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Abstract- A novel approach for extracting the gait signal from an electrocardiogram (ECG) and detecting the peak of gait 
signal as representation of step counter based on Ensemble Empirical Mode Decomposition (EEMD) has been designed, 
tested, and evaluated. We were designed the data acquisition device based on MSP430, integrated with accelerometer and 
ECG circuits for raw data acquisition and Bluetooth Low Energy (BLE) for raw data transmission to PC. Two healthy 
subjects were participated in the treadmill test. The participants were asked to walk in four different speeds from 1.8 km/h to 
4.5 km/h and run in five different speeds from 5.4 km/h to 9.0 km/h which the increasing of speed by 0.9 km/h. The accuracy 
has been evaluated based on the data from all participants that achieved accuracy of 96.67 % for walking. The results show 
that this approach is feasible to be used as step counter based on ECG and EEMD algorithm. 
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I. INTRODUCTION 
 
Gait cycle is the sequence of motions that occur from 
one initial contact of the heel to the next consecutive 
initial contact of the same heel. Gait is one of the 
parameter that was recognized from human behavior 
that was able to extract some information related to 
Parkinson’s disease [1, 2], human surveillance [3, 4], 
and biometrics [5]. Many researchers have proposed 
the method to extract gait signal. Fei Wang use Fast 
Fourier Transform (FFT) and Support Vector 
Machine (SVM) for feature selection and gait 
recognition [6]. Dong Xu recognize human gait based 
on matrix-based algorithms: Couple Subspace 
Analysis (CSA) to remove the noise and discriminant 
analysis to improve classification ability [7]. The 
latest research in gait recognition was published by 
Yuting Zhang [8]. He uses Signature Points (SPs) 
method which has superior performance compared 
with existing methods. All previous research in the 
field of gait recognition use the devices such as the 
gyroscope, accelerometer, or camera-based to extract 
and recognize gait information. 
Electrocardiogram (ECG) is the record of electrical 
activity of the heart over a period of time. ECG is one 
of the vital sign that was matured and widely used in 
medical and engineering fields. For example, sleep 
apnea information is able to be extracted from ECG 
[9, 10]. ECG is also used to detect driver drowsiness 
by the combination of Wavelet and Fuzzy System 
[11]. ECG variability is able to detect the patient with 
partial epileptic using eigenvector method for the 
composition of diverse and composite features [12]. 
Another used of ECG is human identification based 
on sparse representation of local segment [13]. 
Recently, Empirical Mode Decomposition (EMD) is 
emerged as the tools for data extraction or noise 
removal. The principle of EMD is to decompose the 
signal into various components in term of frequency 
band, so called as Intrinsic Mode Function (IMF). 

Because of the easy-to-use and data-driven 
properties, EMD becomes popular in many kinds of 
research fields. The idea was proposed by Norden E. 
Huang in 1998 [14]. Later on, a noise-assisted EMD, 
so called as Ensemble Empirical Mode 
Decomposition (EEMD) is implemented for many 
applications such as data extraction and filtering. 
As there is no previous research to extract the gait 
signal from ECG by using EEMD, we proposed a 
novel method to extract gait signal from ECG using 
EEMD-based algorithm. The advantage using this 
approach is that replacing the accelerometer sensor 
with a single-channel ECG sensor for measuring step 
counter, thus the size and the complexity of the 
device are reduced. We implement peak detection on 
the gait signal. Then, we use peak detection on the 
gait signal as representation of step counter. The 
accuracy of peak detection of our approach is 96.67 
% for walking on the treadmill based on step data 
from accelerometer sensor. 
 
