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ABSTRACT

Circuitry has been designed to be used in conjunction
with a conventional battery powered cassette recorder for
inevpensive take-home cardiac monitoring. Patients experi-
encing cardiac disturbances at home can make immediate . .G
recordings that can later be monitored by the physician
for rate and rhythm changes.

Since the required bandwidth for ECG recording is
.05 Hz to 100 Hz, and since typical battery powered cassette
systems display a bandpass response that rolls off on the
low end at about 200 Hz and on the high end at about 5K Hz,
1t has been necessary to devise a frequency modulation-
demodulation scheme to faithfully recover the ECG waveform.
A second signal (reference frequency) is also necessary to
compensate for the variable tape speed (flutter and wow),
of the recording system. Also a third signal is necessary
to be actuated by the patient to indicate a particularly
noticeable episode during his ECG recording.

The recording packet which is battery powered contains
an ECG amplifier plus three voltage controlled oscillators
(Signetics 566) to frequency modulate 1.) the ECG signal;
2.) the reference signal; and 3.) the episode signal.

These three FM signals are multiplexed (summed) and recorded

on a conventional cassette recorder.



The playback system to be used by the physician at his
convenience for monitoring, utilizes phase locked loop
(Signetics 565) integrated circuits for bandwidth separation
and demodulation of the three signals. The reference
signal is subtracted from the ECG waveform utilizing opera-
tional amplifier circuitry to compensate for tape speed
variations. The episode signal is amplified with an opera-
tional amplifier such that when actuated a light emmitting
diode is turned on.

The goal of the project was to keep the total component
cost less than $100.00, yet retain quality signal reproduc-
tion; which was accomplished using a Concord .ijodel F-26

cassette recorder.



I. INTRODUCTION

The work reported in this thesis derived 1ts original
impetus from the desire of G. Landon Beales, M.D., a cardio-
logist, to have available an lnexpensive, convenient, take-
home electrocardiogram (ECG) recording system. With such
a device a patient experiencing cardiac disturbances at
home could make an immediate electrocardiogram recording of
the evernt. It was also desirable to record simultaneously
with the ECG a second signal that could be actuated by the
patient te indicate a particularly noticeable episode. This
valuable diagnostic information would then be stored, and
could be played back for monitoring by the doctor at his
convenience.

0f the current recording mediums available, a battery
powered cassette gystem offered attractive advantages.
Particularly it is inexpensive, compact, portable, and
easily manipulated. There are, however, two basic limita-
tions of such a system that must be overcome. First, the
required banuwidth for ECG reproduction is .05 to 100 H=.
Typical battery powered cassette recorders display a band-
pass response that rolls off on the low end at about 200 H:
and orni the high end at about 5K Hz. It was therefore

necessary to devise a modulation-demodulation scheme in
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order to faithfully record and reproduce the ECG signal.

The second problem was distortion derived from variable
tape speed (flutter and wow)l, which can be removed by
recording simultaneously with the frequency modulated ECG
signal a reference frequency signal, which upon plwyback, is
subtracted from the ECG waveform.

Si7ce 1nexpensive cassette recorders utilize only one
recording track, and congidering the above reqguirements,
frequency modulation with multiplexing, similar to that
used in modern day telephone telemetryz, lends itself well
to the sitnation.

The challenge then at the onset was, using state of the
art components, to design, construct, and test inexpensive
circuitry to provide a clinically satisfactory electrocard-

iogram cassette recording system.



II. REVIEW OF LITERATURE

Einthoven, a Dutchman, developed the first practical
ECG instrument in 1903.3 The device consisted of a very
thin gold plated quartz fiber suspended between the poles of
a permanent magnet. When signals from the surface of the
body were connected to the ends of the fiber, current from
the heart voltages induced electromagnetic fields which
interacted with the permanent field of the magnet and caused
the fiber to move (Faraday's Law). This motion was magni-
fied by an optical system and subsequently reproduced on a
moving strip of photographic paper. This "string galvono-
meter ECG" was delicate and difficult to adjust and has been
superseded by modern day differential amplifier circuitry.

