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Analyzing the dynamic accuracy of simultaneous 
sample-and-hold circuits is straightforward. A wideband 
scope and a simple mathematical model supply the answers. 

In most simultaneous data-acquisition systems 
a large number of analog input channels are 
strobed at precise time intervals and then se­
quentially digitized by an analog-to-digital con­
verter. To check the multichannel sample-and­
hold circuits there are some simple tests the user 
can perform to verify correct circuit operation. 

To start the error analysis, several assump­
tions can safely be made: All static errors have 
been eliminated-

• The offset error. 
• The gain error. 
• The hold step error. 
Input voltage, Vin , to the sample·and·hold equals 

the output voltage, V ou(, from the sample-and-hold. 
Vin is any dc voltage between ±1O V. The offset 
error is Vout when Vin = 0, while the gain error is 
the maximum value of the offset error divided by 
V in maximum (10 V). 

Looking at the dynamic errors 

Normally, one sample-and-hold circuit is used 
for each a Id converter with any multiplexing be­
tween input channels done previously. However, 
for a large number of channels this leads to 
errors due to the different conversion times of 
the various channels. In a simultaneous sample­
and-hold configuration, a number of input analog 
channels are strobed at a precise time and the 
held voltages are sequentially converted to digi­
tal form. 

At this point the most basic test that can be 
performed is to simultaneously apply the same 
voltage waveform to all inputs. Now, if we look 
at the output for each channel, the digital words 
representing each voltage should be identical. If 
the system fails this basic test, the user must 
search the specification sheets and the circuits 
themselves for the error sources. 

The three major sources of dynamic errors can 
be traced to the following: 

Ralph Johnston, Datel Systems, Inc., 1020 Turnpike St., 
Canton, Mass. 02021. 
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1. Plots of a single pole transfer function (a) and of the 
gain·error (b) are shown with a 1·MHz cutoff frequency. 

• A change in the gain during the sample 
mode as a function of frequency. 

• A nonzero hold step as a function of fre­
quency (hold-step error), 

• A shift in the effective beginning of the hold­
step as a function of Vout, dVouti dt, or frequency 
(aperture-shift error). 

The aperture-shift error can be caused by a slowly 
opening switch or by a pole at the unity-gain -3 
dB point (feo) of the unity-gain sample amplifier, 
The error advances the effective time of the switch 
opening to a time prior to its actually reaching open 
circuit. For applications of simultaneous sample-and­
hold circuits both the feD's and the switch opening 
times, must be matched. 

The transfer function during sample 

Gain in the sample stage can be represented 
by a linear transfer function-at least for ampli­
tudes small enough that the amplifier slew-rate 
doesn't affect the results. Thus, a simple low-pass 
function with a pole at feD, say 1 MHz, can be repre­
sented by the following: 

The graph of this typical low-pass filter is shown 
in Fig. la. It has unity-gain transmission and a 



1-MHz -3 dB point. 
Usually, though, it proves more useful to plot 

small deviations from unity gain as shown in 
Fig. lb. The formula used for this gain-error 
plot is 

f 
V -j -10" 

Gain error = ",,' -1 = -V;~ --.-f-
+ J 10' 

While not usually seen in this form, this type of 
frequency-response plot is quite valid. From the 
equation we see, for example, that a circuit band-
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width of 1 MHz, an input of 10 V at a frequency 
of 1 kHz results in an error of 0.001 or 10 mY. 

By now finding the response of the circuit to 
a ramp of K V /sec, we can try to match transfer 
functions of al\ the channels of the sample-and­
hold stages. The gain-error transfer function is 
put into the s domain using LaPlace transforms 
and becomes -s 

Gain error = __ 27T X 10" 
1 + -- -~--

27T X 10" 
The ramp is also transformed, and becomes K/s'. 

The sample·and·hold: What is it and where is it used? 
A sample-and-hold (S/H) circuit holds or 

"freezes" a changing analog input signal volt­
age. Usually. the voltage thus frozen is then 
converted into another form. either by a volt­
age-controlled oscillator, an analog-to-digital 
(a/ d) converter or some other device. 

The simplified .block diagram of a lossless 
(ideal) S/H circuit is shown in Fig. 1. Here the 
amplifiers are assumed to be ideal-with infinite 
input impedances and bandwidths. zero output 
impedances and unity gains. The electronic 
switch is also considered ideal-with" infinite 
speed, zero impedance in the sample position 
and infinite impedance in the hold position. Also, 
the sampling capacitor. r. is assumed to have 
no leakage or dielectric absorption. 

Depending upon cost, thp user has three basic 
methods to choose from when setting up a mul­
tiple-signal data-acquisition system. The most 
ba~dc but also the mo~t l'xpen8ivc Rehemc is the 

v" 

BUFFER 

NON-INVERTING SAMPLE MID HO:..D 

2 O. 

nil: m-UNES 
TOTAL 

MULTI­
PLEXER 

one shown in Fig. 2a. This circuit uses an indi­
vidual S/H and aid converter for each sensor 
line. Fig. 2b is a low cORt alternative in which 
all the sensor lines are first multiplexed and 
then fed into a single S/H and aid converter. 
Another method, falling between thoRe of Figs. 
2a and 2b in cost and performance., is shown in 
Fig. 2c. Here, the sensor signalR are first 
sampled and then multiplexed and sent to a 
single aId converter. 

If the S/H circuits were ideal. the only sig­
nificant errors wouJd occur in the multiplexer 
or the aId converters. In a real world situation .. 
of course, the SIR circuiLI:i introduce some 
serious errors into the conversion circuit. 

The circuits of Figs. 2a and 2c require ad­
ditional qualities from the S/H circuits that 
are not needed for the system of Fig. 2b. Pre­
cise matching of the aperture delays and band­
widths is required. 

SENSOR 
LINES 

MP' 

2b 

DIGITAL/ 
OUTPUT 
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2. Dynamic errors caused by the hold step and the 
aperture shift are hard to distinguish. 

/ 
I / 
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I 

I 
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TIME 

3. By extrapolating the two straight·line segments to 
meet each other, you can find the effective time at 
which the hold period starts. 

Taking the inverse transform of the product 
we get 

K 
2'lT X 10' [1 + e-("" x .O')t] 

as the output error for a ramp input. 
The two terms in the result represent a gain 

error. This error is due to the ramp as a constant 
K/2'lTf,." and a delay of l/21Tf,." seconds. The de­
lay in the output can be considered as an advance 
in the transition time of sample-to-hold states­
but this is not usually done. The inverse transfer 
function can always be applied after the data has 
been digitized. However, for multichannel simul­
taneous sample-and-hold applications it is un­
necessarily complicated to keep track of, say, 32 
different transfer functions. The solution to this 
problem is to match all the transfer functions so 
that the units will deliver identical outputs for 
the same input waveform. 

Other error sources exist 

Examination of the output voltage near the 
time of the sample-to-hold transition shows the 
errors caused by both a hold step and an aper­
ture shift (Fig. 2). 

TIME 

I"', , ... , , 
, ' 

, 
I 

EFi"'ECT1VE~ , 
I , 

SAMPLE---:-' --.... -

4. If you use a different scope input, the effective 
point of hold initiation can be found by extrapolating 
back to the zero point. 

z 
> 
I 

I / , / 

F=======~,'=;'==:l====-_TI .. E 
1', I 

: " I 

, 
I 
I 
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5. The effective start time for hold is not affected by 
the slope of the input ramp--for a first·order analysis. 

The hold-step error appears as a sudden change 
in the sample capacitor voltage at the time of 
hold. If such an error exists only for a fast ramp 
input, a probable cause is dielectric absorption 
in the capacitor. 

The aperture shift is a variation, in either 
direction, of the point in time at which hold 
occurs. It is also known as aperture uncertainty. 
As a function of input rate it is somewhat diffi­
cult to measure. 

To measure aperture uncertainty, use an 
oscilloscope with a sampling amplifier or with a 
sensitive, wideband input having good recovery. 
Then observe the sample-and-hold output for an 
input slope of 0.5 or 1 V I iJ-S. The resulting 
straight lines can then be extrapolated to a point 
where they meet, and the effective hold instant 
can be feund, as shown in Fig. 3. A change of 
this point with the input waveform, or random­
ly, is called aperture jitter. 

A similar type of measurement uses a scope's 
differential input. All static and dynamic errors, 
including linear ones, due to the transfer func­
tion can be measured by observing Vou , - V" as 
shown in Fig. 4. The slope during the hold period 
can be extrapolated back to zero to find the effec-
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6. A typical analog switch introduces a delay in the 
sample·to·hold transition. 

V IN o>---+--""~ "~---I"""--OO VOUT 

3. 
C 

I 
7. An ideal slow opening switch can be modeled by 
using a simple RC network and a three position switch. 

tive time when hold starts. With a single-pole 
transfer function, the value of Vo", - VI" during 
sample for an input ramp is proportional to the 
slope of the waveform. But as shown in Fig. 5, 
to a first-order approximation, the start of hold 
is unaffected. 

But, there is zero aperture uncertainty with 
the transfer function representation, thus the ef­
fective time of hold initiation occurs before the 
switch opens! The amount of this shift can be 
determined as a function of bandwidth. A trans­
fer function with an f," of 1 MHz can be repre­
sented by an RC low-pass filter with a resistor 
of 159 n and a capacitor of 100 pF. An input 
ramp of 1 V /s will cause a capacitor current of 
1 rnA (CV It) which in turn causes a resistor 
drop of 159 mY. Thus the effective time of hold 
occurs 159 m V /V /}Ls or 159 ns before the actual 
switch opening. 

The two measurements described are difficult 
to perform without high performance test equip­
ment. Therefore, most manufacturers' specifica­
tions of aperture delay and uncertainty tend to 
be primarily concerned with the variation of 
switch resistance after the logic input changes 
to the hold state. Fig. 6 shows a typical logic 
switch resistance change during the sample-to­
hold transition. 
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8. The effective time at which hold commences occurs 
before the switch is fully opened. 

The time T, is known as the switching delay or 
aperture delay and is characteristic of any prac­
tical switch. Switching time, Teo usually is meas­
ured from the 10 to 90% points (as for logic 
circuits) and is sometimes called aperture time. 
The total switching time, T,,, is also referred to 
as either the aperture time or aperture delay. If 
the rise time of the switch varies with the input 
voltage waveform, or just randomly, the change 
in T. is called the aperture jitter. 

To further complicate matters, some definitions 
do not use switch resistance. Diode-bridge switch­
es are characterized by stored charge and not by 
changes in resistance. The switch must then be 
viewed as a black box-apply a ramp voltage to 
it, open the switch and determine the effective 
time of opening by observing V""' and extrapo­
lating the straight lines as previously described. 
A second method relying on diode reverse-recov­
ery measurements can be used but is not as 
accurate. 

The example shown in Fig. 7 can demonstrate 
that the effective switch opening time occurs be­
fore the switch resistance reaches infinity. Let 
VI" be a ramp of K V /}Ls. If, at time t = 0, the 
switch goes from position 1 to 2, then 1 p.s 
later it goes to position 3, the effective time of 
hold can be seen from Fig. 8 to occur while the 
switch is in position 2. The aperture-time ad­
vance is fixed for an. input ramp but will have 
jitter for waveforms that have curvature. The 
effective hold initiation will occur between in­
stants T, and Ta. This is.why T, - T·, =T, is 
often specified as the aperture time. •• 
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Test your sample/hold IQ 

While sample/holds have been around for a long time, don't let 
their seemingly simple functions contribute errors to your designs. 

John M Mills and Gene Murphy, Datel Systems Inc 

Engineers must become increasingly aware of 
error sources when designing fast data­
acquisition systems; in some cases, the sample/ 
hold circuit that you incorporate can be the main 
cause of error and frustration. Likewise, when 
implementing other functions such as peak 
detectors and D/A deglitchers, you must select 
the proper device. 

Unfortunately, even in today's high-technology 
marketplace, a certain vagueness still surrounds 
S/H specifications. One basic ambiguity lies in 
calling the circuit a "sample/hold" in the first 
place; by far, the majority of sample/holds on the 
market today actually operate as (and would be 
more correctly called) track-and-holds, because 
you can keep them in the sampling mode 
indefinitely (tracking). A true sampling circuit 
samples the signal for a specified amount of time, 
designated the aperture time. To compound 
matters, various S/H designs now cause specified 
acquisition times to assume slightly different 
meanings depending on design. 

Finally, S/H's can do funny things that manufac­
turers hesitate to specify, let alone mention on 
data sheets. The following multiple-choice ques­
tions, based on various sample/hold concepts, 

should help clarify these ambiguities and test 
your skill. The correct answers, along with a brief 
discussion of the principles involved, appear on 
pgs 122-124. 

PENCILS READY? BEGIN! 
1. Suppose you wish to use a sample/hold 

circuit as a deglitcher on the output of aD/A 
converter. Generally, what basic sample/hold 
designs from Fig 1 provide optimum perform­
ance? 
a. Open-loop follower 
b. Closed-loop integrator (type 1) 
c. Closed loop 
d. Closed-loop transconductance integrator 

(type 2) 
e. No advantage among these designs. 

2. Fig 2 shows a basic open-loop-follower sam­
ple/hold circuit, with accuracy to ten bits 
(±0.1% FS). You'll usually find this design in 
fast sample/holds. Both the input- and 
output-follower amplifiers (AI and A2 ) operate 
as buffers with settling times of 400 nsec to 
within 0.1% FS (10V step input) and exhibit 
single-pole responses. Given that RON of the 

