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Continuous, Non-Invasive Measurements 
of Arterial  Blood Oxygen Levels 
A new ox ime te r  g i ves  ca l i b ra ted  non- invas i ve  measure  
ments  o f  the  oxygen satura t ion  o f  hemoglob in  in  ar ter ia l  
b lood ,  us ing  a  mu l t iwave leng th  op t i ca l  t echn ique  tha t  ap  
p roaches  " touch -and- read"  conven ience .  

by  Edwin  B .  Mer r ick  and  Thomas J .  Hayes  

THE BASIC FUNCTION of the cardio-respira- 
tory system is to supply oxygen to the cells of the 

body, a continuous supply being essential for proper 
functioning of every working cell. An inadequate 
oxygen supply can be the result of respiratory as well 
as circulatory disorders. Pulmonary fibrosis, em 
physema, asthma, pneumonia, and a host of other 
respiratory problems are major causes of disability. 
The degree to which a patient's oxygenation status is 
comprised, and hence the seriousness of the problem, 
can be indicated by a measurement of the oxygen 
level in arterial blood. 

Unfortunately, the amount of oxygen carried by the 
blood stream has not been easy to measure. Tradition 
ally, it is done by withdrawing a sample of arterial 
blood and measuring the oxygen content of the sam 
ple, either by gas measuring techniques or by spec- 
trophotometry. Besides the obvious risk involved in 
puncturing an artery, where pressure is high, this 
method indicates the oxygen content only at the time 
of sample withdrawal (except for some extremely 
difficult-to-execute on-stream methods). The delay in 
measured results is particularly disadvantageous in 
adjusting ventilators, in exercise tests, in oxygen 
therapy, and in many other situations where there are 
short-term changes in oxygen levels. What has been 
urgently needed is a noninjurious method of measur 
ing blood oxygen on a continuous basis. 

Methods of accomplishing this were indepen 
dently proposed in 1935 by Kramer1 and Matthes.2 
These methods, based on the observation that oxyge 
nated blood is much more transparent to red light 
than de-oxygenated blood is, measure the transmis 
sion of light through the ear (the ear flap is an excel 
lent place to "see" arterial blood because, as a heat 
radiator, it can circulate arterial blood in excess of its 
own needs). 

This approach provides a sensitive measurement 

but, unfortunately, it is also affected by the amount of 
blood flowing. This part of the problem was solved 
later by Matthes3 and refined by Millikan4 who made 
reference measurements at an infrared wavelength 
where the absorbing abilities of oxygenated and de- 
oxygenated bloods are the same. A measurement at 
this wavelength is thus sensitive to the amount of 
blood but not to the degree of oxygenation. 

This method made relative saturation measure 
ments practical where it was desired to monitor 
short-term changes in the blood oxygen level. How 
ever, because skin pigmentation and other absorbers 
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F ig .  1 .  Mode l  47201  A  Ox ime te r ,  
s h o w n  h e r e  i n  t h e  T E S T  m o d e  
w i th  a l l  a la rm ind ica to rs  i l l um ina  
ted,  measures the percent  sa tura  
t i o n  o f  h e m o g l o b i n  c o n t i n u o u s l y  
w h e n  t h e  e a r p r o b e  i s  p r o p e r l y  
p l a c e d  o n  t h e  e a r .  ( T h e  o b j e c t  
s h o w n  t o  t h e  r i g h t  o f  t h e  c a b l e  
i s  t h e  f l e x i b l e  l i g h t  s h i e l d  t h a t  
c o v e r s  t h e  e a r p r o b e  d u r i n g  a  
measurement . )  

affect the measurement, the method is not capable of 
making absolute measurements. 

Cal ibrated Measurements 
A technique for overcoming the above limitation 

was proposed by Goldie5 and improved by Wood.6 
This procedure assumes that the ear can be consid 
ered as a cuvette for blood oxygen measurements 
using conventional spectrophotometry. "Blank" 
measurements (cuvette and diluent) are made by 
squeezing the blood from the ear and measuring the 
light transmission at the two wavelengths. The light 
absorbance in this case may be attributed to skin and 
underlying tissue pigments alone and can be used to 
correct the readings obtained with blood present, 
achieving absolute calibration. 

Although these developments stimulated interest 
in body-surface oximetry, certain remaining limita 
tions in technique were recognized. First, any body- 
surface technique is limited to those subjects whose 
peripheral circulation is not compromised. The 
peripheral circulation of patients in shock usually 
shuts down to conserve blood flow for the vital organs 
so under these circumstances, any body-surface 
oximeter would read low. 

It could also be argued with regard to this technique 
that: 
(a) The bloodless ear is not truly bloodless; 
(b) The optical characteristics of the compressed ear 
differ from those of the ear in the normal state; 
(c) The optical path in the compressed state differs 

from that of the relaxed state; 
(d) Any movement of the earpiece changes the 
measuring circumstances, requiring a remeasure- 
ment of the bloodless state; 
(e) The forces required to secure the earpiece could 
interfere with the flow of blood. 

Mult iwavelength Measurements  
Certain improvements to the technique that would 

surmount these limitations were brought to the atten 
tion of Hewlett-Packard by Robert F. Shaw, M.D., then 
of the Presbyterian Hospital in San Francisco. He 
showed that making transmission measurements at 
several wavelengths would result in improved accu 
racy and greater simplicity of measurement. This led 
to extensive feasibility studies at HP labs in Palo Alto, 
California, proving the approach to be valid. As a 
result, a product was defined. 

The design goals for this product were to provide 
an instrument that could measure the oxygen satura 
tion of blood in a subject's ear non-invasively, con 
tinuously, and accurately without involving the sub 
ject in any calibration or standardization procedures. 
The measurement was also to be unaffected by motion 
of the earprobe on the subject. Furthermore, the in 
strument should be easily operated by medical per 
sonnel without requiring any electronics training on 
their part. 

These goals have been achieved in the Hewlett- 
Packard Model 47201A Oximeter (Fig. 1). It measures 
the percent oxygen saturation of hemoglobin â€” the 
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extent to which available hemoglobin is combined 
with oxygen â€” by measuring the light transmission 
characteristics of the ear at eight wavelengths (650 to 
1050 nm) and combining the measured values to ar 
rive at a result (see box). It makes the measurement 
with better than 2% accuracy (in a range of 90 to 100% 
at the lo- level of standard deviation) regardless of 
skin pigmentation, ear thickness, or earprobe motion. 
It is pre-calibrated, requiring no test samples or gases 
for adjustment nor requiring the operator to make any 
zero, gain, or span adjustments other than an in 
frequently performed standardization procedure. The 
standardization procedure, which provides the in 
strument with basic light intensity values to serve as a 
reference, does not involve the patient in any way. 

Straightforward Operat ion 
Instrument operation is simple, consistent with the 

requirements of busy patient care areas where per 
sonnel must devote their attention to medical prob 
lems, not to instrument operation. To measure the 
oxygenation level of a patient, the gap in the earprobe 
(Fig. 2) is slipped over the anti-helix of the ear (the flat 
part just within the curl of the ear's outer edge) after 
this part of the ear has been rubbed briskly for about 
15 seconds to stimulate the flow of arterial blood. A 
flexible light shield is then placed over the earprobe. 
A temperature-controlled thick-film heater within 
the probe maintains a temperature of 41Â°C at the ear 
for continuing stimulation of arterial blood flow after 
the earprobe is positioned. 

The earprobe may be hand-held for the measure 
ment or it may be attached to a headband for long- 
term measurements (see the cover illustration). Once 
the probe is in place, the instrument automatically 

F i g .  2 .  T h e  g a p  i n  t h e  e a r p r o b e  s l i p s  o v e r  t h e  e a r  f l a p  f o r  
m a k i n g  m e a s u r e m e n t s  o f  p e r c e n t  o x y g e n  s a t u r a t i o n .  T h e  
earp robe  i s  covered  by  the  f lex ib le  l i gh t  sh ie ld  (no t  shown)  
dur ing the measurement .  

gives readings of percent oxyhemoglobin. 
The oximeter is standardized at the time it is turned 

on by inserting the earprobe in a cavity in the front 
panel and pressing the OXIMETER STD pushbutton. 
This causes the oximeter to read the light level pas 
sing through the earprobe when there are no absor 
bers present.  The measured values obtained at the 
eight wavelengths are stored in the instrument's digi 
tal processor and used as the reference values for the 
ear transmission measurements. The instrument will 
then give accurate, calibrated readings for at least four 
hours of continuous operation. 

Operator confidence in instrument operation is en 
hanced by self-check facilities. Placing the earprobe 
in the cavity and moving the adjacent lever to CHECK 
inserts a glass analog of the ear into the earprobe gap 
and causes the instrument to make a measurement. 
This provides a complete system check and assures 
the operator that the instrument is functioning cor 
rect ly i f  the number displayed is  the same as one 
marked on the attached instruction card. Pressing the 
OXIMETER TEST button lights all of the front-panel in 
dicators (LOW ALARM, HIGH ALARM, OFF EAR, INOP, etc.) 
to show that all are working, and tests the computa 
tion circuits by producing a display that should agree 
wi th  a  second number  marked on the  ins t ruct ion  
card. The display goes to 00 after the button is held 
d o w n  1 0  s e c o n d s ,  c o n f i r m i n g  o p e r a t i o n  o f  a  
processor-malfunction indication â€” during normal 
operation, the display goes to 00 any time a computed 
value remains unchanged for 10 seconds. 

