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ABSTRACT 

Circuitry has been designed to be used in conjunction 

with a conventional battery powered cassette recorder 

inexpensive take-home cardiac monitoring. Patients expe 

encing cardiac disturbances at home can immediate:G 

recordings that can later monitored by the physician 

and rhythm changes. 

Since the required bandwi for ECG recording is 

.05 to 100 ) and since typic tery powered cassette 

systems display a bandpass response that rolls off on the 

low end about 200 Hz and on the end at out 5K Hz, 

it has been necessary to se a frequency modulation-

demodulation scheme to faithfully recover the ECG waveform. 

A second signal (reference frequency) is so neces to 

compensate for the variable tape speed (flutter and wow), 

of the recording system. Also a third gnal is necessary 

to be actuated by the patient to indicate a particularly 

noticeable episode during s ECG recording. 

The recording packet which is battery powered contains 

an ECG ampli er plus three v tage controlled oscil ors 

tics 566) to frequency modulate 1.) e E signal; 

2.) the re 

r.I'he se thre e 

e signal; and J.) the sode si 

signals are multiplexed (summed) and recordE:.Ll 

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) int d circuits for bandwidth separation 

and demodulati(jn of the three gnals. The reference 

signal is subtracted from the G waveform utilizing opera

tional amplifier circuitry to compensate for tape eed 

vari ons. The episode signal is amplified with an opera

tional ampli er such that when actuated a light emmitting 

diode is turned on. 

The goal of the project was to keep the total component 

co less than $100.00, t retain quality signal reproduc

on; which was accomplished using a Concord odel F

cassette recorder. 



I . INTRODUCrJlION 

The work orted in this sis derived its original 

impetus from the desire of G. Landon B es, M.D., a c 0-

1 st, to have available an inexpensive, convenient, take

home electrocardiogram (ECG) recording system. With such 

a device a patient experiencing cardiac disturbances at 

home could make an immediate ctr ardiogram recording 

the ever). It was so desirable to record simultaneously 

with the G a second gnal that could be actuated by the 

patient to indic a particularly noticeable episode. s 

valuable diagnostic information would then be stored, and 

could be played back for monit by the doctor at his 

convenience. 

Of the current recording mediums available, a tery 

powered cassette system offered attractive s. 

Particularly it is inexpensive, cOffipact, portable, and 

ly manipulated. There are, however, two basic limita

tions of such a system that must be overcome. First, the 

required banuwidth for G reproduction is.O to 100 Hz. 

cal battery powered cassette recorders display a band-

pass response that r Is on the low end at about 200 Hr. 

and on the high end at about 5K Hz. It was therefore 

necessary to devise a modulation-demodulation scheme in 



order to thful record and reproduce the ECG si 

The second problem was stortion derived from able 

tape ed (flutter and wow)l, which can be removed by 

recording simultaneously with the frequency modulated ECG 

si a re e frequency gnal, which upon pl~, k I lS 

subtracted from the ECG waveform. 

s; '~Ice inexpensive cassette recorders lize one 

recording track, and conside the ove rements, 

frequency modu on wi multiplexing, similar to that 

used in modern telephone telemetry2, lends itse well 

to the si1 on. 

The challenge at the onset was, using state the 

art components, to design, construct, and test 

circuitry to provide a clinically 

iogram cassette recording system. 

sfact 

ensive 

electrocard-



II. REVIEW OF TERATDRE 

Einthoven, a Dutctman, developed the rst practic 

ECG instrument in 1903. 3 The device consisted of a very 

thin gold plated quart fiber su ended between the poles of 

a permanent magnet. When signals om the surface of the 

body were connected to the ends of the ber, current from 

the heart voltages induced elec tic fie s 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 been 

superseded by modern day differential amplifier c ui 

In 1906 Einthoven successfully transmitted ECG signals 

1 h I " 4 over te ep one lnes. Medical telephone telemetry later 

became popular after World War II and ~n recent years has 

gained widespread use. 5,6 Bell Telephone developed the 

t commonly used telephone telemetry single channel data 

set transmission tern (Bell Telephonb 603A and 603B) , 

consisting of a frequency modulated transmitter and receiver. 

Later 1967 Bell Telephone set 604A and 604B was introduce~l, 

capable transmitting and receiving three channels 

anal data over one tel one line. This system is 
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currerJ.1.[ y use by the Latter-day Saint Hospltal in Salt 

Lake City for transmission of ECG's and other physiological 

data. 

