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C o n t e n t s :  S E P T E M B E R  1 9 8 1  V o l u m e  3 2  â € ¢  N u m b e r  9  
A Re l i ab le ,  Accu ra te  CCfc  Ana lyze r  fo r  Med ica l  Use ,  by  Rodney  J .  So lomon  A  nove l  sen  
sor  des ign and d ig i ta l  p rocess ing make th is  ins t rument  re l iab le  and easy to  use,  
A  M in ia tu re  Mo to r  f o r  t he  CÃœ2 Senso r ,  by  Edw in  B .  Mer r i ck  The  ro to r  con ta ins  op t i ca l  
e lements,  is  the s ize of  a coin,  and rotates at  2400 r /min.  
A n  E n d - T i d a l / R e s p i r a t i o n - R a t e  A l g o r i t h m ,  b y  J o h n  J .  K r i e g e r  A n  i n f r a r e d  a b s o r p t i o n  
s igna l  is  processed d ig i ta l ly  to  y ie ld  C02 leve l  and ra te  o f  breath ing.  
I n -Se rv i ce  CQz  Senso r  Ca l i b ra t i on ,  by  Russe l l  A .  Pa rke r  and  Rodney  J .  So lomon  Qu ick  
and easy ca l ibrat ion is  essent ia l  for  a  medica l  inst rument .  
Mak ing  accura te  CCfc  Measurements ,  by  John  J .  K r ieger  Th is  sys tem produces  accura te  
gas mixtures for CÃœ2 sensor calibration. 
A Versat i le  Low-Frequency Impedance Analyzer  wi th  an Integral  Tracking Gain-Phase 
Mete r ,  and  Yoh  Na r ima t su ,  Kanuyak i  Yag i ,  and  Takeo  Sh im i zu  Comp lex  componen t  and  

c i rcu i t  eva luat ions are done automat ica l ly  a t  f requenc ies f rom 5 Hz to  13 MHz.  
A  F a s t ,  1 0 0 - M H z  P u l s e  G e n e r a t o r  O u t p u t  S t a g e ,  b y  P e t e r  A u e  H e r e ' s  a  1 0 0 - M H z  
pulse generator  wi th fast  t ransi t ion t imes for  test ing fast  logic fami l ies.  

In this Issue: 
Carbon  mus t  (C02)  bu i lds  up  in  our  b lood  as  a  byproduc t  o f  metabo l i sm and  we mus t  

eliminate it from our bodies or die. Some is eliminated through the kidneys and a small amount 
goes out  needs the skin,  but  most  is  carr ied to the lungs and exhaled.  As metabol ic  needs 
increase,  the body 's  bu i l t - in  cont ro l  system makes us breathe harder  to  keep the leve l  o f  
carbon as  in  the  b lood  a t  a  sa fe  leve l .  When th is  con t ro l  sys tem isn ' t  work ing ,  as  i s  the  
case must in patient on a mechanical ventilator, the physician must monitor the level of CO2 in 
the  pa t ien t ' s  b lood  and  ad jus t  the  resp i ra t i on  ra te  accord ing ly .  Ra the r  than  d raw b lood  
samples per iod ica l ly ,  the phys ic ian may e lect  to  moni tor  the leve l  o f  CO2 in  the pat ient 's  

exhaled breath.  The expired CO2 is  normal ly  a good indicator  of  b lood CO2. 
Capnometers,  or CO2 analyzers,  have been used for 30 years to monitor vent i lated pat ients.  They are also 

used status anesthetized rooms to monitor the general physiological status of anesthetized patients, and they are used 
in pulmonary laboratories to help assess how wel l  a pat ient 's lungs are funct ioning. However, there have been 
problems. Many capnometers that measure expired CO2 on a continuous basis sample the expired gas through 
a smal l  secret ions. This tube often becomes clogged with condensed moisture and secret ions. This and other 
prob lems make these inst ruments  somewhat  unstab le  and unre l iab le .  

The new the earlier 4721 OA Capnometer, featured on the cover of this issue, eliminates the problems of earlier 
instruments and makes a major contr ibut ion to the f ield of medical gas monitor ing. I t  makes i ts measurements 
directly simple the breathing gas, using an airway adapter with a snap-on infrared sensor. The approach is simple 
and reliable. Inside the instrument, a microcomputer takes information from the sensor, processes it, corrects for 
t he  i n f l uence  o f  wa te r  vapo r ,  oxygen ,  and  n i t rous  ox ide ,  and  d i sp lays  va r i ous  measures  o f  CO2 and  the  
respirat ion rate. Alarms alert  medical  personnel i f  preset l imits are exceeded. Cal ibrat ion, when necessary, is 
fast  and easy.  The design of  the 4721 OA Capnometer  is  d iscussed on pages 3 to  21.  

The other former art ic les in this month's issue descr ibe the design of instruments that are related to former 
Hewlett-Packard Journal cover subjects. Model 4192A Low-Frequency Impedance Analyzer, page 22, is a close 
relative these our January 1980 cover subject, Model 41 91 A Radio-Frequency Impedance Analyzer. Both of these 
instruments make fundamental  measurements on basic e lectronic components such as resistors,  capaci tors,  
and t rans is tors  and on e lect ron ic  dev ices such as te lecommunicat ions f i l ters ,  audio and v ideo c i rcu i ts ,  and 
in tegra ted  c i rcu i ts .  Mode l  4192A can tes t  these dev ices  a t  f requenc ies  as  low as  5  her tz  o r  as  h igh  as  13  
megahertz  and can operate under  computer  contro l  in  an automated system. I t  can,  for  example,  easi ly  and 
automatical ly characterize resonators and f i l ters such as quartz crystals, ceramic and mechanical f i l ters, sonar 
ce l ls ,  measure by buzzers.  This  c lass of  dev ices has been d i f f icu l t  to  measure ef f ic ient ly  and accurate ly  by 
other means.  

Model  81 61 A Pulse Generator,  page 29,  is  a faster  re lat ive of  our May 1979 cover subject ,  Model  8160A. 
Today's as fast  d ig i ta l  integrated c i rcui ts are capable of  switching between vol tage levels in as l i t t le as a few 
thousandths of a mil l ionth of a second. Model 8161 A generates fast,  accurate voltage pulses or staircases for 
testing these circuits. Its output voltage level, pulse rate, and switching speed are completely programmable. It ' l l  
be used circuits use production, and incoming inspection of fast integrated circuits and products that use them. 

-R. P. Dol an 
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A Rel iable ,  Accurate  CO2 Analyzer  
for  Medical  Use 
Measur ing the amount  o f  carbon d iox ide in  a  pat ient 's  
breath is  an impor tant  medica l  d iagnost ic  too l .  Th is  
ins t rument  makes the measurement  qu ick ly  and eas i ly  
wi thout  cumbersome cal ibrat ion requi rements.  

by Rodney J .  Solomon 

CARBON DIOXIDE (CO2) is one byproduct of human 
metabolism. Accumulation of this gas by the body 
leads to a shift in intracellular acidity which is 

incompatible with life. Elimination of COa occurs 
mainly through blood transport to the lungs, although 
some CÃœ2 is eliminated through the kidney and a small 
amount is passed through the skin. Being able to measure 
the partial pressure of carbon dioxide (PCOa) in the 
patient's inhaled and exhaled breath is important because 
it allows the clinician to predict the arterial blood CÃœ2 
concentration and thus adequacy of ventilation (breathing). 

The HP Model 47210A Capnometer shown in Fig. 1 is 
designed to make these measurements easily and accu 
rately without causing discomfort to the patient. The pa 
tient's breath is inhaled and exhaled through an airway that 
has an infrared source mounted on one side and an infrared 
detector mounted on the opposite side. The instrument 
measures the amount of infrared radiation absorbed by the 

patient's breath to determine the partial pressure of CÃœ2 
present. This direct measurement is done quickly and 
noninvasively. 

The new capnometer is very useful for monitoring pa 
tients whose breathing is being done for them by a mechan 
ical ventilator. Normally, someone who is breathing spon 
taneously has a natural feedback system for controlling 
blood PCO2 level. As the person's metabolic needs increase, 
so does the respiration rate to maintain the blood PCO2 at a 
constant value (usually around 40 mmHg for a normal per 
son). For a patient on a mechanical ventilator, the physician 
who adjusts the ventilation controls the level of CÃœ2 in 
the patient's blood. The physician may use the patient's 
expired CÃœ2 level instead of blood gas analysis for control 
ling ventilation. The expired CÃœ2 reading is immediate, 
while with blood gas analysis, there may be a delay of a 
dozen minutes or so. 

Arterial blood concentration of CO2 is the primary 

F i g .  1 .  T h e  H P  M o d e l  4 7 2 1  O A  
C a p n o m e t e r  n o n i n v a s i v e l y  m e a  
su res  b rea th  CO*  con ten t  t o  p ro  
v ide  accura te  mon i to r ing  o f  a  pa  
t ien t ' s  b rea th ing  in  opera t ing ,  re  
c o v e r y ,  a n d  r e s p i r a t o r y  c a r e  
areas.  I ts  accuracy ,  ease o f  use,  
and simple calibration a/so make it 
u s e f u l  f o r  p u l m o n a r y  l a b o r a t o r y  
evaluations. 
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stimulus for respiratory control. That is, we are driven to 
eliminate carbon dioxide, not to acquire oxygen. Monitor 
ing the CÃœ2 concentration in the exhaled breath and com 
paring that value to the CCb concentration of a drawn arte 
rial blood gas sample can be used to make a determination 
of the ability of the lung to eliminate CÃœ2. Additional diag 
nostic information can be gleaned from an examination of 
the CU2 partial-pressure waveform as function of time.1 

Carbon-dioxide analyzers and capnography, the study of 
the PCCh waveform, have been used since the early 1950s to 
assess patient condition. These analyzers use a nondisper- 
sive infrared technique whereby all radiation from an emit 
ter is passed through a gas sample and the energy absorbed 
at the wavelength of interest is measured. In the infrared 
radiation region a number of gases have absorption bands 
(see box at right). Carbon dioxide has a strong absorption 
band centered around a wavelength of 4.26 /am. The energy 
absorption is primarily a function of COz concentration and 
total radiation path length. There are other influences on 
the total energy absorbed such as total gas pressure, tem 
perature and presence of other gases. 

Some Problems 
CÃœ2 analyzers have had a number of problems which can 

make routine monitoring difficult. Most CCb analyzers op 
erate on a sampling technique. A gas sample is drawn via a 
capillary tube to the analyzer from the plumbing used to 
connect the patient to a ventilator. This capillary tube is 
prone to clogging from sputum and water vapor. In addi 
tion, the instrument requires an air pump and flow reg 
ulators, and contamination has to be removed from the gas 
before it enters the sample chamber. The small passages and 
traps in such a system can make it difficult to maintain 
adequate cleanness. Instrument calibration, usually 
needed quite frequently, is done by using gas from pre- 
mixed cylinders. This is cumbersome, time-consuming and 
subject to operator error. 

+ 15V 

1 4 3 6 0 A  C O ^ S e n s o j ;  

Processor  Box 
Digital  Section 

F i g .  2 .  B l o c k  d i a g r a m  o f  t h e  
4721 OA Capnometer .  The output  
from the COz sensor is control led, 
ampl i f ied, and converted to digi ta l  
data  by  the ana log sect ion in  the 
p r o c e s s o r  b o x .  T h i s  d a t a  i s  o p t i  
cal ly coupled to the rest of the pro 
c e s s o r  b o x  t o  b e  a n a l y z e d  a n d  
displayed. 
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F ig .  3 .  C rass  sec t i on  o f  t he  a i rway  adap te r  and  sensor  as  
sembly .  The sensor  body conta ins  a / I  o f  the in f rared compo 
nents  requ i red to  measure the in f rared absorpt ion o f  the pa 
t ient 's  breath pass ing through the a i rway adapter .  

The 47210A CQz analyzer was developed to alleviate the 
problems with presently available instruments. In particular: 
â€¢ The small sampling tube is a trouble spot and is avoided. 
â€¢ The method of instrument calibration eliminates the 

need for unwieldy gas cylinders. 
â€¢ The stability of measurement is adequate to allow confi 

dent use for extended periods of time. 
â€¢ The instrument is easy to use in a monitoring application 

because the complex compensation routines are per 
formed by the instrument rather than by the operator. 
The 47210A Capnometer provides the above features by 

making some significant changes in the basic measurement 
approach. A simplified block diagram of the 47210A is 
shown in Fig. 2. 

The 47210A consists of an airway adapter, a sensor, and a 
processor box. The airway adapter, a hollow aluminum 
casting with sapphire windows, is inserted in series with 
the ventilator plumbing. The sensor is snapped over the 
airway adapter windows (Fig. 3), and the measurement is 
made directly on the artificial airway through which the 
patient is breathing (Fig. 4). This sensor contains all the 
optical components necessary to make the infrared mea 
surement and is connected to the processor box by a cable 
2.44 metres long. The processor box powers the sensor, 
processes the return signal, and presents the data via LED 
(light-emitting diode) displays. A simple, self-contained 
calibration system attached to the processor box substitutes 
a foolproof method fora previously difficult and potentially 
error-inducing calibration procedure using premixed 
gases. The microprocessor in the processor box performs 
numerous tasks that greatly simplify the use of the system. 
Compensations for interfering gases and total pressure are 
performed by the processor rather than by the operator. 

Design Goals 
The fundamental approach of placing all the infrared 

components at the patient end of the cable offers many 
advantages over the sampling tube approach. The "on air 
way" concept is not, however, without its share of prob 
lems. The sensor must be small, rugged, lightweight, and 
easily cleaned, and perhaps most important, must help 
isolate the processor box from any high voltages caused by 
the use of defibrillation equipment. It also should not be a 
shock hazard for the patient. If a patient makes contact with 
a piece of equipment such as a motorized bed that has a 
defective ac line connection, a current can flow through the 
patient if the patient is grounded. The goal is to assure that 
the CÃœ2 analyzer does not provide either the ac source or the 
grounded path for the patient. 

The airway adapter must be rugged and lightweight. It 
must be sterilizable and the infrared path length must be 
stable and consistent from unit to unit to minimize the total 
system error. Mating the airway adapter to standard ventila 
tion plumbing must be simple and reliable. 

The variability of the infrared components in the sensor 
must be compensated by the processor box. If the goal of a 
simple calibration scheme is to be realized, the processor 
box must be more than just a power supply for the sensor 
and a simple analog-to-digital (A-to-D) converter. The ef 
fects of interfering gases and total pressure variation (al 
titude) on the CÃœ2 measurement mean additional process- 

Fig.  4.  The47210A Capnometer is connected to the gas to be 
sampled for CÃœ2 content by the 14361 A Airway Adapter. The 
adapter  is  inser ted in ser ies wi th the vent i la t ion p lumbing as 
shown. 
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Sensor 
Cable Connector 

Sensor Case Half 
with Cable and 

Wiring Connectors 

Airway Adapter 

Infrared 
Detector, 

Sensor Case Half 
with Sapphire Windows F i g .  5 .  E x p l o d e d  v i e w  o f  t h e  a s  

sembly for  the 14360 A Sensor.  

ing is necessary if the instrument is to be beneficial in a 
patient monitoring situation where ease of use is given a 
high priority. 

Sensor  Design 
Starting with the lead-selenide photoresistor in the detec 

tor assembly, each part of the design interacts with the other 
parts. No one parameter can be changed without affecting 
others in the system. The design begins with the sensor. 

The detector assembly, located on the opposite side of the 
airway adapter from the source, has a rotating filter wheel, a 
thin-film infrared bandpass filter and a lead-selenide 
photoresistive detector arranged as shown in Fig. 5. The gas 
sample is always in the infrared path. Modulation for drift 
rejection is accomplished by the rotating filter wheel. The 
filter wheel consists of two hermetically sealed cells with 
sapphire windows, one open chamber with sapphire win 
dows, and four permanent magnets. The magnets form the 
rotor for a brushless dc motor (see box on page 8). Each cell 
is rotated into the infrared energy beam 40 times per sec 
ond. The output of the detector is shown in Fig. 6. The 
output waveform is generated as the wheel successively 
rotates into the infrared energy beam first one sealed cell, 
then the open chamber, the second sealed cell, and finally 
an opaque region for zero output. The conversion of this 
waveform to a CCh value is discussed in the box on page 12. 

To obtain adequate signal-to-noise ratio so that the 
specified output noise of 0.5 mmHg rms can be achieved, a 
3-mm-square photoresistor is used. Dark-current noise is 
excessive if detectors smaller than this are used. This 
photoresistor size defines the minimum aperture of the 
rotating wheel cells that can be used and still provide an 
adequate dwell period. This aperture controls the wheel 
diameter and thus the overall detector assembly size. The 
result  is  a roughly 20-mm-square by 10-mm-thick 
beryllium-copper investment-cast housing for the detector 
assembly. In addition to the filter wheel and its motor drive 
coils, the housing also supports two thermistors: one for 
temperature sensing and one for heating. 

The infrared source is a heated broadband black-body 
radiator. The heating element is a thin-film cermet resistor 

deposited on a 0.064-mm-thick sapphire substrate. Two 
conductors are deposited over the resistor material such 
that a square heater is defined in the center of the element 
(Fig. 7a). The heating element is mounted in a twin-lead 
TO-5 transistor package with a sapphire window in the top. 
The element is supported on the two lead posts and faces 
a collimating mirror mounted to the package's header 
(Fig. 7b). 

