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The Role of 
Electronic Medical Instrumentation 
in Patient Monitoring 
By H. Ronald Riggert 

THE ANCIENT GREEKS BELIEVED that an individual's 
good health depended upon an internal equilibrium 

among the four elements: earth, air, fire and water; the 
four qualities: dry, moist, hot and cold; and the four 
humors: phlegm, blood, black bile and yellow bile. In 
their time and for many centuries thereafter, disease was 
believed to result from lack of proper equilibrium among 
these elements, qualities, and humors. Medical therapy, 
accordingly, was directed toward returning these ele 
ments and humors to a healthy state. 

Modern medicine is based upon the tenet that life 
processes, both normal and pathological, are essentially 
complex physical phenomena, which follow the physical 
laws elucidated by modern physical science. Electronics 
is important to the modern physician and medical scien 
tist in many ways. Two are discussed here. First, many 
life processes are ionic in nature and produce concom 
itant electrical signals. These include propagation of 
nerve impulses along nerve fibers, and the electrical de 
polarization and repolarization of muscle cell membranes 
during muscular contraction and relaxation. Secondly, by 
transducing non-electrical phenomena into electrical sig 
nals, electronic instruments are useful for detection and 
measurement of non-electric events which play important 
roles in life processes. These include pressures, flows, 
rhemirnl concentrations, etc, 

Ever-expanding electronic knowledge has been gener 
ously applied both to the understanding of biological 
phenomena and toward creation of instruments for the 
medical research laboratory. In the past several years, 
however, electronics has come to play an increasingly 

Fig. 1. Typical heart wave forma (electrocardiograms) as 

measured  a t  body  sur face .  Large  peak ,  known as  "R"  

wave, is about /'/a millivolts: time scale is Vs second per 

major division. 
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Fig. 2. Typical central 
station patient-monitoring 
equipment. Heart-waveforms 

are displayed on 

large-screen Sanborn scope. 

Alarm equipment is 

also provided to 

signal low or high 

heart rates, etc. 

Patient rooms are 

often arranged so 

that nurse always 

has patients in view. 

important role in the clinical management of patients, 
especially those critically ill. For example, through con 
tinuous electronic monitoring of individuals admitted to 
hospitals after acute coronary occlusions, hospital mor 
tality from this most common cause of death has been 
reduced from its former value of 40% to 20%. The 
impact of this single example is striking when one con 
siders that some 600,000 Americans will die this year 
from occlusive coronary disease. 

An important consequence of establishing intensive 
care areas, above and beyond the availability of the hard 
ware for patients, is the concentration of experience 
which results. High skills naturally develop among mem 
bers of the intensive care team. 

Design and development of electronic medical instru 
mentation has been carried out for many years at the 
Sanborn Division of HP, formerly the Sanborn Co., in 
Waltham, Massachusetts. One engineering group here 
is responsible for developing instrumentation for mon 
itoring critically-ill patients. This article describes some 
engineering and interface aspects of such monitoring 
equipment. 

The Body as a Source 

From an instrumentation point of view, the body can 
be considered by the engineer as the site of physical, 

chemical and electrical phenomena that relate to the 
functions of various tissues, organs, and organ systems 
of the body. In the case of electrical phenomena, some 
form of data transmission impediment exists between the 
electrical signal source and the 'outside world! The en 
gineer must devise means that somehow avoid or ade 
quately overcome the barrier in order that the signals 
may reach signal conditioners and be put into meaning 
ful forms for presentation. To present non-electrical 
phenomena, it is necessary to convert or transduce to an 
electrical signal before signal conditioning and presenta 
tion. The aim of such presentation is to aid in detection 
and diagnosis of abnormal conditions and to follow the 
results of treatment. 

Heart  Measurements  

Much of the presently-available patient monitoring 
instrumentation is used to assess heart function. The 
reasons for this are twofold. First, heart disease is a 
leading killer. Second, the electrical depolarization and 
repolarization potentials that accompany the rhythmic 
contraction and relaxation of the heart muscle are 
readily-available and highly meaningful signals. 

The time-varying electrical field surrounding the heart 
is dependent upon the pathways and velocities of prop 
agation of electrical activity in the heart walls. The 
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Cur ren t  
- - H I    -  S t r a y  C a p a c i t i v e  C o u p l i n g  

f r o m  L i n e s  

Cance ls  AC P ickup  

Fig. 3. Preventing shock hazard is important in designing 
monitoring equipment. Currents in the </00 microampere 
range are suspected of being potentially lethal in some cir 
cumstances. An arrangement such as that shown here for 
the HP Electrocardiograph limits patient-to-ground cur 
rents to negligible levels. It also minimizes hum signals 

into the ECG. 

electrical field generated by the heart is an aggregate of 
the electrochemical activities of each of the muscle cells, 
going through the contraction-relaxation cycle. The 
muscle cells forming the walls of the heart's pumping 
chambers contract during each pumping cycle, decreas 
ing the chamber volume and forcing blood out. In the 
normal heart, the electrical activity propagates along 
well-defined paths with propagation velocities that vary 
along the path. This pattern of electrical activity results 
in synchronization and appropriate time relationship in 
the contraction of the upper receiving chambers (atria) 
and lower pumping chambers (ventricles). 

The resultant current flow in the electrically-conduc 
tive organs and tissue that surround the heart transmits 
the electrical activity to the surface of the body where 
electrodes can be placed to furnish a connection to an 
ECG amplifier. A form of data transmission impediment, 
mentioned earlier, exists between the heart and the ECG 
amplifier and may be considered in two parts. One is due 
to electrical noise generated by muscles other than the 
heart that are near the electrodes. This noise appears 
on the electrocardiogram as bursts or spikes, oflen of 

considerably greater amplitude than the ECG waveform. 
Muscle noise picked up by the limb electrodes commonly 
used in taking clinical ECG's can usually be adequately 
reduced if the patent will relax. Critically ill patients 
frequently are unable to cooperate and relax. It is then 
necessary to place the electrodes on the chest wall. 

