines, both 
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having essentially equal source resistances and output voltages in 
relation to either ground or the local common-mode level, e.g., 
bridge outputs (Figure 2a); unbalanced means that inherent 
symmetry is not a property of the configuration - in fact, a major 
application of instrumentation amplifiers is in eliminating the 
effects of ground-potential differences in non-ideal single-ended 
systems (Figure 2b). 

-,- E, .-----... 

~(E, +E,) ('--r-t 

--L 

CMV=ECM+~(E, +E,) E.=G(E,-E,) 

a. Balanced Input b. Unbalanced Input 

Figure 2. Balanced and Unbalanced Inputs 

Because instrumentation amplifiers can measure voltage differ­
ences at any level within their specified range, they are useful in 
current measurement. Typically, they will measure and amplify 
the voltage appearing across a low-resistance shunt, often in the 
"high" line (Figure 3). 

VLINE 
E. 

E. s G IlOAD Rs 

Figure 3. Current Measurement 
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If the reference tenninal is available, it may be used for biasing the 
location of the pen in chart-recorder applications; it may be used 
to bias out dc normal-mode voltages, e.g., contact potentials; or it 
may be used to bias relay or comparator trip points. The reference 
tenninal may be driven by the output of an operational amplifier 
with either constant or variable voltage; in addition, if the 
amplifier has high input impedance at the reference terminal, it 
may be driven passively by a voltage divider or a potentiometer. 

In normal applications, the sense and reference terminals are 
connected to the specific points at which the output is to be 
accurately maintained; the circuit will then ignore voltage drops in 
the output signal or ground lines. 

Figure 4. Maintaining Accuracy With an External 
Current Booster 

The sense terminal is especially useful in circuits employing 
current-booster followers, since the booster may then be included 
within the feedback loop, and its offsets, drifts, and gain errors 
nullified (Figure 4). The sense and reference terminals, if high 
enough in impedance to avoid significant loading, are also useful 
for driving current to either floating or grounded loads. (In the 
circuit of Figure 5, for floating load, the reference is grounded, for 
grounded load, the sense tenninal is connected to the output.) 

For circuits employing the sense and reference terminals in other 
than "straight" differential amplification, it is essential to consider 
the possibility of and, if necessary, to take proper precautions to 
avoid dynamic instabilities: overshoots, ringing, or oscillation. 
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FLOATING 
LOAD 

Figure 5. Current Drive to Floating or Grounded Load 

Specifications 

The table on the following page indicates specifications for typical 
instrumentation amplifiers. In many respects they appear similar 
to those for operational amplifiers. Differences include: 

Gain An open-loop gain specification is unnecessary; 
However, gain nonlinearity and instability are specified. 

Offset Offset drift specifications are given, referred to the 
input, at the two extremes, 1 and lOOO. To determine the 
corresponding specification at any arbitrary value of gain, referred 
to the output, the following formula is used, to an excellent 
approximation: 

1000" Drift(rti)l lOoo - Driftl! 
DriftlG ~ 1000 "G + Driftl! 

Other specifications are listed at specific values of gain. Inter­
mediate values may usually be interpolated. Unless noted other­
wise, specifications not associated with a gain value are essentially 
independent of gain. 

An Example 

Since errors from all sources, though not individually significant, 
can add up to a substantial amount, it is important to perform an 
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Table 1. Capsule Specifications - Instrumentation Amplifiers 

H;gh CMR, Low Drift Wideband, Low Drift 
0.005% Linearity 2Sps Settling to 0.01% 

60S 604 

Modd J K L J K L 

Gain 
Range 1 to 1000 1 to 1000 
Formula G = 1 + (200k/Rg) G = (3 x 10')/Rg 
Deviation From Formula, max to.l% to.l% 
VS. Temp, max ±15ppmtC ±15ppmlC(±5ppmfC typ) 
VS. Time to.OOO3%/mo. to.OOO3%/mo. 
Nonlinearitv. max ±O.OOS% +0.01 % (0.005% ty,) 

Rated Output, min ±10V@5mA ±lOV@lOmA 

Frequency Response 
Unity Gain, Small Signal, ("3dB) 
G=1 300kH~ 50kHz 
G = 1000 300Hz 50kHz 

Full Power Response, min 105kHz typ 50kHz l typ 
Slew Rate O.IV/1'S 3V/ps'}. 
Unity Gain Setding Time to 0.1% 130jt5(0.01 %, G = I) 25JAS (to 0.01 %)1 

Offsets Referred to InpuT. 
Initial Offset Voltage Adjust to 0 Adjust to 0 
vs. Temp, max G ::: 1 ±Isojtvfc ±3 ±! to.SmVfC 

G=lOOO ±3 ±1.0 ±O.5jtVfc ±3 ±1 ±o.sjtvfc 
vs. Supply G=1 ±0.2mV/% ±2mV/% max 

G=1000 ±4jJ.V/% ±0.2 j.tV 1% max 

Input Bias Current 
Initial,25°C 0, +loonA 0, +l00nA 
vs. Temp -lnAtCmax 0, -1.0nAtc max 

Input Difference Current 
Initial,25°C ±100nA max ilOnA max 
vs. TClI!p. ±lnAtCmax ±l00pAtC max 

Input Impedance 
10'n (10" n/G)/IlOpF Differential 

Common Mode lO'n 1011 Slt/lOpF 

Noise Referred to Input 
Voltage Noise, 0.01 to 1Hz, pop 
G=I l5IlV(0.1 to 10Hz) 100j.tV (0.1 to 10Hz) 
G = 1000 1.5j.tV(0.1 to 10Hz) IJl.V (0.1 to 10Hz) 

Voltage Noise, 10Hz to 10kHz, rms 
G=I S.ouV l00uV (1.SUV G -

Input Voltage Range 
Linear Differential Input ±10V ±lOV 
Max Differential Input ±20V ±ZOV 
Max Common Mode ±Vs ±lOV 
CMR@±lOV, DC to 60Hz 

60dB3 (lkl1Imbalance) G=1 70dB3 

G = 1000 94dB(1ZOdB typ)DC to 5Hz3 lZOdB DC to 5Hz3 

Reference Terminal 

Rin 104,n 5 x 109 ,n 
Output Offset Range ±lOV ±lOV 
Gain Offset Range +1.00 +1.000 
Bias Current ZOOnA ZOOnA 

Power Supply Range, ±V s(VOC) ±(l2 to 18)V ±(12 to 18)V 
Op'~rati!,...8'_ Rated Specifications (VDC) ±15V@7mA ±15V@7mA 

Temperature Range 
Operating, Rated Specifications 

Package Outline 
Case Dimensions 

(Specifica.tionstypic:al@+250 C 
and ±15VDC power supply unless 
otherwise noted.) 

o to +70oC 
FA-S 

1.5" x 1.5" x 0.4" 

(l)±O.l% amplitude accuracy to 1kHz min. 
(2)Constant with gains from 3V N to lOOOVN. 
(3)Minimum CMR with lill imbalance. 
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o to +50oC 
C-1S 

Z" x 3" x 0.4" 

1000) 

Economy 
Monolithic 

ADS20 

J 

1 to 1000 
G= 105/Rg 

to.OS% 
-
-

±0.02% tvn 

±10V@5mA 

300kHz 
35kHz 

60kHz typ 
3.5V/jt'typ 

-

AdjusttoO 
±1.0mVfC typ 
±s.ojtvfc typ 

-
±30OjtV/% typ 

±lOOnA 
tlnAtC 

±2SnA 
0.25nA/oC 

2 x 109 11 
-

1.0mV (0.1 to 10Hz) 

-

±12V 
-

±lOV 

70dB 
106dB 

10'n 
±lOV 
1.000 
4/tA 

±(lZ to 18)V 
:!15V@4mA 

o to +70°C 
TO-116 
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error-budget analysis to find (and if possible reduce) the most 
significant terms. An example of a circuit application is given in 
Figure 6. 

BRIDGE CIRCUIT 

EJ ; E2 '" ECM ("'-¥-I 

CMRR:~ 
ACM 

Figure 6. Instrumentation Amplifier-Equivalent 
Model When Used as a Bridge Amplifier 

EOUT 

These are the given operating conditions and hypothetical ampli­
fier specifications to be used in the example: 

Operating Conditions Amplifier Specifications 

eIN = 

eOUT = 

ECM = 

~T = 

TA = 

RL = 

RBRIDGE = 

±5mV 

±5V 

+5V 

±20°C 

+25°C(ambient) 

10kn 

500n 

eos Drift 11 m V t C (G = 1000) 
at output 

Gain Drift = ±O.O 1 % (G = 1000) 

IB = 20nA 

Zd = 300Mn 

ZCM = 1000Mn 

CMRR (AD/ ACM ) = 105 

(lOOdB CMR) 

Gain = 1000 

Nonlinearity = ±0.01 % 

Ro=lOn 
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The error budget is computed as follows: 

Error Source 

Gain Drift (+SO to 4S°C) 
Offset Drift (+So to 4S°C) 

Total Drift Error 

Linearity Error 

Common-Mode Error 
Offset Error 
Input Loading Error 
Output Loading Error 

Total Error at 2SoC 

Calculation 

O.Ol%tC X AT X EOUT 
llmVtC X AT 

0.01%@ 10V 
(independent of output) 
ECM X AD/CMRR 
( adj ust to zero) 

RBRIDGE/RD 
(Ro/RL) X eOUT 

Total Error (+SoC to +4S°C) 

Value %F.S.(5V) 

± lOmV 0.2% 
±22OmV 4.4% 

230mV 4.6% 

± lOmV 0.2% 

± sOmv 1.0% 
negligible 
negligible 

SmV 0.1% 

± 6SmV 
±29SmV 

1.3% 
S.9% 

For the given example, the error is 5.9%. Its largest components 
are offset drift (4.4%) and CME (1 %). 

If an amplifier having output drift of 2mV;oC at G = 1000 were 
used, the offset drift error would be reduced to ±40mV (0.8%). If 
the common-mode voltage is relatively constant (this is the case 
for a bridge circuit), then a simple offset adjustment can reduce 
the common-mode error virtually to zero, a 5OmV, or 1% 
improvement. The total error will then be approximately ±55m V 
(1.1 %). 

This error-budget analysis demonstrates the importance of analyz­
ing the problem and applying major error-reduction effort to the 
most-important sources of error. 

ISOLATION AMPLIFIERS 

There are certain classes of application conditions that require 
actual galvanic isolation of the amplifier's input circuit from its 
output and the power supply. 
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1. Very-high common-mode voltage, well beyond SOOV, 
between input and output. 

2. Safety requirements for medical-electronics equipment 
3. Two-wire input, with no ground return for bias current 
4. High CMRR required, with appreciable source unbalance 

The two most promising approaches to obtaining isolation at the 
present time appear to be transformer and optical coupling. While 
optical coupling appears to be quite effective at isolation, since it 
uses a portion of the electromagnetic spectrum that completely 
abandons voltage, current, charge, and magnetic flux for energy 
transmission, the components and techniques applicable to low­
cost high-performance linear circuits are still relatively primitive 
(but developing rapidly). 

Recognizing these realities, as well as the present urgent needs, 
Analog Devices has developed, for sale at low cost, a series of 
isolation amplifiers, employing transformer coupling, that offers 
total galvanic isolation, low capacitance « 1 OpF between input 
and output ground circuits), high CMR (11SdB at 60Hz), and high 
common-mode voltage ratings (to SkV). Capable of transmitting 
millivolt signals in the presence of up to 1000 volts common­
mode, with unity gain, or with adjustable gain, these devices (the 

Cs r- --- - -- ----- -, GAIN= 1V1V r-1 FET INPUT I DC TO 2kHz 

+IN -r: R" AMPLIfiER ~..., 

120MH csJ:i * Cs 

FROM 
PATIENT 
LEADS 

: T I I ...----, 
I I 
I I 
I I 
I 

-IN h-::---Hf-------' 

SHIELD 

-'-I 'I L, 
Cs I 

Cs '" STRAY 
CAPACITANCE ~< 10pFl 

+9 TO +28 
VOLTS DC 

A" " lMU (273J)' 2Mn (273K) 

+OUT 

-OUT 

+PWR 

GND 

Figure 7. Block Diagram of Unity Gain Isolation Amplifiers 
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272, 273, 274 class) are ideal for medical applications (where an 
ECG waveform is the input signal to the data system), where it is 
mandatory to isolate hospital patients from potentially-lethal 
ground-fault currents, and for industrial applications, to interrupt 
ground loops between transducers and output-conditioning cir­
cuits. 

like instrumentation amplifiers, amplifiers of this type have 
committed gain circuits with internal feedback networks. All 
models operate from dc to 2kHz. They are designed in two parts: 
an isolated front-end amplifier section, and a grounded output 
section (Figure 7). The front end includes the fixed-gain op amp, a 
modulator, and a dc regulator circuit, all enclosed in a floating 
guard-shield. The output section contains a demodulator, filter, 
and power-supply oscillator circuit, operating from a single 

PATIENT 
ECG ELECTRODES 

A,B,C 

ECG 

P.C. CARD 272/2731274 
FLOATING 
GUARD 
SHIELD 

Figure 8. Patient·Amplifier Interconnection Diagram 

+15Vdc supply. Operating power is transformer-coupled into the 
shielded input circuits and capacitively or magnetically coupled to 
the output demodulator circuit. 