tt>Li ~I~' ~'IIAS 
S,H CONTROL I 5tH CONTROL I '--------' 
____ --'1 ":'" (a) OPEN-LOOP FOLLOWER I ":' (e) CLOSED LOOP 

~~~­&>:ruvr 
S/H CONTROL : (b) CLOSED· LOOP 

INTEGRATING TYPE 1 

Fig 1-lf designing i. deglitcher circuit, which 5tH configuration would you choose? Note that the closed~loop integrator of 
(b) uses a voltage output to charge the holding capacitor while (c) feeds current directly into the capacitor. (See question 1) 



S[>.l--'i=t>.=1 - - OUT 
I • 

IN • A, : I A, 

S/H CONTROL : eH " 100 pF 
o . .,. 

Fig 2-ln this open-loop-follower S/H, determine sampling 
output settling time and output acquisition time. (See 
questions 2 and 3) 

sampling switch equals 100n and that the 
hold capacitor has a value of 100 pF, deter­
mine, to a first approximation, both the 
sampling output settling time to 0.1% for a 
10V step input and the output acquisition 
time to 0.1% for a continuous 10V p-p 20 Hz 
sine wave on the input. 
a. 870 nsec, 470 nsec 
b. 470 nsec, 870 nsec 
c. 570 nsec, 406 nsec 
d. 405 nsec, 337 nsec. 

3. Suppose that the sample/hold circuit of Fig 2 
is an IC type in which you connect the hold 
capacitor externally. With C,,=100 pF, the 
manufacturer specs the following: sample­
to-hold offset error of 100 mV and hold-mode 
voltage droop of 250 mY/sec. 
A. If you change C" to 2000 pF, what new 

values do the sample-to-hold offset error 
and hold-mode voltage droop assume? 
a. 2V, 12.5 mY/sec 
b. 100 mY, 12.5 mY/sec 
c. 5 mY, 5V/sec 
d. 5 mY, 12.5 mY/sec. 

B. Find the input acquisition time to 0.1 % 
FS for a 10V step input with C,,=100 pF 
and C,,=2000 pF. 
a. 570 nsec, 11.47 f.lsec 
b. 406 nsec, 1.46 f.lsec 
c. 570 nsec, 878 f.lsec 
d. 406 nsec, 1.21 f.lsec. 

4. A sample/hold operates in front of a 12-bit 
A/D converter that has a 10V FS range and 
20-f.lsec conversion time. This S/H uses FET 
switches and has a droop rate of 59.5 mY/sec 
at 25'C. What maximum operating tempera­
ture can you choose so that the A/D sees less 
than 1/2 lSB change on its input? 
a.60'C 
b.85'C 
c. 100'C 
d. 125'C. 

5. When working with a track-and-hold circuit 
with a finite sampling time of 50 nsec in an 
environment with an operating range of -55 
to +125'C, what type of holding capacitor 
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I----+-- S/H OUT 

/---+-_8/" OUT 

5tH CONTROL o-------.J 

Fig 3-Simultaneous 5tH's present special problems of their 
own. Do you know what they are? (See question 7) 

gives best performance? 
a. Ceramic 
b. Teflon 
c. Polystyrene 
d. Polypropylene. 

6. Suppose you're designing a system in which 
the maximum error introduced by the sam­
ple/hold must not exceed 0.01 % and you 
apply a 20V p-p sinusoidal signal to the input. 
If the only error source consists of a 32-nsec 
aperture time, what maximum allowable 
input frequency can you use and remain 
within error budget? 
a. 1 kHz 
b.2 kHz 
c. 4 kHz 
d. 7.5 kHz. 

7. Fig 3 shows a simultaneous sample/hold 
circuit. If you sample a 20V p-p sinusoidal 
signal with a frequency of 30 kHz, a 10-nsec 
aperture uncertainty in the S/H causes errors 
of near what percentage full-scale range 
between units? 
a.1% 
b.0.05% 
c. 0.09% 
d.0.009%. 

8. The sample/hold circuit of Fig 4 consists of a 
closed-loop type with an operational­
amplifier integrator in the feedback path of 
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o S/H CONTROL 

Fig 4-By examining this closed-loop S/H with op-amp 
feedback, can you describe its general operating characteris­
tics? (See questions 8 and 9) 

the input buffer amplifier. What relationship 
exists between (I) the output settling time and 
(II) the input acquisition time (dependent on 
CH) for a 10V step input? 
a.I<11 
b.I=11 
c. I> II 
d. Insufficient data. 

9. Refer again to the closed-loop integrating S/H 
configuration of Fig 4. What best describes 
the general characteristics of this type of 
circuit? 

a. Fair accuracy, fast acquisition time, high 
droop rate 

b. Extremely good accuracy, fast acquisition 
time, high droop rate 

c. Extremely good accuracy, slow acquisition 
time, low droop rate 

d. Fair accuracy, slow acquisition time, low 
droop rate. 

10. A sample/hold with unity gain has specified 
accuracy of 12 bits (ie, gain error in sampling 
mode=O.Ol% of'reading). In sampling mode 
this simple S/H exhibits a single-pole trans­
fer function and a 20V pop -3 dB bandwidth 
of 500 kHz. If you want to sample a 20V pop 
sine wave to 12-bit accuracy, what approxi­
mate maximum frequency can you input and 
still maintain that accuracy? 
a. 50 Hz 
b. 100 Hz 
c. 7.1 kHz 
d. 14.14 kHz. 

11. Here's a quickie question to complete the 
quiz: Of the four S/H specs listed below, 
what is (are) the most commonly omitted 
parameter(s) on manufacturers' data sheets? 
a. Sample-to-hold offset error 
b. Hold-mode settling time 
c. Output I\oise, hold mode 
d. Output offset voltage drift. 0 
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Presenting the answers 
to our quiz on sample/holds 

Confused? If not, you're an industry expert. Take this opportunity to 
learn some important facts about these deceivingly complicated devices. 

ANSWERS 

1. a, d 4. d B. b 
2. c 5. b 9. c 
3A. d 6. a 10. c 
3B. b 7. c 11. b, c 

This quiz should have given your knowledge of 
S/H's a real workout. In fact, it should have been 
difficult-you learn much more from tough 
exams. Here's how to score yourself (count 3A 
and 38 separately): 

11-12 Send your resume to the authors 
9-10 Take over your design department 
7-6 Collect one "attaboy!" 
5-6 Average 
3-4 Read up before doing any S/H designs 
1-2 Don't let your boss see this. 

Now for a more detailed discussion of the 
answers. 
1. Generally, a and d work best. Although all 
sample/hold circuits contribute slight errors, 
open-loop-follower types don't exhibit large 
hold-to-sample transients (spikes) that generally 
occur on closed-loop types. And although spiking 
might not matter for large changes, it becomes 
extremely important in D/A deglitcher applica­
tions where you sequentially increase D/A digital 
inputs to generate an analog ramp.' In this 
application, the sample/hold samples only 1-lSB 
changes from input to output, and even in this 
case the closed-loop types of band c generate 
large hold-to-sample spikes (as high as 7V), 
possibly worse than the D/A glitches that the S/H 
tries to eliminate. Because it keeps its loop open 
during hold, a closed-loop circuit must entirely 
reacquire the input in sample mode, even with 
unchanged inputs. Usually this process results in 

a spike; however, the closed-loop transconduc­
tance integrator of Fig 1d won't exhibit large 
hold-to-sample spikes. 
2. The sampling output settling time (ie, keep­
ing the unit in sample mode and observing the 
output for a 10V step input) depends on the signal 
going through three separate single-pole stages: 
the input buffer, the RC network composed of 
ON switch resistance and hold capacitor, and the 
output follower. On the other hand, when 
coming out of a hold state back into sample 
mode, the acquisition time required for the 
output to track the slow (20 Hz) sine wave 
diminishes because the input buffer already 
tracks the sine wave on its output. You can use 
the square root of the sum of squares formula as a 
first approximation for calculating the settling 
time of such cascaded single-pole circuits. The 
RC time constant of the switch-and-hold capaci­
tor equals 10 nsec, and its settling time takes 
seven time constants-70 nsec-to reach 0.1% of 
its final value. 

Thus, sampling output settling time is 

V400' + 70' + 400' = 570 nsec, 

and the output acquisition time is 

V70' + 400' = 406 nsec. 

3A. With CH=2000 pF, the sample-to-hold offset 
error=5 mV and the droop rate=12.5 mV/sec, 
because both specs vary inversely with CH. Droop 
dV/dt equals itCH where i represents the current 
leakage through the hold capacitor (the sum of 
output-amplifier bias current and switch leakage 
current). The sample-to-hold offset error consists 
of the step error that occurs at the initialization of 
the hold mode generated by dumping charge into 
the hold capacitor. Because droop dV/dt=i/CH 
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and sample/hold offset error=Q/C, if you in­
crease CH.by a factor of 20, both droop and offset 
decrease by 20. 
3B. This question is slightly deceptive. The true 
definition of input acquisition time is the time 
necessary, in sample mode, for the hold capacitor 
to acquire a step voltage. If CH=100 pF as in the 
initial problem circuit, the time constant RC=10 
nsec and 7RC=70 nsec. The input amplifier settles 
in 400 nsec, and, as before, input acquisition time 
is 

V 400' + 70' = 406 nsec. 

For CH =2000 pF, 7RC=1400 nsec, and input 
acquisition time is 

V 400' + 1400' = 1. 46 ILsec. 

4. The maximum allowable signal change on the 
input of the A/D is 

( lOV) (0.5) 2" = 1.22 mY, 

and maximum allowable slew rate equals 

1.22 mV = 61VI 
20 ILsec sec. 

This value also represents the maximum allowa­
ble droop rate for the sample/hold. Because the 
5/H uses FET switches, the droop rate doubles 
every 10°C. Taking this into consideration, apply 
the following formula: 

61 Vlsec = 59.5 mV x 2' aT/we) 
sec 

And because aT=100°C, Tmax=125°C. 
5. A major error source in sample/holds with 
finite sample time periods comes from the 
storage capacitor's dielectric-absorption charac­
teristic. Teflon exhibits the lowest dielectric­
absorption property at 125°C and thus makes the 
best choice. This characteristic, also called dielec­
tric hysteresis, determines the length of time a 
capacitor requires to discharge; a high 
dielectric-absorption value means that the capaci­
tor won't react to sudden step changes in storage 
charge and also that high temperatures can cause 
extremely high sampling errors. The nearby table 
lists breakdown characteristics of commonly used 
capacitor types. 
6. A sample/hold amplifier, actually a form of 
analog memory, ideally stores (in hold mode) an 

CAPACITOR BREAKDOWN CHARACTERISTICS 
TYPE TEMPERATURE RANGE DIELECTRIC ABSORPTION 
CERAMIC 
POLYSTYRENE 
POLYPROPYLENE 
TEFLON 

UNACCEPTABLE 
TO 85°C 
TO 100°C 
TO 125°C 

0.01-0.02% 
0,01-0.02% 
0.03-0.09% 
0.01% 

instantaneous voltage (sample value) at a desired 
instant in time. The constraint on this time is 
aperture uncertainty. To compute the error (for 
sin'usoidal waveforms), you must observe the 
following formula: 

E = (~~)T 

where E=voltage error or change, dV/dt=signal 
slew rate and T=aperture time. During time T, 
the maximum allowable change on the input 
of the sample/hold equals (0.01% x20V)=2 mY. 
Also note that for sinusoidal waveforms, the 
maximum slew rate occurs at zero crossings. 

Any sinusoidal input signal follows the form 

Yin = Vsin(27rft), 

and in this case E=10V for a 20V p-p signal. Taking 
the first derivative, which represents slew rate, 
find 

dV dt = (27rf)V cos(27rft). 

Then you know that zero crossings occur at 

n 
t = 2f (n = 1, 2, 3 ... ). 

Thus, 

dV = (27rN)dt. 

To find the maximum allowable input frequency, 
use this equation and solve for f: 

2mV = 27rf(10V)(32 nsec) 

f = 0.995 kHz. 

7. Find the answer in the same manner as in the 
previous question, but here the key lies in 
knowing how to use the 10-nsec value in relation 
to this circuit. 
You know that 

E=(~~)T 



where 

~~ = (2?T)(30 x 103)(10) 

= 1.8 x 10'V/sec. 

But because T=10x10·9 sec, E=18 mV; converting 
the value, you find that 

1.8 mV 
Error = 20\1 = 0.9 X 10-3 = 0.09% FS range. 

Aperture uncertainty is the variance of the 
aperture time, the uncertainty in the time inter­
val. This parameter varies from unit to unit and 
typically ranges from 0.5 to 10 nsec. In this 
question, you see that aperture uncertainty 
becomes very important to consider in simultane­
ous 51H applications. This approach gives you a 
better grasp of worst-case errors. To conclude, 
aperture time' is an important parameter to 
consider when sampling one channel with a 
fast-changing signal, and aperture uncertainty 
becomes important when performing simultane­
ous sample-holds. 
8. 5.ettling time and acquisition time tend to 
assume the same value because the output as well 
as the input controls the charge on the hold 
capacitor for closed-loop circuits. 
9. Extremely good accuracy, slow acquisition 
time and low droop rate best describe the 
characteristics of closed loop integrating-type 51H 
circuits. High tracking accuracy results from a 
configuration that acts like one amplifier during 
the sampling time. Also, because an integrator is 
used, the samplelhold switch operates at ground 
potential, eliminating leakage problems through 
the feedback hold capacitor and thus reducing 
the droop rate ilC. 
10. A single-pole transfer function with gain=1 
and a -3 dB BW=SOO kHz has the inputloutput 
relationship 

V(out) 
V(in) = 

To maintain 12-bit (0.01%) accuracy, V(out)1 
V(in), or gain, should not degrade more than 
(1-0.01%)=0.9999. Thus, 

1 oS 0.9999, 

+ i(s /10') 
or f, the maximum sampling frequency, should 
not exceed 7071.6 Hz. 
11. Data sheets will most likely omit band c. 
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Generally, the POp output noise in hold mode 
runs well below the specified linearity of the 
particular samplelhold, and its omission usually 
causes few problems. But this noise could cause 
slight linearity problems if you input its signal into 
an AID. A more important missing sample/hold 
specification, hold-mode settling time, is defined 
as the time for the output to settle to the 
samplelhold accuracy after being given the logic 
command to switch into hold mode. This hold­
mode settling time could cause annoyances in 
DIA deglitcher (display) applications, but bigger 
headaches can result if you use the sample/hold 
with an AID converter. Here, if you begin the 
conversion process (AID clocking) before the 
sample-to-hold transient has settled to the LSB 
level, you run the risk of getting bad codes, 
especially noticeable at the half-scale level for 
successive-approximation-type A/D's and at 
lower voltages for counter-comparator types. The 
hold-mode settling time can run as high as 1 ,,"sec 
for the slower closed-loop-type S/H's, while it 
usually runs only tens of nanoseconds for high­
speed SIH's. 0 
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High-speed op amps-
they're in a class by themselves 
The same special characteristics that make fast op amps useful in 
difficult applications can also create problems for unwary designers. 

Gene Zuch and Jim Knitter, Datel Systems, Inc. 
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Fast operational amplifiers are not like other op 
amps. In addition to good dc characteristics such 
as high open-loop dc gain, low bias currents and 
low input offset drift, fast op amps have specially 
designed ac characteristics that come into play at 
high frequencies. Proper application of these 
amplifiers involves the selection of gain­
bandwidth product, slew rate, settling time and 
output current. In addition, you must pay particu­
lar attention to many small circuit details like 
power-supply bypassing, proper routing of 
grounds, short lead lengths and minimization of 
stray capacitance. Poor design practice invariably 
produces an oscillator instead of a high-speed 
amplifier. 

z 1k 
~ 

lUO MHI 

You can't ignore op-amp characteristics 
Operational amplifiers offer designers one 

fundamental attraction: The characteristics of the 
closed-loop feedback circuit are determined 
almost exclusively by external circuit elements 
rather than by the op amp itself. Precise control of 
gain, offset, linearity, temperature stability, etc., 
in amplifier design itself thus reduces the user's 
task to the proper selection of the passive circuit 
components used around the op amp. Unfortu­
nately, this simple relatio(lship in general doesn't 
hold true for high-speed op amps: They're more 
difficult to handle than their low-frequency 
counterparts, and a detailed knowledge of their 
characteristics becomes essential: 

Open-loop gain and bandwidtlt-Refer to Fig. 
1's gain-frequency (Bode) plot. The open-loop 

" 100 

10 

10 00 1k 10k lOOk 1M 

FREQUENCY (Hz) 
BREAK DUE TO 
HIGH·FREQUENCY 
POLE 

Fig. I-Well designed high-speed op amp. have a smooth 20 
dB/decade roll-off. Additional amplifier poles should not 
occur until well beyond fT _ 

gain must be very high in a fast operational 
amplifier to reduce errors at the device's sum­
ming junction. Open-loop gain typically runs 
between 105 and 10" V/V in a good quality, 
high-speed op amp. As illustrated, the gain is flat 
from dc out to a corner frequency (100 Hz in this 
case); then it decreases with increasing frequen­
cy. For well-designed amplifiers, gain decreases 
at a fixed rate of 20 dB/decade of frequency, a 
roll-off rate that assures stable closed-loop opera­
tion and also produces the best settling-time 
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performance. 
The gain-frequency plot crosses the gain-of­

one axis at unity gain frequency, fT' This frequen­
cy should be as large as possible for a wide-band­
width amplifier; 100 MHz is common. Along the 
20 dB/decade slope of the gain roil-off, the 
product of gain and frequency remains constant 
and equal to fT' Therefore, the value of fT is 
frequently referred to as the gain-bandwidth 
product of the amplifier. 

Smooth roll-off is generally maintained out 
beyond fT for most fast amplifiers. Another 
op-amp pole usually occurs at a higherfrequency 
as a result of a non ideal amplifier circuit, but if 
this frequency is considerably greater than the 
circuit's closed-loop bandwidth, the extraneous 
pole will have very little effect on high-frequency 
performance. 

Slew rate-The ability of a high-speed op amp 
to reproduce fast, large signal outputs depends 
primarily on its specified slew rate, the maximum 
rate at which the output can change, expressed in 

Today's fast op amps ARE fast 
Modular op amps introduced in the late 
1960's featured settling times as low as 1 
jLsec to 0.01%, and they quickly became 
popular in 12-bit data-acquisition systems. 
Early in the 1970's, ultrafast modules became 
available, boasting even faster settling times, 
100 MHz gain-bandwidth products and 1000 
V/jLsec slew rates. More recently, hybrid 
units have achieved such performance lev­
els, as shown below. 

BASIC CHARACTERISTICS OF A TYPICAL HIGH· 
SPEED OP AMP (AM·500) 

DC OPEN·LOOP GAIN ......... 106 V/V 

GAIN·BANDWIDTH PRODUCT .... 130 MHz 

SLEW RATE ................ 1000 V/I'SEC 

FULL POWER FREQUENCY 
(20V p.p) """"""" 16 MHz 

SETTLING TIME, 10V TO 1 % .... 70 nSEC 

SETTLING TIME, 10V TO 0.1% ... 100 nSEC 

SETTLING TIME, 10V TO 0.01% .. 200 nSEC 

INPUT OFFSET DRIFT .•....... 11'VtC 

OUTPUT VOLTAGE .......... ±10V 

OUTPUT CURRENT ........... ±50 mA 

OVERSHOOT 

01£...-----' 
!-.-SETTLING ---J 
1-- TIME ' I 

FINAL VALUE _____ l_ 

TIME 

Fig. 2-Slewing time must be included in settling~time 
measurements. 

V/fJ-sec. When the output must respond to a 
step-input change, slew-rate limitation causes a 
longer large-signal settling time than you might 
expect from the bandwidth characteristics alone. 
Slew rates of modern high-speed op amps equal 
or exceed 1000 V/fJ-sec. 

Settling time-In servo theory this term speci­
fies the maximum time required to achieve an 
accuracy of 5% or so after a step input is applied 
to the servo. With regard to op amps, it refers to 
the time required for much greater accuracies, 
typically 0.1% to 0.01% of F.S., and is best 
defined as follows: 

"Settling time is the elapsed time from the 
application of a step input to an amplifier to the 
instant when the output has entered into and 
remained within a specified error band around its 
final value." Note that settling time must be 
specified with both the error band and the 
magnitude of the step change given. Almost all 
cases specify a F.S. output change of 10V. 

Fig. 2 illustrates a typical settling response for a 
high-speed op amp. Usually the amplifier's out­
put first goes into slew-rate limit, overshoots its 
final value, then enters the specified error band 
and remains there until it reaches the final 
steady-state level. (One word of caution: Mea­
sure settling time from t=O, the instant that the 
input step was applied. Some manufacturers play 
"specmanship" games and fail to include the 
amplifier slewing time in their measurements.) 

You can't predict amplifier settling time from 
bandwidth and slew-rate specifications alone: It's 
a measured, as well as designed-in, parameter. 
You can usually tell an op amp specifically 
designed for fast settling time from one that's 
not: The former's settling-time spec will be fairly 
predictable from bandwidth and slew-rate con­
siderations; the latter's won't. 
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Fig_ ~The summing jundion is NOT ~ virtual ground in high 
speed op-amp applications. Thus the amplifier must be 
designed with a large input dynamic range (lDR), or distortion, 
limiting or clipping will result. 

Low output impedance and high output 
current-High-speed operational amplifiers al­
most always are designed to give low output 
impedance and relatively high output current. 
low output impedance proves critical to stability 
for driving capacitive loads, while high output 
current (20 to 100 mAl is required for both driving 
capacitive loads at high speed (I=Cdv/dt) and for 
driving relatively low-value feedback and load 
resistors. (Good high-frequency design practice 
keeps all impedances as low as possible to cut 
phase shifts from parasitic capacitances.) 

Why is input dynamic range imporlantl 
Fig. 3 shows a simple, high speed op-amp 

circuit with an inverting gain of 2 to illustrate an 
important device characteristic. The signal input 
is a 10V pop sine wave at 10 MHz; the output, an 
inverted 20V pop sinusoid. If we assume that the 
amplifier has the Bode plot shown in Fig. 1, then 
its open-loop gain at 10 MHz is 10. So for a 20V 
pop output, the voltage at the op amp's summing 
junction must be 2V pop. This is a rather large 
signal; in fact, most general-purpose op amps 
couldn't handle such a high level without distort­
ing, limiting and/or clipping. Therefore, high­
speed op amps must possess a large input 
dynamic range; Le., significant peak-to-peak 
voltag~s applied directly across the device's input 
terminals must not cause the output to slew-rate 
limit or distort. Calculation of a high-speed op 
amp's input dynamic range is straightforward (see 
box at right). 

Knowing the input dynamic range of an opera­
tional amplifier can help you determine how to 
best utilize the device while carefully avoiding 
slew-rate limitation problems. For instance, Fig. 4 
shows an op amp connected as a unity-gain 
inverter. If we assume that this device has an 
input dynamic range of ±1.23V (as calculated in 
the box), then the circuit can reproduce a 4.92V 
input step as a -4.92V output step without 
slew-rate limiting. (Observe that the 4.92V input 

V,.o-_M_-1>---I 

4.92V'L 

Fig. 4--Staying within an amplifier's lOR avoids slew-rate 
limitation problems and produces a smooth output response. 

step appears at the summing junction divided by 
a factor of two by the two equal-value resistors.) 

To further appreciate the significance of input 
dynamic range, you must understand that within 
this input range the op amp's output rate of 
change is in direct proportion to the input 
voltage. Therefore, the output can make a large 
voltage transition in the time required to make a 
small voltage transition. Fig. 5 illustrates three 

lOR is a function of SR and GB 
The input dynamic range (IDR) of a high­
speed op amp is related to the unit's slew 
rate (or full-power frequency) and its gain­
bandwidth product. To compute IDR, as­
sume that the output is at its full power 
frequency and amplitude (Le., it's produc­
ing the largest and fastest output possible 
without distortion), then calculate the 
open-loop gain at this frequency, and finally 
plug these values in the following formulae 

IDR= (V •• x FPF)/GB 
where V •• =peak-to-peak full-power volt­
age, FPF=full-power frequency and 
GB=gain-bandwidth product. 

If the full-power frequency is not known, 
you can use an alternate equation: 

IDR= V •• x SR/(201TGB) 
where SR=slew rate. 
EXAMPLE 

What is the input dynamic range of the 
amplifier described in the previous box (the 
AM-SOO)? 

IDR=(20X16 MHz)/130 MHz = 2.46V pop 
(or ±1.23V). 

Thus, within an input range of ±1.23V, the op 
amp won't go into slew-rate limitation. 

191 
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Fig. 5-Rise times for pulses of varying heights remain 
constant as long as you observe IDR limits. 

values of output steps for a fast op amp. Output 
steps 1 and 2 have identical rise times; since they 
lie within the lOR, they aren't slew-rate limited. 
Because Output 3 is generated outside the lOR, 
however, slew-rate limiting occurs, and the 
output takes considerably longer to reach its final 
value. Further, the waveform exhibits some 
overshoot, a common problem under slew-rate 
limit conditions. 

It's no trivial task to design an op-amp input 
circuit that has good dc characteristics, plus good 
input dynamic range, plus the response needed 
to avoid slew-rate limiting. One approach com­
bines the low-drift characteristics of a bipolar 
input op amp with the excellent lOR of an FET in a 
fast-feedforward design (Fig. 6). This circuit 
