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Abstract The Electrocardiogram (ECG) is essential for the clinical diagnosis of
cardiovascular disease. An advanced algorithm combining wavelet packet trans-
formation (WPT) and Hilbert Huang transform (HHT) is presented for processing
ECG (Electrocardiography) signal in this paper. First the WPT can resolve the
ECG signal into a group of signals with narrow band. Then, the Empirical Mode
Decomposition (EMD) process of Hilbert-Huang Transform (HHT) is applied on
the narrow band signals. The unrelated IMFs of ECG signal are removed from
result through a screening process. Finally, the Hilbert transform is employed to
achieve the Hilbert spectrum and marginal spectrum. The results show the
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effective performance of the algorithm combining WPT and HHT in reducing
ECG noise and time–frequency analysis. By comparing with the original HHT, the
proposed algorithm has the better performance on ECG signal processing.

Keywords ECG � WPT � EMD � HHT

94.1 Introduction

The Electrocardiogram (ECG) is a typical case of biomedical signal and can
interpret the electrical activities over a period of time. The Electrocardiogram
(ECG) detected and recorded by surface electrodes is essential for the clinical
diagnosis of cardiovascular disease. Time series data sampled from biomedical
signals are often considered linear and stationary arising from physical processes.
But biomedical signals are considered nonlinear and nonstationary when signals
are related to dynamic biological system. Due to nonlinear and nonstationary
property of ECG signals, an adaptive processing method is required.

Time–frequency analysis is to describe a signal energy density in time and
frequency domains simultaneously [1]. There are several common time–frequency
analytic techniques such as Gabor-Wigner Transform, Wigner Distribution
Function (WDF), Short-time Fourier Transform (STFT) and Wavelet Transform
(WT). The Hilbert-Huang Transform (HHT) developed by Huang et al. is a new
method to extract the features of nonlinear and nonstationary signals [2] and it is
widely used in many fields. But in practical applications HHT has many defi-
ciencies [3, 4]: First, IMFs undesired at the low-frequency section produced by
EMD lead misinterpretation to the result easily. Second, depending on the ana-
lysed signal, the monocomponent property cannot be satisfied when the 1st IMF
frequency range may be too wide. Third, signals containing low-energy compo-
nents cannot be separated through the EMD operation.

In this paper, an advanced analysis method combining wavelet packet transform
(WPT) and Hilbert-Huang transform (HHT) is applied on ECG signal. With this
method, the deficiency of HHT can be solved to some extent.

94.2 Principle

94.2.1 Wavelet Packet Transform

Wavelet packet transform (WPT) is an extended multi-resolution signal processing
method of wavelet transform (WT). The detail and approximation coefficients can
be decomposed to create the full binary tree through WPT. More filters for input
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signal are needed to pass in WPT method than in the wavelet transform. Thus
WPT can provide better local complete time–frequency analysis. The wavelet
packet decomposition process can be shown as Fig. 94.1. 2n different sets of
coefficients can be produced through WPT process and the signal can be
decomposed into 2n narrow bands for n-level of decomposition [5].

The wavelet packet functions are defined through l0; l1; h; g as Eq. (94.1):

l2nðtÞ¼
P

k2Z

hkl0ð2t�kÞ

l2nþ1ðtÞ¼
P

k2Z

gkl0ð2t�kÞ

(

ð94:1Þ

Where lnðtÞf gn2z are the orthogonal wavelet packets, hk are low-pass filter
coefficients, gk are high-pass filter coefficients. When n = 0, the functions denote
the scaling function: l0 tð Þ ¼ / tð Þ and wavelet function: l1 tð Þ ¼ u tð Þ

94.2.2 Hilbert-Huang Transform

Empirical mode decomposition (EMD) and Hilbert spectral analysis (HSA) these
two approaches comprise the Hilbert-Huang transform (HHT) [2] which is a
development method for processing nonstationary and nonlinear signals.

The first procedure of HHT is EMD which can decompose a signal to a series of
intrinsic mode function (IMF) which needs to fulfill two constraints [2]. In EMD
process, assume x(t) represents a non-linear and non-stationary input signal. Curve
fitting technique is applied to achieve the upper and lower envelopes of the input

Fig. 94.1 The wavelet
packet decomposition process
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signal. The difference between input signal xðtÞ and the mean value of the upper
and lower envelopes of input signal xðtÞ is calculated repeatedly until the sifted
signal satisfies IMF condition. The same procedure is applied to the residual result
again and again until the residual is a mean trend or constant. The final result of
EMD through above procedures indicates input signal xðtÞ consists of a series of
IMF (ci) and a remainder (rn), a constant or mean trend, which can be represented
as Eq. (94.2).

xðtÞ ¼
Xn

i¼1

ci þ rn ð94:2Þ

The second procedure of HHT is Hilbert spectrum analysis. The input signal
can be expressed as Eq. (94.3) in which ajðtÞ is instantaneous amplitude corre-
sponding to j th IMF and xjðtÞ is instantaneous frequency corresponding to j th
IMF after performing the Hilbert transform (HT) on each IMF:

x tð Þ
Xn

j¼1

aj tð Þ exp i

Z

xj tð Þdt

� �

ð94:3Þ

Equation (94.3) can indicate that one signal can be represented in three-
dimension by its instantaneous amplitude aj tð Þ and instantaneous frequency xjðtÞ
as a function of time t. The marginal spectrum hðxÞ which indicates the contri-
bution of energy on each frequency value is defined as Eq. (94.4) in which the
Hilbert spectrum Hðx; tÞ replacing xðtÞ is considered as time–frequency distri-
bution of amplitude:

h xð Þ ¼
ZT

0

H x; tð Þdt ð94:4Þ

94.2.3 Combining WPT and HHT

In the algorithm combing WPT and HHT, the ECG signal is separated into a set of
narrow band signals through the WPT process in which Soft-Thresholding method
[6] is selected firstly. Second, the EMD process of HHT is applied on the narrow
band signals. Screening procedure is applied to remove IMFs which is unrelated.
Last, the HT is utilized to achieve the Hilbert spectrum and marginal spectrum.
The flow chart of the algorithm combing WPT and HHT is shown as Fig. 94.2.
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Fig. 94.2 The flow chart of
the algorithm combing WPT
and HHT