A typical connection in a medical-electronics data-acquisition 
system front end is shown in Figure 8. 
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MULTIPLEXING AND MULTIPLEXERS 

When more than one quantity has to undergo analog-to-digital 
conversion, it is necessary either to time-division multiplex the 
analog inputs to a single AID converter, or to provide an AID 
converter for each input and combine the converter outputs by 
digital multiplexing. 

Until recently, analog multiplexing was the universally-favored 
technique for achieving lowest system cost, but the rapidly­
decreasing cost of AID converters and the availability, at low cost, 
of digital integrated circuits specifically designed for multiplexing 
provide a viable alternative with many advantages. 

A decision on the correct technique to use for a given system will 
have to make tradeoffs between the follOwing factors: 

1. Resolution of measurement. The cost of AID converters 
rises very steeply as the resolution increases, due mainly to the 
cost of precision elements used in the converter. At the 6-8 bit 
level, the per-channel cost of an analog multiplexer ("MUX") is 
likely to be a considerable proportion of the cost of a converter, 
and at lower resolutions it may actually exceed the converter cost. 
At higher resolutions, above 12 bits, the reverse is at present (but 
decreasingly) true and analog multiplexing has tended to be most 
economical. 

2. Number of channels. This con troIs the size of the multi­
plexer required and the amount of wiring and interconnections 
that will be needed. Digital mUltiplexing onto a common data bus 
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cuts wiring to a minimum. Analog multiplexing is best-suited to 
handling 8-256 channels; beyond this number, the technique 
becomes unwieldy and analog errors are difficult to minimize. 
Analog and digital multiplexing can often be combined advan­
tageously in very-large systems. 

3. Speed of measurement, or throughput rate. High-speed AID 
converters carry a considerable cost premium. If analog time­
division multiplexing will demand a very high speed converter to 
achieve the desired sample rate, a slower converter-per-channel 
with digital multiplexing may be a better choice. 

4. Signal level and conditioning. Wide dynamic ranges between 
channels are difficult to handle with analog multiplexing. Small 
signals less than I V will generally require differential low-level 
analog multiplexing (which is expensive), and programmable-gain 
amplifiers may well be required after the MUX. The alternative is 
fixed-gain converters on each channel, with signal-conditioning 
specifically designed for the channel requirement, again combined 
with digital multiplexing. 

5. Physical location of measurement points. Analog multiplex­
ing is best suited to making measurements at distances no farther 
than a few hundred feet (100m) from the converter. Analog lines 
are inherently prone to losses, transmission-line reflections, and 
interference. Satisfactory lines range from simple twisted wire­
pairs to multiconductor shielded cable, depending on the signal 
level, distance, and noise environment. Digital multiplexing is a 
viable technique from zero distance to thousands (perhaps 
millions) of miles, with suitable transmission equipment. Digital 
transmission systems generally possess useful noise-rejection 
characteristics, which are essential for long-distance transmission. 

MULTIPLEXER FUNCTIONAL REQUIREMENTS 

The most important single requirement for a multiplexer is that it 
operate without introducing unacceptable error at a speed 
consistent with the sample-rate requirements. For a digital MUX, 
it is relatively straightforward to determine speed from propaga­
tion-delay parameters and the time required to achieve an 
adequately-settled output on the data bus. Considerable informa-
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tion exists on calculating the performance of logic families, and it 
is not proposed to consider the problem here. 

Analog multiplexers are much more difficult to characterize, as 
their speed is a function, not only of their internal parameters, but 
also of such external parameters as channel source impedance, 
stray capacitance (i.e., due to layout and following amplifier 
characteristics), and also the number of channels and the circuit 
organization. The user must be aware of the limiting parameters in 
his system to gauge their effect on performance. These are detailed 
in succeeding sections. 

Because of their non-ideal transmission and open-circuit character­
istics, analog multiplexers introduce static and dynamic errors into 
the selected signal path. These include leakage through switches, 
coupling of control signals into the analog path, and interaction 
with both sources and following amplifiers. Poor circuit layout 
and cabling can compound these effects and further degrade 
performance. 

As analog multiplexers are usually connected directly to sources 
(which may be delicate, have little overload capacity or poor 
settling after an overload), practical requirements dictate that the 
switches have an inherent break-before-make action to preclude 
any possibility of shorting channels together. Some commercially­
available multiplexers can be deficient in this respect. Frequently 
it is necessary to avoid shorted channels when power is removed 
from the multiplexer and an "all channels off with power down" 
characteristic is desirable in a general-purpose MUX. Again, many 
commercial devices do not embrace this feature. 

Besides the channel-addressing lines, which are usually binary­
coded, it is useful to have one or more inhibit or enable lines to 
turn all switches off regardless of the channel being addressed. 
This greatly economizes on external logic required to cascade 
multiplexers and is also useful in certain types of channel 
addressing. 

A final requirement for both analog and digital multiplexers is 
adequate tolerance of likely line transients and overload condi­
tions, and the ability to absorb transient energy without damage. 
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MULTIPLEXER SWITCHING ELEMENTS 

Analog Elements 

Many alternative types of analog switches are available in 
electromechanical and solid-state (discrete and integrated) forms. 

Electromechanical types include relays, stepper switches, cross bar 
and reed (mercury-wetted and dry) relay switches. The best 
switching speed can be realized with reed relays, < 1 ms. All 
mechanical switches provide high dc isolation resistance, low 
contact resistance, and the capacity to handle high voltages 
directly (typically up to lkV), and they are usually inexpensive. 
Multiplexers employing mechanical switches are suited to low­
speed applications and also those having high resolution require­
ments, and they interface well with the slower types of A/D 
converters, e.g., integrating dual-slope. All mechanical switches 
have a finite life, usually expressed in number of operations. A 
good reed relay may well have a life of 109 operations, which, for 
instance, would amount to a life of 3 years at 10 operations/ 
second continuously. 

Solid-state switches are capable of high-speed operation « 30ns), 
and have a life likely to exceed most equipment requirements. 
Field-effect transistors (FET's) are universally used in multiplexers 
and have superseded bipolar transistors (which can introduce large 
voltage offsets when used as analog switches). 

The FET is a majority-carrier device, and, depending on whether 
the majority carriers are holes or electrons, the FET is termed P or 
N-channel, respectively. Due to the greater mo bility of electrons, a 
given FET geometry has a lower on resistance if it is an N-channel 
structure, rather than P; and for a given on resistance, N-channel 
structures have lower capacitance and superior parameters to those 
of P-channel devices. Consequently, for use in MUX, N-channel 
junction FET's are preferred to P-channel devices of comparable 
cost. Metal-oxide silicon (insulated gate, or MOS) transistors have 
only recently become available at competitive cost in N-channel 
structures; the P-channel device has been available for several years 
and is in common usage in multiplexers. 
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N-channel junction and MOS devices suitable for use in multi­
plexers typically provide on resistances in the la-lOa-ohm region 
(extended limits from 2 to 1000 ohms), and P-channel devices fall 
in a higher band, typically lOa to lOOO ohms. 

Junction FET's operate in the depletion mode and are turned on 
fully with zero gate-source voltage (V GS = 0). MOS FET's are 
available in both depletion and enhancement mode (enhancement­
mode devices are off with V GS = 0, and once the gate voltage 
exceeds a threshold level V th' the on resistance falls as the gate 
voltage increases). The characteristics of these devices are shown in 
Figure 1. 

~
/ DRAIN 

GATE ,," 

~, SOURCE 

ill' ... 
VGS 

VTH 

a. N-Channel Junction FET 

GATL-..j '> SUBSTRATE 
DRAIN1b'" 

SOURCE ,J> 

b." o VTH 

c. N-Channel Enhancement­
Mode MOSFET 

~' DRAIN 
GATE ,,/ 

~, SOURCE 

hi o VTH VGS 

b. P-Channel Junction PET 

GATE "-, 
DRAIN~ 
'-i -) SUBSTRATE 

SOURCE ,Jf 
RON 

dll ... 
VTH 0 

d. P-Channel Enhancement­
Mode MOSFET 

Figure 1. Junction FET's and Enhancement-Mode MOS FET's 

Circuit arrangements in multiplexers usually ensure that the gate 
voltage of a conducting junction-FET tracks the drain-source 
voltage to maintain V GS = 0. Thus, the on resistance of a switch is 
constant and is not a function of the signal level being multi­
plexed. This is not true of MOS FET multiplexers, where the 
insulated gate is driven to a fixed potential in the on condition, so 
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that V GS and the on resistance vary with the level of the applied 
signal. This variation can be considerable: a typical P-channel 
device operating on ± ISV supplies may have RON = 200n with the 
channel at + I OV, and RON = 1000n with the channel at -1 OV, the 
gate being switched ·to -lSV. 

All FET devices suffer from leakage from drain to source in the 
off state and leakage from gate or substrate to drain and source in 
both the on and the off states. Gate leakage in MOS devices is 
negligible compared to other sources of leakage, unless the device 
has a Zener-diode-protected gate, in which case an additional 
leakage path exists between gate and source. Generally, the 
leakage characteristics of junction FET's are superior to those of 
MOS FET's. Junction FET's with drain-source leakages of 100pA 
at 2S De are commonplace, but MOSFET's are typically in the 
range l-SnA. As leakages double every 8-1 ODe, junction FET's are 
superior at the higher temperatures, where leakage becomes a 
severe problem. 

Enhancement-mode MOSFET's have the theoretical advantage 
that the switch turns off when power is removed from the MUX, as 
V GS = O. In fact, the advantage may be lost unless the drive circuit 
around the FET is correctly designed. The circuit shown in Figure 
2 allows positive input voltages to be short-circuited to ground 
when the power is removed (the +lSV line falls to ground 
potential, and conduction takes place through the drain-substrate 
isolation diode). Additional components are required to ensure 
that the switch remains off under all conditions of input with the 
power shut down. Figure 3 shows the necessary modification: 
negative input voltages are blocked by the drain-substrate diode of 
the MOSFET Q 1, and positive voltages are blocked by D 1 and the 
collector-base diode of Q2, while R ensures that the gate-substrate 
voltage of Q 1 remains zero, keeping it turned off. Even with this 
modification, leakage is likely to be several nA greater with power 
down than with power on. As an inherent matter of their 
processing, most integrated-circuit MOS multiplexers do not 
incorporate this feature, and it is up to the user to provide 
protection, both for the multiplexer and the signal sources. (As a 
final note, junction-FET multiplexers always turn on with the 
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power down, so it is necessary to maintain supply voltage to 
maintain channel isolation.) 

-.......,.r-------.--- +15V 

02 

-------4--- -15V 

Figure 2. MOSFET Power-Off Short-Circuit Mode 

-----+--- +15V 

01 

R 

02 

-----+--- -15V 

Figure 3. Circuit to Maintain Power-Off Open Circuit 

A more recent development is the CMOS (COSMOS) complemen­
tary MOS switch, which has the great advantage of being able to 
multiplex voltage up to and including the MUX supply voltages, 
i.e., a ±lOV signal can be handled with a ±IOV supply to the 
MUX. A P-channel device can only switch signals between +Vs and 
a voltage slightly greater than -(V s - V th)' and an N-channel device 
can only switch signals between a voltage slightly less than 
(Vs - Vth) and -Vs' In both cases, there is considerable variation 
of on resistance with signal level. By combining an N- and a 
P-channel device in parallel, each makes up for the deficiencies of 
the other, and it is possible to switch signals between ±Vs (Figure 
4). Since the on resistances of the switches are in parallel, device 
geometries and thresholds can be adjusted so that the parallel sum 
of the on resistances varies little over the signal range (Figure 5). 
Note that 2Vs> (VthP + VthN ), or a conduction deadband will exist 
in the switch. With most types of CMOS processing, this is a 
problem only when 2Vs < SV. The switches require complemen­
tary gate drive, which is usually derived from an inverter, resulting 
in an integrated structure similar to that shown in Figure 4. 
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..-----------+VS 

+Vs lN 

'-----------VS 

-VS OFF 

Figure 4. Complementary MaS Switch 

RON INI RON IPI 

+VS VGS 
IN CHANNELl 

VGS -VS 
IPCHANNELI 

Figure 5. On-Resistance of CMOS "Switch vs. Input Voltage 

Digital Elements 

For small numbers of channels, medium-scale integrated digital 
multiplexers are available in TIL and MOS logic families. The 
SN74151 is a typical example, as shown in Figure 6. Eight such 
integrated circuits could be used to multiplex 8 AID converters of 
8-bit resolution onto a common output bus. 

STORAGE 
(ENABLE) 

DO 

0, 

02 

03 
DATA 

INPUTS 
04 

05 

06 

07 A 

DATA (A Ii 
SELECT B B 

(BINARY) C 
C 

Figure 6. Typical Digital MultiplexerSN74151 
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This type of digital multiplexing offers little advantage in wiring 
economy, but it is low in cost, and, through its very high switching 
speed, operation is possible at sampling rates far in excess of those 
obtainable with analog mUltiplexers. Also, the multiple A/D 
converters used are required only to keep up with the channel 
sample rate, and not with the com mutating rate of the MUX. 

