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Twelve Funct ions in  a  New Digi ta l  Meter  
S o m e  b e n  a n a l o g - t o - d i g i t a l  c o n v e r s i o n  t e c h n i q u e s ,  a n d  b e n  
ef i ts  der ived f rom dual  s lope as used in the new dig i ta l  inst rument.  

By Bill  Kay and Jerry L. Harmon 

DIGITAL VOLTMETERS DIFFER BASICALLY from the com 
monly used analog voltmeters in one respect â€” their dis 
play or readout is a numeric display rather than a meter 
indication. Analog voltmeters seldom have accuracies 
greater than about 0.25%, and to achieve even these 
accuracies, a great deal of care is necessary in reading 
the meter. In the digital voltmeter, the analog signal is 
'converted' into digital form. Since the required resolu 
tion in reading is obtained by the numeric readout, the 
accuracy of the signal being measured depends upon the 
accuracy of the conversion technique. The digital form 
of the signal may be easily read by the user, or the con 
version may be done many times each second and the 

resulting binary signal transmitted to external processing 
or recording devices, such as computers or printers. By 
comparison to the meter instruments of 0.25% reading 
accuracies, there are digital voltmeters with accuracies 
on the order of 0.002% of reading. 

Convers ion Methods 
Four basic analog to digital conversion techniques are 

being used. These are: (1) single ramp, (2) successive 
approximation or potentiometric technique, (3) voltage 

*  I n  a d d i t i o n  t o  t h e  f o u r  l o g i c  t e c h n i q u e s ,  t h e r e  a r e  s e v e r a l  A - t o - D  C o n v e r t e r s  t h a t  
u s e  a  c o m b i n a t i o n  o f  t h e s e  t o  i m p r o v e  p e r f o r m a n c e .  F o r  e x a m p l e  t h e  H P  M o d e l  
3460A  2402A  a  po ten t i ome t r i c / i n teg ra t i ng  comb ina t i on  and  the  HP Mode l  2402A  uses  
a  vo l tage- to - f requency / in te rpo la t ion  combinat ion .  

F ig .  coun t  Wi th  the  ramp techn ique  (a ) ,  dc  vo l tage  i s  measured  by  coun t  
i n g  t h e  n u m b e r  o f  c y c l e s  a l l o w e d  t h r o u g h  t h e  g a t e  d u r i n g  t i m e  T ( b ) .  
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F i g .  2 .  d r i v e  P o t e n t i o m e t r i c  d i g i t a l  v o l t m e t e r  u s e s  a  c o m p a r a t o r  a m p l i f i e r  t o  d r i v e  a  
l o g i c a l  p r o g r a m m e r .  T h e  p r o g r a m m e r  a d / u s t s  a  p r e c i s i o n  p o w e r  s u p p l y  a n d  r e s i s t i v e  
d i v i de r  t he  nu l l  ou t  t he  unknown  vo l t age  a t  t he  compara to r  i npu t .  The  f i na l  se t t i ng  o f  t he  
d i v i de r  i s  conve r t ed  t o  a  r eadou t  o f  i npu t  vo l t age .  F i g .  3 .  ( r i gh t )  I n  an  i n t eg ra t i ng  d i g i t a l  
v o l t m e t e r ,  t h e  t i m e  i n t e r v a l  r a t h e r  t h a n  f r e q u e n c y  i s  f i x e d .  T h e  u n k n o w n  i n p u t  v o l t a g e  

i s  c o n v e r t e d  t o  a  f r e q u e n c y  p r o p o r t i o n a l  t o  t h a t  v o l t a g e .  

to frequency conversion, and (4) dual-slope technique. 
Each technique has advantages, but any voltmeter design 
using a single technique may differ significantly due to 
certain basic compromises that must be made. 

Ramp. The 'ramp' is the simplest and lowest cost analog 
to digital conversion.1 1] The conversion is actually voltage 
to time. In Fig. 1, if the time is determined for a ramp 
voltage of known slope to pass between two voltage lev 
els (a reference level and the unknown), that time value 
is proportional to the signal being measured. The time 
is determined by counting clock pulses of a known fre 
quency as the ramp travels between the reference levels. 
The basic limitations on the accuracy, stability, and 
speed of reading are the nonlinearity and stability of the 
ramp, the stability of the clock, the accuracy of making 
the coincidence measurements, and the noise level. If the 
voltage levels are not noise free, the reading rate must be 
slowed because of the settling time of necessary noise fil 
tering circuits. 

Successive Approximation. The fastest and one of the 
most stable of the four basic analog to digital conversions 
is successive approximation or the potentiometric tech 
nique. A very simple converter, Fig. 2, has four parts â€” 
an analog comparator, a logical decision block, a basic 
dc reference, and a digital-to-analog converter. Succes 
sively decreasing values of voltage steps are generated to 
null the signal being measured. Since each voltage step 
has a numerical weight, the final setting of the digital- 

to-analog converter represents the unknown voltage. 
(The D-to-A converter usually consists of resistive net 
works that divide the dc reference voltage into discrete 
quantities.) 

Reading speed is high since the reading rate is limited 
only by the number of voltage steps that must be gen 
erated and the time required per step. However, the 
unknown signal must be noise free. If it is not, it may 
be impossible to find a null. Therefore, most successive 
approximation instruments require noise filters to reduce 
60 Hz line hum and other noise components. When these 
filters are required, the speed advantage is lost. For ex 
ample, if a measurement requires a resolution of 10 /iV, 
a five digit successive approximation instrument will 
typically require 1 second per reading. 

Accuracy and stability depend upon the resolution of 
the comparator, the accuracy and stability of the dc 

C o v e r :  A r t i s t i c a l l y  p o r t r a y e d  o n  t h i s  m o n t h ' s  
c o v e r  a r e  s o m e  o f  t h e  u n i q u e  m e a s u r e m e n t  
capab i l i t i es  o f  the  HP Mode l  3450 A Mul t i -Func  
t i o n  M e t e r .  F o u r  t e r m i n a l  r a t i o ,  t r u e  r m s  a c ,  
ohms  and  ohms  ra t i o  and  l im i t  t es t  a re  among  
i t s  many  uses  d i scussed  in  the  a r t i c le  s ta r t i ng  
on page 2 .  

I n  t h i s  I s s u e :  T w e l v e  F u n c t i o n s  i n  a  N e w  D i g  
i t a l  M e t e r ;  p a g e  2 .  A  C o m p u t e r - C o n t r o l l e d  
S y s t e m  f o r  T e s t i n g  D i g i t a l  L o g i c  M o d u l e s ;  
p a g e  1 4 .  
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F i g .  4 .  B a s i c a l l y  a  f i v e - d i g i t  i n  
t e g r a t i n g  D V M ,  t h e  H P  M o d e l  
3450A  measu res  dc  vo l t age  and  
v o l t a g e  r a t i o s .  W i t h  p l u g - i n  o p  
t i ons ,  measu remen t  capab i l i t i es  
i n c l u d i n g  a c ,  o h m s ,  l i m i t  t e s t s ,  
d i g i t a l  o u t p u t  a n d  r e m o t e  c o n  
t r o l  may  be  added .  

reference and the D-to-A resistive dividers. Overall per 
formance of the potentiometric technique may be limited 
by the characteristics of the switches in the D-to-A net 
work. Solid state switching provides high reading speed, 
but generally electromechanical switching is used in the 
most critical positions because of superior on-off ratio 
characteristics. 

Voltage to Frequency. A third major conversion tech 
nique is voltage to frequency conversion.'-1 Its basic ad 
vantage is its high accuracy and respectable reading rate 
(5/s for a 5-digit instrument) even in the presence of 
a noisy signal. Voltage to frequency conversion differs 
substantially from voltage to time. In the first case, the 
clock signals have a rate proportional to voltage and are 
counted for a known time (Fig. 3). In the voltage to 
time conversion, the clock rate is fixed and counted for 
a time proportional to the input voltage. 