Hefilett-Packard's H-P Model 1~15A ECG phone terminal 

is also ca~able of three channel transmission. Twelve 

standard leads are recorded in four sets of three leads 

with automatic lead switching. Marker identification 

of l~ad sets and standardization are also automatic. Within 

ten seconds er connection of ectrodes a complete 12-

lead electrocardiogram can be produced.) 

In the area continuous cardiac moni torinj·, Norman 

Holter made significant contributions. In 191j Holter 

developed " radioelectrocardiography" by which an ECG was 

transmitted via radio transmission from an SO-pound backpack 

unit. 8 In the ensuing years the electrocardiographic units 

were iJllniaturized and used clinically in the area of exer

cise tolerance tests. 9 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

ing. lO Continouous recordings are made for a period of 10 

to 24 hours and are correlated with the patients record of 



his ac vi es during the monitoring period for clinical 

evaluations. This procedure of continuous portable recording 

of electrocardiograms has become known as "Holter monitor-

11 

The Holter-Avionics system is widely used for detecting 

transient sturbances in heart rate and rhythm duri long-

term recording of the ECG under dynamic conditions. The 

systl::ln consists three main part: 1.) a portable tape 

recorder which records the ECG the patient; 2.) an 

oscillosc e on which the ECG s recorded by the tape 

are splayed by rapid superposition; and J.) a unit for 

prlntout of the ECG complexes from the tape onto conven-

12 onal ECG paper. 

Survival Techn ogy Inc., of Bethesda, Md., has devel-

oped a portable heart monitoring device about the ze 

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 is activated. The patient can then call 

his physician and transmit his ECG over the telephone line 

via a voltage controlled oscillator thin the Cardio Beeper 

that sends modulated audio tones which are decoded at the 

doctor's office. 1J 

Recent developments in solid state integrated circuits 

have made the development of the take-home G cassette 



recorder economically feasible. While most transmis on 

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. 

6 



III. PRELIMINARY FEASIBILITY STUDIES 

In order to ietermine if the proposed theory is 

feasible and practical for ECG recoI'uing and reproduction 

using a cassette system, it was necessary to do some pre-

liminary studies using comparatively expensive PM modula-

on-demodulation equipment, currently in use for telephone 

telemetry at the LDS Hospital in Salt Lake City_ 

The circuitry uti zes three frequency modulated, 

multiplexed channels with carrier frequencies at l07S±lOO H~, 

19J5:tlOO Hz, and 2J6S±lOO (Figure 1). 

ASI ---}veoll ~ASl 

AS2 ---/veo2j I=::> -/ / 1 BPFJi DM I AS2 
SA Transmission 

AS] --1ve03 /-- ASJ 

gure 1. Three channel FM telemetry. (AS-analog 
si , VCO-voltage controllable oscillator, SA-
summing ampli er, BPF-bandpass Iter, DM-demodulator) 

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

carry the ECG signal and the OLLer to carry a reference 
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gnal for tape speed compensation. two waveforms were 

frequency modulated, multiplexed, then recorded. Upon play-

back 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 the synchronous compen-

sating signal also taken directly from demodulator three 

output. The noise added by variable tape speed is apparent 

on both tracings. 

Figure 2. a. ECG Uncompensated tracing; b. Compen
sating reference signal. (25mm/sec, lmv/l.b,-,Ii1) 

a. 

b. 



Figure Ja is a tracing of an original ECG waveform 

prior to modulation and recording. Figure Jb is the 

recovered ECG coming out of the circuitry that subtracts 

the compensating signal (Fig. 2b) from the ECG signal 

(Fig.2a). 

·l 
.1. 

I 

t 
:t 
.l.! . 
I :. 

~ L~ .. ~~ L: ~" .. : 1 
I 
j' 

Figure J. a. Original ECG signal; b. Compensated 
ECG playback waveform. (25mm7sec., a. lmvlcm, 
b. lmv/l cm) 

a. 

b. 

More distortion was encountered than expected in the 

9 

final output (Fig. Jb). It was subsequently determined that 

this was due to a difference in amplifi on 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 Concord recorder and 
inexpensive tape; c. Compensated playback with 
Concord Recorder and 3M tape. (25mm/sec. , 
a. lmv/2.2cm, b. and c. lmv/3.0cm) 

a. 

b. 

c. 
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a. 

",! 

b. 

Figure 5. a. Compensated playback with 
recorder and inexpensive tape, b. Compen d 
playback with s recorder and 3M tape. 
(25mml S(~c., a. and b. Imv 13. Ocm) 

Figures 4 and 5 so illustrate differences between 

two different casse recorders (Sears, model 174.34940000; 

and Concord, model 26); as well as the di es between 

an inexpensive recording tape and a more expensive 3M tape. 