The second impediment to extracting ECG signals 
is that of the relatively nonconductive outer layer of 
skin (epidermis) through which the signal must pass. 
Electrodes on dry skin establish contact impedances of 
typically 100 kilohms, often higher. Peak ECG signal 
levels are usually about 1 millivolt. Under these con 
ditions there can be enough capacitive coupling (as 
high as 1 microamp rms) from power-line-operated de- 
interference into the ECG. This problem is overcome by 
reducing the electrode contact impedances and minimiz 
ing the ac potential on the body. 

Electrode impedance can typically be reduced to the 
10-kilohm level by permeating the epidermis with a salt- 
solution electrolyte. Needle electrodes also establish a 
lower contact impedance but are not commonly used. 

With the use of electrolyte on the two signal electrodes 
and on the patient-grounding electrode, ac interference 
is adequately reduced in most situations. However, the 
direct connection to ground exposes the patient to a 
potential shock hazard should he contact faulty or im 
properly connected equipment. Improper grounding of 
the monitoring instrument itself also presents the possi 
bility of shock. The danger is most serious in those situa- 
ations where currents may pass directly through the heart 
since the lethal current level in the human heart is 
thought to be as low as 10 to 100 microamperes rms. 
This situation is possible wherever equipment may be 
connected to the heart, as through a conductive catheter 
passed via a blood vessel from the body surface into the 
heart for diagnostic or treatment purposes. 

The shock hazard is significantly reduced in a series 
of ECG monitors recently devised at the Sanborn labora 
tories of HP. The technique avoids a direct wire connec 
tion from the patient grounding electrode to ground. 
Instead, the patient is actively driven to ground potential 
by an amplifier with current-limited output (Fig. 3). As 
suming negligible current flow in the patient signal elec 
trodes, the patient's floating potential appears across the 
amplifier input. This results in a current output (with 
negative-feedback phasing) being returned to the patient; 
this, in turn, lowers the patient's floating potential. When 
operating within the current output limits of the ampli 
fier, this technique can, as a result of gain in the ground 
ing amplifier, produce an effective patient grounding 
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impedance lower than the actual electrode contact im 
pedance. Thus the patient will become effectively dis 
connected from ground, should he contact a voltage 
source. 

ECG Diagnosis 

ECG waveforms with specified characteristics should 
be found at certain electrode locations if electrical activ 
ity of the heart is normal. Unusual origins of electrical 
activity, and variations in conduction paths or propaga 
tion velocities may alter these characteristics. 

Detection of abnormal ECG waveshapes or rhythms 
are critical aspects of patient monitoring in coronary care 
units and other intensive care areas. This can hardly be 
overemphasized, since it is through vigilant surveillance 
of the heart's electrical activity as manifest on the elec 
trocardiogram, with appropriate early therapy of abnor 
malities, that the hospital mortality from coronary 
occlusions has been cut in half. 

low HIGH 

SENS 

I I  - / Â » Â »  

Fig. 4. Cardioiachometer is designed with 

low and high rate alarms. 

Heart  Rate 

Heart rate is implicit in the cardiograph signal. It can 
be derived from the ECG by triggering a cardiotachom- 
eter from the relatively narrow and large-amplitude 
'R' component of the ECG that accompanies each con 
traction of the heart. A direct reading of heart-rate alone 
is provided on a separate meter which has built-in thresh 
old-limit settings. The attending physician sets limits 
within which he believes there is no cause for alarm. If 
the patient's heart rate should slow below the lower limit 
set, or exceed the selected upper limit, the instrument 
triggers alarms. The physician may decide that momen 
tary excursions are tolerable, so an alarm time delay is 
provided with adjustments to permit exclusion of mo 
mentary out-of-limits readings. 

Pacing 

The rhythmic beat of the heart is intrinsic to heart 
muscle and needs no external trigger. Animal hearts 
excised from the body and maintained in an appropriate 
nutritional medium have been experimentally kept beat 
ing for years. While all heart tissue has intrinsic rhyth- 
micity, the rate of intrinsic contraction varies from place 
to place within the heart. That area with the fastest in 
trinsic rate normally sets the pace, and is known as the 
pacemaker. This area is usually at a particular site in the 
right atrium of the heart. 

Bund le  
o f  H is  

Fig. 5. Natural heart impulse is initiated in 'pacemaker' 

located at heart 's upper right.  Impulse spreads through 

muscle as shown. 
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The normal pacing impulse spreads through the heart, 
as indicated in the diagram, in about 0.3 second at the 
usual rate of 60-100 per minute and produces a cardiac 
cycle waveform at the surface of the body, Fig. 1 . 

In some abnormal situations, the natural site of pace 
origin may be displaced, and in many such cases the 
normal synchronism of successive heart actions will be 
disturbed. The effect is serious; it is to reduce the heart 
output, which we cannot monitor simply. It is likely to 
be accompanied, however, by changes in heart rate and 
ECG waveform. If these are monitored, an alarm will 
occur in these cases and the attending medical personnel 
can determine the exact nature of the problem and act 
appropriately. 

It is often possible to stimulate the heart muscle arti 
ficially with an electrical impulse train from an electronic 
pacemaker. There are several varieties of pacemakers, 
each with special usefulness. The pacing impulse may be 
applied through electrodes placed on the body surface. 
In other circumstances the signal may be applied by 
passing a pacing catheter through a vein into the heart. 
Electrodes may also be surgically attached to an exposed 
heart. Self-powered artificial pacemakers may even be 
surgically implanted, as prosthetic devices. 

The pacing impulse has a duration of about 2 milli 
seconds. HP pacemakers deliver a constant-current pulse 
whose amplitude can be adjusted from several milli- 
amperes for internal electrodes to over 100 mill Â¡amperes 

for external electrodes. The impulse rate is adjustable 
from 50 to 1 50 pulses per minute, 70 ppm being a typical 
selected value. For patient safety, the pacing impulse is 
delivered from a floating output having low capacitance 
to the equipment cabinet. In some Sanborn monitoring 
equipment, a pacemaker is integrated into the same pack 
age with the monitoring equipment as well as being de 
signed as a separate unit. 