(b) 

Fig. 6.  (a) Typical  output waveform from the infrared detector 
assemb ly ,  ( b )  V iew ing  t he  wave fo rm  f rom l e f t  t o  r i gh t ,  t he  
f i r s t  p e a k  V R  i s  t h e  o u t p u t  d e t e c t e d  t h r o u g h  t h e  s e a l e d  
COz reference cel l ,  the second peak VH is  through the open 
cel l ,  and the last peak Vs is through the sealed ni trogen cei i .  

6  HEWLETT-PACKARD JOURNAL SEPTEMBER 1981  

© Copr. 1949-1998 Hewlett-Packard Co.



Conductor  

Heat ing Element 

Sapphire  Window 

TO-5 Transistor  
Can 

(b) 

Fig .  7 .  (a )  Cermet  res is to r  hea t ing  e lement  used  fo r  the  in  
f rared source,  (b)  Inf rared source assembly.  The heat ing e le 
ment is  mounted face downward so that  the mirror  can focus 
the infrared radiat ion. 

The detector assembly and the source define the basic 
dimensions and weight of the sensor. What about rugged- 
ness, cleanability and voltage isolation? The design of the 
outer case assembly, from the cable entrance down to the 
sapphire windows, is an exercise in materials selection 
and testing. 

The case assembly consists of two halves (Fig. 5 and Fig. 
8). The upper half of the assembly contains the cable and 
interconnects, and the lower half aligns the infrared com 
ponents. An O ring makes a watertight seal between the two 
halves. The thermoplastic bumpers bonded to the corners of 
the outer case provide necessary cushioning. 

The case material is a glass-filled thermoplastic polyes 
ter. This material has the solvent resistance and dielectric 
strength required for the application. However, its solvent 
resistance makes it difficult to find a suitable adhesive for 
potting the cable, attaching the bumpers and sealing the 
sapphire windows. Each application presents a different set 
of requirements. 

For example, the bumper-to-case bond has to be flexible 
and still survive multiple exposures to liquid sterilizing 
agents. A two-part polyurethane adhesive is used. But this 
adhesive generates small amounts of carbon dioxide during 

its very lengthy curing cycle which can continue after the 
sensor is in service. This makes this adhesive unusable 
inside the sealed sensor because the detector assembly can 
not differentiate CCfe in the sample chamber from any high 
concentrations of CCh in the infrared path that may be 
trapped inside the sensor. 

Finding an adhesive that would adequately bond the 
sapphire windows to the case material involved much trial 
and error. The bond has to be strong and survive exposure to 
sterilizing materials. A heat-cured epoxy preform is used. 
Precision tooling and carefully controlled technique are 
required because any voids in the adhesive will com 
promise the high-voltage breakdown resistance so neces 
sary in an instrument used near a patient who may be 
subject to defibrillation. 

The result is a sensor that survives drops from a height of 
one metre onto concrete floors without damage. The sensor 
has been dropped from as high as 2.4 metres. Damage was 
confined to the outer case structure. This severely abused 
sensor still measured CCh with no perceptible shift in 
output. 

Airway Adapter  
The sensor performs its job by passing infrared energy 

through the airway adapter and measuring the amount ab 
sorbed by any CCh in the airway. The airway adapter also 
has a number of critical requirements. Sterilizability, a sta 
ble infrared path length, and ruggedness dictate a series of 
materials requirements. Measurement accuracy is related 
directly to the infrared path length through the sample. Any 
variation from the nominal 3-mm gap results in an error 
proportional to the difference in the gap from the nominal 
value. To achieve the required stability in view of the other 
requirements, the airway adapter is made of aluminum. The 
choice of an aluminum investment casting is dictated by the 
detail necessary in the part. Grooves for the ball detents 
used to secure the sensor assembly to the airway adapter, 
the complex gas passageway with its mushroom-shaped 
cross-section, and the mating ends of the airway adapter 
precluded fabrication processes other than casting. Invest 
ment casting is used because the number of units and the 

(cont inued on page 9)  

F ig .  8 .  D isassembled  14360A Sensor  showing  case  ha lves  
( r ight  and le f t ) ,  in f rared source ( top center) ,  and f i l ter  wheel  
assembly (center) .  
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A Miniature Motor for the CO2 Sensor 
(with Thanks to Kettering) 

by Edwin B.  Merr ick 

Into the midst  of  the t ight ly packed infrared components of  the 
sensor  fo r  the  4721  OA Capnometer  i t  i s  necessary  to  inser t  a  
highly rel iable and eff icient motor whose only purpose is to keep a 
l i t t l e  ce l l - ca r ry ing  whee l  tu rn ing  a t  a  cons tan t  ra te .  Among the  
rather  s t r ingent  requi rements are that  the motor  must  not  s ign i f i  
cant ly  increase the sensor  s ize and cost .  A sensor  the s ize o f  a  
br ick of  wi l l  not do. I t  is  also desirable to minimize the number of  
w i res  in  the  sensor  cab le ,  thereby  keep ing  the  cab le  smal l  and 
l ight .  be pat ient 's  a i rway tubing is  a l ready suf f ic ient ly  r ig id to be 
an  encumbrance .  The  cab le  to  the  COi  sensor  shou ld  a l so  no t  
add to the leverage applied to hose connections. Since the sensor 

Opt ica l  Sync Track  
Light 

Source 

Permanent  
Magnets  

Three  Wires  to  
Processor  Box Sense Coils 

Fig .  1 .  (a)  An opt ica l  sync t rack  a long the edge o f  the f i l te r -  
wheel rotor as shown was init ial ly used to control motor speed, 
(b)  The sync t rack was el iminated in the f inal  design by using 
sense coi ls  to  detect  motor  speed.  The physica l  ar rangement  
of the drive and sense coi ls is shown in Fig. 11 a on page 1 1 . 

is temperature control led at as low a temperature as possible i t  is 
necessa ry  t ha t  t he  mo to r  d i ss i pa te  t he  l eas t  poss ib l e  power .  
F inal ly ,  whatever motor  is  developed must  be agreeable to accu 
rate speed control .  

Var ious  a l te rna t i ve  motor  and  d r i ve  con f igura t ions  were  con  
s idered and d iscarded.  A dc brush motor? Brush noise,  l i fe  and 
the added commutator  and wind ing space ru led i t  out ,  a l though 
on ly  requ i r ing two leads was a t t rac t ive .  An ac induct ion motor? 
The addit ion of a squirrel cage or suitable conductor to the simple 
plastic f i l ter wheel seemed to add size, weight or complexity when 
t h e  r e q u i r e m e n t s  o f  t h e  i n f r a r e d  p a t h s  w e r e  c o n s i d e r e d .  E f f i  
ciency was also doubtful since the usual approach is to apply high 
magnetic f ield intensity to keep the rotor from slipping and provide 
speed control .  A step motor approach? Now that  had some prom 
i s e  s i n c e  s m a l l  p e r m a n e n t  m a g n e t s  c o u l d  b e  a d d e d  t o  t h e  
perimeter of the fi l ter wheel and interspersed with the four infrared 
open ings .  Th is  wou ld  have  neg l ig ib le  e f fec t  on  the  s i ze  o f  the  
wheel. Two drive coi ls could be posit ioned away from the infrared 
detec tor  on the  same s ide o f  the  whee l  as  the  detec tor  w i thout  
add ing to  the th ickness o f  the assembly  s ince the detector  and 
infrared f i l ter already required a reasonable space (see Fig. 5 on 
page 6) .  But  how should  i t  be dr iven? 

An optical sync track applied to the edge of the wheel as shown 
in Fig. 1 a was tried first. This was the only wheel surface that was 
not  otherwise occupied and could st i l l  be v iewed. This t rack was 
used to drive a solid-state commutator in the processor box which 
then pulsed the drive coi ls at appropriate t imes in proper polari ty. 
I n i t i a l l y  t h e  d r i v e  c o i l s  a l w a y s  r e c e i v e d  t h e  s a m e  h i g h  p u l s e  
ampl i tude.  Th is  was ine f f i c ien t .  Thus,  p ropor t iona l  cont ro l  was 
a p p l i e d  t o  t h e  p u l s e  a m p l i t u d e ,  a p p l y i n g  o n l y  t h e  d r i v e  l e v e l  
necessary to mainta in the proper 2400 rpm. Al though th is  motor  
ran ,  i n  requ i red  severa l  w i res  fo r  the  op t i ca l  sync  s igna l ,  i t  i n  
c reased  the  s ize  o f  the  sensor  somewhat ,  and  in t roduced a  re  
quirement for a second axis of optical alignment to the wheel. Also 
i t  seemed possib le that  ef f ic iency might  improve i f  just  the r ight  
wave fo rm were  app l ied  ra the r  than  an  a rb i t ra ry  square  pu lse .  

(cont inued on next  page)  

Edwin B.  Merr ick 
" i  Ed Merr ick  is  a  nat ive  o f  Andover ,  

^ t ^ f  * v  M a s s a c h u s e t t s  a n d  r e c e i v e d  t h e  
f l r  ^ k  B S E 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  

New Hampshire in 1963. He came to 
M m  - j f ^  *  '  H P  t h a t  s a m e  y e a r  a n d  i s  c u r r e n t l y  

an eng ineer ing  manager  a t  HP's  
Hospi ta l  Suppl ies Operat ions in 
Chelmsford,  Massachuset ts .  Ed is  
co-author of  an ear l ier  HP Journal  
article on the 47201 A Oximeter and 
a co-inventor on a patent for a blood 
perfusiÃ³n measurement. He is a 
member  o f  t he  Amer i can  Assoc ia  
t ion for Medical Instrumentation. Ed 
is  marr ied,  has three chi ldren,  and 

supports a menager ie consist ing of  a dog,  three cats,  four p igs,  
and a rabbit .  He l ives in Stow, Massachusetts where he is restor 
ing a 200-year-old house and barn and has bui l t  a hydraul ic  log 
spl i t ter  to supply f i rewood for  wood heat ing.  Dur ing the summer 
Ed enjoys sai l ing his 32-foot sloop along the New England coast. 
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Enter Kettering. 
In describing his l i fe's work as an inventor Kettering referred to 

h is  work  on  the  deve lopment  o f  a  p is ton  fo r  d iese l  l ocomot i ve  
engines. He said the problem was not so much knowing when you 
had  a  bad  p is ton  because  the  eng ine  wou ld  te l l  you  tha t  soon  
enough .  The  t r i c k  was  to  s imp ly  l e t  t he  eng ine  t e l l  you  wh i ch  
p is tons  i t  l i ked  bes t .  In  th is  case we le t  the  motor  show us  the  
proper dr ive waveform. Simply adding a pair of sense coi ls in the 
p r o p e r  l o c a t i o n  a n d  a  s i m p l e  i n t e g r a t o r  i n  t h e  p r o c e s s o r  b o x  
produces a proper ly phased and shaped waveform wi th which to 
power  the  d r i ve  co i l s  ( see  F ig .  i b ) .  Speed  con t ro l  i s  ach ieved  
by compar ing the per iod of  the sense-coi l  waveform wi th a one- 
sho t  t ime re fe rence .  The  speed is  inc reased by  inc reas ing  the  
gain gain. the drive amplifier and decreased by decreasing the gain. 

The resul t  is  a motor that  requires only three wires,  uses inex 
p e n s i v e  c o m p o n e n t s ,  i s  e a s i l y  s p e e d - c o n t r o l l e d ,  d o e s  n o t  i n  
crease the size or complexity of the sensor, and runs on less than 
50 mW. 

Spr ing Plunger  

detail required make die casting undesirable. 
The airway adapter has two sapphire windows that are 

epoxy bonded to each side of the gas passage. The gap 
between the windows forms the precise path length for the 
gas sample. A tolerance of Â±13 /urn was deemed necessary 
and possible. This small variation alone can add approxi 
mately Â±0.4 mmHg error to a 100-mmHg PCCh measure 
ment. The gap is set to the desired value during assembly by 
placing a shim of the correct thickness between the two 
windows (Fig. 9). By firmly clamping the windows to the 
shim while the epoxy bond cures, the gap is formed. 

Processor Box 
The diversity of disciplines and requirements for the 

sensor's mechanical design is matched by the diversity of 
design challenges presented by the processor box, which 
performs the following functions: 
â€¢ Sensor motor control 
â€¢ Sensor temperature control 

Shim 

Cross-Section 
of  Airway Adapter  
Aluminum Cast ing 

Epoxy Preform 

F ig .  9 .  To  insure  the  p roper  gap  be tween  the  two  sapph i re  
windows in the airway adapter dur ing the cur ing of  the epoxy 
adhes i ve  t hey  a re  he ld  aga ins t  a  sh im  whose  th i ckness  i s  
equa l  to  the des i red gap.  The sh im is  then removed.  

m Sensor infrared source supply 
â€¢ Sensor infrared detector amplifier 
â€¢ Calibration of sensor 
â€¢ PCCh computation 
â€¢ Altitude correction 
â€¢ Interfering gas correction 
â€¢ Sensor internal PCCh correction 
â€¢ End-tidal (peak) detection 
â€¢ Respiration rate computation, and 
â€¢ Various display and system interface tasks. 

The first four functions are performed in the electrically 
isolated portion of the processor box. The sensor interface is 
isolated from chassis ground as a second line of defense 
against microshock hazard to the patient (the plastic sensor 
case being the first). A dangerous situation can occur if the 
sensor cable shield or internal conductors become exposed 

(continued on page 1 1 ) 

F ig .  10 .  S imp l i f i ed  schema t i c  o f  
the  f i l t e r -whee l  moto r  speed  con  
trol circuit. 
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Fabrication of the Sensor Requires Special Care 

B e c a u s e  o f  t h e  s m a l l  s i z e  o f  t h e  s e n s o r ,  n o r m a l  a s s e m b l y  
techn iques are  d i f f i cu l t  to  use.  Assembl ing  the bear ing  used to  
suppor t  t he  f i l t e r  whee l  i s  an  examp le .  The  cons t ra in t s  a re  to  
p roduce  a  l ow- f r i c t i on ,  l ow-no ise  bear ing  tha t  w i l l  su rv i ve  the  
r i go r s  o f  be ing  moun ted  i n  a  senso r  t ha t  w i l l  be  sub jec ted  t o  
severe handling. I t  is extremely important to maintain the location 
of the the axial ly and radial ly. I f  there is too much variat ion in the 
posit ion of the wheel as sensor orientat ion is changed, the output 
wi l l  the af fected. To maintain the or ientat ion- induced error of  the 
sensor  w i th in  acceptab le  leve ls ,  the rad ia l  p lay  in  the two bear  
ings,  one on each s ide of  the wheel ,  is  held to less than 10 /xm. 
Axial play is held to less than 50 yu.m. 

The normal approach for building an assembly such as this is to 
take the two raw cast ings,  assemble them, and p in  the two cast  
i n g s  s o  t h a t  t h e y  c a n  b e  d i s a s s e m b l e d  a n d  r e a s s e m b l e d  i n  
exac t ly  the  same re la t i ve  loca t ion .  The bear ing  bores  are  then 
machined together.  The cast ings are disassembled, the bear ings 
inser ted,  the f i l ter  wheel  is  posi t ioned in  p lace and the cast ings 
a re  reassembled .  Th is  p rocedure  has  a  number  o f  d rawbacks .  
Fi rst ,  there is  insuf f ic ient  room for  p ins.  Second, because of  the 
inherent lack of  f latness and uni formity of  the cast ings,  reassem 
bl ing the cast ings so that  the bores wi l l  s t i l l  be in l ine cannot be 
assu red .  A l so ,  f o r  t he  above  techn ique  to  wo rk ,  t he  bea r ing ' s  
ou ts ide  and  ins ide  d iamete rs  mus t  be  he ld  to  to le rances  t i gh t  
enough that the bores in the bearings wil l  l ine up when the casting 
holes do. This is not possible when sintered bronze bushings are 
used .  S in te red  b ronze  bush ings  were  se lec ted  i ns tead  o f  ba l l  
bear ings for  the sensor because they are more rugged and quiet  
er. 

The sotut ion is  to  mount  the unoi led bushings in  the cast ings 
wi th to modi f ied acry l ic  anaerobic adhesive.  No pins are used to 
a l ign the two cast ings.  The assembly process requires two sepa 
rate f ix tures that  are i l lustrated in Fig.  1.  The f i rs t  takes the two 
cas t ing  p ieces,  w i th  the  whee l  and shaf t  capt ive  in  the  bear ing  
bore,  and a l igns the bear ing bores.  The bear ings are not  yet  in  
p lace .  The  fou r  sc rews  ho ld ing  the  cas t ings  toge ther  a re  then  
t ightened. The second f ixture is used to instal l  the two bearings in 
the castings on either side of the fi l ter wheel. This fixture holds the 
whee l ,  bea r i ngs ,  and  cas t i ng  so  t ha t  t he  co r rec t  ax i a l  p l ay  i s  
maintained and the bearings are al igned, but the radial  clearance 
between the shaf t  and the  bear ing  is  no t  reduced.  