In 1906 Einthoven successfully transmitted ECG signals
over telephone lines.u Medical telephone telemetry later
became popular after World War II and in recent years has
gained widespread use.5’6 Bell Telephone developed the
first commonly used telephone telemetry single channel data
set transmission system (Bell Telephone 603A and 603B),
consisting of a frequency modulated transmitter and receiver.
Later in 1967 Bell Telephone set 604A and 604B was introduced,
capable of transmitting and receiving three channels of

analog data over one telephone line. This system is



curreritly in use by the Latter-day Saint Hosp:tal in Salt
Lake City for transmission of ECG's and other phvsiological
data.

Hewlett-Packard's H-P Model 19)15A ECG phone terminal
is also capable of three channel transmission. Twelve
standard leads are recorded in four sets of three leads
each with automatic lead switching. Marker identification
of lcad sets and standardization are also automatic. Within
ten seconds after connection of electrodes a complete 12-
lead electrocardicgram can be produced.3

In the area of continuous cardiac monitorins, Norman
Holter made significant contributions. In 19/ Holter
developed "radioelectrocardiography" by which an ECG was
transmitted via radio transmission from an 80-pound backpack
unit.8 In the ensuing years the electrocardiographic units
were ininliaturized and used clinically in the area of exer-
cise tolerance tests.” With further technological develop-
ments, Holter designed a battery operated, miniaturized
portable tape recorder in 1961, for continuous recording of
the patient's electrocardiogram. This eliminated the need
for radiotelemetry and radio receiving equipment, and allowed
the patient a greater range of activity. Holter also devel-
oped specially designed play-back equipment for high-speed
enalysis of the voluminous data obtained from each record-

10

ing. Continouous recordings are made for a period of 10

to 24 hours and are correlated with the patients record of



his activities during the monitoring period for clinical
evaluations. Thig procedure of continuous portable recording
of electrocardiograms has become known as "Holter monitor-
ing".ll
The Holter-Avionics system is widely used for detecting
transient disturbances in heart rate and rhythm during long-
term recording of the ECG under dynamic conditions. The
system consists of three main part : 1.) a portable tape
recorder which records the ECG of the patient; 2.) an
oscillosc e on which the ECG si.nals recorded by the tape
are displayed by rapid superposition; and 3.) a unit for
printout of the ECG complexes from the tape onto conven-
tional ECG paper.12
Survival Technology Inc., of Bethesda, Md., has devel-
oped a portable heart monitoring device about the size of
a pocket calculator called the Cardio Beeper that detects
arrhythmias. This device contains integrated circuitry to
measure the heart rate and determine if the rate monitored
by the device exceeds that of a preset oscillator, at which
time a "beep" alarm 1s activated. The patient can then call
his physician and transmit his ECG over the telephone line
via a voltage controlled oscillator within the Cardio Beeper
that sends modulated audio tones which are decoded at the
doctor's office.13

Recent developments in solid state integrated circuits

have made the development of the take-home ECG cassette



recorder economically feasible. While most transmission
and monitoring systems cost several thousands of dollars,
it is our goal to develop a take-home recorder for more

general use at a component cost of less than $100.00.



ITIT. PRELIMINARY FEASIBILITY STUDIES

In order to determine if the proposed theory is
feasible and practical for ECG recoruing and reproduction
using a cassette system, 1t was necessary to do some pre-
liminary studies using comparatively expensive FM modula-
tion-demodulation equipment, currently in use for telephone
telemetry at the LDS Hospital in Salt Lake City.

The circultry utilizes three frequency modulated,
multiplexed channels with carrier frequencies at 1075f100 Hz,

1935t100 Hz, and 2365f100 Hz (Figure 1).

AS1 ——-VCO1 BPF— DM AS1

As2 —-{vco2 = // [TIEEE o hee
SA Transmission

AS3 —1VCOo3 [— BPF DM AS3

Figure 1. Three channel FM telemetry. (AS-analog
signgl, VCO-voltage controllable oscillator, SA-
summing amplifier, BPF-bandpass filter, DM-demodulator)

Two of the channels were used in this study: one to

carry the ECG signal and the otner to carry a reference
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signal for tape speed compensation. The two waveforms were
frequency modulated, multiplexed, then recorded. Upon play-
back after discrimination, the reference signal was inverted
and added to the ECG waveform, thereby compensating for the
variable tape speed. Figure 2a is a playback from the
recorder of an ECG waveform coming directly from demodulator
two, and Figure 2b is the tracing of the synchronous compen-
sating signal also taken directly from demodulator three
output. The noise added by variable tape speed is apparent

on both tracings.