Defibril lation 

A more serious disturbance in the synchronous se 
quence of heart action is known as ventricular fibrillation. 
It may result from coronary occlusion, from electric 
shock, and from abnormalities of body chemistry. Ven 
tricular fibrillation is a gross defect in synchrony of con 
traction amongst the muscle fibers of the lower chambers 
of the heart. The heart is in a state in which the muscle 
fibers contract so asynchronously as to 'twitch' ineffec 
tively. The situation requires immediate countermeas- 
ures, since a fibrillating heart cannot effectively pump 
blood. It is hardly possible to distinguish between this 
condition and a cessation or arrest of electrical activity, 
without an electrocardiogram. It is important to make 
the distinction, since treatment, which must be imme 
diate, is different. With an electrocardiogram, however, 
the distinction can quickly be made from the waveform. 

In fibrillation, the fundamental problem is that the 
heart muscle fibers are continually stimulated by adjacent 

â € ¢  i  .  .  â € ¢  .  .  v  

Fig. 6. Sanborn pacemaker is designed with two current 
ranges for use with chest electrodes or electrodes placed 

directly on heart. 

I  

Ã€ 
Fig. 7. Typical output current waveform from pacemaker 
(chest electrodes} Current and rate are adjustable. Vertical 

scale here is 2 ma/cm, horizontal about 1 ms/cm. 
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cells so that there is no synchronized succession of rest 
(or repolarized) and active (depolarized) states among the 
cells. Consequently, control over the normal sequence 
of cell action cannot be captured by ordinary stimuli, 
internal or external. 

To overcome the random electrical activity that char 
acterizes fibrillation, a high-amplitude external electrical 
pulse (countershock) has been found effective. The 
countershock depolarizes all cells simultaneously, allow 
ing the muscle cells then to recover (repolarize) to the 
rest condition simultaneously. Now there is a good 
chance some portion of the heart's naturally rhythmic 
tissue will initiate synchronous functioning, hopefully the 
natural pacemaker center. 

Less severe heart irregularities, such as 'atrial fibrilla 
tion' (which involves the receiving chambers rather than 
the pumping chambers) and 'ventricular tachycardia' 
(dangerously fast but not entirely ineffective pumping) 
are two other arrhythmias which may respond to judi 
cious use of the defibrillator. 

In these cases, where heart efficiency is only partially 
impaired but where the heart still has a definite cycle, 
timing of the countershock is required. Countershock 
must not be applied during certain vulnerable portions 
of the cardiac cycle when the cells are repolarizing and 
when an applied electrical impulse could initiate new 
arrhythmias. Suitable circuitry is included to enable the 
operator to determine in advance at what point in the 

cardiac cycle the equipment will automatically trigger 
the countershock. 

The defibrillator provides up to 400 joules in a single 
dc pulse. The dc energy is stored in a 1 6-microfarad 
capacitor at voltages up to 7.1 kV A high- voltage relay 
switches the capacitor from the charging circuit to the 
patient electrode. A 0.1 henry inductor in series with the 
patient circuit controls the peak amplitude and duration 
of the discharge current waveform. The result is a 
slightly-underdamped waveform with a duration of about 
5 milliseconds. 

The patient electrodes are large discs about 3" in 
diameter. They are designed as either flat or concave 
surfaces for external chest or internal direct application 
to the heart. On the chest the electrodes are placed in 
such a way that the defibrillating pulse traverses the 
heart. Electrolyte is used between the discs and the body 
tissue to provide uniform current density. 

Blood Pressure 

Blood pressure measurement on patients under inten 
sive care is important since adequate pressure is neces 
sary to perfuse or force a supply of blood through the 
body's vital organs. Without adequate perfusiÃ³n, the 
organs function improperly and consequent deterioration 
in the body systems can eventually lead to death. The 
heart is the pump in the circulatory system, forcing blood 
into arteries at typical mean pressures of 1 00 mm Hg. 

Fig. 8. Sanborn monitoring array includes electrocardio 

graph and pacemaker with other monitoring equipment. 

Equipment is normally located at bedside. 

Fig.  9 .  Defibri l lator produces up to 400 joules  in a dc 

pulse typically applied to heart through chest wall. 
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Fig. 10. Typical countershock waveform provided by San- 
born defibrillator. Amplitude is adjustable up to 7 kv. Time 

scale is 2 milliseconds/cm. 

HIGH 

L O W  H I G H  

Fig. 11. Blood pressure monitor arranged with high and 
low limit alarms. 

Arterial pressure rises sharply with each contraction of 
the heart then drops off more slowly. The maximum is 
called 'systolic^ the minimum 'diastolic' pressure. Typical 
values might be 120 and 80 mmHg. This pressure drop 
is mainly the result of flow resistance in the small mus 
cular arterioles of the circulatory system. These arterioles 
precede and selectively regulate flow through the capil 
lary system consisting of very small thin-walled vessels 
where nutrients, gases, etc., are exchanged between the 
blood stream and body cells. 

Blood pressure is most commonly measured with the 
sphygmomanometer, a pneumatic cuff encircling the up 

per arm with an inflatable section in continuity with a 
pressure indicator. This may be a mercury column or a 
mechanical gauge. The cuff is inflated to a pressure ex 
ceeding that of the blood in the large brachial artery of 
the arm. The applied pressure is transmitted through the 
tissues of the arm, collapsing the contained vessel's pli 
able walls. Pressure is then gradually released from the 
cuff while the examiner listens to a stethoscope bell 
placed over the brachial artery beyond the cuff. When 
pressures within the cuff have dropped to levels just 
below the peak (systolic) pressure in the artery, a brief 
jet of blood squirts through the compressed segment. 
Since this spurt is at high velocity, and is turbulent, it can 
be heard at the stethoscope. As long as the vessel is com 
pressed, jets will only intermittently squirt through, each 
associated with a pumping cycle, and the turbulence will 
continue to be heard as pressure decreases. When the 
vessel is no longer significantly restricted turbulence ends 
and the sounds disappear. The cuff pressure at this time 
is taken to be the diastolic pressure. The sphygmoma 
nometer technique is only accurate to about 15%. Fur 
ther, the measurement is an intermittent one, and there 
are discontinuities in the blood pressures obtained. 
Lastly, and most severely, the technique is often inappli 
cable at the low blood pressures that occur in shock, 
when readings are most needed. There is, then, an impor 
tant requirement for a blood pressure measurement tech 
nique without these disadvantages. 