The prob lem that  must  be addressed is  that  the shaf t  may be 
bowed slightly; thus the f i l ter wheel may not turn freely throughout 
i ts  fu l l  360 degrees o f  ro ta t ion .  By  a l lowing the bear ings  in  the  
cast ings to be sel f  a l igning wi th respect  to the shaf t  and biasing 
the wheel  and shaft  to one s ide wi th a speci f ied s ide load dur ing 
the adhesive curing cycle, the radial clearance is establ ished and 
a l ignment  between the shaf t  and bear ings is  assured.  The shaf t  
and bear ings are  suppor ted by  spr ing- loaded p ins .  By press ing 
t he  b ronze  bea r i ngs  f i rm l y  aga ins t  t he  two  j ewe led  r i ngs tone  
t h r u s t  a n d  o n  t h e  f i l t e r  w h e e l  a n d  e l a s t i c a l l y  d e f o r m i n g  a n d  
hold ing the cast ing dur ing the cure cyc le  the proper  end p lay is  
establ ished when the cast ing returns to i ts unstressed state upon 
removal f rom the f ixture. 

Other port ions of the sensor are designed to use f ixturing as an 
in tegra l  par t  o f  the manufactur ing process.  F ix tures are used to  
locate the infrared detector and the four motor coils on the printed 
c i rcu i t  board dur ing assembly.  The upper  and lower case assem 
bly technique also uses f ixtures to al ign components such as the 
sapph i re  w indows dur ing  the  bond ing  phase .  

The sensor requires two stable gas mixtures, each hermetical ly 

sealed in a transparent cell for use in the fi lter wheel. One cell has 
to contain an accurately determined,  stable reference concentra 
tion of COz, the other has to contain only nitrogen. The fabrication 
problem is two-fold. The first is how to construct the cell such that 
acceptable hermetici ty can be maintained, and the second is how 
to  f i l l  and then sea l  the  ce l l  w i th  an accura te ly  determined con 
centrat ion of C02 inside. The approach chosen bonds a sapphire 
window to each end of  a metal  cy l inder.  Af ter  a number of  t r ia ls,  
t h e  w i n d o w - t o - r i n g  b o n d i n g  m e t h o d  s e l e c t e d  i s  a  g l a s s  
f r i t  seal  to  a Kovarâ„¢ metal  r ing.  Other  methods such as epoxy 
adhesives or brazing operat ions were ei ther too permeable, thus 
a l lowing the gas concentrat ion to  change,  or  too expensive.  

(cont inued on next  page)  

B e a r i n g  B o r e s  

F i x t u r e  F r a m e  

L o a d  t o  H o l d  B e a r i n g s  
A g a i n s t  W h e e l  

L o a d  t o  D e f l e c t  
C a s t i n g  0 . 0 5 1  m m  

S i d e  L o a d  o n  W h e e l  t o  
L o c a t e  B e a r i n g s  R a d i a l l y  

w i t h  R e s p e c t  t o  S h a f t  

\  A d h e s i v e  

(b) 

Fig.  1.  (a)  This f ix ture design al igns the bear ing bores in the 
detector  assembly before the four  screws hold ing the assem 
bly  together  are t ightened,  (b)  This  f ix ture design a l igns and 
loads the f i l ter  wheel  shaf t  and bear ings in the detector  case 
assembly  whi le  the adhes ive secur ing the bear ings cures.  
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Fil l ing the cell and then sealing it is the next challenge. Using a 
f i l l ing tube brazed to the metal  r ing and c losed by cr imping was 
cumbersome and expensive.  A radia l  hole located di rect ly  in the 
wa l l  o f  t he  r i ng  i s  t he  app roach  used .  The  f i l l i ng  and  sea l i ng  
process is done by insert ing a solder preform loosely in the hole 
and then placing many f i l ter cel ls in a sealing vessel. The sealing 
vessel  is  f i rs t  evacuated and baked to  remove res idual  gas con 
tamination. Next, the vessel is backfi l led with the appropriate COz 
concentrat ion and sealed. The temperature is then elevated past 
the solder mel t ing point .  The solder f lows,  seal ing the hole.  The 
vessel is then al lowed to cool slowly. The cel ls are removed from 
the vesse l  and measured to  assure  that  the  CQz concent ra t ion  
contained in each cel l  is  wi th in acceptable l imi ts before they are 
mounted in the f i l ter  wheel.  

and the patient contacts the exposed wires. If at the same 
time the patient contacts a current source such as a defec 
t ive,  of operated hospital  bed,  this second l ine of 
defense prevents more than 100 microamperes of current 
from flowing through the patient to earth ground via the 
sensor. 

Accurate speed control and good dynamic response are 
necessary for the control of a somewhat unusual motor (see 
box on page 8). Because the infrared beam is modulated by 
the rotating filter wheel, it is necessary to sample the in 
frared signal at just the right time. 

The periods when the infrared signal rises and falls are 
contaminated with light rays that have experienced multi 
ple reflections from the sidewalls and edges of the many 
infrared components. This situation results in an error of up 
to one mmHg of PCOa for each 50 /us of sampling time 
change. In addition, 50 and 60-Hz power-line fields can add 
to the signal noise if the sampling rate of the infrared signals 
is not controlled. The importance of the dynamic response 
of the speed control will be appreciated if it is remembered 
that the patient's respiratory efforts inpart motion to the 
ventilator plumbing and thus the sensor. This motion can 
momentarily rotate the sensor housing slightly with respect 
to the filter wheel, causing an apparent change in its rota 
tional velocity. 

The circuit diagram in Fig. 10 shows the motor speed 
control. Amplifier Al and capacitor Cl form an integrator 
whose output is proportional to the flux change in the sense 
coils produced by the four moving magnets on the motor's 
rotor (the filter wheel). Note that the output amplitude is not 
a function of rotational velocity. Resistors Rl and R2 form 
an attenuator which provides a low-level signal to Ql, a 
FET used as a controlled-resistor element. Amplifier A2 
supplies the motor drive coils. Amplifier A3 and capacitor 
C2, also connected as an integrator, are responsible for 
keeping the dc output of A2 at zero volts. Four times each 
revolution a zero crossing of magnetic flux is detected by 
comparator A4, which then triggers Tl. The average value 
of Tl's output is compared to a reference voltage set by R8. 
Any difference between these two voltages is integrated by 
A5 and, through a sample-and-hold circuit Si, the result is 
applied to the gate of Ql. Thus, if Tl is triggered too often 
(indicating a high speed) the gate of Ql will be adjusted in a 
negative direction, thereby reducing the drive applied to 
the motor. Network C4-R7 compensates for the inertia of the 
motor's rotor. 

The temperature of the detector assembly is another criti 
cal parameter that must be controlled accurately. Of all the 
infrared elements, the interference filter is the most sensi 
tive. Small changes in temperature cause the filter's center 
wavelength to change sufficiently to alter the CCh mea 
surement. A straightforward thermistor-amplifier-heater 
circuit, heavily compensated for thermal lag, is used. 

One feature of the temperature control is the placement of 
the temperature sensor (a thermistor) and the heater relative 
to the infrared filter (see Fig. 11). In a typical analog heater 
control, variable gradients occur between the heated area 
and the thermistor in response to thermal load. As heat is 
removed from the system, the thermistor will cool below a 
desired temperature and the heater will be turned on. Be 
cause the system has finite gain, the area near the heater will 
get much warmer due to the increased heat input while the 
thermistor is still cooling. In this particular case, with the 
filter between the thermistor and the heater, a system gain is 
chosen so that temperature changes at the filter are mini 
mal, providing the filter with optimal temperature control 
and therefore minimizing the temperature sensitivity of the 
sensor. 

(cont inued on page 13)  

(a) 

Detector 
Housing 

Heater 

Infrared Bandpass Fi l ter  
(Sensi t ive Component)  

F ig .  11 .  ( a )  Pho tog raph  o f  t he  i n f ra red  de tec to r  assemb ly  
showing the f i l ter  wheel  and infrared f i l ter  on the lef t  and the 
printed circuit  board with the motor coi ls and infrared detector 
on  t he  r i gh t ,  ( b )  I n f r a red  f i l t e r  t empe ra tu re  va r i a t i ons  a re  
minimized by locating the thermistor and heater for the f i l ter 's 
temperature control  on opposite sides of the f i l ter as shown. 
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An End-Tidal/Respiration-Rate Algorithm 

by John J.  Kr ieger  

One of the features of the 4721 OA Capnometer, when used with 
an airway adapter,  is the generat ion of der ived parameters:  respi  
rat ion rate,  end-t idal  PCO2, and inspiratory minimum PCOa. The 
main purpose of  the capnometer  is  to measure a carbon-diox ide 
p a r t i a l - p r e s s u r e  w a v e f o r m  a c c u r a t e l y  a n d  p r e c i s e l y .  T h e  
waveform i tse l f  i s  usefu l  fo r  d iagnost ic  purposes,  but  most  cap 
nometer users are interested in the parameters der ived f rom the 
PCOs waveform. In the 472 1 0A the microprocessor controll ing the 
capnometer also analyzes the PCCte waveform and derives these 
des i red parameters.  

S imply speaking,  an a i rway PCÃœ2 waveform looks l ike a d is  
to r ted  square  wave  (see  F ig .  1 ) .  The  wave fo rm inc reases  to  a  
peak  va lue  a t  t he  end  o f  each  b rea th  cyc le ;  t h i s  i s  ca l l ed  t he  
end- t i da l  (ETCOa)  va lue .  I n  pa t ien ts  tha t  do  no t  have  ch ron ic  
obst ruct ive lung d isease,  the ETCOa value very c losely  approx i  
mates the PCÃœ2 level in the arterial blood. 

Some CÃœ2 analyzers on the market attempt to derive an ETCÃœ2 
value f rom a PCÃœ2 waveform by using analog c i rcui t ry and per 
fo rming  a  s imp le  peak- f ind ing  func t ion .  Th is  may  work  f ine  fo r  
normal waveforms, but most real PCÃœ2 waveforms contain noise 
and waveform art i facts caused by the pat ient coughing or moving 
(or crying in the case of chi ldren) or by venti lator waveform distor 
t ion. For exam pie, amplitude variations can be caused by intermit 
tent mandatory vent i lat ion ( IMV). IMV is used where pat ients usu 
a l l y  c a n  b r e a t h e  o n  t h e i r  o w n ,  b u t  o c c a s i o n a l l y  n e e d  h e l p  b y  
f o rced  ven t i l a to r  b rea th ing .  Unde r  t hese  cond i t i ons  a  s imp le ,  
ana log peak- f inder  does not  per fo rm very  we l l  in  der iv ing  accu 
rate ETCÃœ2 values. 

T o  d e v e l o p  t h e  e n d - t i d a l / r e s p i r a t i o n - r a t e  a l g o r i t h m  f o r  t h e  
47210A Capnometer,  many f ie ld t r ia ls were performed at  several  
hospitals internat ional ly.  At these tr ia ls,  PCÃœ2 waveforms were 
recorded on magnet ic  tape f rom many pat ients  wi th  a  var ie ty  o f  
diseases and a variety of venti lators â€” including operating room 
vent i lators. The dozens of hours of recordings were digi t ized and 
s to red  on  a  compu te r  d i sc  f i l e  f o r  easy  random access .  An  a l  
gor i thm deve lopment  sys tem was programmed on an HP Model  
9845B Desk top  Compute r  w i th  CRT graph ics .  A  p roposed  end-  
t idal algorithm was entered into the 9845B. Then, a variety of real 
patient PCO2 waveforms was retrieved from the disc fi le to test the 
proposed a lgor i thm.  The waveform and the der ived parameters  
w e r e  d i s p l a y e d  o n  t h e  C R T  s c r e e n .  T h e  a l g o r i t h m  w a s  t h e n  
eva luated for  e f fec t iveness and modi f ied to  ach ieve best  per for  
mance.  Once the opt imum algor i thm was achieved,  i t  was coded 
in to  m ic roprocessor  assemb ly  language  fo r  use  in  the  47210A 
Capnometer .  

The  end- t i da l / resp i ra t i on - ra te  a lgo r i thm has  severa l  requ i re  
ments.  Not  on ly  does i t  have to  f ind the min imum and maximum 
PCÃœ2 and the per iod between breaths, but i t  a lso must recover 
f rom a l l  poss ib le  er ror  cond i t ions .  The er ror  cond i t ions  may be 
caused  by  a  var ie ty  o f  sources :  in i t i a l  i ns t rument  warmup t ran  
sients, pseudo-CO2 waveform gl i tches caused by electromagnetic 
i n te r fe rence  (EMI )  f r om e lec t rosu rge ry  dev i ces ,  chang ing  the  
CÃœ2 sensor from one patient to another, patient breathing artifacts 
( c o u g h i n g ,  c r y i n g ,  s i g h i n g ,  l o n g  p e r i o d s  b e t w e e n  b r e a t h s ,  o r  
resist ing the venti lator),  and venti lator art i facts caused by poppet 
valves,  tubing elast ic i ty ,  t rapped water ,  pulsat ion,  et  cetera.  Nor 
mal people have ETCO2 values of  about 40 mmHg. Pat ients wi th 
chronic obstruct ive lung disease may have ETCÃœ2 values in ex 
cess  o f  90  mmHg!  

The problem of  ext ract ing the ETCO2 f rom a pat ient  on a ven 
t i la tor  under  in termi t tent  mandatory  vent i la t ion proved to  be d i f  
f i cu l t .  In  that  s i tuat ion,  the quest ion becomes "which waveform 
peak is the ETC02?" An IMV PCO2 waveform ensemble contains 
several ETCOs peaks of varying amplitude. The forced venti lat ion 
breath usual ly produces the largest ETCO2 value and the several 
in termedia te  and weaker  vo luntary  breaths produce ETCOa va l  
ues of decreasing ampli tude. This is probably because the forced 
breath is ef fect ive and the shal low, voluntary breath is less effec 
t ive tubing represents the rebreathing of a larger fraction of tubing 
dead-space .  In  the  t rans i t i on  s tages  when a  pa t ien t  on  IMV is  
gett ing stronger, the pat ient 's voluntary breath ETC02 values are 
about  the same as the forced breath ETCO2 values.  

Somet imes the PCO2 waveform is meaningless and no reason 
able made. or respirat ion-rate derivat ion can or should be made. 
In this case, an error message is displayed on the 4721 OA front 
panel data. indicate something is wrong with the quality of the data. 
This  can a ler t  the nurse or  physic ian that  a pat ient  or  vent i la tor  
problem exists.  

The  f ina l  a lgo r i thm has  some resemblance  to  i t s  ana log  p re  
decessors in that i t  is the digi tal  equivalent of a low-pass f i l ter.  A 
low-pass- f i l tered waveform is  used as an adapt ive threshold for  
determining when a maximum (end-t idal)  or minimum ( inspiratory 
min imum) PCO2 va lue has occurred.  The d ig i ta l  a lgor i thm then 
m a k e s  w a v e f o r m  f e a t u r e  d e c i s i o n s  b a s e d  o n  t i m e  w i n d o w  
c r i te r ia .  The  t ime  w indows  a re  a l so  adap t i ve  and  a re  upda ted  
based filtering the patient's past breathing history. This type of filtering 
in both the t ime and frequency domains is very diff icult to. do with 
pure analog c i rcui t ry.  

Actual ly,  two low-pass-f i l tered threshold values are computed. 
The mean PCO2 value is the low- pass-fi l tered result of the instan 
taneous  PC02  wave fo rm and  has  a  t ime  cons tan t  o f  abou t  60  
seconds.  The peak-to-peak index is  a measure of  the deviat ions 
of the instantaneous PCOa waveform from the mean PC02 value. 
Th is  second  va lue  i s  ana logous  to  the  amoun t  o f  r i pp le  i n  the  
output of a full-wave rectifier circuit and also has a time constant of 
about  60  seconds.  The peak- to -peak index is  sca led  down and 

M e d i u m -  
End-Tidal PCO2 

Instantaneous PCO2 

L o w - P a s s  * â € ¢ -  
Filterâ€”. 

Threshold 
(a) 

Medium-to-High 
Transit ions 

(b) 

Low-to-Medium 
Transit ions 
(c) 

Fig.  1.  (a)  Part ia l -pressure CÃœ2 waveform. Each pu/se cor  
r e s p o n d s  t o  o n e  b r e a t h  b y  t h e  p a t i e n t .  T h e  c a p n o m e t e r  
so f tware  a lgor i thm der ives  the  medium- to-h igh (b)  and low-  
to -med ium (c )  waveforms to  de te rmine  resp i ra t ion  ra te  and 
eliminate artifacts. 
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used to create a hysteresis band about the mean PCÃœ2 value. Two 
threshold levels are der ived as fo l lows:  

Thresho ld  (H I )  =  mean  +  (peak- to -peak  index) /4  
Th resho ld  (MED)  =  mean  -  (peak - to -peak  i ndex )  4  

The instantaneous waveform is divided into three sections: tow, 
medium, and h igh (see Fig.  1) .  By count ing the t rans i t ions f rom 
one region to another, the basic breath cycles can be determined . 
The  t ime  i n t e r va l  r equ i r ed  t o  comp le te  a  cyc l e  ( l ow -med ium-  
h igh-medium-low-medium) determines the respi rat ion interval .  

