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Abstract—New miniaturized portable ECG measuring 
devices may require reduced electrode size and distance. 
This paper introduces a project where the effect of 
interelectrode distance (IED) of ECG precordial electrodes 
was studied with Body Surface Potential Map (BSPM) data. 
The objective was to study how the IED affects the signal 
strength and how the electrode pair should be placed on the 
chest in order to obtain a sufficiently reliable and strong 
ECG signal. Two analyses were conducted for 17 bipolar 
leads in BSPM data: analysis of signal strength and 
deviation between patients, and analysis of signal strength 
compared to noise level. It was found out that for diagnostic 
purposes a bipolar measurement between standard 
electrodes V1 and V2 is not sufficient, as the P-wave may 
disappear due to noise. Nevertheless, if the bipolar electrode 
pair is placed in the direction of the heart’s electrical axis, 
the P-wave amplitude is high enough for diagnose. For heart 
beat detection, even a quarter of the standard distance 
between V1 and V2 could be sufficient, as the QRS 
amplitude can be detected. 
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I.  INTRODUCTION 
 
 This work is part of a project called Wireless 
Technology and Psychophysiological Computing. The 
aim of the project is to study small wireless sensor 
technology that can be used for monitoring of human 
physiological and psychophysiological responses. The 
ultimate goal of the project is to develop lightweight 
wireless systems for monitoring the functioning of the 
human heart (ECG), brain activity (EEG), eye movements 
(EOG), and facial muscle activity (EMG).  
 When designing small measurement systems, it is 
essential to define a suitable location for the two 
measuring electrodes, as the signal may diminish when 
decreasing the interelectrode distance (IED). The obtained 
signal strength varies between different electrode 
positions and individual variations may cause deviation in 
the results. Nevertheless, the magnitude of the effect of 
reducing the IED has not been widely studied.  
 In this paper, the effect of reducing the IED on the 
signal strength was studied with Body Surface Potential 
Map (BSPM) ECG database.  The main aim of this study 
was to evaluate how the bipolar electrode pair should be 
located on the chest in order to obtain a reliable and 
strong ECG signal for diagnostic and for heart beat 
detection purposes. 
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II.  METHODOLOGY 
 
 The material used in this study was clinical BSPM 
data of 120-leads ECG acquired from 236 normal patients 
[1]. In this data, signals were recorded with Wilson’s 
central terminal as a reference, but for this study, bipolar 
signals were obtained by subtracting the signals from 
adjacent electrodes.  

In this study, two analyses were conducted in order to 
optimize the bipolar electrode pair location for obtaining a 
strong and reliable ECG signal: analysis of signal strength 
and deviation between patients and analysis of signal 
strength compared to noise level. These methods were 
used for studying the signal strength in bipolar electrode 
pairs located in the area of precordial electrodes V1-V6. 
The electrodes were chosen among and close to the 
precordial chest electrodes, as their location is commonly 
known, and as the ECG signal is usually strongest in that 
area. In addition to the standard precordial electrode 
locations, the study utilized additional interposed 
electrodes, in order to study the effect of reduced IED. 
Thus, the minimum IED was ½ of the original distance 
between two adjacent standard precordial electrodes. The 
location of BSPM electrodes is visualized in Fig. 1. The 
electrodes used in this study are colored in grey. 

 

 
 

Fig. 1. Front view of Body Surface Potential Map. Electrodes that were 
analyzed in terms of signal strength and deviation are numbered and 
marked in grey circles. Black squares denote the location of standard 12-
lead system chest electrodes V1-V6. 
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A.  Signal strength vs. noise 
 For studying how much the IED may be reduced 
without loosing the ECG signal under the noise, the 
following analysis was conducted with the clinical data. 
The QRS amplitude and P-wave amplitude were detected 
from 17 electrode pairs and from each patient, and the 
average within patients was calculated. The electrodes 
were chosen around the standard chest electrodes V1 and 
V2. The electrode pairs were directed horizontally, 
vertically or sloping downwards left, because one of the 
aims was to define the best orientation for the electrode 
pair. The P-wave was detected, as it is usually one of the 
smallest of the diagnosed parameters of the ECG, and 
thus is the first to disappear under the noise.  

The noise values used as reference were 15 uV and 60 
uV. These values represent a fairly low and a rather high 
noise level [2-4]. Noise values were taken from literature, 
because the noise could not be analyzed from the readily 
parametrizised and preprocessed clinical data. Also results 
of lower noise levels in biopotential recordings have been 
published [5], but we wanted to take into account the 
cases that represent the less optimal circumstances. 
 