Where larger numbers of A/D converters are to be multiplexed, the 
data-bus technique shown in Figure 7 provides great economies in 
system interconnection and organization. This alone may in many 
cases justify multiple A/D converters. Data can be bussed onto the 
lines in bit-parallel or bit-serial format (many converters have both 
serial and parallel outputs to allow this choice to be made readily). 
A wide variety of devices exist to drive the bus, from open­
collector and tri-state TTL gates, special line drivers and opto­
electronic isolators, giving a wide range of common-mode and 
noise-margin performance to suit the most rigorous requirements. 
Channel-selection decoders can be built up from 1-of-16 decoders 
to any required size. This system also contains some redundancy, 
in that a failure of one A/D, or overload of one source, will not 
affect the other channels. 

Figure 7. Digital Multiplexing on to a Common Data Bus 
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BASIC ANALOG MULTIPLEXER CONFIGURA TIONS 

High-Level Multiplexers 

High-level multiplexers are designed to handle input signal voltages 
greater than I V without introducing significant error. The 
most-common type consists of a bank of switches connected to a 
common output bus, as shown in Figure 8. The bus output may be 
buffered by a non-inverting operational amplifier, as shown. This 
configuration is simple, and, when used with an output amplifier, 
offers high input impedance. 

r-
I 
I 

I 
L_ 

CHANNEL 1 INPUT 

CHANNEL 2 -..., 
R, I 

I CHANNEL 3 

I 
I 
I CHANNEL 4 

_-1 

.... 

ADDRESS ENABLE 

OUTPUT 
BUS 

TO OTHER SWITCH 
OUTPUTS 

Figure 8. High-Level Voltage Multiplexer 

Depending on the choice of switching device, this type of 
multiplexer can operate over a wide range of input voltage. With 
solid-state devices, input-voltage excursion is usually limited to 
±20V, and most multiplexers are designed to handle the standard 
analog range of ± I OV; but some devices that use high-threshold 
switches are suitable for only ±5V operation. 
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When it is desired to switch high voltages (up to several hundred 
volts) with the speed of solid-state switching, the inverting 
current-switching MUX should be used (Figure 9). Since all 
switching takes place at the summing junction, with protective 
diodes to ground, the switches are never exposed to high voltage. 
This type of MUX is characterized by high immunity to transient 
voltages, constant but low input resistance (equal to the channel 
input resistor) while conducting and is inherently safe when 
power is removed from the MUX. Each channel can be adjusted to 
an appropriate gain to suit the input. If Rc is large, so that switch 
Ron temperature variations are small in comparison, the transfer 
ratio for the circuit 

can be set to a high degree of accuracy, provided Rs is constant. 
No common-mode voltage is applied to the amplifier, so no 
common-mode error can be generated. 

R. 

CH.1 Re, 

0, 0, 

CH.2 Re, 

CH';;.,3 ___ Rl/Ioe, __ ........ _ ....... -o{X r---... 

I 
I 
I 
I 
I 
I 

CH.4 Re. ,I 
----'.11. .. -----..-----..--- ---- ..... 

etc. I I 

, * L ___ • 

"" 

RI 

Figure 9. Inverting (Current) Multiplexer 
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This type of multiplexer is very robust and is particularly suited to 
industrial system control and interfacing with the older type of 
± lOOV analog computers. 

Two modifications are popular: The diodes D 1, D2, etc., can be 
replaced by FET's driven in complementary fashion to the 
transmission switch to ensure that the input resistor Rc is always 
terminated in a real or virtual ground, so that the input resistance 
is nearly-constant, whether the channel is selected or not (Figure 
10). This avoids settling problems at the transducer during 
switching, due to change of loading (the diode resistance is a 
function of the current through them). In a second modification, 
Rc can be removed (Le., set equal to zero) to render the circuit 
suitable for multiplexing current-output transducers (Figure 11). 
If current output switching is used, then transfer accuracy is 
unaffected by variations in line- and interconnection resistances. 

CH.l 

CH.2 

etc. 

Re, 

Re, 

I, -

I, -

Rf 

Figure 10. Constant-Impedance Multiplexer 

CH.l 

CH.2 

Figure 11. Current Multiplexing 
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Low-Level Multiplexing 

For multiplexing small voltages in the millivolt range, up to I V, 
more-sophisticated multiplexers are required. Problems most 
frequently arise at low levels due to interference and thermal 
effects, so lines are run in pairs, and differential techniques are 
used to remove any interference that is induced as a common­
mode signal. Where very-high common-mode voltages are present, 
guarding techniques also improve performance, and 3-wire multi­
plexers are required with shielded input pairs. 

A simple 2-wire differential MUX is constructed using pairs of 
switches, as shown in Figure 12. The output amplifier usually 
consists of a data or instrument amplifier designed to have very 
high common-mode rejection (generally > lOOdB). Such high 
rejection can only be achieved if the input lines are identical. This 
requires twisted pairs for cabling and great attention to matching 
the dc and the ac parameters of the channels and switches in the 
MUX. Integrated structures and dual-FET switches are superior in 
achieving the matching required. Also, switch leakage and thermal 
EMF's can introduce serious errors in low-level inputs, and drift 
can also be a problem. The amplifier configuration shown 
indicates how operational amplifiers are classically used to form a 
differential high-gain amplifier. Modular and integrated-circuit 
instrumentation amplifiers, specifically-designed for the purpose, 

CHANNEL 1 

CHANNEL 2 

CHANNEL 1 

CHANNEL 2 

CONTROL 

TO OTHER 
CHANNELS 

TO OTHER 
CHANNELS 

R, 

R, 

R, 

R, R, 

R, R, 

Figure 12. Differential Multiplexer and Amplifier 
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are, of course, available; they require much less effort to use, 
and - in IC form (e.g., the AD520) - they are not at all costly. 

To reduce the effects of unbalance in the input cabling, cables can 
be made up as shielded pairs, and the shield driven by common­
mode voltage, either by the source or a mid-position tap on R4 in 
the data amplifier (or a mid-position tap between the input 
terminals, unloaded by a unity-gain follower). This shielding, or 
"guarding" is commonly used in high-resolution data-acquisition 
systems, where common-mode interference levels are frequently 
very high. 

Another type of low-level multiplexer that provides considerable 
immunity against common-mode interference is the flying­
capacitor multiplexer. Essentially, this is a two-wire sample-hold 
(Figure 13). Switches A and A' are turned on (with B & B' of 0 to 
acquire the input signal. When capacitor C is fully charged, all 
switches are momentarily turned off; then B & B' are turned on to 
transfer the signal to the output amplifier. Since no common­
mode voltage is transferred across the switches, the output 
amplifier can be a simple single-ended-input non-inverting ampli­
fier. This is an effective method of eliminating common-mode 
voltage; but it is a poor choice if normal-mode interference is 
present as well, since much-better rejection of both normal mode 
and common mode could be obtained with a "straight-through" 
multiplexer and a floating-input integrating converter. (An inte­
grating converter used with a flying-capacitor multiplexer will 
integrate the sample of the input rather than the input, and the 
sample will include variations due to normal-mode interference.) 

CH.1 

CH.2 

CH.3 

CH.1 

CH.2 

CH.3 

AI 

A, 

A, 

A' J 

A; 

Aj 

I , 
TO OTHER 
CHANNELS 

t 
TO OTHER 
CHANNELS 

B 

C 

B' 

Figure 13. Flying-Capacitor Multiplexer 
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ERRORS IN HIGH-LEVEL MULTIPLEXERS 

Multiplexing introduces static (i.e., dc) and dynamic errors into 
the signal. If these errors are large in relation to the resolution of 
measurement, they will produce undesirable variations in system 
performance. It is therefore necessary to determine the errors and 
compare them against the system requirements. 

Broadly, errors arise from two sources. Static errors originate from 
switch leakage, offset in output buffer amplifiers, and gain errors 
due to switch on resistance, source resistance, amplifier input 
resistance, and amplifier-gain non-linearity. Dynamic errors arise 
from charge injection of the switch control voltages, settling times 
of the common bus and input sources due to circuit time 
constants, crosstalk between channels, and output-amplifier set­
tling characteristics. Dynamic errors are greatly affected by 
multiplexer organization and system layout, and can prove 
difficult to calculate to any degree of accuracy. A rough estimate 
of their magnitude is, however, usually adequate for design 
purposes. Other errors may arise through characteristics peculiar 
to the multiplexer components, e.g., reed relays may generate 
thermal EMF's up to 40IlV;oC. These require additional considera­
tion. 

Static Errors 

Gain or Transfer Ratio 

The circuit resistances controlling transfer accuracy are shown in 
Figure 14. Rs is the internal resistance of the source; it will 
generally vary from channel to channel, and it is likely to be 
temperature-dependent. R1eakage is distributed along the input 
cabling and output bus and is controlled by circuit insulation. It 
should always be several orders of magnitude greater than Rs; use 
Teflon-insulated wiring, if necessary, to achieve this. R1eakage can 
then be safely neglected. Good wiring practice and board layout 
are also helpful in minimizing R1eakage and are essential in 
high-humidity environments. 
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R, 

CH.l 

RLEAKAGE 

CH'c;;:,2 -OC}------. 

CH;,,:.' 3-oC}-_----. 
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I 

RON I 
I 

I : L _____________ .J 

Figure 14. Resistances Affecting Gain Error of MUX 

Ron' the switch on resistance, is a function of the switch design. 
Mechanical switches have the lowest initial contact resistance but 
can develop enormous variations of resistance under dry-circuit 
conditions and towards the end of switch life. Solid-state switches 
have reproducible on resistance, with Ron of FET switches ranging 
from a few ohms to a few thousand ohms. The very-low 
on-resistance large-geometry FET's give excellent static perform­
ance at the expense of dynamic performance, as they are 
handicapped by very large gate capacity and drain-source capaci­
tance. The on resistance of FET's is a function of temperature, 
increasing with temperature at roughly Y2 to I %;OC. 

The input resistance, Rin, of the amplifier is a function of its 
differential and common-mode input resistances and loop gain 

where 
Ae Closed-loop gain of the amplifier circuit 
Ao Open-loop gain of the amplifier 
Rd Differential input resistance of the amplifier 
Rem Common-mode input resistance of the amplifier 

Since open-loop gain and input resistance are functions of 
temperature, input voltage, and supply voltage, a worst-case figure 
for Rin should be calculated (or estimated). It is easy to achieve an 
input resistance of 100Mn for a unity-gain follower with low-cost 
monolithic IC amplifiers; higher input resistance may require the 
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better amplifier parameters obtainable with FET-input IC and 
modular amplifiers. 

If R1eakage is neglected, the de transfer ratio is clearly 

Eo AcRin 
= 

Es Rs + Rin + Ron 

The effect of Ac' Rs ' Rm, Ron' and their variations may be 
calculated. Constant errors in the transfer ratio, due, for example, 
to a constant-but-high source resistance, may not be serious, as 
they will introduce systematic errors that can be allowed for. The 
variations in transfer ratio due to temperature and voltage 
generally require careful consideration, as they cannot easily be 
compensated. 

Gain nonlinearity of the amplifier is likely if the loop gain is 
inadequate. In general, it is easy to achieve 80dB of loop gain with 
low-cost amplifiers used as followers. 

A = (ideal gain) 
c I + I 

(loop gain) 

Loop gain = Ao{3, where {3 is the fraction of output fed back. Non­
linear CMR at extreme values of CMV is a more-important source 
of error in followers. 

Leakage Errors 

FET switches have finite off resistance and consequently are 
afflicted by drain-to-source leakage currents. In addition, junction 
FET's and Zener-diode-protected MOSFET's have leakage paths 
between gate and channel. Unprotected insulated-gate MOSFET's 
generally have negligible gate leakage (while they last). 

The leakage currents of all the switches in a multiplexer return to 
ground via the input source resistance and the input resistance of 
the amplifier. Leakage on the input side of non-conducting 
channels is usually of little interest, as it does not affect the signal 
path; but leakage of all the output sides of the channels and the 
conducting channel into the signal path causes a voltage error 
(Figure 15). 
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Figure 15. Sources of Current Error in Multiplexer 

If the gate-to-drain leakage of the conducting channel is neglected 
in comparison to the sum of the leakages of all the other channels, 
an error voltage is developed: 

Ve(CHI) 
(Roni + Rsl )(Rin ) 1 ~ ! 

= (R + R + R ) I~ol +. i..J (lgsoj + Ids(off)j) 
onl sl in J=2 

Typically, Ids(off) and I~o .are about O.lnA at 2SoC for junction 
FET's and double for every II ° C rise. Insulated-gate MOSFET's 
have higher Ids(off)' typically I to SnA at 2SoC, and gate leakage in: 
the femtoampere (lO-lSA) region, which can be neglected. For 
either type, 10:1 variations ofleakage parameters can be expected 
from device to device. 