Using the three-sect ion approach helps reduce false end-t idal  
v a l u e s  a d  b y  a r t i f a c t s  o f  a  p a t i e n t  r e s i s t i n g  a  v e n t i l a t o r  a d  
justed for intermittent posit ive pressure venti lat ion (IPPV), IMV, or 
o the r  causes .  A  w indow  o f  m in imum t ime  i n  t he  h i gh  and  l ow  
reg ions  is  computed f rom the  resp i ra t ion  ra te .  Trans i t ions  tha t  
occur  in  less  than the  min imum window t ime are  de f ined as  un 
des i rab le  a r t i fac ts  in  the  PCOz waveform.  Detec t ion  o f  such  a  
resul t  is  d isplayed by an error  message on the f ront  panel .  This 
er ror  condi t ion is  c leared as soon as a good,  ar t i fac t - f ree wave 
form is detected.  

Once the PCOz waveform is judged to be in the high region, the 
end-t idal  value is selected to be the highest quick-average value 
within that region before the PCOa value drops to the medium or 
low regions. This quick-averaging width is proportional to the t ime 
window, which is computed from the respirat ion-rate information. 

The determination of the inspiratory minimum value is identical 
to that of  determining the end-t idal  value except that the point of  
in teres t ,  o f  course,  is  the min imum va lue in  the low reg ion jus t  

be fore  the  PCOi  va lue  changes to  the  medium reg ion.  
Some averag ing  o f  b rea th  in te rva ls  i s  done  to  ob ta in  a  less  

errat ic  respirat ion-rate display.  Moving averaging is done on the 
las t  s i x  b rea th - to -b rea th  i n te rva ls .  A l l  s i x  b rea ths  a re  equa l l y  
weighted. After an apnea (that is,  no breath cycles for more than 
30  seconds) ,  a  b reak  in  b rea th ing  i s  de tec ted  and  an  a la rm is  
in i t ia ted .  When brea th ing  resumes,  the  a lgor i thm accumula tes  
good breaths as they come in  and averages those accumulated 
un t i l  there  a re  s ix  new va lues  and then  the  a lgor i thm resumes 
normal averaging.  

John J.  Kr ieger 
John Kr ieger is  a nat ive of  Santa 
Monica, Cal i fornia and attended the 
Universi ty of Cal i fornia at Los 
Angeles (UCLA) where he received 
the BSEE and MSEE degrees in  
e lec t ron i cs  and  b iomed ica l  en  
gineering in 1974. John then joined 
HP  and  was  a  deve lopmen t  en  
gineer for the 4721 OA Capnometer. 
He recently left  HP and now l ives in 
Goleta,  Cal i fornia wi th his wi fe and 
daughter .  John is  a  member  o f  the  
Society  of  Mot ion Pic ture and Tele 
v is ion Engineers  and en joys scuba 
diving, ski ing, Chinese cooking, and 
photography.  

Since the relative magnitudes of the alternating infrared 
signals are compared by the digital processing that follows, 
it is not important to maintain a constant infrared source 
output. A simple dropping-resistor scheme adequately con 
trols the power delivered to the source element. With the 
dropping resistor equal to the nominal infrared source re 
sistance, changes of 2 to 1 in source resistance caused by 
component variation and aging produce only an 11% 
change in source power. This is more than adequate to 
maintain sufficient signal-to-noise ratio and source 
lifetime. 

To A- to -D 
Converter  

-60V 

Controlled 
Current  Source 

F i g .  1 2 .  B i a s i n g  a n d  a m p l i f i c a t i o n  c i r c u i t  f o r  t h e  i n f r a r e d  
detector.  

The infrared detector used in the sensor is a lead-selenide 
photoconductor with a nominal dark resistance of 400 kii. 
This resistance varies about Â±50% from device to device. 
However, the infrared energy reaching this detector causes 
only about 0. 1 5% change in its resistance. Since this change 
in resistance must be resolved to at least 12-bit precision, it 
is apparent that quiet, accurate bias and amplifier circuits 
are required. Fig. 12 shows a circuit diagram of how these 
requirements are met. 

Resistor Rl supplies 100 /u.A to the summing junction of 
amplifier Al. Under dark conditions (no incident infrared 
radiation), the bias voltage applied to one end of the detec 
tor is adjusted to remove the 100 fj.A supplied by Rl. Any 
change in the detector current flows through R2, provided 
of course that Al has enough gain to keep its summing 
junction at zero volts. Since infrared energy causes a de 
crease of the detector's resistance, Al's output is positive- 
going for increasing infrared intensity. Once each filter 
wheel revolution, an autozero control circuit causes FET 
switch Ql to close for 600 /xs. Any output voltage from Al 
causes a current in R3 which, via feedback around A2, is 
forced to flow in capacitor Cl. Therefore, after each revolu 
tion the charge on Cl is updated to cancel the error seen in 
Al's output. A2's output is applied to the control input of a 
current generator I which is adjusted each wheel revolution 
to make the detector current approach the current in Rl. 
Capacitor C2 has two important functions. First, it filters 
out any noise produced by the active current source I. Sec 
ond, C2 appears to the detector to be a voltage source during 
the short time required for one wheel revolution. Thus all of 
the small-signal detection-current changes flow into Al's 
summing node. 

With the five functions of motor control, temperature 
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From Isolated 
Analog Section 

Interrupt Line 
780 System 
Connector  

Strobe Lines 

Fig. the 3. Block diagram of the digital electronics section in the 
processor  box o f  the  47210A.  

control, source power control, detector bias and amplifica 
tion accomplished, the sensor output is suitable for conver 
sion to digital form for further processing. The sensor's 
analog output waveform is prescaled by one of four possible 
gains in a preamplifier. The gain switching is done via 
control from the microprocessor and allows the analog-to- 
digital (A-to-D) converter to function as a fixed-point 14-bit 
A-to-D converter, thus minimizing unused bits. This pre 
scaled waveform is converted to four sampled values cor 
responding to the three filter-wheel-cell readings plus one 
dark reading. The triple-slope A-to-D converter is triggered 
to sample the appropriate 248-/us-wide pulse of the infrared 
output waveform by the motor sense-coil signal. The four 
14-bit words are transmitted serially to the grounded elec 
tronics portion of the processor box by an optical coupler 
(Fig 2). 

Digital  Processing 
The 472 10 A Capnometer's processor box contains mi 

croprocessor electronics to perform all the magic needed to 
convert the stream of digital data from the sensor to mean 
ingful physiological data. The digital electronics (Fig. 13) 
consists of a microprocessor, volatile random-access mem 
ory (RAM), 12K bytes of program read-only-memory 
(ROM), a nonvolatile electrically alterable ROM (EAROM), 
input logic, and logic to output information to the user. The 
output information consists of front-panel numeric dis 
plays for CÃœ2 and respiration rate parameters, front-panel 
light-emitting-diode (LED) annunicators such as alarm 
lights, rear-panel analog outputs driven by a digital-to- 
analog (D-to-A) converter, and other rear-panel output sig 
nals which are used when the capnometer is connected to 
an arrangement of other bedside monitors. 

The microprocessor (MPU) receives command sequence 
information from the program ROM. The MPU activates its 

various system components to perform several tasks neces 
sary to convert the digital data into PCOz and other derived 
parameters. A main program (see Fig. 14) performs most of 
the major tasks. 

When electrical power is first turned on, each of the MPU 
system components is tested for functionality. A checksum 
test is performed on each of the three program ROMs. If a 
ROM fails this test, a message indicating its printed circuit 
board location is displayed on the capnometer's front panel. 
The volatile RAMs are tested by a checkerboard RAM test 
pattern. The EAROM, the programmable interface adapter 
(PIA), and the keyboard/display scanner devices are also 
tested by appropriate algorithms. Again, if any device fails 
its test, its printed circuit board location is shown on the 
display. If nothing is defective, the main program continues 
by initializing all the RAM data structures and I/O devices. 
The main program then awaits the data-available signal flag 
before continuing. 

This wait loop can be interrupted by hardware when a 
high-priority, real-time event (such as when an A-to-D con 
version is completed) needs attention. When an I/O device 
(such as an A-to-D converter) requests service, the main 
program is stopped and its state is stored so that it can be 
restarted later when the cause of the interrupt has been 
serviced. The MPU then vectors to an interrupt service 
routine that identifies the source of the interrupt and per 
forms the appropriate action. The interrupt may be due to 
one of several causes (see Fig. 15). 

The non-maskable interrupt (NMI) is reserved for instru 
ment servicing. In this case, a test loop generates a stable, 
synchronous digital pattern needed for digital signature 
analysis testing. This makes it possible to test field failures 
down to the component level. 

The maskable interrupt (IRQ) can be activated by the 
A-to-D converter, the 100-Hz real-time clock, or the 
keyboard/display scanner chip. When the IRQ is activated, 
its service routine polls the I/O devices to determine the 
cause of the interrupt and then the appropriate I/O device is 

Main Program 

Power On 

R A M s  R O M s  

Output  To 
Analog 
Jacks 

Output  to 
Front-Panel 
LEOs and 

Lamps 

End-Tidal  and 
Respiration 

Rate 
Algorithm 

Fig .  14 .  F low char t  o f  the  main  cont ro l  p rogram for  the  cap 
nometer. 
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Interrupt 

A-to-D 
Converter  

Ready 

Interrupt Service Routine 

Signature 
Analysis 

Test  
Loop 

Read A-to-D 
Converter,  

Set  Data 
Available 

Flag 

Y e s .  
Update 
T imer  

Respiratory 
Rate 

Service 
Switches 

Fig .  15.  F low char t  o f  the subrout ine used to  determine the 
source of  an interrupt.  

serviced. If the A-to-D converter is the cause, a digital value 
and status bits are collected. The data-available flag is set by 
the A-to-D service routine only when all the elements of the 
A-to-D message have been collected from four revolutions 
of the transducer's filter wheel. The real-time clock inter 
rupt is used for time-related computations, such as convert 
ing a CCh waveform breath-to-breath interval to respiration 
rate (breaths per minute). The keyboard/display scanner 
chip triggers an interrupt whenever a front-panel switch is 
pressed. This is important because the user may wish to 
change the operational state of the capnometer and a switch 
interrupt avoids the need to poll all switches constantly. 

When the main program receives the data-available sig 
nal, it processes the packet of digital data. This data, along 
with transducer calibration information previously stored 
in the EAROM, is  t ransformed into part ial  pressure of  
CCh. This is made possible by a series of mathematical 
functions that include multiply, divide, square root, and 
exponentiation. 

The basic CCh calculation described in the box on page 1 2 
is only the next step leading to the PCCh and respiration rate 
display. After the PCCh is calculated, corrections must be 
applied to compensate for the various interfering parameters. 

As was mentioned earlier, the sensor is influenced by 
effects other than just the partial pressure of CCh in the 
sample. Total pressure (altitude) as well as the presence of 
gases such as oxygen, water vapor, and nitrous oxide also 
affect the amount of infrared absorption. The effect of al 
titude was determined empirically on the static station de 
scribed in the box on page 19. This was done by measuring 
the sensor output for different total pressures while main 
taining a constant partial pressure of CCh. The static station 
was also used to measure the effect of interfering gases (see 

box on page 16). Algorithms that perform the com pensation 
routines for these errors are incorporated into the processor 
box firmware. 

Altitude Correction 
The total pressure effect on the measurement is handled by 

the instrument and does not burden the operator during 
use. The instrument is programmed to compensate for the 
line-broadening effect on the measurement caused by dif 
ferences in total gas pressure. At elevations other than sea 
level, the instrument will remain calibrated when properly 
set via internal rotary switches. 

It is desirable to enter altitude instead of average total 
pressure for instrument calibration. This makes the initial 
instrument setup easier. The equation relating total pres 
sure to elevation is 

( -3 .394X \  
282-0.492XJ 

where BAR PRESS is the average barometric pressure in 
mmHg and x is altitude in hectometres. A lookup table is 
used to store fourteen constants relating sensor error to the 
PCCh measured at each of the 50 possible altitude settings (0 
thru 49 hectometres). When an altitude setting is entered, 
the 14 corresponding constants  are  used to  generate  a  
piecewise-linear approximation of the appropriate correc 
tion curve. A linear interpolation is done between adjacent 
points every 100 ms (at each PCCh calculation) and a correc 
tion constant (ALTK) is determined. The actual PCCh is 
calculated from the following relationship: 

PCCh actual 
( 1 - A L T K )  

PCCh measured 

Interfer ing Gas Compensat ion 
The final correction applied to the PCCh computation 

compensates for the errors caused by interfering gases (see 
box on page 16). Since the instrument is calibrated on a 
binary carbon dioxide and nitrogen mixture, the question is 
how to allow the operator to reduce the effect of the interfer 
ence to acceptable limits and not compromise ease of use. It 
seems appropriate to allow the microprocessor to perform 
the correction computation, so the problem becomes one of 
simplifying the data entry. Three assumptions were made: 
1. The expired gas is saturated with water vapor at 33Â°C. 
2. The expired oxygen partial pressure (PCh) is related to 

the inspired pressure by the following: 

expired ~ inspired 
PCCh 

0.8 

and the minimum inspired PCh is 21%. 
3. When nitrous oxide is used, it is administered in a binary 

mixture with oxygen in concentrations from 0% to 65%. 
Three pushbutton switches on the front panel are used to 

implement the nitrous oxide and oxygen corrections. The 
first is for nitrous oxide compensation, the second is for 
oxygen concentrations between 21% and 50%, and the third 
pushbutton is for oxygen concentrations greater than 50% 

(cont inued on page 18)  
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In-Service CO2 Sensor Calibration 

by Russel l  A .  Parker  and Rodney J .  Solomon 

The success o f  the 4721 OA Capnometer  is  very  much depen 
dent on the ease of use of the 1 4360A Sensor. The ideal situation 
is  achieved wi th a complete ly in terchangeable sensor.  However,  
because of  d i f ferences in interference f i l ters,  zero and reference 
cell each fi l l ing, infrared alignment and some other variables, each 
sensor ,  when used wi th  a d i f ferent  4721 OA,  must  be ca l ibrated 
a g a i n s t  a  g a s  s t a n d a r d  t o  a c h i e v e  t h e  d e s i r e d  m e a s u r e m e n t  
accuracy.  This standard is the gas-cel l  cal ibrat ion st ick.  I ts  val id 
i ty is based on a major assumption that,  wi thin l imits,  al l  sensors 
w i l l  look  a l i ke  to  the  process ing  a lgor i thm in  the  4721 OA a f te r  
c a l i b r a t i o n  o n  t h e  z e r o  a n d  5 5  m m H g  g a s  c e l l s .  T h e  d e t e c t o r  
signal must therefore be processed in such a way as to generate a 
s t a n d a r d  r e s p o n s e  c u r v e ,  t h e  v a l u e s  o f  w h i c h  r e l a t e  i n  s o m e  
known way to  the par t ia l  pressure o f  carbon d iox ide (PCOz) .  

T h e  i n f r a r e d  s y s t e m  r e q u i r e s  t h a t  t h e  s i g n a l  a l w a y s  p a s s  
through the sample.  To avoid errors caused by source and detec 
t o r  ou tpu t  changes ,  s i gna l  pa th  b lockage ,  e t c . ,  t he  de tec to r ' s  
output  (VR)  whi le  a  re ference gas ce l l  f i l led  w i th  approx imate ly  
1 60 mmHg of COa is in series with the sample is compared to the 
detector 's  output  (VS)  when a zero ce l l  conta in ing no CO? is  in  
ser ies  w i th  the  sample .  These  ce l l s  a re  par t  o f  the  f i l te r  whee l  
assembly in the sensor. The ratio VR:VS is cal led Q. As CC>2 gas 
f i l ls  the sample vo lume,  VS decreases more rapid ly  than VR. Q,  
therefore,  increases (Fig.  1) .  

The  capnome te r  senso r  uses  an  i n f r a red  bandpass  f i l t e r  i n  
se r ies  w i th  the  in f ra red  beam.  The  passband  o f  th i s  f i l t e r  i s  o f  
suf f ic ient  width to a l low the energy not  absorbed by many of  the 
d iscrete l ines of  the in f rared absorpt ion band to pass through to 
the detector (see box on page 4). At the concentrat ions of interest 
and given the sample path length, the relat ionship between Q and 
PCÃœ2 wil l  not be a simple exponential  as is described by Beer's 
Law.  I f  Beer 's  Law he ld ,  Q would  be constant  regard less  o f  the  
sample  concen t ra t ion ,  and  the  ser ies  pa th  scheme used  in  the  
capnometer  wou ld  no t  work .  

The task then is to find an expression for Q versus PCÃœ2 which, 
when response at only two points, wil l  st i l l  represent the response 
for  any g iven sensor  wi th in a l lowable to lerances.  To accumulate 
t h e  n e e d e d  d a t a ,  s p e c i a l  s e n s o r s  w e r e  d e s i g n e d  a n d  b u i l t  t o  
a l l ow  rap id  chang ing  o f  each  i n f r a red  componen t .  A  ma t r i x  o f  
experiments was performed on the stat ic stat ion (see box on page 
1 9 )  w i t h  i n f r a r e d  c o m p o n e n t s  a t  t o l e r a n c e  e x t r e m e s .  A f t e r  
a  number  o f  t r ia ls ,  the  fo rm o f  the  equat ion  used to  re la te  Q to  
PCO2 is: 

Q    
( Q - D ) E - ( Q 0 - D ) E  

( Q 5 5 - D ) E - ( Q 0 - D ) E  

where PCOa is  a funct ion of  S.  This funct ion is  a second-degree 
polynomial where Q is the Q at a given PCOa from the data set, E is 
a variable incremented by 0.5 from 0.5 to 4.5, Q0 and Q55 are the 
sensor Q values at  0 and 55 mmHg CO?, and D is found from the 
fo l lowing equat ion:  

D  =  A Q 0  +  +  C  

w h e r e  A ,  B ,  a n d  C  a r e  v a r i a b l e s  d e r i v e d  b y  a  c u r v e - f i t t i n g  
rout ine.  D is a modi f ier  of  Q that  at tempts to remove some of  the 
* Beer's Law states that the absorpt ion of l ight by a solut ion changes exponential ly with 
the concentration of the solution if no other factors change at the same time. 