Applicat ions 
Because it reduces the complexity of determining 

blood oxygen levels and the time needed for doing 
so, and because it measures continuously, the new 
oximeter is being used in a wide variety of circum 
stances where adequate oxygen is in question or where 
a patient's oxygenation status can be compromised.7'8 
For example, in many institutions it is used to screen 
patients suspected of having a lung problem, pro 
viding arterial information without the necessity of 
an arterial puncture. It assists in controlling supple 
mental oxygen where precise control is needed to 
avoid toxic levels while meeting patient require 
ments, and it helps in the adjustment of ventilators. 
It is used at a major research institution to study the 
breathing response of selected patients to lowered 
oxygen concentration.7 As a monitor it is proving 
useful during pulmonary exercise tests,9 sleep 
studies,10 surgical procedures,11'12 and broncho- 
scopy evaluations. In general, its applications range 
from monitoring the oxygenation of an asthmatic 
being treated with bronchodilators to studying an 
astronaut's physiological response to forces genera 
ted in a centrifuge.13'14 
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Design Detai ls  
The basic operation of the instrument is illustrated 

by the diagram of Fig. 3. The light source is a 
tungsten-iodine lamp that has high output in the 
spectrum of interest. A lens system collimates the 
light beam and directs it through thin-film interfer 
ence filters that provide the wavelength selection. 
These filters are mounted on a rotating wheel so they 
cut the light beam sequentially. 

The filtered light beam then enters a fiber-optic 
bundle that carries it to the ear. Another fiber-optic 
bundle carries the light passing through the ear back 
to a silicon photodetector in the instrument. 

A second light path is developed with a beam split 
ter in the path of the collimated light beam near the 
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F i g .  3 .  S i m p l i f i e d  b l o c k  d i a g r a m  o f  t h e  M o d e l  4 7 2 0 1 A  
Oximeter. 

Oximeter Theory 
The Hewlet t -Packard Model  47201 A Oximeter  measures the 

pe rcen tage  o f  oxygena ted  hemog lob in  i n  a r t e r i a l  b l ood  i n  a  
m a n n e r  s i m i l a r  t o  t h e  m u l t i - w a v e l e n g t h  s p e c t r o p h o t o m e t r i c  
t e c h n i q u e  w i d e l y  u s e d  b y  a n a l y t i c a l  c h e m i s t s .  I n  s p e c -  
t ropho tomet ry ,  the  concen t ra t ions  o f  subs tances  he ld  in  so lu  
t ion are measured by determining the relat ive l ight attenuat ions 
tha t  the  l igh t -absorb ing  subs tances  cause  a t  each  o f  severa l  
wavelengths.  

In the Beer-Lambert model of a l ight-absorbing system, in this 
case i t  p inna of  the ear wi th excess ar ter ia l  b lood f lowing,  i t  is  
assumed  tha t  t he  l i gh t  abso rbe rs  ac t  i ndependen t l y ,  t ha t  no  
combinat ion  o f  two absorbers  has  the  same absorbance spec 
trum as hemoglobin (Hb) or oxyhemoglobin (HbOz), and that the 
effects of l ight scatter ing by the ear t issue are negl igible, given 
proper  l igh t  source and detec tor  geomet ry .  

T o  u n d e r s t a n d  t h e  m o d e l ,  c o n s i d e r  f i r s t  a  s i n g l e  l i g h t  a b  
sorber  of  concentrat ion,  c ,  in  a th ickness,  d :  

J \  
V  

The intensity, I ,  of the l ight transmitted is related to the incident 
light, I0, thus: 

|  =  | o - K c d  

where K, known as the extinct ion coeff icient, is a proport ional i ty 
cons tan t  t ha t  va r i es  as  a  f unc t i on  o f  t he  subs tance  and  t he  
wavelength of  the l ight .  

The quant i ty  Kcd is  ca l led  the  absorbance,  A .  
A  =  K c d  

The t ransmiss ion,  T,  is  def ined as I / I0  and s ince 
A =  - I o g 1 0 ( l / I 0 ) ,  

A  =  - l o g , 0 T  
If a mixture of two substances is contained in one sample, the 

absorbances (A, ,  A2)  are  add i t ive :  
T = 10~(A1 + A2> 

o r ,  j  =  1 Q - ( K 1 C 1  +  K 2 c 2 ) a  
A set  o f  s imul taneous equat ions can be wr i t ten for  to ta l  absor  
bance o f  m subs tances  a t  each o f  n  wave lengths :  

A ,  =  
A2 =  

+ K12C2 -t- K13C3 ..... K1mcm) 
+ K22c2 - t -  K23c3.  .  .  .  K2mcJ 

An  =  d (Kn lC l  +  Kn2c2  +  Kn3c3  . . . . .  Knmcm)  

In the case of  the oximeter,  i t  has been found exper imental ly 
t ha t  e i gh t  wave leng ths  a re  enough  t o  r eso l ve  t he  many  sub  
stances in  the ear  suf f ic ient ly  to  measure oxygen saturat ion.  

By represent ing the concentrat ion of  HbCfe by c,  and the Hb 
concentrat ion by c2,  the percent  oxygen saturat ion is  obtained 

.  This  is  done by apply ing Kramer 's  b y  e v a l u a t i n g  1 0 0  .  c ,  +  C2  
ru le  t o  t he  se t  o f  s imu l t aneous  equa t i ons  w i t h  t he  f o l l ow ing  
results: 

I A n l o g T n  
%02 saturat ion = 1 00 

c 
= 100- 

B 2Bn logTn 

w h e r e  A n  a n d  B n  a r e  c o n s t a n t s  t h a t  w e r e  f o u n d  e m p i r i c a l l y  
by  mak ing  many  measurements  on  many  ind iv idua ls  and  f ind  
ing those constants that best f i t  the measured ear transmissions 
wi th respect to the oxygen saturat ions.  The oxygen saturat ions 
were determined by convent ional  b lood sample measurements.  
AO and  B0  were  i n t roduced  to  accoun t  f o r  t he  abso rp t i on  o f  
non-vary ing components .  

I f  boundary condit ions are establ ished by making the sums of 
the coef f ic ients themselves equal  to zero,  i .e . :  

8  8  
I A n  = S B n = 0 ,  

n = 1  n  =  1  
t h e n  t h e  s o l u t i o n  b e c o m e s  i n s e n s i t i v e  t o  n e u t r a l - d e n s i t y  
changes in  t ransmi t tance leve ls .  Th is  makes the system insen 
s i t i ve  to  changes  in  ga in ,  i nc reases  the  range  o f  accep tab le  
l ight art i facts. and contr ibutes to freedom from motion art i facts. 

When mak ing a  measurement ,  the  Mode l  47201 A Ox imeter  
o b t a i n s  v a l u e s  f o r  t h e  t r a n s m i s s i o n s ,  T n ,  b y  c o m p a r i n g  t h e  
intensity of the l ight passing through the ear at each wavelength 
to  the  cor respond ing  va lue  s to red  dur ing  the  s tandard iza t ion  
p r o c e d u r e .  T h e  c o m p u t a t i o n  c i r c u i t s  d e r i v e  t h e  l o g  o f  T n ,  
m u l t i p l y  i t  b y  t h e  a p p r o p r i a t e  c o n s t a n t s ,  A n  a n d  B n ,  a n d  
manipulate the resul t ing terms according to the %-02 equat ion 
to arr ive at  a  va lue of  percent-oxygen saturat ion.  
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F ig .  4 .  Ex t remes  i n  ea r  t r ansm i t t ances  measu red  du r i ng  a  
h o s p i t a l - b a s e d  s t u d y  i n v o l v i n g  a  b r o a d  s p e c t r u m  o f  s u b  
j ec t s .  Measu remen ts  we re  made  a t  e i gh t  wave leng ths  w i t h  
1 0 0 %  o x y g e n  s a t u r a t i o n  a n d  a g a i n  w i t h  8 0 %  s a t u r a t i o n .  
T ransm i t t ance  d i f f e rences  be tween  100% sa tu ra t i on  ( so l i d  
l ines)  and 80% saturat ions (dot ted l ines)  are smal l  compared 
to  the range o f  t ransmi t tances encountered.  

source. This path also passes through the filter wheel 
and then through a fiber-optic bundle directly to the 
silicon photodetector. The filters are spaced on the 
wheel such that they intercept only one light beam at 
a time. Thus, as the wheel turns, light at a particular 
wavelength travels first to the earpiece and back 
down to the detector, then through the reference path 
to the detector. Hence, the detector receives two light 
pulses for each wavelength. The data processor takes 
the ratio of the two pulses as the measured value so 
readings are compensated for any changes in the 
spectral characteristics of the light source and optical 
system. The wheel spins at 1300 rpm, giving about 20 
readouts of all eight wavelengths per second. 

The current in the photodetector may be only 
0.5 nA or less during a light pulse so the detector 
output is amplified in a linear amplifier that has a 
gain of 108. It is then converted to 16-bit digital words 
by a triple-slope A-to-D converter synchronized with 
the wheel rotation. 

The 16-bit words are delivered to a digital signal 
averager that performs two functions. First, it aver 
ages out the noise content of the signal with a time- 
constant of 1.6 seconds. Second, it serves as a buffer, 
retaining the information until required by the com 
putational process, which runs independently of the 
wheel rotation. 

Computation of percent oxygen saturation is ac 
complished by a 24-bit algorithmic-state machine. It 
uses serial processing with the program stored in a 
mask-programmed ROM and the necessary coeffi 
c ients  of  the  equat ions  s tored on a  f ie ld-pro  
grammable ROM. 

As part of the process, the computation circuits 
derive the quantity of total hemoglobin seen within 

the field of view of the earpiece. If this quantity is 
low, the instrument gives an illuminated OFF EAR 
indication. 

From the computational section, data is transferred 
in pulse-decimal form to the output circuit board 
where it is converted to BCD for the front-panel LED 
display. In addition, it is converted to an analog vol 
tage for use by an accessory trend recorder. 

The BCD signal is also compared to the setting of 
the front-panel thumbwheel switches to determine 
when an alarm condition exists, front-panel lighted 
indicators showing when such is the case. This in 
formation is also made available to a rear-panel con 
nector for use in monitoring systems. 