For continuous and accurate blood pressure measure 
ment, a small sterile hollow fluid-filled tube is inserted 
directly into a suitable artery or vein. These tubes (cath 
eters) are led to a pressure-gauge from which direct in- 
travascular blood-pressures can be measured (Fig. 12). 

The fluid pressure transducer in the HP Series mon 
itoring systems is a magnetically-coupled device working 
into carrier amplifier circuitry to obtain a calibrated pres 
sure-voltage output. This voltage contains pressure wave 
form information and can be displayed on an oscilloscope 
or recorder. The waveform is processed by peak detec 
tion circuitry to detect and hold the systolic and diostolic 
levels for meter presentation. As on the heart rate meter, 
threshold limits can be set to provide alarms should either 
systolic or diastolic pressures exceed the limits selected 
by the physician. 

Venous pressure instrumentation is carried out in a 
similar way, but the equipment must be an order of mag 
nitude more sensitive, to work at the lower pressure 
levels. Venous pressure-measuring equipment does not 
use peak detection circuitry, since an average pressure 
reading is normally desired. 
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When using the direct pressure technique, several pre 
cautions must be taken. Accidental rupture of the fluid 
system which would result in a loss of blood from the 
system must be avoided; one must avoid clotting at the 
catheter tip, and the introduction of infection. Clotting is 
prevented by keeping the transducer and catheter free of 
blood and filled with a saline solution containing an anti 
coagulant agent. Occasional flushing of small amounts of 
saline into the bloodstream prevents clotting of blood at 
the catheter tip. Infection is minimized by using steri 
lized materials and by topical antiseptic application 
around the puncture site. 

An indirect method of detecting loss of circulation uses 
a photoelectric plethysmograph (volume change sensor) 
to sense blood pressure pulsation in surface tissue. This 
device incorporates a small light source and photoresis- 

ances (within 0.1 Â°C) which makes calibration of instru 
ments to individual probes unnecessary. They are also 
available in a variety of configurations for use at different 
body locations. Rectal, esophageal (throat), and axillary 
(underarm) locations are commonly used. Since body 
temperature changes occur relatively slowly, instrumen 
tation of temperature measurement has its greatest value 
in cases where temperature management is critical or 
where frequent readings by manual means is too time- 
consuming. 

Respiration 

Oxygen supply to the vital organs is a continuous re 
quirement the body meets by maintaining proper gas 
levels in the blood stream through respiration and by 
delivering an adequate supply of the oxygenated blood 

Fig. 12. Typical blood pressure waveform. 

live detector which senses modulation of light transmis 
sion through the ear. This modulation occurs in the red 
portion of the spectrum, resulting from a change in tissue 
blood volume as arterial pressure pulsates following each 
heartbeat. Although a pressure waveform can be ob 
served on an oscilloscope or recorder, the technique does 
not lend itself to providing calibrated pressure informa 
tion due to the several uncontrolled variables that are 
also involved. The waveform can be fed to a cardio- 
tachometer to obtain pulse rate, as an alternate to de 
riving rate from the ECG. 

Body Temperature  

Body temperature can be measured using a thermistor 
probe as the sensor. Thermistors are of suitable sensi 
tivity, with resistances varying on the order of 3% per 
degree Centigrade. They are available with close toler- 

to the vital organs through the circulatory system. Since 
continuous measurement of blood oxygen has so far been 
impractical, physical chest expansion is detected to 
indicate respiration. Respiration rate is derived, and pre 
sented as an indicator; at least it shows that the respira 
tion part of the respiration/circulation cycle is going on. 
A sensitive displacement transducer is used as the sensor, 
driving tachometer circuitry which indicates respiration 
rate on a meter. 

Signal  Delay 

In the management of critically-ill patients, it is fre 
quently not enough just to be aware that an abnormal 
event has occurred. It may also be of much importance 
to be able to go back and review information leading up 
to the time when the abnormality was detected, i.e., to 
re-examine in detail a record of the abnormal event. It 
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Fig. 13. Body temperature and respiration rate monitor. 
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Fig. 14. Tape-loop recorder fo.r recording ECG signals on 

magnetic tape. Tape loop records for 40 seconds including 

10 seconds after a distress signal which also init iates a 

chart recorder. 

is possible to accomplish this with continuous recording, 
either on written record or magnetic tape, but at the 
expense of accumulating excessive data. However, a con 
tinuous-loop tape recorder can store information for a 
given period and then erase and reuse the tape on a con 
tinuing basis. The HP 780 Series tape delay can be pre 
programmed to respond to an alarm situation in one of 
two modes. One model automatically starts a direct- 
writing recorder (heated stylus recorders are normally 
used) upon detection of the alarm, thereby recording in 
formation coming off the tape just prior to erasure. These 
data are delayed in time by the length of the loop, typ 
ically 40 seconds. After the tape has completed one full 
loop, the data recorder on the loop at the time of the 
alarm will just begin to be recorded on the paper re 
corder. This recorder continues writing for a fixed period, 
typically 10 seconds, and then automatically shuts off. 
Thus, the written record is 50 seconds in length, con 
taining 40 seconds of bef ore-alarm information and 10 
seconds after. The tape loop, meanwhile, has not stopped 
but continues to write, store, read out and erase. 