1 0 0  P C 0 2  
(mmHg) 

Fig.  1 .  The relat ive ampl i tudes of  the VR and VS port ions of  
the infrared detector output waveform (Fig. 6 on page 6) vary 
with PCÃœ2 level as shown. Q = VR/VS. 

di f ferences between sensor  responses by compensat ing for  the 
actual QO and Q55 values. 

A general  mul t iparameter  least-squares curve- f i t t ing rout ine1 
was used to  re la te  S to  Q.  The goa l  was not  to  l inear ize  S.  but  
rather to minimize the di f ferences between various sensors for S 
versus PCÃœ2 (see Fig. 2). The routine was allowed to determine 
the coefficients A, B and C for optimum similarity of S at each value 
of  E used.  Weight ing factors were employed to force curve S to 

Nominal  Sensor  
Response 

5 5  1 0 0  P C O 2 ( m m H g )  

Rg.  2 .  P lo t s  o f  S  ve rsus  PCÃœ2 leve l  f o r  va r i ous  senso rs .  

16  HEWLETT-PACKARD JOURNAL SEPTEMBER 1981  

© Copr. 1949-1998 Hewlett-Packard Co.



5 0  1 0 0  1 5 0  

Measured PCO2 (mmHg)  

Rg. 3.  P/ois oÃ­ the error  in the uncompensated PCOz value 
caused by the presence of  var ious n i t rous ox ide and oxygen 
concentrations. PO2 is the inspired Oz pressure in mmHg and the 
balance of the gas mixture is NzO for each curve. 

remain in  a region where,  essent ia l ly ,  the data has the greatest  
s lope between points.  One unacceptable solut ion to coef f ic ients 
A, B.Cand E forces S to be zero at all points. Simi lar for all sensors 
yes ,  bu t  th is  va lue  o f  S  can hard ly  be  conf igured by  a  second-  
degree polynominal to yield PCOa. A further constraint is that COz 
can  be  gene ra ted  i ns i de  t he  senso r  f o r  a  va r i e t y  o f  r easons .  
Therefore, the data for al l  sensors was shi f ted to simulate 5,  10, 
and 15 mmHg of internal CÃœ2. 

The result is that interference f i l ter variations can be effectively 
e l iminated by  the "Q-D"  equat ion .  The in terna l  COa prob lem is  
min imized by select ing the proper  va lue of  E,  i ts  most  sensi t ive 
var iab le,  and f ind ing A,  B and C for  opt imum s imi lar i ty .  

40 60 8 0  1 0 0  1 2 0  1 4 0  1 6 0  

2 0  4 0  6 0  8 0  1 0 0  

Measured PCO2 (mmHg) 

Fig.  4 .  P lo ts  o f  the er ror  in  the uncompensated PCOz va lue 
caused by interference from various oxygen concentrations. 

Measured PCO2(mmHg)  

Rg.  5 .  P lo ts  o f  the  er ror  in  the  uncompensated PCO2 va lue 
caused by the presence of various water vapor pressures. 

Finding a value for E that minimizes the effect of internal CO2 is 
only not the solution. This internal CC>2 concentration is not stable, 
because i t  var ies with t ime and sensor temperature. To el iminate 
the effect of varying COa in the sensor, a third hole is used in the 
f i l ter wheel. This third hole is an open chamber that is used as an 
a l te rna te  VS ce l l  to  measure  the  de tec tor 's  ou tpu t  VH not  on ly  
as  a  funct ion o f  COa in  the sample  chamber  but  a lso  as  a  func 
t ion  o f  CO? ins ide the sensor .  A  new Q va lue,  labe led U,  is  ca l  
cu la ted  f rom the  VR:VH ra t io .  The  norma l  Q,  us ing  the  sea led  
c e l l ,  a n d  U ,  u s i n g  t h e  o p e n  c h a m b e r ,  a r e  c o m p a r e d  t o  y i e l d  
in fo rmat ion  about  the  concent ra t ion  o f  CO2 ins ide  the  sensor .  
During calibration a U0 value and a U55 value as well as the Q0 and 
Q 5 5  v a l u e s  a r e  s t o r e d  i n  a n  e l e c t r i c a l l y  a l t e r a b l e  r e a d - o n l y  
memory (EAROM) in the 4721 OA. 

The sensor  housing PC02 index PH is  the d i f ference between 
the PCO2 calculated from the Q channel and that calculated from 
the U channel .  I t  i s  assumed,  due to  the in tegr i ty  o f  the sensor  
seal ing,  that  the change in internal  COa wi l l  be s low. Therefore,  
whi le Q and U are calculated by the 4721 OA every 100ms, PH is 
heavi ly f i l tered to provide a stable internal  COs reading. I f  PH is 
greater than 0.5 mmHg C02, the CO2 values from both the Q and 
the  U  read ings  a re  used  to  so l ve  a  quadra t i c  equa t ion  fo r  the  
actual sample PCOa. If  PH is greater than 2 mmHg, an error code 
is displayed by the 4721 OA indicat ing recal ibrat ion is necessary 
to rezero the Q and the U readings.  This ent i re scheme compen 
sates i f  changes in e i ther d i rect ion.  Namely,  the system works i f  
the sensor is cal ibrated with COa inside and dri f ts low afterwards 
or  i f  the sensor  is  ca l ibrated and then CO2 accumulates ins ide.  

Two coefficient sets (A, B, C) are used for Q, one for PCOa less 
than cal i  cal ibrat ion point and one for PCO2 greater than the cal i  
bration point. They are substantially different, and optimize the perfor 
mance throughout  the O-to-100-mmHg range.  Two sets of  coef f i  
c ients  for  U are  a lso  used.  The remain ing major  var iab le ,  re fer  
ence to ler  f i l l ing,  need be cont ro l led on ly  wi th in  moderate  to ler  
ances dur ing manufacture.  
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The f inal task is to characterize the sensor response to interfer 
ing gases. Gases such as water vapor,  oxygen, and the anesthet 
i c  n i t r ous  ox ide ,  can  be  p resen t  i n  t he  gas  samp le  t o  be  mea  
sured .  The sensor  i s  ca l ib ra ted  by  us ing  a  b inary  CCVni t rogen 
mixture to avoid any possible chemical reactions in the calibration 
ce l ls .  Th is  means tha t  when a  gas  o ther  than n i t rogen is  in  the  
sample, and causes a change in the measured CÃœ2, it  wil l  contri  
bute to the overal l  system error.  The task then is to character ize 
the sensor  response so that  the processor  box can compensate 
for that added error. This error should be consistent from sensor to 
sensor.  Veri f icat ion of this was necessary. An empir ical  approach 
was taken.  The spec ia l  sensors  d iscussed ear l ie r  were used on 
the  s ta t i c  s ta t ion .  The  sensor  was  f i r s t  ca l ib ra ted  us ing  b inary  
mixtures of COa in nitrogen. Next a mixture was introduced into the 
stat ic stat ion with the same CÃœ2 part ial  pressure but with some 
amount  of  in ter fer ing gas.  Data was accumulated in th is  manner 
for  a  number  o f  t ransducers  wi th  vary ing amounts  o f  in ter fer ing 
gas and COa. 

F i gs .  3 ,  4 ,  and  5  a re  p l o t s  o f  t h i s  da ta  and  show  the  PCOz  
measurement  er rors that  would occur  i f  some form of  compensa 
t i o n  w a s  n o t  u s e d .  T h e  p r o c e s s o r  b o x  i n  t h e  4 7 2 1 0 A  u s e s  a  
c o m p e n s a t i o n  r o u t i n e  d e r i v e d  f r o m  t h i s  d a t a  t o  r e d u c e  t h e s e  
errors. The user simply specif ies the presence of interfering gases 
by pressing the appropr iate correct ion factor pushbuttons on the 
front panel of the 4721 OA. 

Russe l l  A .  Pa rke r  
Russ Parker received the BS degree 
in chemistry f rom Trini ty Col lege, 
Hart ford,  Connect icut  in  1967.  He 
then at tended Purdue Univers i ty ,  
West  Lafayet te,  Indiana where he 
was awarded a Master's degree and 
a PhD degree in analyt ical  chemis 
try in 1 972. After working for a while 
as an analy t ica l  chemist  and an 
e lect ronics designer .  Russ jo ined 
HP in 1975 and has worked on ac- 

[ I t J I j ^  I  c e s s o r i e s  f o r  t h e  4 7 2 1  O A  O x i m e t e r ,  
the 4721 OA Capnometer,  expand- 

^^  i ng  an  e lec t rop la t i ng  a rea ,  and  qua l -  
.JHIPtÂ«J& 1Ã‰KMB i ty  cont ro l .  He is  co-author  o f  

three and about  an on- l ine computer  for  chemica l  analys is  and 
is a co-inventor for one pending patent on a timer/controller. Russ 
was born in  Har t ford,  Connect icut  and now l ives in  Hol l is ton,  
Massachuset ts .  He has  a  10-year -o ld  son  and en joys  photo  
graphy, playing tennis and volleyball,  ski ing, spelunking, l istening 
to b lues music,  and not  jogging.  His f r iends cal l  h im " the crazy 
doctor . "  

Re fe rence :  
1.  "A General  Mul t iparameter  Least  Squares Curve Fi t t ing Computer  Programme and 
some of  i ts  App l ica t ions, "  Ta lanta ,  Vo l .  19,  1976,  pp.  1131-1139 

of the inspired gas. These switches select any one of five 
possible compensation states. With no buttons engaged, the 
instrument assumes standard conditions and a correction 
for 21% inspired oxygen and saturated water vapor is im 
plemented. This compensation is a simple factor applied to 
the measured value. 

The compensation for Ch concentrations greater than 
21% and 50% is also a simple factor. The value chosen 
minimizes the error in each band. Thus, at one specific Ch 
inspired concentration in each range, the added error due to 
interfering gases is nearly zero. A similar approach is taken 
for nitrous-oxide-plus-oxygen interference, the difference 
being a instead of a straight-line error compensation, a 
second-order polynomial compensation is used to fit the 
error characteristics of the sensor response to nitrous oxide, 
oxygen and water vapor more closely. These correction 
factors are only implemented during the operational 
modes of the instrument. When the calibration stick 
supplied with the instrument is extended, the processor box 
assumes a calibration check is being performed on the CCh 
and nitrogen-filled calibration cells. Thus no interfering 
gas or altitude compensation is performed. 

Calibration 
The goal of providing an instrument that is easy to use 

and calibrate rests partly on the software and partly on the 
hardware. The two-point calibration scheme requires two 
stable, known reference concentrations to be introduced 
into the sample chamber one at a time. The microprocessor 
must also be informed when each reference is present. The 
scheme uses two calibration cells similar to those used in 
the sensor's filter wheel, one filled with nitrogen and one 
filled with a CCh-in-nitrogen mixture. This CCh-in-Nz mix 
ture is used as a stable reference concentration. The calibra 

tion cells are considerably larger and have thicker windows 
but otherwise they are similar to the cells in the sensor's 
filter wheel. The thicker windows help the calibration cells 
survive the rigors of handling during calibration. The two 
cells are secured in a glass-filled polycarbonate carrier (the 
calibration stick) attached to the front of the processor box. 
In addition, there are two momentary pushbutton switches, 
one associated with each cell, to allow the operator to inform 
the processor box when the sensor is in place over that 
calibration cell. The system is calibrated when the sensor is 
changed or if the system has drifted outside the prescribed 
bounds. To calibrate the instrument, the calibration stick is 
extended (Fig. 16) and the sensor is first placed on the 
calibration stick over the zero cell, which contains only 
nitrogen. The associated button is pressed and the display 
shows LO CAL. After an internal delay of approximately i% 
minutes to establish thermal equilibrium, the PCCh display 
will read 0.0. This shows that the first calibration point has 
been entered into the EAROM in the instrument. Next the 
sensor is placed over the nitrogen-and-CCh-filled cell and 
its pushbutton is pressed. The display shows HI CAL for 
three minutes after which it shows the same value as is 
stamped on the calibration stick (55.2 in Fig. 16). This 
indicates that the second calibration point has been stored 
in the EAROM. The system is now calibrated and ready for 
use. This simple, foolproof scheme allows the operator to 
check the instrument accuracy or calibrate the instrument 
without using any other equipment such as gas bottles and 
their associated plumbing. 

The corrected waveform can be processed to get useful 
respiration parameters: respiration rate, end-tidal PCCh, 
and inspiratory minimum PCCh (see box on page 12). 
These parameters can be tested against alarm limits to sig 
nal a doctor or nurse of an undesirable change in the patient's 

(continued on page 20) 
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Making Accurate CO2 Measurements 

by John J.  Krieger 

One of  the requ i rements  o f  deve lop ing any fundamenta l  mea 
surement ,  such as the par t ia l  pressure of  carbon d iox ide,  is  an 
abso lu te  s tandard .  That  i s ,  what  i s  t ru th  in  the  contex t  o f  COz 
exhaled by a patient? Given a sensor that can measure COz level 
changes, i t  is necessary to cal ibrate i ts response against " truth." 
The prob lem is  compl icated by severa l  var iab les that  a f fect  the 
CÃœ2 measurement. 
â€¢ Total barometr ic pressure (or al t i tude). Measurement interfer 

ence can come from other gases such as oxygen, water vapor, 
ni t rous oxide, and other anesthet ic gases commonly used in a 
medical  environment.  

â€¢  Cha r l es '  and  Boy les '  Gas  Laws  (PV=nRT)  gove rn  e f f ec t s  
c a u s e d  b y  c h a n g e s  i n  e n v i r o n m e n t ,  g a s  t e m p e r a t u r e  a n d  
sample gas f low rate.  

â€¢ Opt ical  and mechanical  to lerances can accumulate when in 
te rchang ing sys tem components .  

â€¢ Long-term drif t  (aging) of system components. 
One way to  ca l ib ra te  and ver i fy  per formance o f  the  4721 OA 

instrument is to measure many CO? samples with al l  of the possi 
b le var iat ions and combinat ions l is ted above by both a 4721 OA 
system under test and a known perfect CO? sensor. An algori thm 
could be developed relat ing the 472 10A system and the perfect  
sensor. However, the perfect standard CÃœ2 sensor does not exist. 
Even  a  to  good  one  doesn ' t  ex is t .  The  deve lopment  goa l  i s  to  
make the 4721 OA more accurate and stable than any other medi 
cal sensor. This requires the CÃœ2 standard to be at least ten times 
b e t t e r  t h a n  t h e  4 7 2 1  O A  a c c u r a c y  a n d  s t a b i l i t y  g o a l s .  E v e n  
analyses of  gas bot t les suppl ied by the U.S.  Nat ional  Bureau of  

Standards (NBS) are less accurate  than what  is  needed.  
Ins tead,  we use an ind i rec t ,  bu t  more prec ise  techn ique that  

uses di f ferent  part ia l  pressures at  constant  volume and tempera 
tu re .  A l though  the  NBS canno t  ce r t i f y  gas  samp les  accura te l y  
enough ,  t hey  can  ce r t i f y  p ressu re  and  tempera tu re  ve ry  accu  
rately.  Given a f ixed volume and PV=nRT, very accurately known 
C O ?  m i x t u r e s  c a n  b e  m a d e .  A  c u s t o m ,  a u t o m a t e d  s t a t i c  g a s  
station was built and is used to test, calibrate, verify, and manufac 
ture the 4721 OA Capnometer. 

The static station (Fig. 1 ) consists of : (1 ) a stainless-steel mixing 
chamber, (2) an isothermal circulating-water jacket, (3) an array of 
solenoid-contro l led valves,  inc luding a precis ion,  e lectr ica l ly  op 
erated,  analog mix ing va lve and a pneumat ica l ly  operated purg 
ing valve, (4) a custom interface box to control the valves, (5) an 
ultra-accurate MKS Inc. manometer which is read by an HP3455A 
Dig i ta l  Vo l tmeter ,  (6 )  one or  more 4721 OA processor  boxes to  
func t ion  as  ana log- to-d ig i ta l  (A- to-D)  conver ters  fo r  the  one or  
more 14360A Sensors,  and (7)  an HP 9825A Desktop Computer  
as the static station's system control ler. A series of HPL programs 
was wri t ten to run the stat ic stat ion. 

The static station system was run over a period of several years 
to  mix  and record thousands o f  COa sample  ca l ib ra t ion po in ts .  
The results are stored on magnetic tape or disc media for analysis 
and a lgor i thm development .  