Obtain ing Accuracy 
While the basic operation of the instrument seems 

straightforward enough, there were many knotty 
problems that had to be solved. Some light was shed 
on these by extensive use of computer modeling. This 
helped sort out the complex interrelationships be 
tween light source, filter characteristics, oxygen sat 
uration, the presence of other light absorbers, and 
detector sensitivity. 

The extremes in ear transmission are shown in Fig. 
4. As can be seen, the change in transmission caused 
by oxygen saturation is small, and it is a function of 
the absolute transmission level as well as wavelength. 
This appears to be a complex relationship because the 
absolute level is affected by many patient-related var 
iables, e.g. ear thickness, cartilage, skin and blood 
pigments, and the surface characteristics of the skin. 

Considering all of the variables as simple, inde 
pendent absorbers would seem to be an oversimplifi 
cation, but it has proven in practice to be quite work 
able. The application of simple Beer-Lambert princi 
ples (see box, page 5 ) to an optically complex system 
such as the ear has proven to be surprisingly accurate. 

The Beer-Lambert model not only provided the al 
gorithm for processing transmittance measurements, 
but it was also useful in predicting the influence of 
certain system perturbations. For example, because of 
the differences in individual ear-transmission curves, 
the effects of changes in filter characteristics can in 
turn be affected by the characteristics of the subject. 

To explore this problem, ear-transmission mea 
surements were made on a diverse range of subjects. 
With this measurement data as an input for the com 
puter modeling, it was demonstrated that the filters 
could degrade instrument accuracy in three ways: if 
the center wavelengths were not within 0.1 to 
0.2 nm of those specified, if the filter bandwidth 
changed, and if the ratio of passband to stopband 
were less than 10s. 

By working with filter suppliers it was found that a 
pass-to-stopband ratio of 10s could be obtained by 
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Fig .  to  Cal ib ra t ion ser ies  re la ted ox imeter  measurements  to  
c o n v e n t i o n a l  m e a s u r e m e n t s  o f  b l o o d  o x y g e n  o n  a r t e r i a l  
samp les .  Oxygen  sa tu ra t i ons  we re  con t ro l l ed  by  ad jus t i ng  
breath ing gas mixtures.  

cascading two filters, each having a ratio of 103. This 
also controlled the bandwidth, but it reduced the 
energy throughput, giving a signal-to-noise ratio that 
required the digital averaging to overcome the effects 
of the noise. 

The best center wavelength specification that could 

reasonably be obtained was Â±0.5 nm. This presented 
a serious problem, as this could cause errors as high as 
Â±8%. To confirm this, a set of filters was ordered with 
six times the Â±0.5-nm center- wavelength deviation, 
all chosen to accumulate the worst way. Installed in 
an instrument, this set caused the instrument to read 
130% when a subject's oxygenation level was 100%, 
and 112% when the actual level was 70%. 

The data obtained from this instrument, however, 
provided a means for deriving correction factors with 
respect to the center-wavelength deviation of the fil 
ters. When these correction factors were applied to 
the instrument that had the six-times worst-case fil 
ters, results were nearly indistinguishable from in 
struments using optimum filter sets. In production 
instruments, the center wavelengths of each filter set 
are measured and the coefficients of the equation are 
modified according to the deviations. These coeffi 
cients are then entered into the field-programmable 
ROM for the instrument that uses that filter set. 

Interchangeable Ear  Probes 
A major design effort involved the optical charac 

teristics of the earprobe/cable assembly. One require 
ment for the probe was interchangeability, allowing 
any probe to be used with any instrument. The ear 
should be treated, of course, as a scattering light 
transmitter. Changes in measurement conditions 
caused by probe movement and changes in the ge 
ometry of illumination caused by various ear thick 
nesses and shapes were minimized by using a probe 
with a fixed ear gap and with uniform diffusion paths 
for both incident and transmitted light. 

Uniform diffusion is accomplished by tandem dif- 
fusers. The tungsten light emerges from the fiber 
optic bundle at many different angles, creating non- 
uniform and nonrepeatable irradiation patterns that 
differ from unit to unit and even differ in the same 
unit when the cable is moved. These patterns are pro 
jected on an opal-glass diffuser that redistributes the 
illumination before projecting it on a second diffuser. 
The second diffuser produces evenly distributed 
radiation on the ear. 

A similar diffusion system evenly distributes the 
scattered illumination received from the ear. This 
diffusion system provides uniform radiation angles 
and uniform sensitivity across the input to the receiv 
ing fiber-optic bundle, thus providing the uniform 
optical geometry needed for making precise mea 
surements on scattering samples, such as the ear. 

The Basel ine 
Instrument calibration ultimately rests on a hos 

pital based study (as yet unpublished) from which 
the processing coefficients were determined. This 
study involved volunteers, carefully selected to rep 
resent a broad distribution of racial characteristics, 
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Fig. was Independent verif ication ot oximeter performance was 
obta ined f rom c l in ica l  t r ia ls  at  severa l  hospi ta ls .  Compar ison 
measurements p lot ted above are a composi te  of  resul ts  f rom 
f i v e  h o s p i t a l s  u s i n g  s i x  H P  o x i m e t e r s  a n d  s e v e n  d i f f e r e n t  
ana ly t i ca l  ins t ruments .  Resu l ts  a re  w i th in  the  ox imeter ' s  ac  
curacy speci f icat ions.  

both male and female, smokers and non-smokers, 
who were exposed to hypoxic breathing mixtures 

(Fig. 5). Simultaneous arterial blood-sampling and 
ear-transmission measurements produced sufficient 
data to derive a coefficient set that minimized error 
when blood-sampling results are compared with 
values calculated from ear-transmission measure 
ments. The spectrophotometric reference standard 
was calibrated in terms of gas-content measurements 
using the Van Slyke procedure. 

These results were verified in several hospital 
studies involving several instruments before the in 
strument was formally introduced (Fig. 6). Inde 
pendent studies published by several investigators 
have provided confirmation. 7>8>11Â·14'15 

Instrument-to-instrument variability is a useful 
measure of the control exercised over component 
specifications. The following table indicates the per 
formance of five instruments on twenty-eight sub 
jects, both when breathing room air and when breath 
ing 100% oxygen. The close agreement from instru 
ment to instrument shows the level of performance 
obtained. 

F ig .  7 .  Ox ime te r  has  space  fo r  op t i ona l  pa t i en t -mon i to r i ng  
modu les  to  g i ve  s imu l taneous  measurements  o f  hear t  ra te ,  
pressure,  temperature,  or  resp i ra t ion.  Standard izat ion cav i ty  
then mounts  on the s ide of  the ins t rument .  
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S P E C I F I C A T I O N S  
HP Model  47201 A Ear  Oximeter  

Model  47201 A is  cal ibrated to read percent  oxygen saturat ion of  funct ional  
hemoglobin. It reads the oxygen saturation of blood In the ear provided sufficient 
hemoglobin Is present In earpiece field of view. Reading corresponds to arterial 
saturat ion i f  ear perfusiÃ³n is far  in excess of  metabolic demands. 

ACCURACY (Â±1 s igma) :  Â±t .7%,  90 -100% range  
- 2 , 0 % ,  8 0 - 9 0 %  
Â±2.3%. 70-80% 
= 2.6Â°,. 60-70% 
Unknown, 0-60%. 

SETTLING TIME: Sett les to within 1 % of reading approximately 20s after earpiece 
is appl ied to wel l -perfused ear.  

RESPONSE TIME: Normal ly  2.3s for  67% response to s tep change in  saturat ion.  
Changeable by internal  jumper to 1.5 or  4.7s.  

DRIFT:  0  25% hour  a f te r  15 m warm-up.  
I N T E R F E R I N G  S U B S T A N C E S :  B l i r u b m  c o n c e n t r a t i o n  g r e a t e r  t h a n  1 0  m g  %  

c a u s e s  %  r e a d i n g s ,  t y p i c a l l y  2  t o  4 %  l o w  i n  a  r a n g e  o f  1 0  t o  2 5  m g  %  
b i l i rub in  "Card iogreen used in  card iac  ou tpu t  s tud ies  causes  t rans ien t ly  h igh  
readings. 

EARPROBE TEMPERATURE: 41.0Â°C Â±1Â°C. 
R E A R - P A N E L  A N A L O G  O U T P U T :  2 . 5  t o  5 V  ( a d j u s t a b l e )  f o r  1 0 0 %  o x y g e n  

saturation 
R E A R - P A N E L  S Y S T E M  C O N N E C T O R  O U T P U T S :  O x y g e n  s a t u r a t i o n  a n a l o g  

output ,  HI  and LO a larms,  and INOP 
PATIENT ISOLATION (measured f rom earprobe to th i rd-wire ground):  aÃ­OMÃl at  

3000V rms.  60 Hz.  40=0 and 95% re la t ive humid i ty  
OPERATING ENVIRONMENT:  meets  spec i f i ca t ions  in  a  tempera tu re  range  o f  0  

to 32eC standardized warm-up provided fan filter is dean and instrument is standardized 
once every  few hours .  For  tempera tures  f rom 32*C to  45CC.  ins t rument  must  
be  res tandard ized  fo r  each  1 :C change in  ambien t  tempera tu re .  Above  45 :C.  
i ns t rument  shu ts  down and  tu rns  on  INOP ind ica to r  Opera tes  a t  a l l  l eve ls  o f  
humidi ty  short  of  those that  produce condensat ion.  