G cld dnae s, o vicsin el Doyl sdeviniwil

Figure 2. a. ECG Uncompensated tracing; b. Compen-
sating reference signal. (25mm/sec, 1lmv/1l.&cim)



Figure 3a 1s a tracing of an original ECG waveform
prior to modulation and recording. Figure 3b is the
recovered ECG coming out of the circuitry that subtracts
the compensating signal (Fig. 2b) from the ECG signal
(Fig. 2a).

Figure 3. a. Original ECG signal; b. Compensated
ECG playback waveform. (25mm/sec., a. lmv/cm,
b. 1mv/1 3cm)

More distortion was encountered than expected in the
final output (Fig. 3b). It was subsequently determined that

this was due to a difference in amplification of the
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demodulated ECG signal as compared to that of the compensating
signal. Once this was corrected, the tracings illustrated

in Figures 4 and 5 were obtained.

Figure 4. a. Original simulated ECG signal; b.
Compensated playback with Coricord recorder and
inexpensive tape; c¢. Compensated playback with
Concord Recorder and 3M tape. (25mm/sec.,

a. lmv/2.2cm, b. and c. 1lmv/3.0cm)



11

Figure 5. a. Compensated playback with Sears
recorder and inexpensive tape, b. Compensated
playback with Sears recorder and 3M tape.
(25mm/sec., a. and b. lmv/3.0cm)

Figures 4 and 5 also illustrate differences between
two different cassétte recorders (Sears, model 174,.34940000;
and Concord, model F-26); as well as the differences between
an inexpensive recording tape and a more expensive 3M tape.
A1l playback outputs were passed through a 48 Hz low pass
filter. These tracings illustrate that the more expensive

recorder (Concord) as well as the more expensive tape (3M)



are capable of recording higher frequencies which appear

as noise in the final demodulated, compensated ECG tracings.



IV. MATERIALS AND METHGDS

For FM demodulation phaselock loop (PLL) can be used
with superior performance to that of a conventional dis-

criminator.lu The basic phaselock loop structure is shown

below.

Input P > # output

Phase detector Low Pass Filter

AT

Voltage Controllable Oscillator {(VCO)

< —

Figure 6. Phaselock loop structure.

The VCO operates at a set free-running frequency.
When an input signal is applied to the system, the phase
comparator compares the phase and the frequency of the input
with the VCO frequency and generates an error voltage that
ig filtered, amplified, and applied to the control terminal
of the VCO. This controlvoltage forces the VCO to shift
its frequency to match that of the input.

If the frequency of the incoming signal is sufficiently
close to that of the free-running VCO value, the VCO syn-

chronizes, or locks, with the incoming signal. The PLL
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then tracks the frequency changes of the input signal, with
the error voltage generated from the phase detector becoming
the actual FM demodulated signal. The "lock range" is the
range of frequencies over which the PLL can maintain lock
with the input signal, and the "capture range" is the
frequency with which the PLL can acquire lock with an incoming
signal (the capture range is smaller than the lock range).lLF
The PLL has the distinct advantage of functioning as
a self contained receiver by combining the functions of
frequency selectivity (bandpass filter), and demodulationl5,
thereby eliminating the need for bandpass filters preceding
the PLL demodulators, as in conventional discriminators.
Phase lock loop receivers are used to recover a signal
deeply embedded in noise.lq
The PLL receiver also has a distinct disadvantage. It
will lock to both harmonic and subharmonic signals of the
fundamental frequency; therefore, care must be taken in
choosing carrier frequencies for the three analog signals.15
The VCO of the phaselocked loop can be used separately
as a precision voltage controllable waveform generator
(FM modulator). Because of its similarity to the PLL, it
lends itself well to be used in conjunction with PLL as a
FM modulation-demodulation system.15
Early studies used Signetics linear integrated circuits:

function generator (566), for frequency modulation; and phase

locked loop (565) for demodulation. The 565 phase locked
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loop integrated circuit is advertised to have extreme sta-
bility of center frequency, a wide range of operating voltage
(¥t5 to t12 volts), very high linearity of demodulated out-
put, and center frequency programming by means of a resis-
tor, capacitor, voltage or current.lé Figure 7 illustrates

a typical connection diagram for FM demodulation. The free

running center frequency i1s determined by the values of

‘ o +V
| L.
Rl/%) . 001 uF 2
; II N
! |
2 10 7 —4  + Demodulated
Input &+—m2 6 Ref output
565 5
E—a 9 1
re = Cl
o -V

Figure 7. Signetics 565 PLL demodulation diagram.