The basic advantage of the voltage to frequency con 
version is that it counts the average rate of the clock 
pulse for a known time. Thus, if the unknown signal has 

a symmetrical noise component with a period equal to or 
a multiple of the fixed time, it is averaged to zero and 
does not affect the reading. Generally, the time interval 
is chosen so that the line hum or 60 Hz is averaged out. 
In this manner, it is possible to achieve an essentially 
infinite rejection of line-related noise signals. Thus, noise 
filters which would reduce reading speed are not usually 
required.'31 

Voltage to frequency conversion is not inherently as 
stable nor as accurate as the successive approximation 
approach. The time base directly affects the reading but 
presents no problem since it may be crystal controlled. 
The basic limitations are the accuracy and linearity of 
the voltage to frequency conversion itself. For example, 
if it is desired to have a 5-digit instrument that can read 
at a rate of 5 readings per second, for a full scale reading 
of 1.00000 V on the 1 V range, the frequency output of 
the converter must be equal to 100,000 counts in 200 
ms or 500 kHz. Its minimum rate must be 0 counts. Thus, 
if an accuracy of 0.01% of reading is required, the con 
verter must operate between 0 Hz and 500 kHz with a 

Slope Proportional 
To  Re fe rence  Input  

F i g .  a  a  T h e  d u a l - s l o p e  D V M  c o m p a r e s  a n  u n k n o w n  v o l t a g e  f o r  a  k n o w n  t i m e  w i t h  a  
k n o w n  r e f e r e n c e  v o l t a g e  f o r  a  v a r i a b l e  t i m e .  T h u s  t h e  v a r i a b l e  t i m e  i s  p r o p o r t i o n a l  t o  
t h e  r a t i o  o f  t h e  u n k n o w n  v o l t a g e  t o  t h e  r e f e r e n c e  v o l t a g e ,  a n d  i s  c o u n t e d  t o  d e t e r m i n e  
t h e  r e a d o u t .  F i g .  6 .  ( r i g h t )  D u a l  s l o p e  c o n v e r s i o n  t e c h n i q u e  a v e r a g e s  t h e  u n k n o w n  v o l t  
a g e  V x  o v e r  a  k n o w n  t i m e  T ,  b u t  t h e  u l t i m a t e  c o n v e r s i o n  i s  v o l t a g e  t o  t i m e ,  o r  V x  t o  t .  
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Fig. includes signal addition to the basic blocks of Fig. 5, the HP Model 3450A includes the signal 
p r o c e s s i n g  i n p u t  a m p l i f i e r  a n d  a  l i m i t  t e s t  l o g i c  s e c t i o n  ( a ) .  V o l t a g e  w a v e f o r m s  o n  t h e  

integrat ing capacitor  C1 for  dc measurements (b)  and dc rat io measurements (c) .  

linearity of 0.01%. Such performance may be realized 
but the circuit complexity exceeds that of simple resistive 
dividers. The V/F converter is also referenced to a pre 
cision voltage source which directly affects the accuracy 
and stability of the reading. 

Dual Slope. The dual slope technique is the newest form 
of analog to digital conversion to be utilized in a com 
mercial digital voltmeter. This technique is used in the 
HP Model 3450A (Fig. 4). It is relatively simple without 
sacrificing the highly desirable characteristics of accuracy 
and stability. The dual slope A-to-D converter, Fig. 5, 
consists of five basic blocks â€” an operational amplifier 
used as an integrator in conjunction with its R and C. 
a level comparator, a basic clock, a set of decimal count 
ers, and a block of logic circuitry. 

The conversion is made by connecting the integrator 
input to the unknown voltage through a switch for a 
known period of time T'. The known period of time is 
usually determined by counting the clock frequency in 
the decimal counters. As shown in Fig. 6, a charge is 
stored in the integrating capacitor that is proportional 
to the input signal Vx during the known time interval 'T'. 

At the end of time interval T, the input is switched 
from the unknown signal input to a reference voltage of 
opposite polarity. This causes a current to flow in the 
integrator in such a manner that the charge begins to 
decrease with time and results in a linear ramp voltage. 
During this second period of time a known voltage is 
then observed for an unknown time. The unknown time 
't' is determined by again counting the clock pulses until 
the voltage across the capacitor reaches its basic refer- 
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Peltier Heating and Cooling 

T h e  H P  M o d e l  3 4 5 0 A  c o m e s  u p  t o  o p e r a t i n g  a c c u r a c y  i n  
a  r e l a t i v e l y  s h o r t  t i m e .  T h i s  i s  a c h i e v e d  t h r o u g h  t h e  u s e  
o f  a  P e l t i e r  c h a m b e r  i n  p l a c e  o f  a n  o v e n  t o  c o n t r o l  t h e  
t h e r m a l  e n v i r o n m e n t  o f  t e m p e r a t u r e - s e n s i t i v e  c o m p o  
n e n t s .  I t  i s  p o s s i b l e  t o  w a r m  o r  c o o l  a  j u n c t i o n  o f  t w o  d i s  
s i m i l a r  c o n d u c t o r s  o r  s e m i c o n d u c t o r s ,  d e p e n d i n g  u p o n  
t h e  d i r e c t i o n  o f  t h e  c u r r e n t  f l o w  t h r o u g h  i t .  T h e  h e a t i n g  
a n d  c o o l i n g  e f f e c t s  a r e  p r o d u c e d  b y  c a u s i n g  t h e  e n e r g y  
o f  t h e  e l e c t r o n  f l o w  t h r o u g h  t h e  j u n c t i o n  t o  c h a n g e  b e  
t w e e n  l o w e r  a n d  h i g h e r  e n e r g y  l e v e l s .  E l e c t r o n  f l o w  f r o m  
a  p - t y p e  t o  a n  n - t y p e  m a t e r i a l  c a u s e s  c o o l i n g ,  w h i l e  f l o w  
i n  t h e  r e v e r s e  d i r e c t i o n  c a u s e s  h e a t i n g .  I n  t h e  M o d e l  
3 4 5 0 A ,  t h e  P e l t i e r  c h a m b e r  i s  p a r t  o f  a  c l o s e d - l o o p  t e m  
p e r a t u r e  c o n t r o l  s y s t e m .  C o n t r o l l i n g  m a g n i t u d e  a n d  d i r e c  
t i o n  o f  c u r r e n t  t h r o u g h  t h e  P e l t i e r  j u n c t i o n  a l l o w s  p r e c i s e  
c o n t r o l  o f  t h e  t e m p e r a t u r e  i n  t h e  c h a m b e r .  

ence level. (In the example, the reference is ground, 
although any basic reference level may be used.) Mathe 
matically the process may be written as a simple propor 
tion: 

T (fixed) 
T .  

Rel 

Where: T == fixed integration time, Vx = unknown volt 
age, VRef = reference voltage and t = variable discharge 
time. 

It is interesting to note that the ultimate conversion is 
voltage to time as it was in the simple ramp technique. It 
is also interesting to note that the unknown voltage is 
observed for a fixed time by an averaging circuit (the 
integrator). Thus, the dual slope technique is also a time 
integrating system and as such has all the inherent noise 
rejection characteristics of the more complex voltage to 
frequency conversion technique. Finally, it is important 
to note that the accuracy of the measurement does not 
depend upon R, C, or the clock frequency. In fact, the 
accuracy and stability of the measurement are dependent 
only upon the analog switch 'S', the amplifier (usually 
upon only its voltage and leakage characteristics), the 
comparator characteristics, and of course, the reference 
voltage. Thus, it is possible to built a dual slope instru 
ment with accuracy and stability equal to the best of the 
other basic converters, yet with good speed. 

Reading rate is another parameter of interest for digi 
tal voltmeters. In the dual slope technique, the limita 
tions on reading rate are not nearly as obvious as in the 
other techniques. Compromises must be made depending 
upon which noise frequencies are to be rejected. For 
example, it is desirable to reject 60 Hz. Then the initial 
known time interval 'T' must be at least 1/60 s. In this 
case the maximum reading rate would be less than 30 
readings per second due to the dual slope; and when 
switching and settling time is included, the reading rate is 
even less. Other compromises include the time responses 
of the integrator, comparator, and analog switch com 
pared to the time for a single clock pulse. 

In practice a dual slope instrument tends to be fast 
compared to a V/F instrument and slow compared to 
a successive approximation instrument without a noise 
filter. In the case of the HP Model 3450A, 60 Hz signals 
are integrated and the reading rate in the dc mode is 15 
readings per second for full 5-digit resolution. This im 
plies a basic clock frequency of 6 MHz (100,000 counts/ 
1/60 s) which allows 167 ns per indicated count. 

Although the dual slope technique offers simplicity, 
speed, accuracy, and stability, it has another very im 
portant advantage over the other techniques â€” increased 
versatility at low cost. 

To date, in a single instrument package, a DVM user 
could expect dc, three terminal dc ratio, ac (either an 
averaging or limited rms converter), ohms, and perhaps 
frequency measurements. Now, by utilizing the dual 
slope principle, the HP Model 3450A contains dc, four 

F ig .  8 .  To  accu ra te l y  de te rm ine  t he  va lue  o f  f l T ,  t he  r a t i o  
o f  V  â€¢  t o  V  -  i s  more  impo r tan t  t han  t he  abso lu te  va lue  
o f  V  - .  Accu racy  i s  t hen  i ndependen t  o f  va r i a t i ons  i n  V  - .  
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terminal dc ratio, ac (rms), four terminal ac ratio, ohms, 
four terminal ohms ratio, and a limit test capability that 
works in conjunction with any of the above functions. 

Basic  Technique 
The basic analog system, Fig. 7(a), consists of a high 

quality input amplifier for 1 /iV, high speed perform 
ance; a polarity amplifier to simplify the requirement 
that the reference signal be applied to the integrator with 
opposite sign to the actual unknown input voltage; a pre 
cision, stable 10 V reference voltage; a 'percent' ampli 
fier which is used as a variable gain amplifier for all 
ratio measurements; and the heart of the systemâ€” the 
integrator, electronic switch, and zero detect network. 

As shown in Fig. 7(a), the analog circuitry is enclosed 
in an electrical guard.'-1 The logic circuits are referenced 
to chassis ground, so that they may either transmit or 
receive logic signals independent of the nature of the 
signal being measured. Any signals transmitted between 
the analog and logic section of the instrument either 
travel through guarded pulse transformers or through 
guarded reed switches. 