The second mode of loop operation is to automatically 
stop the tape loop shortly (typically 10s) after occurrence 
of an alarm. After stopping, assuming again a 40 second 
tape length, the tape contains 30 seconds of data prior to 
alarm and 1 0 seconds after. This tape can now be played 
back at will on a paper recorder or oscilloscope without 
erasing the data. In this mode, the data are retained on 
tape for further use, but manual intervention by an op 
erator is needed to obtain a written record and to restart 
the tape loop. Since the tape loop is packaged in the form 
of a plug-in cartridge, a loop that is stopped and holds 
alarm information can be replaced with a fresh cartridge 
and reviewed at a later time. 

The instrument has a capacity of two data channels. 
These might be used for ECG and blood pressure on a 
single patient or an ECG from each of two patients. De 
pending on the type of installation, the device can be 
located either at the patient's bedside or at the central 
station. 

General  

Patient-monitoring equipment is unquestionably des 
tined more and more to play a large and important role 
in the hospital care of the seriously ill. Even though the 
use of such equipment is in the growth stages, some 
notable results have already been obtained. Medical di 
rectors are sure that tens of thousands of lives each year 
will be saved through wider use of intensive care pro 
grams employing patient-monitoring equipment. 
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Fig. 15. Central station in intensive care medical unit supplements bedside monitoring 
instrumentation (background) with Sanborn/Dymec data acquisition system (left) and 
typewriter printout system (center). Data are sometimes digitally recorded for computer 

processing. Installation shown is at Lenox Hill Hospital, New York City. 

The speed with which monitoring equipment is being 
put to use in hospitals is limited by the need for special 
ized personnel. The usefulness of the equipment has been 
demonstrated but the interpretation and profitable use of 
the information it provides requires suitable training and 
retraining on the part of the medical unit staff. The neces 
sity for training programs is being accepted and reem- 
phasized by hospital personnel and it is not unrealistic 
to expect that virtually every major hospital will employ 
patient monitoring in special-care units in the foreseeable 
future. 
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Precision Thin-Fi lm Coaxial  Attenuators 
Semi -au toma ted  th i n - f i lm  techn iques  y i e l d  a t t enua to rs  t ha t  a re  
e x c e p t i o n a l l y  p r e c i s e  a n d  w i d e b a n d  ( d c  t o  1 8  G H z ) ,  y e t  s o  e c o n o m i c a l  
t ha t  t hey  can  log i ca l l y  be  used  even  in  non -c r i t i ca l  app l i ca t i ons .  

B y  S t e p h e n  F .  A d a m  

MODERN METHODS OF DESIGN AND PRODUCTION have 
brought about development of a family of coaxial 

attenuators precise enough for insertion loss and return 
loss measurements and for extending power ranges of 
measuring instruments without sacrificing accuracy. On 
the other hand, their cost is low enough to make them 
useful for non-critical padding and isolation, such as 
reducing VSWR or lowering power levels to avoid over 
driving sensitive instruments. 

Bandwidths of the attenuators are compatible with 

today's coaxial systems. They give constant attenuation 
from dc to 18 GHz, or in less costly versions from dc to 
12.4 GHz. They have linear phase shift and low VSWR. 
All of them are checked by swept-frequency methods 
which have certified accuracies traceable to the National 
Bureau of Standards. 

High precision and wide bandwidth in these attenua 
tors are achieved by use of a new kind of lossy element, 
a two-dimensional attenuating 'card' which provides both 
series and shunt losses of a distributed nature. It consists 

Fig. 1. Thin film 

of resistive material 

(dark area in center) 

on dielectric substrate 

is a low-cost wideband 

attenuating element used 

in several HP coaxial 

attenuators. Silver areas 

on card are electrodes. 

Actual Size 
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of a thin rectangular sheet of resistive material on a 
dielectric substrate, Fig. 1. The resistive film is applied 
by vacuum deposition. Also on the card are ground elec 
trodes along two opposite sides of the resistive film and 
input and output electrodes along portions of the two 
remaining sides of the film. 

For coaxial service, the cards are loaded into cylindri 
cal cartridges and stripline transitions to the input and 
output are added. The transitions accommodate either 
type N connectors or Amphenol precision 7mm con 
nectors. 

These attenuators are used in the input step attenua 
tor of the HP Spectrum Analyzer and in some 50n loads. 
For general coaxial-attenuator use, the designs include 
three types of fixed 3, 6, 10, and 20 dB coaxial attenua 
tors and a variable 0 to 60 dB step attenuator. Fixed 30, 
40, 50, and 60 dB coaxial attenuators were also de 
signed, to be made available on special order. 

Theory 

A complete treatment of how the card attenuator 
works would include field equations; however, a basic 
understanding of the device can be gained from trans 
mission-line theory. In the arrangement showing dimen 
sions of the film and electrodes on the substrate, Fig. 2, 
the resistive film is almost a pure resistance. Neglecting 
its small reactance and susceptance, its characteristic 
impedance is found from well-known transmission-line 
equations to be 

?ohms 

where R is the series resistance per unit length and G is 
the shunt conductance per unit length. 

The attenuation factor, the real part of the propaga 
tion constant, is 

a = \/RG nepers per unit length. 

If the resistivity of the film is p ohms per square, then 

R = - ohms per unit  length, 
B 

G = â€” Tp;   â€” mhos per unit length, 
p I** â€” a; 

7  /  D  â € ”  a  A >  =  p  - y  /  A _  o h m s ,  

a n d  a t  =  - v  /  -  -  n e p e r s  p e r  u n i t  l e n g t h .  
a(D -  a)  

The last equation shows that the attenuation is inde 
pendent of the resistivity of the film provided, of course, 

Highly -Conduct ive 
Meta l l i zed Sur face 

Fig. 2. Due to the structure of the attenuating card, there 

is, at any increment of length A/, a series resistance part 

R and a parallel conductance parÃ G. 

Fig. 3. One of the vacuum deposition units which deposit 

the resistive film on the attenuator cards. Many cards can 

be processed at once, thereby keeping costs low. 
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Fig. by attenuation of thin-film deposition process is shown by distribution of attenuation 

variations of over 200 of each of HP Model 8491A 10 dB and 20 dB attenuators. Total 
variations are within the design specifications without any hand touchup. 