R1 and Cl; and is approximately equal to 1.2/4R1Cl.

Capacitor C2 forms part of a low-pass filter which determines
the capture charactecristics of the phase locked loop. The
.001 wF capacitor connected between pins 7 and 8 acts to
eliminate oscillation in the control current source. The
jumper wire between pins 4 and 5 connects the VCO to the

phase comparator. When in lock, the average dc level of
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the phsse comparator output signal, pin 7, 1s directly
proportional to the frequency of the input signal.

The 566 integrated circuit is the voltage controlled
oscillator portion of the 565.9 This VCO features a wide
range of supply voltage (10 to 24 volts), excellent lin-
earity of modulation (0.2%), and excellent frequency
stability.16 Figure 8 illustrates a typical connection

diagram for FM modulation.16 The input control terminal

l r -0 +V
Ro ¢ &7 Ry
90w |
6 8
Input 5 b S IVAVAVAV
566
%3 ? i L
$ . !
1
L
1

L

Figure 8. Signetics 566 VCO connection diagram.

(pin 5) must be biased with resistors R2 and R3 to a voltage
(Ve) in the range 3/ £ Vc £ V+. The output frequency is
then approximately fO:Z(V+ - Vc)/R1C1V+. A triangular wave
output is available at*pin 4 and a simultaneous square wave

output appears at pin 3.
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The third linear integrated circuit to be used is the
operational amplifier (741 frequency-compensated). This
component, valuable for its diverse configurations and
applications, is utilized for amplification, filtering, and
multiplexing.

The overall scheme calls for the design of two separate
component packets. The first to be used by the patient,
along with the cassette recorder, to make the appropriate
ECG recordings. This package contains an ECG amplifier,
threc VCO's, and a multiplexer; and is dc powered by
rechargable batteries. The amplified ECG signal is fre-
quency modulated by the first VCO. The second VCO modulates
the reference signal, and the third VCO modulates an episode
signal (negative step). The three FM signals are then
multiplexed (added) and fed to the input of the recorder.

Care was observed in choosing components for this
packet that have low power dissipation, since it is battery
powered. The 566 VCO has a power dissipation of 300 mw,16
and the operational amplifiers have a typical power dissi-
pation ¢f 50 mW. The system therefore requires 1.05 watts
of power. Small nine volt nickel-cadmium rechargable
batteries have a capacity of 70 ma hours giving a useful
period of at least 1 hour continuous power supply.

The second component is utilized by the physician upon
playback for discrimination, and contains three PLL demodu-

lators. The demodulated reference signal is subtracted from
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the demodulated ECG signal as well as from the demodulated
episode signal, utilizing operational amplifier circultry.
This component packet is ac powered.

The center carrier frequencies were chosen to reduce
harmonic interaction while being far enough apart so that
capture by a PLL of adjacent center frequeiwcy does not
occur. The carrier frequency for ECG transmission is 2.5
KHz, for the reference signal is U4KHz, and for the episode
signal is 6KHz.

In general the goals for circuitry design are to use
state of the art technique; to use a minimum of components;
to use as 1lnexpensgive components as possible, yet retain
quality signal reproduction; and to design the circuitry
such that it can be used with most common cassette record-

ing systems.



V. RESULTS AND TESTS

The first step in uesign, construction, and testing
was to design an ECG amplifier and the corresponding VCO
FM modulator, and PLL demodulator (at 2.5 KHz center fre-
quency). It was hoped that a single operational amplifier
(one stage) differential, bandpass, ECG amplifier could be
constructed. This however, proved difficult because of
large, ac coupling capacitors needed and problems obtain-
ing a satisfactory common-mode rejection ratio. A two
stage amplifier proved to be more practical.