B. Signal strength and deviation between patients 
 In addition to the fact that signal strength varies 
between different electrode positions also individual 
variations may cause deviation in the results. For defining 
which electrode location provides reliably a strong signal 
independent on the subject, the QRS amplitude and the 
standard deviation of the QRS amplitude between patients 
were calculated. The standard deviation shows to which 
extent the data samples differ from the average value [6], 
thus it describes how reliable the recording site is. The 
number of analyzed bipolar leads was 20. 
 

III.  RESULTS 
 

A.  Signal strength vs. noise 
The results of this study are presented in Fig. 2. Here 

the average QRS and P-wave amplitudes obtained from 
six electrode pairs are illustrated in bars, and the 
amplitude values are listed below the graphical 
illustration. The higher reference value for noise (60 uV) 
is also marked in the Fig. 2. 

From the results in Fig. 2. it can be seen that if the 
noise level is high (60 uV), the P-wave may disappear 
under the noise in all electrode pairs that are directed 
horizontally, including pair 22-37 (locations V1 and V2). 
Further, in these bipolar electrode pairs the P-wave is 
lower than in the standard unipolar precordial lead V5. 
This means that these bipolar electrode pairs are not 
suitable for monitoring the whole ECG or for diagnostic 
purposes, if the noise level is high. Only electrode pairs 
that have larger IED and are directed either vertically of 
downwards left, such as 20-22 and 20-37 detect a P-wave 
that is clearly above the noise level. Instead, the QRS 

amplitude is clearly higher than the reference noise level 
in all studied electrode pairs. Among the bipolar electrode 
pairs, pair 20-37 provides a higher QRS than in V5. This 
is probably because in 20-37 the IED is quite long and the 
pair is directed in the direction of heart’s electrical axis. If 
the reference noise level is 15 uV, which corresponds to a 
low noise situation, all studied electrode pairs provide a 
detectable P-wave. With a 15 uV noise the average signal-
to-noise ratio for these P-wave samples is 16 dB, which 
may be adequate depending on the application. 
 
B.  Signal strength and deviation between patients 

The QRS amplitude and standard deviation values 
obtained from selected bipolar electrode pairs are 
presented in Table 1. and further illustrated in Fig. 3. As a 
reference, also the values obtained from the standard 
unipolar lead V5 are presented. Lead V5 represents a part 
of the standard 12-lead ECG, where it usually provides 
one of the highest amplitudes. The values in Table 1. and 
Fig. 3. are sorted according to the signal strength, and 
they denote that the signal between V1 and V4 or V6, and 
V2 and V4 or V6 is strongest. Interestingly, six bipolar 
electrode pairs also provide higher amplitude than the 
standard unipolar lead V5. This is because these bipolar 
electrode pairs are in the direction of heart’s electrical 
axis, and thus they detect the strongest activation front. In 
addition, these electrodes record a strong signal as their 
IED is long. 

Fig. 3. denotes that the deviation in the signal strength 
between patients is quite high. This means that absolute 
values for signal strength are difficult to define. 
According to Table 1. and Fig. 3. the standard deviation 
decreases as the signal strength decreases. This was 
expected because as the values decrease, also the 
difference between these values decrease. However, when 
considering the ratio between standard deviation and QRS 
amplitude in the last column of Table 1., it can be seen 
that in the leads that are towards the direction of heart 
electric axis, the standard deviation is quite low in 
proportion to signal strength (bold, italicized). In the 
standard lead V5 this ratio is lowest. By contrast, in the 
leads that are directed horizontally, this ratio is fairly high 
(italicized). This result suggests that the electrode pair 
should be placed in the direction of heart’s electrical axis 
so as to obtain a reliable result.  
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Fig. 2. Average QRS and P-wave amplitudes from 17 electrode pairs in clinical BSPM data. The limit 60 uV represents a reference noise level. The location 
of electrodes is illustrated in Fig. 1. The arrows below the figure represent the direction of each bipolar electrode pair on the chest. 

 
TABLE 1. 

THE AVERAGE QRS AMPLITUDE AND THE STANDARD DEVIATION 
BETWEEN PATIENTS IN BIPOLAR ELECTRODE PAIRS AND IN 

STANDARD UNIPOLAR LEAD V5.  

