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Abstract: This paperwork presents the design and test of a R
microcontroller-based ECG (electrocardiogram) satuorl

The ECG simulator is capable of generating nine ECG

signals and a calibrated square wave (1 Hz, 1 mWlfead PR

II). The synthesized signals are: normal sinusmmyt60 segment
beats per minute — BPM, and 90 BPM), sinus bradiyaar
(30 BPM), sinus tachycardia (120, 180 and 240 BRifys T
rhythm with tall T wave (6ECO BPM), ventricular P
tachycardia (120 BPM), and a rhythm for asynchr@nou

ventricular pacemaker (60 BPM). The simulated ECG Q
signals can have their amplitudes continuouslyedafrom S
zero to 2 mV at lead IlI, through a panel potentitame | P-R S-T

whose knob position does not affect the amplituti¢he interval in?eISal interval

square wave calibrated signal. The technique used t

synthesize the ECG signals, a modified direct digit Fig. 1. Electrocardiogram’s waves, segments andtarvals.
synthesis (DDS), appeared superior in permitting th

generation of signals of very good quality and ysing a First ECG simulators synthesized the ECG waveform
relatively small amount of memory. This latter f&& (rig 1) by pulse shaping circuits that includethacfilters,
epabled the use of a §|mple 8-bit microcontroltegether ¢, mmers and amplifiers [1]. The quality of the siabed
with an external precision D/A converter and a BHow-  £cG signal was inappropriate. An exam of the ECf&er
pass active f|lter. The deS|gned_ ECG S|mulator_bena fast revealed its man-made nature. In general, onéytype
haquome instrument to _dally ECG_ machine  testys QRS wave was generated, owing to the difficuy
maintenance and demonstration by hospital persoanel create abnormal QRS complexes. Modern ECG simslator
medical equipment maintenance groups and shops. are heavily based on digital techniques, among tHiett

. . _digital synthesis (DDS) and arbitrary waveform getien
Key words: ECG simulators, electrocardiographs, cardlac‘(AWG) [2]. These techniques allow the creation infually

S-T
segment

monitor, maintenance, medical instrumentation. any bizarre waveform (common in arrhythmias) with
physiological quality. The other major group of ECG
1. INTRODUCTION simulators relies on mathematical modeling of th@GE

The ECG is the single most frequent clinical examSignal to synthesize signals [3], [4], [5]. In pif enabling
carried out worldwide everyday. It is intensely aism  the creation of ECG rhythms with very high qualityd a
hospitals and others health care organizations. E@& ~ great variety of waveforms, at least from the meiance
bears information about the heart muscle’s eleetaiivity ~ (Clinical engineering) viewpoint, these approactuften
and can reveal malfunction in impulse generationS€em overkill, given that they utilize either pofuér
conduction and rhythm. It is very often monitored i Processors or a great amount of nonvolatile memory.

intensive care units (ICU). National and internasb This paperwork presents an ECG simulator designed
standards  determine  minimum  performance fospecifically to serve technicians and engineerslivfical
electrocardiographs and cardiac monitors. engineering teams. It is based on a simple andpcBeait

circuits have been devised to create ECG simulaldtese  With physiological quality, just what is needed by

instruments help technicians and engineers segicinMaintenance personnel.

electrocardiographs and cardiac monitors. ECG sitors

are also useful for demonstration of these equigspen 2- SIMULATOR ARCHITECTURE AND

training of health care personnel, and as signaicss in the |IMPLEMENTATION

development of new ECG equipments. Fig. 2 shows a block diagram for the ECG simulator
designed and developed in this research, wheregs 4Fi



presents the simulator schematics. An 8-bit micntradler Pacemaker pulse

(Microchip PIC16C62A) plays a central role in th€& RA1 Calibration
waveform synthesis. Besides the control prograsnRiOM RAO v
memory stores the ECG’s basic waves for the nosimais Volt. Ref. 1 Volt. Ref. 2
rhythm and a complete cycle of the heart's respaase ffe

ventricular artificial pacing; it stores a cycle wéntricular 8

tachycardia as well. Unlike direct digital syntte$DDS) RC +’| D/A |—>| Attenuator |
and arbitrary waveform generation (AWG) techniquies, 8

this design only the samples for the ECG’s basicasdi.e., RB | LPF

P, QRS, and T) are organized as look-up tables JLUthe L{ }J

ECG’'s segments (i.e., P-R and S-T segments) and the [ Keypad

isoelectric line from the end of T wave up to thartsof a Crystal

new P wave are generated as time delay subroufiiies.

approach allows for the use of microcontrollers hwit RA LA

relatively small amount of program memory, whichyma
lead to a cheaper solution.