The Signetics 566 VCO was easily constructed with a
variable resistor being the means of adjusting the center
frequency. The triangular wave output of pin 4 was viewed
on an oscilloscope and the potentiometer adjusted until
the triangular wave period was .4ms (2.5 KHz). The VCO
was tested with a variable voltage source at the input and
was shown to have a voltage to frequency characteristic of
approximately 1 KHz per volt of input. Therefore, if an
ECG amplifier with a gain of 500 was coupled to this VCO,
an initial input of *2 mv (the desirable deviation range)
to the amplifier would result in a frequency variation of

t1 KHz at the VCO output.
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The Signetics 565 PLL demodulator was also easily
constructed and the center frequency adjusted in a similar
manner as that of the VCO while observing the triangular
wave output of pin 9. After several trials it was determined
that the PLL would demodulate an unbiased sinusoidal or
square wave with a peak to peak amplitude in the range of
.1 to 1 volt. This PLL was shown to have a capture range
of 1.9KHz to 3.0KHz and a lock range of 1.0KHz to 3.9KHz.
Figure 9a illustrates the output from a two stage ECG
amplifier (gain of 1000) which is the VCO input. Figure 9b
is the corresponding demodulatea PLL output (the VCO square
wave output being the PLL input) which has been passed

through a 100 Hz low-pass filter and amplified 45X.

Jl o

a. b.

Figure 9. a. Original simulated ECG signal.
b. Same signal after modulation-demodulation processing.
(25mm/sec., a. 1lmv/.5cm, b. 1mv/.6cm)

Excellent FM modulation-demodulation linearity was observed.

The next step was to construct VCO's and PLL's for
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the two other signals at 4KHz and 6KHz carrier frequencies.
Ihe three FM multiplexed signals were applied to the three
PLL inputs to see if the original analog signals could be
recovered upon demodulation. It was at this point that
difficulties were encountered. Figure 10 illustrates the
most notable problem occurring in the demodulated ECG

waveform: the QRS complex is distorted.

Figure 10. Distorted ECG waveform.
(25mm/sec., 1lmv/.8cm)

Figure 11. Distorted ECG and Episode Signals
upon playback from Sears recorder.

(25mm/sec., 1lmv/.8cm)
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The same multiplexed signal was recorded on the Sears
recorder and the playback applied at the PLL inputs, giving
the tracings illustrated in Figure 11. Significant distor-
tion occurs in the ECG as well as the episode signal.

It appears that the 6 KHz PLL receiver has difficulty lock-
ing to the episode FM modulated signal.

A more thorough study of the bandpass characteristics
of the Sears and Concord cassette recorders was made and is
illustrated in Figure 12. The input level is a 6 volt peak
to peak sinusoidal wave and the playback peak to peak level
at various frequencies of interest is graphed on the chart.
The Sears recorder exhibits very poor frequency character-
istics with a continuous rolloff and noticeable attentuation
at 6 KHz. This problem could possibly be solved by empha-
sizing the 6 KHz and 4 KHz carrier frequencies relative to
the 2.5 KHz carrier frequency prior to recording. However,
since the Concord recorder bandpass characteristics are much
better, it was decided to design the recording circuitry
to be used in conjunction with the Concord cassette system,
with little sacrifice in price difference.

The distortion of the QRS complex was not satisfac-
torily alleviated by the changing oi the ECG carrier frequency
to different positions and proved to be a more serious prob-
lem. The problem finally howeVer, was isolated. The multi-
plexed signal which serves to add noise to the signal input
of the PLL's, acted also to degrade the performance of the

566 PLL's by reducing the lock range of the PLL receiver to
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Figure 12. Bandpass characteristics of Sears and
Concord cassette recorders.

that approximately equal to the capture range. Thus the
PLL demodulator would loose lock with the greater frequency
variation oi the QRS complex signal when the frequency
variation exceeded that of the captﬁre range rather than
that of the lock range as anticipated. The solution to this
problem was to decrease the frequency variation of the ECG

modulated signal such that the PLL receiver would remain in
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lock with the ECG QRS complex FM signal variation. The
problem solution therefore meant decreasging the gain of the
ECG amplifier.