1 kHz:  

1  kHz 
OSCILLATOR 

High Frequencies: 

TRANSFORMER 
200SÃ-50Ãœ 

ALC 

SWEEP 
OSCILLATOR 

Sweep 

LOW-PASS 
FILTER 

TRANSFORMER 
K B  H i g h  Z  

Plane of  Inser t ion-  
A t tenua to r  t o  be  

Tes ted  i s  inser ted  
here 

I N D I C A T O R  N O T E S :  
A N D  1  â € ”  P r e c i s i o n  C o n n e c t o r  
1  k H z  2  â € ”  1 0  d B  P a d  

A T T E N U A T O R  3 â € ”  P r e c i s i o n  5 0 "  L i n e  
Â ± 0 . 0 0 2  d B  5  4  â € ”  S e v e r a l  S w e e p e r s  a r e  u s e d ,  

one  fo r  each  f requency  band .  
They  a re  100% amp l i t ude -  
modu la ted  by  1  kHz  squa re  
waves. 

5 â€” Special  instrument.  
Accuracy  t raceab le  to  NBS.  

XY 
RECORDER 

INDICATOR 
A N D  

â€¢ 
A T T E N U A T O R  

Â±0 .002  dB  

DETECTOR 

Fig. thin-film atten diagrams of test setups used in final calibration of thin-film coaxial atten 
uators. dB, are compared with special 1 kHz attenuator calibrated to Â±0.002 dB, 
traceable to NBS. Low-frequency calibration is at 1 kHz, '"/>; high-frequency tests use 

swept-jrequency technique, bottom. 
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12.0  GHz 

Ca l ib ra t ion  
Traces 

Fig .  HP At  t races  for  a t t enua t ion  ca l ibra t ion  o f  t yp ica l  HP Model  8492  A  6  dB At  

tenuator from 8.0 to 12.5 GHz. Setup was as shown in Fig. 5. Ripples in traces are caused 

by changing phases of multiple reflections. True curves are found by averaging out the 

ripples as shown by the black lines in the vicinity of 12 GHz in the above record. This 

attenuator's true value at 12 GHz is 6.05 dB. 

that the film is homogeneous. The attenuation in dB 
depends only upon the geometry of the resistive film. 
Moreover, because the attenuation is independent of 
resistivity and the dielectric substrate's dimensions show 
only negligible changes with temperature, the attenuation 
is virtually insensitive to temperature changes. 

In the foregoing paragraphs the resistive film was as 
sumed to have no reactance or susceptance. Actually, 
the current paths in the film produce small inductive 
effects which cause the attenuation at high frequencies to 
deviate from the desired value. The effects are different 
for different values of attenuation. To compensate for 
these effects, capacitive elements of various types are 
added to the finished attenuators. Total variation in at 
tenuation among finished attenuators, Fig. 4, proved to 
be well within the design tolerance. 

TDR and Mechanical  Scal ing 

To eliminate any discontinuities that might degrade 
the frequency response, VSWR. or phase response of the 

attenuators, the designs were checked by time domain 
reflectometry. But since no TDR system available at that 
time would test up to 18 GHz, mechanical scaling was 
used. Everything was constructed to 5 times scale and 
checked by TDR up to 3.8 GHz. When all of the objec 
tionable discontinuities had been removed from the large 
model, its dimensions were divided by five to get the ac 
tual attenuator dimensions. The actual attenuators work 
as well at 19 GHz as the models did at 3.8 GHz. 

Product ion Methods 

Precision silkscreening and semi-automated thin-film 
deposition are employed in the manufacture of the co 
axial attenuators. Silver input, output, and ground elec 
trodes are silkscreened onto the dielectric substrates. 
Then the cards are loaded into special fixtures and 
aligned under a microscope to make certain that the re 
sistive film will be deposited in the right places. 

*  H .  P o u l t e r ,  ' M e c h a n i c a l  S c a l i n g  E n h a n c e s  T i m e  D o m a i n  R e f l e c t o m e t r y  U s e  '  p r e  
sen ted  Hewle t t -  Wes te rn  E lec t ron ic  Show and  Convent ion ,  1965 .  Repr in ted  in  Hewle t t -  
Packard  App l ica t ion  Note  75 .  
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Table I 
Accuracy of Swept Attenuation Tests 

Next, the fixtures containing the cards are placed in a 
vacuum chamber, Fig. 3, and a thin film of resistive ma 
terial is evaporated onto them. The process is precisely 
controlled. Each card is tested repeatedly as the film is 
being deposited. The finished cards do not require any 
hand touch-up, which would be quite expensive. 

Before the cards are removed from the vacuum cham 
ber, a microscopic coating of silicon monoxide is evap 
orated onto them to increase their stability and protect 
them from hostile environments. The cards are then re 
moved, tested, and loaded into their cartridges. 

Variations in attenuation over the frequency range of 
the 10 and 20 dB attenuators was from Â±0.30 to Â±0.35 
dB, thus indicating good uniformity and repeatability of 
the thin-film processes. The design target was a maxi 
mum variation of Â±0.5 dB. 

Sweep Test ing  for  
At tenuat ion  and VSWR 

After the cards are placed into their cylindrical cart 
ridges, each device is pretested in a special test fixture 
over the entire frequency range. Then, when the connec 
tors have been added, the completed attenuators are 
again tested. 

Audio-frequency-substitution techniques are used in 
final testing and calibration of the thin-film attenuators. 
Each attenuator is compared to a special 1-kHz atten 

uator which is calibrated to an accuracy of Â±0.002 dB, 
traceable to NBS. 

Low-frequency calibration of the attenuators is per 
formed at a single frequency of 1 kHz, using the setup 
shown at the top of Fig. 5. 

At higher frequencies, calibration is by swept-fre- 
quency methods so that no spot-frequency resonances 
are overlooked. In the test setup at the bottom of Fig. 5, 
only one sweep oscillator is shown, but several are used 
in the tests to cover all frequencies up to 18 GHz. 