produces very wide bandwidth, high slew rate 
and fast settling time. It also provides extremely 
high open-loop gain and very low input offset­
voltage drift (typically 1 iJ.VrC). 

Fig. ~fast-feedforward amplifier design combines a low­
drift,. bipolar Ie op amp with an FET feedforward stage to 
produce excellent de and ac characteristics. 

Your choice should start with bandwidth 
When you select a high-speed operational 

amplifier, first determine your application's band­
width requirement. The minimum closed-loop 
bandwidth is a function of both the op amp's 

gain-bandwidth product and its noise gain in the 
application. "Noise gain" is defined as the gain of 
the closed-loop amplifier to voltage noise or to 
any other signal inserted in series with one of the 
amplifier inputs (Fig. 7). 

V'N 

VOLTAGE NOISE 
OR OTHER 
VOLTAGE SOURCE 

.R 

.R 
NOISE GAIN'" 1 +If'= t + a 

Fig. 7-Noise gain and signal gain differ. In an inverting circuit 
the noise gain equals the signal gain plus one. 

The noise gain drawn on the Bode plot of an op 
amp determines the -3 dB closed-loop band­
width. In Fig. 8, for example, closed-loop gain 
equals 99, giving a noise gain of (1 +a) or 100. 
When plotted on the diagram, this noise gain 
gives a closed-loop 3 dB bandwidth of 1 MHz for 
the 100 MHz gain-bandwidth amplifier illustrated. 

(Note that for the common unity-gain inverting 
amplifier, the noise gain is 2; therefore the 
closed-loop bandwidth of such a circuit built with 
a 100 MHz op amp would equal 50 MHz, not 100 
MHz.) 

A single pole simplifies response calculations ... 
If an op amp has a true single-pole response (as 

many do), you can calculate its step response for 
the closed-loop circuit by the expression: 

Eon=aEI' (1-e -21o-f.,./(1+al) 

and the output error is then 
E = e -hf,/(1+al 
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Fig. 8-lf the op amp exhibits a single~pole response, you can 
compute its settling time from frequency and noise-gain data. 
This approach works best at high noise gains. 
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Fig. 9-0utput error decreases predictably as a function of the 
number of time constants when the op-amp circuit exhibits a 
single-pole response. 

From the latter equation you can readily 
compute the settling time to various accuracies. 
For greatest convenience, perform this computa­
tion in terms of the time constant T = (a+1)/21TfT , 

where a is the closed-loop gain. The amplifier 
configuration of Fig. 8, for instance, has a time 
constant (T) of 159 nsec. 

Fig. 9 shows the number of time constants 
necessary to reach a given error, assuming a 
single-pole response. Thus, the amplifier config­
uration of Fig. 8 would take nine time constants or 
1.44 J.Lsec to settle to 0.01 % . If the same amplifier 
(GB=100 MHz) were connected as a unity-gain 
inverter, its closed-loop bandwidth would equal 
50 MHz, giving T =3.2 nsec and a settling time to 
0.01 % of 28.8 nsec. 

Using the ideal single-pole response with no 
slew-rate limiting to determine settling is a valid 
approach. At worst it gives a first approximation 
of the settling time, and this approximation gets 
closer at high noise gains. Given an op amp 
designed and specified for fast settling, you can 
obtain an even closer approximation by adding to 
the computed settling time that estimated extra 
time required to slew to the final voltage. 

... but multiple poles often occur 
In some cases the op-amp circuit is not really a 

single-pole system. Fig. 10 shows three typical 
situations that add a second pole to the circuit. C, 
represents the input capacitance of the amplifier 
plus any stray capacitance from the summing 
junction to ground, as well as (where applicable) 
the output capacitance of the device driving the 
op amp. C, combines with resistances Rand aR to 
produce a pole located at -aRC,/(a+1) on the real 
axis of the s-plane. The finite output resistance of 
the amplifier, Ro, and load resistance R" com-
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Fig. 10--Three sources of extraneous poles appear in this 
diagram: input capacitance, load capacitance and the op amp 
itself. C2 compensates for output ringing and is best chosen 
via experiments with the actual circuit components and 
layout. 

bined with output capacitance CL can add another 
pole located at -RoRLCL/(Ro+RL). And the op amp 
itself can add a third extraneous pole if it has an 
extraneous high-frequency pole in its response as 
noted. 

In general, one of these "extra" poles will be 
dominant; i.e., closer in frequency to the amplifi­
er's unity-gain frequency than the others. This 
dominant pole, of course, converts our first­
order system into a second-order one and brings 
up the possibility of complex conjugate poles that 
produce ringing. 

When ringing occurs, the amplifier must be 
compensated by a feedback capacitor (Fig. 10). 
You can determine experimentally the optimum 
value for this compensation capacitor by observ­
ing the step response and adjusting a trimmer to 
eliminate the ringing. Normally you want a 
damping ratio of one, but in some applications 
you may actually prefer a small amount of 
overshoot. 

Calculations reveal that if the frequency of the 
second pole is at least 4x the op amp's closed­
loop bandwidth, the damping ratio will equal or 
exceed one, and overshoot won't occur. Since 
often you can quickly approximate the frequency 
of the extraneous pole, you can use this reilltion­
ship to predict ringing in the circuit. 

In the common situation where input capaci­
tance C, causes the second pole, a good starting 
value for compensation capacitor C, is C,=C,/a. 
Increase C, as necessary above this value to 
achieve a damping ratio of one. (The other two 
possible extraneous poles, even when they don't 
dominate, may still add some phase lag to the 
amplifier. This possibility explains the somewhat 
higher value of C, often needed to give the 
required compensation.) 
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Success is just a design tip away 
We conclude our discussion by offering six 

brief, but important, hints on applying high­
speed op amps: 

• Keep all component leads as short as 
possible, particularly at the summing junc­
tion. Also, diligently strive to keep stray 
capacitance at the summing junction to an 
absolute minimum. 
Separate signal grounds from power 
grounds, connecting them only at one 
common physical point. 

• If you must locate the source or load some 
distance from the op amp, use properly 
terminated coaxial cable for best response. 

• If you mount the op amp on a pc board, 
incorporate a ground plane into the board's 
design for best performance. 

• Make the input and feedback resistors as 
small as possible consistent with input­
source drive capability and amplifier-output 
drive capability. A value in the range of 500 
to 10000 is commonly used for the input 
resistor. 

• Use good power-supply bypass capacitors 
and connect them right at the amplifier 
power-supply pins. We recommend tanta­
lum Capacitors in parallel with ceramics. 0 
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Unity-gain buffer amplifier 
is ultrafast 
by James B. Knitter and Eugene L. luch 
Datel Systems Inc., Canton, Mass. 

Applications where transmission-line drivers, active 
voltage probes, or buffers for ultrahigh-speed analog-to­
digital converters are needed can use a stable buffer 
amplifier capable of driving a relatively low-resistance, 
moderate-capacitance load over a wide range of frequen­
cies. The circuit shown in (a) fulfills these requirements. 
With a bandwidth of 300 megahertz, it exhibits no 
peaking of its response curve, having a gain of virtually I 
(0.995) under no-load conditions and 0.; under a 
maximum load of 90 ohms. 

The circuit is a variation on a basic emitter-follower 
network, which is inherently capable of wideband 
performance. However, no feedback loops are needed 
anywhere within the circuit to boost the gain at the high 
frequencies, and dispensing with them contributes to the 
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Wid.band butler. Emitter-follower configuration yields unity gain 
from dc to 300 megahertz. Absence of feedback in circuit 
contributes to buffer stability. Use of matched npn-pnp transistor 
pairs ensures almost perfect input/output signal tracking (a). 
Component layout is critical for circuit stability (b). 

directly wired as possible. One-eighth-watt resistors are 
used throughout and are soldered to the transistor leads 
as close as possible to the case. For clarity, not all 
components are shown. For coupling to or from the 
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stability of the circuit. Also, using two matched npn-pnp 
transistor pairs ensures close tracking between input and 
output voltages (a task normally addressed by suitable 
feedback circuitry) as well as low offset-voltage drift 
(20 microvolts/°C). 

The complementary-transistor pairs are 2N4854s 
wired for active current sourcing and sinking so that 
bipolar input signals can be processed. Each transistor 
has a typical (3 of 100. With the npn and pnp input-bias 
currents tending to cancel each other, the resultant 
input-bias current of the amplifier is ± 5 microamperes. 

Layout is critical to the stability of the circuit. The 
buffer should be constructed as shown in (b). The two 
transistor pairs are mounted close together, in holes 
drilled in a copper-clad circuit board as shown. The 
flanges on the TO-99 cases encapsulating the 2N485s 
should be soldered to the copper, which serves as a 
ground plane. The collector of each transistor must be 
bypassed by a D.I-microfarad ceramic-chip capacitor 
mounted close to the transistor. This is done by standing 
the capacitors on end, with the bottom contact lead 
soldered to the ground plane and the top contact lead 
soldered to the collector. 

All leads must be less than '/' inch in length and be as 

MINIATURE CERAMIC 
CAPACITORS r-...;; .... ~ .... .,....---....., 

Ib) 

·,NPUT 

COPPER 
GROUNO 
PLANE 

OUTPUT 

CHARACTERISTICS OF UNITY GAIN BUFFER 

Input impedance 

Input bias current 

I nput capacitance 

Input/output voltage range 

Output offset-voltage drift 

Output impedance 

Load resistance 

Gain, no loa~ 

Bandwidth, -3 dB 

Power supply, quiescent 

Power consumptiQn 

500 kilohms (de) 

±5p.A 

16 pF max 

±3 V 

100hms 

90 ohms max 

+0.995 

300 MHz 

±15 V de at 1.5 rnA 
± 5Vdcat4.5rnA 

90mW 

amplifier, subminiature radio-frequency connectors can 
be mounted at the input and output ports of the buffer. 

Typical characteristics of the unity-gain buffer circuit 
are listed in the table. D 
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Voltage to frequency converters 
Eugene L. Zuch, Product Marketing Manager, Datel Systems, Inc., Canton, MA 

Voltage-to-frequency converters in 
recent years have become quite 
popular due to their low cost and 
application versatility in a variety of 
electronic control and measurement 
systems. Getting down to basic 
definitions, a voltage-to-frequency 
(V IF) converter is an electronic 
circuit that converts an input 
voltage into a train of digital output 
pulses at a rate that is directly 
proportional to the input, 

A V IF converter with its transfer 
function is illustrated in Fig. I. An 
important characteristic of the 
transfer function is its high degree 
of linearity; that is, the relationship 
of input voltage to output pulse rate 
is very nearly a straight line 
function. Another important charac­
teristic is that the output pulses are 
at levels that directly interface with 
standard digital logic circuits such 
as DTL, TTL and CMOS. 

Not many years ago, V/F 
converters were infrequently used 
rack-mounted instruments, both 
bulky and expensive. About five 
years ago they first became 
available as low-cost modular 
devices that were easy to use and 
had excellent linearity and stability 
characteristics. As a result, the 
application of V IF converters 
increased rapidly, 

A more recent development has 
been the introduction of monolithic 
V IF converters: miniature low-cost 
devices. Fig. 2 shows examples of 
both modular and monolithic high­
performance V IF converters. 
How and why V IF converters are 
used 

The important feature of V IF 
converters is that they convert 
analog signals into digital form: a 
train of serial pulses, Since the 
output data is in digital form, 
generally at TTL compatible voltage 
levels, the analog input has been 
converted into a noise-immune 

output that can be transmitted over 
considerable distances. The trans­
mission can be accomplished by a 
twisted pair cable or coaxial cable. 

Fig. 3 illustrates a common 
application of V IF converters where 
the output of a transducer is locally 
amplified and then converted to a 
digital pulse train by the V IF. This 
pulse train is sent to a central 
location where the data is recorded 
and processed. In Fig, 3(a) the 
pulses are counted over a fixed 
period of time by a digital counter. 
The output can then be converted t~ 
hard copy by a digital printer, Fig, 

3(b) shows the analog data recon­
structed by the use of a frequency­
to-voltage (F/V) converter. Back in 
analog form, the data can be 
recorded on an analog chart 
recorder. 

A common application is to 
transmit temperature or pressure 
data from an industrial process in 
this manner. The only restriction on 
the analog data to be transmitted is 
that it not change too rapidly for the 
V/F converter to follow. 
V IF as an AID converter 

A V IF converter is actually the 
front end of an analog-to-digital 

(AID) converter, AID converters 
change an analog input voltage into 
an equivalent parallel digital output 
code word for computer processing. 
Since a V IF converter changes the 
analog input into a train of pulses, it 
is only necessary to convert the 
pulse train into a parallel digital 
code word. This is done by counting 
the pulses for a fixed period of time, 
as illustrated in Fig, 4. 

Fig. 4 shows a complete AID 
converter with a V IF converter as 
the analog front end, Following the 
V IF is a NAND gate controlled by a 
precision timer which gates the 
pulses through to a counter. The 
counter counts the pulses until the 
timer turns them off at the gate and 
then holds the output as a parallel 
digital word. As with other AID 
converters, a trigger pulse initiates a 
conversion by triggering the timer 
and resetting the counter to zero, 

The timer circuit must generate a 
precise, stable timing pulse to 
control the count. For example, if 
the V IF converter has a full-scale 
pulse rate of 10 KHz and the timer 
circuit is set to produce a precise 
0.4096-second pulse, then the full 
scale output of the counter is 4096 
counts: equivalent to 12 bits (2") 
binary resolution. The circuit of Fig. 
4 is then that of a complete 12-bit 
AID converter, 

With a good quality V IF convert­
er, this circuit will match the 
performance of many commercial 
12-bit AID converters. Its only 
disadvantage is a relatively slow 
conversion time of 0.41 second. 
Nevertheless, in many control and 
measurement applications this 
speed is sufficient and the circuit 
has the additional advantage of 
excellent noise rejection at the input 
by virtue of its O.4I-second signal 
averaging time, 

To obtain faster conversion times 
one must use faster V IF converters 
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at the analog input. V IF converters 
today are available in a number of 
full-scale frequency ranges with 10 
KHz and 100 KHz being the most 
popular; but there are also V IF's 
with I MHz and up to 10 MHz 
outputs available. If, for example, a 
I-MHz VIF converter were used in 
the circuit of Fig. 4, then a 12-bit 
conversion could be done in just 
4.096 msec, or 100 times faster than 
with a 100KHz VIF converter. 

The AID converter circuit shown 
in Fig. 4 is called a charge­
balancing, or quantized feedback, 
AID converter, since this is the 
circuit technique employed in the 
V IF converter. This type of AID 
converter falls into the general class 
of integrating AID converters, 
which includes methods known as 
single-slope, dual-slope, and triple­
slope AID converters. 

Integrating AID converters are all 
relatively slow devices but have two 
important characteristics. First, 
they integrate input noise to give a 
relatively noise immune conversion. 
Second, the linearity curve for these 
converters is a smooth one with 
slight curvature. This curvature, 
illustrated in Fig. 5, is the 
nonlinearity of the converter and is 
the maximum deviation from a 
straight line, expressed in percent. 
How V IF converters work 

The charge-balancing, or quan­
tized feedback, technique used to 

Fig. 1. Ideal V IF converter 
and transfer function. Fo ---------------
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Fig. 3. Using V IF converters 
for remote data transmission. 

make a VIF converter is shown in 
Fig. 6. This is a unique method of 
realizing voltage to pulse rate 
conversion with a very high degree 
of linearity. The circuit consists of 
an operational integrator with a 
pulse generating feedback loop 
around it. 

+%FS +FS 

VOLTAGE IN 

The circuit operates as follows. A 
positive input voltage causes a 
current to flow into the operational 
integrator through R,. This current 
is integrated by the amplifier and 
capacitor to produce a negative­
going ramp at the output. When the 
ramp crosses the comparator 
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Fig. 4. The V IF converter used as an AID converter. 



threshold voltage at ground, the 
comparator output changes state 
and causes a pulse timing circuit to 
generate a narrow voltage pulse. 

This pulse controls switch S" 
which switches from ground to a 
negative reference voltage for the 
duration of the pulse. During this 
time a narrow pulse of current flows 
out of the integrator through R2 . 

This current pulse is also integrated 
by the operational integrator, and 
causes a rapid ramp up in the output 
voltage for the duration of the pulse. 
This process is then repeated, 
creating a sequence of pulses that 
are also buffered as the output of 
the V IF converter. 

A higher input voltage to the 
charge-balancing circuit causes the 
integrator to ramp down faster, 
thereby generating pulses at a higher 
rate from the pulse timer circuit. 
Likewise, a lower input voltage 
causes the integrator to ramp down 
slower and generates pulses at a 
lower rate than before. 

The term "charge-balancing" is 
appropriate since the feedback loop, 
which is closed around the integra­
tor, causes an average of the current 
pulses (through R2)' Each current 
pulse through R2 is a fixed charge of 
value: VREF 

Q=,,-x r=r!, 

where r is the width of the pulse. 
"Quantized feedback" is a term 

that describes the feedback around 
the integrator, which is in the form 
of quantized current pulses rather 
than a continuous current. The 
linearity, and hence accuracy, of the 
V IF converter circuit depends on 
both the linearity of the integrator, 
the constant width of the pulses 
generated, and on the switching 
characteristic of S,. 
Calibrating a V IF converter 

In applying V/F converters, 
optimum accuracy in a given 
application is desired. This is 
achieved by properly calibrating the 
converter for both zero and gain in 
the given application. Fig. 7 shows 
the connections required for a 
monolithic V IF converter. This 
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device requires a bias resistor, compensating capacitors. It has 
output pull-up resistor, and two provision for both an external zero 
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Fig. 5. Nonlinearity of charge-balancing AID converter. 
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Fig. 6. Charge-balancing V/F converter circuit. 
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Fig. 7, Calibration of low-cost monolithic V IF converter. 
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adjustment and external gain adjust­
ment. The connection shown is for a 
IO-KHz full-scale output frequency 
with a + IOV full-scale input. 

To calibrate this V/F converter, a 
precision voltage reference source 
and a frequency counter are 
required. Set the counter for a 
one-second time base and the 
precision voltage source to +O.OIV 
and adjust the zero trimming pot to 
give an output frequency of 10 Hz. 
Then set the precision voltage 
source to + 10.000V and adjust the 
gain trimming potentiometer to give 
an output frequency of 10,000 Hz. 
Proper zero and gain calibration 
results in optimum accuracy by 
eliminating zero and gain errors, 
leaving only the nonlinearity. 
Some applic:ations of V IF converters 
REMOTE TRANSDUCER READ­
OUT IN A HIGH NOISE ENVI­
RONMENT 

Fig. 8 shows a V IF converter 
located at a transducer site. Because 
of the high electrical noise environ­
ment, a differential line driver and 
receiver are used to transmit the 
pulse data over a twisted pair line. 
At the readout location is a gate, 
timer and counter. In this case a 
BCD counter is used, which goes to 
a driver and then an LED decimal 
display. If the timer is set to 
generate pulses at desired intervals, 
then the display is automatically 
updated. 
INTEGRATING A REMOTE 
TRANSDUCER OUTPUT 

A most useful application of a 
V IF converter is as a zero drift 
digital integrator. Fig. 9 shows a V IF 
converter that transmits a fluid flow 
rate in digital form. In this 
application there is a difference in 
ground potentials between the 
remote location and the measure­
ment location. Therefore an optical 
isolator is used to isolate between 
the two grounds and transmit the 
pulses. 

At the measurement location, if 
the pulses are counted for fixed 
intervals the result is flow rate. If, 
however, the counter is allowed to 
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AMPLIFIER LINE DRIVER 

Fig. 8. Noisy environment 
remote transducer readout. 
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Fig. 9. Digital integration of transducer output. 
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run for a long period of time, it 
totalizes the pulses to give the 
integral of flow rate, or total flow. 
The V IF converter is a perfect 
integrator when its output is 
totaJized. A 10-KHz V/F, for 
example, produces one output pulse 
for every millivolt-second of input 
signal. 
MULTIPLE REMOTE MONITOR 

Another type of remote monitor, 
shown in Fig. 10, automatically 
scans a number of transducer 
outputs in sequence, transmitting 
the measurement results to a central 
location for display or recording. 
This is done by using an analog 
multiplexer in conjunction with a 
synchronized set of counters and a 
single V IF converter. An additional 
line is required for clock pulses to 
synchronize the counters at both 
locations. 

A t the remote location, the 
channel counter steps the mUltiplex­
er input decoder through the various 
channels in sequence. At the central 
location the clock drives a digital 
divider and a counter. The divider 
gates the pulses from the V IF 
converter to a BCD counter. The 
channel counter drives a decoder 
and display indicator that shows 
which transducer output is being 
displayed. 
FUTURE PROGRESS IN V/F 

At this point, V/F converters have 
a bright future indeed. The advent 
of low-cost, high-performance mon­
olithic units means that remote 
industrial monitoring with a V IF 
converter per transducer will be a 
growing application area. At the 
same time higher performance 
modular devices will find applica­
tion in higher speed requirements. 

Fig. 10. Multiple transducer remote monitor. 

SYNC. 
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Voltage-to-frequency converters: 
versatility now at a low cost 
Modular units that fit in your hand and go for less than $50 
are moving into low-cost instruments and systems, putting their 
excellent linearity and temperature stability to wider use 

by Eugene L. Zuch, Date! Systems Inc., Canton, Mass. 

o Voltage-to-frequency converters can be purchased 
today for one tenth the price they were going for as rack 
mounted instruments less than three years ago. This, to­
gether with the v-f converter's long-prized linearity and 
temperature stability, accounts for the heightened inter­
est they now enjoy among systems designers. 

There are other reasons as well. The converter's re­
cent evolution into a modular component package gives 
it a size advantage that widens the range of appli­
cations. One such application-not to be overlooked for 
certain data acquisition or control functions-involves 
the v-f converter's capability to interface between 
analog and digital circuits. By the same token, high 
common-mode voltage isolation, ratiometric measure­
ments, and analog-signal integration also represent fer­
tile areas for v-f applications. It has already been put to 
use in instruments that include low-cost 3th-digit mul­
timeters, high-performance digital panel meters, and 
hand-held probe-type digital multimeters. 

While the modular component v-f converter is rela­
tively new, the basic technique of translating a given 
voltage level into a frequency signal is not. Until fairly 
recently, however, v-f converters have been available 

HIGH VOLTAGE CIRCUITS 

V'N 

TRANSFO RMER~ISOLATEO 
POWER SUPPLY 

lA.vJ 

+5 V 

only in the form of rather expensive instruments, 
A v-f converter accepts an analog voltage or current 