In the Model 3450A, there is a 6 MHz crystal clock 
that generates an exact integration interval T' for noise 
rejection even though the instrument accuracy does not 
depend upon the clock stability; a divide by one or six 
circuit to allow the integration interval to be either 1/60 
or 1/10 s; five decimal counting units plus an over range 
digit to achieve a full scale reading of 100,000; and the 
basic timing-logic circuits to complete the interaction 
among functional blocks. 

A dc measurement is divided into five intervals in the 
Model 3450A measurement sequence, Fig. 7(b). The 
first interval, from the time the reading is initiated (T,,) 
until the first slope begins (T,). allows for range switch 
settling time. That interval is generated by counting the 
basic clock frequency in the decimal counting units. 

At T,, a timing signal is generated by the logic and is 
transmitted to the electronic switch at the input of the 
integrator amplifier. It changes state from OFF to ON 
and allows a current to flow through the input resistor R 
into the primary integrating capacitor C. This action 
results in the first slope with a time duration (Tj to T3) 
of either 1/60 or 1/10 second. Again, the basic clock 
and decimal counting units determine this integration 
interval. At T3 the electronic switch is set to OFF 

Between T, and T4, the polarity of the final value of 
the signal stored on the capacitor C is determined and 
the proper polarity reference is connected to the percent 

F i g .  9 .  A  f o u r - t e r m i n a l  r a t i o  m e a s u r e m e n t  i s  r e q u i r e d  o n  
t h i s  b a l a n c e d  b r i d g e  n e t w o r k  t o  m a k e  V . . . ,  i n d e p e n d e n t  
of  any AV,, , .  

F ig .  10 .  Fo r  a  fou r - te rm ina l  ra t i o  measurement ,  t he  Mode l  
3 4 5 0 A  c o n v e r t e r  i s  m u l t i p l e x e d  b e t w e e n  t h e  t w o  i s o l a t e d  
s e t s  o f  i n p u t  t e r m i n a l s .  

amplifier (amplifier preceding the integrator with fixed 
gain for all functions other than ratio) either directly or 
through the polarity amplifier. Because of integration, 
an accurate measurement can be made even though the 
input signal may be composed of a small dc signal in the 
presence of a large ac noise signal. However, for that 
case, the voltage on C could pass through its reference 
point (ground) many times during the T, and T., interval. 
The final average value is the signal of interest, however, 
and its polarity must be used to determine the polarity 
of the reference signal that will be used to remove the 
charge from Cl during the second slope. 

The interval T, to ZD (zero detect â€” i.e., the compari 
son of the capacitor Cl voltage to ground) is propor 
tional to the value of the input signal stored during the 
first slope as noted in the earlier discussion of the dual 
slope technique. This interval is determined by again 
counting the basic clock frequency and at ZD, the total 
count value is in fact a numerical representation of the 
signal being measured. 

© Copr. 1949-1998 Hewlett-Packard Co.



O t 4 5 7 D U E  

F i g .  1 1 .  I n d i c a t i o n  s h o w s  r a t i o  u n d e r l o a d  o n  t h e  H P  
M o d e l  3 4 5 0 A  w h e n  r e f e r e n c e  v o l t a g e  d r o p s  b e l o w  a  
usab le  l eve l .  

The final time interval in the measurement (ZD to TT) 
is used primarily to make the period of the total reading 
constant regardless of how long a time existed between 
T4 and ZD. If this is not done, the reading rate of the 
instrument would vary by almost two to one depending 
upon the magnitude of the reading. For systems applica 
tions this could be quite disconcerting. 

D C  R a t i o  M e a s u r e m e n t s  

Ratio capability is a good example of the increase 
in versatility that is required of digital voltmeters in 
an ever increasing number of applications. Often it is 
more convenient, less costly, and more accurate to deter 
mine the ratio of two signals rather than attempt to 
measure both absolutely. 

In the simple resistive divider, Fig. 8, assume that RT 
is a pressure transducer whose quiescent output has been 
established by Vin and R. As pressure is applied to RT. 
the voltage division between R and RT will change, re 
sulting in an output signal AV,,ut. This is the quantity of 
interest. However, if ViM changes, V011, will also vary. 
Thus, a ratio measurement of Vou,/Vin rather than an 
absolute measurement of V,,,,, is desirable since one 
major error source can be eliminated. 

In the above example, a three terminal ratio measure 
ment would be perfectly satisfactory since the common 
lead for measuring the voltage may be connected to 
ground. Unfortunately, there are a large class of ratio 
measurements that need a four terminal ratio measure 
mentâ€” i.e.. one where there cannot be a common con 
nection between the two signals. 

An example of a circuit that requires a four terminal 
measurement is shown in Fig. 9. Assume that RTi and 

RTo are pressure transducers where RTi is connected to 
act in compression when RTJ is in tension. The output 
signal V,,ut will be affected by any instability of VÂ¡,,. 
Even with a balance adjustment, any signal from the 
bridge that deviates from its quiescent point will still be 
affected by a AVÂ¡n. 

In this circuit it would be very desirable to take the 
ratio of Vout to Vin but it cannot be done directly with 
a three terminal ratio measurement. With a true (iso 
lated) four terminal measurement, however, the task be 
comes very straightforward. 

Four  Terminal  Rat io  
One of the primary benefits of the dual slope con 

version technique is that four terminal ratio becomes 
possible using a single converter. 

As pointed out in the discussion of the basic conver 
sion process, a dc measurement is a ratio of the input 
signal Vx to an internal reference signal VR(,f. (So is any 
dc measurement in any of the other three techniques.) 
But with the dual slope ratio, the two signals are meas 
ured at two different times â€” i.e., for VX/VV, Vx is meas 
ured in the first slope and Vy is used to discharge the 
integrating capacitor during the second slope. Since the 
short term stability of even the most simple power supply 
is generally good, the small time difference between the 
signals is tolerable. 

Since the measurement of Vx/Vy is made successively, 
it is possible to utilize the same input attenuator, the 
same input amplifier, and the same basic converter to 
make a totally isolated measurement of the two signals. 
This may be done quite simply by multiplexing the actual 
voltmeter input to two separate sets of terminals (Fig. 
10). Of course, the reference signal could be alternately 
inserted into the instrument directly in place of the inter 
nal reference. However, there are several advantages to 
the multiplexing technique. 

For example, by using the same input circuits for both 
signals, the input impedance for both can be identical 
and each signal may be attenuated or amplified as re 
quired to normalize it to the basic internal range of the 
instrument. As a result, the source resistance of a ratio 
measurement in the Model 3450A is not critical. In fact, 
for signals less than 10 volts, the input impedance for 
both the X and Y input signals is greater than 10,000 
Mn. Also, the dynamic range of ratio measurements is 
extremely wide. By using the range capability of the 
Model 3450A on both X and Y. it is possible to have a 
reference signal (Y input) of Â± 1 10 mV to Â± 1 10 V and 
to have an unknown signal (X input) of 0 V to Â± 1200V. 
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In addition, the Model 3450A provides polarity detec 
tion and autoranging for both inputs. Thus a four termi 
nal measurement may be made by connecting the two 
inputs to their respective terminals without regard to 
magnitude, isolation, or polarity (within the voltage 
breakdown limitations of the instrument). The polarity 
and range of each signal is determined automatically, 
and the reading is displayed with five-digit resolution. 

Because of the automatic ranging feature for both 
input signals, the timing for a dc ratio measurement is 
different than that for dc, Fig. 7(c). The first portion of 
a ratio measurement (T,, to T7) is identical to a dc meas 
urement except that the reference signal (Y) is measured 
to determine its polarity, approximate percent of full 
scale, and range. This information is stored internally but 
nothing is displayed on the panel. 

From TT to T14, the measurement is again similar to a 
dc measurement except that the properly scaled external 
reference (Y) is switched in for the second slope instead 
of the instrument's internal reference. One other differ 
ence in the measurement from Tr to T14 is that the gain 
of the percent amplifier is preset prior to Tr to insure 
that the slope of the second ramp is maintained at a 
value nearly equal to the slope due to VRef. The actual 
gain of the percent amplifier is of no consequence since 
(Vx â€¢ A)/(Vy â€¢ A) = Vx/Vy where A is the gain of the 
amplifier. By maintaining the down slope approximately 
constant from measurement to measurement, errors in 
the zero detection circuits are minimized even though the 
level into the percent amplifier may change by approxi 
mately 10 to 1. 

In making ratio measure 
ments, a condition may oc 
cur where the reference sig 
nal level is too low. In the 
Model 3450A, a minimum 
signal level of Â± 1 10 mV for 
the reference was chosen in 
order to make the ratio sen 
sitivity consistent with dc. 
For example, if a ratio of 
two signals were performed 
where each signal is 1 10 mV, 
then, with a five-digit read 
out, the last significant digit 

F i g .  1 3 .  A c  t o  d c  c o n v e r t e r  f o r  
t h e  H P  M o d e l  3 4 5 0 A  h a s  a  
w i d e b a n d  a c c u r a c y  o f  0 . 0 5 % .  