POWER: 1 15 230 Vac.  50 60 Hz,  160VA.  
DIMENSIONS:  191  mm H x  425  mm W x  425  mm D (7 .5  x  16 .75  x  16 .75  in ) .  
WEIGHT:  167  kg (37  Ibs)  
PRICE IN U.S.A.:  S8200 
M A N U F A C T U R I N G  D I V I S I O N :  W A L T H A M  D I V I S I O N  

175 Wyman St reet  
Wal tham.  Massachuset ts  02154 U.S.A.  
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Correction 
In our September 1976 issue, in Fig. 4 on page 12. switch Sp is shown connected to e, when 
it is shifts connected to ej and vice versa. Also, the phase shifts shown in Fig. 4 for the CS-D 
measurement should be 0Â° in step 3 and 270Â° in step 4. The text of the article is correct. 
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Laboratory Notebook 

A Signal -Level  Reference 

The accuracy of instruments that measure signal level can 
be enhanced by including a calibration source within the 
instrument. The diagram below is an example of how this can 
be done inexpensively. This circuit generates an RF signal 
that has a highly stable amplitude level for use as a calibra 
tion reference. 

1 MHz 
Squarewave 

A stable current, I, is established by comparing the voltage 
drop across resistor Rl to a reference voltage produced by 
temperature-stable zener diode Dl, and using the result to 
control constant current generator Q3. The stabilized current 
flows alternately in transistors Ql and Q2 as the transistors 
are switched by the squarewavefrom a local oscillator within 
the host instrument. 

The squarewave current flowing through the resonant cir 
cuit in the Q2 collector circuit produces an output sinewave 
that has a peak-to-peak value ZRLC x I x 4/ir. (4/w is the ratio of 
the fundamental to the peak-to-peak amplitude of a square 
wave. J 

The impedance ZHLC is stabilized by suitable choice of 
components and, as mentioned previously, I is stabilized by 
comparison to a zener voltage. Using the voltage across Rl to 
stabilize I eliminates the effects of temperature-induced vari 
ations in transistor a. As a result, the circuit's output 
amplitude stability is within 0.01 dB over a temperature range 
of 0 to 55Â°C. 

This circuit, operating at 1 MHz, is used in the Model 3745A 
Selective Level Measuring Set (Hewlett-Packard Journal, 
January 1976) to calibrate the instrument automatically at the 
start of each measurement. 

J. Reid Urquhart 
Hewlett-Packard Limited 
South Queensferry, Scotland 

An Accurate ,  Low-Noise  
Discriminator 

Pulse-count discriminators are often used where very good 
linearity in frequency-to-voltage conversions is a require 
ment. They achieve linearity by generating a narrow, 
constant-width pulse for each cycle of the input waveform, 
and integrating the pulses to obtain a dc level proportional to 
input frequency. Assuming that the integrator response is 
sufficiently fast, output linearity is a function of the con 
stancy of pulse width. 

The width of the pulses is usually determined by a mul 
tivibrator with an RC timing circuit. However, because the 
slope of the RC discharge curve causes some uncertainty in 
the timing of the multivibrator reset, there are minor varia 
tions in pulse width and hence in the dc output. If these 
variations are not a function of pulse rate, then the result is 
simply the addition of noise to the dc output. 

Achieving low noise thus requires a good "time standard" 
for determining pulse width. A high-Q pulse-forming network 
can accomplish this. 

A discriminator based on this principle is shown in the 
diagram. The input waveform is squared in line receivers 
connected as Schmitt triggers to reduce any AM sensitivity in 
the discriminator, and the resulting square wave drives a 
pulse-forming network. The network's input impedance is 
similar to that of a shorted transmission line, going to zero 
shortly after the occurrence of each square-wave transition 
and thereby forming narrow pulses. The positive pulses turn 
on a current switch and integration of the current pulses 
obtains the dc output. 

j  P u l s e - f o r m i n g  i  C u r r e n t  
N e t w o r k  S w i t c h  

A typical application for this type discriminator is in the 
YIG oscillator control loop for the sweep-frequency generator 
of the Model 8505A Network Analyzer (Hewlett-Packard 
Journal, July 1976) where maximum oscillator stability was 
desired. This discriminator operates overa range of 0.5 to 13 
MHz with a pulse width of 22 ns. Since discriminator noise is 
directly related to switching time, ECL line drivers are used 
for the Schmitt triggers to obtain very fast pulse transitions. 
The result is residual FM of less than 20 Hz rms in the sweep- 
frequency output over the 0.5-to-13-MHz range. 

For operation over a 0.5-to- 130-MHz range, the system out 
put frequency is divided by 10 before being applied to the 
discriminator. Residual FM is then 200 Hz rms. 

G e r a l d  A i n s w o r t h  R i c h a r d  P o p e  
Stanford  Park  Divis ion Santa  Rosa  Divis ion 
Pa lo  A l to ,  Ca l i fo rn i a  San ta  Rosa ,  Ca l i fo rn i a  
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Card-Programmable Digi ta l  1C Tester  
Simpl i f ies Incoming Inspect ion 
I t ' s  inexpensive,  easy to  set  up to  test  a  wide var ie ty  
o f  d ig i ta l  IC 's ,  and easy to  operate .  In ter faces for  many 
automat ic 1C handlers are avai lable.  

by Er ic  M.  Ingman 

WHEN A COMPONENT FAILS in a piece of 
electronic equipment, locating and replacing 

it can be a costly process requiring a skilled tech 
nician. To reduce the possibility of such failures, 
components are subjected to various tests before they 
are assembled into equipment. Testing begins with 
the component manufacturer. However, no matter 
how complete a manufacturer's production tests are, 
a certain percentage of the components shipped will 
be found to be defective when they arrive at their 
destination. This is true of any manufactured pro 
duct. For this reason, equipment manufacturers are 

turning more and more to 100% inspection of incom 
ing components. Every faulty component found in 
incoming inspection can save five to ten dollars in 
board rework costs. 

Besides performing the appropriate logical func 
tion, digital integrated circuits must meet input, out 
put, and power supply voltage and current speci 
fications, and propagation, rise, and fall time specifi 
cations. Although there are automatic systems that 
test all of these parameters, they are too complex and 
costly for most equipment manufacturers' incoming 
inspection departments. Less costly is the approach 

F i g .  1 .  M o d e l  5 0 4 5 A  D i g i t a l  1 C  
Tes te r  i s  p rog rammed  by  means  
o f  f a c t o r y - p r e p a r e d  p r e r e c o r d e d  
m a g n e t i c  c a r d s  t o  t e s t  a  w i d e  
var ie ty  o f  commerc ia l l y  ava i lab le  
d ig i ta l  in tegrated c i rcu i ts .  A bu i l t -  
in pr inter provides a record of  test  
resul ts and fai lure analyses. 
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most often taken: each circuit is tested functionally 
and its voltage and current parameters are checked. 

Testers that do this kind of inspection are usually 
programmed to test different types of integrated cir 
cuits in one of two ways. Some use interchangeable 
printed circuit boards or cards. Others are programmed 
by setting limit voltages and currents on thumbwheel 
switches and making connections to the device under 
test by means of a pushbutton matrix. The former 
method has the disadvantage that with the many 
thousands of different integrated circuits available 
today the program card library can become large and 
expensive. The latter method isn't well suited for use 
by unskilled personnel on a production basis. Also, a 
number of different tests can't easily be made on the 
same device. 

Software programming can eliminate all of these 
disadvantages. Testers that are fully software- 
programmed are only now becoming available. 

New 1C Tester  
The new HP Model 5045A Digital 1C Tester (Fig. 1) 

is a software-programmed tester designed to mini 
mize the incremental cost associated with testing 
each different 1C type. Both functional and dc 
parametric tests for a particular 1C are programmed by 
an inexpensive magnetic card (see Fig. 2). Prepro 
grammed cards for testing a wide variety of standard 
ICs are listed in HP's 1C Program Catalog. The tester is 
easy to operate; an operator can be trained to use it in a 
few minutes. 

Model 5045A tests a broad spectrum of logic 
families, including ECL, CMOS, TTL, RTL, HTL, and 
DTL. 16-pin capability is standard, 24 optional. A 
built-in printer produces a permanent record of 1C 

Fig.  2.  7esf  package for  each c i rcu i t  type inc ludes two tests ,  
e a c h  o n  a  s e p a r a t e  p r e p r o g r a m m e d  c a r d .  P a s s / f a i l  t e s t  i s  
fo r  rap id  func t iona l  tes t ing .  D iagnost ic  i s  the  same tes t  w i th  
more deta i led fa i lure analys is .  

The type of test the 1C fai led. 

T h e  n u m b e r  o f  t e s t  c y c l e s  p a s s e d  
a n d  f a i l e d  s i n c e  t h e  p r o g r a m  c a r d  
w a s  l o a d e d .  ( P r o v i d e s  e a s y  t a b u l a -  \ .  '  
l i o n  o f  g o o d  a n d  b a d  I C ' s . )  ^  . 1  r n I. I. . 

( I  "T ip  PET  T  p  j ^ |  
8  T  H  T  E :  1  >  ( ;  

P r i n t e d  p i n  s t a t e s  c o r r e s p o n d  t o  p i n s  '  F  f t  I  L  F '  I   "  
on  s tanda rd  dua l  i n - l i ne  package  w i th  /  
locat ion of  p in 1 ind icated on pr in tout .  /  

F  O H  O U T  
S P f l S S  

1 6 0 1 0 0 1  

  i  I  ' I  

A l ist of pins that fai led the part icular 
test. 

Fig.  3 .  Typica l  pr in tout  o f  test  resul ts .  

failures, including voltage and current data on failing 
pins. The tester generates its own ROM test programs 
by exercising a known good ROM, storing its outputs, 
and then recording the complete program on a blank 
magnetic card. Confidence in the reliability of test 
results is increased by a built-in self-check capability. 

The 5x27-cm magnetic test program cards are pre 
programmed on a computer system. Testing a device 
involves inserting the appropriate magnetic card for 
that device type, fitting the correct test socket if it is 
not already in place, plugging in the device to be 
tested, and pressing the test button. If the device fails 
one of the tests, the name of the test, the number of 
passes and failures since the magnetic card was 

TEST: FfiH OUT 
F f i l L  7 P R S S  

F R I L  P I N :  3  6  
1 1 

T E S T :  I N P U T  L E V I  
F  F i  I  L  7  P  R  S  S  
F f i l L .  P I  H :  3  6  

1 1 

TEST: FUNCTION 
F nil... 7PRSS 
FRIL PI H: 3 6 

1 1 

TEST: CONTI NU I T' 
F R I L  7 P R S S  
F R I L  P I H :  1  2  

4  5  6  8  
1 0 1 1 12 13 

Fig. 4. The tester can pr int out al l  the tests and pins on which 
fai lures occur for a part icular 1C. 