II. METHODS 
 
2.1. Hardware Architecture 
The function of our hardware is to receive ECG and 
accelerometer raw data, then transmit it to the PC 
using BLE. Hardware is consisted of three parts: the 
accelerometer and the ECG sensors and circuits, 
microcontroller, and wireless data transmission 
interface. The block diagram of hardware architecture 
is shown in Fig. 1. We use MSP430 as the main chip 
of the hardware that has an ultra-low-power 
microprocessor that integrates MCU, ADC, I2C, 
UART, and other peripherals. For wireless data 
transmission, CC2541 module that supports BLE has 
been used. An accelerometer sensor and circuits are 
connected with I2C, and the ECG sensor and circuits 
are connected to ADC. For accelerometer data, we 
use a digital accelerometer ADXL 345 that has 13 
resolution bits with ±16 g acceleration range. For 
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ECG data, we use POLAR belt ECG electrodes for 
single-channel ECG acquisition. Then we design the 
ECG circuit based on two-electrode non-differential 
amplifier that was proposed by Dobrev [15], as 
shown in Fig. 2. First, ECG signal is amplified 11 
times using bio-potential non-inverting amplifier. 
Then, the signal will go through high-pass filter with 
a cut-off frequency of 0.01 Hz and non-inverting 
amplifier with gain of 48. After that, a low-pass filter 
with cut-off frequency of 100 Hz is implemented. 
The sample rate of accelerometer and ECG is 50 Hz 
and 200 Hz respectively. And the baud rate of BLE 
module is 115.2 kb/s. 
 
2.2. Experiment Setup 
To evaluate the ability of EEMD algorithm on the 
signal decomposition, we tested the algorithm using 
artificial signal that runs in MATLAB 2013. Artificial 
signal is designed using three sinusoidal signals 
which have frequency of 1 Hz, 5 Hz, and 12 Hz. 
Three sinusoidal signals, as shown in Fig. 3, are 
simulated in the first 10 seconds, then continuing for 
10 seconds more, excluding 5 Hz signal. 

 

 
Fig.1. Hardware architecture 

 

 
Fig.2. ECG circuit 

 

 
Fig.3. EEMD decomposition ability 

 
After the evaluation of EEMD on the signal 
decomposition, next is to delineate the gait signal 

from ECG raw data. We used step signal obtained 
from accelerometer sensor as reference data. One gait 
cycle is represented as two step cycles. For obtaining 
the data, we strap the hardware/device with belt 
below the chest. Fig. 4 shows the position of the 
device. 
Two healthy subjects were participated in the 
treadmill experiment. The age of the participants are 
21 and 23 years old respectively, with body mass are 
61 and 63 kg. Accelerometer signal and ECG were 
recorded sequentially at the following treadmill 
speeds: 1.8, 2.7, 3.6, 4.5, 5.4, 6.3, 7.2, 8.1, and 
9 km/h. Both signals were taken for a period of one 
minute at each speed. The participants fastened the 
device/hardware across the chest with a belt, and 
walked for the first four speeds and ran for the last 
five speeds. 
 
After obtaining step signal and gait signal delineation 
form all participants, we evaluate the accuracy of gait 
delineation signal by comparing the number of peaks 
from gait delineation signal as tested data and step 
signal as reference data. 
 
2.3. Decomposition Ability of EEMD 
As explained in the experiment setup, the 
decomposition ability of EEMD is evaluated using 
three sinusoidal signals. Based on our visual 
observation of 12 Hz, 5 Hz, and 1 Hz signals are able 
to be delineated using IMF 2, IMF 4, and IMF 5 
respectively, as shown in Fig. 3. 
 
2.4. Delineation of Gait Signal 
Delineation of gait signal means that which IMF is 
able to represent the gait signal that has extracted 
from ECG. To know which IMF that is appropriate to 
represent gait signal, we choose the ECG signal from 
the first participant with a running speed of 5.4 km/h 
on the treadmill. Then, we decompose the ECG signal 
using EEMD into seventh IMFs: IMF 1 to IMF 7. 
 
2.5. Peak Detection 
To show how good the EEMD algorithm delineates 
gait signal from ECG, we compare the number of 
cycle/peak between step signal obtained from the 
accelerometer sensor and gait signal obtained from 
IMF 7 of ECG signal. We use experiment data 
obtained from all participants to evaluate the 
accuracy of the gait signal delineation from ECG. 
The complete evaluation is provided in the results 
part. 