F i g .  1 2 .  T r u e  r m s  a c - d c  c o n v e r t e r  i s  i n  
s ta l led  in  the HP Model  3450 A as  a  p lug- in .  

actually represents a sensitivity of 1 /iV/count even 
though the reading is 1.00000 and dimensionless. In the 
event that a reference level less than 100 mV is put into 
the Model 3450A, the instrument displays the magnitude 
of the reference signal on the front panel in addition to 
an overload symbol ' Q ', Fig. 11. Thus, in a system 
operation, even if the reference signal is lost, a print 
command is issued at the same time the value of the 
signal on the reference terminal is displayed so that the 
system may sequence to its next point. The information 
shown on the front panel also exists on the digital output. 

Four terminal ac or ohms ratio measurements are also 
possible with the dual-slope technique. For example, 
when the ac option is installed in the Model 3450A, the 
ac input still utilizes the front terminal switching shown 

DC TO 
SQUARE WAVE 
CONVERTER 
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Ohms 
Outpu t  
Reference 
( In place of 
10 V reference) 

Sens i t i v i t y  Res is to rs  
a n d  S w i t c h i n g  

F ig .  t o  Ohms  measu remen ts  a re  made  by  t ak ing  the  ra t i o  o f  Vou ,  t o  V , ^ ,  [Re f | .  Res i s to r  R  
d e t e r m i n e s  c u r r e n t  I  w h i c h  a l s o  f l o w s  t h r o u g h  f i x .  T h u s  t h e  r a t i o  o f  t h e  t w o  v o l t a g e s  i s  
t h e  r a t i o  o f  f i x  t o  R .  A m p l i f i e r  e r r o r  f  a n d  t h e  m a g n i t u d e  o f  V K , <  d o  n o t  a f f e c t  m e a s  

u r e m e n t  a c c u r a c y .  

in Fig. 10. The converter output is then switched into 
the basic system through either ST or Ss, Fig. 7(a). As a 
result, the Model 3450A can make true four terminal, ac 
true rms or resistance, automatic ratio measurements over 
a wide dynamic range for both X and Y inputs. 

True RMS AC to  DC Convers ion 
Most high accuracy ac to dc converters in modern 

digital voltmeters employ a technique which averages the 
absolute value of the ac signal. These units are calibrated 
to read the rms or effective value for a certain waveform 
(usually a pure sine wave). Distortion in sine waves, 
however, can cause significant errors in average respond 
ing instruments.' l] The accuracy with which an average 
detecting voltmeter will read the true rms value of a 
waveform depends upon the amount of distortion present 
and the phase relationships between the fundamental and 
its harmonics. 

In practice, most waveforms that appear sinusoidal 
are not distortion free. It is often necessary to measure 
the rms value of other ac signals such as square and 
triangular waves or pulse trains. In such cases, average 
reading converters are severely limited. 

Automat ic  Thermal  Transfer  

The basic, most highly regarded technique used to 
determine the rms value of an unknown ac voltage is 
accomplished by an ac to dc thermal transfer.'5' This 
method compares the heating value of a dc current to 
that of an ac current and yields accuracies in the vicinity 
of 0.01%. 

The HP Model 1 1078A AC Converter, Fig. 12, is de 
signed to be installed within the Model 3450A. This ac 

converter used in conjunction with the Model 3450A 
makes automatic, 5-digit, true rms ac and 4-terminal ac 
ratio measurements over a frequency range of 45 Hz to 
1 MHz, with midband accuracy of 0.05%. The unit has 
four full scale ranges of 1 volt to 1000 volts in decade 
steps with 20% overranging capability. A crest factor 
of 7:1 allows measurement of waveforms that differ 
greatly from sinusoidal. 

The automatic thermal transfer technique used in the 
Model 1 1078A overcomes many of the disadvantages of 
the classical ac-dc transfer method, and at the same time 
retains most of the advantages. Instead of making time- 
consuming ac readings and manually adjusting the 
known dc (including reversal error), the automatic ther 
mal transfer circuit makes a plus and minus dc to ac 
comparison several times each second. In the process, 
the dc output of the converter is adjusted until it is pro 
portional to the rms value of the ac input. 

In the Model 11078A conversion system, Fig. 13, a 
broadband, high accuracy attenuator amplifier adjusts 
the input signal to the desired level and applies it to one 
input of the time-sharing amplifier. The other input to 
the time-sharing amplifier is a precise square wave de 
rived from the dc output of the converter. These signals 
are alternately applied to a fast rise time thermocouple 
via the drive amplifier. The feedback square wave is 
switched at a high frequency compared to the response 
time of the thermocouple. This automatically averages 
out the reversal error of the thermocouple. The input 
voltage is compared with the square wave five times each 
second. As a result, any error due to drift in the thermo 
couple output is eliminated. 

â € ¢ C r e s t  a  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  p e a k  v o l t a g e  t o  t h e  r m s  v o l t a g e  o f  a  
wave fo rm  (w i t h  t he  dc  componen t  r emoved ) .  
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Since the time-sharing and driver amplifiers are com 
mon for both the ac and square wave signals, their gain 
accuracy and gain stability are of secondary importance. 
The basic design objectives for these amplifiers were 
therefore wide-band frequency response and large dy 
namic range. 

If the rms value of the ac signal is different from that 
of the square wave, the output EMF of the thermocouple 
will change each time the time-sharing amplifier switches 
between the input and feedback signals. Thus, the ther 
mocouple output contains both a dc and a 5 Hz compo 
nent. The dc level represents the quiescent operating 
point of the couple and the 5 Hz component is the error 
signal. Following the thermocouple is a low level direct- 
coupled amplifier. Its output is applied to the automatic 
gain control amplifier which adjusts the gain of the 
driver amplifier to keep the dc operating point of the 
thermocouple constant. Therefore, the rms input to the 
thermocouple is constant for ac input levels from full 
scale down to where the AGC loop loses control â€” less 
than 1 /300 of full scale. Two important benefits result 
ing from the use of the AGC loop are: low noise because 
the thermocouple is operated at a constant high level and 
the elimination of errors due to the thermocouple change 
in square law characteristics with changes in quiescent 
point. 

The low level amplifier output is also ac coupled to 
the error amplifier which is designed to amplify only the 
5 Hz signal. Its output is demodulated, amplified, and 
filtered by the integrator to develop the dc output for the 
converter. The overall loop stability of the converter is 
maintained by simultaneously adjusting the gains of the 
integrator and driver amplifiers via the AGC amplifier to 
maintain total loop gain constant. 

Ohms to DC Conversion 
The ohms converter, Fig. 14, is a good example of the 

simplicity, versatility and reliability that result from the 
use of dual slope. 

In making ohms measurements, a precision stable 
amplifier is usually used in conjunction with precision 
resistors and a precision voltage source to generate a 
controlled current to the resistor under test, Fig. 15. 

In Fig. 15(a), an operational amplifier is used with the 
unknown resistor Rx in its feedback loop. Since the input 
of the amplifier is a virtual ground, the current through 

R Rx is: I = where e is the offset voltage of the 
VHr, -e 

amplifier. V,,,,, is then proportional to IR,. 
In Fig. 15(b), a floating amplifier is used as a unity 

gain amplifier with high internal feedback. As such, it 

F i g .  1 5 .  ( l e f t )  I n  e a c h  o f  t h e s e  t e c h n i q u e s  f o r  m e a s u r i n g  u n k n o w n  R x ,  c u r r e n t  I  m u s t  b e  
w e / I  c o n t r o l l e d .  F i g .  1 6 .  ( r i g h t )  A  t w o  o r  t h r e e - w i r e  o h m s  m e a s u r e m e n t  ( a )  i n c l u d e s  t h e  
e f f e c t  n o t  l e a d  r e s i s t a n c e  R , .  I f  t h e  s i g n a l  a n d  s e n s e  l e a d s  a r e  i s o l a t e d  ( b ) ,  R ,  i s  n o t  

i n c l u d e d  a s  a  p o s s i b l e  e r r o r  s o u r c e .  
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H a r o l d  B r i g g s  ( r i g h t )  g r a d u a t e d  f r o m  t h e  U n i v e r s i t y  o f  
C o l o r a d o  i n  1 9 6 0  w i t h  a  B S E E  d e g r e e  a n d  j o i n e d  H P  a s  a  
deve lopmen t  eng inee r  i n  t he  F requency  and  T ime  D i v i s i on .  
W h i l e  i n  P a l o  A l t o  h e  w o r k e d  i n  f r e q u e n c y  a n d  s t a n d a r d s ,  
p r i m a r i l y  o n  t h e  1 0 6 A  Q u a r t z  C r y s t a l  S t a n d a r d .  H a r o l d  
a t t e n d e d  S t a n f o r d  U n i v e r s i t y  a n d  S a n  J o s e  S t a t e  C o l l e g e  
o n  t h e  H P  H o n o r s  C o o p e r a t i v e  P r o g r a m .  