1 2  
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Fig. 5. The v AND i RESULTS switch causes the tester to vary 
the vol tage and current on fa i led pins unt i l  the device passes 
and then print those voltage and current readings. See Fig. 6. 

loaded, the logic states applied to and expected from 
the device, and the pins that failed are printed out on 
the built-in 20-character thermal printer (see Fig. 3). 
The test can be terminated on the first failure, or the 
tester can hold on fail for further examination of the 
failed condition and be manually stepped to the next 
failure, or all the tests and pins on which failures 
occur can be printed out (see Fig. 4). 

So the user can tell how close a device came to 
passing, the v AND I RESULTS switch on the front panel 
(see Fig. 5) causes the voltage and current to be varied 
automatically on failed pins until the device passes, 
and those voltage and current readings are then 
printed out (Fig. 6). On pins that do not have failures 
the programmed test limits are printed. To verify cor 
rect loading of data from the magnetic card a 

Fig .  6 .  V  and  I  resu l t s  p r in tou t  te l l s  the  user  how c lose  the  
dev ice  came to  pass ing .  

checksum is done and RELOAD printed if an error is 
detected. 

The tester can also record programs stored in its 
program memory, so cards can be duplicated and the 
output pattern of ROMs to be tested can be self- 

Fig .  7 .  The tes t  deck  o f  the  5045 
1 C  T e s t e r  c a n  b e  r e m o v e d  a n d  
mounted on an automat ic handler.  
Interface electronics are avai lable 
f o r  many  commerc ia l l y  ava i l ab le  
handlers. 
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Fig .  8 .  5045A 1C Tester  b lock  d iagram.  

programmed. In the latter case a program card for that 
type of ROM sets up voltage and current parameters, 
organizes the tests to be performed, and defines input, 
output, and supply pins. The user then inserts a good 
ROM with the desired pattern and tests it once. The 
5045A stores the output pattern, and subsequent tests 
use the stored output pattern as the reference truth 
table. The entire program including the output pat 
tern can be recorded on a blank card for future use. 

The 5045A 1C Tester can be operated as a stand 
alone tester with the devices to be tested inserted 
manually, or connected to an automatic handler that 
automatically inserts the ICs into the test socket (Fig. 
7). The fast circuitry that must be located close to the 
test socket is contained in a removable "tongue". For 
handler operation the tongue is removed from the 
tester and mounted on the handler and a special inter 
face board connects directly to the test socket. Con 
nection between the tester and tongue is by means of a 
multiconductor cable. Interface boards are available 
for many commercially available handlers. 

Ins ide  the  Tester  
The 5045A 1C Tester block diagram, Fig. 8, can be 

divided into three sections. 

â€¢ The analog section and its associated interface cir 
cuit contain the pin driver and test head elec 
tronics, and the reference voltage generator and 
control, which stores the test limits for each pin in 
a digital memory and converts them to analog form. 

â€¢ The CPU (central processing unit) is the heart of the 
digital part and is the controller of the 5045A. 

â€¢ The front panel, printer, and magnetic card reader 
provide the interface with the operator. 
The pin driver circuit (see Fig. 9) is the same for 

each pin of the 1C under test. Any pin can be an input, 
output, clock, or power supply pin. Ground relays on 
selected pins provide a low-impedance ground path 
on all common ground pin arrangements. 

Each pin driver has two current generators, one for 
positive current and the other for negative. Each cur 
rent generator has two program-controlled current 
ranges, HI and LO, and can be programmed to turn on 
or off depending on whether the pin driver is in the 
one or the zero state. When the pin driver is a source, 
such as when it is to drive an input or be a power 
supply, the positive current generator is turned on if 
the pin driver is in the one state and the negative 
current generator is turned on if the pin driver is in 
the zero state. When the pin driver acts as a load the 
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  S a m p l e  a n d  H o l d  > U - F a s t  E d g e  C i r c u i t  â € ”  

F i g .  9 .  P i n  d r i v e r  c i r c u i t  i s  t h e  
same for  each pin of  the 1C under 
t e s t .  A n y  p i n  c a n  b e  a n  i n p u t ,  
output, clock, or power supply pin. 
As  shown  he re ,  t he  p i n  d r i ve r  i s  
acting as a source in the zero state 
and the HI  current  mode.  

reverse is true. Each current generator can be pro 
grammed on in both states to act as a pull-up on 
open-collector outputs or for driving pins that have 
the same polarity of input current in both states. Each 
current generator is connected to the midpoint of two 
back-to-back diodes so the maximum current that can 
flow to the pin is equal to that from one current 
generator. 

As an example of pin driver operation, suppose it is 
to be a source and is in the zero state. The negative 
current generator is on and the positive generator is 
off. The only source of current to the pin is the pair of 
back-to-back diodes connected to the negative 
generator, so the zero-state circuits have control of the 
voltage applied to the pin. The inverting input of the 
operational amplifier is connected to the test pin via a 
CMOS switch so that a negative feedback loop is 
established around the operational amplifier. So long 
as the pin current does not exceed the current from 
the negative current generator the voltage applied to 
the pin is equal to the zero reference level. If the 
current drawn by the device under test exceeds the 
current limit programmed into the current generator, 
the output of the operational amplifier is driven hard 
negative. This constitutes a failure. 

When the pin driver switches to the one state the 
CMOS switch in the feedback path from the test pin 

opens and the CMOS switch connected to the output 
of the operational amplifier closes, so the output of 
the zero-state operational amplifier equals the zero 
reference level. When the zero-to-one transition oc 
curs a fast edge is applied by transistor Ql, whose 
emitter is at the one voltage level. The transition is 
applied to the base of Ql through a CR network, 
causing Ql to turn on and saturate, bringing the test 
pin quickly up to the one level. When capacitor C2 
discharges Ql turns off. Meanwhile, the slower, more 
accurate test signal from the one-state operational 
amplifier and the positive current generator settles 
down and controls the test pin after Ql turns off. 
Capacitor Cl is large and is charged through the 
CMOS switch from the output of the one-state opera 
tional amplifier while the pin driver is in the zero 
state. The fast edge circuits are mounted close to the 
test socket in the tester's tongue and are activated 
only when the pin driver is programmed as a source. 

Operation is similar when the pin driver is used as a 
load, except that in the zero state the positive current 
generator is on and in the one state the negative cur 
rent generator is on. The voltage on the test pin is 
controlled by the device under test and the opera 
tional amplifier indicates whether the voltage is less 
than or greater than the reference voltage. In the zero 
state if the test pin has a voltage higher than the 
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Fig .  10 .  Each  p in  d r i ve r  requ i res  
fou r  re fe rence  leve ls ,  wh ich  may  
d i f f e r  f r om p in  t o  p in .  Re fe rence  
leve ls  are  generated sequent ia l ly  
b y  a  d i g i t a l - t o - a n a / o g  c o n v e r t e r  
and  a re  p icked  o f f  a t  appropr ia te  
t imes by sample-and-hold circuits. 

reference voltage the output of the operational 
amplifier goes hard negative indicating a failure. In 
the one state a failure is indicated if the test pin 
voltage is lower than the reference voltage. 

Reference  Vo l tage  Genera tor  
Each pin driver requires four reference voltages, the 

zero and one reference voltages and the positive and 
negative current generator references. Each reference 
voltage can be set to different levels on all pins, so as 
many as 4 x 24 = 96 different voltages may be required. 
Fig. 10 shows how these voltages are generated. An 
MOS shift register memory stores the magnitude of 
each reference voltage. The shift register output is the 
digital input to an 11-bit digital-to-analog converter 
(DAC). As the shift register is clocked the reference 
voltages are sequentially generated at the output of 
the DAC. The output of the DAC is connected to four 
sets of sample-and-hold circuits that generate four 
parallel outputs representing the four reference vol 
tages. These four outputs are bussed to the pin drivers 
so that the reference voltages for each pin driver ap 
pear in sequence. At the appropriate time, each pin 
driver picks off its reference voltages by means of its 
sample-and-hold circuits. The sample gates use 
CMOS bilateral switches. 

Central  Processor 
Test programs for the 5045A 1C Tester are written 

by HP factory specialists. The stimulus pattern and 
also the expected output pattern for the device under 
test are generated by programming the tester's central 
processor to emulate the logic of the device and the 
stimulus pattern generator or, alternatively, a truth 
table may be programmed for the stimulus and ex 
pected output pattern, or a mixture of both techniques 
may be used. Programming the logic enables large 
patterns to be generated algorithmically without the 
large amount of data storage that the corresponding 
truth table would require. 

Programming the logic involves expressing the cir 
cuit to be programmed in terms of the logic elements 
that can be emulated by the arithmetic/logic unit 
(ALU) in the 5045A 1C Tester, and then assigning 
nodal numbers to each logic element input and out 
put. The logic program is then a list expressing in 
order the logic elements, the numbers of the nodes 
their inputs come from, and the nodal numbers of 
their outputs. Logic computation is done in the order 
that the program is written, so if an input depends on 
an output, the logic model that computes that output 
must be ahead of the input in the program. Sequential 
elements such as D and }-K flip-flops require storage 
of the state of the flip-flop and also the state of the 
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clock so that for the next state the presence of an edge 
on the clock input is known. Only as many inputs and 
outputs as are required for each logic element need be 
expressed in the program. Unused inputs are set to 
zero. If the nodal numbers for the inputs or outputs 
are in consecutive order, then the number of consecu 
tive numbers is listed followed by the number of the 
first node, thus saving program space. For each 
change of state at the test socket, the logic program 
runs through once. 