The construct ion of  the stat ic  s tat ion system was an engineer 
ing  p ro jec t  in  i t s  own r igh t  invo lv ing  severa l  eng ineer ing  d isc i  
plines: mechanical, electrical, and software. The heart of the static 
station is the stainless-steel mixing chamber. The mixing chamber 

Controller 
Interface 

Box 

F ig .  ca l i b ra te  t he  d i ag ram o f  t he  s ta t i c  s t a t i on  deve loped  by  HP  to  ca l i b ra te  t he  4721  OA  
Capnometer .  
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has several  openings to external  devices:  the MKS Inc.  manome 
ter ,  mix 5-cm-diameter h igh-vacuum purge valve,  the analog mix 
ing  va lve ,  and  one  o r  more  14361A A i rway  Adap te r  chambers .  
The  14360  Senso rs  to  be  ca l i b ra ted  a re  p laced  on  the  a i rway  
adapters  and connected to  the 472 10A processor  box which is  
used is  an A- to-D conver ter .  A  spec ia l  HP- IB in ter face board is  
at tached to the 4721 OA to al low direct  reading of  i ts  A-to-D con 
ver ter  by  the 9825A Computer .  

The mix ing chamber is  f i l led wi th  var ious gas mixtures by the 
ana log mix ing va lve M which rece ives one gas a t  a  t ime f rom a 
manifo ld.  The manifo ld is f i l led wi th ei ther 100% carbon dioxide, 
n i t r o g e n ,  o x y g e n ,  n i t r o u s  o x i d e  o r  o t h e r  c o m m o n l y  u s e d  
opera t ing- room anes thes t ic  gases .  The des i red  f rac t ion  o f  gas  
partial pressure is let into the mixing chamber. The mixing valve is 
then c losed and the mani fo ld  is  evacuated th rough the purg ing 
va lve P.  Then a d i f ferent  gas can be le t  in to  the evacuated man 
i fo ld wi thout  fear  of  gas cross-contaminat ion.  

The mix ing chamber is  constructed of  s ta in less steel  to  avoid 
possible chemical reactions with the gas mixtures (at one t ime we 
mixed in water vapor as one of  the gases and we didn' t  want the 
mix ing box to  rus t ) .  S ta in less s tee l ,  however ,  is  a  poor  thermal  
conductor .  For  reasons tha t  w i l l  be  d iscussed la te r ,  the  mix ing  
chamber has to be kept at a constant temperature. This is done by 
comp le te l y  su r round ing  the  m ix ing  chamber  w i th  an  a luminum 
water jacket.  A precision temperature control ler and a circulat ing 
pump i s  coup led  to  the  wa te r  j acke t .  Cons tan t  t empera tu re  i s  
more impor tant  than accurate temperature in  th is  appl icat ion.  

The airway adapters used in the stat ic  stat ion are constructed 
special ly to el iminate variabi l i ty and assure that the accumulated 
data ref lects nominal  condi t ions.  

A  d e s i r e d  g a s  m i x t u r e  s a m p l e  p o i n t  i s  o r c h e s t r a t e d  b y  t h e  
9 8 2 5 A  C o m p u t e r  b y  t h e  p r o p e r  s e q u e n c i n g  a n d  t i m i n g  o f  t h e  
v a r i o u s  v a l v e s .  A s  a n  e x a m p l e ,  s u p p o s e  w e  w a n t  t o  m a k e  a  
sample point  of  55 mmHg COs, 50% ni t rous oxide,  21% oxygen,  
and the balance n i t rogen to make a tota l  pressure of  760 mmHg 
(sea level ) .  The contro l  sequence is  as fo l lows:  

1 .  Vent  mix ing chamber  for  three minutes (va lve V) .  
2 .  Purge mani fo ld  for  one minute (va lve P) .  
3 .  Let  COa in to  evacuated mani fo ld .  

4. Fi l l  mixing chamber unti l  i t  has a total pressure of 55 mmHg. 
5.  Purge mani fo ld  for  one minute (va lve P) .  
6 .  Let  n i t rous ox ide in to  evacuated mani fo ld .  
7 .  F i l l  mix ing chamber unt i l  i t  has a to ta l  pressure of  

5 5  +  5 0 %  x  7 6 0  =  4 3 5  m m H g .  
8.  Purge mani fo ld  for  one minute (va lve P) .  
9 .  Le t  oxygen in to  evacuated mani fo ld .  

10.  F i l l  mix ing chamber unt i l  i t  has a tota l  pressure of  
4 3 5  +  2 1 %  x  7 6 0  =  5 9 4 . 6  m m H g .  

11.  Purge mani fo ld  for  one minute (va lve P) .  
12.  Let  n i t rogen in to  evacuated mani fo ld .  
13.  F i l l  mix ing chamber unt i l  i t  has i ts  f inal  tota l  pressure 

594 .6  +  165 .4  =  760 .0  mmHg .  
The static station controller then waits unti l the various layers of 

gas form a homogeneous mixture by Brownian motion. The mixing 
chamber has a mixing time constant of three or four minutes, so all 
the nooks and crannies are equil ibrated in about 10 to 15 minutes. 
Typical ly  mix ing and measur ing each gas data point  takes about 
25 to to minutes.  This computer ized system makes i t  possible to 
d o  t h e  a n d  c a l i b r a t i o n  o f  a  s e n s o r  a n d  a i r w a y  o v e r n i g h t  a n d  
reduces the drudgery  o f  what  would  o therwise have to  be done 
manually. 

The par t ia l -p ressure  f i l l i ng  subrou t ine  ment ioned above is  a  
comp l i ca ted  p rocedu re  i nvo l v ing  feedback  f rom the  MKS Inc .  
manometer. The computer calculates the target pressure that the 
mix ing chamber  is  to  be f i l led wi th  and f i l l s  i t  w i th  success ive ly  
s m a l l e r  p r e s s u r e  p u l s e s .  A n  a t t e m p t  w a s  m a d e  t o  a p p r o x i  
m a t e  a n  i s o t h e r m a l  e x p a n s i o n .  T h i s  c a n  o n l y  b e  d o n e  p e r  
fec t l y  by  an  in f in i tes ima l  f low ra te .  A  qu ick  expans ion  o f  a  gas  
causes it to cool down (e.g., the use of Freonâ„¢ in a refrigeration 
system).  An empir ical ly  der ived algor i thm was developed for  the 
analog mixing valve that is used. At f i rst  long gas pulses at  h igh 
f low rates are used. Then, as the target pressure is approached, 
short ,  low-f low-rate pulses of  short  duty cycle are used to creep 
s l o w l y  u p  t o  t h e  t a r g e t  p r e s s u r e .  I n  t h i s  w a y ,  a n  i s o t h e r m a l  
expansion is achieved in a minimum t ime. The constant- tempera 
tu re  mix ing-chamber  water  jacke t  i s  very  impor tan t  fo r  the  mix  
ing task. 

Fig .  16 .  The ca l ib ra t ion  s t i ck  supp l ied  w i th  the  47210A con 
t a i n s  t w o  c e l l s  t h a t  h a v e  r e f e r e n c e  c o n c e n t r a t i o n s  o f  g a s  
sealed in them. The sensor is  p laced on one cel l  a t  a t ime to 
check and ca l ibra te  the ins t rument .  

respiration status. 
The main program then displays the fully processed 

parameters on the capnometer's front panel and outputs the 
instantaneous PCCh waveform to a rear-panel analog output 
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for use with chart recorders or slow-trace oscilloscopes. 
\Vhen the processing is completed, the data-available flag is 
cleared and the main program awaits the A-to-D converter's 
service routine to signal the arrival of the next digital data 
group. 
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S P E C I F I C A T I O N S  
HP Model 4721 OA Capnometer 

OXYGEN LEVEL  COMPENSATION:  
GAS MIXTURE: CO2/N2/O2/H2O 

Measurements 
INSTANTANEOUS PCCfe:  

A N A L O G  O U T P U T :  
Range:  0 to  150 mmHg (0 to  7.5V) .  
â€¢Accuracy: Â±2 mmHg from 0 to 40 mmHg. 

Â±5% of reading from 40 to 100 mmHg. 
Response Time: Delay. 150Â±25 mil l iseconds. 

Rise Time (90% r ise to a PCO2 step change),  200 mi l l iseconds.  
Noise: Â±0.5 mmHg (rms),  or 1.5% of reading, whichever is higher.  

D IGITAL DISPLAY:  
Range:  0  to  150 mmHg. 
â€¢Accuracy: Â±2.5 mmHg from 0 to 40 mmHg. 

Â±5.5% of reading from 41 to 100 mmHg. 
Response Time: Delay, 150 Â±25 mil l iseconds. 

Rise Time (90% r ise to a PCO2 step change),  200 mi l l iseconds.  
END-TIDAL PCCb/ INSPIRATORY MINIMUM PCOÂ¡ 

A N A L O G  O U T P U T :  
RANGE: 0  to  150 mmHg (0  to  3 .0V) .  
'Accuracy:  Â±2 mmHg f rom 0 to 40 mmHg. 

Â±5% of reading from 40 to 100 mmHg. 
D IGITAL DISPLAY:  

Range:  Oto  150  mmHg 
"Accuracy:  Â±2.5 mmHg from 0 to 40 mmHg. 

Â±5.5% of reading from 41 to 100 mmHg. 
R E S P I R A T I O N  R A T E  ( B P M ) :  

A N A L O G  O U T P U T :  
Range:  0 to  75 BPM (0 to 3.0V).  
Accuracy: Â±2 BPM (4 to 75 BPM). 

D IGITAL DISPLAY:  
Range:  0 to 75 BPM. 
Accuracy: Â±2 BPM (4 to 75 BPM). 

â€¢Notes: 
1 .  Accuracy o f  End-T ida l  read ings appl ies  to  measurements  greater  than 10 mmHg.  
2.  Standard condi t ions:  

Gas Mixture:  CO2, N2, O2 ( inspired) at  21%, and water vapor.  
Temperature: 33Â°C (airway adapter). 
Pressure:  760 mmHg (a l t i tude set t ing -  0)  
Water  Vapor  Pressure :  38  mmHg 

MEASUREMENT VARIABIL ITY  
"REPEATABIL ITY:  Â±0.8  mmHg f rom 0  to  40  mmHg 

Â±2% of reading from 41 to 100 mmHg 
STABILITY: Â±1 mmHg for  7 days at  55Â±5 mmHg, af ter  30-minute warmup 

"Condit ions: The repeatabi l i ty specif icat ion appl ies i f  the same sensor, airway adapter,  and 
capnometer are used immediately af ter  cal ibrat ion.  Each gas sample measured must be at  
the same temperature and pressure.  

COMPENSATION: Front-panel  pushbuttons provide mean correct ions for gas composi t ions 
when the error  oxygen is  other  than 21%. The fo l lowing tables ind icate the added error  
at the reduced gas composit ions and their  extremes. These added errors can be reduced 
to nearly zero by treating them as proportional to the difference from the mean composition. 
In the tables, al l  gas percentages are for inspired gas and standard condit ions (Measure 
ments, in 2). In all cases, the actual PCO2 is the displayed PCO2p/us the error in the table. 
For al t i tude sett ings other than zero {sea level) ,  add Â±0.3 mmHg. 

NITROUS OXIDE COMPENSATION:  
ANESTHETIC GAS MIXTURE: CO2/N2O/O2/H2O 

General 
R E A R  P A N E L  7 8 0  S Y S T E M  C O N N E C T O R  O U T P U T :  

Connec to r  p in  ass ignments  a re  compat ib le  w i th  s tandard  s igna l  l i nes  in  the  Hewle t t -  
Packard Pat ient Monitor ing Series.  

O P E R A T I N G  E N V I R O N M E N T :  
A M B I E N T  T E M P E R A T U R E  R A N G E :  

Capnometer: 0Â°C to 55 C 
14360A Sensor: 17Â°C to 38Â°C 

HUMIDITY: 
Capnometer :  5% to 95% re lat ive humidi ty  at  40"C 
14360A Sensor :  5% to 95% re lat ive humid i ty  a t  38"C 

ELECTRICAL :  
L INE VOLTAGE:  100.  120.  220,  240Vac.  

+5%-  10%,  50  to  60  Hz .  
POWER CONSUMPTION:  50  VA  max imum.  
C H A S S I S  L E A K A G E  C U R R E N T  T O  G R O U N D :  L e s s  t h a n  5 0  m i c r o a m p e r e s  a t  

127Vac. 60 Hz.  
P A T I E N T  I S O L A T I O N  F R O M  I N S T R U M E N T  G R O U N D :  G r e a t e r  t h a n  1 0  m e g o h m s  

m e a s u r e d  f r o m  1 4 3 6 0 A  s e n s o r  c a s e  t o  p o w e r - c o r d  t h i r d - w i r e  g r o u n d  a t  4 0 Â ° C  
and 95% relat ive humidi ty.  

INPUT  PROTECTION:  P ro tec ted  aga ins t  de f i b r i l l a t o r  po ten t i a l s .  F ree  f r om  e l ec t r o -  
cautery inter ference under most c i rcumstances.  

M E C H A N I C A L :  
D IMENSIONS:  Capnomete r  (HWD) :  19 .1  x  21 .3  x  38 .1  cm.  
SENSOR CABLE LENGTH:  2 .44  m.  
A IRWAY ADAPTER LENGTH (w i th  tub ing  coup le rs ) :  9 .5  cm.  
TUBING COUPLERS (ANSI  S tandard  Z79) :  15-mm d iameter .  
WEIGHTS:  Capnometer :  7 .7  kg.  
SENSOR: 56 g  wi thout  cab le  

195 g with cable 
AIRWAY ADAPTER:  18  g  w i th  tub ing  coup lers .  
STERIL IZATION:  Capnomete r  may  be  w iped  w i th  co ld  chemica l  d i s in fec tan t .  Senso r  

m a y  b e  s t e r i l i z e d  w i t h  b u f f e r e d  g l u t e r a l d e h y d e .  A i r w a y  a d a p t e r  l e s s  d i s p o s a b l e  
tub ing couplers  may be autoc laved,  gas s ter i l ized (ethy lene ox ide) ,  or  co ld-chemical  
sterilized. 

DEAD SPACE: A i rway Adapter  (w i th  tub ing couplers) :  15cc.  
PRICE IN U.S.A. :  $6.400.  
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 Street  
Wal tham, Massachuset ts  02154 U.S.A.  
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A Versati le Low-Frequency Impedance 
Analyzer with an Integral Tracking 
Gain-Phase Meter 
This  ins t rument  measures impedance parameters ,  ga in ,  
phase,  and group de lay  o f  ind iv idua l  components ,  c i rcu i t  
sec t ions ,  and comple te  c i rcu i ts .  The measurements  are  
automat ic ,  w ideband,  and made under  var iab le  f requency 
and/or  dc  b ias  vo l tage cond i t ions.  

by Yoh Nar imatsu,  Kazuyuki  Yagi ,  and Takeo Shimizu  

THE DEVELOPMENT of more complex electronic 
systems and components requires improved in 
strumentation to evaluate impedance and trans 

mission characteristics of individual components and cir 
cuits. Ideally, this evaluation should be done under the 
conditions of frequency, bias, and signal level at which the 
device or circuit is to operate. 

Measuring both impedance and transmission parameters 
usually requires at least two instruments: an analog vector 
impedance meter or a digital LCR meter to measure imped 
ance parameters, and a gain-phase meter or network 
analyzer to measure transmission characteristics. 

Hewlett-Packard's Model 4192A LF Impedance Analyzer 
(Fig. 1) introduces a new concept in the measurement of 
these parameters. To our knowledge, it is the industry's 
first fully automatic, wideband, variable-frequency, multi- 
parameter impedance meter that is equipped with a track 
ing gain-phase meter. It can also measure group delay and 

be operated via the HP-IB. The 4192A is designed to 
simplify and improve the testing of discrete complex de 
vices and in-circuit components, and the evaluation of cir 
cuits, materials, and semiconductor products. Some of its 
features are: 
â€¢ All measurements and test conditions are specified with 

pushbutton ease. There are no knobs or dials to adjust. An 
internal microprocessor can automatically select the 
measurement range and circuit mode (equivalent series 
or parallel) appropriate for the specified conditions and 
measured parameter value. 

â€¢ Eleven impedance parameters ( Z , | Y| , 6, R, X, G, B, 
L, C, D, and Q) can be measured. Equivalent series or 
parallel mode is selectable manually or automatically. 

â€¢ Test signal frequency can be automatically or manually 
swept in either direction within a range of 5 Hz to 13 
MHz. A fixed test signal frequency can be specified any- 
*  Hewlet t -Packard's implementat ion of  IEEE Standard 488 (1978).  

Fig.  1.  The 4192 A LF Impedance 
A n a l y z e r  m a k e s  a c c u r a t e  m e a  
s u r e m e n t s  o f  i m p e d a n c e  a n d  
g a i n - p h a s e  r e s p o n s e  f o r  c o m p o  
nents ,  mater ia ls ,  and two-por t  de 
v ices in  the f requency range o f  5  
Hz  to  73  MHz.  Tes t  s igna l  l eve ls  
a re  p rog rammab le .  The  ana lyze r  
has  f requency -sweep  capab i l i t y ,  
4 Vz-digit resolution, built-in dc bias 
that  can be swept ,  andX-Y record 
er outputs. 

22  HEWLETT-PACKARD JOURNAL SEPTEMBER 1981  

© Copr. 1949-1998 Hewlett-Packard Co.



where within that range with a resolution better than 
0.0001%. 