I n  1 9 6 3  h e  t r a n s f e r r e d  t o  t h e  L o v e l a n d  D i v i s i o n  a s  a  
d e v e l o p m e n t  e n g i n e e r  i n  t h e  d i g i t a l  v o l t m e t e r  g r o u p .  
S i n c e  c o m i n g  t o  L o v e l a n d ,  H a r o l d  h a s  w o r k e d  o n  t h e  
M o d e l  3 4 6 0 A  a n d  t h e  d e v e l o p m e n t  o f  t h e  H O 4 - 3 4 6 0 A .  
S i n c e  c o m p l e t i o n  o f  t h e s e  p r o j e c t s  h e  h a s  b e e n  p r o j e c t  
e n g i n e e r  f o r  t h e  M o d e l  3 4 5 0 A  w i t h  p r i m a r y  r e s p o n s i b i l i t y  
f o r  t h e  l o g i c  d e s i g n  o f  t h a t  i n s t r u m e n t .  H e  i s  p r e s e n t l y  
t h e  p r o d u c t i o n  e n g i n e e r i n g  s u p e r v i s o r  o n  t h e  H P  M o d e l  
9 1 0 0 A  C a l c u l a t o r .  

I n  1965  he  comp le ted  t he  r equ i r emen ts  f o r  and  rece i ved  
t h e  M S E E  d e g r e e  a t  C o l o r a d o  S t a t e  U n i v e r s i t y  o n  t h e  H P  
H o n o r s  C o o p e r a t i v e  P r o g r a m .  H a r o l d  i s  a  m e m b e r  o f  T a u  
B e t a  P i ,  E t a  K a p p a  N u ,  a n d  S i g m a  T a u  e n g i n e e r i n g  h o n  
o r a r y  f r a t e r n i t y  g r o u p s .  J e r r y  H a r m o n  ( l e f t )  j o i n e d  H P  i n  
L o v e l a n d  i n  1 9 6 2  a f t e r  r e c e i v i n g  h i s  B S E E  d e g r e e  f r o m  
C o l o r a d o  S t a t e  U n i v e r s i t y .  H e  c o n t i n u e d  h i s  s t u d i e s  a t  
C S U  o n  t h e  H P  H o n o r s  C o o p e r a t i v e  P r o g r a m  a n d  w a s  
a w a r d e d  a n  M S E E  d e g r e e  i n  1 9 6 6 .  

J e r r y  h a s  b e e n  p r o j e c t  l e a d e r  o n  t h e  t r u e  r m s  a c - d c  
c o n v e r t e r  f o r  t h e  M o d e l  3 4 5 0 A  M u l t i - f u n c t i o n  M e t e r .  P r i o r  
t o  t h a t  t i m e  h e  w o r k e d  o n  t h e  a c - t o - d c  c o n v e r t e r ,  c i r c u i t r y  
f o r  t h e  M o d e l  7 4 1 A / B  a c - d c  d i f f e r e n t i a l  v o l t m e t e r / d c  
s t a n d a r d .  H e  i s  p r e s e n t l y  w o r k i n g  i n  L o v e l a n d ' s  i n t e g r a t e d  
c i r c u i t s  s e c t i o n .  

J e r r y  i s  a  m e m b e r  o f  P h i  K a p p a  P i ,  S i g m a  T a u ,  a n d  E t a  
K a p p a  N u  e n g i n e e r i n g  f r a t e r n i t i e s .  B i l l  K a y  ( c e n t e r )  h a s  
b e e n  i n v o l v e d  i n  t h e  d e s i g n  a n d  d e v e l o p m e n t  o f  d i g i t a l  
v o l t m e t e r s  s i n c e  h e  j o i n e d  H P  P a l o  A l t o  i n  1 9 6 2 .  I n i t i a l l y ,  
h e  w o r k e d  o n  t h e  H P  M o d e l  3 4 6 0 A  P r e c i s i o n  D i g i t a l  V o l t  
m e t e r  a n d  t r a n s f e r r e d  t o  H P  L o v e l a n d  w i t h  t h a t  i n s t r u m e n t  
i n  1 9 6 4 .  A t  L o v e l a n d  h e  f i r s t  b e c a m e  t h e  p r o j e c t  l e a d e r  
f o r  t h e  H P  M o d e l  3 4 5 0 A  a n d  t h e n  w a s  g i v e n  t h e  o v e r a l l  
g r o u p  r e s p o n s i b i l i t y  f o r  t h e  h i g h  r e s o l u t i o n ,  p r e c i s i o n  d i g i  
t a l  m e t e r  p r o g r a m .  A t  t h e  p r e s e n t  t i m e  h e  i s  a  p r o d u c t i o n  
e n g i n e e r i n g  m a n a g e r  a t  t h e  L o v e l a n d  p l a n t .  

B i l l  r e c e i v e d  h i s  u n d e r g r a d u a t e  d e g r e e  f r o m  t h e  U n i v e r  
s i t y  o f  M i s s o u r i  i n  1 9 6 2 ,  t h e n ,  a s  a  p a r t i c i p a n t  i n  t h e  H P  
H o n o r s  C o o p e r a t i v e  P r o g r a m ,  h e  a t t e n d e d  S t a n f o r d  U n i  
v e r s i t y .  H e  w a s  a w a r d e d  a n  M S E E  d e g r e e  i n  1 9 6 4 .  

establishes VK,.f -Â£ across R and also generates a current 

through Rx of I = Rr' ~Â£ . The current that flows in the 
K 

input loop, I1; can usually be ignored since the input 
impedance of the amplifier in this configuration is ex 
tremely high. 

For both these cases, if Vout is measured by a dc tech 
nique to determine Rx, the current through Rx must be 
precisely known. This means that VRef and R must be 
precise, and that the error signal c of the amplifier must 
approach zero. By comparison, the Model 3450A does 
not use a precision voltage source nor a precision ampli 
fier since it does not require a precision current to make 
high accuracy measurements. 

From Fig.  14,  I  = where the gain of the 

amplifier is large. The voltage generated across the un 

known resistor is then given by VRX = IRX â€” Kef 
R 

Since the voltage across R is used as the reference volt 
age during the run down from T4 to ZD (see Fig. 7), 

VRX = VRX =JÂ§L.  Thus the  accuracy of  the  
r  o h m s  R e Ã ­  r  R e Ã ­  â € ” E  R  

ohms measurement does not depend upon VR(.t or the 
offset of the amplifier. All that is required is that these 
voltages remain stable during the very short time re 
quired for a single reading. 

In a basic three wire ohms measurement, Fig. 16(a), 
the signal current must flow through Rx and the lead 
resistance (R,) to complete its return path. As a result, 
the voltage consists of both the drops across R* and RL- 
If another voltage series lead is brought out from ground, 
its impedance is simply in parallel with RL. 

Since the Model 3450A has a 100 ohm full scale range 
and is therefore capable of resolving ImQ of resistance, 
the effect of lead resistance cannot be tolerated. These 
effects have been eliminated by using a four-wire meas 
urement technique, Fig. 16(b). To achieve a four-wire 
measurement, where the voltage drop in the lead resist 
ance does not enter as measurement error, there cannot 
be a common connection between the ohms converter 
ground and the dc system ground during the interval of 
time that the voltage V, is being measured. 

Limit  Test 
A useful function in the Model 3450A is the ability to 

test the numeric value of any of the six basic functions â€” 
dc, dc ratio, ac, ac ratio, ohms, and ohms ratio against 
two binary coded limits. 
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The comparison is made between the binary coded 
limits and the actual number in the decimal counting 
units on a dynamic rather than a static basis: i.e., the 
test is completed as the number accumulates rather than 
testing the limits against the final number itself. Because 
the counters are only required to count from zero up to 
their final value, simple NAND type integrated circuit 
logic may be used to perform the limit test. 

Systems Capabi l i ty  
In addition to the capabilities previously described, 

the Model 3450A is designed for systems compatability 
through the use of two additional optionsâ€” Digital Out 
put and Remote Control. 

Digital Output supplies to the system the normal 
stored data, function and range information, and also 
provides for printout of any combination of Hi-Go-Low 
information when in the Limit Test mode. In addition, a 
pulse is available to maintain system operation in absence 
of a printout. 

Remote Control allows for the remote selection of 
function, range or ratio multiplier and provides elec 
tronic lockout of all front panel controls. In addition, the 
decimal locator may be selected independent of range 
for decade scaling without disturbing the basic range 
settings. 
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F i g .  1 .  M o d e l  2 0 6 0 A  D i g i t a l  L o g i c  M o d u l e  T e s t  S y s t e m  
c a n  g i v e  m o s t  p r o d u c t i o n  l o g i c  m o d u l e s  a  t h o r o u g h  
f u n c t i o n a l  t e s t  i n  l e s s  t h a n  3 0  s e c o n d s .  I t  i s  p r o g r a m m e d  
i n  A u T e s t ,  a  s p e c i a l  s i m p l i f i e d  l a n g u a g e .  O n c e  p r o  
g r a m m e d ,  i t  c a n  b e  u s e d  b y  u n s k i l l e d  o p e r a t o r s .  

A Computer-Control led System for 
Testing Digital  Logic Modules 
This high-speed system can do produc 
t i on  tes t i ng  qu i ck l y ,  t ho rough ly ,  and  
economically. Its principle of operation 
- c o m p a r i n g  u n k n o w n  m o d u l e s  w i t h  

a  k n o w n - g o o d  r e f e r e n c e  m o d u l e -  
makes it easy to program and operate, 
and easy to adapt for test ing di f ferent 
modules. 