Generally, leakage is a problem only when working from high 
source impedances, since Rin» RSl» Ron under these conditions. 
The term (I~o + Ids(off)) is usually lumped together on the 
multiplexer data sheet and termed "channel leakage". The above 
error equation can then be simplified to the form 

Ve(CHl) = Rsl • (number of channels - 1) • (channel leakage) 

For an 8-channel multiplexer with channel leakage of 2nA at 2SoC 
with source resistance of SOkn, leakage error would be 0.7mV. At 
SO°C, this error would increase to 2.8mV. 

It is manifest that if 8-channel multiplexers were paralleled to 
form, say, a 2S6-channel multiplexer, the leakage error would 
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increase to a massive 25.5mV. Although it leads to additional 
complexity (and the purchase of additional multiplexers), it is 
usually considered good practice to cascade multiplexers in a serial 
pyramid fashion (or sub-multiplex), as shown in Figure 16. This 
greatly reduces the leakage problem and also improves the 
dynamic performance. Leakage error in the submultiplex con­
nection becomes: 

Ve = Rs • (Number of channels/stage - 1) 
. (Number of stages) . (Channel leakage) 

Multiplexing 256 channels by submultiplexing with the 8-channel 
multiplexers of the previous example would lead to a leakage error 
of 2.1 m V at 25 0 C, better than an order-of-magnitude improve­
ment over simple parallel connection. 

STAGE 2 STAGE 1 

a-INPUT 
MUX 

a-INPUT 

m { 
MUX 

OTHER 
MUX 

a-INPUT 
MUX 

16 

17 

a-INPUT 
MUX 

24 

Figure 16. Use of Submultiplexers to Reduce Errors 

Offset Errors and Errors Due to the Buffer Amplifier 

The appreciable on resistance of most types of multiplexer 
switches calls for a high-input-impedance buffer amplifier to 
buffer the voltage on the output bus of the MUX. This amplifier 
may be provided as an integral part of the multiplexer module 
(but its inclusion tends to limit the versatility of the module, e_g., 
it is not required in every mUltiplexer in a subMUX connection), 
or it may be included as part of a sample-hold or A/D converter 
following the multiplexer, or it may have to be provided 

I1I-61 



a A D Conversion Handbook 

separately by the user. In some cases where large dynamic range is 
required, a programmable-gain amplifier will be needed. 

In all of these situations, the offset drift and bias-current drift, and 
common-mode performance of the amplifier will introduce errors 
in addition to those already considered. Clearly, the errors 
introduced by the buffer amplifier should be much less (and 
certainly not greater) than errors associated with the multiplexer. 

The need to use an amplifier with adequate open-loop gain to 
avoid gain-nonlinearity has already been mentioned. Calculation of 
voltage and current drift in non-inverting connections is covered in 
the chapter on operational amplifiers. Voltage drift is seldom 
much of a problem in high-level multiplexers operating with 
low-gain buffers, but current drift and offset can be very serious, 
since the bias current flows through the multiplexer and the 
source resistance. With varying values of source resistance from 
channel to channel, it is difficult to compensate the inverting 
input of the buffer so that offset current controls the drift; 
instead, the full bias-current variation with temperature controls 
the drift. (All of this assumes the use of the cheapest-available 
"general-purpose" monolithic IC's. An easy out is to use low-cost 
IC FET-input op amps, such as the ADS40.) This sets up a static 
offset: 

and a temperature variation: 

o V offset o Ibias 
o T = bT (Ron + Rsource ) 

Operating an AD74lC amplifier following a multiplexer driven by 
a lOkS1 source would produce a static offset of up to Sm V and a 
temperature variation of ±lmV over the range 0 - 70°C due to 
current drift alone (neglecting Ron). 

A common technique in large systems where a computer is 
available is to ground the input of one channel. This then becomes 
a drift-reference channel, and readings from this channel can be 
subtracted from those obtained from each of the other channels to 
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give correct readings. This compensates, not only for the drift in 
the amplifier, but also AID converter zero-drift and multiplexer 
leakage errors. It is a particularly-useful technique when measuring 
low-level signals (and substituting a $5 amplifier for a 50¢ 
amplifier hasn't solved the problem). 

Dynamic Errors 

Output-Bus Settling 

The output bus of a multiplexer has considerable capacitance to 
ground. When switched to a new channel, the output voltage 
cannot change instantaneously to the signal-source voltage. In the 
simple case where Rs = 0, the settling is controlled by the time 
constant RanCbus' where Cbus is the sum of Cf?1l and Cds (FET 
capacitances), Cin (amplifier input capacitance, may be a function 
of frequency), and Cstray (stray bus-to-ground capacitance), as 
depicted in Figure 17. 

RON 

CH.l ..J\IV'y-

~Cgs 
CH.~ 

CH.3 ~~ 
~Cgs: 

<:STRAY 

etc. 

Figure 17. Factors Affecting MUX Settling Time With 
Negligible Source Resistance 

Typically, Cf?1l and Cds are 2-5pF for small-geometry FET's with on 
resistances in the 200-500n range; but there are wide variations 
depending on construction, and large-geometry low-an-resistance 
FET's have considerably higher capacitances. Stray capacitance, to 
a large extent a function of layout, may typically be 15pF or 
more. Input capacitance of the buffer amplifier will probably be 
about 5 to 10pF (simple buffer-amplifier designs may have 
considerable Miller input capacitance). 
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For an 8-channel multiplexer, the bus capacitance may therefore 
be typically in the range 36 to 65pF, which gives a time constant 
of 18 to 34ns with Ran = soon. The settling time to 0.01% (9.27") 
would therefore be 0.165 to 0.3 IllS. This figure will increase in 
rough proportion to the number' of channels working into a 
common bus. For large numbers of channels, this is one more 
good reason for submultiplexing; dynamically it will decrease the 
output bus capacitance and so keep the bus settling time within 
reasonable bounds. 

In the case where Rs is appreciable, the settling time is controlled 
by two time constants. In general, the settling time will be longer 
than with Rs = 0, but the exact behavior depends on the relative 
magnitudes of the two time constants (Figure 18). 

~ ,-------1 
r-~~~CH~.'~--~ r--.-------I~~----~~ I 

-:A.cgs I CON I R, 

I I 
I I 

lelin• 

C~H:..:. 2 ______ ---', 

L _______ -.J 

CH.3 

.... 
1 CSTRAV 

Figure 18. Factors Affecting MUX Settling Time With 
Appreciable Source Resistance 

The settling mechanism consists of a charge transfer between Cline 
and Cbus through Ron (1'1 = Ron· Cline • Cbus/(Cline + Cbus)) and 
charging of Cline and Cbus through Rs by Es (time constant 
1'2 = Rs(Cline + Cbus)). The charge-transfer time constant 1'1 is 
usually the shorter, controlling the initial settling, while 1'2 

con troIs the final settling. 

In cases where Cline » Cbus, settling is controlled mainly by charge 
transfer and may not require much more time than with Rs = 0, 
provided that the line capacitance has adequate time to be 
recharged between samples. This is usually the case when an input 
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filter is used and Cline becomes part of the rather large filter 
capacitance. Without a filter, Cline depends largely on the choice of 
input cable and is typically greater than 8pF/ft. When Cline is of 
the same order as Cbus, it is necessary to solve the differential 
equations to obtain a reasonably exact value of settling time to a 
given resolution. These are easily derived using the equivalent 
circuit of Figure 18. 

Output Amplifier Settling 

When the settling time of the output bus has been calculated, an 
output buffer amplifier should be selected; its speed of response 
should be such that it does not further degrade the settling time 
seriously. Operational-amplifier manufacturers can usually provide 
settling-time data for most of their products, particularly wide­
band amplifiers with fast settling time that have been specifically 
designed for such applications as high-speed multiplexing. If 
settling performance is not a critical parameter and you wish to 
reassure yourself only as to the order of magnitude of the settling 
time, you can obtain a rough estimate from the slew rate and 
bandwidth of the operational amplifier. This technique is not 
recommended for situations in which accurate estimates are 
required, since the true settling time of an amplifier in a given 
circuit configuration is a function of more parameters than slew 
rate and bandwidth, but, as mentioned, it can prove useful for 
rough checks where settling data is not available. 

As fast multiplexers and amplifiers carry a considerable cost 
premium, you should aim to design closely to your system 
requirements. Do not degrade a fast multiplexer with a slow 
amplifier, or waste a fast amplifier on a slow multiplexer; aim for a 
good balance of cost and performance in both components. 

"Pumpback" and Charge Injection 

Each time a channel is switched in any type of multiplexer, some 
of the switch-control signal is coupled inductively and capacitively 
into the analog signal path. In FET multiplexers, coupling occurs 
mainly via the gate-drain and gate-source capacitance of the FET 
switches. Each time a switch is operated, a quantity of charge, 
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v c (Cgd + Cgs), is injected into the bus and line (V c = gate-driving 
voltage). This charge has to leak away through the switch on 
resistance and the source resistance Rs. In cases where Rs -+ 0, 
charge injection produces a short spike on the output bus each 
time a switch operates. The spike consists of an initial voltage step 
of approximate magnitude Vc(Cgs + C~/Cbus' and an exponential 
decay with time constant RonCbus• 

If the output amplifier response to the transient remains in the 
linear range (i.e., the amplifier is not overloaded or driven into 
slewing), charge injection will only produce a slight increase in 
settling time: the time required for most of the injected charge to 
leak away and for the amplifier to recover from the (small) 
transient. 

If Rs is large, the initial voltage step will be reduced to 
Vc(Cgs + Cgd)/(Cbus + C~, but the decay time constant will be 
increased to Rs(Cbus + C~ while the switch remains on. The 
effective values of Cgs and Cgd may differ between the switch on 
and switch off conditions, due to nonlinear switching effects, and 
for this reason the line capacitance may remain charged, decaying 
through its own time constant RsCline. Operating the switch again 
will add to the charge on the line capacitance, and at high sample 
rates, charge can be pumped into the line capacitance more rapidly 
than it can leak away to zero, producing a standing offset voltage 
in series with the signal source. This phenomenon, known as 
"pumpback," can limit the sampling rate in very high-speed 
systems. For high sampling rates, it is therefore essential to use 
low-capacitance, medium on-resistance switches to minimize 
pumpback error. 

Crosstalk 

This is a measure of the coupling between the off channels and the 
conducting channel of a multiplexer. It is very largely a function 
of the cable and circuit-board layout used for the multiplexer, but 
it is also a function of switch on/off impedance. Manufacturers 
specify crosstalk figures for multiplexers, but these figures are 
liable to be enormously modified in a practical system. 
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Crosstalk is measured by applying a voltage of known magnitude 
and frequency at one or more of the off channels of a multiplexer 
and measuring the output voltage on the bus or at a source with a 
defined Rs (usually lkn). The results will differ slightly, depend­
ing on where the output voltage is measured (bus or source), so 
the test configuration should be specified. Also, crosstalk varies 
according to which channels are used for measurement; it is custom­
ary (or at least, desirable) to give a figure for the worst-case pair. 
Measurement details are shown in Figure 19. Crosstalk can be 
measured at both dc and ac (usually 1kHz) and is strongly affected 
by the source resistance. 

Switching Time 

~<>-

TO OTHER 
OFF CHANNELS 

CROSSTALK'" 20 logl 0 E:: 

OR I F OUTPUT MEASUREO ON BUS 

- 20 logl 0 E;:t 

Figure 19. Measuring MUX Crosstalk 

Besides the delays required for analog settling, there are propaga­
tion and risetime delays associated with the digital logic that drives 
the switching elements, and corresponding delays inherent in the 
operation of switches, e.g., mechanical switching time of reed 
relays. Turn-on and turn-off times of switches are measured on 
each channel with full-scale input voltage. Turn-on time is the 
delay from application of channel address to 90% output voltage 
appearing on the bus, and turn-off time is the delay from removal 
of channel address to 10% output voltage on the bus. In practice, 
to make a meaningful measurement, it is necessary to load the bus 
with a resistive load to make the bus time-constant short with 
respect to the switching time. 

Switching time must be added to the total settling time to obtain 
the minimum delay required between channel address and 
conversion command of a multiplexed AID converter. 
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ERRORS IN LOW-LEVEL MULTIPLEXERS 

All the errors encountered in high-level multiplexers also occur in 
low-level multiplexers but the effects are more serious because of 
the small signal amplitude involved. Low-level multiplexers are 
always made differential or two-wire, and a data amplifier is used, 
so that the converter sees only the difference in the errors of two 
identical channels. Leakage, gain, pumpback, crosstalk, etc., can all 
be greatly reduced, provided that adequate matching is maintained 
for the channels. The magnitudes of settling errors are also 
decreased, although their time constants (and hence duration) 
remain unchanged. 

The calculation of the magnitudes of these effects in each side of a 
differential channel is performed as for high-level multiplexers and 
the results subtracted to obtain the differential error. Clearly, the 
result would always be zero if channels were perfectly balanced, 
but this is never attainable in a practical system. Calculation then 
has to be based on some known or estimated unbalance on each 
side of the channel. 