Since the design criteria requires that the FM system
monitor a voltage variation of T2 mv at the input to the
ECG amplifier; and since the lock and capture range of the
PLL that demodulates the ECG signal has been reduced to a
total range of 1 KHz receiving a multiplexed signal; and
since the VCO voltage to frequency transfer characteristic
is 1 KHz per volt input; the gain of the ECG amplifier must
necessarily be reduced to 250 (4 mv times 250 equals 1 volt).
The demodulated ECG signal must then be amplified to a
suitable level for output monitoring.

Figure 13 illustrates recorded playbacks of the three
signals (ECG, compensation, episode) using the Concord

recorder and an ECG amplifier with a gain of 250.

a. b. C.

Figure 13. a. Playback of a simulated uncompensated
ECG signal; b. Playback of the compensation signal;
c. Playback of the episode signal. (25mm/sec., 1lmv/.5cm)



25

It will be noted that the distortion due to variable
tape speed is greatly reduced over that of the tracings of
Figure 2, This is due to the fact that this system has a
greater voltage to frequency transfer characteristic than
that used in the feasibility study. Therefore, the sensi-
tivity to flutter and wow is greatly decreased with this
FM system.

Figure 14. illustrates a tracing in which, upon play-
back, the compensation signal has been subtracted from the
episode and ECG signals. The amplification of the demodu-
lated signals is 27X. This tracing is clinically acceptable
with a signal to noise ratio of approximately 80/1.

The episode and ECG signals of Fig. 14 were amplified
after demodulation by the same factor (27X); in the actual
playback circuitry (Fig. 16) the two signals will have
separate amplifiers, with the episode signal amplified to a
voltage greater than 2 volts in order to actuate a light

emitting diode and marker on the ECG recorder.

a. b.

Figure 14. a. Compensated episode signal; b. Compen-
sation of a simulated ECG signal. (25mm/sec., lmv/cm)



V. CIRCUITRY

The elements of the component packet for LJG record-
ing are illustrated in Figure 15. Operational amplifiers
Al and A2 ‘omprise the ECG amplifier with a gain of 250.
The first stage (Al) is a differential amplifier with a
gain of 5. Resistors R1 and R2 comprise the input impedance
of 200K ohms for the ECG amplifier. Variable resistor RS
is for common-mode rejection adjustment. The common mode
rejection ratio of this two stage amplifier is 86 db.

Stage A2 1s a bandpass amplifier with a gain of 50.
Capacitor Cl and Resistor R6 are a high pass filter with
the 3 db point at .5 Hz. Capacitor Cl also provides ac
coupling. Capacitor C2 and resistor R7 are a low pass
filter with a 3db point at 100 Hz. Resistor R9 is adjusted
to bias the output of stage A2 to match the input bias of
VCoOl.

Center frequency programming of VCO0l is determined by
the component values of capacitor C4 and resistors R12
and R13. Fine tuning for a carrier frequency of 2.5 Kiiz
(.4 ms period) is accomplished by adjusting potentiometer
R12 (as previously described). Resistors R14 and R15 form
a voltage divider reducing the square wave output amplitude

from pin 3 to about 100 mv peak to peak. This output can
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be fed directly to input pin 2 of the corresponding PLL for
a demodulation check.

Voltage controlled oscillator 2 provides the reference
frequency signal. Finetuning of the center frequency of
4 KHz (.25ms period) is accomplished by adjusting potenti-
ometer R18. The square wave output from pin 3 is also passed
through a voltage divider (R20 and R21) to produce a peak
to peak output of about 100 mv.

The episode signal is modulated by VCO3. Closing the
episode switch places R23 in parallel with R24 producing
an effective resistance of 9.5K ohms. This alters the input
bias scheme with a subsequent voltage input change of about
60 mv, and a change in output frequency from 6KHz to
6.3 KHz. Fine tuning is accomplished by adjustment of R25
to achieve a 6 KHz center frequency (.17ms period).

The three modulated signals are fed into a summing
amplifier (A3) producing a multiplexed signal of about 300
mv peak to peak amplitude. This signal goes to the cassette
recorder input for recording.