input and generates an output train of digital pulses at a 
rate directly proportional to the amplitude of the input. 
In its most basic form [see Fig, (a) in the accompanying 
panel, "Converting v-to-f: three techniques"] conver­
sion is aocomplished by allowing the incoming voltage 
to charge a capacitor until it reaches a value equivalent 
to a reference voltage, At that point, a comparator trig­
gers a monostable multivibrator which puts out a con­
stant-width pulse. Other variations [panel figures (b), (c) 
and (d)] provide improved linearity and stability, or 
permit output pulses to be synchronized to a clock. 

Datel Systems Inc. uses the charge-balancing tech­
nique in its v-f converters [see panel Fig, (c)]. And, by 
changing the connections at the external pins, the same 
module becomes a frequency-to-voltage converter. The 
f-v connections remove the logic buffer and permit an 
input pulse to be delivered to the timing circuit, and 
voltage to be taken from the output of the op amp. 

The v-f converter has as its key characteristics good 
linearity-typically 0.002% to 0,05% over the input-out­
put operating range-and excellent temperature stabil-
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1. Isolation. Because the v-f converter has a serial output, the pulses can be transmitted through a Single optical isolator. The v-f converter 

is floated at the high comrnon-mode voltage at which the measurement is made. It is also powered by a floating and isolated supply. 
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RATIO MEASUREMENTS USING N - 500 

V, V. TIME OUTPUT OUTPUT + 
BASE (SEC) RATIO DECiMAL 

0.1 V 10V 0.1 10 0.010 

IV 10V 0.1 100 0.100 

10V 10V 0.1 1,000 1.000 

10V 1 V 10,000 10.000 

10V 0.1 V 10 100,000 100.000 

ity-typically 10 to 100 parts per million per 'c over the 
operating temperature range, The analog input range is 
o to + 10 V or 0 to -10 V for voltage inputs and 0 to + I 
rnA or 0 to -I rnA for current inputs; there is an input 
overrange of 10%. The most popular models today are 
units having output pulse rates of 0 to 10 kHz and 0 to 
100 kHz. The outputs are usually constant-width pulses 
compatible with diode-transistor, transistor-transistor, 
or C-MOS logic levels, permitting a direct interface with 
digital circuits. 

On the input side, v-f converter modules take analog 
inputs in the -10 V to + 10 V range, making them di­
rectly compatible with analog modules and ICS such as 
operational amplifiers, sample and holds, analog multi­
pliers, etc. In addition, they also operate from standard 
±15 V op amp power supplies drawing only a moderate 
amount of current. V-f converters also have provision 
for external trimming for precise calibration of zero-and 
full-scale values. 

Using v-' as a-d 

While the v-f module is a relatively slow way to con­
vert a-d, the cost is low and accuracy can be high. The 
digital output of the converter is in serial form, and 
must be counted over some period to give a final con­
version value in parallel form. 

To get a complete digital measuring instrument, it is 
only necessary to precede a v-f converter with a signal 
cOnditioning circuit, such as a high input impedance 
amplifier, and follow it with a digital counter and dis­
play. Then, if the time base for the counter is set to one 
second, the actual output pulse rate of the v-f converter 
will be displayed. If a 10 kHz converter is used, a full­
scale value of 10,000 would be displayed with a one-sec­
ond time base; with a IO-second time base a full scale 
value of 100,000 would be displayed, althOUgh the 

2. Ratlometrlc measurement •. One converter is used as the input 
v-f, a second converter is used as a reference and is followed by a 
divide-by-N digital circuit. The output ot the divide-by-N is used as 

the time base for the digital counter. 

counting time would be too long for many applications. 
It is useful to discuss the characteristics of v-f convert­

ers in terms of well known a-d converter specifications. 
For a v-f converter, conversion time is determined by 
the time base, one second being a convenient time base 
for many applications. For faster conversion time, a 0.1 
second time base could be used, giving a full-scale 
count of 1,000 for a 10 kHz converter. With a 100 kHz 
converter, the full-scale count is 10,000. 

For an a-d converter, resolution is expressed in bits 
and is determined by the number of parts into which 
the full-scale range is divided. By comparison, a 10 kHz 
v-f converter has a resolution of I part in 10,000, assum­
ing a one-second conversion time. This is equivalent to 
a resolution of greater than 13 bits (I part in 8,192). A 
100 kHz converter with a one-second time base gives 
greater than 16-bit resolution (I part in 65,536). 

Linearity is another important a-d converter specifi­
cation. A good a-d converter has a linearity of ±~ LSB 
(least significant bit) over its full-scale input range. For 
a 10 kHz v-f converter with a typical linearity figure of 
0.002%, the linearity is equivalent to that of a 14-bit a-d 
converter. Therefore, a 10 kHz v-f converter, as de­
scribed, has equivalent performance to at least that of a 
13-bit a-d converter in both resolution and linearity. 

The 100 kHz converters, while offering better resolu­
tion, have generally worse linearity than 10kHz con­
verters. The reason for this is that circuit parasitic time 
constants vary with pulse duty cycle. At high output 
pulse rates the small variations in pulse width with duty 
cycle will be proportionately more significant, thus in­
creasing the amount of non-linearity. Therefore, the 
best resolution and linearity are achieved with slower 
pulse rates, namely the lO-kHz converters with a 10-sec­
ond time base. These achieve better than 16-bit resolu­
tion with better than 14 bits oflinearity. 

A 10-second time base is prohibitive for many appli­
cations, but is obtainable by using a sample-and-hold 
circuit with a long holding time. A large holding capaci­
tor is needed to make voltage decay negligible. 

Another useful way of looking at v-f converters is in 
terms of dynamic range. This specification is critically 
dependent on linearity. Some v-f converters become 
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Converting v-to-f: three techniques 

In its simplest form, Fig. (a), v-f conversion involves a 
current source driving a capacitor that charges linearly to 
a threshold voltage level determined by VREF• At this volt­
age level, the comparator changes state and triggers a 
monostable multivibrator which puts out a constant-width 
pulse. At the same time a switch is used to discharge the 
capacitor and the cycle repeats itself. If the current 
source is designed to be proportional to input voltage, v-f 
conversion takes place. 

A better implementation of the ramp-threshold method 
in Fig. (a) is the variation shown in Fig. (b). Here an oper­
ational integrator is used with a bipolar-transistor switch 
across the integrating capacitor. Starting with a negative 
input voltage, the circuit integrates in a positive direction 
until the reference voltage level is reached. The com­
parator then trips and triggers the monostable multivibra­
tor, while at the same time resetting the integrator to zero 
by means of the saturating transistor switch. The disad­
vantage of this circuit is that it seldom offers better than a 
fraction of 1 % linearity. 

For higher linearity, the charge-balancing method is 
preferred, Fig (c). Here voltage or current is fed to an op­
erational integrator. The output of the integrator goes to a 
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precision pulse-timing circuit whose output drives a pul­
sed current source that pulls current pulses out of the 
summing junction of the integrator. The current pulses 
occur at a rate that exactly balances the pos~ive input 
current to the integrator. 

This technique also can be used for frequency-to-volt­
age conversion by opening the feedback loop at the out­
put of the integrator and connecting the input pulses di­
rectly to the timing reference circuit, Fig. (e). In this case, 
the input resistor of the integrator is also connected back 
to the output to form a single-pole low-pass filter which 
averages the train of input pulses. 

Still another form, the "delta-sigma" converter, Fig. 
(d), is used when output pulses must be synchronized to 
a clock. Current pulses are generated by a D flip-flop 
when the integrator output is high and when a clock 
pulse is present. Note here the assumption that a nega­
tive input current or voltage is used, and that the pulsed 
current source is operating in a direction opposite that 01 
(c). Output pulses are a result of ANDing the Q output of 
the D flip-flop with input clock pulses. As a result the out­
put pulses are both proportional to the input voltage and 
synchronous with ihe clock. 
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3. veo Improvement. A frequency-ta-voltage converter is the key to a low-cost voltage-controlled oscillator. A special feedback control 
loop forces the VCO output to track the superior linearity and stability of the f-v converter. 

nonlinear near zero and, therefore, the dynamic range is 
limited. A lO-kHZ v-f converter that holds its linearity 
down to zero can be calibrated externally from an input 
of 1.0 millivolt to its full-scale value of 10 Y. This is a 
dynamic range of 4 decades, or 80 dB. Similarly a 100-
kHZ converter has a dynamic range of 5 decades, or 100 
dB, if its linearity is maintained through zero. One mY is 
chosen as a practical lower limit because of drift in the 
zero-adjust potentiometer, long-term drift of the circuit, 
and noise at the input to the integrator. 

V-f converters have two other significant features 
when considered for analog conversion. First is their 
monotonicity. (A monotonic a-d converter is one that 
has. a continuously increasing output for a continuously 
increasing input over the full input range of the conver­
ter.) A v-f converter is naturally monotonic because its 
output pulse rate must increase with increasing input 
voltage. 

Second is the excellent noise rejection inherent in us­
ing a reasonably long time base like one second. Ran­
dom and periodic noise are effectively integrated over 
the conversion period. Periodic noise, such as a 60 HZ 
power pick-up, is effectively integrated when the con­
version period is long com pared to the 60 Hz period of 
16.66 ms. For a 60 Hz noise that is integrated over an 
unsynchronized I-second measurement period, the 
noise rejection is approximately 46 dB; for a O.1-second 
period the rejection is 26 dB. 

Monitoring from a distance 

Remote data monitoring is one application well 
suited to the v-f technique. Remote monitoring can be a 
difficult problem, especially when analog signals pass 
through an environment with high levels of electrical 
noise, as in a manufacturing facility where there is 
heavy equipment. If a high degree of accuracy must be 
maintained, analog signal transmission becomes pro­
hibitive. 

An obvious solution is to transmit the signals in dig-

ital form. This can be done by applying the analog sig­
nal to an a-d converter. The digital pulses can then be 
transmitted in parallel or serial format. If transmitted 
serially, the pulses will have to be transformed ulti­
mately into parallel form at the receiving end for dis­
play or storage. 

A superior solution in terms of cost is to use a v-f con­
verter to transmit the data directly in serial form. This is 
a simple and effective way to achieve an accurate sys­
tem of 10 to 13 bits resolution (0.1% to 0.01%) if the 
data rate is slow. At the monitoring end, the pulse train 
can be simply counted for a one-second period and then 
displayed to show the analog value. This can be done 
with a low-cost 4-digit counter if a 10 kHZ v-f converter 
is used. The cost of the v-f converter is less than half 
that of a good 12-bit a-d converter. 

Some instrumentation problems involve parameters 
that must be derived from high-voltage measurements. 
In these circumstances, transmission of the desired in­
formation back to normal ground-potential circuits re­
quires some form of isolation. One answer to this is to 
use an isolation amplifier powered from a non-isolated 
supply. If the data eventually is desired in digital form, 
the output from the amplifier would then go to an a-d 
converter. The cost of an isolation amplifier and a good 
quality 12-bit a-d converter (0.024% accuracy) runs 
around $200. 

An effective alternative is to use a v-f converter with a 
floating power supply while optically coupling the dig­
ital data back to ground-level circuitry. The v-f conver­
ter output is a serial pulse train and, therefore, requires 
only one low-cost optical isolator for a total of roughly 
$60. The isolated power-supply cost must also be fac­
tored in. This can be relatively low (around $50) if the 
voltage is not too high (up to 1,500 Y peak). For slow 
data rates this part of the system, shown in Fig. I, is cur­
rently available for slightly over $ 100. 

An interesting variation that would reconstruct the 
original analog signal is shown dotted in Fig. l. This 



might be useful for a feedback control system. Another 
f-v converter hooked up to the isolator output recon­
structs the signal into analog form. 

MeasurIng the ratIo 

Ratiometric measurements are important for appli­
cations in which a transducer output might be affected 
by variations in the exciting power-supply voltage, as, 
for example, in a resistor bridge. This can be overcome 
by a measurement system that determines the ratio of 
transducer output to excitation voltage. 

There are several ways of taking this measurement. 
One is simply to use a digital multimeter with ratio­
metric option. Such an option is usually obtainable on 
the more expensive models of digital multimeters, and 
sometimes on digital panel meters and a-d converters. 
But, in general, this capability is limited to high-priced 
models of a-d converters or digital panel meters, and 
the range is usually quite limited. Many models permit 
only a ± 10% variation in the reference voltage to 
achieve ratiometric operation; some models go up to 
about ±50%. This means that ratios with wide dynamic 
range cannot be measured at all by conventional 
means. 

A simple and inexpensive way of using two v-f con­
verters for accurate ratio measurements over a dynamic 
range of up to 1,000 to I is illustrated in Fig. 2. The 
resistance-bridge transducer is excited by reference volt­
age V R which also goes to the input of v-f converter No. 
l. The output of the bridge is amplified and goes to v-f 
converter No. 1. The resulting pulse rate is fed to a dig­
ital counter circuit. The output pulse rate of v-f No. 2 
representing VR is fed to a divide-by-N circuit, and the 
resulting pulse train is used as the time base for the 
counter. The parallel output of the counter drives a nu­
merical display. Since the counting time is one half the 
output period of the divide-by-N circuit, the output 
count = 2N Vl/VR• 

The value of N can be chosen so that the time base is 
one second or less. The table in Fig. 2 gives the results 
for different values of V 1 and based on the use of a 10 
kHz v-f converter with N equal to 500. The ratio mea­
surement can be made over a dynamic range of 1,000 to 
I while keeping the time base one second or less. If the 
time base is allowed to go to 10 seconds, the dynamic 
range can be increased to 10,000 to 1. The time base can 
also be shortened by a factor of 10 by using 1000kHz v-f 
converters. 

Integrating analog 

Accurate analog integration over a wide dynaruic sig­
nal range is difficult, especially over an extended period 
like several minutes. The problem is drift error in the 
operational integrator. In the end a very expensive, low­
input current amplifier with low drift must be used 
along with an expensive, stable capacitor that has low 
leakage and low dielectric absorption. Even with the 
best of components, the operational integrator cannot 
work well when the integration period exceeds 10 min­
utes. A simple alternative is an analogi digital integrator 
using a v-f converter. The analog signal i:. applied to the 
input of a v-f converter, and the output goes to a 
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counter operated in the totalizing mode to give a total 
count equal to the time integral of the signal. 

I Vlt) dt =k If dt =k IdNlt) dt/dt =kN 

where N is the total count and k is a constant. 
Because of the superior linearity, the integration is 

accurate for a signal dynamic range of 10,000 to 1. Since 
the output is an accumulated pulse count, there is no in­
tegrator drift as there would be with an operational in­
tegrator. Also, the counter can be stopped at any time 
for an indefinite period without affecting the integrated 
value. The limitation on the total integral is the total 
count capacity of the counter. Therefore, counter capac­
ity must be based on the signal values and period of in­
tegration. 

The actual integration time can be days if a counter 
has sufficient capacity. Assume, for example, a signal 
with an average value around 2 v but with occasional 
high peaks up to 10 v (full-scale input of the v-fconver­
ter). The output frequency of a 10 kHz converter is then 
2 kHZ, on average. If an 8-decade counter is used 
(99,999,999 full scale count), the integration period can 
be as long as 50,000 seconds, or 13.88 hours. The 
counter itself can be made from low cost Ies and be op­
erated manually or by an external logic signal. 

F-v useful, too 

-Applications using the counterpart to v-f converters, 
the f-v converter, can include frequency measurements 
in tlowmeters and tachometer problems in motor speed 
controls. Output pulse rates from these devices are used 
to develop an analog voltage proportional to speed or 
tlow. The voltage, in turn, is usually fed back to regulate 
the process or system. The f-v converter basically is an 
analog pulse counter as the output voltage is linearly 
proportional to input rate-with excellent temperature 
stability. Once the pulse rate is in analog form at the f-v 
converter output, other analog operations can be per­
formed. Subtracting the output of two f-v converters 
gives an analog frequency difference, a quantity more 
difficult to obtain by other means. 

Another application of the f-v converter is in stabili­
zation and linearization of a voltage-controlled oscilla­
tor. veas with a high degree of linearity and low tem­
perature coefficients are quite expensive, especially if a 
wide variation of output frequency is needed. Very high 
quality veos use an oven-controlled inductance-capaci­
tance element (LC) to stabilize the frequency. On the 
other 'hand, low cost veas have only moderate linearity 
and temperature stability. 

A low-cost veo can be combined with a low-cost f-v 
converter to achieve a linearity of better than 0.005% 
and a temperature coefficient of 20 ppml"C maximum. 
As shown in Fig. 3, the f-v converter is used in a feed­
back loop to control the veo frequency. Of course, if a 
pulse output is satisfactory for a system, a v-f converter 
could be used directly. A large proportion ofveos, how­
ever, are used with sinusoidal outputs and, in addition, 
at frequencies higher than those available in v-f con­
verters. 0 
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Consider v /f converters for data­
acquisition systems. They offer high resolution 
and accuracy when used as analog-to-digital converters. 

Examine the performance specifications of 
voltage-to-frequency converters before you pick 
an analog-to-digital converter for your application. 
Three relatively inexpensive (under $100) meth­
ods-the successive-approximation, dual-slope and 
voltage-to-frequency conversion schemes--can 
deliver equal accuracy, but each is used best in 
a different application (Table 1). 

Look at the key converter specifications (Table 
2) to evaluate the performance of vlf converters 
compared to the two other methods. Some of the 
most commonly specified parameters are resolu­
tion, linearity, conversion time, temperature sta­
bility and monotonicity (no missing codes). 

V If conversion: an alternative aid method 

Seldom used until a few years ago, v If con·· 
version techniques are rapidly becoming popular 
as an alternative to successive-approximation or 
dual-slope techniques. There are several ways to 
build a v If conversion circuit, but the charge­
balancing method (Fig. la) is the most popular. 

If V,,, is positive, the integrator output ramps 
down until its output voltage V" crosses the 
comparator's threshold (ground, in this case) 
and causes the comparator to change state. The 
transition, in turn, triggers a precision timing 
circuit that delivers a constant-width pulse. The 
pulse gets fed to two places: a buffer circuit that 
then feeds the output; and the integrator, where 
the pulse causes the integrator output to rapidly 
ramp up (Fig. Ib). 

The timing circuit is, in effect, a precision 
one-shot multivibrator that is stable with both 
time and temperature. The reference current, I,·.r, 
must also be stable, and a precision regulator 
with a voltage reference source is included for 
that purpose. 

Since the reference current is pulled from the 
integrator summing junction for a fixed 
amount of time, and at intervals determined by 
the input voltage, the positive-input current feed-

Eugene Zuch, Senior Engineer, Datel Systems, 1020 
Turnpike St., Canton, MA 02021. 

ing the integrator balances the current pulses 
being pulled out. The integrator can be made ex­
tremely linear and, when combined with the 
charge-balancing feedback loop, can achieve non­
linearities as low as 0.005%. 

To form an aid converter with the vlf tech­
nique, the output of the v If circuit must feed a 
counter that is gated for the desired maximum 
count (for a converter with a 10-kHz output, a 
four-digit BCD counter or a four-stage binary 
counter can be used). 

Nail down the definitions first 

Before you start comparing specifications, 
make sure the specs are defined. Resolution tells 
you the smallest quantity the converter can dis­
tinguish. Even though the quantity is usually an 
analog voltage the resolution is given in terms 
of bits: 8, 10, 12 or more. 

The usable resolution of a converter can be less 
than the stated resolution. However, because it's 
a function of linearity and stability, the usable 
resolution can often change with time and tem­
perature. 

In the v If form of an aid converter, the reso­
lution is determined by the full-scale frequency, 
the time base and the capacity of the counter 
used (Fig. 2). If a 10-kHz v If converter is used 
with a time base of 1 second and four decade coun­
ters, its resolution is one part in 10,000, or four 
binary-coded decimal (BCD) digits. Successive­
approximation or dual-slope converters with 
straight binary coding would have to deliver a 
digital output of at least 13 bits to come close 
(13 bits = 1 part in 8192). A v/f-based aid 
converter can also deliver straight binary. To 
make a 12-bit unit, use three 4-bit binary count­
ers and set the time base equal to 0.4096 seconds, 

In dual-slope converters, resolution is also a 
function of integration time, clock frequency and 
counter capacity. Successive-approximation units 
use weighted current sources, and the number of 
sources determines the resolution. The higher the 
number of bits, the harder it becomes to main­
tain the linearity of the weighted sources. 
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Table 1. Typical converter applications 
A / d converter type Common applications 

High·speed data·acquisition systems 

Pulse·code·modulation systems 

Successive approximation Waveform sampling & digitizing 

Automatic test systems 

Digital process control systems 

Digital multimeters 

Digital panel meters 

Laboratory measurements 

Dual slope Slow·speed data·acquisition systems 

Monitoring systems 

Ratiometric measurements 

Measurements in high·noise environments 

Digital multi meters 

Digital panel meters 

Remote data transmission 

Voltage to freq uency Totalizing m'easurements 

Measurements in high-noise environments 

High·voltage isolation measurements 

Ratiometric measurements 

Table 2. Comparison of aId converter types 
Specification Successive approximation 

Resolution 12 bits 

Missing codes none by careful design 

Nonlinearity ±0.012% max. 

Ditt. nonlinearity ±1/2 LSB 

Tempco 10 to 50 ppm/oC 

Conversion time 2t050l-'s 

Noise rejection, 60 Hz None 

*For 0.41-s conversion time. 

Linearity is the acid test of any aid converter 
specification since resolution can be unusable if 
linearity error doesn't hold to less than ± 0.5 
LSB (1 LSB at the worst). At a fixed tempera­
ture, linearity is the only error that remains after 
offset and gain errors have been adjusted out. 

The linearity error of a converter i~ the maxi­
mum deviation of the output values from a 
straight line drawn from zero to the maximum 
output. For 12-bit aid converters a "good-qual­
ity," successive-approximation unit has a non-

Dual slope Voltage to frequency 

12 bits 12 bits 

none, inherent none, inherent 

±0.05 to 0.01% max. ±0.005% max. 

=0 =0 

10 to 50 ppm/oC 10 to 50 ppm/DC 

5 to 77 ms 0.041 to 0.41 s 

40 to 60 dB 33.8 dB' 

linearity of about ±0.0129'o. a dual-slope unit 
about ± 0.05 to ± 0.01 % and a v If converter 
about ±0.01 to ±0.005%. 