The sweepers are 100% square-wave modulated at 1 
kHz. A wideband detector recovers the 1 kHz signal at 
the output of the test section. 

Attenuators to be tested are inserted between two 
attenuators which have been especially selected for low 
reflections over the frequency range of interest. Lengths 
of precision 50n line between the attenuators and the 
plane of insertion, Fig. 5, are part of a scheme to elimi 
nate multiple mismatch errors, which would otherwise 
be so large that precise calibrations would be impossible. 

Multiple mismatch errors are caused by the reflections 
from the attenuators at the source and detector ends of 
the test section, and by reflections from the attenuator 
being tested. If rs is the source reflection coefficient, TD 

the detector reflection coefficient, I\ the reflection coeffi 
cient at the source end of the test device, and r, the re 
flection coefficient at the detector end of the test device, 
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then multiple mismatch uncertainty in dB equals 
10 log | l Â±rsrD - + 10 log i Â±rsr, 2 + 

10 log l Â±r,rD - 
I\ and T2 include the reflection coefficient of the preci 
sion connectors at the plane of insertion. 

The 50Q line separates rs and rD by several wave 
lengths at the lowest frequency of interest.  As the 
sweeper sweeps across the band, the phases of these re 
flections make many complete revolutions because of the 
changing phase shift of the 50Q line. The result is a 
recorder plot which has a great number of ripples, Fig. 6. 

Averaging out the ripples eliminates the multiple mis 
match errors. The only errors that remain are small er 
rors contributed by the reflection coefficients of the con 
nectors at the plane of insertion. 

If rs and TD were not separated by several wavelengths 
by the 50Q line, their phases would make less than one 
complete revolution and it would be impossible to aver 
age out the multiple mismatch errors. 

Before and after the test devices are inserted into the 
the test section, the calibration of the system is checked. 
A series of calibration traces is drawn on the recorder 
plot. These correspond to 0. 1 dB increments above and 
below the nominal attenuation of the test devices. These 
traces also have ripples, but the true calibration lines 
can be found by simply averaging the ripples. Averaging, 
interpolation, and drift during the test contribute an un 
certainty of about Â±0.02 dB to the measurements. 

Table 1 summarizes the uncertainties in the swept tests 
for two types of attenuators at 12 GHz and 18 GHz. 

In addition to the attenuation tests, each attenuator is 
tested for VSWR, using a swept-frequency technique. 
Typical test results are shown in the oscillogram, Fig. 7. 
VSWR's of the thin-film attenuators range from less than 
1.15 to about 1.5, depending upon the type of connec 
tors, the frequency, and the attenuation. 

Linear Phase Response 

Thin-film attenuators are not only flat in frequency 
response; their phase responses are quite linear. The 
oscillogram, Fig. 8, shows the deviations from linearity 
of a typical 6-dB attenuator from 1 .0 to 2.0 GHz, meas 
ured by the HP Network Analyzer (Hewlett-Packard 
Journal, February 1967). Deviations are a small fraction 
of a degree. 

Linear phase response makes the attenuators suitable 
for precision pulse work, which requires not only con 
stant attenuation over a wide bandwidth, but also con 
stant group delay. 

* S. F. Adam, 'Swept-Frequency SWR Measurements in Coaxial Systems,' 'Hewlett- 
Packard Journal,' Vol. 18, No. 4, Dec., 1966. 

Fig. 7. Each thin-film attenuator is swept-frequency tested 

for VSWR. This is a typical lest result for a Model 8491 A 

20  dB At tenuator .  Ver t ica l  sca le  i s  J  dB/cm.  VSWR = 

log'1 (width of pattern in dB/ 20). Maximum VSWR shown 

here is 1.16. 

Fig. 8. Center trace is the nonlinear phase shift of a UP 

Model  8491 A 6 dB Attenuator,  measured by HP Model  

8410  A  Ne twork  Analyzer .  Top  and  bo t tom t races  are  

Â±1Â° calibration. Because nonlinear phase variations are 

small  fractions of  one degree,  the thin-fi lm attenuators 

are suitable for pulse work. 
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Fig. 9. Fired attenuators were designed to be used singly 

or in sets of four â€” one each of 3, 6, 10, and 20 dB values. 

Sets contain calibration reports for all four attenuators. 

Fixed Attenuators 

Three types of fixed thin-film attenuators are pro 
duced. One has type N connectors and an upper fre 
quency limit of 12.4 GHz. The other two are accurate 
up to 18 GHz, one having type N connectors and the 
other having Amphenol precision 7mm connectors. All 
three types are made in 3, 6, 10, and 20 dB values. They 
can also be supplied in 30, 40, 50, and 60 dB values. 

Each fixed coaxial attenuator has a plate showing its 
measured attenuation at 0, 4, 8, 12, and 18 GHz (plates 
on 12.4 GHz attenuators show nothing at 18 GHz). 

One each of the 3, 6, 10, and 20 dB attenuators are 
also packaged in sets, Fig. 9. A calibration report ac 
companies each attenuator, showing its measured atten 
uation and reflection coefficients at 0, 4, 8, 12, and 18 
GHz. 

Var iable  At tenuator  

Thin-film attenuators are also used in a turret-type 
coaxial step attenuator, Fig. 10, which provides attenua 
tion of 0 to 60 dB in 10 dB steps. This attenuator has 
type N connectors (Amphenol precision 7mm connectors 
can also be supplied). Its frequency response is flat from 
dc to 12.4 GHz. 