Figure 16 illustrates the components of the playback
circuitry. Because of the high frequency rolloff charac-
teristics of the recorder, the square waves generated by
the VCO's are converted to sinusoids. The Fourier compo-
nents o1 the square waves are the fundamental and odd
harmonic: The third and higher harmonics are eliminated

by the recorder characteristics. This signal is fed
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simultaneously to the input of all three phase locked loop
receivers. Recelver PLL1 is tuned to a center frequency
of 2.5 KHz (.4ms period) by adjustment of resistor R34 while
viewing the triangular wave output of pin 9 on an oscillo-
scope. Capacitor C9 effects the capture range of the PLL;
the smaller the capacitor value the larger the capture
range. The capture and lock range of PLL1 receiving a mul-
tiplexed usignal is 2.0KHz to 3.0KHz. The demodulated output
from pin 7 is the ECG waveform (Fig. 13a).

Receiver PLL2 is tuned to a center frequency of 4KHz
(.25ms period) similar to that of PLL1 by adjustment of
resistor R35. The larger capacitor Cl2, as compared to
C9 of PLL1, and the resistor between pin 6 and 7 have an
effect of reducing the lock and capture range of PLLZ2. The
capture and lock range of PLL2 receiving a multiplexed sig-
nal is 3.6KHz to 4.3KHz. The output from pin 7 is the
compensation signal (Fig. 13b).

Receiver PLL3 is tuned to a center frequency of 6KHz
(.17ms period) similar to the previously mentioned method
by adjustment of resistor R37. This PLL also has the
reduced lock and capture configuration with capacitor Cl15
and the resistor betwsen pin 6 and 7. The capture and lock
range of PLL3 receiving a multiplexed signal is 5.7KHz to
6.4KHz. The demodulated output from pin 7 is the episode
signal (Fig. 13c).

The compensation output from PLL2 is fed into both the
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ECG (A4) and the episode signal (A5) differential ampli-
fiers. This compensates for the output bias of about +4
volts from pin 7 of the PLLs. Amplifier A4 with a differ-
ential configuration subtracts the compensating signal from
the ECG waveform. Resistor RA40 acts to reduce slightly
the amplitude of the compensating signal as compared to
that of the ECG signual. Capacitors Cl7 wnd C1l8 plus resis-
tors R41 and R42 form a low pass filter «~ith a 3 db point
of 50 Hz. The gain of amplifier A4 is 30 which provides
an output of 1 mv/cm (4 volts per cm) relative to the original
input to the ECG amplifier of the recording packet. As il-
lustrated, amplifier A4 will likely have a biased output
which can be compensated for by placing a resistor from the
appropriate voltage supply to the inverting input of Al4.

Differential amplitier A5 amplifies the episode signal
with a gain of 267 to amplifier saturation, when actuated,
which in turn lights the light emitting diode.

The original prototype design as supplied with 6 volts
power wsupply which works well for the recording stage. The
playback component with a power supply of 16 volts limits
the output of the ECG signal (amplifier A4) resulting in
clipping due to amplifier saturation. A power supply of
19 volts is cecommended.

The bandpass characteristics of .5 Hz (A2) high pass
filter and the 50 Hz (A4) low pass filter have a tendency
to distort the high and low frequency-components of the ECG

waveform over ECG recordings using the conventional bandpass
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requirement of .05 Hz to 100 Hz. However, with the pre-
sently designed cassette ECG recording system, the primary
concern is to monitor the rate and rhythm changes which are
basically uneffected by the reduced bandwidth of .5 Hz to
50 Hz. This reduced bandwidth is routinely used by the
Latter-day Saint Hospital in Salt Lake City for ECG record-
ings since it provides the advantage of minimizing low
frequency drift, attenuates 60 Hz line interference, and

minimizes skeletal muscle artifact.
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VITI. SUMMARY AND CONCLUSIONS

Circuitry utilizing integrated circuits has been
designed as peripheral equipment to a cassette recorder for
inexpensive take-hom cardlac monitoring. The circulitry is
for frequency modulation for recording and demodulation
upon playback of three synchronous multiplexed analog
signals: the ECG signal, a reference signal which after
demodulation is subtracted from the ECG signal to compen-
sate for variable tape speed, and an episode signal actuated
by the patient during ECG recording to indicate a particu-
larly noticeable episode.