As channels are differential, they also have the ability to reject 
common-mode interference. To do so effectively requires main­
tenance of a high degree of balance in the channel to avoid 
common- to differential-mode conversion. The equivalent circuit 
of a channel of a differential multiplexer is shown in Figure 20. 

Ed, Rs, 

"'~_w-----.--. 

Figure 20. Equivalent Circuit of a Differential-MUX Channel. 
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From this equivalent circuit, in the case where Rs» Ron' the 
effective common-mode driving voltage Ecru' at the source is 

E ' = em 2Rem 
1 + -----1:0------

jw (Cline + Cbus ) • Rin 
Rs + 1 

. (C C) + Rin 
]W line + bus 

The differential error Ve produced by this common-mode voltage 
is then: 

Ve = Eem' [1 . (C 1 + C )R - 1 +' (C + C )R J L +]W line 1 bus 1 s1. ]W line 2 bus2 s2 

neglecting Rm. Clearly, for "infinite" CMR, 

The Cline terms are commonly matched by twisting the input lines 
together. A typical twisted shielded pair may have a line-to-shield 
capacitance of 55pF/ft and a mismatch of about 3 - 5pF/ft. The 
Cbus terms must be matched by careful layout and the use of 
matched components, and Rs must be matched as closely as 
practical arrangements allow. If Rs --* 0, the CMR is controlled 
mainly by the match of the switch Ron's. 

In all these cases, the common-mode to differential conversion of 
the channel can be approximately calculated. A good design goal is 
to aim to achieve a channel CMR about an order-of-magnitude 
greater than the CMR of the following data amplifier. There is 
little point in buying a 120dB-CMR data amplifier if the channel 
rejection due to imbalance is only 90dB; an 80-90dB device would 
provide essentially identical performance at lower cost. 
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THE MULTIPLEXER SYSTEM IN HIGH-NOISE-LEVEL 
ENVIRONMENTS 

When multiplexers are operated in conditions of high common­
mode interference, two-wire differential and guarded or flying­
capacitor multiplexers are mandatory. If, as is likely, considerable 
normal-mode interference also exists, further precautions will be 
required to make reproducible measurements. Common tech­
niques include filtering, digital averaging, and the use of integrat­
ing converters. These are briefly outlined as follows. 

Filtering 

The addition of low-pass filters to the channel inputs of a 
multiplexer is an economical method of reducing normal-mode 
interference. The filter characteristics can be tailored to the 
requirements of the channel it serves. Filters may increase the 
settling time of a channel and aggravate pumpback effects, but 
these are usually small tradeoffs. It is also possible to place the 
filter after the multiplexer, but this is not recommended, since 
each channel will have to charge the filter, increasing the settling 
time enormously. 

In differential systems, filters should have balanced impedance in 
both inputs (or be connected differentially) to preserve common­
mode performance. 

Integrating AID Converter 

Where passive filtering of each channel is not practicable, an 
integrating AID converter can provide very high normal-mode 
rejection, particularly at frequencies which have periods that are 
integral submultiples of the integration interval. Such rejection is 
obtained with a conversion time that is usually much shorter than 
the settling time of a filter required to provide the same rejection. 
Rejection of normal-mode interference to the extent of 40-70dB is 
easily obtained with an integrating converter. Many integrating 
converters are also designed for floating guarded-input operation 
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and provide the best overall common- and normal-mode perform­
ance attainable with any type of converter. 

Digital Averaging 

In systems where a computer or small central-processing unit and 
store are available, and where the converter can track the 
variations in input signal produced by interference (a sample-hold 
can assist), a software approach can be used to reduce the effects 
of interference. Multiple samples can be taken on each channel 
and the results digitally summed and averaged. The Signal/noise 
ratio irrtproves as the square-root of the number of samples, 
provided that sampling and interfering frequencies are uncorre­
lated. 
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A Sample-Hold module is a device having a signal input, an output, 
and a control input. It has two steady-state operating modes: 
Sample, (or "Track") in which it acquires the input signal as rapidly 
as possible and tracks it faithfully until commanded to Hold, at 
which time it retains the last value of input signal that it had at 
the time the control signal called for a mode change. Sample-Holds 
are often more-appropriately known as "Track-Holds" if they 
spend the major portion of the time in sample, tracking the input. 

Sample-Holds usually have unity gain and are non-inverting. The 
control inputs are operated by "standard" logic levels, and are 
usually TTL-compatible. Logic" I" is usually the Sample command 
and logic "0" the Hold command. 

CONTROl~ 

INPUT StH ~ OUTPUT 

1 SAMPLE SAMPLE SAMPLE 

o (TRACKING) IHOLDOHOLD r-\1 HOLD 

CONTROL LOGIC (TRACKING) 

Figure 1. Typical Sample-Hold Waveforms 
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USES OF SAMPLE-HOLDS 

In data-acquisition systems, Sample-Holds are used either to 
"freeze" fast-moving signals during conversion or to store multi­
plexer outputs while the signal is being converted and the multi­
plexer is seeking the next signal to be converted. In analog 
data-reduction, they may be used to determine peaks or valleys, 
establish amplitudes in resolver-to-digital conversion, and facilitate 
analog computations involving signals obtained at different instants 
of time. In data-distribution systems, Sample-holds are used for 
holding converted data between updates. Fast Sample-Holds may 
be used to acquire and measure fast pulses of arbitrary timing and 
width. 

CHARACTERISTICS OF REAL SAMPLE-HOLDS 

In the ideal Sample-Hold of Figure I, tracking is error-free, 
acquisition and release occur instantaneously, settling times are 
zero, and hold is infmite. Commercially-available units are specified 
in terms of the extent to which they depart from the ideal. Here 
are some of the commonly-occun'ing deviations (See also 
Figures 2, 3, 4, 5) during the four states: Sample, transition from 
sample-to-hold, hold, and hold-to-sample. 

During SAMPLE (Figure 2): 

OFFSET: For zero input, the extent to which the output deviates 
from zero, a function of time and temperature. 

NONLINEARITY: The amount by which the plot of output vs 
input deviates from a "best straight line." 

SCALE FACTOR ERROR: The amount by which the output 
deviates from specified gain (usually unity). 

SETTLING TIME: The time required for the output to attain 
its final value within a specified fraction of full scale when a 
full-scale input step is applied (0 to ±FS or - FS to +FS). See 
also Acquisition time (discussion of Fig. 5). 

In this state, the unit behaves as a slow unity-gain follower. 
Thus one might expect to encounter other specifications typical 
of such devices, such as phase shift, slew rate, full-power band­
width, small-signal bandwidth, etc. 
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--1 SETTLING TIME I'--

INPUT i 

! STEADY-STATE 
i ERROR" 

~_*t -, ,:.~::J~==-~=}==l 
OFFSET "SCALE FACTOR AND NONLINEARITY 

Figure 2. Tracking Errors During Sample. Magnitude Scale Here and in 

Figs. 3, 4, & 5 is Greatly Exaggerated. 

SAMPLE to HOLD (Figure 3): 

APER TURE TIME: The time elapsing between the command 
to Hold and the actual opening of the Hold switch. It has two 
components: a nominal time delay, and an uncertainty caused 
by jitter or variation from time-to-time or unit-to-unit. If a 
signal changing at a rate of 1 V / p.s must be resolved to within 
0.1 % of 10V (FS), the aperture uncertainty must be less than 
IOns, provided that it is possible to anticipate the nominal delay 
and advance the command by an appropriate interval. In some 
sampled-date system applications, such as spectrum analyzers, auto­
and cross-correlation function generators, the delay is unimportant, 
but the uncertainty directly affects uniformity of the sampling rate. 
Manufacturers - to date - have not displayed consistency in 
their usage of aperture time; hence it is a good idea to find out 
exactly what the specification means for a unit you may be 
considering. 1 

SAMPLE-TO-HOLD OFFSET: A step error occurring at the 
initiation of the Hold mode caused by "dumping" of charge into 
the storage capacitor via the capacitance between the control circuit 
and the capacitor side of the switch (e.g., the gate-to-drain capaci­
tance of a field-effect transistor). It can be partially compensated 
by coupling an out-of-phase signal through a compensating capaci­
tor, but usually only under a given set of tightly-controlled and 
highly-"tweaked" conditions. This offset does not occur in units 
having digital Hold. 

1 The inconsistency in the industry extends even to the spelling. However, there seems 
little question that aperture, which is derived from the Latin apertura (from apertus, open) 
is the correct spelling. preferable to aperature, which cannot be found in most dictionaries. 
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SWITCHING TRANSIENTS: Residual transients coupled from the 
switching gate that cannot be compensated; they remain after 
compensation of the sample-to-hold offset. 

SETTLING TIME: The interval required for the output to attain 
its fmal value within a specified fraction of full scale, following 
the opening of the switch. 

'HOLD' COMMAND T r ACTUAL RELEASE 

APERTURE TIME ~ 

IIc;;;;iiiiiiiiiiiii;iiiiiiiiiiiiiiio_ ..... ~OUTPUT 
i ___ -L ____ ~T_E-"_~RROR 

(DELAY AND 
UNCERTAINTY) 

I DESIRED VALUE 

! .~ I- SETTLING 
: TIME 
I 

SAMPLE I HOLD 

Figure 3. Sample-to-Hold Errors 

During HOLD (Figure 4): 

"DROOP:" A drift of the output at an approximately constant 
rate caused by the flow of current through the storage capacitor. 
(dV/dt = I/C). The current is the sum of the leakage across the 
switch, the amplifier's bias current, and leakage to the power 
supplies and to ground. In a well-designed unit, only the first 
is of any consequence. Units having digital storage have no droop. 
A rough figure-of-merit for analog Sample-holds is the ratio of 
droop time to settling time for the same percentage (FS) error. 
For example, a unit having settling time of 5J.1.s to 0.01% and droop 
rate of 50mV/s (0.02s to lmV), would have a figure-of-merit of 
20,000/5 = 4,000. 

FEEDTHROUGH 

Figure 4. Errors in Hold. Droop may be either Positive or Negative 
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FEEDTHROUGH: The fraction of input signal that appears at 
the output in Hold, caused primarily by capacitance across the 
switch. Usually measured by applying a full-scale sinusoidal input 
at a fixed frequency (e.g., 20Vp-p at 10kHz), and observing the 
output. 

DIELECTRIC ABSORPTION: The tendency of charges within 
a capacitor to redistribute themselves over a period of time, 
resulting in "creep" to a new level when allowed to rest after 
large, fast changes. Less than 0.01% for good polystyrene and 
teflon capacitors, as large as several percent for ceramic and 
mylar capacitors. 

Output impedance of the Sample-Hold should be low and re­
covery fast to minimize transients caused by dynamic loads, such 
as AID converter inputs. 

HOLD to SAMPLE (Figure 5): 

ACQUISITION TIME: The time duration for which an input 
must be applied for sampling to the desired accuracy. Essen­
tially the same as Settling time for feedback types, but shorter 
than Settling time for two-stage units and for open-loop follower 
types in which the amplifier's settling time is appreciable compared 
to the capacitor's charging time. 

HOLD-TO-SAMPLE TRANSIENTS: Transients (e.g. spikes) occur­
ring between the Sample command and final settling. Not too 

~ SETTLING TIME----,. 

It----Ij IHI ....... 

~ : l \~,,\l I I 
CAP. I I 

CHARGE II I 
I 

OU":'::T==PU:"::T::---!I : _ACQUISITION 
-; ~TIME 

SAMPLE 
HOLD n HOLD 

HOLD-SAMPLE 

TRANSIENT 

SAMPLE 

Figure 5. Hold-to-Sample Errors 
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important for large changes, but can be crucially important in 
some applications if the spikes are large compared to the actual 
change (e.g., at constant input). Such "glitch"-like spikes may be 
due to limiting and other sources of dynamic disequilibria within 
the Sample-Hold circuit, or to capacitive feedthrough from the 
con trol signals. 

TYPICAL DESIGNS 

The choice of storage element divides Sample-holds into two 
major classes. The more conventional, popular, and the lower 
in cost employs a capacitor for storage (analog storage): several 
forms of this design will be discussed here. The other technique, 
which uses an A/D converter and a register for storage, and reads 
out via a D/A converter, is somewhat more complex and costly 
(especially where high accuracy or fast sampling are necessary), 
but it has the undisputed advantage of arbitrary - and essentially 
"infmite" - hold time. Some ways of instrumenting that approach 
are discussed later in this chapter. 