To synthesize a chosen rhythm, the program reagls th

appropriate waveform samples in the LUT and writesm
into the 8-bit D/A converter (Analog Devices AD55Fg.
3 illustrates the samples for a normal QRS complaxce
the samples for a basic wave (e.g., QRS wave) baea
written into the DJ/A, the controller generates thext
segment (e.g., S-T segment), and then proceed=atbthe
samples of the next basic ECG wave and transfen ttoe
the D/A. After synthesizing the T wave, the progrizserts
an isoeletric line between the last T wave andrbet P
wave. The rhythm frequency determines the duratiotine
isoelectric line. The MCU’s timers are of greatualin
generating the segments and the isoeletric lines.

The amplitude of the simulated signal can be vabgd 0N -ooreeereeeeneen s
means of a potentiometer (with a knob on the frmantel), 70h —
but this does not influence the square wave leyel.
Butterworth second-order active low-pass filter sthes 55h —
the D/A voltage output signal, eliminating the sis high
frequency harmonics. Fig. 3. Samples (hex values) for QRS synthesis.

To generate the 1-Hz, 1-mV at lead Il, square wéwe,
controller turns on and off, 50% duty cycle, a fg®n

Fig. 2. Block diagram for the ECG simulator.
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Fig. 4. Schematics for the ECG simulator.



voltage reference (National Semiconductor LM336v2.5
that injects a fixed voltage into a summer circuit.

To simulate the asynchronous ventricular pacemaker

rhythm, the controller generates a 1.6 ms pulséherRAO
port output that is introduced immediately beforge t
simulated ventricular response in every cycle, wlith help
of the summer circuit.

A resistive network attenuates the summer outpgrtadi
from approximately 1 volt to 1 mV in lead Il (RA-).L
Though the simulated ECGs are physiologically digant
in lead Il only, in practice, they are quite appiafe to test
all the 12 leads (i.e., lead I, Il, Ill, V1 throudt6, and the

three augmented leads), because the amplitudes and

polarities are known a priori in all the leads.

The control program was written in assembly languag
(using Microchip’s MPLAB). Besides controlling the
waveform synthesis, the program detects keyboarérid
indicates whenever a battery (9-V alkaline type)
replacement is needed. A low dropout voltage rdgulaas
been employed (National LM2931) to extend battefs. |
An integrated dc-dc converter helps supplying fBe With
suitable voltage levels. These last two circuits rast shown
on the block diagram or schematics.

3. RESULTS AND DISCUSSION

The designed ECG simulator circuits were mounted on
printed circuit board and housed in a standard tiplas
enclosure, as shown in Fig. 5. Five snap type mdet
facilitate connecting the ECG simulator to an
electrocardiograph or cardiac monitor, using thielesthat
accompany these equipments.

After connecting the prototype to a commercial
electrocardiograph, a record (in thermal paperpath of
the 10 simulated signals was made. For these rectind
electrocardiograph settings were lead Il, 25 mrfds the
paper speed) and 20 mm/mV (for the gain). Thenfremes
were scanned for inclusion in this text file asimage. Fig.

6 shows the recorded signals. The signals areddhmi the

right top corner of every trace. The numbers represhe

signal frequency in beats per minute. It can ba ¢kat the

simulated signals are of very good quality and rogmi
perfectly a physiological ECG. Note that the padesna
pulses are clearly rejected by the ECG machine.

Because the records for the last two signal of Eigre
somewhat difficult to examine, these signals weaptured
by a digital oscilloscope and shown in Fig. 7. Addve, one
can observe the good quality of the traces. In gégnéhe
records indicate the adequate performance of th& EC
simulator. Moreover, the prototype is user’s frigndégmall
and lightweight. Its low power circuitry enablesatoperate
continuously for more than 60 h on a single all@@volt
battery.

Frequency precision, accuracy and stability osigjhals
are, above all, a function of the performance ef ¢thystal
oscillator. A crystal of 300 ppm was used in thejgct.

Precision, accuracy and stability of the amplitedehe
square wave (calibration signal) rely on the simila
parameters of the operational amplifier (B e Grimp 4),
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Fig. 5. Photograph of the ECG simulator prototype.
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Fig. 6. Simulated signals as recorded by a comméat

electrocardiograph (25 mm/s, 20 mm/mV).
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Fig. 7. Simulated calibration square wave and veritular tachycardia

as recorded by a digital oscilloscope.
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