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ABSTRACT

This work presents the instrumentation steps towards the development 
of a low cost personal device for conditioning, modulating in amplitude 
and recording the electrical activity generated by bipolar leads of the 
heart. Also, a method of remote monitoring using an audio transmitter-
receiver in modulated frequency adapted to a PC sound card is con-
sidered. To determine the modulation effects on the PQRST complex, 
simultaneous measurements on several volunteers are carried out. The 
signal is measured twice, initially before the first modulation and again 
after the final demodulation. For comparison, the same signals are 
simultaneously passed through a commercial electrocardiograph. Be-
cause of the modulation effect, measurements between both methods 
show differences up to 13% in some intervals of the PQRST complex. 
The PR segment and the QRS wave are the most affected. In general, 
there is a good agreement between the recordings obtained with our 
device and the trademark electrocardiograph.

Key words: Wireless, cardiac, audio, modulation.

RESUMEN

En este trabajo se presentan los pasos realizados para el desarrollo 
de un dispositivo personal de bajo costo para el acondicionamiento, 
modulación en amplitud y grabación de la actividad eléctrica ge-
nerada por derivaciones bipolares del corazón. Asimismo se propone 
un método de monitoreo remoto utilizando un transmisor-receptor en 
frecuencia modulada adaptado a la entrada de la tarjeta de audio 
de una computadora personal. Se desarrollan mediciones simultáneas 
del complejo PQRST en distintos voluntarios usando el equipo propuesto 
y un electrocardiógrafo comercial con el fin de determinar los efectos 
de modulación y transmisión del sistema propuesto. Las diferencias 
obtenidas en el análisis de las señales muestran una diferencia máxima 
del 13% en distintos intervalos del complejo PQRST originados por el 
efecto de la modulación, siendo el segmento PR y la onda QRS los más 
afectados. En general se observa una buena correspondencia entre 
las señales obtenidas con el dispositivo propuesto al ser comparadas 
con las obtenidas con un electrocardiógrafo comercial.

Palabras clave: Comunicación inalámbrica, señal cardiaca, audio, 
modulación.
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INTRODUCTION

Classically the ECG tracing has five deflections 
called PQRS and T waves, represented by small 
amplitude wavy lines describing the potential differ-
ences between two of several electrodes positioned 
around the body. Each of these segments reveals 
some vital information about the physiology of the 
heart. Put together this information gives a good 
image of the overall heart behavior.

In cardiac medicine, as part of the standard rou-
tine examination procedure, the 12-lead ECG of a 
patient at rest has proved its value as a diagnostic 
tool for detecting heart diseases such as ischemic 
heart disease by coronary artery stenosis, valvular 
disease, cardiac arrhythmia and has helped in the 
evaluation of heart muscle remodelling in hyperten-
sive or hypertrophy cardiomyopathy and congeni-
tal heart disease1-3. ECG analysis is widely used to 
diagnose many cardiac diseases, the main cause 
of mortality in developed countries4. Early diagnosis 
and treatment improves the prognosis of most cardi-
opathies5. Sudden cardiac arrest prematurely claims 
the lives of more than 7 million worldwide6,7 and is 
frequently preceded by the onset of tachyarrhyth-
mias such as ventricular tachycardia and ventricular 
fibrillation. These abnormalitie s can be detected 
promptly with electrocardiography analysis, and 
enables the doctor to modify the natural develop-
ment of the disease.

Nowadays much work has been performed to 
design wireless devices using transmitters based on 
some communication protocol like Bluetooth and 
Zigbee2,8-12, capable of recording cardiac signals 
in PC or mobiles. While many of them are indeed 
very small since they are built using surface mount 
technology and microcontrollers, and have also 
very low power consumption, in general there are no 
quantitative comparisons reported between the sig-
nals obtained by such devices and those obtained 
by neither standard devices nor a loss information 
analysis. Nevertheless the wireless recording of the 
ECG signals are a good alternative because this 
modality facilitates outdoors patient monitoring.

The device proposed in this paper has proven to 
be of practical use in hospitals with poor or null data 
wiring facilities and high requirement of continuous 
patient monitoring. Furthermore, the use of this de-
vice is a lot cheaper than adapting hospital facilities 
for the use of commercial monitoring devices.