The nonlinearity characteristic of successive­
approximation converters differs fundamentally 
from that of the dual-slope or v If. Typical non­
linearity curves are shown (slightly exaggerated) 
in Fig. 3. 

Both the v If and dual-slope converter linearity 
characteristics tend to have a ,bow that is caused 
by the operational integrators used in the con-
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1. The basic charge balancing v II converter (a) uses an 
operational integrator with a precision timing circuit con· 
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2. By using a vii converter and a precision timer, you 
can build an aid converter that delivers a BCD output. 
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3. Nonlinearities 01 vii and dual·slope aid converters 
appear as a slight bow in the curve. However, succes· 
sive·approximation nonlinearities make the curve jagged. 
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nected in a feedback loop. The output pulse width (b) is 
proportional to the charge stored in the capacitor. 

verters. By contrasJ;, the successive-approxima­
tion converter's linearity is det2rmined by the 
major-carry transitions of the weighted current 
sources. These points are located chiefly where 
1/2 and l/4-scale current values are switched in 
or out during the conversion process. 

As shown in the graph of Fig. 3, a jump in tl1e 
curve signifies when a major-carry current value 
is slightly off its correct value. A very linear con­
verter restricts these jumps to very small 
amounts (± 0.012 70 for a 12-bit converter). 

Don't let the converter slow you down 

The v If converter takes the longest to do a 
complete conversion. The time base used in Fig. 
1 is 1 second for a single conversion-rather slow 
for most applications. Dual-slope converters are 
faster, with conversion times ranging from 5 
ms to 100 ms. 

Successive-approximation converters are the 
fastest of the three, with conversion times as 
short as 2 JLs for 12-bits. Most successive-approxi­
mation converters have conversion times between 
3.5 and 50 /Ls. 

However, if time isn't a problem, you can in­
crease the time base to 10 seconds, add another 
decade counter and, voila: a converter with a 
resolution of one part in 100,000. Such a long 
conversion time could cause difficulty in many 
applications. And, the linearity of the 10 kHz unit 
would not be commensurate (± 1/2 LSB) with 
the increased resolution. 

Since the time for conversion can be made 
equal to the inverse of the line-voltage frequency, 
the dual-slope converter can be designed to re­
ject much of the noise caused by the power line. 
The integrating technique used by .dual-slope and 
v If converters gives them the ability to reject 
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Successive approximation and dual slope conversion methods 
The successive-approximation approach is the most 

widely used (Fig. A) of the three most popular 
conversion schemes. It compares the output of an 
internal d/a converter against the input signal, one 
bit at a time. Therefore, N fixed time periods are 
needed to deliver an output N bits long, but the 
total time needed is independent of input-voltage 
value. 

The first step after the start pulse in a successive­
approximation conversion cycle is turning on the 
MSB, which sets the d/a converter's output at half­
scale (Fig. B). This analog signal is then fed back 
to the comparator. The MSB is left on if the d/a con­
verter's output is smaller than the analog input, 
and turned off if the output is larger. 

Next, the second bit is turned on, and the quar­
ter-scale value added to the d/a converter output 
and the ec>mparator again does its job. This process 
continues until the LSB has been tested and the 
final comparison made. When the process is com­
plete, the converter signals this by changing the 
state of its end-of-conversion (status) output. The 
final digital output can then be read from the out­
put of the successive-approximation register of the 
converter. 

Successive-approximation converters can achieve 
conversion speeds of 100 ns/bit in medium-priced 
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($250 to $350) 8 and lO-bit units. Converters with 
12-bit outputs are typically available with conver­
sion times ranging from 2 to 50 /Ls. 

Dual-slope units slow the pace 

The dual-slope converter uses. a simple counter to 
indirectly measure the input signal after an opera­
tional integrator converts a voltage into a time 
period (Fig. C)' This scheme is the second most 
commonly employed method and is used, almost ex­
clusively, in such instruments as digital multi­
meters and panel meters. 

The conversion cycle begins when the analog­
input signal is switched to the input of the opera­
tional integrator. The voltage is integrated 
(Fig. D) for a fixed time pedod determined by the 
clock frequency and the counter size. At the end of 
the period, the integrator input is switched to an 
internal reference whose polarity is opposite that 
of the original analog input. The reference is then 
integrated until the output reaches zero and trig­
gers the comparator. 

During the second integration, the clock is gated 
into a counter chain that accumulates the count 
until the comparator inhibits the clock. When the 
clock signal stops, the conversion is complete. 

co~ 
, ,~------------------------------------- OUTPUT DATA 
I, 

fS~~~;========~T2;-=========:::;j~~CI~ATA 
I I : ___ ~ I 

TI Ern 
T2~ -­

Vret 



212 DATA ACQUISITION & CONVERSION HANDBOOK 

high levels of input noise. 
For these two integrating converters, the 

longer the signal is integrated, the better the 
noise attenuation. When the integration period 
equals a multiple of the inverse of the line fre­
quency (for dual-slope units), the noise rejection 
becomes infinite at integral values Tf .. where T 
is the integration period and f,. is the noise fre­
quency (Fig. 4). V If converters don't, in general, 
use a period that is a multiple of any periodic 
noise, and so the asymptote of the noise-rejection 
curve is used to determine the rejection at a 
given Tf". 

The v If converter's noise-rejection asymptote 
rises by 20 dB per decade, and, for a 60-Hz power 
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4. Integrating aId converters can have exceptional noise· 
rejection capability if you merely adjust their measure· 
ment cycle to equal the period (or a multiple) of the 
noise frequency to be rejected. 
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5. Simple digital measuring systems can be built with 
dual·slope (a) and successive·approximation (b) con· 
verters. Beth systems shown usually require signal con· 
ditiening fer each input. 

line and a 0.41-s conversion time, the rejection 
can be computed at 33.8 dB. Dual-slope converters 
have rejection ratios as high as 60 dB when con­
version is synchronized with the noise frequency. 

Successive-approximation converters have no 
noise-rejection capability whatsoever. Input noise 
at any time during the conversion process can 
cause significant conversion errors. (Noise feeds 
directly to the comparator and can change the 
decision point.) The only way to minimize noise 
is to add an input noise filter to the converter. 

Temperature coefficients change converter specs 

Operation at different temperatures can tre­
mendously alter converter performance, no mat­
ter which converter type you select. These 
changes affect offset and gain, two important 
converter parameters. Even though offset and 
gain are adjusted during calibration, they can 
change significantly with temperature. 

Offset is a function of current-source leakage, 
comparator bias current and comparator input 
voltage offset. Gain (sometimes called scale 
factor) is a function of the voltage reference, 
resistO'r tracking and semiconductO'r-junction 
matching--and is usually the most difficult pa­
rameter to' control. Absolute accuracy is affected 
by offset and gain changes, so if these change 
during O'peration, O'utput errors will occur. 

And, if the linearity degrades, a converter can 
actually skip output codes (become nonmono­
tonic). (An aid converter is said to have no 
missing codes when, as the analog input of the 
cO'nverter increases frO'm zero to' full scale or vice­
versa, the digital output passes through all of its 
possible states.) Both the dual-slope and v If con­
verters are inherently monotonic because of their 
integration techniques and the use of counting 
circuits to deliver the digital output. 

The successive-approximatiO'n aid converter, 
on the other hand, is more prone to missing codes. 
The code jumps occur when the analog transi­
tions between adjacent output codes become 
greater than 1 LSB. Because the jumps can be 
greater than 1 LSB, another spec. differential 
nonlinearity, becomes very important. Differen­
tial nonlinearity is defined as the maximum de­
viation .of the size .of any adjacent cDde transi­
tions from their ideal value of 1 LSB. 

A specified differential nonlinearity of ±0.5 
LSB tells you that the magnitude of every code 
transition is 1 LSB ±0.5 LSB, maximum. The 
differential nonlinearity can reach a maximum 
of ± 1 LSB before converter performance is in 
doubt. 

Picking the right converter for your applica­
tion is no easy matter. For example, digital mul­
timeters typically use a dual-slope converter since 
high speed isn't necessary but high noise· rejec-



6. V /f converters can be used in simple, remote data· 
gathering applications since only a twisted pair of wires 
is needed to transmit the signals (a). Differential line 
drivers can be added if long transmission distances are 
requireJ (b), or an opto·isolator can be used to elimi· 
nate large, common·mode voltage problems (c). 

7. A microprocessor or computer-based controller can be 
used to make a multiple·chanm.1 data·collection system 
with a vlf converter at each point (a). If manual switch· 
es are used instead of a timer, you can turn a v If·based 
aid converter into an "infinite" integrator (b). 
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8. The integration process in a v /f converter can be de· 
fined in terms of millivolt·seconds lor each pulse de· 
livered. To get the total area, simply multiply the total 
count by 0.001. 

9. If you use two v/I converters, you can make a high· 
accuracy, ratiometric a I d converter. Because of the wide 
frequency span covered, the dynamic range of the con· 
verter can reach 10,000:1. 

tion is. However, in other applications, such as 
in fast-throughput data acquisition, the succes­
sive-approximation converter must be used. 

Dual-slope converters are widely used in appli­
cations requiring human interface in measure­
ment and control. A simple digital measurement 
system (Fig. 5a) that uses a 3-1/2 digit, BCD­
output converter can handle various signal in­
puts. The instrumentation amplifier used on the 
front end offers flexible gain settings with a 
single resistor value change. 

The converter can be either a modular unit 
manufactured by several vendors or one made 
from the various IC building blocks. In many in­
dustrial and even in some lab environments, pick­
up from 60-Hz radiation or magnetic coup.\ing 
can cause measurement problems. By including 
a conversion time adjustment, you can synchro­
nize the clock to the 60-Hz line and obtain noise 
rejection of more than 40 dB. 

When multiple channels of data must be han­
dled and you need all the data quickly, use the 
speedy successive-approximation converter. The 
circuit shown in Fig. 5b is a commonly used sys­
tem organization for multichannel data acquisi­
tion. Although various analog-input devices 
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might be slow in responding-and not require a 
fast aid converter-the fast scanning rate of the 
multiplexer may require a new conversion every 
2 to 30 }Ls. Because of the speed requirement, the 
a,'d converter can be an expensive part of the 
system---{:osting between $100 and $300 by itself. 

You do have an alternative to sending analog 
signals over long cables to a central multiplexer. 
Instead of using a successive-approximation unit 
split the converter into an analog front end (a 
v If converter) and the digital receiving end (the 
timing and counting circuits) as in Fig. 6a. 

To get even better noise immunity, you can 
use several simple circuits to manipulate digital 
levels. Cable runs of several thousand feet are 
possible if you let the v If circuit feed a differen­
tial line driver that, in turn, feeds a twisted pair 
terminated in a receiver (Fig. 6b). When electri­
cal isolation is critical, use optocouplers to sepa­
rate the -transducer output from the long lines 
(Fig. 6c). This is especially important if large 
ground potential differences are present. 

Other converter-system variations are possible. 
You can design a multichannel data-acquisition 
system to operate under microprocessor control 
with a minimum of hardware (Fig. 7a). Simple 
totalizing aid converters can be built by using 
manual startlstop and reset switches (Fi.g. 'Ib). 

Drift-free integration is only one bonus 

Unlike analog integrators that must use "su­
per high quality" components whe.n the integra­
tion period extends past several mmutes, the v If 
integrator useJl inexpensive components and can 
even hold its value indefinitely. 

A 10-kHz v If converter delivers a pulse every 
0.1 ms if the input is 10 V, or a pulse every 1 ms 
if the input drops to 1 V. You can manipulate 
thes.e facts and say that the converter generates 
an output pulse for every millivolt-second of in­
put signal. The output-pulse count then repre­
sents a piece-by-piece addition of input volt.agel 
time area (Fig. 8). The integral of the Signal 
with time is the total count multiplied by 0.001 
volt-seconds. 

vou can put together a ratiometric aid con­
verter (Fig. 9) by combining two vlf converters 
and a divide chain. Input V, acts as the numera­
tor and V, as the denominator, while the divide 
chain acts as a scale factor. 

Since the gating pulse is half the output period, 
N, of the divider circuit, the counter output is 

Count = 2NV,/V,. 
If you use 10-kHz v If converters, the ti~e 

base period is no longer than 1 second for ratIOs 
of up to 1000 to 1. Unlike other ratio-measure­
ment methods that have rather limited dynamic 
ranges, using two v If converters permits a pos­
sible dynamic range of 10,000 to 1. •• 



Sending transducer 
signals over 100 feet? 
Try voltage-to-frequency converters. 
They should give you the accuracy you need. 

Eugene L. Murphy, 
Applications Engineer, Datel Systems, Inc. 

A common problem confronting system and instrument 
engineers is the measurement of low level transducer 
analog output signals after transmission over long wires 
(100 It or more). Fortunately, the problems can be re­
solved by both traditional and newer, less known meth­
ods. The need for the remote monitoring of signals can 
be for many reasons such as safety, due to potential 
hazards at the actual monitoring site, for temporary 
test setups at a nearby remote position, and of course, 
for normal control applications and systems. 
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Remote monitoring can be a difficult problem, espe­
cially when analog signals pass through an environment 
with high levels of electrical noise, as in a manufac­
turing facility where there is heavy electrical equip­
ment. If a high degree of accuracy must be maintained, 
analog signal transmission becomes especially prohibi­
tive beyond a few hundred feet. 

One obvious solution to the noise problem would be 
to transmit the signals in digital form. This can be done 
by applying the analog signal to an analog-to-digital 
(A/D) converter. The digital pulses can then be trans­
mitted in either parallel or serial format. If transmitted 
serially, the pulses may have to be transformed ulti­
mately into parallel form at the receiving end for dis­
play or storage. 

Fig. 1: Here is a typical transducer bridge circuit (a) and 
its equivalent circuit (b). The variable resistor, X, is the 
actual monitoring transducer in the bridge. 

A better sol ution, in terms of cost, is to use a voltage­
to-frequency (v /F) converter to transmit the transducer 
data directly in serial form. This is a simple and effec­
tive way to achieve an accurate system of 10 to 13 bits 
resolution (0.1 % to 0.01 %) if the data rate is slow .. At 
the receiving end, the pulse train can be simply count­
ed for a 1 second period or less and then displayed to 
show the analog value. While this may be the "best ap­
proach" for many applications, direct analog signal 
processing using instrumentation amplifiers is far from 
extinct. 

Here then are some important points, suggestions, 
and applications to aid in selecting the most effective 
method for your needs using commercially available 

Vexc 



216 DATA ACQUISITION & CONVERSION HANDBOOK 

TABLE 1 
Variable 

Temperature bridge Transducer output 
In resistance error voltage 
"C X (RTD) 8 2 -81 

0 10011 o volt. 

1 100.3921l 9.78 mV 

2 100.7841l 19.52 mV 

3 101.1761l 29.23 mV 
I I I 
I I I 
I I I 
I I I 

10 103.9211 96.2 mV 

l 
10Vdc 

1 
L-..e, ----<l} e,-e, 

Vexc (X -R) 
8r- 8 , =-r X +R then (e, -e,) = 5G ~~gg) 
with Vexc = 10 volts 
and R=1000hm., 

Vexc 
-2-

where X is the RTO device 
X(II) = 100 +0.392(T) 

T Ine·e 

Fig. 2: This is the plot of a bridge transducer error volt­
age, e2-e, vs. the variable leg resistance, X. Plot shows 
that there is excellent linearity between Rand 5R for this 
transducer, meaning that the transducer is good for 
monitoring applications in the linear portion. 

t 
Rg e, 

Input/output relationship: 
Bout = G(V+ 1n -V_in) + Vref 

e out = G(er -81) + V ret 

where 1 ,; G(gain) ';1000 
G = 200k/Rg 

Fig, 3: Simple sketch of instrumentation amplifier illus­
trates the input and output signals. The resistor, Rg, is 
used to adjust the instrumentation amplifier's gain. 

modular building blocks driven by transducers. So let's 
start at the beginning, with the transducers. 

Transducer signal source 
Transducers often take the form of a Wheatstone 

bridge as shown in Fig. 1. With the advantages of high 
null resolution and means for temperature com­
pensating, the bridge has the ability to measure a min­
ute voltage differential appearing across it in the pres­
ence of significantly larger excitation and noise volt­
ages. In other words, the output is differential: 

Verc ( R ) Verc (X-R) e2-e' = -2--Verc X+R = -2- X+R 

where Verc is the bridge excitation voltage and X is the 
variable resistor branch. 

The resistor X might be a strain gage element or a re­
sistive thermal device (RTD') which changes in a near­
linear manner with temperature. We will use the latter 
as the X element in the Wheatstone bridge plot in Fig. 
2. Note the excellent linearity between the values X = 

R through X=5R A commercially available platinum 
RTD' with suitable linearity exhibits nominal 100 ohm 
resistance at O°C and a temperature coefficient of 
+0.392 ohms/"C; the output of a 100 ohm bridge be­
tween O°C and lOOC using this device is shown in 
Table 1. With only millivolts of output, this circuit will 
serve as a signal to be measured over long lines. 

Amplify first 
To be usefuL the millivolt-level differential output of 

the bridge must usually be amplified to levels well 
above ambient noise. Specifically designed for this task, 
the instrumentation amplifier (IA) in Fig. 3 will boost 
the differential bridge output by 1000 times or more. 
The actual gain is a function of the values selected for 
the external gain setting resistor, Rg. This resistor en­
ables the user to set the full scale output to a con­
venient value. It is possible to use a variable resistor 
here for final trimming. 

Another benefit of the instrumentation amplifier is that 
it amplifies on the difference in voltage between the 
signal and signal-return leads. Interference signals on 
both leads in the same phase are not amplified. This is 
known as common-mode rejection (CMR) and is the 
principal advantage of using these amplifiers. It is this 
property that enables the amplifier to ignore ground 
loop voltages due, for example, to the long wires while 
responding to differential signals as mentioned above 
for transducer outputs. 

The RTD measurement system, shown in Fig. 4 illus­
trates the need for shielding and bypassing techniques 
to minimize RFI (radio frequency interference) and line 
frequency (60 Hz) interference. The need to keep the 
bridge/amplifier ensemble in close proximity to one an­
other, to bypass the' amplifier power supply input ter­
minals at the amplifier socket and to return the shield 
to the single point input reference ground are crucial to 
the success of this system. 
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Shielded 
coaxial cable, 

+ I e, 
Dual 

E ±15 Vdc 
0 power 

f 
U supply 

Note: Vref is tied to ground, hence. is OV Fig. 4: Bridge temperature transducer 
(RTD) is hooked-up to an instrumenta­
tion amplifier. IA can be a Datel AM 201 
or equivalent 

eout=G(e,-e,) +vref 

~~(e.-e,) 
9 

Output 
ground 

Fig. 5 shows an IA transmitting its output, the ampli­
fied bridge signaL over long wires to a monitoring in­
strument. It is a fairly common practice to use twisted 
and often shielded pairs of wires. Unfortunately, the ca­
pacitive effect of these wires degrades the amplifier's 
frequency response, and encourages undesirable os­
cillation. In other words, this can distort the desired in­
formation being transmitted. 

Permissible capacitive output loading of the instru­
mentation amplifier will vary from supplier-to-supplier; 
typically this will range from 300 to 10,000 pF (picofa­
rads). Shielded twisted pairs of wire mal( have 25 pF ~f 
capacitance per foot. So, in a 100 ft. run, equivalent ca­
pacitance would be 2500 pF. This is certainly not a lim­
iting factor, but it is one that must be seriously consid­
ered, especially when faced with longer telemetry dis­
tances. 

A small series resistance, on the order of 50 ohms to 

eo 

Transducer I Ideal (decimal point 

C ~~~~~ eo = 10.225{e2-el) r~~~g programmable) 

o 
9.78mV 

19.52mV 
29.23mV 

10 96.2mV 

o 
100mV 

199.6mV 
298.87mV 

983.64mV 

0.00 
1.00 
1.99 
2.98 

9.83 

200 ohms, can be placed in the amplifier output to 
maintain stability with capacitive loading. Series resist­
ance incurred with shielded twisted pairs of wire, (or 
any good transmission line) is negligible; a practical 
value is 50 ohms per mile, roughly 1 ohm per 100 ft. 

You can see that direct analog measurement ap­
proach is vulnerable to all forms of electrical noise­
RF~ EMI and power line interference. Further, capaci­
tive loading can create amplifier instability and the 
long lines, which can act as antennas, will themselves 
induce undesired extraneous signals. 

Finally, the amplifier can be scaled higher in order to 
boost desired signals to the level of volts, improving 
eMR capability while reducing the amplifier frequency 
response. But this can be an advantage in low fre­

. quency because high frequency noise will be partially 
filtered. 

±1.999V 
differential 

analog input 

\ 
~-~~ 

100ft 

+ ICIClel 
11_' ,_,,_, 

Fig. 5: The RTD bridge output is amplified by an instru­
mentation amplifier and then sent over shielded twisted 
wire pair. Note how gain resistor is calculated, and then 
how the gain is used to overcome transmission losses. 
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Fig. 6: With the addition 01 a V/F converter, transducer 
bridge output can be sent over greater distances. A low 

Digital or analog readout? 
Acknowledging that "moving pointer" readouts (or 

analog meters) cost less, some features of the digital 
panel meter (DPM) can far outweigh the analog meters: 

• The DPM provides unambiguous readings with up 
to 0.01 % resolution, with no guessing. 

• The DPM presents a high input impedance to its 
signal source, making long line measurements less of a 
chore. 

• Many DPM's can be manipulated by digital sig­
nals to perform a surprising array of tasks. 

In its simplest form, the DPM uses the single slope 
conversion method. It is, in fact, nothing more than a 
"dumb" counter which can be made "smart" by ex­
ternally controlling the interval over which pulses are 
counted. This feature allows the DPM to perform like a 
frequency meter. (See right hand portion of Fig. 6.) 
This method can serve as a basis for digital transmission 
of analog data But first, why should we transmit digi­
tally? 

Digital vs. analog data transmission 
The wide noise margin and the relatively large am­

plitude of logic levels make digital transmission highly 

Fig. 7: A FlY converter is added to the system in Fig. 6. 
This addition presents an analog signal to the DPM, 
eliminating the need for a divider or AND gate. It also 

msec 7490 

1'0,.1 
OLIO 

500 kHz elk out 

priced DPM will display the information through the addi­
tion of a divider and a AND gate. 

immune to the effects of noise. For example, millivolt­
level analog signals can be represented by transistor­
transistor logic (TTL) digital Signals that vary between 0 
to 0.8 volts for ZERO levels and 2.4 to 5.0 volts for ONE 

logic levels. Commercially available v IF converters can 
produce this type of output in the form of a digital 
pulse train with a rate proportional to the analog input 
amplitude (voltage). 

Most vlF's have a 0 to 10 volt full-scale analog input 