Open-Loop Follower (Figures 6,7,8) 

The most obvious circuit to come to mind is that shown in 
Figure 6. When the switch is closed, the capacitor charges expon­
entially to the input voltage, and the amplifier's output follows 
the capacitor's voltage. When the switch is opened, the charge 
remains on the capacitor. The capacitor's acquisition time depends 
on the series resistance and the current available to charge its 
capacitance. Once charge is acquired, to the appropriate accuracy, 
the switch may be opened, even though the amplifier has not yet 
settled, without affecting the final output value or the settling 

o-wr--
INPUT I 

I 
I 
I 
I 

o ' 
MODE 
CONTROL 

Figure 6. Simple Follower 
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time (assuming that the amplifier's input stage does not draw 
appreciable current at any time). The switch is typically a FET, 
and the amplifier is a FET-input type. This circuit has the dis­
advantage that the capacitor loads the input source, which -
often enough - will either oscillate or lack sufficient current to 
charge the capacitor speedily. The circuit of Figure 7 includes a 
follower to isolate the source. The Analog Devices general-purpose 
SHA- IA uses this scheme. A detailed example of a Sample-Hold 
circuit is shown in Figure 17, at the end of this chapter, accom­
panied by a detailed discussion. For extremely fast charging at 

MODE CONTROL 
O~--------------~ 

Figure 7. Same as Fig. 6 but with Isolated Input 

approximately a linear slew rate, a diode bridge scheme may be 
used, essentially as shown in Figure 8. Here, current sources are 
switched on to charge the capacitor. If the bridge and current 
sources are appropriately balanced, current flow into the capacitor 
will cease when the capacitor voltage is equal to the input voltage. 
Figure 8 is a simplified block diagram of the SHA- II, which has an 
acquisition time of 200ns to 0.1 %, for a 10V step. 

ct?r 
r----
I 
I 

INPUT I 

1 
I 

MODE I 

CON~---~ 

Figure 8. Switched Current Sources for Shorter Acquisition Time 
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Feedback Circuits (Figures 9 & 10) 

The circuits of Figures 6, 7, 8 have the essential advantage of 
potentially fast acquisition and settling, but they are open-loop 
devices. If low-frequency tracking accuracy is more important than 
speed, the cascaded configuration of Figure 7 will be less satisfactory 
than a configuration which is, in effect, a single amplifier, yet 
provides isolation. This can be accomplished by closing the loop 
around a storage capacitor, and using high loop gain to enforce 
tracking accuracy. Figure 9 shows a configuration in which the 

o MODE CONTROL 

Figure 9. Track-Hold Employing Feedback 

input follower of Figure 7 is replaced by a high-gain difference 
amplifier. Now, when the switch is closed, the output (which 
represents the charge on the capacitor) is forced to track the input, 
within the gain and common-mode errors and the current-driving 
ability of tb.e input amplifier. 

Common-mode and offset errors in the output follower are auto­
matically compensated for by adjusting the charge on the capacitor. 
When the switch is opened, the output retains the final value. 

In Figure 10 (a simplified schematic of the SHA-IIA, SHA- 3 and 
SHA-4), an integrator is used, permitting the switch to operate 
at ground potential, simplifying leakage problems. 

In the circuits of both Figure 9 and Figure 10, because the charge 
on the capacitor is controlled by the output, as well as the input, 
the acquisition time and the settling time are identical. If the 
circuit of Figure 9 is switched into hold before the output has 
settled at the input value, the sample may be in error, Also, 
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AMPLIFIER 

OUTPUT 

o~------------------------------~ 
MODE CONTROL 

Figure 10. Feedback Track-Hold with an Integrator 

because the loop is open during hold, it must re-acquire the 
input when returned to sample, even if the input is unchanged. As 
a rule, this will result in a spike, if the input amplifier has high 
voltage gain. 

Cascaded Sample-Holds (Figure 11) 

If a long period of hold is required, in conjunction with very 
fast acquisition, a fast Sample-Hold, such as SHA- II, may be 
cascaded with one having slower acquisition but less droop. The 
resulting figure-of-merit can approach the product of the two. 

MODE 

°CONTROL-1 i 
I 

INPUT FAST 
0 S/H 

° MODE CONTROL-2 

1 

~T~ /OUTPUT (2) 

/ / SAMPLE 1 
Co/SAMPLE 2 

FAST S/H (1) HOLD 

LOW-DROOP OUT 

S/H I---
2 

-MODE CONTROL 

Figure 11. Use of Two Cascaded Sample-Holds for Fast Acquisition and 

Long Hold 

APPLICA nONS 

Sample-Holds are most-widely used in data acquisition systems, 
typically as shown in Figure 12. The Sample-Hold maintains 
the input to the AID converter constant during the conversion 
interval; meanwhile, the multiplexer is seeking the next channel 
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ANALOG INPUTS 

Figure 12. Typical Data-Acquisition System 

to be converted, either randomly or sequentially. As soon as 
conversion is completed, the Sample-Hold samples the newly­
established input, and the cycle is repeated. This mode of operation 
is known as synchronous sampling: the Sample-Hold operates in 
synchronism with the other system elements. If the input signals 
vary at widely disparate rates, programmed random access is 
necessary, to ensure that the signals with the most information 
are sampled most often. In another mode (viz., asynchronous), a 
large number of Sample-Holds are used, to acquire and store data 
at rates pertinent to each individual channel. They are then either 
interrogated by analog multiplexers, or the signals are individually 
converted asynchronously, then multiplexed digitally, sometimes 
after preliminary digital processing.2 

In data distribution, 0.01% Sample-Holds may be less costly than 
large numbers of D/ A converters having comparable accuracy. A 
typical data distribution system is shown in Figure 13. A fast, 
accurate D/A converter updates a large number of Sample-Holds 
at speed and accuracy levels appropriate to the individual channels. 
Sample-Holds may be used to "de-glitch" D/A converters, in 
systems that are sensitive to spikes, by sampling their outputs 
after they've settled. 

There are many applications in analog and hybrid computing 
and data-reduction. A typical example is shown in Figure 14: 
a peak follower, using a Sample-Hold and a comparator circuit. 

2 See the discussion of an adaptive low-redundancy data.acquisition system in Analog 
Dialogue, Vol. 5, No.1: "New Approaches to Data-Acquisition System Design." 
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ANALOG OUTPUTS 

Figure 13. Data Distribution System with Analog Storage 

The Sample-Hold output (or the Comparator input) is biased by a 
few millivolts of hysteresis to avoid ambiguity during step inputs, 
and minimize false triggering by noise. Here's how the circuit 
works: When the input is greater than the SIH output, the com­
parator's positive output causes the SIH to track. When the input 
backs away and becomes less than the SIH output, the comparator's 
"0" output causes the SIH to Hold until the input once again 
becomes greater than the output. To reset, the control input is 
arbitrarily switched into Sample, and the lowest level contem­
plated is applied at the input. 

COMPARATOR SAMPLE 

HOL~~RESIS 
01 ~N -es 

elN HYSTERESIS) 

Figure 14. Peak-Follower using Sample-Hold and Comparator 

The above are but a few examples of the wide applicability of 
these versatile modules. 
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SAMPLE/ARBITRARY HOLD USING A/D CONVERSION 
As we have indicated earlier in this chapter, digital storage can 
provide the benefits of arbitrarily-long hold duration with no 
droop. Other advantages include: no sample-hold offset, no feed­
through, no dielectric absorption effects, and no sample-to-hold 
transients or settling time, since the system is automatically in 
hold after a conversion, unless a sample command is applied. In 
addition, both analog and digital outputs are available. Disadvantages 
are increased cost and complexity, typically longer acquisition 
time, and possible need for pre-sampling, in the manner of the two­
stage Sample-Hold example, Figure 15. 

Figure 1 shows how this function can be achieved with a D/ A 
Converter, an up-down counter, a comparator, a clock, and a few 
gates. The initial acquisition time may be quite long, since the 

INPUTo------~--_t 

OUTPUTo--=e:..::o:....-...----4--_t 

D/A 

CONVERTER 

DIG I~~~::::!::=::::::!~~~ 
OUTPUT'-

COUNTER 

CONTROL ~----' 

INPUT 
'1': SAMPLE, '0': HOLD 

1 COUNT 
UP 

Figure 15. Tracking Sample-Hold Using Up-Down Counter 

choice of clock period (Ts) depends on the LSB settling time of the 
D/A converter, and the number of counts required depends on its 
resolution. For a full-scale step, acquisition time is approximately 
(2n - l)T s' Smaller, slower changes, however, will be followed. quite 
rapidly. The system can be converted into a peak follower by 
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disabling the up count. Reset, for peaks, is to negative full scale, 
and for valleys to positive full scale (- 1 LSB). The range of input 
signal levels and polarity determine the choice of D/A-converter 
output specifications. If a BCD counter and BCD DAC are used, 
with a numeric display, one has an "all-time-peak" -reading DVM. 
Figure 16 shows the generic approach, using an AID converter 
and a DI A converter. Where averaging is desired, the AID converter 
may be an integrating type. The overall acquisition time is approxi­
mately equal to the sum of the AID converter's conversion time 
and the DAC's settling time. If the DI A output of a successive­
approximations type is available, suitably scaled and buffered, a 
separate D/A converter is unnecessary, and acquisition time is 
equal to conversion time. 

CONTROL INPUT T - START CONVERSION~SAMPLE: 

.--_-L--_----,- -1 HOLD AT END OF 

0-;-;-;-;;-;-;:="------1 I ~~~~ ~~~~~~~ION 
I CONVERSION STARTED 
I 

~IGITAL 

IOUTPUT 

I 

ANALOG I 
OUTPUTI I 

L ________ ~ 

Figure 16. Sample-Hold Using A/D and D/A Converters 

EXAMPLE OF SAMPLE-HOLD AMPLIFIER DESIGN 

SIGNAL A1 
IN O-----:--::-c::-:-::-i + 

R2-4.7k 
+15Vo--wr---,..J.,Nv--, L ___ ~'--' 

CONTROL 
INo--=::-!oA'rH 

-15VD--------+-----' 
CONTROL IN: TRACK. 5V; HOLD.oV 

A2 
+ AD503J 

Figure 17. Sample/Hold Amplifier 

The low input current and high slew rate of such FET -input op 
amps as the AD503J make it an excellent device for track-hold 
applications. The circuit of Fig. 17 will track a ± 1 OV input signal 
at frequencies up to 4kHz. When the control input changes from 
track (+5V) to hold (OV), the series FET switch, Q3, opens, and 
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the input signal voltage is retained on capacitor Cl. The output 
amplifier, A2, provides a high input impedance to keep CI from 
discharging too rapidly. 

The drift rate in hold is determined primarily by the "off' leakage 
current of Q3, which tends to be greater than that of the amplifier, 
A2 (2SpA max, SpA typical for ADS03J). For example, at IOOpA 
leakage current, the drift rate (for C1 :;:;: O.OlpF) is lOmV/s, and 
the rate doubles for every lOoC increase of temperature. Lower 
drift rate and higher accuracy - at the proportional expense of 
slower acquisition time - can be had by increasing the value of 
Cl. The capacitor should be a type having low dielectric absorption 
(typically its dielectric would be polystyrene or teflon). 

The switching FET, Q3, has low pinch off voltage, and allows the 
circuit to handle ± 1 OV signal voltages with standard ± ISV supply. 
In the track mode, with +SV applied to the control input, Ql and 
Q2 are cut off, and the gate of Q3 is at the same voltage as AI's 
output. Thus, the FET is zero-biased for any value of input and has 
a resistance less than I ooon. Resistor RS adds to the "on" resistance 
so as to better isolate the capacitive load, C I, from the input 
follower, AI, to prevent ringing. In the hold mode, both Ql and 
Q2 conduct and pull the gate of Q3 toward -SV. When the gate 
voltage drops to about 3V below the source (about lOOns after a 
step change to zero control voltage), the capacitor voltage ceases to 
track the input. Because of capacitance from the gate to the drain 
of Q3, the gate swing causes the small transferred charge to produce 
a small step (offset in hold) in CI's voltage. Typically less than 
IOmV over the ±IO volt input range, this step is proportional to 
the gate voltage swing (lSV+ Yin)' 

There are also settling transients in Al and A2, which increase the 
settling time to within 1m V of final value to about 2ps. For a 
100volt step applied during the track mode, the settling time to 

within ImV of fmal value is less than ISps (caused by the 
limited charging rate of C 1) and roughly proportional to C 1. 
The dielectric absorption of C I may account for an additional 3m V 
of error if the input signal is changing rapidly at the time the 
circuit is gated into Hold. 
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It must be confessed that one of the hoped-for byproducts of this 
book is a more interesting life for Sales Engineers, because the 
technical inquiries they receive should become more challenging. 
This should be in addition to a saving of time and telephone 
expense for both customers and manufacturers. 

It is accomplished by making broadly available as much as possible 
of the information that most commonly passes during conversa­
tions with customers; this we have sought to do in the preceding 
pages of this book. 

To be useful, such information must also be accessible. In this 
Part, access is aided by relating material in the book to the typical 
inquiries that are received, and by listing specific, recurring points. 
Telephone conversations typically involve one of the following: 

Requests for information 
Requests for assistance when things don't seem to work right 
Requests for advice 
Urgent pleas for rescue 

Listed below are a few of the most-frequently-occurring topics of 
conversation, with comments and sources of information likely to 
resolve the problem. 