Although it is known that extremely low (0.02Hz) 
and extremely high (as high as 500 Hz) ECG signal 
frequencies have disturbances in power due to 

sleep apnea and slowed conduction velocity result-
ing from ischemia or deposition of collagens after 
an acute myocardial infarction respectively13,14, 
the bandpass filter recommended by the Ameri-
can Heart Association for adolescent and adult 
diagnosis is 0.05-150 Hz15. Those values should be 
changed if ST analysis is sought, to do so the low 
cutoff frequency is to be decreased in order to allow 
signals lower than 0.02 Hz or if dealing with infant 
diagnosis where the high cutoff frequency must be 
increased to 250 Hz13,15.

This article summarizes the steps involved in build-
ing a low cost device, for cardiac signals wireless 
registration. This method is based on coupling an 
amplitude modulated signal to an audio FM trans-
mitter, and then the signal is recollected through 
the audio input of a computer to be digitally de-
modulated and interpreted. While the idea behind 
this work is fairly simple, to our knowledge this is the 
first report of a ECG signal been converted into an 
«audible ECG signal» by an AM modulation pro-
cedure, enabling the use of a standard audio PC 
card for data acquisition; it has to be underlined 
that the true worthiness of this work are the cost and 
the space benefits. Also the comparative study 
between the traditional data acquisition method 
and the device proposed has been incorporated 
in the results section of the paper; in order to do so 
we analyze several volunteers and determine the 
consistency between the signals before modulation 
and after being demodulated, and compare the 
results with a commercial Fukuda Denshi: Cardimax 
mod. FX-1201 electrocardiograph.

MATERIALS AND METHODS

A personal device for recording the PQRST com-
plex was developed using disposables electrodes, 
amplifiers, both passive and active filters, shielded 
RCA cables, four batteries (1.5 V) as power supply 
and a notebook computer. Clearly no expensive 
components were included in this prototype.

In particular, because of their high input and 
low output impedance, operational amplifiers 
were used for amplification and filtering, this is 
standard procedure to determine biopotentials. 
The schematic diagram of the signal-conditioning 
unit implemented in this work is shown in Figure 1.

Seven steps were considered for conditioning 
the signal:

1) Isolation and patient protection (Figure 1(A)) 
against electrical shock using a multiple propose 
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operational amplifier TL071. The task of isolation 
is mainly performed by the capacitor of 0.01 
f; it decouples the grounded right leg from the 
power supply.

2) Instrumentation amplifier AD620AZ (Figure 1(B)) 
with a fixed gain G1 = 10. The gain adjustment 
in this kind of operational amplifiers can be pro-
grammed just by setting a resistance RG between 
the terminals 1 and 8 according to the Eq. (1).

 
 

  
(1)

In this work the selected resistor has RG = 5.5 k .
3) Passive band-pass filter (Figure 1(C)), only allows 

the passage of frequencies in the range of 0.05 
Hz to 150 Hz according to15 and attenuates fre-
quencies outside that range including DC signal. 
In this type of RC filter the lower and higher fre-
quencies satisfies the Eq. (2).

 2f=RC (2)

With the components displayed in Figure 1(C) 
the calculated frequencies are 0.12 Hz and 132 
Hz respectively. Nevertheless an attenuation of 
approximately -3dB on the initial amplitude (Figure 
2), due at the smoothness fall of this filter and a 5% 
tolerance of the components is observed. 

4) In order to increase the ECG signal and cut off 
the offset level intrinsic at the amplification stage, 
a non-inverting amplifier with a gain G2 = 11 a 
high pass RC filter identical to the passive filter 
are used (Figure 1(D)). This configuration is built 
using a multiple purpose operational amplifier 
TL081 and the gain is adjusted according to Eq. 
(3); considering R1 = 1 k and R2 = 10 k.

  
(3)

 

5) To suppress the domestic tension line frequency a 
Notch filter of 60 Hz with gain G3 = 1 (Figure 1(E)), 
setting the capacitor of 1 nf and the resistance of 
2.7 M, is selected. At this stage, an attenuation 
of -26 dB on the 60 Hz interference and -3 dB on 
the frequencies higher than 150 Hz is confirmed, 
nevertheless a small attenuation of -6 dB is found 
on the frequency of 40 Hz, this frequency provides 
an important contribution at the ECG spectrum. 
The gain calculated in a similar fashion to the 
non-inverter configuration is in agreement with 
other authors such as Ying-Wen16.