Operation of the processor as a logic simulator is 
illustrated in Fig. 11. The program tells the ALU what 
logic element to use and that inputs are being 
specified, so the RAM is set into the read mode. The 
number of consecutive steps is set up in the consecu 
tive steps counter and the nodal number is preset into 
the address register. The nodal number corresponds 
to a RAM address, and the data stored in RAM (or its 
complement) is output to the ALU. This data is ini 
tially set to zero and changes as the test proceeds. If 
more than one consecutive step was programmed, 
then the consecutive steps counter keeps the program 
from advancing to the next step until the RAM ad 
dress register has advanced through the programmed 
number of steps. When all the input statements in the 
program are complete for that logic element, the pro 
gram specifies the output nodal number. The RAM 
then switches to write mode and the logic element 
outputs are stored in the RAM in the same way as the 
inputs were specified. 

The program code is a 1 2-bit word of two types. The 
field of one specifies the logic element and the 
number of consecutive steps; the field of the other 
contains the nodal number, input/output, and true/ 
complement bits. The word containing the logic ele 
ment is usually followed by a number of words 
specifying the input nodes, then the logic element 
word, and as many output node words as are required. 
This leads to a structure where the data word is of 
variable length, which in a serial machine maximizes 
the speed, since time is wasted in a fixed- word-length 
serial processor in shifting bits of data that contain no 
useful information. The central processor is also used 
for doing housekeeping work under firmware con 
trol. In addition to being able to communicate with 
the ALU, the RAM can also communicate with the pin 
drivers, printer, and magnetic card reader. 

Programs for the central processor can come from 
three sources, depending upon the state of the ROM 
address register, a presettable counter. 
â€¢ Address 0-15â€” The HP-IB slot interface. 
â€¢ Address 16-3071 â€” The ROM firmware (contains all 

the housekeeping programs). 
â€¢ Address 3072-4095 â€” The 1C test program memory. 
Normally the ROM address register steps sequentially 
through the ROM addresses. Jump statements and 

conditional branch statements are executed by com 
puting the new address in the RAM and then transfer 
ring it to the ROM address register. 

Test  Program Memory  
The 1C test program memory is a 6144-bit dynamic 

MOS shift register memory arranged in a 512X12 
format. Information can be written from the test pro 
gram memory into the RAM in serial form and read out 
in the same form, or memory data can be read onto the 
program bus in 1 2-bit parallel form. The memory does 
not have any address capability so the locations of 
blocks of data are identified by title codes. Searching 
for titles is done by a firmware subroutine. 

If the memory is not being accessed, it does not 
shift. If it is not accessed for 0.5 ms, it goes into an 
automatic refresh mode; the information is recircu- 
lated until the stored information is back in the same 
locations as before. 

An 1C test program contains four types of informa 
tion, the start of each being determined by its own 
title code. The first type lists the relays to be closed in 
the test head, the number of pins in the device under 

Arithmetic Logic Unit  
(ALU)  

Output  

f  I  0  z  
1 Â° 

- 

Address 

RAM 
Address Register  

(presettable counter)  

Count/Preset 

Consecut ive 
Steps 

Counter  

N umber of  
C o n s e c u t i v e  S t e p s  r  

Fig .  11 .  Opera t ion  o f  the  cent ra l  p rocessor  when s imula t ing  
the  l og i c  o f  t he  c i r cu i t  unde r  t es t  and  the  s t imu lus  pa t te rn  
generator .  The test  program te l ls  the ALU what  logic  e lement  
to simulate and whether to read the state of an input node from 
the  RAM or  wr i te  the  s ta te  o f  an  ou tpu t  node in to  the  RAM.  
Log ic  s imu la t ion  makes  i t  poss ib le  to  genera te  much la rger  
test  pat terns than are feasib le using t ruth tables.  
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test, and the name of the card, which is printed out 
when the card is loaded. The second type has the test 
name and calls out the parameter list and logic model 
to be used for that test. The third type is the parameter 
list for setting up the reference level generator, and 
the fourth is the logic model, which is output onto the 
program bus. The model tells the pin drivers what 
states to be in, either by simulating the logic of the 
stimulus pattern generator and the device under test, 
or by branching to a firmware subroutine which then 
inputs a section of the logic model as a truth table. 
Also, pins to be tested are specified and branches to 
time-delay subroutines in firmware can be program 
med. Suppression of testing on all or some of the pins 
during a test can also be programmed. 

Product ion Test ing 
Production testing of the 5045A 1C Tester is done 

using a 9830A Calculator-controlled test system con 
taining a digital voltmeter and a scanner and an HP-IB 
interface board plugged into the I/O slot in the tester. 
The test system automatically exercises each pin 
driver in all its operating modes and checks to see that 
the voltages and currents at the test socket are within 
the specified limits. 
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Some Economic Considerations 
of 1C Testing 

A l t h o u g h  i n t e g r a t e d  c i r c u i t s  a r e  t e s t e d  a t  s e v e r a l  p o i n t s  
i n  t he i r  manu fac tu r i ng  cyc l e ,  a  ce r t a i n  pe rcen tage  o f  t he  de  
v ices del ivered to users are faul ty.  I t  may be said that  to e l imin 
a te  a l l  defect ive ICs,  the manufacturer  need on ly  tes t  100% of  
h is  devices before they are shipped.  This is  seldom true of  any 
o the r  manu fac tu red  p roduc t  and  i s  no t  t r ue  o f  i n t eg ra ted  c i r  
cu i t s .  The re  seems  to  be  a  sma l l  pe rcen tage  o f  de fec t i ve  de  
v i c e s  t h a t  e v a d e  a l l  c o n t r o l s .  U n f o r t u n a t e l y ,  t h i s  s m a l l  p e r  
centage can cause ser ious t rouble in  systems where many ICs 
are used.  

To  see  the  e f fec t  o f  these  de fec t i ve  dev ices ,  i t  i s  revea l ing  
t o  c a l c u l a t e  t h e  p e r c e n t a g e  o f  n e w l y  l o a d e d  p r i n t e d  c i r c u i t  
boa rds  t ha t  w i l l  no t  f unc t i on  because  t hey  con ta i n  f au l t y  de  
v ices.  The probabi l i ty  of  the tota l  board work ing is  the probabi l  
i ty  of  a l l  of  i ts  indiv idual  components working at  the same t ime. 
Th i s  i s  de r i ved  by  mu l t i p l y i ng  a l l  t he  i nd i v i dua l  p robab i l i t i e s  
toge ther .  For  example ,  a  board  con ta in ing  100 ICs ,  each  w i th  
99% probabi l i ty  o f  funct ion ing correct ly ,  would have a probabi l  
i t y  o f  f unc t i on ing  co r rec t l y  o f  (99%)100 ,  o r  37%.  Th is  means  
that  i f  on ly  1% of  the ICs used to load the board are defect ive,  
on ly  one out  of  three loaded boards wi l l  work when f i rs t  turned 
on.  I f  the boards conta in  50 ICs that  are fau l ty  1% of  the t ime,  

one  ou t  o f  t h ree  boa rds  w i l l  be  bad .  Hence  the  rework  cos ts  
d i rect ly  at t r ibutable to  fau l ty  ICs can be qui te  s izable.  

Equipment  Costs 
S e v e r a l  t y p e s  o f  t e s t  e q u i p m e n t  a r e  a v a i l a b l e  t o  d e t e c t  

f a u l t y  d i g i t a l  i n t e g r a t e d  c i r c u i t s .  A s  o n e  m i g h t  e x p e c t ,  i n e x  
p e n s i v e  t e s t e r s  m a y  b e  u s e d  t o  c a t c h  s o m e  o f  t h e  f a i l u r e s ,  
whereas equ ipment  des igned to  e l iminate  v i r tua l ly  a l l  fa i lu res  
may be prohibi t ively expensive to al l  but extremely-high-volume 
users .  Func t iona l  tes t ing ,  o r  tes t ing  to  see  whe ther  a  dev ice  
per fo rms accord ing  to  i t s  t ru th  tab le ,  can  be  done w i th  equ ip  
ment in the $1 ,000 pr ice range. This type of test ing catches an 
es t ima ted  70% o f  a l l  f a i l u res .  The  add i t i on  o f  dc  pa rame t r i c  
test ing,  or  test ing to see whether  a l l  input /output  vo l tages and 
c u r r e n t s  a r e  c o r r e c t  a n d  a s c e r t a i n i n g  t h a t  t h e  d e v i c e  w i l l  
o p e r a t e  u n d e r  w o r s t - c a s e  v o l t a g e  a n d  c u r r e n t  c o n d i t i o n s ,  
ca tches  g rea te r  t han  95% o f  a l l  f au l t y  dev i ces .  A  tes te r  t ha t  
p e r f o r m s  b o t h  p a r a m e t r i c  a n d  f u n c t i o n a l  t e s t s  c o s t s  a b o u t  
$10,000.  The Model  5045A Dig i ta l  1C Tester  is  in  th is  c lass.  

To  ca tch  the  l as t  f ew  fau l t y  dev i ces  i t  i s  necessa ry  to  add  
p u l s e  p a r a m e t r i c  o r  d y n a m i c  t e s t i n g  t o  t h e  t e s t  r e p e r t o i r e .  
Add i t ion  o f  th is  tes t  segregates  those  dev ices  whose de fec ts  
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are s low r ise t imes,  long propagat ion de lays,  Â¡nsens i t iv i ty  to  
nar row c lock  pu lses,  or  o ther  t iming- re la ted phenomena.  Th is  
type of tester costs typical ly over $100,000. For most 1C users, 
the  most  cos t -e f fec t ive  so lu t ion  is  a  compromise between the 
t w o  e x t r e m e s :  a  b e n c h - t o p  d i g i t a l  1 C  t e s t e r  c a p a b l e  o f  p e r  
f o rm ing  dc  pa rame t r i c  and  f unc t i ona l  t es t i ng ,  t he reby  ca t ch  
ing greater  than 95% of  a l l  fau l ty  devices.  