FREQUENTLY-ASKED QUESTIONS 

Q. What do the codes mean? What is complementary BCD? How 
does offset-binary relate to 2's complement? 

A. See Part II, Chapter 1 
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Q. How do converters work? 
A. See Part II, Chapter 1 

Q. How do I choose the right converter? 
A. See Part II, Chapter 4 

Q. What are the differences between voltage- and current-switch-
ing DAC's? 

A. See Part II, Chapter 1 

Q. What's a "glitch?" How is it caused? How eliminate it? 
A. See Part I, Chapters 3, 5; Part II, Chapters 1,2, 3, 4 

Q. How does input noise affect A/D conversion? How combat it? 
A. See Part I, Chapter 2; Part II, Chapters 2,3,4,5 

Q. Where can I find out about sampled-data systems? 
A. See Bibliography 

Q. What are the contributions of various components to errors? 
A. See Part II, Chapters 2, 4, 5; Part III, Chapters 1, 2, 3, 4, 

Product Guide 

Q. What are the timing constraints on D/A converters with 
registers? 

A. See individual data sheets and Product Guide 

Q. What factors affect timing of systems with sample-holds and 
multiplexers? 

A. See Part I, Chapters 2, 3; Part II, Chapters 4, 5; Part III, 
Chapters 3 & 4 

Q. What are the requirements on power supplies? 
A. See Part II Chapters 4, 5; data sheets, Product Guide 

Q. When is it desirable to use registers with DAC's? 
A. See Part I, Chapter 3 

Q. How do I connect a lO-volt device for a IO.24V full-scale 
ra'Ilge? 

A. Scale-factor adjustment will usually have insufficient range, 
especially in high-resolution devices. Add series feedback 
resistance with DAC's (the loop is usually closed externally), 
or use attenuation ahead of the ADC input buffer (sometimes 
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series input resistance can be used with current-summing 
comparators). Information on 10.24 V full-scale range will be 
found in Part II, Chapter 1: see Table 3. 

Q. How is the bipolar offset circuitry connected and adjusted? 
How does it affect the specifications? 

A. See Part II, Chapters 1,2,3,4 

Q. What are the suggested grounding techniques? 
A. See Part II, Chapters 1,5 

Q. What are the issues in low-level multiplexing vs. instrument a­
tion-amplifier-per-channel? How do instrumentation and isola­
tion amplifiers differ? 

A. See Part I, Chapter 2; Part III, Chapters 2, 3 

Q. What is "Differential Nonlinearity?" 
A. See Part II, Chapters 1, 3, 4 

Q. Can I use the analog power supply as a source of constant 
voltage? 

A. Yes - if it is sufficiently quiet and well-regulated to provide 
the desired degree of stability and accuracy. Otherwise, derive 
a reference voltage using a Zener diode and, if necessary, an op 
amp (See Fig. 21a, Part II, Chapter 1.) 

FREQUENTLY-ENCOUNTERED PROBLEMS 

Gross Malfunctions 

Wrong digital code ("Positive true" vs. complementary) 
Wrong analog polarity relationship 
Grounds not interconnected 
Power supply not connected, wrongly connected, or zapped 
Missing or improper connections (Study the connection diagram) 
Wipeouts due to applying power to devices in the wrong order (In 

general, power downstream units first; avoid or protect multi­
plexers that short in the power-off condition) 

Control-logic improper (polarity, duration, timing, levels) Check 
logic and timing diagrams on data sheets 

Uncontrolled overflow in counter configurations 
Wrong diode polarity 
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Poor Functioning 

Common-mode problems in "single-ended" system (use proper 
grounding or difference amplifier) 

Grounding problems: no ground connection, fortuitous ground 
connection, wrong ground connection (common analog and logic 
return), shields returned to wrong ground or grounded at both ends. 

Pickup due to proximity of digital ground plane to analog circuits, 
or proximity of analog and digital wiring, in general, or poor'lead 
dress: Keep stray capacitance low. 

Excessive load capacitance on outputs of voltage DAC's or other 
analog devices can in some cases cause slow response, poor 
settling, ringing, or oscillation ("noise") 

Improper connection of built-in references (unused bipolar offset 
references may require grounding in unipolar applications; ex­
ternal use of internal Zener voltage reference generally requires 
buffering) 

Op amp voltage offset adjustment used for zeroing anything but 
op amp voltage offsets, e.g., system offsets, can result in increased 
thermal drift 

Logic overloading (logic outputs may also be used for internal 
purposes; check actual specified loading on data sheet) 

Too much attenuation because "current-output" DAC's output 
impedance neglected 

Nonlinearity because current-output DAC's specified maximum 
output voltage range exceeded 

Noisy AID conversion, increased differential nonlinearity, and mis­
sing codes caused by widening of quantization band due to noise 
on input signal, or picked up in wiring 

Bent pin that didn't go into the socket (or perhapseven broke off) 

Unanticipated "glitches" due to lack of filtering, inappropriate 
converter choice, marginal logic timing, limited logic slewing rates 
due to excessive capacitive load, stray capacitive coupling to 
analog circuitry 
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Gain and offset adjustments performed in wrong order in bipolar 
DAC's and ADC's (See Part II, Chapter 3, Figure 5) 

Excessive thermal drifts due to: improper converter adjustment 
procedure; bias current flowing through resistances (MUX Ron' for 
example); use of op amp voltage offset adjustment to counteract 
bias-current or system offsets 

Loss of mono tonicity over small temperature ranges: possible if a 
converter is specified at ± I LSB differential nonlinearity at room 
temperature. A conservative specification of Y2LSB allows vari­
ation of an additional V2LSB with temperature 

RFI or fast pulses causing rectification that produces offsets 

"Long-tailed" responses due to thermal transients (some op amp 
or comparator circuits), or inappropriate capacitor choice (pre­
cision capacitors should always have low dielectric absorption -
polystyrene, teflon, poly carbonate are among recommended 
materials) 

Excessive drift in low-level circuitry due to differential "thermo­
couple" effects in input leads (e.g., copper-to-Kovar at IC inputs) 
Differential-input leads should always be close together and their 
junctions should be as-nearly-as-possible isothermal. 

When all other possibilities have been eliminated, one should not 
discount the possibility that the device is malfunctioning or out of 
specification, either innately, as a result of some recent trauma, or 
as a result of some "early failure" mechanism. Many manufac­
turers subject certain of their products to "burn-in" to eliminate 
innate and "early failure" problems. 

By no means all problems are chargeable to the user. Manufac­
turers of devices and components (including Analog Devices) have 
been known to have made available - inadvertently, and despite 
considerable effort -

Data sheets with errors or insufficient data 
Devices that have failed, for no apparent reason, when first 
plugged in. 

Though rare, these possibilities should not be discounted. The user 
of conversion devices - especially in quantity - should be pre-
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pared to perform at least simple tests on devices to verify their 
performance; Chapter 3, Part II, may be found useful in this 
respect. If a user finds information on a data sheet that raises 
questions in his mind, he will find most manufacturers quite 
willing to discuss them and clarify the point in question, especially 
as it pertains to his application. 

FREQUENTL Y-GIVEN AD VICE 

Preventive 

Nothing beats good initial analysis of the basic problem and 
conservative initial design, with double-checking to make sure that 
the best-available data has been used, the tolerances on resolution, 
accuracy, and timing are adequate, and the connection scheme is 
proper, and follows the manufacturer's suggestions - where appro­
priate. Perhaps breadboarding should be used to verify sticky 
points. The design should include features that facilitate testing 
and trouble-shooting. 

Be sure that common-mode, normal-mode, and induced noise 
problems have been considered and dealt with adequately. 
(Differential amplifiers, filtering, lead locations and directions.) 

Be sure that grounding is proper: no ground "loops" (i.e., ground 
current is allowed only one path); digital and analog grounds 
separated; high-power and low-level signal grounds separated; One 
main "mecca" point where all grounds meet, if feasible; heavy 
ground conductors, to avoid voltage drops in signal return leads. 

Be sure that interconnections of devices do not produce surprises 
as a result of (e.g.) currents and impedance levels, transient 
overloads during MPX switching, etc. 

After assembly, the system should be thoroughly inspected and 
"buzzed-out", to be sure that all connections have been made, the 
right elements have been plugged into the right spots, and there 
are no bent or broken pins. 

Check the system out in small pieces and functional groupings 
before putting it all together. "Going for broke" often results in 
just that. 
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Measuring Devices 

For monitoring performance and troubleshooting, the devices that 
perform dc measurements should have at least twice the resolution 
and accuracy of the devices they are checking; the devices that 
perform high-speed measurements should have faster response 
than the devices they are checking. An oscilloscope should always 
be used to avoid "flying blind." A simple multimeter may be a 
trap (it can't see dynamic signals or oscillations; its dc resolution 
may be inadequate for useful measurements on the kind of 
high-resolution devices usually found in data systems; and its load 
impedance may affect the accuracy (if not the actual character) of 
measurements. 

Measuring and Trouble-Shooting 

First, check supply and ground voltages at terminals of pluggable 
devices, with the devices removed. 

A useful procedure is to then perform dc, manual, and low-speed 
checks before performing measurements at speed. This ensures 
that the system is at least working properly under some 
conditions. 

Try to isolate the problem. 

If more than one unit of a given type is in use, an apparent failure 
at its location can be checked by substituting another unit. If 
similar units of the same kind exhibit the same problem, it is likely 
a design or system problem. (If it's a sufficiently serious problem, 
involving a fault condition, the original unit and its substitute may 
no longer be in fit condition for further use.) 

Check grounding with a simple continuity test. Use an orderly 
procedure. Have you localized the problem? Is it static or 
dynamic? Gross or subtle? Catastrophic or slightly "off?" Repro­
ducible or intermittent? Affected by mechanical manipulation 
(kicking the cabinet)? 
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IF ALL ELSE FAILS . .. 

We want to help you solve the problem, whether it involves simple 
advice or the return of a unit. If the problem seems to be related 
to one of our conversion components (either definitely or 
suspected), 

1. Prepare a summary of the problem, and outline it to your local 
Analog Devices, Inc., sales office or representative, over the 
telephone. He may suggest some useful diagnostic procedures or 
that the unit be returned. 

2. If the unit is to be returned within the United States, * send it 
to our Norwood location, marked to the attention of "Returns 
Department". If you are outside the United States, our local sales 
office or representative will give you appropriate instructions. (We 
maintain a complete repair depot at our Karlsruhe office, and 
limited repair facilities in England and Japan.) 

3. Be sure to include with any returned units 
A. The name(s) and telephone number(s) of the person(s) 

with· whom we can discuss technical (and business) aspects of~ 
problem. 

B. Complete information on the (suspected) malfunction, and 
the application in which it occurred. 

4. If you are in a critical "bind," wire .or phone the nearest sales 
office or our Internal Sales Department at the factory directly. 
Our factory address is 

Telephone.: 
Telex: 
TWX 
Cable 

Analog Devices, Inc. 
Route 1 Industrial Park 
Norwood, Mass. USA 02062 

(6l7)-329-4700t 
924491 
(710)-394-6577 
ANALOG NORWOODMASS 

*See the Analog Devices, Inc. Product Guide for complete information on returns and' 
warranty service. 

tNote in the margin the phone number of your nearest sales representative, or office. 
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Code conversion, 11-13,14,23 

xvii 

Codes, digital, 11-2,3 
binary, 11-3, 4, 5 
binary-coded decimal (BCD) 8-4-2-1, 

11-10 
BCD 2*-4-2-1,11-12 
Gray code, 11-13-16 
complementary, 11-16, 17, 24, 25 
bipolar, 11-17-25 
sign-magnitude, 11-18, 19,20,24 
offset binary, 11-18,19,21 
two's complement, 11-18, 19, 22 
one's complement, 11-18, 19, 22, 24 

Common-mode errors and rejection, 
~20,21,31,3~ 105, 106,1~135, 
136,166-168, III-9, 10, 21, 22, 24, 
31-42,53,55-56,68-70 

Common-mode range, 11-135,136, 
III-22, 24, 25, 38,40-42 

Common-mode voltage, 1-4, 11-136 
Communications, digital, 1-84-92, 106-

108 
Comparators, 1-9, 73-76,11-46-54,80-87, 

116-119, 127, III-3, 82-84 
Components, analog vs. digital, 1-1, 2, 

24,53, 54,63-65,82-84,92,95,96, 
Compression 

data, see Data compression 
logarithmic, see Data compression 
time, 1-89, 90 

Conversion, applications, 1-1-113, III-81-
85 
industrial, partial listing, 1-111-113 

Conversion relationships, 11-5-10, 14-23, 
25-28 

Conversion time, 1-14, 18-23, 27, 29, 
11-138, III-74, 81, 82 

Converters, A/D, 1-7, 13-36, 63-65, 
70-76,82,84-92,104-110,11-7-12, 
20,29,30,32 
applying, 1-2, 11-155-166 
choosing, 11-132, 133, 137, 149 
circuits, 11-45-53 
designing, 11-80-87 
testing, 11-92-94, 122-130 

Converters, A/D, counter types, 1-73, 74, 
11-51,52,111-84,85 

Converters, A/D, dual-slope, 1-18,19, 
11-48-50,139, III-70-71 . 