6) Active filtering using a 4th order low-pass Butter-
worth filter with a 150 Hz cut off frequency using 
two operational amplifiers TL082 (Figure 1(F)). This 
is a very narrow roll-off filter and we have choose 
a gain G4 = 1.

 Figure 1. Circuit diagram of the signal conditioning unit showing all the stages described in the text.
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7) Non inverting amplifier with a gain G4 = 2 and 
a potentiometer in the offset null inputs to have 
control of the offset level of the signal (Figure 1(G)) 
to be modulated later.

This topology makes possible to obtain a common 
rejection mode around 110 dB, input impedance 
bigger than 1 G, base line restoration less than 1 
second and offset control. All the values of gains 
and band-pass filtering are in accordance to the 
literature reports 13-15, 17-20. The measured frequency 
response for both, the proposed device and the 
commercial Fukuda electrocardiograph, are dis-
played in Figure 2.

Figure 3 shows the typical cardiac tracing (sec-
ond lead) from a volunteer with no history of heart 
disease. A two channels TEKTRONIX mod. TDS2012B 
oscilloscope is used to obtain simultaneously the 
signals from our device and an electrocardiograph 
Fukuda Denshi: Cardimax mod. FX-1201, a very 
good agreement between the signals registered by 
both devices is observed. The signal to noise ratio 
(S/N) (Eq. 4) obtained with this electronic configura-
tion is around 40 ± 0.1 dB.

  

(4)

where vs and vn are the average amplitude of the 
signal and the noise respectively.

Electrocardiographic signals can be acquired 
before digitalizing stage using some peripheral 
port of a PC19. It is known that the audio input is a 
peripheral designed to record signals in the human 

audible frequency range, roughly 20 Hz–20 kHz. 
While the frequency of a human cardiac signal is 
partially outside of the audible range, the frequency 
spectrum of a normal ECG of a patient at rest starts 
at 0.01 Hz13,15, it should be noted that cardiac sig-
nals between 0.01 to 20 Hz would be attenuated if 
injected directly to the audio input. This drawback is 
taken care of by the introduction of an AM modula-
tion stage to shift the power spectrum to the audio 
PC card proper range.

Moreover PC audio inputs are usually an analogi-
cal interface with a threshold voltage range ± 1V, 
and have an ADC with an 8 or 16 bits resolution and 
a maximum acquisition rate of 192 kS/s. In order to 
pass segments of cardiac records through sound 
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Figure 2. Measured frequency response of the conditioning circuit. Left: Proposed device. Right: Commercial Fukuda elec-
trocardiograph.

Figure 3. Typical PQRST complex obtained simultaneously 
by using our device (red line) and the electrocardiograph 
Fukuda Denshi Cardimax mod. FX-1201 (black line).
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input channels it is necessary to modulate the ob-
tained signal in amplitude (AM), the carrier signal 
selected to perform the modulation is in the human 
audible range (1.91 kHz). An operational amplifier in 
double integrator configuration (Figure 4A) and an 
arrangement of transistors are used to perform the 
convolution of both signals (Figure 4B).

Due to the fact that signal is modulated in AM 
and its carrier is in the audible range it can be 
transmitted using a transceiver for wireless audio, 
preferably in a FM band to avoid amplitude deg-
radation in the reception stage16,19. For this purpose 
we use a commercial low price (around US$ 14) 
Transmitter-Receiver (STEREN MIC-219). This model 
possesses a frequency response range of 80 Hz to 
12.5 kHz, sensibility -42dB, input impedance 2.1 k 
and a maximum distance range of 30 m (90.9 ft). 
It is important to emphasize that the signal intro-
duced into the FM transmitter is the AM modula-
tion of the ECG signal and the central frequency 
of its spectrum is in 1.91 kHz, a safe value within 
the frequency response. The output signal of the 
Transmitter-Receiver device has the AM modulated 
cardiac signal which is introduced into the audio 
input of the PC. In Figure 5A, is shown the cardiac 
modulated signal with a modulation factor m given 
in the Eq. (5).

  
(5)

where APQRST and ACarrier are the amplitude of the 
PQRST complex and the signal carrier respectively. In 
general m depends inversely on the source-receiver 
separation, so that a coherent demodulation of the 
signals is required.