The average QRS amplitude and the standard deviation 

Electrode pair 

Average 
QRS 

amplitude 
/ uV 

Standard 
deviation of 

QRS amplitude 
between patients  

/ uV 

Ratio: 
Standard 

deviation / 
QRS amplitude 

74, 37 (V2-V6) 3711.4 1308.6 0.35 

59, 37 (V2-V4) 3689.7 1588.4 0.43 

59, 22 (V1-V4) 3034.0 1166.9 0.38 

74, 22 (V1-V6) 2810.9 951.08 0.34 

39, 37 2602.7 1051.4 0.40 

37, 20 2115.2 737.94 0.35 

V5 2047.7 650.96 0.32 

37, 35 1827.7 715.88 0.39 

37, 21 1658.0 670.73 0.40 

38, 37 1634.4 780.95 0.48 

30, 28 1600.5 646.93 0.40 

37, 22 (V1-V2) 1401.9 646.09 0.46 

37, 29 1349.2 597.98 0.44 

44, 30 1110.7 582.75 0.52 

37, 36  1070.0 522.75 0.49 

30, 29 995.37 521.14 0.52 

36, 35 953.43 404.49 0.42 

44, 37 903.53 457.51 0.51 

37, 30 660.82 376.32 0.57 

35, 34 486.71 192.83 0.40 

 

 
 
Fig. 3. The average QRS amplitude (black points) and the standard 
deviation (grey bars) between patients in bipolar electrode pairs and in 
standard unipolar lead V5. The location of electrodes is illustrated in 
Fig. 1. 

 
IV. DISCUSSION 

 
For analyzing and defining suitable electrode 

locations for a wireless measurement, the clinical data 
was analyzed in terms of signal strength and standard 
deviation within patients.  

The QRS and P-wave amplitudes were investigated in 
order to see if they disappear under the noise with small 
IEDs. The reference values for noise were 15 uV and 60 
uV. Fig. 2. shows that with electrode pair V1-V2 (pair 22-
37 in the BSPM data) the average P-wave amplitude was 
smaller than 60 uV. This means that if the noise level is 
high this electrode pair is not suitable for diagnostic 
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purposes as the P-wave disappears under the noise. 
However, in all investigated electrode pairs the P-wave 
was higher than 15 uV, and the corresponding signal to 
noise ratio was in average 16 dB. Thus, provided that 
there is only low noise present in the measurement, and 
depending on the application, half of the IED between 
standard chest electrodes may provide a sufficient signal. 

As for the QRS amplitude, it was clearly higher than 
noise in all studied electrode pairs. This means that for 
applications where only heart beat is needed, a half of the 
standard distance (e.g. between V1 and V2) is clearly 
enough. Further, assuming that the reduction in QRS 
amplitude stays constant when reducing the IED, even ¼ 
of the standard distance should be enough for heart beat 
detection. Finally, the wireless ECG device that has been 
built in the project Wireless Technology and 
Psychophysiological Computing [7] has the rms noise 
level less than 15 uV. Hence, with this device the ECG 
could be monitored with only half of the IED between 
standard chest electrodes. 

For defining which electrode location provides 
reliably a strong signal independent on the subject, the 
QRS amplitude and the standard deviation of the QRS 
amplitude between patients were also calculated. The 
QRS amplitude values in Table 1. suggest that the 
electrode pair should be located in the direction of heart’s 
electric axis, in order to obtain the strongest QRS 
amplitude. From this table it can be seen that the standard 
deviation value changes according to the signal strength, 
so it may not be the best indicative of the reliability of the 
recording point. However, the ratio between the QRS 
amplitude and the standard deviation may be a better way 
of evaluating the reliability of the measuring site, as there 
the deviation is proportioned with the amplitude. Based 
on this ratio, the results indicate that electrode pairs 
directed in the direction of heart’s electric axis provide a 
reliable interindividual measurement. 
 

IV. CONCLUSION 
 

 Results indicate that even with a small IED a 
sufficient signal may be obtained from a bipolar 
measurement on the chest, provided that the electrodes are 
correctly positioned and the measurement has only low 

noise content. Nevertheless, the requirements for the 
signal strength vary within applications and the 
limitations should be defined particularly for the purpose. 
For diagnostic purposes a bipolar measurement between 
standard electrodes V1 and V2 is not sufficient, as the P-
wave may disappear due to noise. Nevertheless, if the 
bipolar electrode pair is placed in the direction of the 
heart’s electrical axis, the P-wave amplitude is high 
enough to diagnose. For heart beat detection, even a 
quarter of the standard distance between V1 and V2 
should be sufficient, as the QRS amplitude can be 
detected. In conclusion, if the electrodes are correctly 
positioned, even very closely separated bipolar electrodes 
can be used. This enables designing extremely small 
devices for recording ECG. 
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