and they output either 0 to 10 kHz or 0 to 100 kHz dig­
ital pulse trains. The 10 kHz full-scale units are very 
popular because of their extremely good linearity (ac­
curacy) performance. Linearity for the 10 kHz full scale 
(F.S.) units is ±0.005% or ±'h Hz. Thus, if 5 volts are 
applied to the input, the output pulse train will be a 5 
kHz ±y, Hz rate, which is very accurate. For simple 
systems, the hook-up is not very difficult. It can often 
be "cook booked" from literature readily available 
from the module manufacturers. 

To recap briefly, the information from the transducer 
is amplified to a high level (1-10 volts); it is then used 
to drive the input of the v IF converter. The output of 
the converter is then transmitted via wires to an in­
dicator, which is most commonly a DPM. 

Signal conditioning To reduce 
/output ripple 

Cext 

+/ClClCI 
~/UU 
Low High 

Gnd 

5~ n - --l :st\~ JC ~26:V 
QV.::J ~s c:J L =r _ r. -.j T ~ --~-T- ~--2AV 

f~+ 
makes analog control signals available for other appli­
cations. 



While it is not intended to be covered here, if you 
had long wire runs of several hundred feet and more, 
you should use a differential line driver to drive the 
twisted pair. Then, at the other end of the line, you 
would use a differential line receiver to feed the digital 
counter. 

Mating the V/F to the frequency meter 
Fig. 6 shows the entire signal processing system using 

an instrumentation amplifier to amplify and scale the 
transducer output, a v/F converter to time encode and 
digitally transmit the amplified analog signaL and a 
DPM to present a properly scaled numerical display of 
the transducer voltage (temperature). This circuit fea­
tures a 2.4 volt noise threshold Over long distances it is· 
advisable to include a line driver at the v IF converter 
output and a line receiver at the corresponding AND 

gate input; these drivers minimize the edge-rounding 
that can be caused by capacitive storage in a system. 

Another approach-somewhat more complex­
presents a DPM with an analog input signal in the man­
ner shown in Fig. 7. Here, a v/F converter drives an Flv 
converter (the v IF counterpart) over long lines and the 
Flv drives the analog inputs of the DPM. This circuit re­
jects up to 1.8 volts of noise and is recommended for 
applications where the conditioned analog signaL the 
DPM input, must also be available for other system 
functions. 
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Other applications using the Flv converter can in­
clude frequency measurements in flow meters and ta­
chometer problems in motor speed controls. Output 
pulse rates for these devices are used to develop an ana­
log voltage proportional to speed or flow. The voltage, 
in turn, can be fed back to regulate the process or sys­
tem. Basically, the Flv converter is a temperature stable 
analog pulse counter with an output voltage that is pro­
portional to input rate. Once the pulse rate is in analog 
form at the F Iv converter output, other analog oper­
ations can be performed. 

Because the v I F converters perform integration, they 
actively reject time varying signals that are symmetrical 
about zero. This feature provides even higher noise im­
munity in system applications. 

All the components mentioned are readily available 
products that can be obtained from numerous sources 
in a variety of forms, performance levels and prices. 
Further, applications assistance and notes are offered 
b} most manufacturers to help you with your require­
ments. • 
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Frequency converter is a dual operator 

by Eugene L. Zuch 
Datel Systems 

Voltage-to-frequency converters are analog/digital 
interface devices that generate digital output pulses 
at a rate linearly proportional to the input voltage. 
Universal voltage-to-frequency converters have 
pin-programmable input/output features that make 
them extremely versatile devices for a wide variety 
of applications. They operate: 
• As voltage-to-frequency or frequency-to-voltage 

converters with either positive or negative volt­
age or current inputs; or with either positive or 
negative going output pulses. 

• As an F/V converter with either positive or 
negative output voltage. They are compatible 
with DTL/TTL, CMOS, or other high level logic 
circuits. 

The key specifications of Datel's 10 kHz and 100 
kHz universal V /F converters are given in Table 1. 
The main advantage to using a universal type of 
V/F converter is its flexibility. Since it is pin­
programmable, it isn't necessary to stock various 
models for different applications. 
A typical V/F/V converter using charge balancing 
is shown in Fig. 1. When operating as a V/F con­
verter, the VOUT terminal is connected to the Pulse 
In terminal. Therefore, the timing reference circuit 
is triggered by the integrator output as it passes 
through a threshold level. The timing reference 

circuit generates a precise, constant width pulse 
that is converted into a current pulse by the charge 
feedback circuit. The the current pulse, or charge, 
is pulled from the integrator input terminal. The 
rate of charge generation exactly balances the input 
current to the integrator; therefore the output pulse 
rate is linearly proportional to input voltage or 
current. The voltage pulses from the timing refer­
ence circuit are fed to a special logic buffering cir­
cuit. This circuit programs the pulse output level 
and polarity. It also short-circuit proofs the unit. 
The second amplifier in the diagram is a unity gain 
amplifier, and is used to invert inputs when the 
module is used as a V /F converter or to invert 
outputs when used as an F/V converter. In the F/V 
mode, pin 26 is connected to pin 1 and the input 
pulses are applied to the Pulse In terminal. Thus, 
the 10k input resistor at the + VIN terminal is effec­
tively in parallel with C and the integrating amplifier 
acts as a low pass filter that filters the current pulses 
from the charge feedback circuit. An external 
capacitor can be connected between the + lIN ter­
minal and VOUT to increase the filter's time constant. 
The universal V/F converter's usefulness centers 
around its analog/digital interfacing capability. The 
:v /F converter is like an A/D converter with serial 
output pulses. 

+15 V 

~ r-----~---------------~~~-l-------, 1 I +11 -J5 ZERO I 
COO"T" I ¥DC COM YOC ADJUST I 
1# I I 15 • 16 32 I 

I I I 

I ) ~ ___ _ 41h:DIGIT 
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POT AD! POT 

W 
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IN 

~ -----I COUNTER 
n SEC TIME 8AS£l 

Fig. 1. The inverting amplifier shown in color switches the converter between the V IF and F N 
modes. External connections also in color are used when calibrating the converter in the V IF 
mode. F IV calibrations are illustrated by dashed lines. Note the 10k gain pot and the 20k zero 
adjust pot are used in both calibration procedures. 
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TABLE I 
SPECIFICATIONS OF UNIVERSAL V IF CONVERTERS 

Specification VFK·IOK VFK·100K 

Input voltage Oto +10 •• Oto -lOv 
Input current o to +1 rna. 0 to -I ma 
Input Z Ivoltage) 10 k ohms 

Frequency range 0\0 10kHz o to 100 kHz 
Nonlinearity, max ±0.005% ±0.05% 
Gain Tempco, max ±20 ppm/DC ±IOOppm/oC 
Zero temp drift ±IO ~v/oC ±IO "v/oC 
Outut pulse width 75 ~sec 7.5 ~sec 

Output loading 
Power requirement 

Case size 

Price n to 9) $59 

A 10 kHz V/F converter has a resolution of one 
part in 10,000, equivalent to a resolution of better 
than 13 binary bits (one part in 8192). The worst 
case linearity is 50 ppm, also equivalent to that of 
a 13 bit A/D converter. The gain temperature 
stability of 20 ppm/DC for the Datel VFV-1OK, 
combined with the resolution and linearity figures, 
makes this unit equivalent to a high quality A/D 
converter. However, this is based on slow conversion 
rates, and is not useful where high data conversion 
rates are required, although somewhat faster con­
version times are possible by sacrificing resolution. 
Alternatively, a faster unit, such as the 100 kHz 
converter, can be used with a 0.1 second time base 
to give the same resolution as the 10k unit, but 
it does not have as good linearity. 
The lower operating limit of these units is about 
1 millivolt. This is due to the resolution of the zero 
adjustment, long term stability, temperature drift, 
etc. The useful dynamic range of both the 10 kHz 
and 100 kHz models is 10,000:1, or 80 db. 

Calibrating a V IF IV converter 
In general, calibration is done in a manner similar to 
that of A/D converters with external gain and zero 
adjustments made by trimming potentiometers. The 
calibration steps for the V/F mode are as follows: 
• Connect the unit as a V/F converter with zero 

and gain trimming potentiometers as shown in 
Fig. I. 

• Connect a precision voltage source to the input 
and a digital counter set to a one second time 
base to the pulse output. 

• Set the precision voltage source to + 1O.000V and 
adjust the gain trimming potentiometer to give 
an output count of 10,000 (VFV-lOK) or 100,000 
(VFV·100K). 

• Set the precision voltage source to +0.010V and 
adjust the zero timming potentiometer to give an 
output count of 10 (VFV-lOK), or 100 (VFV·100K). 

• Repeat the + 1O.000V adjustment. 
When used in the F/V conversion mode, the unit 
can be calibrated in the V/F converter mode and 

12TIUoads 
±15 vde at 25 ma 

2" x 2" x 0.375" 

$79 

reconnected as an F/V converter; or the module can 
be directly calibrated as an F/V converter using 
the following procedure: 
• Connect the module as shown in Fig. 1 with an 

external 1 ,..f (film type) integrating capacitor. 
• Connect a pulse gerdrator to the pulse input and 

set to give + 5 v negative going pulses 50 Ilsec 
wide for the VFV-1OK or 51lsec wide for the 
VFV-100K. Connect a digital counter to the output 
of the pulse generator and set the pulse rate to 
10 kHz for the VFV-lOK or 100 kHz for the 
VFV-100K. 

• Connect a 4'h digit DVM to the voltage output 
terminal; adjust the gain trimming potentiometer 
to give + 10.000V output on the meter. 

• Set the pulse generator output to 10 Hz for the 
VFV-lOK and 100 Hz for the VFV-100K and 
adjust the zero trimming potentiometer to give 
+0.010Voutput. 

• Repeat the + 10.000V adjustment. 
In the calibration procedure as a V/F converter, 
the module was shown connected as a positive input, 
voltage to frequency converter. By using the current 
input terminal, the unit becomes a positive input, 
current to frequency converter with a current range 
of 0 to 1 mao For negative input voltages and cur­
rents, the inverting amplifier is connected ahead 
of the integrator. Since this amplifier has both 
current and voltage inputs, the ranges are 0 to 
-10V for voltage and 0 to -1 ma for current. 

Operating point 
The Logic Select terminal (pin 12) selects the logic 
level used, either the 5 v levels for DTL/TTL or 
the 15V levels for CMOS ,md high level logic. Other 
arbitrary logic levels between 5V and 15V can be 
obtained by leaving the Logic Select pin open and 
connecting an external resistor from the Pulse Out 
pin to ground. The outputs are summarized in 
Table II. For a given logic level VL , the value of 
this resistance is derived from the equation: 

+VL = 15 Rext 
Rext + 10k 
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TABLE II 
PULSE OUTPUT PROGRAMMING 2V~~C~=~,~~7~.F ____ ~~ 

Pulse Type Pulse Output logic Select ,Pulse Polarity 
1 v~......;C_=....;;;O.l,",,.F;;.... ___ ...... 

Positive going 5 v pulses +5 
~ Ground 

a 
+5 lfT1f Negative going 5 v pulses Ground 

0 

+15 

JULJl Positive going 15 v pulses Open 
0 

+15 nn Negative going 15 v pulses Open 
0 

where Rext is the external resistance between pin 
10 and ground. 
The Pulse Polarity terminal is connected to 15V 
or left open, depending on whether the output pulse 
is positive going from ground or negative going 
from a positive level. 
When used as a F/V converter, the feedback loop 
is opened and the input pulses are fed directly to 
the input of the timing reference circuit. These 
pulses must be negative going pulses from a high 
state greater than 2.0V to a low state less than 
0.8V. The pulse width must be between 10 and 60 
",sec for the VFV-10K and 1 and o ",sec for the 
VFV-100K. For wider pulses and other waveforms, 
input conditioning is necessary. 

Acts as a filter 
Again, in the F IV operating mode, the integrator 
circuit is used as a single pole, low pass filter with a 
time constant determined by the 10k ohm resistor 
and capacitor C.'The converter's output ripple mag­
nitude (Fig. 2) depends on the input pulse rate 
and the value of C (Fig. 1). The capacitor values 
shown include an internal value of 0.047 ",f. In­
creased external capacitance gives better filtering 
but sacrifices response time. When C = l",f, the 
peak to peak ripple component is 100 m V maximum 
with a step response time of about 22 msec. 
A V IF converter can be used to transmit data to 
other locations with very high noise immunity. For 
example, information from a transducer is amplified 
to a high level (1 to 10V) and is used to drive the 
input of the V IF converter. The converter feeds a 
twisted-pair cable that carries the signal through 
the noisy environment. At the other end of the line, 
a differential line receiver feeds a digital counter 
and display, or alternatively an F IV converter. The 
counter and display read out data directly. 
In some cases, however, it might be desired to re­
construct the original analog signal. This is done by 
using an F IV converter with an appropriate external 
capacitor to convert the digital pulses back to the 
analog signal. Using differential line drivers and 
receivers results in very high noise immunity to 
common mode noise. 

+15v 

Open 

+15v 

Open 

~ 
~ c = ll'f 
5100 mV~----"";;;----_ ...... : 
§ 
~ C=10.F := 10 mV~----"":"----_ ...... 

~ 

10 100 lK 10K 

INPUT P~SE RAil 

Fig. 2. Output ripple characteristics of the 
F/F/V-IOk. 

A universal V IF converter can be used to transmit 
data directly from an industrial transducer with 
4 to 20 rna output current. The V IF converter 
differential line driver ahead of a is offset by a 2.5V 
reference voltage applied to the inverting input 
amplifier, and the output of this amplifier is fed 
through a 10k ohm resistor to the summing junction 
of the operational integrator and pins 1 and 2 are 
shorted. A 665 ohm load resistor is connected across 
the transducer's output. Because of the offset, a 4 
rna transducer output corresponds to a zero input to 
the V IF converter, and a 20 rna output corresponds 
to a full scale input of 10V. The digitally trans­
mitted data from the transducer can then be read 
out at the other location on a digital counter and 
display. 
The universal V IF converter has 4 inputs (+ A, + B, 
-C, - D) including both the integrator and invert­
ing amplifier inputs. If the inverting amplifier is 
used, it must have its output connected either to 
the + VIN input or through a 10k ohm resistor to 
the + lIN mput. Additional input resistors added 
to the + lIN terminal result in the algebraic sum­
mation and subtraction of the input signals. The 
output frequency, assuming a 10 kHz model, is: 

f= 10kHz [A+B1~~-DJ 
In addition to the straight summation shown, sum­
mation with gain can also be achieved. In this case, 
the inverting amplifier is used as a gain stage rather 
than as an integrator. This is done by hanging input 
resistors with values less than 10k ohms on the 
- lIN terminal. Gain for a given input signal is 
G = -10k/R. 
A number of data channels can be read out by a 
single digital counter and display. The counter/dis­
play, for a low cost system, is simply switched from 
one channel to another. Each data channel has its 
own V IF converter that is programmed for the 
particular transducer or signal used. Therefore gain, 
addition or subtraction, inversion, etc., can be 
individually accomplished for each separate infor­
mation channel. 
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Test your 
V/F converter IQ 

While VIPs aren't new, today's designs transform them into highly 
versatile, low-cost building blocks. Do you know how to use them? 

Eugene L. Zuch, Datel Systems, Inc. 

A basic understanding of the operation and 
characteristics of the modern voltage-to­
frequency converter is a must for system or circuit 
design engineers. Based on an old method, V/F's 
in modular or IC form combine latest component 
and design technologies into "data converters 
with a difference." Not only do they compete for 
traditional analog-to-digital interface applications 
with successive-approximation and dual-slope 
type converters, they also compete with discrete 

Given: a typical V/F converter 
Voltage-to-frequency converters generate a 
train of output pulses with a frequency 
linearly proportional to the input voltage. 
The input range, generally 0 to +10V, 
interfaces with such analog circuits as op 
amps, multipliers and sample/hold amplifi­
ers. The output, which typically has a F.S. 
range of 10 or 100 kHz, is DTl/ITl or CMOS 
compatible to interface directly with digital 
logic. 

V/F converters list among their most 
important features high linearity, excellent 
temperature stability and low to moderate 
cost. When used with a precision timing 
circuit, gate and counter, they make a 
complete ND converter with high resolu­
tion, linearity and stability, but not high 
speed. 

Table 1 lists the key specifications of a 
typical commercially available V/F 
converter-the Datel Systems' VFV-10K. 

circuits of many types for cost-effective solutions 
to general-purpose problems. 

Unfortunately, though, V/F converters aren't 
widely appreciated and are often misunderstood. 
To correct this situation we present, as a test of 
skill and (hopefully) a source of inspiration, 14 
multiple-choice questions based on the unit 
descril;Jed in the box. The correct answers, along 
with brief discussions of the principles involved, 
appear elsewhere in this issue. Good luck! 

ZERO ADJ. GAIN ADJ. 

DIGITAL OUTPUT 
(OIL/TTL OR CMOS} 

--1l.Jl..JL 

TABLE 1 - KEY SPECIFICATIONS, VFV-,Ok 

INPUT VOLTAGE RANGE 
INPUT aVER RANGE, MIN. 
INPUT IMPEDANCE 
OUTPUT FREQUENCY 
FREQUENCY QVERAANGE, MIN. 
PULSE WIDTH 
RISE & FALL TIMES 
SETTLING TIME TO 0.01 % 
OUTPUT COMPATIBILITY 
FULL SCALE ERROR 
OFFSET ERROR 
NONLINEARITY, MAX. 
TEMPCO OF ZERO. MAX. 
TEMPCO OF GAIN, MAX. 
POWER REQUIREMENT 

Dto+l0V 
10% 
10kO 
Oto 10kHz 
10% 
70 psec 
200 nsec 
1 PULSE AT NEW FREQUENCY 
OTL/TTL OR CMOS 
ADJUSTABLE TO ZERO 
ADJUSTABLE TO ZERO 
0.005% 
±30~.!V/oC 

±20 ppm/oC 
±15V DC @ 25 rnA 
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1. Which of the following circuit techniques has 
no relation to V/F conversion? 

a. Charge dumping 
b. Voltage-controlled oscillator (VCO) 
c. Charge balancing 
d. Variable transconductance 

2. Assuming that the linearity of the V/F convert­
er of Table 1 holds all the way down to zero input 
voltage (which it does), and that the input offset 
voltage can be accurately zeroed for an input as 
low as +1 mV (which it can), what dynamic range 
of the output frequency can be realized? 

a. 60 dB 
b. 66 dB 
c. 80 dB 
d. 100 dB 

3. The V/F converter is useful for high noise­
immunity remote data transmission because: 

a. It amplifies the input signal but not the 
noise 

b. It integrates the input signal, rejecting 
noise 

c. It transmits the data in the form of digital 
pulses that are relatively noise immune 

d. It can be used with an optical isolator at the 
output for high common-mode rejection 
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4. In the V/F converter of Fig. 1, how does the 
stability of capacitors C, and C2 affect the 
accuracy of the converter? 

a. C, directly affects the accuracy but C2 does 
not 

b. C2 directly affects the accuracy but C does 
not 

c. Both C, and C2 directly affect the accuracy 
d. Neither C, nor C2 directly affects accuracy 

INPUT 

Fig. 2 

5. In the V/F converter diagrammed in Fig. 2, 
how does the stability of capacitors C, and C2 

affect the accuracy of the converter? 
a. C, directly affects the accuracy but C2 does 

not 
b. C2 directly affects the accuracy but C, does 

not 
c. Both C, and C2 directly affect the accuracy 
d. Neither C, nor C2 directly affects accuracy 

OUTPUT 
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Questions 6 through 9 refer to the voltage-to­
frequency type AID converter illustrated in Fig. 3. 
The V/F converter used is described in Table 1. 
6. To make a 12-bit binary AID converter, we use 
a 12-bit binary counter. Assuming that the V/F is 
calibrated to give exactly 10 kHz at F.S. (+10V) 
input, what should be the width of the pulse from 
the timing circuit? 

a. 0.4096 sec 
b. 1.000 sec 
c. 2.048 msec 
d. 40.96 msec 



7. To change the circuit of Fig. 3 into a 4-digit 
BCD AID converter, which of the following 
changes must be made? 

a. Change the V/F converter to a 100-kHz unit 
and the counter to a 4-decade BCD counter 

b. Change the counter to a 4-decade BCD 
counter and the timing pulse width to 1.000 
sec 

c. Change the tim ing pulse width to 1.000 sec 
d. Change the counter to a 4-decade BCD 

counter, and NAND gate to a NOR 
8. For the 12-bit AID converter described in 
Question 6, what is the approximate linearity? 

a. ±1/10 LSB 
b. ±1/4 LSB 
c. ±1/2 LSB 
d. ±1 LSB 

9. Voltage-to-frequency AID converters possess 
good noise rejection characteristics since they 
average the input signal during the conversion 
time. Assuming a 1.0-sec conversion time (or 
counting time) for this type converter, what is its 
noise rejection for 60-Hz input noise? 

a. 2& dB 
b. 33.B dB 
c. 35.6 dB 
d. 41.6 dB 

10. Which of the following is an advantage of 
the successive approximation AID converter over 
the voltage-to-frequency AID converter? 

a. Noise rejection 
b. Inherent monotonicity (no missing codes) 
c. Excellent temperature stability 
d. None of the above 

11. Differential nonlinearity for an AID convert­
er is defined as the maximum deviation of any bit 
size from its theoretical value of 1 LSB over the 
full conversion range. Since a voltage-to­
frequencY'AlD converter has a smooth, bow-type 
linearity characteristic, its differential nonlinearity 
is approximately: 

a. Zero 
b. ±1/2 LSB 
c. ±1 LSB 
d. Cannot be determined 
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12. One of the applications for a V/F converter is 
a voltage-controlled oscillator (VCO) with either 
pulse- or square-wave output (Fig. 4). How does 
the V/F converter basically differ from a VCO? 

a. The V/F converter is linear over its full 
operating range and the linearity holds 
down to zero 

b. The V/F converter is smaller and cheaper 
c. The V/F converter has a pulse output, 

whereas a VCO has a sine-wave output 
d. No difference 

13. Which of the following characteristics do 
voltage-to-frequency and dual-slope AID con­
verters have in common? 

a. Excellent noise rejection 
b. Inherent monotonicity (no missing codes) 
c. Slow conversion time 
d. All of the above 
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14. Fig. 5 shows a pulsed sine wave with a 
peak-to-peak amplitude of BV. This waveform is 
squared by an analog multiplier and then inte­
grated by applying it to a 10-kHz V/F converter 
and counting output pulses for a specified period 
of time. If the capacity of the counter is 10 BCD 
digits, what is the length of time over which the 
waveform can be integrated? 

a. 6944.4 hrs. 
b. 3472.2 hrs. 
c. 2777.7 hrs. 
d. 1000 hrs. r I 
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Presenting: the answers 
to our quiz on V/F converters 

To ace this exam you need more than just a passing familiarity with 
VIF's. Our explanations should help clear up any misconceptions. 

ANSWERS 

1. d 8. b 
2. c 9. d 
3. c 10. d 
4. b 11. a 
5. a 12. a 
6. a 13. d 
7. b 14. a 

Fourteen questions do not an expert make. But 
if you've answered all of our queries correctly, 
consider yourself very well versed on at least the 
basics of V/F converters. (An average score is 6-8 
correct.) This quiz, combined with a careful 
reading of the reference articles,should give you 
an ext.ellent grasp of the subject. 

Our comments to the questions follow. 

1. Variable transconductance is a circuit tech­
nique used for analog multiplication, division and 
other nonlinear functions. It has no relation to 
V/F conversion. 

2. The analog input range is 1 mV to 10V; the 
corresponding output frequency range, 1 Hz to 10 
kHz. This represents a dynamic range of 10,000:1 
or 80 dB. 

3. Although band d are true statements, they do 
not explain the VIPs high noise immunity in the 
transmission of remote data. ·Rather, the reason 
for c is that the analog information is converted 

into a digital pulse train, which has relatively high 
noise immunity compared to an analog signal. 

4. Fig. 1 diagrams a charge-balancing V/F con­
verter. C, determines the amplitude of voltage 
transition at the integrator output but does not 
affect the accuracy of the output pulse frequency. 
C, directly affects accuracy because the average 
current pulled out of the integrator's summing 
junction is directly determined by the width of 
the pulse from the one shot. 

5. A charge-dumping V/F is shown in Fig. 2. 
Here C, directly affects accuracy since it deter­
mines how fast the output of the integrator gets 
to the trip point of the comparator. C" on the 