By Wil l iam P.  Cargue 

MANUFACTURERS OF DIGITAL EQUIPMENT have to deal 
with some formidable numbers in production testing 
digital logic modules and printed-circuit boards. A com 
plete check of the logical functioning of a module which 
has N binary elements may require 2X separate steps, 
one for each of the 2N possible combinations of high and 
low logic states of the elements. Since N can range up to 
several hundred, 2X can be very large indeed, and it can 
take a long time to test a complex logic module. It can 
also be very costly. 

At Hewlett-Packard, we first encountered this prob 
lem when we started making computers. We decided the 
answer was higher speed â€” an automatic test system. The 
system we built to solve this in-house problem has now 
evolved into the Model 2060A Digital Logic Module 
Test System (Fig. 1). Controlled by an HP 211 6B 
Computer which is programmed in a special simplified 
language, AuTest, the system checks logic modules thor 
oughly and efficiently, and prints an error message when 
it finds a faulty module. The system is inherently flexible. 
It can test a broad range of logic modules of different 
types and degrees of complexity, and it is easily changed 
to accommodate different modules; often only a change 
of program is needed. It has two modes of operation, a 
'run' mode for sorting good and bad modules from a pro 
duction run, and a 'conversational' mode for debugging 
faulty modules. In its run mode it can be used by an 
unskilled operator. 

Pretesting each logic module with this type of system 
before the modules are installed in instruments has re 
duced the test time and the cost of testing by as much as 
70% for some of our instruments. At the same time, we 

have been able 
t o  i n c r e a s e  
the scope and 
n u m b e r  o f  

tes ts  performed on each 
module, thereby improving 

reliability and decreasing warranty costs. Operating at 
rates up to 10,000 tests per second per pin, the 2060 A 
System can completely test most logic modules in less 
than 30 seconds, at a cost of less than one dollar each. 

Functional Testing 
The 2060A System tests modules functionally. That is, 

it applies sequences of logic inputs that simulate the in 
puts the module will receive in service. At each step in 
the sequence it checks all of the module's output pins 
for the correct responses. The system doesn't test dy 
namic or switching characteristics, since these are more 
easily tested on separate components than on fabricated 
modules. 

Logic modules usually contain storage elements (e.g., 
flip-flops). This makes each logical state of the module 
depend on previous states. For this reason, the 2060A 
System maintains all logical stimuli constant from step 
to step over the entire logical test sequence, except, of 
course, those inputs that are programmed to change. The 
system generates logic levels in analog form and not by 
closing contacts, because random contact bouncing might 
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be mistaken for signal pulses by sequential logic circuits, 
and this would result in unpredictable and anomalous 
logical states in the module. 

Comparison Reduces Programming and Storage 

In some computer-controlled logic module test sys 
tems, the correct logical responses of the module must 
be specified in the test program and stored in the com 
puter's memory. The number of program steps and mem 
ory locations needed for this may be as large as the 
number of distinct sequential logical states of the module 
(2s for a module with N binary storage elements) times 
the number of logic outputs, plus other output states 
which are simply combinatorial functions of the logic 
inputs (i.e., derived by logic gates instead of storage 
elements). For all but the simplest modules, this number 
is so large that functional testing is uneconomical; it 
takes too many man-hours of programming time to gen 
erate test data and too much memory to store them. 

The 2060A System uses a comparison technique 
which avoids these programming and storage problems 
(see Fig. 2). It derives the expected responses of the 
module being tested from an identical reference module 
which is known to be working properly. The system exer 
cises the reference module and the module of unknown 
quality simultaneously, with identical but electrically 
isolated signals. After each change of inputs, all corre 
sponding pins of the two modules are compared within 
a tolerance specified in the test program. Any logical 
disagreement is printed on the Teletypewriter. The 
comparison method reduces the programming effort to 
simply specifying logical sequences of inputs. Expected 
responses needn't be specified or stored. 

Unlike most testers and test systems, the 2060A Sys 
tem can test many types of integrated-circuit and dis 
crete-component logic without special adaptation. High 
and low logic levels, positive and negative current limits, 
and test tolerances are generated according to test pro 
gram instructions. Thus the 2060A System can be set up 
to test DTL, CTL, TTL. RTL, ECL and most other 
types of logic simply by specifying the appropriate logic 
parameters in the test program. The system can be 
equipped to generate up to four separate sets of logic 
parameters simultaneously, for testing different types of 
logic on the same module. 

The Hardware  

Much of the 2060A System's flexibility comes from 
its general-purpose HP 2 1 1 6B Computer. All of the com 
puter's standard plug-in input/output options can be used 

with the system. An I/O extender for the computer can 
also be included if more input/output capacity is needed. 

Included in the basic system are a Teletypewriter for 
program listing and operator communication, and a paper 
tape reader for input of test programs. Optional are a disc 
memory for bulk storage of test programs, a real-time 
sealer for time accounting, a high-speed punch for out 
put of revised test programs, and a data acquisition sub 
system for verification of reference modules and for 
low-speed, high-resolution dc measurements (see Fig. 2). 

The system can have as few as two and as many as 32 
driver/comparator registers, each of which contains eight 
driver/ comparator circuits. Each driver/comparator cir 
cuit provides inputs or loads, and compares outputs, for 
one pair of corresponding pins, one on the reference 
module and one on the module being tested. Thus the 
basic system can test modules which have as many as 16 
pins, and an extended system can test modules which 
have as many as 256 pins. 

DC reference levels for the driver/comparator circuits 
and dc power for the modules are generated by pro 
grammable dc power supplies which are resistance pro 
grammed by relay-register cards plugged into the com 
puter. Since the power-supply outputs are not changed 
during a functional test sequence, resistance program 
ming â€” uncomplicated, inexpensive, and slow â€” is ade 
quate. Additional power supplies and relay registers are 
easily installed in the system. 

The driver/comparator registers and power supplies 
are connected to the modules being tested via a module 
adapter which holds removable socket trays. Many trays 
are available to accommodate modules with different 
connectors. 

Driver /Comparator  Registers  

The driver/comparator registers are the interface be 
tween the modules and the system. They are designed for 
maximum flexibility to make the system useful for testing 
a wide variety of circuits. There are two types of driver/ 
comparators. One is a low-impedance driver/compara 
tor which is compatible with most discrete circuits, with 
RTL, DTL, TTL, CTL, and ECL integrated circuits, and 
with other integrated circuits which have logic levels be 
tween â€”6 V and +6 V and current parameters between 
â€”50 mA and +50 mA. The other driver/comparator 
is a high-impedance type compatible with MOS circuits 
and with high-level discrete circuits. It can provide volt 
ages between â€” 1 8 V and + 1 8 V and currents between 
â€” 15 m A and +15 mA. 
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D R I V E R / C O M P A R A T O R  
REGISTERS 

I N P U T  /  O U T P U T  I N T E R F  

I 

C o m m a n d s  T e s t  

â€¢ PROGRAMMABLE 
d c  P r o g r a m m i n g  P O W E R  

P r o g r a m m e d !  1 E S  

PAPER 
TAPE 

PUNCH 

PAPER 
TAPE 

READER Parameters 
(HI,  LO. etc )  

DATA 
ACQUISITION 
SUBSYSTEM 

REFERENCE 
MODULE Output levels are compared at 

a l l  p ins (256 pins,  maximum).  
Up to 10,000 tests per second 
on all pins in parallel. M O D U L E  U N D E R  

TEST 

Fig .  re fe rence w i th  2060A Sys tem exerc ises  the  modu le  be ing  tes ted  and a  re fe rence modu le  w i th  
i d e n t i c a l  i n p u t s .  A t  e a c h  s t e p  i n  t h e  t e s t  p r o g r a m ,  t h e  s y s t e m  c o m p a r e s  t h e  s i g n a l s  o n  a l l  
c o r r e s p o n d i n g  p i n s  o f  t h e  t w o  m o d u l e s  a n d  p r i n t s  a n  e r r o r  m e s s a g e  i f  t h e y  d i f f e r .  T h e  c o m  
p a r i s o n  m e t h o d  s i m p l i f i e s  p r o g r a m m i n g  b e c a u s e  t h e  p r o g r a m m e r  o n l y  h a s  t o  s p e c i f y  i n p u t s ,  
n o t  t h e  s u p p l i e s  o u t p u t s .  L o g i c  p a r a m e t e r s  a r e  g e n e r a t e d  b y  p r o g r a m m e d  p o w e r  s u p p l i e s  
u n d e r  c o n t r o l  o f  t h e  t e s t  p r o g r a m ;  t h u s  t h e  s y s t e m  c a n  t e s t  m a n y  t y p e s  o f  l o g i c  w i t h o u t  h a r d  
w a r e  c h a n g e s .  W h e n  e x p a n d e d  c a p a c i t y  i s  n e e d e d ,  s t a n d a r d  h a r d w a r e  c a n  b e  a d d e d  e a s i l y .  

Fig. 3 is a block diagram of a driver/comparator reg 
ister. Each register contains eight driver pairs, eight com 
parators, buffer storage for the logic signals and compara 
tor results, and overload detectors that cause all power 
to be removed from the modules if the outputs of either 
module cannot be tolerated by the system. 

Since two modules (the reference module and the 
module being tested) must be exercised simultaneously 
and their outputs compared, there are two drivers for 
each logic signal. They are electrically independent ex 
cept for a common input. Their outputs are routed to 
corresponding pins on the two modules. The comparator 
is connected between the two outputs. 