N = 1 0  

N = 3 0  

10% 1 %  2 %  3 %  4 %  5 %  6 %  7 %  
Percent Defective 

Sample  Test ing  or  100% Test ing? 
There are two schools of  thought  regarding the quant i ty  of  a 

g iven lot  that  should be tested once i t  is  received f rom the ven 
dor.  Sample test ing is  designed to catch gross defects such as 
h igh percentages of  devices that  do not  meet  speci f icat ions or  
dev i ces  tha t  a re  m ismarked .  Sma l l  pe rcen tages  o f  de fec t i ve  
dev i ces  may  no t  be  de tec ted .  Th i s  t ype  o f  t es t i ng  i s  usua l l y  
done when the lot  of  ICs is purchased as having an acceptable 
qua l i ty  leve l  (AQL) .  For  example,  0 .65% AQL means that  a  lo t  
that  is  0 .65% defect ive has a 95% chance of  be ing acceptable 
by the user .  I t  a lso means that  a lo t  that  is  2% defect ive has a 
50% chance of  being accepted and a lot  that  is  4.8% defect ive 
has  a  10% chance  o f  be i ng  accep ted .  I f  a  l o t  i s  r e j ec ted  by  
the user because his sample test ing reveals excessive fai lures, 
the whole lot is returned to the vendor. This lot is then replaced 
by another lot that may pass the sample test even though i t  con 
ta ins  a  smal l  percen tage  o f  fau l ty  dev ices ,  a  percen tage  tha t  
may be qui te  s igni f icant .  

100% tes t ing  i s  more  expens ive ,  s ince  i t  t yp ica l l y  invo lves  
au toma t i c  hand l i ng  equ ipmen t  and  requ i r es  mo re  o f  a  l abo r  
i n v e s t m e n t ,  b u t  i t  d o e s  h a v e  t h e  a d v a n t a g e  o f  c a t c h i n g  n o t  
on ly  the  g ross  p rob lems  bu t  a l so  the  sma l l  pe rcen tage  o f  de  
fects that are continuously present. Although the trend seems to 
be towards 100% incoming inspect ion of  d ig i ta l  ICs,  the user 's  

dec is ion must  be based on a carefu l  ana lys is  o f  h is  ind iv idua l  
situation. 

T h e  C o s t  o f  1 0 0 %  T e s t i n g  U s i n g  d c  P a r a m e t r i c  a n d  
Funct ional  Tests 

T h e  c o s t  o f  t e s t i n g  a  d i g i t a l  1 C  d e p e n d s  p r i m a r i l y  o n  t w o  
th ings:  the cost  o f  the test  equipment  invo lved and the cost  o f  
the  manpower  requ i red to  opera te  the  equ ipment .  The cost  o f  
t es t i ng  a  s ing le  1C can  then  be  de te rm ined  acco rd ing  to  the  
vo lume o f  ICs  tes ted and the  speed a t  wh ich  they  are  tes ted.  
For  equipment  costs,  assume the 1C tester  costs $10,000 and 
the addit ion of automatic handl ing equipment to the tester costs 
$8,000.  For  labor  costs ,  assume a $4/hour  ra te  wi th  50% over  
head for a total  of  $6/hour.  The low-volume user of  ICs, test ing 
50 ,000 ICs  per  year ,  wou ld  p robab ly  choose to  inser t  the  ICs  
i n to  t he  t es te r  manua l l y .  Us ing  f i ve -yea r  s t ra i gh t - l i ne  dep re  
ciat ion, the annual equipment costs would be $2,000, or .04/IC. 
About 300 ICs can be tested per hour for $6 or .02/IC. The total  
t e s t i n g  c o s t  i s  . 0 6 / I C .  T h e  h i g h - v o l u m e  u s e r  o f  I C s ,  t e s t i n g  
1 , 0 0 0 , 0 0 0  I C s  p e r  y e a r ,  w o u l d  r e q u i r e  a u t o m a t i c  h a n d l i n g  
equ ipment  in  add i t ion  to  the  1C tes te r  fo r  a  to ta l  o f  $18 ,000 .  
The annual equipment depreciation would be $3,600 or .0036/IC. 
About  4 ,000  ICs  cou ld  be  tes ted  per  hour  fo r  $6  o r  .0015 / IC .  
The tota l  test ing cost  is  .0051/ IC.  For  the assumpt ions stated,  
the  h igh-vo lume user  cou ld  buy  tes t ing  fo r  each  o f  h is  ICs  a t  
one-tenth the cost  of  the low-volume user.  Even so,  the cost  to 
the  low-vo lume user  may prove to  be  a  good inves tment .  

The Cost  of  Finding a Bad 1C 
The cost  to f ind a bad 1C at  incoming inspect ion depends on 

the cost of testing a single 1C and the failure rate of the 1C type. 
For  a  typ ica l  fa i lu re  ra te  o f  1% fo r  room- tempera ture  dc  para  
metr ic  and funct ional  test ing (h igh- temperature test ing usual ly  
produces more fa i lures) ,  100 ICs must  be tested to  f ind a bad 
one.  For  the  user  o f  50,000 ICs per  year ,  the  cost  to  f ind  that  
one  bad  1C  i s  $6  ( f r om the  ana l ys i s  above ) .  Fo r  t he  use r  o f  
1 ,000,000 ICs per year, the cost to find that one bad 1C is $0.51 . 
These tes t ing  cos ts  may now be compared to  cos ts  o f  f ind ing  
and replacing a faulty 1C once it  is soldered into a circuit board. 
An estimate of $1 0 per board repair is representative of a typical 
cos t  t ha t  m igh t  be  i ncu r red  i f  t he  f au l t y  dev i ce  i s  caugh t  i n  
the factory. 

For a company using 50,000 ICs per year the cost to f ind each 
bad 1C is $6 for a 1% failure rate. With this failure rate, 500 faulty 
devices would be found per year, saving an est imated $5,000 in 
board repair costs. The cost to f ind these 500 bad ICs is $3,000 
fo r  a  ne t  sav ings  o f  $2 ,000.  S ince  the  cos ts  a re  f i xed ,  h igher  
fa i lure rates than 1% mean more savings. For a company using 
1 ,000,000 ICs per year the cost to find each bad 1C is $0.51 for a 
1% fa i lu re  ra te .  Tes t ing  the  one mi l l ion  c i rcu i ts  y ie lds  10 ,000 
bad ICs for a savings of $1 00,000 in board repair costs. The cost 
t o  f i n d  t h e s e  1 0 , 0 0 0  b a d  I C s  i s  $ 5 , 1 0 0  f o r  a  n e t  s a v i n g s  o f  
$94,900.  For the two s i tuat ions analyzed,  the savings are then 
$2,000 to  $94,000.  Thus the potent ia l  fo r  cost  sav ings is  very  
great. 

Mark  Bake r  
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T E S T  S E T - U P  M E T H O D :  P r e p r o g r a m m e d  m a g n e t i c  c a r d  A l l  t e s t  c o n d i t i o n s  i n  
c l u d i n g  p a r a m Ã ³ m e  i n f o r m a t i o n ,  i n p u t  s t i m u l i  a n d  c o r r e s p o n d i n g  o u t p u t s  a r e  
con ta i ned  on  t he  ca r t )  The  p rog ram i s  ve r i f i ed  each  t ime  i t  i s  l oaded  

L O G I C  H T L .  C O M P A T I B I L I T Y :  C o m p a t i b l e  w i t h  E C L ,  C M O S  T T L .  D T L ,  H T L .  
RTL and available associated sub-famil ies. See the 1C Program Catalog tor available 
p r o g r a m s  

LOGIC  FUNCTION COMPATIB IL ITY :  Ga tes ,  ( l i p - f l ops ,  monos tab le  mu l t i v i b ra to rs ,  
coun te rs ,  sh i f t  reg i s te rs ,  p r i o r i t y  encoders .  Schmi t t  t r i gge rs ,  pa r i t y  genera to rs ,  
checkers ,  decoders /  encoders ,  opt ica l  iso la tors ,  dua l - in - l ine  reed re lays ,  adders ,  
a r i t hme t i c  l og i c  un i t s .  ROM s .  PROM s .  s t a t i c  RAM 's ,  and  many  more *  

D U A L  e a c h  F O R  E A C H  1 C :  T w o  t e s t s  a r e  s u p p l i e d  m  t h e  l e s t  p a c k a g e  t o r  e a c h  
c i r c u i t  E a c h t e s t  i s  o n  a  s e p Ã ¡ r a l e  c a r d  P a s s  F a i l  t o r a m i n m u m i e s t t i m e .  D i a g  
nos t i c "  fo r  the  same tes t  w i th  more  de ta i l ed  c i r cu i t  f a i l u re  ana lys i s  

T E S T  S T R U C T U R E :  
F U N C T I O N A L  T E S T S  T r u t h  t a b l e  i s  v e r i f i e d  b y  d i r e c t  c o m p a r i s o n  b e t w e e n  t h e  

output certain a software generated 1C simulator (or stored truth tabkÂ» for certain 
c i r cu i t s )  and  the  ou tpu t  o f  the  dev ice  under  tes t  

P A R A M E T R I C  T E S T S  A l l  d c  p a r a m e t e r s  ( v o l t a g e s  a n d  c u r r e n t s )  a r e  t e s t e d  t o  
( h e  m a n u f a c t u r e r s  d a t a  s h e e t  s p e c i f i c a t i o n s  e x c e p t  w h e r e  l i m i t e d  b y  t h e  
s p e c i f i c a t i o n s  o f  t h e  T e s t e r  T e s t  l i m i t s  a r e  i n d i c a t e d  m  t h e  i n f o r m a t i o n  a c  
c o m p a n y i n g  e a c h  m a g n e t i c  c a r d  

CONTINUITY TEST Ver i t i es  p in  con tac t  by  check ing  fo r  the  p resence  o f  cu r ren t  
f l o w  o n  o r  o u t  o l  a H  a c t i v e  p i n s  ( f a i l u r e  o f  t h i s  t e s t  i s  s h o w n  o n  t h e  " C O N T "  
indicator) 

T E S T  P A T T E R N  G E N E R A T I O N :  T e s t  p a t t e r n s  a r e  d e r i v e d  t h r o u g h  a l g o r i t h m i c  
techn iques  o r  f rom s to red  t ru th  tab les  and  a re  ind iv idua l l y  ta i l o red  to  each  1C 

P A S S / F A I L  C O U N T E R :  P r i n t s  t h e  n u m b e r  o f  p a s s e d  a n d  t a i l e d  d e v i c e s  C o u n t  i s  
unda ted  when  me  magne t i c  ca rd  i s  i nse r ted .  