other hand, merely sets the output pulse width 
and has no effect on accu racy. 

6. A 12-bit binary AID converter has a total of 
4096 output states. Therefore, the pulse width 
must be 0.4096 sec to produce this number of 
states from a 10-kHz pulse rate. 

7. The 4-decade BCD converter has 10,000 
output states, so it needs a 1.000-sec timing pulse 
width and a 4-decade BCD counter. 

8. The V/F converter used has a nonlinearity of 
0.005% max. that corresponds to about 1/4 LSB 
out of 12 bits (1 LSB in 12 bits is 0.024%). 

9. Noise rejection of an averaging type AID 
converter is 20 log 2Tfn' where T is the averaging 
or conversion time and fn is the noise frequency. 
Therefore, 41.6-d8 rejection of 60-Hz noise is 
correct, based on the noise rejection asymptote. 
Note that this doesn't assume that the 1.oo0-sec 
conversion time is a precise multiple of the 6O-Hz 



period. If it were an exact multiple, the noise 
rejection would be infinite. 

10. Choices a, band c are characteristics of 
integrating and voltage· to· frequency type A/D 
converters. Successive approximation machines 
are noted for their speed. 

11. Because of the V/F converter's smooth 
bow·type linearity characteristic, all bits over it~ 
full range are almost exactly the same size (1 LSB) 
and the differential nonlinearity is very nearly 
zero. 

12. Choices band c are true in many cases, but a 
is the best choice. A VCO is basically linear over a 
limited range of output frequency and does not 
operate down to zero frequency. 

13. The best answer is "all of the above." We 
might add that for a given resolution (:?10 bits), 
V/F based and integrating A/D's generally cost 
less than successive approximation types. 
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14. This question involves some computation. 
At the o.utput of the multiplier the squared sine 
wave has an amplitude of +1.6V and an average 
value of +O.BV. Since it is ON only half the time, 
the actual average is +O.4V. This voltage produces 
an average output frequency of 400 Hz from a 10 
kHz V/F converter. The maximum integration 
time in hours is then: T = 10'"/(400 x 3600) = 
6944.4 hrs. n 
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Thin-Film Resistor Technology -
Key to Hybrid Data Converter 
Performance 

Precision resistor networks are crucial to the performance of analog-to-digital and 
digital-to-analog converters. By means of state-of-the-art thin-film technology, it is now 
possible to produce high-precision, stable resistor networks economically, for use in 
high-performance hybrid converters that combine the advantages of both 
discrete-component and monolithic circuits. 

Robert L. Fortier, Manager, Microelectronics Div., Datel·lntersil, Inc., Mansfield, MA 

Hybrid-circuit technology was first ap­
plied to the manufacture of digital-to­
analog and analog-to-digital converters in 
the late 1960s. Prior to that time, data 
converters were generally available only 
as discrete designs in encapsulated mod­
ular form. The disadvantages inherent in 
discrete modular converters included the 
high labor content in their multiple­
component assemblies and the expen­
sive, complex circuitry required to 
minimize temperature-induced errors that 
arose because of thermal gradients 
within the device. The lower production 
costs of hybrid assembly, and the hybrid 
construction techniques of mounting all 
active and passive components on a 
small common substrate for good ther­
mal tracking have solved these problems. 

Monolithic Converters 
With the introduction of hybrid technol­

ogy to the data-converter industry came 
eventual interest from the monolithic­
integrated-circuit manufacturers. Al­
though low-to-medium-precision data 
converters are available as single-chip in­
tegrated circuits, they lack the preCision 

and stability required for high-resolution 
(12 bits and higher) analog-to-digital and 
digital-to·analog conversion. Moreover, hy­
brid technology can employ multiple ICs, 
thereby optimizing the use of IC technolo­
gies within a single device to make possi­
ble the achievement of highly complex 
circuit functions (e.g., AID with sample 
and hold, D/A with input resistors) in a 
single package. To achieve the same mUl­
tiple functions, monolithic technology 
requires external components. 

For example, the HDAS-16, shown in 
Fig. 1, is a complete 12-bit, 16-channel 
data-acquisition system that includes 
a 16-channel analog multiplexer, a 
programmable-gain instrumentation am­
plifier, a 12-bit analog-to-digital converter, 
three-state data outputs, a sample-and­
hold, mux address register, a precision 
reference, and control logic - all in a sin­
gle hybrid package. Add to this the fact 
that hybrid designs, typically, require only 
20% of the time and 10% to 20% of the 
design/development costs required of 
new monolithic designs, and the impact 
of hybrid technology on the data­
conversion industry becomes apparent. 



Figure 1. 
This hybrid 
device, the 
HDAS-16, is 
a complete 
16·channel 
data· 
acquisition 
system that 
iscapable 
of digitizing 
50,000 ana· 
log Inputs per second to a lull 12 bits of resolution. It In· 
cludes a 16·channel multiplexer, a 12·blt AID converter, a 
sample·and·hold unit, a programmable-gain instrumenta· 
tion amplifier, and all necessary control logic in a 62-pin, 
hermetically sealed DIP package. It Is typical of the level 
of device complexity that can be achieved with modern 
thin·lilm hybrid technology. The module requiras in ex· 
cess 01 400 separate wire bonds. 

Hybrid Advantages 
The flexibility of hybrid technology per­

mits the designer to select and combine 
the most advantageous characteristics of 
both discrete-modular and monolithic IC 
designs. It shares with discrete designs 
the advantages of being able to select op­
timum components from a wide variety of 
integrated circuit processing technolo­
gies. This affords hybrid designers the 
edge over monolithic designers in overall 
performance, while at the same time 
achieving significant price advantages 
over discrete modules through much 
higher production efficiencies. Thus hy­
brid technology exists as the "best of two 
worlds" between monolithic and discrete 
modular technologies. It combines tech­
nical and economic factors that exclude 
each of the other two technologies, while 
sharing in the advancements of both. 

Resistor Networks 
The most important and critical parts 

of a digital-to-analog converter, which 
is, in turn, the heart of a successive­
approximation analog-to-digital converter, 
are its switching circuitry and its resistor 
network. Precision resistor networks are 
the key to hybrid data-converter accuracy 
and stability, together with carefully se­
lected IC chips, and the final active 
trimming of the device to output specifi­
cations, using laser resistor-trimming 
techniques. 
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Because of the critical importance of 
the resistor network in hybrid data con· 
verter manufacturing, its processing must 
be an in·house capability. This is manda· 
tory not only for control of the supply, 
but - more critically - for control of 
the process. At Datel·lntersil, nickel· 
chromium·alloy thin·film technology is 
used to fabricate resistor networks for hy· 
brid converters. The specifications for a 
resistor network for use in a data con· 
verter with 12·bit or greater accuracy, to 
operate within specification over full mili· 
tary temperature ranges, are demanding: 

• Absolute resistor accuracy to a toler· 
ance of better than 0.01 %. 

• Absolute temperature coefficients of 
resistance of less than 20 ppm/oC. 

• Temperature·coefficient tracking 
within 1 ppm/oC or better. 

• Long-term stability: less than 0.002% 
drift in ratio and less than 0.02% absolute 
drift for a minimum of 1000 hours at 125°. 

Nickel-chromium thin-film processing 
can achieve this level of performance, de­
spite the fact that these requirements are 
more than an order of magnitude - some 
20 to 50 times - better than the charac­
teristics of the alloy in bulk form. By 
seeding nickel-chromium basic alloy with 
selected impurities and controlling the 
film vacuum-deposition process very 
tightly, these resistor characteristics are 
routinely achieved in production. 

Thin-Film Deposition 
Thermal high-vacuum-evaporation tech­

niques are used for thin-film resistor pro­
cessing. Because the constituents of 
nickel-chromium alloys evaporate in vac­
uum at vastly different rates (chromium 
evaporates 8 to 16 times faster than 
nickel, depending on vacuum level), the 
metallurgy of the resistor melt changes 
from one production run to the next. For 
this reason, the initial resistor-metal melt 
must be carefully prepared, and each re­
sistor wafer run meticulously monitored 
arid controlled. 
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A large resistor-metal melt (350 to 400 
grams) is first prepared, using a proprie­
tary mix of nickel-chromium and selected 
impurities. The melt is then put through a 
series of test runs, using standard resis­
tor test patterns, until the desired elec­
trical.characteristics of the resistor 
networks are achieved. The melt is then 
used for production wafer runs, and a 
two-wafer test sample, taken from each 
vacuum deposition run, is processed into 
networks and completely evaluated. The 
comprehensive electrical data from the 
test networks are recorded for each pro­
duction wafer lot, so that the resistor 
melt performance is continuously 
monitored. 

Because chromium evaporates at a 
much faster rate than nickel, the melt is 
richest in chromium at the beginning of a 
wafer production run. As the melt is con­
sumed during production, the deposited 
films become increasingly rich in nickel 
as the chromium is depleted from the 
melt. The resistor films are deposited to 
produce a sheet resistivity of approxi­
mately 250 ohms per square, which re­
quires a,physical film thickness of 
approximately 15 to 17.5 nanometers. 

The film structure is essentially a semi­
continuous sheet comprised of islands of 
nickel in a matrix of chromic oxide. It is 
this critical film structure that makes pos­
sible resistor-network electrical perfor­
mance far beyond the capabilities of the 
nickel-chromium in bulk form. The high 
negative temperature coefficient of resis­
tance of the chromic oxide balances the 
high positive TCR of the nickel to yield an 
effective net TCR of tero for the struc­
tured thin film. Moreover, the chromium, 
converted to oxide in a matrix in which 
the doped impurities lock in the islands 
of nickel, results in an extremely 
temperature-stable resistor film. 

Vacuum-Deposition Control 
Because of the critical nature of this 

thin-film structure, the vacuum-deposition 
process must be very closely controlled. 

The initial resistor wafers exhibit negative 
TCR characteristics, due to their high 
chromic-oxide content. As the melt com­
position changes during production runs, 
the TCRs of subsequent resistors 
become increasingly positive, rise 
through zero TCR, and continue to be­
come more positive until the melt reaches 
the end of its useful life at the top end of 
the TCR specification ( + 20 ppm/DC). At 
this point, the melt is discarded and a 
new production melt is prepared from raw 
materials. Generally, a well-prepared re­
sistor melt yields 350 to 400 good wafer 
production runs, comprising approxi­
mately 72 3-inch (75-mm)-diameter wafers 
per run. 

To achieve this level of thin-film-resistor 
performance, the film vacuum-deposition 
parameters must be carefully monitored 
and precisely controlled. The critical 
process parameters include substrate 
temperatures, speed of rotary-planetary 
wafer-fixturing rotation, residual gas 
background in the vacuum system during 
film deposition, deposition rate control, 
mechanical film-thickness and resistive 
film-thickness control, and post­
deposition film bake. The necessary 
process control is accomplished 
by means of custom-designed, 
microprocessor-controlled vacuum­
deposition equipment that provides 
pre-programmable processing. 

Substrates 
Two basic types of substrate material 

are used for thin-film resistor networks at 
Datel-Intersil: an oxidized-silicon semi­
conductor wafer, and high-density, 3.5-mi­
croinch (90-nm) -as-fired-surface-finish, 
99.5% alumina ceramic. The ceramic sub­
strate is used for resistor networks in 
ultra-high-speed data converters where 
the high-distributed surface capacitance 
of the oxidized-silicon wafer metal-oxide­
metal combination makes it unsuitable 
for high-frequency networks. 



The oxide on the silicon wafers is 
grown in a controlled, doped oxidation 
process. The oxide provides recombina­
tion centers that prevent sodium-ion 
migration into the deposited nickel­
chromium thin-film resistors, which Would 
result in resistor-film instability. The 
alumina ceramic substrates are carefully 
selecled for porosity, grain size, and cam­
ber to maximize thin-film resistor yield 
and optimize performance. 

Wafer Production Processing 
Thin-film resistor production at Datel­

Intersil employs a three-layer sheet 
deposition process. A resistor film of 
nickel-chromium alloy is first deposited, 
followed by a layer of deposited nickel, 
and then a layer of deposited gold. The 
nickel layer serves as a diffusion barrier 
between the nickel-chromium and the 
gold, to inhibit chromium migration 
through the gold during subsequent tem­
perature processing. This prevents in­
creases in the resistance of the gold 
conductors and migration of chromium to 
the surface of the gold, which could 
cause problems in later assembly pro­
cesses. The deposited thin-film gold layer 
serves as a seat for a subsequent gold 
electroplating process in which the con­
ductor metallization is plated up to the 
100 microinches (2.54-/.Im) thickness re­
quired for low conductor resistance and 
mechanical integrity for assembly pro­
cessing (wire bonding). 

Conductor and resistor patterns are 
generated on the sheet-deposited wafers 
by means of subtractive photolithography 
and selective etching techniques. The 
proprietary thin-film etch ants employed 
are mixed in-house from raw chemicals. 
One reason is for repeatability of etching 
rates, since wafers are batch etched. The 
most important reason is for selectivity of 
the etchants. The gold etch etches only 
gold, the nickel etch, only nickel, and the 
nickel-chromium etch, only nickel­
chromium. 
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Highly selective etching is extremely 
important in order to preserve metallurgi­
cal integrity at the resistor-to-conductor 
junctions. It prevents undercutting that 
could cause etchant-residue entrapment, 
which could cause separation of the re­
sistor film from the conductor during sub­
sequent device temperature cycling. 
Finished etched junctions are examined 
under a metallurgical microscope to 
verify the presence of all three metal films 
(gold, nickel, and nickel-chromium), 
thereby ensuring that no undercutting 
has occurred. 

Heat Treating 
Another critical processing step after 

the resistor and conductor patterns have 
been delineated is high-temperature heat 
treatment of the nickel-chromium resistor 
film. Two metallurgical changes occur in 
the film structure during the process. 
First, the highly stressed nickel is an­
nealed, producing an initial drop in 
effective sheet resistance. Then, as the 
remainder of the free chromium in the 
metal-oxide film matrix is driven to com­
plete oxidation, a final increase in effec­
tive film sheet resistance results. 

The process "locks in" the film struc­
ture for thermal stability. Each thin-film 
resistor wafer is processed separately, 
and its characteristic "stability-knee 
curve" plotted. Each wafer then becomes 
a single, identifiable lot. Thus, a resistor­
chip lot in subsequent hybrid-assembly 
processing is traceable back to an 
individual wafer, which, in turn, has a 
proceSS-data history that is completely 
traceable back to the vacuum deposition 
run in which it originated. 
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Final Processing 
In addition, each thin-film wafer is sam­

ple probed at 25°C and 125°C, using tem­
perature forcing equipment. Absolute 
temperature coefficient of resistance and 
TCR tracking data are calculated and re­
corded for each individual wafer. The wa­
fer is then tested 100% for resistance 
values, using high-speed automatic prob­
ing and test equipment. 

Finished wafers are then laser trimmed 
at the wafer level (generally to 0.1 % toler­
ance), using automatic VAG laser resistor 
trimming equipment. They are then sepa­
rated into individual resistor dice, using 
high-speed, microprocessor-controlled 
dicing saws. The final step in the resistor­
network manufacturing process is a 
100% visual inspection of each resistor 
die, to MIL Std 883B, Method 2017. 

Typical resistor-network geometry de­
sign guidelines recommend a one-mil 
(2.54-,.m) line width and one-mil space 
packing density for resistor networks, be­
cause of MIL-Std-883 constraints on the 
minimum thin-film-resistor line widths 
that can be laser trimmed. Datel-Intersil 
thin-film photolithographic-processing ca­
pabilities permit a one-quarter mil (6.35-
I'm) line on half-mil (12.7-,.m) spacing for 
custom networks. 

Functional Trim 
The resistor-network chip undergoes 

one final step in the hybrid data converter 
manufacturing cycle. The finished, as­
sembled data converter is powered for 
operation in a trim fixture, and its resis­
tors are trimmed by vaporizing the nickel­
chromium, using a focused laser beam to 
achieve the final output characteristic of 
the device. The functional laser-trimming 
operation thus compensates for all device 
errors simultaneously, producing a con­
verter that is ready to plug in and use 
with no need for external trimmer poten­
tiometers. 

Thin-film resistor technology plays a 
critical role in the production of modern, 
state-of-the-art hybrid data converters. 
As the data-conversion industry moves 
toward faster conversion rates, higher 
resolution, and tighter accuracy require­
ments, that role will become even more 
significant. 

Robert L. Fortier received 
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Glossary of Data Conversion Terms 

This glossary defines the most often used terms 
in the field of data conversion technology. Each 
of the terms has been described or referred to 
elsewhere in this book. 

ABSOLUTE ACCURACY: The worst-case input to 
output error of a data converter referred to the 
NBS standard volt. 
ACCURACY: The conformance of a measured 
value with its true value; the maximum error of 
a device such as a data converter from the true 
value. See relative accuracy and absolute accuracy. 
ACQUISITION TIME: For a sample-hold, the time 
required, after the sample command is given, 
for the hold capacitor to charge to a full scale 
voltage change and then remain within a 
specified error band around final value. 
ACTIVE FILTER: An electronic filter which uses 
passive circuit elements with active devices 
such as gyrators or operational amplifiers. In 
general, resistors and capacitors are used but 
no inductors. 
ACTUATOR: A device which converts a voltage 
or current input into a mechanical output. 
ADC: Abbreviation for analog-to-digital con­
verter. See AID converter. 
AID CONVERTER: Analog-to-digital converter. 
A circuit which converts an analog (continuous) 
voltage or current into an output digital code. 
ALIAS FREQUENCY: In reconstructed analog 
data, a false lower frequency component which is 
the result of insufficient sampling rate, i.e., less 
than that required by the sampling theorem. 
ALIASING: See Alias Frequency. 
ANALOG MULTIPLEXER: An array of switches 
with a common output connection for selecting one 
of a number of analog inputs. The output signal 
follows the selected input within a small error. 
ANTI-ALIAS FILTER: See Pre-Sampling Filter: 
APERTURE DELAY TIME: In a sample-hold, the 
time elapsed from the hold command to the actual 
opening of the sampling switch. 
APERTURE JITTER: See Aperture Uncertainty 
Time. 
APERTURE TIME: The time window, or time 
uncertainty, in making a measurement. For an AID 
converter it is the conversion time; for a sample­
hold it is the signal averaging time during the 
sample-to-hold transition. 
APERTURE UNCERTAINTY TIME: In a sample­
hold, the time variation, or time jitter, in the opening 
of the sampling switch; also the variation in aperture 
delay time from sample to sample. 

AUTO-ZERO: A stabilization circuit which servos 
an amplifier or AID converter input offset to zero 
during a portion of its operating cycle. 
BANDGAP REFERENCE: A voltage reference 
circuit which is based on the principle of the pre­
dictable base-to-emitter voltage of a transistor to 
generate a constant voltage equal to the extra­
polated bandgap voltage of silicon (::::1.22V). 
BANDWIDTH: The frequency at which the gain of 
an amplifier or other circuit is reduced by 3 dB 
from its DC value; also the range of frequencies 
within which the attenuation is less than 3 dB from 
the center frequency value. 
BCD: See Binary Coded Decimal. 
BINARY CODE: See Natural Binary Code. 
BINARY CODED DECIMAL (BCD): A binary code 
used to represent decimal numbers in which each 
digit from 0 to 9 is represented by four bits 
weighted 8-4-2-1. Only 10 of the 16 possible states 
are used. 
BIPOLAR MODE: For a data converter, when the 
analog signal range includes both positive and 
negative values. 
BIPOLAR OFFSET: The analog displacement of one 
half of full scale range in a data converter operated 
in the bipolar mode. The offset is generally derived 
from the converter reference circuit. 
BREAK-BEFORE-MAKE SWITCHING: A char­
acteristic of analog multiplexers in which there is 
a small time delay between disconnection from the 
previous channel and connection to the next channel. 
This assures that no two inputs are ever momen­
tarily shorted together. 
BUFFER AMPLIFIER: An amplifier employed to 
isolate the loading effect of one circuit from another. 
BURIED ZENER REFERENCE: See Subsurface 
Zener Reference. 
BUSY OUTPUT: See Status Output. 
BUTTERFLY CHARACTERISTIC: An error 
versus temperature graph in which all errors are 
contained within two straight lines which intersect 
at room temperature, or approximately 25°C. 
CHARGE BALANCING AID CONVERTER: An 
analog-to-digital conversion technique which em­
ploys an operational integrator circuit within a pulse 
generating feedback loop. Current pulses from the 
feedback loop are precisely balanced against the 
analog input by the integrator, and the resulting 
pulses are counted for a fixed period of time to 
produce an output digital word. This technique is 
also called quantized-feedback. 
CHARGE DUMPING: See Charge Transfer. 
CHARGE INJECTION: See Charge Transfer. 
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CHARGE TRANSFER: In a sample-hold, the phe­
nomenon of moving a small charge from the sampling 
switch to the hold capacitor during switch turn-off. 
This is caused by the switch control voltage change 
coupling through switch capacitance to the hold 
capacitor. Also called charge dumping or charge 
injection. 
CHOPPER-STABILIZED AMPLIFIER: An opera­
tional amplifier which employs a special DC 
modulator-demodulator circuit to reduce input 
offset voltage drift to an extremely low value. 
CLOCK: A circuit in an AID converter that gener­
ates timing pulses which synchronize the operation 
of the converter. 
CLOCK RATE: The frequency of the timing pulses 
of the clock circuit in an AID converter. 
COMMON-MODE REJECTION RATIO: For an 
amplifier, the ratio of differential voltage gain to 
common-mode voltage gain, generally expressed 
in dE. 

CMRR = 20 loglO An 
ACM 

where An is differential voltage gain and ACM is 
common mode voltage gain. 
COMPANDING CONVERTER: An AID or D/A 
converter which employs a logarithmic transfer 
function to expand or compress the analog signal 
range. These converters have large effective dy­
namic ranges and are commonly used in digitized 
voice communication systems. 
COMPLEMENTARY BINARY CODE: A binary 
code which is the logical complement of straight 
binary. AliI's become O's and vice versa. 
CONVERSION TIME: The time required for an 
AID converter to complete a single conversion to 
specified resolution and linearity for a full scale 
analog input change. 
CONVERSION RATE: The number of repetitive 
AID or D/A conversions per second for a full scale 
change to specified resolution and linearity. 
COUNTER TYPE AID CONVERTER: A feedback 
method of AID conversion wl:~reby a digital counter 
drives a DI A converter whicl generates an output 
ramp which is compared with the analog input. 
When the two are equal, a comparator stops the 
counter and output data is ready. Also called a 
servo type AID converter. 
CREEP VOLTAGE: A voltage change with time 
across an open capacitor caused by dielectric absorp­
tion. This causes sample-hold output error. 
CROSSTALK: In an analog multiplexer, the ratio of 
output voltage to input voltage with all channels 
connected in parallel and off. It is generally ex­
pressed as an input to output attenuation ratio in dE. 

DAC: Abbreviation for digital-to-analog converter. 
See DI A Converter. 
D/A CONVERTER: Digltal-to-analog converter. 
A circuit which converts a digital code word into 
an output analog (continuous) voltage or current. 
DATA ACQUISITION SYSTEM: A system con­
sisting of analog multiplexers, sample-holds, AID 