The original goals were to keep the total component
cost under $100.00, to produce clinically acceptable ECG
tracings, and to design the components such that they could
be used with most common battery powered cassette recording
systems. The components, excluding the cassette recorder,
can be purchased for less than $60.00. An expensive item
is the cassette recorder which has considerable variations
in price ($40.00 - $100.00). The circuitry described in
this thesis has been designed to work with the Concord
ilodel F-26 cassette recorder and other cassette recorders
of similar quality.

The quality (signal to noise ratio) of the ECG



34
reproduction, although acceptable, could probably have been
improved were it not for the degradation of the phase lock
loop FM demodulator with an input of a multiplexed signal,
which reduced the lock range; and therefore required a reduc-
tion in the gain of the ECG amplifier.

The design goal of the project was achieved since the
recorder and components can be purchased for less than
$100.00 (in single quantities) and the system provided
acceptable ECG's for clinical use.

The knowledge and experience gained from ti.is thesis
project has been of considerable value. Hopefully this
work will lead to further experiments, 1mprovements, and
other applications of physiological monitoring with an

inexpensive cassette recording system.



10.

11.

12.

13.

REFERENCES

Burstein, H.: Trends in Tape Machines. Popular
Electronics 4:46-7 (Dec., 1973).

Martin, J.: Telecommunications and the Computer.
Prentice-Hall, Inc. Englewood Cliffs, New Jersey,
(1969).

Frye, John T.: Development of a Modern ECG. Popular
Electronics 5:83-85 (Jan., 1974).

Einthoven, W.: Le telecradiograme, Arch. Int. Physiol.

L:132-39 (1906).

Levine, I.M., Jossmann, P.B., Tursky, B., Meister, M.,
and DeAngelis, V.: Telephone Telemetry of
Bioelectric Informatiori. JAMA 188:794-798 (1964).

Bennet, D.R., and Gardner, R.M.: A Model for the Tele-
phone Transmission of Six-Channel Electroencepha-
lograms. Electroinceph. Clin. Neurophysiol.

29:404-408 (1970).

Gardner, R.M. Bennett, D.R. and Vorce, R.B.: Eight-
Channel Dgta Set for Clinical EEG Transmission
Over Dial-Up Telephone Network. IEEE Trans. on
Biomed. Engineering 21:246-8 (May, 1974).

Holter, N.J., and Gengerelli, J.A.: Remote Recording
of Physiological Data by Radio. Rocky Mountain
Med. J. 46:747-51 (Sept., 1949).

Bellet, S.,Deliyiannis, S., and Eliakim, M.: The
Electrocardiogram During Exercise as Recorded by
Radioelectrocardiography. Am. J. Cardiol.
8:385-400 (1961).

Holter, N.,J.: New Method for Heart Studies. Scilence
134:1214-20 (1961).

Shumak, K.H., and Brown, K.W.G.: Continuous Portable
Electrocardiography. Can. Med. Assoc. J.

98:139-44 (1968).

Stern S., and Tzivoni, D.: The Reliability of the
Holter-Avionics System in Reproducing the ST-T
Segment. Am. Heart J. 84:427-28 (1972).

Monitor Warns of Heart Attack. Electronics p. 41-2
(Feb., 21, 1974).



36

Gardner, F.M.: Phaselock Techniques. Chap. 1. Wiley,
New York, (1966).

Signetics Linear Phase Locked Loops Applications Book.
Signetics Corp., (1972).

Signetics Integrated Circuits Catalogue. Signetics
Corp. Sunnyvale, Cal., pp. 6-72 to 6-80 (1972).



Name
Birthplace

High School

Universlities

Degrees

Organization

Membersliips

Publication

VITA

Brent Douglas Wagstaff
Salt Lake City, Utah July 9, 1941

Orem High School
Orem, Utah

Brigham Young University: 1959-64
University of Utah Medical School: 19C4-65
Brigham Young University: 1966-67, 1970-7
University of Utah: 1973-74

B.S. Brigham Young University: 1964 - Zoology
(Cum Laude)

M.S. Brigham Young University: 1971 - Zoology

M.S. University of Utah: 1974 - El. En.

Phi Eta Sigma
Tau Beta Pi
1EEE

Autoradiographic Studies of the
Distribution of Serotonin in the
Rat Brain (Zoology - M.S. Thesis)