U N I V E R S A L  P I N  D R I V E R S :  N o t e  T h e  s a m e  c i r c u i t  i s  u s e d  f o r  d r r v i n g  a n d  m o n j -  
lonng a Al l  whether  that  p in  is  an input ,  output ,  power  supply ,  o 'c lock Al l  vo l tages 
and  cu r ren t s  can  be  se t  i nd i v i dua l l y  and  un ique l y  on  each  p in  Ex te rna l  t es t  f i x  
tu res  a re  no t  requ i red  
V O L T A G E  A P P L I E D  T O  T H E  D E V I C E  U N D E R  T E S T  ( S u p p t y  V c J i a g e .  I n p u t  
Vo l t age ,  and  Ou tpu t  vo l t age )  

R A N G E  

- 7 . 5 V  Â « t o  <  - 1 . 8 7 5 V  
- 1 . 8 7 5 V  *  t o  *  - t -  1 . 8 7 5 V  
- 1  8 7 5 V  -  t o  *  + 7 . 5 V  

A C C U R A C Y  

S P E C I F I C A T I O N S  
HP Model 5045A Digital 1C Tester 

C U R R E N T  A P P L I E D  T O  T H E  D E V I C E  U N D E R  T E S T  ( S u p p l y  C o r n  
pu t  Cur ren t ,  and  Outpu t  Cur ren t )  

- 2 0 0  m A  s  1 0 -  
- 2  5  m A  s  t o  *  
+ 2 . 5  m A  <  t o  *  

S L E W  R A T E  3 0  n  

- 2 . 5 m A  
+ 2 . 5  m A  
Â«200 mA 

A C C U R A C Y  

- 0 4  m A o r  - 6 % "  
Â ± 1 0 , i A o r  Â ± 6 % "  
- 0 . 4  m A o r  Â ± 6 % "  

D I G I T A L  V O L T M E T E R  M I L L I A M M E T E R  F O R  F A I L E D  P I N S :  W h e n  a  f a i l u r e  
i s  e n c o u n t e r e d  ( w i t h  P R I N T E R  O N ,  V  a n d  I  R E S U L T S  O N ) ,  t h e  p r i n t i n g  
d i g i t a l  V o l t m e t e r  M l l i a m m a t e r  r e c o r d s  t h e  v o l t a g e  a n d  c u r r e n t  p r e s e n t  o n  t h e  
fa i led caused In addrt ion.  the 504 5A reduces me dr iv ing parameter which caused 
t he  f a i l u re  ( vo l t age  f o r  i npu t  p i ns ,  cu r ren t  f o r  ou tpu t  p i ns )  un t i l  t he  dev i ce  no  
longer  (a i l s  The  second  vo l tage  cu r ren t  pa i r  i s  a l so  reco rded  

V O L T A G E  
R A N G E  A C C U R A C Y  

- 7  5 V  s  l o  â € ¢ "  -  1  6 7 5 V  Â ± 3 5  m V  
- 1  B 7 5 V  Â « t o  *  + 1 . 8 7 5 V  Â ± 1 5  m V  
+  1 . 8 7 5 V  <  t o  <  + 7 . 5 V  Â ± 3 5  m V  

R A N G E  A C C U R A C Y  

- 2 0 0  m A  *  t o  <  - 2 5 m A  Â ± 0 . 4  m A  o r  Â ± 6 % "  
- 2 5  m A  *  t o  *  + 2  5  m A  Â ±  1 0  n A  o r  1 6 % "  
- 2  5  m A  â € ¢ -  t o  *  - 2 0 0  m A  Â ± 0 4  m A  O f  Â ± 8 % "  

REAR connec  OUTPUTS:  Au toma t i c  Hand le r  I n te r f ace  1  4  p i n  Ampheno l  connec  
t o r  p r o v i d e s  " E n d  o f  T e s t " .  " P a s s " .  ' F a i l "  a n d  " F a i l  C o n t i n u i t y  s i g n a l s  
a n d  a c c e p t s  " S t a r t  T e s t  A l s o  a v a i l a b l e  i s  a  - 5 V  l i n e  c a p a b l e  o f  s u p p l y i n g  
up  to  200  mA.  

General 
P O W E R :  1 0 0 , 1 2 0 , ' 2 0 0 , ' 2 4 0 V  ( . 5 % .  - 1 0 % ) .  4 8 - 6 6  H z .  2 5 0  V A  
D IMENSIONS:  19cm h igh ,  42  5cm w ide ,  58  cm deep  (7  5 .n .  -  16 .7 in .  Â«22 .6  i n )  
S H I P P I N G  W E I G H T :  1 9  1  k g  ( 8 6  I b )  
N E T  W E I G H T :  2 7 7 k g  ( 6 1  I b ]  

O P E R A T I N G  T e m p e r a t u r e ;  C T C  t o  5 O C  
R E L A T I V E  H U M I D I T Y :  8 0 %  
PRICE IN U.S.A. :  $9000 plus opt ions 
O P T I O N S  A N D  A C C E S S O R I E S :  

O P T I O N  0 0 4 f  I n t e r l a c e  p a c k a g e  f o r  I P T  M o d e l  B O O  A u t o m a t i c  1 C  H a n d l e r  
$1000 

O P T I O N  0 0 5 t  I n t e r l a c e  p a c k a g e  f o r  S y m - T e k  M o d e l  7 1  9 1  N O  A u t o m a t i c  1 C  
H a n d l e r  a n d  o t h e r  r e l a t e d  m o d e l s  $ 1 0 0 0  

O P T I O N  0 0 6 f  i n t e r f a c e  p a c k a g e  l o r  D a y m a r c  9 5 2  3  A u t o m a t i c  1 C  H a n d l e r  
$1000  

OPTION 007 f  I n te r l ace  package  (o r  S iemens  <MCT j  Mode l  2608  Au toma t i c  1C  
Hand le r  $1  000  

O P T I O N  0 2 4  E x p a n d s  t h e  c a p a b i l i r y  o f  t h e  5 0 4 5 A  t o  2 4  p i n s  $ 2 0 0 0  
O P T I O N  9 0 8  R a c k  f l a n g e  k i t  $ 1 0  
O P T I O N  9 1 0  S e t  o f  a d d i t i o n a l  p r o d u c t  m a n u a l s  $ 3 0  
9 1 6 4 - 0 0 7 1  B l a n k  m a g n e t i c  p r o g r a m  c a r d  ( P a s s . F a i l )  S 2  
9164-0072  B lank  magne t i c  p rog ram ca rd  Â ¡D iagnos t i c )  $2  
9 2 8 1 - 0 4 0 1  2 5 0  f o o t  r o l l  o f  t h e r m a l  p r i n t  p a p e r  ( m i n i m u m  o r d e r  s i x  r o l l s )  

S 2 2 0 e a  
1 0 8 4 5 A :  P r e p r o g r a m m e d  m a g n e t i c  c a r d  f o r  a n y  d e v i c e  l i s t e d  i n  t h e  1 C  P r o - '  

g r a m  t h e  T h e  s p e c i f i c  c a r d s  r e q u i r e d  a r e  d e s i g n a t e d  o n  t h e  p r o  
g r a m  c a r d  o r d e r  s h e e t  1 - 9 .  $ 3 0  1 0 - 5 0 0 ,  $ 2 5  

10846A.  Coupon  book  con ta in ing  ten  coupons  each  redeemab le  i n  one  p rep ro  
g r a m m e d  m a g n e t i c  c a r d  w h i c h  i s  l i s t e d  i n  t h e  1 C  P r o g r a m  C a t a l o g  
The  coupons  a re  ma i l ed  d i rec t l y  t o  t he  f ac to ry  and  the  app rop r i a te  p rog ram 
c a r d  i s  r e t u r n e d  b y  a i r m a i l  T h e  c o u p o n s  e x p i r e  t w o  y e a r s  f r o m  t h e  d a t e  o f  
r e c e i p t  $ 2 5 0  

M A N U F A C T U R I N G  D I V I S I O N :  S A N T A  C L A R A  D I V I S I O N  
5301  S tevens  C reek  Bou leva rd  
S a n t a  C l a r a .  C a l r t o r n a  9 5 0 5 0  U S A  

"Some c i rcu i ts  requ i re  the  op t iona l  24  p in  capab i l i t y  
" W h i c h e v e r  i s  g r e a t e r  
f A I I  a n  p a c k a g e s  i n c l u d e  a  t e s t  h e a d  e x t e n d e r  c a b l e ,  a n  i n t e r l a c e  b o a r d  
un ique  the  the  par t i cu la r  hand le r ,  and  a  cab le  to  supp ly  the  con t ro l  s igna ls  to  the  
hand le r  Th is  enab les  the  tes t  head e lec t ron ics  to  be  mounted  w i th in  inches  o f  the  
dev ice  under  les t  
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