converters, and other circuits which process one or 
more analog signals and convert them into digital 
form for use by a computer. 
DATA AMPLIFIER: See Instrumentation 
Amplifier. 
DATA CONVERTER: An AID or D/A Converter. 
DATA DISTRIBUTION SYSTEM: A system which 
uses DI A converters and other circuits to convert 
the digital outputs of a computer into analog form for 
control of a process or system. 
DATA RECOVERY FILTER: A filter used to 
reconstruct an analog signal from a train of analog 
samples. 
DATA WORD: A digital code-word that represents 
data to be processed. 
DECAY RATE: See Hold-Mode Droop. 
DECODER: A communications term for D/A 
converter. 
DEGLITCHED DAC: A DI A converter which in­
corporates a deglitching circuit to virtually elim­
inate output spikes (or glitches). These DAC's are 
commonly used in CRT display systems. 
DEGLITCHER: A special sample-hold circuit used 
to eliminate the output spikes (or glitches) from a 
D/A converter. 
DIELECTRIC ABSORPTION: A voltage memory 
characteristic of capacitors caused by the dielectric 
material not polarizing instantaneously. The result 
is that not all the energy stored in a charged 
capacitor can be quickly recovered upon discharge, 
and the open capacitor voltage will creep. See also 
Creep Voltage. 
DIFFERENTIAL LINEARITY ERROR: The maxi­
mum deviation of any quantum (LSB change) in the 
transfer function of a data converter from its 
ideal size of FSR/2n. 
DIFFERENTIAL LINEARITY TEMPCO: The 
change in differential linearity error with temper­
ature for a data converter, expressed in ppm/o C of 
FSR (Full Scale Range). 
DIGITIZER: A device which converts analog into 
digital data; an AID converter. 
DOUBLE-LEVEL MULTIPLEXING: A method of 
channel expansion in analog multiplexers whereby 
the outputs of a group of multiplexers connect 
to the inputs of another multiplexer. 

DROOP: See Hold-Mode Droop. 



DUAL SLOPE AID CONVERTER: An indirect 
method of A/D conversion whereby an analog 
voltage is converted into a time period by an 
integrator and reference and then measured by a 
clock and counter. The method is relatively slow 
but capable of high accuracy. 
DYNAMIC ACCURACY: The total error of a data 
converter or conversion system when operated at 
its maximum specified conversion rate or through­
put rate. 
DYNAMIC RANGE:,The ratio of full scale range 
(FSR) of a data converter to the smallest difference 
it can resolve. In terms of converter resolution: 

Dynamic Range (DR) = 2n 
It is generally expressed in dB: 

DR = 20 log102n =6.02n 
where n is the resolution in bits. 
EFFECTIVE APERTURE DELAY: In a sample­
hold, the time difference between the hold command 
and the time at which the input signal equalled 
the held voltage. 
ELECTROMETER AMPLIFIER: An amplifier 
characterized by ultra-low input bias current and 
input noise which is used to measure currents in 
the picoampere region and lower. 
ENCODER: A communications term for an A/D 
converter. 
E.O.C.: End of Conversion. See Status Output. 
ERROR BUDGET: A systematic listing of errors 
in a circuit or system to determine worst case total 
or statistical error. 
EXTRAPOLATIVE HOLD: See First-Order Hold. 
FEEDBACK TYPE AID CONVERTER: A class of 
analog-to-digital converters in which a D/ A con­
verter is enclosed in the feedback loop of a digital 
control circuit which changes the D/ A output until 
it equals the analog input. 
FIRST· ORDER HOLD: A type of sample-hold, used 
as a recovery filter, which uses the present and 
previous analog samples to predict the slope to the 
next sample. Also called an extrapolative hold. 
FLASH TYPE AID CONVERTER: See Parallel 
A/D Converter. 
FLYING-CAPACITOR MULTIPLEXER: A multi­
plexer switch which employs a double-pole, double­
throw switch connected to a capacitor. By first 
connecting the capacitor to the signal source and 
then to a differential amplifier, a signal with a high 
common-mode voltage can be multiplexed to a 
ground-referenced circuit. 
FRACTIONAL-ORDER HOLD: A type of sample­
bold, used as a recovery filter, which uses a fixed 
fraction of the difference between the present and 
previous analog samples to predict the slope to the 
next sample. 
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FREQUENCY FOLDING: In the recovery of 
sampled data, the overlap of adjacent spectra caused 
by insufficient sampling rate. The overlapping re­
sults in distortion in the recovered signal which can­
not be eliminated by filtering the recovered signal. 
FREQUENCY-TO-VOLTAGE (F/V) CONVERTER: 
A device which converts an input pulse rate into an 
output analog voltage. 
FSR: Full Scale Range. 
FULL POWER FREQUENCY: The maximum 
frequency at which an amplifier, or other device, 
can deliver rated peak-to-peak output voltage into 
rated load at a specified distortion level. 
FULL SCALE RANGE (FSR): the difference be­
tween maximum and minimum analog values for an 
A/D converter input or D/A converter output. 
F/V CONVERTER: See Frequency-To-Voltage 
Converter. 
GAIN-BANDWIDTH PRODUCT: The product of 
gain and small signal bandwidth for an operational 
amplifier or other circuit. This product is constant 
for a single-pole response. 
GAIN ERROR: The difference in slope between 
the actual and ideal transfer functions for a data 
converter or other circuit. It is expressed as a 
percent of analog magnitude. 
GAIN TEMPCO: The change in gain (or scale factor) 
with temperature for a data converter or other 
circuit, generally expressed in ppm/ceo 
HIGH-LEVEL MULTIPLEXING: An analog multi­
plexing circuit in which the analog signal is first 
amplified to a higher level (1 to 10 volts) and then 
multiplexed. This is the preferred method of multi­
plexing to prevent noise contamination of the 
analog signal. 
HOLD CAPACITOR: A high quality capacitor used 
in a sample-hold circuit to store the analog voltage. 
The capacitor must have low leakage and low dielec­
tric absorption. Types commonly used include 
polystyrene, teflon, polycarbonate, polypropylene, 
and MOS. 
HOLD-MODE: The operating mode of a sample-hold 
circuit in which the sampling switch is open. 
HOLD-MODE DROOP: In a sample-hold, the output 
voltage change per unit of time with the sampling 
switch open. It is commonly expressed in V/sec. 
or IlV/llsec. 
HOLD-MODE FEEDTHROUGH: In a sample-hold, 
the percentage of input sinusoidal or step signal mea­
sured at the output with the sampling switch open. 
HOLD·MODE SETTLING TIME: In a sample-hold, 
the time from the hold-command transition until 
the output has settled within a specified error band. 
HYSTERESIS ERROR: The small variation in ana­
log transition points of an A/D converter whereby 
the transition level depends on the direction from 
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which it is approached. In most Nt conve~ters 
this hysteresis is very small and is caused by the 
analog comparator. 
IDEAL FILTER: A low pass filter with flat pass­
band response, infinite attenuation at the cutoff 
frequency, and zero response past cutoff; it also 
has linear phase response in the passband. Ideal 
filters are mathematical filters frequently used in 
textbook examples but not physically realizable. 
INDIRECT TYPE AID CONVERTER: A class of 
analog-to-digital converters which converts the un­
known input voltage into a time period and then 
measures this period. 
INFINITE-HOLD: A sample-hold circuit which 
converts an analog voltage into digital form which 
is then held indefinitely, without decay, in a register. 
INPUT DYNAMIC RANGE: In an amplifier, the 
maximum permissible peak-to-peak voltage across 
the input terminals which does not cause the output 
to slew rate limit or distort. Mathematically it is 
found as 

IDR (Input Dynamic Range)-----.IDL 
rrGB 

where SR is the slew rate and GB is gain bandwidth. 
INSTRUMENTATION AMPLIFIER: An amplifier 
circuit with high impedance differential inputs 
and high common-mode rejection. Gain is set by one 
or two resistors which do not connect to the input 
terminals. 
INTEGRAL LINEARITY ERROR: The maximum 
deviation of a data converter transfer function from 
the ideal straight line with offset and gain errors 
zeroed. It is generally expressed in LSB's or in 
percent of FSR. 
INTEGRATING AID CONVERTER: One of several 
types of AID conversion techniques whereby the 
analog input is integrated with time. This includes 
dual slope, triple slope, and charge balancing type 
AID converters. 
INTERPOLATIVE HOLD: See Polygonal Hold. 
ISOLATION AMPLIFIER: An amplifier which is 
electrically isolated between input and output in 
order to be able to amplify a differential signal 
superimposed on a high common-mode voltage. 
LEAST SIGNIFICANT BIT (LSBj: The rightmost 
bit in a data converter code. The analog size of 
the LSB can be found from the converter resolution: 

LSB Size =FSR 
2n 

where FSR is full scale range and n is the resolution 
in bits. 
LINEARITY ERROR: See Integral Linearity Error 
and Differential Linearity Error. 
LONG TERM STABILITY: The variation in data 
converter accuracy due to time change alone. It is 
commonly specified in percent per 1000 hours or 
per year. 

LOW-LEVEL MULTIPLEXING: An analog multi­
plexing system in which a low amplitude signal 
is first multiplexed and then amplified. 
LSB: Least Significant Bit. 
LSB SIZE: See Quantum. 
MAJOR CARRY: See Major Transition. 
MAJOR TRANSITION: In a data converter, the 
change from a code of 1000 ... 000 to 0111 ... 1111 
or vice-versa. This transition is the most difficult 
one to make from a linearity standpoint since the 
MSB weight must ideally be precisely one LSB 
larger than the sum of all other bit weights. 
MISSING CODE: In an AID converter, the charac­
teristic whereby not all output codes are present in 
the transfer function of the converter. This is caused 
by a non monotonic DIA converter inside the AID. 
MONOTONICITY: For a DIA converter, the char­
acteristic of the transfer function whereby an 
increasing input code produces a continuously 
increasing analog output. Nonmonotonicity may 
occur if the converter differential linearity error 
exceeds ± 1 LSB. 
MOST SIGNIFICANT BIT (MSBj: The leftmost bit 
in a data converter code. It has the largest weight, 
equal to one half of full scale range. 
MSB: Most Significant Bit. 
MULTIPLYING D/A CONVERTER: A type of 
digital-to-analog converter in which the reference 
voltage can be varied over a wide range to produce 
an analog output which is the product of the input 
code and input reference voltage. Multiplication 
can be accomplished in one, two, or four algebraic 
quadrants. 
MUX: Abbreviation for multiplexer. See Analog 
Multiplexer. 
NATURAL BINARY CODE: A positive weighted 
code in which a number is represented by 

N = ao2° + a,2' + a222 + a323 + ... + an2n 
where each coefficient "a" has a value of zero or 
one. Data converters use this code in its fractional 
form where: 

N = a,2-' + a22-2 + a~-3 + ... an2-n 
and N has a fractional value between zero and one. 
NEGATIVE TRUE LOGIC: A logic system in which 
the more negative of two voltage levels is defined 
as a logical 1 (true) and the more positive level is 
defined as a logical a (false). 
NOISE REJECTION: The amount of suppression of 
normal mode analog input noise of an AID ~onverter 
or other circuit, generally expressed in dB.. Good 
noise rejection is a characteristic of integrating 
type AID converters. 
NONMONOTONIC: A DIA converter transfer 
characteristic in which the output does not continu­
ously increase with increasing input. At one or more 
points there may be a dip in the output function. 



NORMAL-MODE REJECTION: The attenuation of 
a specific frequency or hand of frequencies ap­
pearing directly across two electrical terminals. 
In AID converters, normal-mode rejection is deter­
mined hy an input filter or hy integration of the 
input signal. 
NOTCH FILTER: An electronic filter which attenu­
ates or rejects a specific frequency or narrow hand 
of frequencies with a sharp cutoff on either side 
of the hand. 
NYQUIST THEOREM: See Sampling Theorem. 
OFFSET BINARY CODE: Natural binary code in 
which the code word 0000 .... 0000 is displaced by 
one-half analog full scale. The code represents analog 
values between - FS and + FS (full scale). The code 
word 1000 .... 0000 then corresponds to analog zero. 
OFFSET DRIFT: The change with temperature 
of analog zero for a data converter operating in the 
bipolar mode. It is generally expressed in ppm/DC 
of FSR. 
OFFSET ERROR: The error at analog zero for a 
data converter operating in the bipolar mode. 
ONE'S COMPLEMENT CODE: A bipolar binary 
code in which positive and negative codes of the 
same magnitude sum to all one's. 
PARALLEL TYPE AID CONVERTER: An ultra­
fast method of AID conversion which uses an array 
of 2" -1 compaxators to directly implement a quan­
tizer, where n is the resolution in bits. The quantizer 
is followed by a decoder circuit which converts the 
comparator outputs into binary code. 
PARALLEL TYPE D/A CONVERTER: The most 
commonly used type of DI A converter in which 
upon application of an input code, all bits change 
simultaneously to produce a new output. 
PASSIVE FILTER: A filter circuit using only 
resistors, capacitors, and inductors. 
POLYGONAL HOLD: A type of sample-hold, used 
as a signal recovery filter, which produces a voltage 
output which is a straight line joining the previous 
sample value to the present sample. This results 
in an accurate signal reconstruction but with a one 
sample-period output delay. 
POSITIVE TRUE LOGIC: A logic system in which 
the more positive of two voltage levels is defined 
as a logical 1 (true) and the more negative level is 
defined as a logical 0 (false). 
POWER SUPPLY SENSITIVITY: The output 
change in a data converter caused by a change in 
power supply voltage. Power supply sensitivity is 
generally specified in %/V or in %/% supply change. 
PRECISION: The degree of repeatability, or repro­
ducibility of a series of successive measurements. 
Precision is affected by the noise, hysteresis, time, 
and temperature stability of a data converter or 
other device. 
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PRE-SAMPLING FILTER: A low pass filter used 
to limit the bandwidth of a signal before sampling 
in order to assure that the conditions ofthe Sampling 
Theorem are met. Therefore frequency folding is 
eliminated or greatly diminished in the recovered 
signal spectrum. 
PROGRAMMABLE GAIN AMPLIFIER: An am­
plifier with a digitally controlled gain for use in 
data acquisition systems. 
PROGRAMMER-SEQUENCER: A digital logic 
circuit which controls the sequence of operations 
in a data acquisition system. 
PROPAGATION TYPE AID CONVERTER: A type 
of AID conversion method which employs one com­
parator per bit to achieve ultra-fast A/D conversion. 
The conversion propagates down the series of 
cascaded comparators. 
QUAD CURRENT SWITCH: A group of four cur­
rent sources weighted 8-4-2-1 which are switched 
on and off by TIL inputs. They are used to imple­
ment AID and DIA converter designs up to 16 
bits resolution by using mUltiple quads with current 
dividers between each quad. 
QUANTIZATION NOISE: See Quantization Error. 
QUANTIZATION UNCERTAINTY: See Quantiza­
tion Error. 
QUANTIZED FEEDBACK AID CONVERTER: 
See Charge Balancing AID Converter. 
QUANTIZER: A circuit which transforms 3. con­
tinuous analog signal into a set of discrete output 
states. Its transfer function is the familiar stair­
case function. 
QUANTIZING ERROR: The inherent uncertainty 
in digitizing an analog value due to the finite reso­
lution of the conversion process. The quantized 
value is'uncertain by up to ±Q/2 where Q is the 
quantum size. This error can be reduced only by 
increasing the resolution of the converter. Also 
called quantization uncertainty or quantization 
noise. 
QUANTUM: The analog difference between two 
adjacent codes for an AID or DI A converter. Also 
called LSB size. 
R-2R LADDER NETWORK: An array of matched 
resistors with series values of R and shunt values 
of 2R in a standard ladder circuit configuration. 
RATIOMETRIC AID CONVERTER: An analog­
to-digital converter which uses a variable reference 
to measure the ratio of the input voltage to the 
reference. 
RECONSTRUCTION FILTER: See Data Recovery 
Filter. 
RECOVERY FILTER: See Data Recovery Filter. 
REFERENCE CIRCUIT: A circuit which produces 
a stable output voltage over time and temperature 
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for use in ND and DI A converters. The circuit 
generally uses an operational amplifier with a 
precision Zener or bandgap type reference element. 
RELATIVE ACCURACY: The worst case input to 
output error of a data converter, as a percent of full 
scale, referred to the converter reference. The error 
consists of offset, gain, and linearity components. 
RESOLUTION: The smallest change that can be 
distinguished by an AID converter or produced by 
a D/A converter. Resolution may be stated in per· 
cent of full scale, but is commonly expressed as the 
number of bits n where the converter has 2n 
possible states. 
SAMPLE-HOLD: A circuit which accurately ac­
quires and stores an analog voltage on a capacitor 
for a specified period of time. 
SAMPLE-HOLD FIGURE OR MERIT: The ratio of 
capacitor charging current in the sample-mode to the 
leakage current off the capacitor in the hold-mode. 
SAMPLE-MODE: The operating mode of a sample­
hold circuit in which the sampling switch is closed. 
SAMPLER: An electronic switch which is turned 
on and off at a fast rate to produce a train of analog 
sample pulses. 
SAMPLE-TO-HOLD OFFSET ERROR: For a 
sample-hold, the change in output voltage from the 
sample-mode to the hold-mode, with constant input 
voltage. This error is caused by the sampling 
switch transferring charge onto the hold capacitor 
as it opens. 
SAMPLE-TO-HOLD STEP: See Sample-to-Hold 
Offset Error. 
SAMPLE-TO-HOLD TRANSIENT: A small spike 
at the output of a sample-hold when it goes into 
the hold mode. It is caused by feedthrough from the 
sampling switch control voltage. 
SAMPLING THEOREM: A theorem due to Nyquist 
which says if a continuous bandwidth-limited signal 
contains no frequency components higher than fe, 
then the original signal can be recovered without 
distortion if it is sampled at a rate of at least 2fe 
samples per second. 
SAR: Successive approximation register. A digital 
control circuit used to control the operation of a 
successive approximation AID converter. 
SCALE FACTOR ERROR: See Gain Error. 
SERIAL TYPE D/A CONVERTER: A type of 
digital-to·analog converter in which the digital in· 
put data is received in sequential form before an 
analog output is produced. 
SERVO-TYPE AID CONVERTER: See Counter­
Type AID Converter. 
SETTLING TIME: The time elapsed from the 
application of a full scale step input to a circuit to 
the time when the output has entered and remained 
within a specified error band around its final value. 

This term is an important specification for opera­
tional amplifiers, analog multiplexers, and DI A 
converters. 
SHORT CYCLING: The termination of an AID 
conversion process at a resolution less than the 
full resolution of the converter. This results in a 
shorter conversion time for reduced resolution in 
AID converters with a short cycling capability. 
SIGNAL RECONSTRUCTION FILTER: A low pass 
filter used to accurately reconstruct an analog 
signal from a train of analog samples. 
SIGN-MAGNITUDE BCD: A binary coded decimal 
code in which a sign bit is added to distinguish 
positive from negative in bipolar operation. 
SIGN-MAGNITUDE BINARY CODE: The natural 
binary code to which a sign bit is added to dis­
tinguish positive from negative in bipolar operation. 
SIMULTANEOUS SAMPLE-HOLD: A system in 
which a series of sample-hold circuits are used to 
sample a number of analog channels, all at the 
same instant. This requires one sample-hold per 
analog channel. 
SIMULTANEOUS TYPE AID CONVERTER: See 
Parallel Type AID Converter. 
SINGLE-LEVEL MULTIPLEXING: A method of 
channel expansion in analog multiplexers whereby 
several multiplexers are operated in parallel by 
connecting their outputs together. Each multi­
plexer is controlled by a digital enable input. 
SINGLE-SLOPE AID CONVERTER: A simple 
AID converter technique in which a ramp voltage 
generated from a voltage reference and integrator 
is compared with the analog input voltage by a 
comparator. The time required for the ramp to equal 
the input is measured by a clock and counter to 
produce the digital output word. 
SKIPPED CODE: See Missing Code. 
SLEW RATE: The maximum rate of change of the 
output of an operational amplifier or other circuit. 
Slew rate is limited by internal charging currents 
and capacitances and is generally expressed in volts 
per microsecond. 
SPAN: For an AID or DI A converter, the full scale 
range or difference between maximum and mini­
mum analog values. 
START-CONVERT: The input pulse to an ND 
converter which initiates conversion. 
STATIC ACCURACY: The total error of a data 
converter or conversion system under DC input 
conditions. 
STATUS OUTPUT: The logic output of an ND 
converter which indicates whether the device is in 
the process of making a conversion or the conver­
sion has been completed and output data is ready. 
Also called busy output or end of conversion output. 



STRAIGHT BINARY CODE: See Natural 
Binary Code. 
SUBSURFACE ZENER REFERENCE: A compen­
sated voltage reference diode in which avalanche 
breakdown occurs below the surface of the silicon 
in the bulk region rather than at the surface. This 
results in lower noise and higher stability. The 
reversed biased diode is temperature compensated 
by a series connected, forward biased signal diode. 
SUCCESSIVE APPROXIMATION AID 
CONVERTER: An A/D conversion method that 
compares in sequence a series of binary weighted 
values with the analog input to produce an output 
digital word in just n steps, where n is the resolu­
tion in bits. The process is efficient and is analogous 
to weighing an unknown quantity on a balance scale 
using a set of binary standard weights. 
TEMPERATURE COEFFICIENT: The change in 
analog magnitude with temperature, expressed 
in ppm/cC. 
THREE-STATE OUTPUT: A type of A/D converter 
output used to connect to a data bus. The three 
output states are logic 1, logic 0, and off. An enable 
control turns the output on or off. 
THROUGHPUT RATE: The maximum repetitive 
rate at which a data converison system can operate 
to give specified output accuracy. It is determined 
by adding the various times required for multi­
plexer settling, sample-hold acquisition, A/D 
conversion, etc. and then taking the inverse of 
total time. 
TRACK-AND-HOLD: A sample-hold circuit which 
can continuously follow the input signal in the sam­
ple-mode and then go into hold-mode upon command. 
TRACKING AID CONVERTER: A counter-type 
analog-to-digital converter which can continuously 
follow the analog input at some specified maximum 
tate and continuously update its digital output as 
the input signal changes. The circuit uses a D/ A 
converter driven by an up-down counter. 
TRANSDUCER: A device which converts a physical 
parameter such as temperature or pressure into an 
electrical voltage or current. 
TRANSFER FUNCTION: The input to output 
characteristic of a device such as a data converter 
expressed either mathematically or graphically. 
TRIPLE-SLOPE AID CONVERTER: A variation 
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on the dual slope type AID converter in which the 
time period measured by the clock and counter is 
divided into a coarse (fast slope) measurement and 
a fine (slow slope) measurement. 
TWO'S COMPLEMENT CODE: A bipolar binary 
code in which positive and negative codes of the 
same magnitude sum to all zero's plus a carry. 
TWO-STAGE PARALLEL AID CONVERTER: 
An ultra-fast A/D converter in which two parallel 
type A/D's are operated in cascade to give higher 
resolution. In the usual case a 4-bit parallel con­
verter first makes a conversion; the resulting out­
put code drives an ultra-fast 4-bit D/ A, the output 
of which is subtracted from the analog input to form 
a residual. This residual then goes to a second 4 
bit parallel AID. The result is an 8 bit word con­
verted in two steps. 
UNIPOLAR MODE: In a data converter, when the 
analog range includes values of one polarity only. 
V IF CONVERTER: See Voltage-to-Frequency 
Converter. 
VIDEO AID CONVERTER: An ultra-fast A/D con­
verter capable of conversion rates of 5 MHz and 
higher. Resolution is usually 8 bits but can vary 
depending on the application. Conversion rates of 
20 MHz and higher are common. 
VOLTAGE DECAY: See Hold-Mode Droop. 
VOLTAGE REFERENCE: See Reference Circuit. 
VOLTAGE-TO-FREQUENCY (V IFI CONVERTER: 
A device which converts an analog voltage into a 
train of digital pulses with frequency proportional 
to the input voltage. 
WEIGHTED CURRENT SOURCE D/A 
CONVERTER: A digital-to-analog converter design 
based on a series of binary weighted transistor 
current sources which can be turned on or off by 
digital inputs. 
ZERO DRIFT: The change with temperature of 
analog zero for a data converter operating in the 
unipolar mode. It is generally expressed in /lV/cC. 
ZERO ERROR: The error at analog zero for a data 
converter operating in the unipolar mode. 
ZERO-ORDER HOLD: A name for a sample-hold 
circuit used as a data recovery filter. It is used 
to accurately reconstruct an analog signal from a 
train of analog samples. 
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