All playback outputs were passed through a 48 Hz low pass 

filter. These ings illustrate that more expensivp 

recorder (Concord) as well as the more tape (3M) 
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are capable recording higher frequencies which appear 

as noise in the final demodulated, compensated ECG tracings. 



IV. MATERIALS AND METHODS 

For FM demodulation phaselock loop (PLL) can be used 

with superior performance to that of a conventional dis

criminator. 14 The basic phaselock loop structure is shown 

below. 

Input --. CJt--------.~"____,l---~ Output 

PhaSejetector 

~j~-----

Low Pass Filter 

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 veo frequency and generates an error voltage that 

is filtered, amplified, and applied to the control terminal 

of the VCO. This control voltage forces the veo 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 veo value, the veo syn-

chronizes, or locks, with the incoming signal. The PLL 



14 

then tracks the frequency changes of the input signal, with 

the error voltage geneFated from the phase detector becoming 

the actual PM demodulated gnal. "lock " 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).14 

The PLL has the distinct advantage of functioning as 

a self contained receiver by combining the functions of 

frequency selecti vi ty (bandpass fil ter), and demociLl.lation15 , 

thereby eliminating the need for bandpass ters preceding 

the PLL demodulators, as in conventional discriminators. 

Phase lock loop receivers are used to recover a signal 

deeply embedded in noise. 14 

The PLL receiver so has a distinct disadvantage. It 

wi 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 veo 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 

PM modulation-demodulation system. 15 

Early studies used Signetics linear integrated circuits: 

tion 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-

bi ty of center frequency, a wide range of operating voltage 

(±5 to ±12 volts), very high linearity of demodulated out-

put, and center frequency programming by means of a resis-

16 tor, capacitor, voltage or current. Figure 7 illustrates 

a typical connection diagram for PM demodulation. The free 

running center frequency is determined by the values of 

..._------..----.--... + V 

C2 

Input a------t2 
71-.-.----.. Demodulated 

6 output Ref. 

5 

1 
4 

-V 

Figure 7. tics 565 PLL demodulation diagram. 

Capacitor C2 forms part of a low-pass lter which determines 

the ca~ture charact~ristics of the phase locked loop. The 

.OOl)L-F 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 



the ph(~ Je comparator output signal, pin 7, is 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 

R2 i r +V 

,frR ~: 1 
.0Olp 1 H T 

6 8 
Input 5 4 .') Nvv 

566 

RJ{ J U-LrL -
7 1 

I 

II i Tel 
-

Figure 8. Signetics 566 VCO connection diagram. 

16 

(pin 5) must be biased with resistors R2 and R
J 

to a voltage 

(Vc) in tlie range J/4 ~ Vc ~ V+. The output frequency is 

then approximately f o=2(V+ - Vc)/RICIV+. A triangular wave 

output is available at pin 4 and a simultaneous square wave 

output appears at pin J. 
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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, 

threu VCO' s, a~ld 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 

packetthat 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 uissi-

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 rna 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 demod'ulated reference signal is subtracted from 



the demodulated ECG signal as well as om the demodulated 

episode signal, utilizing operational amplifier circuitry. 

This component packet is ac powered. 

The center carrier frequencies were chosen to reduce 

harmonic interaction whi being far enough apart so that 

capture by a PLL of adjacent center frequell'::y does not 

occur. The carrier frequency for ECG transmission is 2.5 

KHz, for the reference signal is 4KHz, and for the e~isode 

signal is 6KHz. 

In general the goals for circuitry de gn are to use 

state of the art technique; to use a minimum of components; 

to use as inexpensive components as possible, yet retain 

quality gnal reproduction; and to design the circuitry 

such that it can be used with most common cassette record

ing systems. 



V. RESULTS AND STS 

first ep in esign, construc on, and testing 

was to design an G ampli er and the corresponding VGO 

FM modulator, and PLL demodulator (at 2.5 KHz center 

quency). It was hoped that a single operational amplifier 

(one ) differential, bandpass, ECG amplifier could be 

constructed. This however, proved difficult because 

large, ac coupling capacitors needed and problems obtain

ing a satisfactory common-mode rejection ratio. A two 

ampli er 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). VCO 

was tested with a varilble voltage source at the input and 

was shown to have a voltage to frequency characteristic of 

approximately I KHz per volt of input. Therefore, if an 

EGG ampli er with a gain of 500 was coupled to this veo, 

an initial input of mv (the desirable devi on range) 

to the amplifier would result a frequency variation of 

~l KHz at the VCO output. 
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The Signetics 565 PLL demodulator was also easily 

constructed and the center frequency adjusted 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 sinusoi 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.OKHz to 3.9KHz. 