Once the AM modulated cardiac signal is intro-
duced into the audio input, data acquisition and 
demodulation can be done by the PC hardware 
and software, these tasks are performed in real time. 
In the specific case of the selected portable com-
puter, the frequency response of the audio card is 
in the range of 14 Hz to 9 kHz with an acquisition 
rate of 48 kS/s. These parameters ensure 25 samples 
in a full carrier cycle, exceeding by far the lower 
bound imposed by the Nyquist–Shannon sampling 
theorem so that aliases in the demodulated signal 
are prevented.

To perform the digital demodulation the National 
Instruments (NI) using the NI demodulation toolkit 
is the software of choice. This tool enables to write 
subroutines for coherent demodulation, real time 
signal display and data storing in files for future off-
line analysis.

For the modulation in amplitude, the original 
signal m(t) (enveloper) is converted into the signal 
given by Eq. (6),

  (6)

where C is a constant that depends on the carrier 
signal amplitude. Multiplying Eq. (6) by cos(wt) 
and using the trigonometric identity cos2() = ½ + 
cos(2)/2 we obtain Eq. (7)

  
(7)

To recover the original signal m(t), the signal y(t) of 
Eq. (7) has to be filtered through a band pass filter 
tuned at frequency w in order to remove the DC 
component and the frequencies bigger than the 
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carrier signal. Once the filtered signal is obtained, 
it has to be multiplied by 2.

RESULTS

Electrocardiographic records were taken from a 
group of 20 volunteers without a history of heart 
disease; each patient was positioned in a lying 
flat and relaxed state, simulating a bed monitoring 
situation. It has to be noted that all measurements 
were obtained with the help of an expert in elec-
trocardiography of the Unidad Médica HGZMF6 of 
the Instituto Mexicano del Seguro Social in Ocotlán, 
Jalisco. A total of 3 measurements per volunteer 
were captured, each measurement lasted 6 se-
conds, the time interval most frequently utilized in 
diagnosis ECG because it enables to easily obtain 
an estimation that uses minutes as time unit21. Fi-
gures 5A and 5B show a typical modulated signal 
transmitted from a distance of 25 m by wireless and 
the corresponding demodulated signal, respecti-
vely. Data files were plotted using Origin 7.0 and 
the demodulation was performed using Lab VIEW 
8.5. After demodulation, S/N (Eq.4) was approxima-
tely 30 dB, that is, an increment in the distortion of 
the modulated signal. The source of this distortion 
is associated mainly with a nonlinear behavior of 
the AM modulation stage and also with a possible 
impedance coupling problem between the FM 
transmitter-receiver output signal and the audio 
input of the PC. Total Harmonic Distortion (THD) (Eq. 
8) measured is around of 10 ± 3 %.

  
(8)

where Y1 is the RMS amplitude of the fundamental 
component of 1.91 kHz and

 
Y1 i = 2, 3,…,n is the 

RMS amplitude value of the ith harmonic.
By digitally filtering the modulated signals through 

a two order band pass filter with cut off frequencies 
1.8 khz and 2.2 kHz, the THD is decreased to less than 
1%, which enables a good demodulation quality. 
Now, the S/N ratio obtained in the PQRST complex 
is close to 40dB, after the demodulation stage, 
recovering thus the value reported in the condition-
ing stage. Figure 6 shows a segment of the PQRST 
complex of 2 different volunteers; the conditioned 
signal (in black) was acquired using an oscilloscope 
with 8 bits resolution and 1 kS/s of sample rate, while 
the signal (in red) was processed by the computer 
with the configuration of the audio card to 16 bits 
and 48 kS/s. For comparison purposes the two sig-
nals were superposed in Figure 6 to enhance the 
good agreement between them.

Before the analysis of the obtained ECG signals, 
they were carefully inspected to discard those with 
artifacts due to involuntary movements. A total of 
N = 15 EEG segments of 6 seconds were analyzed.