Converters, A/D, parallel, II-52, 53 
Converter (A/D)-per-channel, 1-26, 27, 

28,29 



Converters, AID: successive-approxima­
tions, 1-19, 1146,47,48,80-87 
errors, 1-19,20,22,23,11-3,4,5 

Converters, D/A, 1-7, 8, 41-52, 55-76, 
82,84-92,95-108,11-5,6,7, 16, 19, 
27,28,29,30,32,33 
circuits, 11-3445 
designing, 11-56-80 
testing, 11-89-92, 95-122 
choosing, 11-131, 132, 136, 148 
current-source, 1-59-61, 11-32-36,38-

44,56-80 
multiplying, 1-7, 61-64, 66-71, 90-91, 

100-102,11-27,28,29,132,142, 
143, 148 

Converter, frequency-to-voltage, 1-72 
Correlation, 1-70,90 
Counters, up, down, up-down, 1-8, 9, 34, 

51,52,65,68-70,97,108,11-48-52, 
107, 109,114, I1I-84 

Crosstalk, 1-32, 11-138, I1I-66, 67, 68 
Current, bias and difference, III-3, 12-17, 

19,20,23,24,27,29,62,77 
Current sources (see also converters, 

D/A), III-ll, 15, 21 
digitally-controlled, I-59, 60, 61 
floating load, 1-60, III-36, 37 
buffered load, 1-60, III-36 
grounded load, 1-61, III-36, 37 

Data acquisition, 1-1340, 
81,104-113,11-150-153,155-168, 
III-31, 32, 34, 35, 37, 39-42,43-71 
vs. distribution, 148, 49 

Data compression, 
log devices in, 1-24,35-38,11-158,159 

Data distribution, 141-52, 111-82 
Definitions of specifications 

amplifiers, III -21-2 9, 37 
converters, 11-135-146 
multiplexers, III-57, 69 
sample-holds, III-74-78 

Deglitcher (see Glitches) 
Delay lines, analog, 1-70,71,72,85-92, 

99, 100 
tapped, 1-71,91,92 

Digital servo techniques, 1-50-52, 75, 76, 
105, 106,111-84, 85 

Displays, CRT, 1-93-103 
rasters, 1-95, 96 
dot-matrix, 1-96-98 
graphic, 1-98-103 
vectors and segments, 1-100-102 

Displays, digital, 1-11 

xviii 

Dither, use of in testing, 11-113-115, 
124-127 

Division, Signal 
ratiometric conversion, 1-33, 34, 63, 

64,11-27,28,48,50, 133 
using ratio module, 1-24, 26 

Dot-matrix displays (see Displays), 1-96-
98 

Droop (sample-hold), 1-6, 29,42,43,49, 
73,11-139, I1I-77, 81, 84, 85 

Dynamic-crossplot ADC test, 11-124-127 
Dynamic range, extended, 1-34, 35, 36, 

37,38,11-158,159 
Electron-beam recording, 1-93,94,96 
Encoder 

Gray-code, 11-14, 15, 16 
thumbwheel-switch, I-56 
toggle-switch register, I-57, 58,11-93, 

94,96,113,114,115,123,128 
Environment, 1-15,16,11-131,132, I1I-

29,30 
Error budgets, 1-17, 11-76, 77, 131-135, 

151-153,162, 163, III-39, 40 

Feedthrough, 11-132, 139, 143, I1I-45, 
57,65-67,77 

Filters, active, 1-9,24,49,50,91,92, 
1147,70, 133, 159, 160, III-11, 15, 
19,70 
digital, 1-91, 92 
recursive (digital), 1-92 

Force measurement, 1-3, 105, 106 
Four-quadrant, 1-61-67,69,7011-27,28, 

132,140 
Functional relationships, 1-64, 65, 66, 

84-92 
and function generators, 1-64, 68, 69, 

70 
time functions, 1-70-76, 84-92 

Function modules, 14, 5, 23, 24, 26, 
35-38,82 

"Gain" in converters, 1-20, 21, 23, 
33-38,50-52,61-64,11-5,27,28,29, 
32-34, 41, 43, 63, 65-77, 94-101, 
107-111, 124-126, 131-133, 140, 
153,157,158 

Glitches, 142, 49,50, 102, 103,1145, 
79,89,113,120,121,132,138, 
140, III-82 

Graphic displays (see Displays) 



Grounding, grounds, 1-15, 27, 52, 11-29, 
30,77-80,84,86,87,163-168,111-2, 
32-37,40-42 

High-resolution ADC's and DAC's, 1-34, 
35,51,52,55,63,64,82,94,96, 
98,11-4,9, 11,56,64, 148, 149 

Hysteresis, 1-75, 11-127, III-82, 83 
in peak-follower, 1-75, 111-83 

Integrator, 1-23, 99,100,111-11,15,19 
in dual-slope conversion, 11-48, 49, 

50 
delay-line, 1-99,100 

Interquad divider, I-59, 11-36,37,40,41, 
65,66, 71, 72 

Layout considerations, 11-77-80, 
i63-168, 111-45, 63 

Leakage, switch, III-55, 59-61 
Least-significant bit (LSB), 11-3-11, 140 
Linearity, 1-91, 93, 96, 102,11-5-8, 71-

74,90-97,100-113,122-128,141, 
142,1I~3,39,40,59,74 
in displays, 1-93,96, 102 

Linearizing nonlinear data, 1-23, 25, 
111-11 

Logarithmic amplifier, 1-35, 36, 37, 38, 
11-158,159 

Log conformity, 1-35, 36 

Major carry 
glitch, 1-42, 49, 50, 11-21, 113, 121, 

122, 140 
linearity, II-IS, 21, 102, 104, 120, 

121, 138 
testing, 11-106-111, 113, 114, 

120-122,124-126 
Memory, read-only (ROM), 1-65, 66, 70 

delay-line, 1-70, 71, 72, 84-92 
recirculating, 1-86-92 

Meters, DVM, DPM, 1-10,17,78,11-96 
Monitoring, 1-96 

power rectifiers, 1-108-110 
Monotonicity, 11-5-8,102-105,125,142 
Most-significant bit (MSB), 1-34,11-3-8, 

10,11,17-25,43,44,46,142 
Multiplexers, analog, 1-5,29-33,47,48, 

107-110,11-133, 134, 154, 156-163, 
111-43-50,52-71 
high level, III-52-54 

errors in, 111-57-67 
high noise environments, 1-24-28, 

xix 

111-70,71 
in music distribution, 1-107, 108 
low-level, 1-31-33, 111-55,56 

errors in, 111-68, 69 
Multiplexers, digital, 1-5, 26, 27, 28,42, 

43,45,46, III-43-45, 50-51 
Multipliers, analog, 1-24, 25 

high-precision, using con-
version, 1-63, 64 

Multiplying DAC (see Converters, D/A, 
multiplying) 

Music-distribution, 1-107,108 

Noise, 1-38,39,40,84,87,88,106,107, 
11-104,105,122,125,133,143,157, 
159,111-8,9,15,25,38,70,71 

Nonlinearity, differential, 1-102, II-5-8, 
89,100-104,111-113,123-126,138, 
157 
temperature coefficient, II -13 7, 13 8, 
157 

Offset (in bipolar converters), 11-18, 
21-22, 25-27, 41-44,48,49,51,62, 
63,70,71,73,92,98-100, 143 

Peak follower, 1-75, III-82, 83 
Polarity of converters, (analog), 11-17-28, 

IV-3 
Power supplies, 1-9, 10, II-30 

sensitivity to, 11-136,137,143-144, 
III-22,38 
precision, I-55, 56, II"94-96 

Preamplification, 1-3,20,21,82,105, 
106, II-158, 165-168, III-31-42, 55, 
56,68,69 

Pumpback, IlI-65, 66, 75, 76 

Quantizing uncertainty, 11-7, 94, 104, 
105,122-124,128,144 

Raster displays (see Displays), 1-95, 96 
Ratiometric conversion, 1-33, 34, 63, 64, 

87, 88, 11-27, 28, 33 
Ratios (see Division) 
Reference input, 1-33, 34, 56, 61-64, 

66-68,70-72,88,91,100,101,11-27-
30,33,41,42,67-71 
data amplifier, 111-32-37 

Reference loop, 11-39-43,66-71 
Registers, shift, 1-8, 70, 71, 72, 85-92, 

106-108,11-47,81,82 
Registers, storage, 1-8, 35, 43, 44, 71, 

72,105,11-29,44,45,81,104,123, 
128 



Register, toggle-switch, I-57, 58, II-93 , 
94,96,113,114,115,123,128 

Resistance networks, 1-3540, II-61-66, 
71-76 

Resolution, 1-16, 24, 3440, 42, 48, 49, 
106,108, II-5, 17, 18,49,56,71, 
131, 13~ 144, 151, 157 

Response, full power, 1I-136, 145, III-22, 
23,26,27,38,65,74 

Sample-Holds, 1-6, 21-23, 27, 29-31,44, 
48,49,87-91,106-108, III-73-86 
characteristics, III-73-76 
digital (peak-follower), 1-75, III-83-

85 
digital (pulse-stretcher), 1-74, III-81, 

83-85 
digital (tracking), 1-73, III-84, 85 

Sawtooth generator, 1-68, 95, 96 
Scale factors (see also Gain) 

digitally-controlled, 1-34,35,61,62, 
63, 100,101 (see also Converters, 
D/A, multiplying) 

direct, 1-62 
inverse, 1-63 

Sensors, 1-2, 3, III-32, 42 
Sequencer, in A/D converters, II46, 47, 

81-83 
Serial data, 1-27,28,41,47,72,106-108, 

II-2, 32, 81, III-51 
Settling time, 141,49,52, 102, 103, 

II45, 47,116-122,132,144,153, 
157,161,162, III-15, 19, 26, 27, 38, 
44,45,46,54,63-66,70, 74.75 

Shafts, position-sensing, i-3, II-14, 15 
Shift register (see Register, Shift) 
Signal analysis, 1-84-92 
Signal-conditioning, 1-17, 23, 24, 25, 26, 

33-38, II-133, 158-160, 166-168, 
III-11, 12, 15, 19, 20, 31, 32, 34-37, 
4042 

Sinusoidal functions 
input-output, 1-65, 66, 67 
function generation, 1-69, 70 

Slew(ing) rate, 1-73,75, 1I-69, 145, 
III-16, 17, 22, 23, 27, 74 

Stability, converter, 11-66,145 
"Status" line, 1-5, 6, 8, 11, 15, 18-24, 

71, 72, 75, 76, II-29, 30, 32, 4648, 
80-83, 123, 128 

Strobe, i4348, 51, 52, 71, 72, 85-92, 
105,11-29,30,32,44,45, 123, 128, 
IlI-81-83 

xx 

Sweeps, digital, 1-68 
in displays, 1-95-98 

Switches, 1-34, 44, 48, III46-50 
converter, II-35-39, 41 
mechanical, 148,56-58, III46 
monolithic, II42, 57-65, III49, 50 
multiplexer, 1-32, 48, III-43-71 
sample-hold, 1-44, III-78-81, 85, 86 

Switching time, II-145, III-46, 51, 67, 
75-78 

, aperture: 1I1-75, 76 

T.,ables 
1 BCD, 2-4-2-1, 1I-12 

BCD code, 1I-11 
BCD coding, toggle-switch register, 

I-57 
BCD vs. binary resolution, II-II 
Binary equivalents of decimal frac-

tions, I-58 
Binary resolution (to 20 bits), U4 
Binary vs. Gray Code, 11-13 
Bipolar code conversion, 11-23 
Bipolar codes, II-18 
Bipolar codes, modified & comple­

mentary, 1I-25 
Complementary unipolar codes, 11-16 
Code transitions in differential linear­

ity test, 11-111 
Converter interface connections, 

11-29 
Fractional binary code, 11-3 
Industrial applications, a small sampl­

ing, 1-111-113 
LSB and FS-LSB for 10 & 10.24V 

(to 20 bits), 11-9 
Peak-to-peak vs. rms, for Gaussian 

noise, 1-39 
Specifications 

A/D converter, II-137, 149 
D/A converter, 11-136, 148 
Instrumentation amplifiers, lIi-38 
Operational amplifiers, IlI-16, 17 
Sample-holds, 11-150 

Temperature coefficient, 11-62, 63, 67, 
73-76, 100-102, 109-11, 131-135, 
145,146,157,162, IlI-16, 17, 19, 
20, 27, ~8, 3740, 60-63, 74, 86 

Temperature measurement, 1-3 
Testing, 

automatic, 1-79-83 



converter, 11-89-128 
dynamic programming, 11-106-111 

Time delay (see delay lines) 
Time functions (see functional relation-

ships) 
Tolerances, component, U-60-76 
Transducers, 1-3 
Transient storage and recording, 1-84-86 
TriangUlar-wave generator, 1-68, 69, 

11-126 
Trigonometric functions 

digital phase shifter, 1-66 
digital/resolver converter, 1-67 
resolver (digital) control trans-

former, 1-67 
Trimming converters, 11-71-76 

Update, simultaneous, 1-29, 30 

Vector generation (see Displays) 
Voltage source, digitally-controlled, I-55, 

56,82 

Waveform averaging, 1-87, 88. 
Weighing, automatic 

scale zeroing (tare-weight nulling), 
1-104-106 

Weighted current sources (see Current 
sources) 

xxi 
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