Figure 9a illustrates the output from a two stage ECG 

amplifier (gain of 1000) which is the ~CO input. 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 and amplified 45X. 

; 
... 1 " j 

I 

I 

1· .. 1 

I 

, ! 

1

\ ! ·1·, 
. ! 

I 1.:,:.,,':.1
1
,1 '. I ' ,. t, .J.. . ... 1;,1: 

a. b. 

Figure 9. a. Original simulated ECG signal. 
b. Same signal after modulation-demodulation processing. 
(25mm/sec., a. Imv/.5cm, b. Imv/.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. 

'llhe three PM 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., Imv/.Bcm) 

Figure 11. Distorted ECG and Episode Signals 
upon playback from Sears recorder. 
(25mm/sec., Imv/.Bcm) 



22 

The same multiplexed signal was recorded on the Sears 

recorder and the playback applied inputs, giving 

tracings illustrated in Figure cant distor-

on occurs in the ECG as well as the s 

It ars that the 6 KHz PLL rec s culty lock-

i 

to 

at 

to the episode FM modulated signal. 

A more thorough study of the bandpass teristics 

and Concord cassette recorders was made and is 

in Figure 12. The input level is a 6 volt peak 

oidal wave and the playback peak to peak level 

ous frequencies of interest is graphed on chart. 

The s recorder exhibits very poor frequency 

istics with a continuous rolloff and noticeable on 

at 6 KHz. s problem could possibly be solved by empha-

sizing the 6 KHz 4 KHz carrier frequencies relative to 

the 2.5 KHz er prior to recording. However, 

since the Concord recorder bandpass characteristics are much 

better, it was ci d to de the recording circuitry 

to be used in conjunc on with the Concord cassette system, 

with little sacrifice ce difference. 

The distortion of 

torily alleviated by the 

S complex was not satisfac-

the ECG carrier frequency 

to different positions oved to be a more serious prob-

10m. The problem finally however, was isolated. The multi-

plexed signal which serves to 

of the PLL's, acted also to 

566 PLL's by reducing the lock 

noise to the signal input 

performance of the 

of PLL receiver to 



(Volts) 
4 -

3 

2 

1 

o ~---~.-~~~ 

100 

Ie) 

lK 
(Hz) 

10K 

Figure 12. Bandpass characteristics of Sears and 
Concord cassette recorders. 
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that approximately equal to the capture range. Thus the 

PLL demodulator would loose lock with the greater frequency 

variation of the QRS complex signal when the frequency 

variation exceeded that of the capture range rather than 

that of the lock range as anticipatedo 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 PM signal variation. The 

problem solution therefore meant decreasing the gain of 

ECG amplifier. 

Since the 

monitor a 

sign criteria requires that the PM system 

variation of ±2 mv at the input to the 

ECG amplifier; and since the lock and capture the 

PLL that demodulates the ECG signal has been reduced to a 

total of 1 KHz receiving a multiplexed and 

since VCO voltage to frequency transfer characteristic 

is 1 KHz per volt input; the gain of the ECG amplifier must 

nece ly be reduced to 250 (4 mv times 250 equals 1 volt). 

The demodulated ECG signal must then be ampli ed to a 

table level for output monitoring. 

Figure 13 illustrates recorded playbacks of the three 

signals (ECG, compensation, ) using the Concord 

recorder and an ECG amplifier with a gain of 250. 

r! '.\.. 

1 .. 

a. b. c. 

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



VI. CIRCUITRY 

The elements of the component packet for hCG record-

ing are illustrated in Figure Operational amplifiers 

Al and A2 omprise the ECG amplifier with a gain of 250. 

The first stage (AI) is a differential amplifier with a 

gain of 5. Resi ors Rl and R2 comprise the input impedance 

of 200K ohms for the ECG amplifier. Variable resi or R5 

is for common-mode rejection adjustment. The common mode 

rejection ratio this two stage amplifier is 86 db. 

Stage A2 is a bandpass amplifier with a gain of 50. 

Capacitor Cl and Re stor R6 are a high pass Iter with 

the) db point at .5 Hz. Capacitor Cl also provides ac 

coupling. Capacitor C2 and resistor R7 are a low pass 

filter with a )db point at 100 Hz. Resi or R9 is adjusted 

to bias the output of stage A2 to match the input bias of 

VCOI. 