The programmable parameters of the driver circuits 
are 

HI â€” the more positive of the two logic levels 

LO â€” the more negative of the two logic levels 

P â€” positive constant-current limit (source) 

N â€” negative constant-current limit (sink) 

These must be specified in the test program. The com 
parator has a programmable threshold with parameters 

+T and â€” T, which are comparison tolerances specified 
in the test program. Programmed parameters are the 
same for all eight driver/comparators in each register. 

The driver circuits can drive module inputs, act as 
loads on module outputs, or do both simultaneously. The 
system distinguishes inputs from outputs only in that the 
logic levels for drivers acting as loads on module outputs 
are normally set to the appropriate state and not sub 
sequently altered by the test program. Drivers providing 
module inputs are switched between logic states as re 
quired to exercise the modules. To illustrate this dual 
operation, Fig. 4 shows the terminal characteristics of a 
driver programmed to operate with TTL inputs and out 
puts. Also shown are the terminal characteristics of the 
TTL circuits and resulting operating points. Terminal 
characteristics of the driver circuits are established by 
dc voltages from the programmed power supplies. 

The Software â€” AuTest 

Module test programs for the 2060A Digital Logic 
Module Test System are written in AuTest, a special 
language designed to be easily understood by engineering 
people. Most digital logic technicians can learn the basic 
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programming rules in a day or less. 
All 2060A module test programs consist of four parts 

â€” identifier, connector, and power statements, and a 
sequence of test statements. The first three parts perform 
housekeeping functions that name the program, name the 
module connector pins, establish 'HI' and 'LO' voltage 
levels, set positive and negative current limits, and specify 
positive and negative tolerances for all tests. 

The IDENTIFIER statement names the program (usu 
ally by the model number of the printed circuit module 
to be tested) and the type of connection to the system 
(Module Adapter). For program name 2000 and Module 
Adapter (MA) 1901, the statement would be: 

IDENTIFIER, 2000, MA 1901 

The CONNECTOR statement lists all of the module con 
nector pins for the test program. Where there are different 
types of logic on the same module, the pins are separated 
into banks according to the test conditions required for 
each type of logic. This statement names the pins. Usu 
ally, the pins would be given the same names that are 
used on circuit schematics and logic diagrams. To assign 

the labels A, B, and AB to the three pins of bank 1 , and 
the labels D, E, and 27 to the three pins of bank 2, we 
would write: 

CONNECTOR, BANK 1(A, B, AB),/ 
BANK 2(D, E, 27) 

The slash at the end of the first line specifies that the 
statement is continued on the next line. 

The POWER statement specifies the high (H) and low 
(L) logic levels, the positive (P) and negative (N) current 
limits, the positive (+T) and negative (â€” T) comparison 
tolerances, and the power supply voltages (PS1, PS2, 
etc.). A complete power statement would be written as 
follows: 

1 POWER, BANK 1(H = 3.0 V, L =/ 
â€”3.0 V, P = 7.5 MA, N â€” 25 MA,/ 
+T = .75 V, â€” T = .75 V),/ 
PS 1 = 4.5 V, PS 2 = -3.0 V 

If there were two or more banks, the test parameters for 
all banks would be specified in the same POWER state 
ment. 

If there are two or more POWER statements, the en 
tire test program will be repeated for each POWER state- 

Plus Seven Similar Circuits with Common Programming 
( H I .  L O .  P .  N .  + T ,  - T )  

Fig .  between and dr iver /comparator  reg is ters  are  the in ter face between the modules  and 
t h e  s y s t e m .  T h e y  h a v e  s i x  p r o g r a m m a b l e  p a r a m e t e r s :  l o w  a n d  h i g h  l o g i c  l e v e l s ,  

sou rce  and  s ink  cu r ren t  l im i t s ,  and  p lus  and  m inus  compar i son  to le rances .  
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ment. Using several POWER statements, the module can 
be tested under several worst-case conditions, one con 
dition at a time. If a fault occurs, the system will print 
an error message which includes the number of the power 
statement that was active when the fault occurred. 

The TEST statements can now be written. The first TEST 
statement should specify initial states for all module sig 
nal pins â€” for example, 

2 TEST, L( ), H(A, B, AB, D) 

The empty parentheses following L cause all module 
pins to be set to the low level. Thereafter, the high (H) 
instruction sets pins A, B, AB, and D to the high level. 

The remaining TEST statements exercise the various 
logic inputs to verify that the responses of the module 
being tested agree with responses of the reference mod 
ule. Because all previously specified logic levels are stored 
by the 2060A System it is only necessary to program the 
changes of input level required for each test. If needed 
to satisfy module timing requirements, a programmed 
delay (D) instruction can be inserted between changes 
of logic level, or preceding comparison. 

TTL Input  Terminal  
Characteristics 
( F a n - i n  =  1 0 )  

After all the input combinations required to thoroughly 
check the module's functioning have been programmed, 
the test program is terminated by the word END, pre 
ceded by a label number. 

Only the first character of a statement or an instruction 
within a statement is required. Thus I or ID can be used 
for IDENTIFIER, C or CONN can be used for CON 
NECTOR, P or PWR can be used for POWER, T can 
be used for TEST, H for HIGH, and so on. 

Comments can be inserted in any statement by typing 
an asterisk (*) at the end of the statement followed by 
the comment. Comments can explain the purpose of the 
statements or give other information to a person reading 
the program. Comments can be continued to the next 
line by typing a slash (/) at the end of the current line. 

Permutat ions Easi ly Programmed 
The AuTest language provides special help to the test 

program writer in the form of the DO statement. This 
statement sets up a 'do' loop that causes actions called 
for by another statement (or group of statements) to be 
repeated a specified number of times. When combined 

with a PERMUTE instruc 
tion in a TEST statement, 
the DO statement can pro 
duce up to 65,536 (2111) tests 
on 16 module connector  
pins. For example, to exer 
cise all possible high-low 
combinations to an 8-line 
code translator with input 
pins 8, 9, 10, 11, 12, 13, 14, 
and 15, the programmer can 
simply write: 

7 DO, 10, P = 8 
10 TEST, PERMUTE/ 

(8,9, 10, 11, 12,/ 
13, 14, 15) 

Thus  two program s ta te  
ments do the work of 2s. 

TTL Output  Terminal  
Characteristic: 

O u t p u t  H I    

V Operating Point: 
TTL Output  HI  

1 6 m A  8 m A  

P r o g r a m m e d  P a r a m e t e r s :  H I  =  3 . 5  V  P  =  1 6  m A  
L O  =  0 . 5  V  N  =  2 0  m A  

TTL Output  Terminal  
Characteristic: 

Output LO 
Driver Terminal 

Characteristic 
(Driver HI)  

Operating Point 
TTL Output LO 

F i g .  4 .  T h e  d r i v e r  c i r c u i t s  c a n  
a c t  a s  i n p u t  g e n e r a t o r s ,  a s  
l o a d s ,  o r  a s  b o t h  s i m u l t a n e  
o u s l y .  T h u s  t h e  s y s t e m  d o e s n ' t  
c a r e  w h e t h e r  a  p a r t i c u l a r  p i n  i s  
a n  i n p u t  p i n  o r  a n  o u t p u t  p i n ;  
t h e  d i f f e r e n c e  i s  i m p o r t a n t  o n l y  
i n  t h e  t e s t  p r o g r a m .  H e r e  i s  
h o w  a  d r i v e r  c i r c u i t  w o r k s  w i t h  
TTL  l og i c .  
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2060A System Commands 

r 
â € ¢ O n l y  t h e  P O W E R ,  t w o  c h a r a c t e r s  o l  s y s t e m  c o m m a n d s  a r e  r e q u i r e d  ( N E  f o r  N E W ,  C O  f o r  C O N T I N U E ,  P O  f o r  P O W E R ,  I N  l o r  I N S E R T ,  e t c . ) .  

Up to three DO statements can be grouped to form a 
'nest' of 'do' loops capable of testing the most compli 
cated logical relationships that are likely to be found on 
any digital logic module. In the example above, state 
ment 7 will cause all statements between 7 and 10 to be 
repeated for each permutation of the eight binary inputs. 
Therefore, if for each code combination in the previous 
example a set of code-dependent responses to inputs C, 
D, F, and H have to be checked, the program writer could 
set up two DO loops, one 'nested' in the other as follows: 

7 DO, 10, P = 8 
8 DO, 9, P = 4 
9 TEST, PERMUTE, (C, D, F, H) 
10 TEST, PERMUTE (8, 9, 10, 11, 12, 13, 14, 15) 

Thus four program statements do the work of 21-. 
When a fault occurs during execution of a 'do' loop, 

the error message tells where in the 'do' sequence the 
fault occurred. 

Help in Troubleshooting 
In addition to its basic test and permute capabilities, 

the AuTest vocabulary includes other statements which 
can be used to simplify troubleshooting of faulty modules. 
These are the HALT, WRITE. GO and IF statements. 

The HALT statement stops execution of the test program 
at a specific point. This permits the operator to change 
jumper connections or switch settings on the module 
during checkout, or to make in-circuit signal checks if 
module faults are encountered. 