 
Fig.4. Hardware position 
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Fig.5. ECG Decompossition while running in speed 5.4 km/h 

 
III. RESULTS 
 
3.1. Decomposition Ability of EEMD 
Fig. 3 shows the example of EEMD ability to 
decompose the signal into different parts. The first 
row is the original signal that consists of sinusoidal 
signals with frequency of 1 Hz, 5 Hz, and 12 Hz for 
the first half duration, and the rest duration excluded 
5 Hz sinusoidal signal. The second row is the 
decomposition result of original signal, which is IMF 
2. In this case, IMF 2 represents sinusoidal signal 
with frequency of 12 Hz. The third row is IMF 3 and 
IMF 4, where IMF 4 is able to represents sinusoidal 
signal with frequency of 5 Hz. Therefore, 5 Hz 
sinusoidal signal only appear in the first half duration 
and disappear in the rest of the duration. The last row 
is IMF 5 which represent sinusoidal signal with 
frequency of 1 Hz. 
 
3.2. Delineation of Gait Signal 
Fig 5 shows the delineation of gait signal from ECG 
that the participants are running with speed 5.4 km/h 
on the treadmill. The first and the second rows are 
accelerometer signal and ECG. The third row to the 
seventh row represent parts of ECG decomposition 
results respectively of IMF 1, IMF 3, IMF 5, IMF 6, 
and IMF 7. Because one gait cycle represent two step 
cycles, based on Fig. 5, IMF 7 is appropriate to 
represent the delineation of gait signal. 
 
3.3. Peak Detection 
To obtain the accuracy of step counter based on gait 
signal delineation approach, we need to implement 
peak detection for both step and gait signals. Before 
peak detection implementation, step signal obtained 
from accelerometer sensor and gait signal obtained 
from IMF 7 need to be pre-processed. We use 31 taps 
FIR band pass digital filter with cut off frequency of 

0.5 Hz and 2 Hz, and 8th-order moving average for 
step signal pre-processing. And for gait signal pre-
processing, we use 32th-order moving average. Then, 
we implement simple peak detection for both step and 
gait signals. The accuracy is obtained by comparing 
the number of peaks from step signal and gait signal 
using (1). The gait detection accuracy obtained from 
two participants in the treadmill test is shown on 
Table I and Table II. 

%100
__

1 










 PeakSignalStep

ErrorAccuracy  (1) 

PeakSignalStepPeakSignalGaitError ____*2    (2) 

Table1: Gait Detection Accuracy for Participant 1 

 
 

Table2: Gait Detection Accuracy for Participant 2 
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DISCUSSION 
 
The results show that gait signal is able to be 
extracted from ECG raw data that is represented by 
IMF 7. We choose IMF 7 because the gait cycle is 
related to body movement while subject is walking or 
running. The body movement produces low 
frequency signal that is included in ECG signal. But, 
if the subject moves their body faster, the gait signal 
is not able to be delineated perfectly while using IMF 
7.  
Based on the result in Table I and Table II, gait 
detection accuracy is acceptable in walking speeds 
from 1.8 km/h to 4.5 km/h, and achieved average 
accuracy 96.67 %. The accuracy is low in running 
speeds from 5.4 km/h to 9 km/h because the ECG 
contains high artifact from body movement. Thus, 
EEMD algorithm is not able to delineate gait signal 
from ECG perfectly. 
 
CONCLUSION 
 
EEMD is able to delineate gait signal from ECG in 
walking condition. The number of gait cycles is able 
to estimate the number of step cycles. Therefore, the 
delineation and detection of gait signal from ECG is 
acceptable. Moreover, this method is able to replace 
the step counter obtained by accelerometer sensor 
with ECG data based on gait signal delineation 
approach. Thus the hardware complexity can be 
reduced by using single channel ECG sensor to obtain 
step counter and ECG information.  
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