Center frequency programming of VCOI is determined by 

the component values of capacitor c4 and resistors R12 

and Rl). Fine tuning for a carrier frequency of 2.5 KHz 

(.4 ms period) is accomplished by adjusting potentiometer 

R12 (as previously scribed). Re stors R14 and R15 form 

a voltage divider reducing the square wave output amplitude 

from pin ) 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 RIS. The square wave output from pin J 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 VCOJ. Closing the 

episode switch places R23 in parallel with R24 producing 

an effective re stance 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.J 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 (AJ) producing a multiplexed signal of about JOO 

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 hi frequency rolloff charac-

teristics the recorder, the square waves generated by 

the VCO's are converted to sinusoids. The Fourier compo

nents 01 the square waves are the fundamental and odd 

harmonic~ The third and higher harmonics are eliminated 

by the re order characteristics. This signal is fed 



simultaneously to the input of all three phase locked loop 

receivers. Receiver PLLI is tuned to a center frequency 

2.5 KHz (.4ms period) by adjustment of resistor RJ4 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 PLLI receiving a mul

tiplexed G~gnal is 2.0KHz to J.OKHz. The demodulated output 

from 7 is the ECG waveform (Fig. lJa). 

Receiver PLL2 is tuned to a center frequency of 4KHz 

(.25ms period) similar to that of PLLI by adjustment of 

resi or RJ5. The larger capacitor C12, as compared to 

C9 of PLLl, and the resistor between pin 6 and 7 have an 

effect of reducing the lock and capture range of PLL2. The 

capture and lock range of PLL2 receiving a multiplexed sig-

is J.6KHz to 4.JKHz. The outp~t om pin 7 is the 

compensation (g. lJb). 

Receiver PLLJ is tuned to a center frequency of 6KHz 

(.17ms period) similar to the previously mentioned method 

by adjustment of re stor RJ7. s PLL also has the 

reduced lock and capture configuration with capacitor C15 

and the resistor t'w,::en pin 6 and 7. The capture and lock 

range of PLLJ receiving a multiplexed signal is 5.7KHz to 

6.4KHz. The demodulated output from pin 7 is the episode 

signal (Fig. lJc). 

The compensation output from PLL2 is fed into both the 



ECG (A4) and episode signal (A5) differenti ampli

fiers. This compensates for the output s of abo t +4 
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volts from pin 7 the PLLs. Ampli er A4 with a differ-

ential configuration subtracts the compensating gnal 

the G waveform. Resi or R40 acts to reduce sli ly 

the amplitude of the compensating gnal as compared to 

that of the ECG si Capacitors Cl7 dlld Cl8 plus re s-

tors R41 and R42 form a low pass filtel th a 3 db point 

of 50 Hz. The of amplifier A4 is 30 which provides 

an output I mv/cm (4 volts per cm) relative to the original 

input to the ampli er of recording packet. As i 

lustra t ampli er A4 wi likely have a ased output 

which can be compensated by placing a re stor from the 

appropriate voltage supply to the inverting input of A4. 

fferenti ampli er A5 amplifies the episode signal 

with 8 gain of 7 to ampli er saturation, when actuated, 

which in turn lights the light emi diode. 

original Id 'ototype de as supplied with ±6 volts 

power Gupply which works well for the recording 1l he 

playback component with a power supply of ±6 volts limits 

the output of the ECG gnal (amplifier A4) resulting in 

clipping due to amplifier saturation. A power supply of 

!'9 volts i s L~ec ommended a 

The bandpass characteri cs of .5 Hz (A2) high pass 

filter 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 u 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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Figure 16. Playback 
component schematic. 

(A4,5 - Fairchild OPe Amp. 
PLLl,2,J - Signetics 
PLL 565. All re stance 
values are in ohms; all 
capacitor values are 
in microfarads.) 
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VII. SUMMARY AND CONCLUSIONS 

Circuitry utilizing integrated circuits has en 

designed as peripheral equipment to a cassette recorder for 

inexpensive take-hom cardiac monitoring. The circuitry lS 

for frequency modulation for recording and demodulation 

upon playback three synchronous multiplexed anal 

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 gnal actuated 

by the patient during ECG recording to indicate a particu

larly noticeable episode. 

The ori s 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 rer:ording 

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 

Model F-26 cassette recorder and other cassette recorders 

similar quali 

The quality (signal to noise ratio) of the ECG 
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reproduction, although acceptable, could probably have been 

improved were it not for the degradation of the phase lock 

loop PM 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 ampli ere 

The desi goal the oject was achieved since the 

recorder and components can be purchased for less than 

$100.00 (in single quantities) and the system provided 

acceptab ECG's for clinic use. 

The knowledge and experience gained om tilis thesis 

project has been of considerable value. Hopefully this 

work will lead to further experiments, improvements, and 

other applic ons of physiologi monitoring with an 

inexpensive cassette recording system. 
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