The WRITE statement provides a means for printing 

comments up to 50 characters long during the execution 
of the test program. For example, to set up a WRITE- 
HALT combination to instruct the operator to change 
jumpers on the test and reference modules, the program 
mer can write: 
126 WRITE, MOVE JUMPERS FROM/ 

A TO B, THEN CONTINUE 
127 HALT 
The operator would read this instruction, then move the 
jumpers and type CONTINUE. 

The GO statement can be temporarily inserted in the 
test program to assist in debugging a module. This state 
ment causes transfer of control to another statement 
whose label number is specified. By specifying the label 
number of a statement that follows the GO statement, 
intervening program statements can be skipped. By speci 
fying the label number of a statement that precedes the 
GO statement, intervening statements can be repeated 
endlessly to generate signals for oscilloscope display. 

The IF statement is like the GO statement in that it 
causes transfer of control to another statement. The IF 
statement differs from the GO statement in that it is con 
ditional, becoming effective if a module fault is encoun 
tered during execution of the preceding test statement. 
Because it is conditional, the IF statement can be a per 
manent part of the module test program. It can be used 
in combination with GO. WRITE, and HALT statements 
to give troubleshooting guidance when module faults are 
encountered. 
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Other  Features  

The system automatically checks test programs as they 
are read in. When a program has to be revised, additional 
statements can be inserted or existing statements deleted 
without renumbering other statements. Once read into 
the system, a program is stored until deleted. 

When it is not actually executing a test program, the 
2060A System is in a 'conversational' mode, receptive 
to commands typed on an input keyboard. The com 
mands are listed in the table on page 19. 
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S P E C I F I C A T I O N S  

HP Model  2060A 
Dig i ta l  Log ic  Modu le  Tes t  Sys tem 

SLEWING RATE (APPROXIMATE) 

NUMBER OF MODULE CONNECTOR PINS 

APPROXIMATE OVERLOAD DISCONNECT VOLTAGE 
Â±7.5 V or  more a t  any module  connector  p in  t r iggers  turn-o f f  

o f  power to  protect  Dr iver-Comparators and modules.  
INTERNAL LOAD 

lOkÃ­Ã¯ to ground at each I/O pin. 

of  256 pins. 

b a n k  ( s e t  o f  m o d u l e  c o n n e c t o r  p i n s  
s e t  o f  l o g i c  p a r a m e t e r s )  c a n  b e  e x  

m of  four  banks.  

no delays programmed. 

men ls  to  a  max im 
NUMBER OF BANKS 

B a s i c  c a p a c i t y  o f  o  
sub jec t  t o  a  com 
panded to  a  max i  

T E S T  S P E E D  
MAXIMUM SPEED 

10.000 tests per  second per  p i  
AVAILABLE DELAYS 

8.0 MS to 9.999 seconds, programmable in 3.2 Â«Â¿s incre 
DC POWER TO MODULES 

The  supp l ies  l i s ted  can  be  p rov ided  in  any  combina t ion  

o t  supp l i es  can  be  changed  a t  any  t ime .  
AVAILABLE VOLTAGE-CURRENT COMBINTIONS 

0 to Â±7.5 V at  5A,  programmable in  0.05 V increme 
0 to â€”20 V at 3A, programmable in 0.1 V increments. 
0 to â€”40 V at  1.5A, programmable in 0.2 V increme 

OUTPUT VOLTAGE ACCURACY 
Within 0.025 V Â±3% of programmed voltage. 

L O G I C  P A R A M E T E R S  

With  Low Impedance Dr iver -Comparator  
H IGH LOGIC  LEVEL  

LOW LOGIC LEVEL 
M o r e  n e g a t i v e  t h a n  H i g h ,  p r o g r a m m a b l e  i n  0 . 1  V  i n c r e m e n t s  

f r o m  + 5 . 9  V  t o  - 6  V .  
LOGIC LEVEL ACCURACY 

Wi th in  0 .2  V  -5% o f  p rog rammed leve l  
POSITIVE & NEGATIVE CURRENT LIMITS ( i  L IM)  

t s .  

ts .  

CURRENT L IMIT  ACCURACY 
Within 1 mA â€”5% of programmed I  

Wi th  H igh Impedance Dr iver -Comparator  
H IGH LOGIC LEVEL 

f r o m  - 1 7 . 8  V  t o  + 1 8  V .  
LOW LOGIC LEVEL 

More  nega t i ve  t han  H igh ,  p rog rammab le  i n  0 .2  V  i nc re i  
f r o m  + 1 7 . 8  V  t o  - 1 8  V .  

LOGIC LEVEL ACCURACY 
Within 0.5 V Â±5% of programmed level.  

POSITIVE 4 NEGATIVE CURRENT LIMITS (Â±!LIM) 

CURRENT LIMIT ACCURACY 

SLEWING RATE (APPROXIMATE) 
40 V/us or (4 x ILIMJV/MS i f  smal ler.  

APPROXIMATE OVERLOAD DISCONNECT VOLTAGE 
Â±20 V o r  more  a t  any  modu le  connec to r  p in  t r iggers  tu  

o f  power  lo  pro tec t  Dr iver -Comparators  and modules .  
INTERNAL LOAD 

50 kG to ground at  each I /O pin.  

C O M P A R I S O N  P A R A M E T E R S  
POSITIVE and NEGATIVE TOLERANCES 

Programmable in  0.05 V increments f rom â€”0.05 V to :  
TOLERANCE ACCURACY 

With Low Impedance Driver-Comparator:  Within 0.05 V :Â±5% 
of  programmed to lerance.  

Wi th High Impedance Dr iver-Comparator :  Wi th in 0.1 V Â±5% 
of  programmed to lerance.  

SYSTEM CONFIGURATION 
BASIC SYSTEM 

Genera l -purpose computer  ac ts  as  sys tem cont ro l le r ,  p rov id  
ing  8 .192-word  memory  fo r  tes t  sys tem so f tware  and  tes t  
p rograms and 16  I /O s lo ts  to r  Te le typewr i te r .  H igh-Speed 
Tape Reader .  Re lay  Output  Reg is ter ,  and Dr iver -Compara 
tor  Register cards.  

300 character -per -second punched tape reader  assures fas t  
read- in of  test  programs. 

Heavy  duty  te le typewr i te r  serves  as  the  communica t ion  l ink  
between the operator  and the system. 

Qu ick-change adapter  connects  tes t  and re ference modu les  
to the system. 

Two Dr iver-Comparator  Registers each dr ive and check e ight  
modu le  connector  p ins .  

Relay Output  Regis ters  program power  suppl ies to  estab l ish 

P r o g r a m m e d  p o w e r  s u p p l i e s  p r o v i d e  l o g i c  p a r a m e t e r s  f o r  
one  group o f  modu le  connec to r  p ins .  

SYSTEM EXPANSION 
I /O Ex tender  adds  32  I /O  s lo ts  fo r  add i t iona l  Dr i ve r -Compara  

to r  and  Re lay  Outpu t  Reg is te rs .  
Up to  32 Dr iver-Comparator  Regis ters  for  test ing modules wi th  

up to  256 connector  p ins .  
Add i t i ona l  Re lay  Ou tpu t  Reg is te rs  and  power  supp l i es  fo r  ex  

p a n d i n g  t h e  s y s t e m  t o  p r o v i d e  u p  t o  f o u r  d i f f e r e n t  s e t s  o f  
log ic  parameters  s imul taneously .  

Add i t iona l  adapters  fo r  check ing d i f fe rent  types o f  modu les .  
A d d i t i o n a l  T e l e t y p e w r i t e r  f o r  o f f - l i n e  p r e p a r a t i o n  o f  t e s t  p r o  

gram tapes. 
Osc i l l oscope  and  vo l tme te r  f o r  i so la t i ng  modu le  f au l t s .  
1  20  charac te r -pe r -second  tape  punch  fo r  fas t  p repara t ion  o f  

wr i te r  opera tes  a t  10  charac te rs  per  second. )  
S y s t e m  t i m e  o p t i o n  f o r  l o g g i n g  t o t a l  s y s t e m  o p e r a t i n g  t i m e ,  

to ta l  tes t  t ime ,  and  to ta l  tes t  p rogram execu t ion  t ime.  
D i sc  Memory  t o r  conven ien t  s t o rage  and  f as t  change  o f  l e s t  

D a t a  f o r  S u b s y s t e m  ( s c a n n e r  a n d  d i g i t a l  v o l t m e t e r  f o r  
measurement  and  p r in tou t  o f  abso lu te  vo l tages)  where  per i  
od ic  se l f  tes t  capab i l i t y  i s  requ i red.  

SOFTWARE 
Eve ry  2060A  Sys tem comes  w i th  a  ready - to -use  AuTes t  so f t -  

t es t  sequences  f rom modu le  tes t  p rog rams  wr i t t en  en t i re l y  
i n  Eng l i sh  and  dec ima l  numbe rs .  So f twa re  accommoda tes  
a l l  expans ions and opt ions .  

PRICE: Basic 2060A System. $80,000.00. 
MANUFACTURING DIVISION: HP PALO ALTO DIVISION 

395 Page Mi l l  Road 
Palo Alto. California 94306 
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