In order to compare the PQRST traces with our de-
vice initially and after demodulation, the differences 
of the mean values of: PR segment, ST segment, PR 
interval, QRS interval, QT interval, P wave amplitude, 
QRS wave amplitude and T wave amplitude were 
calculated in each case. Moreover the mean of 
the absolute values of the Relative Average Values 
(RAV) were obtained from Eq. (9). In Table 1 displays 
the values of RAV with its respective standard devia-
tion. It is mainly observed differences of 12 ± 7% in 
the ST segment and of 11 ± 10% in the QRS wave, 
the minimum differences are observed in the QT 
interval of 3 ± 2%.
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Table 1. Relative average values (RAV) between the original and demodulated signals in the main ECG segments 
(intervals or waves).

ECG ST seg % PR seg % PR int % QRS int % QT int % P wave % T wave % QRS wave %

RAVInitial/Demod 12 ± 7 9 ± 6 10 ± 5 5 ± 5 3 ± 2 7 ± 8 10 ± 9 11 ± 10
RAVFukuda/Demod 8 ± 7 13 ± 10 7 ± 6 6 ± 5 5 ± 7 6 ± 7 10 ± 11 13 ± 15
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(9)

A similar procedure was performed with Eq. (9) 
to determine the RAV between the demodulated 
signals and those simultaneously obtained with the 
Fukuda electrocardiograph. The differences most 
frequently encountered were 13 ± 10 % in the PR 
segment and 13 ± 15 % in the QRS wave, while 
the minimum differences observed were in the QT 
interval with values of 5 ± 7%.

It must be underlined that even though the de-
vice weights about 200 g including batteries and it 
size is 10x10x1 cm, with an electrical consumption 
under 60 mA, it was never meant to be a portable 
electrocardiograph since it needs a computer, but 
it is very inexpensive instrument that can easily be 
implemented in medical offices and clinical rooms 
even those in rural areas.

CONCLUSIONS

This paper describes an inexpensive and easy to 
construct device to record cardiac signals from 

bipolar leads. Operational amplifiers and both pas-
sive and active filters are the basic building blocks. 
Analogue AM modulation is achieved using a carrier 
signal with a frequency in the audible range to be 
received by the audio input of a notebook compu-
ter. The modulated signals are sent to the computer 
by a wireless FM transmitter, and then software is 
used to digitally demodulate them.

Furthermore the results obtained with our device, 
both, before modulation and after demodulation, 
are in good agreement with the trademark elec-
trocardiograph, in every ECG signals important 
feature (main segments, intervals and amplitudes). 
This agreement indicates that the device is ready 
to start a certification process.

This instrument has the great advantage of solv-
ing the external communication problem since the 
ECG is already digitized and demodulated by the 
computer. Also, once the signal is demodulated, 
data storage can be implemented in an easy and 
inexpensive way using computer ’s memory and 
hard disk.

Recapitulating, the conversion of ECG signal 
into an audio signal allows the use of an excellent 
digitizing hardware available in any computer. Also, 
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the modular implicit design allows the possibility 
to change the communication channel from a 
low range FM transmitter as the one used in this 
research, to a long range transmitter such as a 
mobile phone. This apparatus not only can work in a 
wide variety of ranges but is also friendly with, both, 
analog and digital audio transmission technology 
with a very low distortion. The same cannot be said 
of the equivalent commercial devices where there 
is a restriction, depending on the model and brand 
to select Bluetooth, WiFi or ZigBee (recently used to 
transmit ECG signals2,8-12). Moreover, all commercial 
technologies have limitations in range and many 
of them require further accessories to be used with 
ordinary computers. In addition, the access to the 
ECG data is made easy because it only entitles 
the audio input reading, a very simple task in any 
computer language and communication protocols 
can be circumvented.

Figure 2 reveals that there is still room for Notch 
filter behavior improvement. A possible way could 
be the implementation of software filters such as the 
one proposed in22. In the future changes in design 
are being thought in order to enable the use of 
this electrocardiograph with infants. An interesting 
filtering strategy maybe the use of digital filters15, 
not just to enhance the SNR but to try to eliminate 
the typical artifacts such as muscular movement, 
breath signals, etc23.

In the future this work has to be extended to 
handle the basic 12-lead heart signals simultane-
ously, probably with the use of a multiplexer for 
twelve different AM modulation signals. Since the 
carrier is in the audible range, further research may 
prove useful to apply a modulation method in order 
to perform tele-diagnostics using a transmitter, such 
as a mobile phone, radio transmitter or any other 
widely available media.
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