â€¢ Test signal amplitude is selectable from 0.005 to 1.100 
Vrms in steps as small as 1 mY. The actual test signal 
amplitude across the device under test (DUT) can be 
monitored by the 4192A. 

â€¢ An internal Â±35Vdc bias source can be automatically or 
manually swept in 10-mY steps. 

â€¢ Five gain-phase parameters (|Bâ€” A|, 6, group delay, 
|A|, and |B|) can be measured with a maximum gain 
resolution of 0.001 dB and a phase resolution of 0.01Â°. 
The dynamic range for the input level is 100 dB and the 
level can be measured in dBm or dBY. 

â€¢ X-Y recorder outputs between zero and Â±1 V. These out 
puts are driven by digital-to-analog converters (DACs) 
controlled by the instrument's microprocessor. The con 
sistent output ramp simplifies recorder setup. 

â€¢ An internal backup memory, consisting of five non 
volatile storage registers, stores all of the settings for up 
to five independent measurement setups. 

â€¢ All front-panel keys and test parameter settings can be 
controlled by means of the instrument's HP-IB capability. 
The 4192A LF Impedance Analyzer is part of HP's 

variable-frequency impedance analyzer family. It covers 
the frequency range below that of the 4191 A RF Impedance 
Analyzer1 which does impedance measurements in the HF 
to UHF frequency range. Together the 4191A and 4192A 
can make impedance measurements over the very wide 
frequency range of 5 Hz to 1 GHz. 

The main applications for the 4192A are testing of com 
plex discrete components, either separately or in-circuit. 
and evaluating circuits, materials, and semiconductor de 
vices. An example is measuring quartz crystal parameters. 
Manufacturers and users of quartz crystals require an accu 
rate way to measure a crystal's series or parallel resonant 
frequency, equivalent series resistance, shunt capacitance, 
and Q. The 41 92 A can perform all these measurements 
quickly. If an HP-IB controller is available, they can be made 

GfllN-PHRSE CHHRHCTERISTICS 

FREQUENCY C KHZ) 

Fig. in Gain-phase characteristics of a 3. 2-MHz crystal f i l ter in 
i ts  passband are  measured eas i ly  by  the 4192A.  

automatically and plotted graphically (Fig 2). If an X-Y 
recorder is connected to the 4192A's recorder outputs, mea 
surement results can be recorded on standard logarithmic 
or linear graph paper. 

When used with an HP-IB controller, the 4192A can au 
tomatically measure the frequency characteristics of cored 
inductors while keeping the test current through the DUT 
constant. This is possible because the output level of the 
signal source can be remotely controlled while monitoring 
the test signal level. 

Unlike most impedance measurement instruments, the 
4192A can measure the input or output impedance of de 
vices and circuits grounded on one side, such as filters and 
amplifiers. 

The combination of impedance and gain-phase mea 
surement capabilities provides many benefits, especially in 
designing video, communication, and hybrid 1C circuits. 
The greatest benefit is that the designer can evaluate both 

FREO. f  kHz)  

RDMITTRNCE VECTOR LOCUS 

HP 4192R 
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STHRT FRO. -3999. 2 KHZ 

STOP FRO. -4000.6 KHZ 

STEP FRO. -I HZ 

Conductance (mS) 

Fig. measured 4192A Impedance characteristics of a 4-MHz quartz crystal, measured with the 4192A LF 
Impedance Analyzer ,  (b)  Admi t tance vector  locus of  the 4-MHz quar tz  crysta l  near  the ser ies-  

resonance f requency.  
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the characteristics of an entire circuit and the impedance 
characteristics of the components that make up the circuit. 
For example, Fig. 3 shows measurements made on a crystal 
filter, and Fig. 2 shows measurements on a crystal. There 
fore, the designer can precisely analyze circuit performance 
down to the component level. The 4192A also makes it 
possible to troubleshoot and upgrade the circuit easily. This 
not only improves design efficiency, but also contributes to 
reliable design. 

LF Br idge 
The major sections of the low-frequency impedance 

analyzer are the LF bridge, the vector ratio detector, the 
signal source, and the digital data and control section. 

The bridge section (Fig. 4) in the 4192A uses an approach 
different from that used in similar instruments like HP's 
4274A and 4275A Multifrequency LCR Meters.2 For 
impedance measurements this section provides a complex 
voltage across the device under test (DUT) and another 
complex voltage proportional to the complex current 
through the DUT at bridge balance. 

A heterodyne method is used to balance the bridge over 
the frequency range of 5 Hz to 1 3 MHz. The bridge uses two 
mixers. One is placed right after the I-V converter and the 
other at the front of the low current amplifier. Therefore, 
the IF amplifier and the null detector can operate at the 
intermediate frequency (78.125 kHz) regardless of the mea 
surement frequency and the vector generator can operate at 
40 MHz. Thus, it is easy to obtain two 90Â° phase shifters to 
drive the null detector and the vector generator. This made 

High Current  
Amplif ier 

it possible to design a simplified digital phase tracking 
circuit. 

The I-V converter, filter, low current amplifier, and 
measurement cables cause a phase shift large enough to 
prevent the bridge from balancing at high measurement 
frequencies. This phase shift has to be compensated ap 
propriately so that the bridge can be balanced over the full 
frequency range. A phase shift between the reference signal 
of the null detector and the IF signal causes a phase shift 
between the bridge input (LPOT) and output (LCUR) 
in Fig. 4, provided that the phases of the local, 40-MHz, 
and VCO signals are kept constant. A digital phase tracking 
circuit varies the phase shift of the reference of the null 
detector. It consists of a preset binary counter and latches. If 
one pulse of the 16IF signal is removed from the input 
pulses during each period of the IF signal, the reference 
phase of the null detector can be delayed 22.5Â° from the IF 
signal. The phase tracking data is programmed according to 
the measurement frequency and cable length, and is stored 
in a ROM for use by the instrument's microprocessor. 

The bridge of the 4192A uses a four-terminal-pair config 
uration3 to avoid measurement errors caused by mutual 
inductance between measurement cables. Errors can be 
avoided because the magnetic fields generated by the cur 
rents flowing in the inner and outer conductors of the mea 
surement cable cancel each other when the bridge is bal 
anced. To maintain this condition over the full test fre 
quency range, the bridge section uses floating power 
supplies for the low current amplifier, the I-V converter, 
and the coaxial baluns. The floating power supplies pro- 

F Circuit Common of 
High Current  Ampl i f ier  

C i rcu i t  Common of  
I -V Converter  

C i rcu i t  Common of  
Low Current  Ampl i f ier  

0  4 0  M H z  

Phase Tracking 
Control 

Fig. and sect ions sect ion of the 4192A. The high current,  low current and I-V converter sect ions 
each have an independent  f loat ing power  supply  to  make measurement  o f  one-s ide-grounded 

devices possib le.  
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V ,  ( H i g h  P o t e n t i a l )  

A n a l o g - t o - D i g i t a l  
C o n v e r t e r  

T I  T o  D i g i t a l  
I n t e g r a t o r  S e c t i o n  

Fig. 5. conversion. ratio detector. This circuit uses only one frequency conversion. 

vide excellent isolation between the low current amplifier 
and the I-V converter and chassis ground. Each power sup 
ply is a dc-to-dc converter with a 1-MHz switching fre 
quency and low-pass filters. Common-mode noise is ap 
proximately 10 (Â¿V rms. These floating supplies provide the 
grounded-on-one-side impedance measurement capability. 

If the bridge is unbalanced, an error current ij flows into 
the I-V converter and is converted into an IF error signal by 
the first mixer. The amplified IF' error signal is added to the 
null detector to control the 40-MHz vector generator. The 
signal converted from the 40-MHz error signal is fed back to 
the other side of the reference resistor until the system 
becomes balanced, that is, until \Â¿ = 0 and VÂ¿ = 0. 

V  V  v  v  .  .  v  r  Â «  â € ”  i  = 1  â € ”  â € ”  

v 
Therefore Zx = -  Rr -  

Vr 

As seen from the above equation, all that is needed to 
calculate the complex impedance of the DUT are the values 
of Rr and the vector ratio between Vx and Vr. 

Vector  Rat io Detector  
Fig. 5 shows a simplified block diagram of the vector ratio 

detector section. This section detects the precise complex 
voltage ratio (both magnitude and phase difference ratios) 
between two signals. 

To obtain good tracking characteristics and linearity for 
various test signal levels, the buffered signals are multi 
plexed in a timesharing manner to share one signal path. 
The output from the multiplexer is converted into an IF 
signal by a mixer to cover the measurement frequency range 
from 5 Hz to 13 MHz. Typical tracking accuracy is 0.03% for 
midrange frequencies and 0.3% for the high and low fre 
quencies. The equivalent input noise of the mixer is low 

enough to allow detection of weak signals, especially for 
gain-phase measurements. Maximum input level is approx 
imately 2V rms. 

To satisfy these requirements, field-effect transistor 
switches and operational amplifiers are used to provide a 
double-balanced mixer having a wide dynamic range (Fig. 
6). Compared with conventional diode mixers, this mixer 
exhibits much better linearity for high input levels and 
lower power requirements for the local port. The equivalent 
input noise is about the same as that of the operational 
amplifiers. To keep the signal level fortheanalog-to-digital 
converter (ADC) constant in the impedance measurement 
mode, the signal conversion gain of the mixer is controlled 
according to the test signal level. 

Besides the desired feedthrough component, several un- 

Input 
Port 

Local Port 

Fig .  6 .  Doub le-ba lanced mixer  p rov ides  good l inear i t y  over  
the ent i re operat ing range. 
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wanted signals are also applied to the IF stage from the IF 
port of the mixer. Examples are the sum of the signal and the 
local of feedthrough from the local port to the IF port of 
the mixer, and sideband noise introduced around the IF 
signal by various noise sources. Conventional methods to 
eliminate these unwanted components use a high-Q 
bandpass filter in the IF stage. If this approach is used, the 
frequency components as near as 10 Hz from the IF must be 
attenuated by more than 80 dB. Such high-Q filters are very 
costly and introduce a significantly slower response to 
input level changes. Therefore, a different approach was 
chosen in the 4192A for filtering. 

The integration time of the ADC is used as a filter func 
tion. It is well known that an integrator whose integration 
time is TI has a frequency response Ff as follows: 

F f  =  
TTfT, 

where f is the input frequency. 
Since the phase detector located in front of the integrator 

is regarded as a mixer whose input component is mixed 
with the IF signal, the unwanted components described 
above (except sideband noise) are converted to components 
whose frequencies are multiples of the measurement fre 
quency. Therefore, if Tj is set to be a multiple of the recip 
rocal of the measurement frequency, the term sin(7rfTj) be 
comes zero and unwanted components are eliminated. The 
higher the measurement frequency becomes, the further the 
unwanted components appear from the IF signal. The IF 
filter (following the mixer in Fig. 5) becomes effective only 
for measurement frequencies above 10 kHz. Consequently, 
rejection by using an integration time TÂ¡ is especially nec 
essary for the lower measurement frequencies. 

TÂ¡ is varied by changing the integration time counter via 
the microprocessor. Since the integration time must vary 
from approximately 2.5 ms to 600 ms, an ordinary dual- 
slope integrator cannot be used because of its limited 
dynamic range. An integrator similar to the one used in the 

HP 3455A Digital Voltmeter4 is used, because its dynamic 
range is practically infinite. 

The noise bandwidth of filters of this type is equal to the 
reciprocal of the integration time. For example, an integra 
tion time of 20 ms gives a noise bandwidth of 50 Hz. This is 
approximately equal to the noise bandwidth of a filter with 
a -3-dB bandwidth of 32 Hz if the filter is approximated by 
a single-tuned bandpass filter having a Q of 2400. 

Signal  Source 
Fig. 7 shows a simplified block diagram of the 4192A's 

signal source section. In impedance measurements or 
gain-phase measurements, a good quality test signal is es 
sential for obtaining high-resolution measurements with 
good repeatability. The basic concept used in the 4192A is 
to phase-lock the 40-to-53-MHz signal from VCO #1 to a 
100-kHz signal that is divided down from a 40-MHz signal 
by using fractional-N frequency synthesis.5 The VCO #1 
output is then converted to the 5-Hz-to-13-MHz test signal 
by mixing. 

A local frequency that is always higher than the test 
signal frequency by the IF (usually 78.125 kHz) is obtained 
by subtracting the 40-MHz-IF signal from the VCO #1 output. 
The 40-MHz-IF signal is generated by VCO #2 which is 
phase-locked to the IF frequency divided from the 40-MHz 
signal. Leveling of the output signal is achieved by feeding 
back an ALC (automatic level control) signal to the PIN 
modulator inserted in the path of the 40-MHz signal. Con 
trol of output level is achieved by changing the reference 
level of the ALC loop, which is controlled by an 8-bit 
digital-to-analog converter (DAC). 

Digital Circuitry 
All data and analog controls are managed by an MC68BOO 

microprocessor. A battery-supported backup memory re 
tains five independent instrument setups when the instru 
ment is turned off or line power is removed. Troubleshoot 
ing is done easily with the instrument's built-in test capa 
bility and a specially designed troubleshooting kit that is 

PIN Modulator 

External 
Reference 

Input 

Reference 
Phase-Locked 

Loop 

IF Control 

f iF=78.125 kHz/69.44 kHz 

Fig.  7 .  The s igna l  source sect ion 
o f  t h e  4 1 9 2 A  g e n e r a t e s  t h e  t e s t  
a n d  l o c a l  s i g n a l s  b y  u s i n g  a  
fract iona/-N synthesizer.  
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Fig .  8 .  The 16095A probe f i x tu re  
i s  use fu l  fo r  p rob ing  c i rcu i t s  and  
dev ices  grounded on one s ide .  

F i g .  9 .  T h e  1 6 0 9 6 A  t e s t  f i x t u r e  
i s  u s e f u l  f o r  m e a s u r e m e n t s  o f  
two-por t  dev ices and c i rcu i ts .  

supplemented by signature analysis. 

Test  Fixtures 
Two different types of test fixtures and an accessory kit 

are available for circuit probing or measurement of two-port 
devices. Also, most of the test fixtures usable with HP's 
4274A and 4275A Multifrequency LCR Meters can be used 
with the 4192A. 

The 16095A probe test fixture (Fig. 8) is convenient for 
measurement of devices grounded on one side, circuits, and 
in-circuit components. Before using the probe, zero offset 
compensation should be performed to cancel the effects of 
any residual inductance and stray capacitance inherent in 
the probe fixture. 

The 16096A test fixture (Fig. 9) is used to measure the 
input/output impedance and gain-phase response of two- 
port devices and circuits. 
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S P E C I F I C A T I O N S  
HP Model  41 92 A LF Impedance Analyzer 

P A R A M E T E R S  M E A S U R E D :  
IMPEDANCE PARAMETERS:  Z | -9 ,  |  Y | - 9 ,  R -X ,  G -B ,  L -R ,  G ,  D ,  Q ,  C -R ,  G ,  D ,  Q  re l a  

t i ve  ga in  {B-A) ,  phase,  g roup de lay ,  abso lu te  ga in  (A ,  B) .  
G A I N - P H A S E  P A R A M E T E R S :  ( B - A ) - 6 ,  ( B - A ) - g r o u p  d e l a y ,  A ,  B .  

D E V I A T I O N  M E A S U R E M E N T :  D i s p l a y s  m e a s u r e d  v a l u e  a s  d e v i a t i o n  ( A )  f r o m  s t o r e d  
reference or  as percent  deviat ion (A%) for  a l l  parameters.  

TEST SIGNAL ( in terna l  synthes izer ) :  
FREQUENCY RANGE:  5 .000  Hz  to  13 .000000  MHz.  
FREQUENCY STEPS:  1  mHz (5  Hz to  10kHz) ,  10mHz(10tO 100kHz) .  100 mHz(100 kHz 

to  1  MHz) ,  1  Hz (1  to  13 MHz) .  
FREQUENCY ACCURACY:  Â±50 ppm.  
SIGNAL gain- L (open-circuit for impedance measurement or terminated with 50Ã1 for gain- 

phase measurement ) :  5  mV to  1 .1Vrms.  
M E A S U R E M E N T  M O D E :  

S P O T  v o l t a g e .  M e a s u r e m e n t s  a t  s p e c i f i c  f r e q u e n c y  o r  b i a s  v o l t a g e .  
SWEEP MEASUREMENT:  L inear  o r  logar i thmic  sweep measurements .  

INPUT IMPEDANCE OF CHANNEL A  AND B :  1  M i l  Â±2% in  pa ra l l e l  w i th  25  pFÂ±5 pF .  
M E A S U R E M E N T  R A N G E  A N D  B A S I C  A C C U R A C Y :  

Parameter  

Impedance  |Z |  
Admi t tance JY[  
Phase 
Relat ive Gain 

( B - A )  
Group Delay 

Absolute Gain 
A, B 

R a n g e  

0 . 1  m f l t o  1 . 2 9 9 9  M i l  
1  nS to  12 .99  S  

-180.00Â° to +180.00Â° 
0 .001 dB to  100 dB 

0.1 ns to 10 s 

1 3 . 8 d B m t o - 8 7 d B m ( 5 0 Ã ­ i )  
O . S d B V t o  - 1 0 0 d B V  

Bas i c  Accu racy "  

0.2% 
0.2% 
0.1Â° 

0.02 dB 

Calculated by 
accuracy of  phase 

0.4 dBm 
0.4 dBV 

'Var ies  depending on measurement  f requency and tes t  s igna l  leve l .  
" B a s i c  b a s i c  a c c u r a c y .  A t  f r e q u e n c i e s  b e l o w  4 0 0  H z  a n d  a b o v e  1  M H z ,  t h e  b a s i c  

mainframe accuracy begins to ro l l  of f .  