The attenuator is operated with a simple knob rota 
tion; no push-turn-pull sequence is required. Each unit 

Fig. 10. HP Model 354 A O-to-60 dB Coaxial Step Atten 

uator uses thin-film attenuating cards. Frequency range is 

dc to 12.4 GH;. 
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was designed with a base for bench use, but the base is 
removable so the attenuator can be panel-mounted. 
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S P E C I F I C A T I O N S  
HP 

Models 8491 A, 8491 B, 8492A 
Coaxial  Attenuators 

A T T E N U A T O R  S E T S  

M o d e l  1 1 5 8 1 A  ( f o r  8 4 9 1 A )  I n c l u d e s  3 ,  6 .  1 0 ,  2 0  d B  v a l u e s .  .  .  
M o d e l  1 1 5 8 2 A  ( f o r  8 4 9 1 B )  I n c l u d e s  3 .  6 .  1 0 ,  2 0  d B  v a l u e s ,  

d e l  1 1 5 8 3 A  ( f o r  8 4 9 2 A )  I n c l u d e s  3 .  6 .  1 0 ,  2 0  d B  v a l u e s .  .  .  

3 0 ,  4 0 ,  5 0 .  a n d  6 0  d B  a t t e n u a t o r  v a l u e s  a v a i l a b l e  o n  r e q u e s t .  

S225 
2 8 5  *  M a t e  w i t h  M i l - C - 7 1  a n d  M Ã I - C - 3 9 0 1 2  c o n n e c t o r  d i m e n s i o n s .  

. . . 5 2 5  * *  A m p h e n o l  R F  D i v i s i o n ,  D a n b u r y ,  C o n n e c t i c u t .  

HP 

Model  354A 
Coaxial  At tenuator  

F R E Q U E N C Y  R A N G E :  d c  t o  1 2 4  G H z .  

I N C R E M E N T A L  A T T E N U A T I O N :  0  t o  6 0  d B  i n  1 0 - d B  s t e p s .  

A C C U R A C Y  ( i n c l u d i n g  f r e q u e n c y  r e s p o n s e ) :  : : : 2  d B .  

R E S I D U A L  A T T E N U A T I O N :  L e s s  t h a n  1 5  d B  

I M P E D A N C E :  5 0 ' . ? .  

R E F L E C T I O N  C O E F F I C I E N T :  
0  t o  8  G H z :  L e s s  t h a n  0 . 2  ( 1 . 5  S W R .  1 4  d B  r e t u r n  l o s s ) .  
8  t o  1 2 . 4  G H z :  L e s s  t h a n  0 . 2 7 3  ( 1 . 7 5  S W R .  1 1 . 3  d B  r e t u r n  l o s s ) .  

M A X I M U M  P O W E R :  2  W  a v e r a g e .  

C O N N E C T O R S :  T y p e  N  f e m a l e ,  s t a i n l e s s  s t e e l .  

D I M E N S I O N S  ( m a x i m u m  e n v e l o p e ) :  4  i n .  w i d e .  3 V s  i n .  h i g h ,  A V z  i n .  
d e e p  ( 1 0 2  x  7 9  x  1 1 4  m m ) ;  p a n e l  m o u n t ,  3 ' / Â ¡ 6  i n .  w i d e ,  2 y J 6  i n .  
h i g h ,  3 %  i n .  d e e p  b e h i n d  p a n e l  ( 7 8  x  5 9  x  9 5  m m ) .  

W E I G H T  ( w i t h  b a s e ) :  N e t .  2 %  I b s .  ( 1 , 2  k g ) .  S h i p p i n g .  4  I b s .  ( 1 , 8  k g ) .  

P R I C E :  M o d e l  3 5 4 A .  $ 3 5 0 . 0 0 .  

M A N U F A C T U R I N G  D I V I S I O N :  
H P  M i c r o w a v e  D i v i s i o n  
1 5 0 1  P a g e  M i l l  R o a d  
P a l o  A l t o ,  C a l i f o r n i a  9 4 3 0 4  
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nternational Units, Multiple and Submultiple Prefixes 
T h e  u n i t s  f o r  p h y s i c a l  q u a n t i t i e s  w h i c h  a r e  u s e d  i n  t h e  

H e w l e t t - P a c k a r d  J o u r n a l  f o l l o w  t h e  S I  S y s t e m  ( S y s t e m e  I n  
te rna t iona le  d 'Un i tÃ©s) .  De f ined  and  g iven  o f f i c ia l  s ta tus  in  a  
r e s o l u t i o n  o f  t h e  1 1 t h  G e n e r a l  C o n f e r e n c e  o n  W e i g h t s  a n d  
M e a s u r e s  a t  a  1 9 6 0  P a r i s  m e e t i n g ,  t h e  S I  s y s t e m  h a s  a l s o  
b e e n  a d o p t e d  b y  t h e  U . S .  N a t i o n a l  B u r e a u  o f  S t a n d a r d s  f o r  
u s e  i n  i t s  p u b l i c a t i o n s ,  e x c e p t  w h e r e  u s e  o f  t h e  u n i t s  w o u l d  
c o m p l i c a t e  t h e  c o m m u n i c a t i o n  o f  i n f o r m a t i o n .  

O n e  u n i t  i s  s p e c i f i e d  f o r  e a c h  q u a n t i t y ,  m u l t i p l e s  a n d  
s u b m u l t i p l e s  d e s i g n a t e d  w i t h  a p p r o v e d  p r e f i x e s ,  s h o w n  s e p  
a ra te ly  here .  Four  o f  the  bas ic  un i t s  a re  independent  ( leng th ,  
m a s s ,  t i m e ,  a n d  t e m p e r a t u r e ) .  A l l  o t h e r s ,  i n c l u d i n g  t h e  a m  
pere  and  the  cande la ,  i nvo lve  o the r  un i t s  i n  the i r  de f in i t i on .  

T h e  T a b l e  o f  U n i t s  a p p e a r e d  o r i g i n a l l y  i n  t h e  H P  J o u r n a l .  
V o l .  1 5 ,  N o .  7 ,  M a r c h  1 9 6 4 .  T h e  T a b l e  o f  P r e f i x e s  a p p e a r e d  
o r i g i n a l l y  i n  V o l .  1 4 ,  N o .  7 - 8 ,  M a r c h - A p r i l ,  1 9 6 3 .  

Submultiple Prefixes 

International System Of Units 
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