CIRCUIT MODE: Ser ies,  para l le l ,  and automat ic .  
MEASURING TERMINALS:  4 - te rmina l  pa i r  con f igura t ion .  
DISPLAYS: 4V2-digi t  d isplay in average and normal mode. 31/2-digi t  d isplay in high-speed 

mode. 
I N T E R N A L  D C  B I A S :  - 3 5 V  t o  + 3 5 V ,  1 0 - m V  s t e p s .  
RECORDER OUTPUTS: - 1 V to + 1 V for display A and B. 0 to 1 V for frequency/bias, 1 -mV 

steps. 
MEASURING T IME:  

IMPEDANCE MEASUREMENT:  140  to  170  ms  (60  to  90  ms  in  h igh -speed  mode) .  
GAIN-PHASE MEASUREMENT:  180  to  220  ms  (90  to  130  ms  in  h igh -speed  mode) .  

G E N E R A L :  
OPERATING TEMPERATURE: 0 to 55Â°C, 95% relat ive humidity at 40Â°C. 
POWER:  100 ,  120 ,  220V Â±10%,  240V +5%,  -10%,  48  to  66  Hz .  
P O W E R  C O N S U M P T I O N :  1 0 0 V A  m a x i m u m .  
D I M E N S I O N S  A P P R O X I M A T E  ( H W D ) :  2 4 7  m m  x  4 2 5  m m  x  5 4 7  m m .  
WEIGHT:  Approx imate ly  19  kg .  
A C C E S S O R I E S  F U R N I S H E D :  1 6 0 4 7 A  T e s t  F i x t u r e ,  t w o  1 1 0 4 8 C  5 0 Ã !  f e e d t h r o u g h s ,  

11652 -60009  son  Powe r  Sp l i t t e r ,  1250 -0216  BNC Adap te r ,  and  two  11170A  Cab le  
Assembl ies.  

A C C E S S O R I E S  A V A I L A B L E :  1 6 0 9 5 A  P r o b e  F i x t u r e ,  1 6 0 9 6 A  T e s t  F i x t u r e ,  1 6 0 9 7 A  
Accessory Kit, 1 6047B/C Test Fixtures, 1 6048A/B/C Test Leads and 1 6034B Test Fixture. 

PRICE IN U.S.A.:  $11, 550. 
M A N U F A C T U R I N G  D I V I S I O N :  Y O K O G A W A  H E W L E T T - P A C K A R D  L T D .  

9-1 ,  Takakura-cho 
Hachio j i -sh i ,  Tokyo,  Japan 
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A Fast, Programmable Pulse Generator 
Output Stage 
A new pulse generator  suppl ies  fast - t rans i t ion pu lses for  
tes t ing 100k ECL,  advanced Schot tky  TTL,  and o ther  fas t  
logic famil ies. 

b y  P e t e r  A u e  

WITH THE INTRODUCTION of fast new integrated 
circuit logic families like 100k ECL (emitter- 
coupled-logic) and the ongoing development 

of current technologies such as Schottky TTL and advanced 
Schottky TTL, the volume of fast integrated circuits is in 
creasing rapidly. Characterization of the parameters of such 
ICs in R&D, production, incoming inspection, or produc 
tion testing of modules designed with these circuits re 
quires a fast, accurate pulse generator with variable transi 
tion times to match those of the logic family under test. A 
new HP-IB programmable pulse generator, Model 8161A 
(Fig. 1), allows these measurements to be performed under 
remote control. Increased throughput, decreased develop 
ment time, and easier long-term reliability tests are among 
the benefits of this 100-MHz pulse generator with 1.3-ns 
transition times (Fig. 2). 

Design Approach 
Because major portions of the proven 8160A Programma 

ble Pulse Generator1 were perfectly suitable for the new 
instrument, the basic mechanical design, power supply and 
timing circuitry of the 8160A were adopted. Only minor 
changes were necessary to meet the needs of the 816lA's 
100-MHz repetition rate and the different internal supply 
currents. The microprocessor hardware was redesigned to 
implement signature analysis and the latest-design ROMs. 
The major challenge was the design of the programmable 
transition time generator and output amplifier. 

Transi t ion Time Generator  
The main parts of the transition time generator are the 

current-switching differential amplifier, the clamp voltage 
circuitry, two buffer amplifiers, and seven high-precision 
current sources (see Fig. 3). To achieve the fast transition 
times, push-pull differential circuitry was chosen. 

To describe thebasic principles of operation, let's assume 
the four switching current sources are off and Ql has been 
off and Q2 on for a long period of time. In this case Isum = 

F ig .  1 .  Mode l  8T6TA Programma 
b l e  P u l s e  G e n e r a t o r  p r o d u c e s  
pu l ses  w i t h  amp l i t udes  up  t o  5V  
and  t rans i t i on  t imes  o f  1 .3  ns  t o  
900 iJS.  a t  ra tes  up  to  100 MHz.  
P r o g r a m m i n g  i s  d o n e  m a n u a l l y  
us ing the f ront -panel  keyboard or  
remotely via the HP-IB (IEEE 488). 
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Fig.  2 .  Model  81 61 A 's  1  .3-ns t rans i t ions (upper  t race)  are 
faster  and c leaner  than most  fast  log ic  fami l ies,  such as 10k 
ECL ( lower t race).  

!LEE + ITRE f lows through Q2. Voltage VC1 =V1 =VCLl +0.7V 
and voltage VC2 = V2 = VCL2 - 0.7V. When Ql is switched 
on and Q2 off, Isum flows through Ql and Cl is discharged 
with ILEE - Isum = - ITRE- On the other hand, C2 is charged 

with ITRE, since Q2 is off. When Ql is switched off and Q2 
on again, Cl is charged with ILEE an<l C2 is discharged 
with ~ Is = ~ ILEE- The voltage swing between 
and V2 is limited by VCL1 - VCL2 + 1.4V, which is approx 
imately 2V. The slew rate is proportional to ILEE or ITRE- 
Therefore, with increasing current values, the transition 
times decrease. 

Cl and C2 consist of intrinsic and stray capacitances 
only. The ramp signal is buffered and amplified using buf 
fer amplifier 1. For transitions between 5 ns and 99.9 ns 
fixed capacitances are switched in by turning the four 
switched current sources on. In this case part of the signal 
goes through buffer amplifier 2. For transitions longer than 
99.9 ns, additional capacitances are switched in. 

The ILEE and ITRE current sources are controlled by two 
10-bit multiplying digital-to-analog converters (DACs) for 
transitions ^5 ns. For shorter transition times, a separate 
custom-designed DAC is used because the control doesn't 
follow a simple function and has to be approximated. ILEE 
and ITRE are made equal to achieve a cleaner waveform. 

Output Stage 
A dual cascode differential amplifier (Fig. 4) drives the 

complementary outputs. (In the Option 020 dual-channel 

F i g .  3 .  T h e  t r a n s i t i o n  t i m e  
g e n e r a t o r  p r o v i d e s  p r o g r a m m a  
ble t ransi t ion t imes f rom 7.3 ns to 
900 /us. 
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Input 

F i g .  4 .  O u t p u t  a m p l i f i e r  a n d  a t  
tenuator .  A dua l  cascode d i f fe ren 
t i a l  a m p l i f i e r  d r i v e s  t h e  c o m  
plementary outputs.  

instrument, one output is taken from each channel). 
The electronic attenuator consists of a pair of differential 

amplifiers and a vernier current source. The input signals 
control the share of current through Ql and Q2 and there 
fore the current through each differential amplifier. 

Similarly, Vv controls the current in attenuator transis 
tors Q3, Q5 or Q4, Q6. Assume that Vv is set to an attenua 
tion factor of 2 , 1 = 1 00 m A, and the input is such that both I: 
and I2 = 50 mA. Then I3 = %\ = 25 mA and I4 = y2I2 = 25 
m A, which adds to a vernier current of 50 mA. The sum I3 
+ I4 remains constant for all input signal conditions with It 
and I2 split appropriately so that the remaining currents I5 
and I6 cause the desired output amplitude at the load resis 
tors. This is true for all attenuation ratios. The active vernier 
operates over a dynamic range of 10 dB. 10-dB and 20-dB 
step attenuators can be switched into the signal path for a 
total amplitude variation of 40 dB, giving an amplitude 

range of 50 mV to 5V. Without addition of an offset current 
source, the output pulses would always be negative. A 
bipolar current source is added to supply any current value 
between -200 mA and +200 mA to allow an offset voltage 
of +5V maximum. For ease of use, calculation of the 
amplitude, offset and step attenuator setting is done by the 
microprocessor. An additional feature in the Option 020 
instrument, besides the availability of a second output 
channel, is the selectable built-in 50Ã1 passive adder. In the 
A-add-B mode, the sum of the output signals is available at 
the channel A connector and the channel B outlet is dis 
abled. This feature can be used to generate waveforms like 
fast simu (Fig. 5) and multilevel signals, or for the simu 
lation of glitches, spikes, and overshoot on signals with 
transition times as low as 1.5 ns (Fig. 6). 

Fig. 5. The 8161 A Option 020 can generate fast staircases for 
test ing A-to-D converters, mult i level logic,  or pulse-height dis 
criminators. 

F i g .  6 .  T h e  A - a d d - B  m o d e  m a k e s  i t  p o s s i b l e  t o  s i m u l a t e  
glitches, spikes, and overshoot with transistion times as low as 
1.5 ns. 
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S P E C I F I C A T I O N S  
H P  M o d e l  8 1 6 1 A  P u l s e  G e n e r a t o r  

Peter  Aue 
A  D i p l o m  I n g e n i e u r  g r a d u a t e  o f  t h e  
University of Stuttgart, Peter Aue joined 
HP's Bobl ingen Instruments Div is ion in 
1976. Before he became project  leader 
of  the 8161 A,  he contr ibuted to the de 
sign of the 8 160A timing circuitry. Peter 
i s  mar r i ed ,  has  t h ree  daugh te rs ,  and  
l ives in Bobl ingen. He spends his spare 
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P u l s e  P a r a m e t e r s  ( 5 0 f l  L o a d )  
PERIOD: 

RANGE:  10 .0  ns  to  980 ms.  
RESOLUTION:  3  d ig i ts  (bes t  case 100 ps)  
ACCURACY: Â±3% of  programmed va lue Â±0.5 ns (per iod <100 ns)  

Â±2% of programmed value (per iod 5*100 ns) 
MAXIMUM J ITTER:  0 .1% o f  p rog rammed va lue  +50  ps .  

D E L A Y ,  t i m e s ,  P U L S E ,  W I D T H :  ( S p e c i f i c a t i o n s  a p p l y  f o r  m i n i m u m  t r a n s i t i o n  t i m e s ,  
measured at  50% of  ampl i tude.  Delay is  measured f rom t r igger  to  main output ) .  
DELAY (DEL)  RANGE:  0 .0  ns  to  990  ms .  
DOUBLE PULSE (DBL)  RANGE:  8 .0  ns  to  990  ms .  
WIDTH (WID)  RANGE:  4 .0  ns  to  990  ms .  
RESOLUTION:  3  d ig i ts  (best  case 100 ps) .  
ACCURACY: Â±1% of  programmed value Â± 1 ns.  
MAXIMUM JITTER: 0.1% â€¢*â€¢ 50 ps (Â«999 ns) 

0 . 0 5 %  ( 9 9 9  n s  t o  9 . 9 9  / i s )  
0 . 0 0 5 %  ( > 9 . 9 9  / i s )  

DUTY CYCLE L IMITS:  
D E L A Y :  f o r  D E L  s  5 0  n s ,  D E I ^ g , ,  < 0 . 9 4  P E R  -  3 0  n s .  

fo r  DEL <  50  ns ,  DELmax independen t  o f  pe r iod .  
W I D T H :  f o r  W I D  s  5 0  n s ,  W I D m a x  < 0 . 9 4  P E R  -  3 0  n s .  

f o r  W I D  <  5 0  n s ,  W I D m a x  < 0 . 9 4  P E R  -  3  n s .  
O U T P U T  L E V E L S :  

H I G H  L E V E L  ( M I L )  R A N G E :  - 4 . 9 5 V  t o  5 . 0 0 V .  
L O W  L E V E L  ( L O L )  R A N G E :  - 5 . 0 0 V  t o  4 . 9 5 V .  
RESOLUTION:  3  d ig i ts  (10  mV) .  
AMPLITUDE:  0 .06V min imum,  5 .00V max imum.  
LEVEL ACCURACY: Â±1% of  programmed value Â±3% of  ampl i tude Â±25 mV. 
SETTLING TIME:  20 ns p lus  t rans i t ion t ime to  ach ieve spec i f ied accuracy.  

NOTE:  
In  A  add B Mode (Opt .  020 on ly ) :  

H I G H  L E V E L  ( H I L )  R A N G E :  - 1 . 7 5 V  t o  1 . 8 0 V .  
L O W  L E V E L  ( L O L )  R A N G E :  - 1 . 8 0 V  t o  1 . 7 5 V .  

TRANSIT ION T IMES (10 -90% Amp l i tude) :  
LEADING EDGE (LEE) :  1 .3  ns '  t o  900  / i s .  
TRAIL ING EDGE (TRE) :  1 .3  ns '  t o  900  us .  

*<1  ns  (20 -80% amp l i tude)  
*1 .5  ns  in  A  add B mode (Opt .  020 on ly ) .  

L INEARITY:  Â±5% for  t rans i t ion t imes >30 ns.  
PRESHOOT,  OVERSHOOT,  R INGING:  Â±5% o f  amp l i t ude  Â±10  mV fo r  t rans i t i on  t imes  

^2.5 ns,  may increase to Â±10% of  ampl i tude Â±10 mV for  t ransi t ion t imes <2.5 ns.  

A  ADD B:  Adds  Channe l  A  and  B  ou tpu ts  (Opt .  020) .  
OUTPUT FORMAT:  8161A:  S imu l taneous  norma l  and  complement  ou tpu t .  

8161A selectable. 020: Channel A and B, normal/complement independently selectable. 

Operat ing Modes 
NORM: Cont inuous pulse s t ream. 
G A T E :  E x t e r n a l  s i g n a l  e n a b l e s  r a t e  g e n e r a t o r .  F i r s t  o u t p u t  p u i s e  s y n c  w i t h  l e a d i n g  

edge.  Last  pulse a lways complete.  
TRIG: Each input  cyc le generates a s ingle output  pulse.  
B U R S T :  E a c h  i n p u t  c y c l e  g e n e r a t e s  a  p r o g r a m m a b l e  n u m b e r  ( 0  t o  9 9 9 9 )  o f  p u l s e s .  

Minimum time between bursts is 1 period. Minimum period setting in burst mode is 1 5.0 ns. 
MAN:  S imula tes  ex terna l  s igna l  when EXT INPUT swi tched OFF.  
SINGLE PULSE: Prov ides a s ing le  pu lse independent  o f  input  and per iod set t ings.  

General 
RECAL IBRAT ION PERIOD:  1  yea r  
WARM-UP TIME:  30 minutes to  meet  a l l  spec i f icat ions.  
REPEATABILITY:  Factor  o f  2  bet ter  than spec i f ied  accuracy .  
ENVIRONMENTAL:  

STORAGE TEMPERATURE: -40Â°C to 75Â°C. 
OPERATING TEMPERATURE: 0Â°C to 50Â°C. 

Specifications apply from 20Â°C to 40Â°C. 
Accuracy derating for temperatures from 20Â°C to 0Â°C and from 40Â°C to 50Â°C with factor 

(1 + 0.05 xAÂ°C), where AÂ°C is the temperature deviation outside the 20Â°C-40Â°C 
range. 

HUMIDITY RANGE: 95% R.H., 0Â°C to 40Â°C. 
POWER-OFF STORAGE: Af ter  e ight  hours of  operat ion,  bat ter ies mainta in a l l  s tored data 

up to  2  weeks wi th  ins t rument  swi tched of f .  Hardwired addressable locat ion conta ins a 
f i x e d  s e t ) .  s t a t e  f o r  c o n f i d e n c e  c h e c k  ( s t a n d a r d  p a r a m e t e r  s e t ) .  

P O W E R :  1 1 5 / 2 3 0 V  r m s  +  1 0 % ,  - 2 2 % ;  4 8 - 6 6  H z ;  6 7 5 V A  m a x i m u m .  
WEIGHT: Net  20.8 kg (46 Ibs) ,  Shipping 25 kg (55 Ibs) .  
D IMENSIONS:  178  mm h igh ,  426  mm wide ,  500  mm deep (7  x  16 .  B  x  19 .7  in ) .  
PRICES Second U.S.A.: 8161A Programmable Pulse Generator. $14.940. Option 020 Second 

Channe l .  I nc ludes  de lay ,  w id th ,  doub le  pu lse ,  t rans i t i on  t imes ,  and  ou tpu t  amp l i f i e r ,  
$6590. 
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