94 Investigation Performance on Electrocardiogram Signal Processing 963



94.3 Application on ECG

The recording of Electrocardiogram (ECG) is vital for the clinical diagnosis of
cardiovascular disease. But ECG signal which frequency range is from
0 * 100 Hz is very weak compared with the interference noise including Elec-
tromyography (EMG) signal interference which frequency range is 2–5 Hz, power
line interference which frequency is 50 Hz, movement artifact which frequency
range is below 7 Hz and baseline wander which frequency range is 0.15–0.3 Hz.
Denoising is essential for extract features for clinical diagnosis.

94.3.1 Simulated ECG Denoising

For investigating the performance of the algorithm, the ECG signal from MIT-BIH
standard database (see Fig. 94.3a) adding simulated white noise (SNR 15 dB),
power line interference simulated a cosine function of 50 Hz and baseline wander
simulated by a function of combining cosine function and sine function is used. As
mentioned above, WPT process is prior to HHT. The Bior 5.5 wavelet, 3-level
decomposition is selected. The HHT algorithm is also applied comparing with the
WPT and HHT combination algorithm. The result is shown as Fig. 94.3. From
Fig. 94.3c and d, no matter white noise, power line interference and baseline
wander are reduced in both method but more noise is retained in through HHT
method alone than through WPT and HHT. And significant information in original
waveform is also retained by proposed method.
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Fig. 94.3 a The clear ECG signal and the ECG signal with simulated noise; c the denoised ECG
signal with HHT; d the denoised ECG signal with WPT and HHT
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By using simulated noisy signal, the performance of the algorithm of combining
WPT and HHT is investigated. The result shown as Table 94.1 indicates the
proposed algorithm is effective. SNR and Correlation Coefficient increase obvi-
ously while MSE decreases after denoising. Furthermore, practical ECG data is
applied.

94.3.2 Real ECG Analysis

Data of ECG signal used is from MIT-BIH standard database. From MIT-BIH
databases header file, we know that data file of 203.dat includes considerable noise
including muscle artifact and baseline shifts. The EMD result with WPT prepro-
cessing and without WPT preprocessing and is shown as Fig. 94.4. IMF1 and
IMF2 which cannot satisfy monocomponent definition very well in Fig. 94.4a
contain high frequency components obviously, while IMF1 and IMF2 in
Fig. 94.4b do not have, which is because that WPT process can denoise and retain
the low-energy component. Thus the EMD efficiency increases by WPT
preprocessing.

Table 94.1 Parameters for
Denoise Performance

Signal SNR MSE Correlation
coefficient

x1ðtÞ 5 dB 2.83e-4 0.620

x
0

1ðtÞ 12.4 dB 3.25e-5 0.872

x2ðtÞ 10 dB 2.37e-4 0.690

x
0

2ðtÞ 16.8 dB 3.51e-5 0.916

x3ðtÞ 15 dB 2.25e-4 0.722

x
0
3ðtÞ 21.5 dB 2.99e-5 0.923

x(t) is signal before denoising, x’(t) is signal after denoising

Fig. 94.4 The EMD result for (a) the algorithm without WPT (b) the algorithm with WPT
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Before reconstruct the signal, a screening process through calculating correla-
tion coefficient is applied after EMD process to remove the low frequency IMF and
unrelated component. The results of denoising with WPT and without WPT are
shown in Fig. 94.5. From Fig. 94.5a and b both two algorithms have denoise
function, but HHT performs not well. The algorithm combining WPT and HHT
not only can denoise well but also retain the specific waveform significant
annotated in original waveform. The conclusion from Fig. 94.5 is that the algo-
rithm combining WPT and HHT is more effective and better than HHT, which is
consistent with simulated result.

The FFT spectrum of the original signal of 203.dat and the marginal spectrum
which is through the proposed method are shown in Fig. 94.6. In Fig. 94.6a, FFT
spectrum shows the energy mainly below 20 Hz of the ECG signal is disperse,
which is affected by the noise. While in Fig. 94.6b the marginal spectrum shows
the concentration of energy. The energy is more concentrate on the low frequency
section, which is not only because noise reduction of the proposed algorithm and
indicates the effectivity of the proposed algorithm but also because marginal
spectrum represents the accumulation of amplitude corresponding to instantaneous
frequency, which is different with definition of Fourier transform.

Equation (94.3) can represent the instantaneous amplitude, instantaneous fre-
quency and time as a contour map. The distribution of amplitude of Hilbert-Huang
spectrum is shown as Fig. 94.7 which is of 203.dat. In Fig. 94.7, though the main
energy is concentrate on the low frequency section, the frequency of ECG signal
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Fig. 94.5 Results of denoising. The original signal of 203.dat is in red line (a). The denoised
ECG signal with HHT is in blue line (b). The denoised ECG signal with WPT and HHT is in
black line (c)
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varies in an abnormal range as time flows in Hilbert-Huang spectrum, which is an
arrhythmia phenomenon that can be proved through transforming R–R interval
signal to HRV signal to perform proposed method. The Hilbert-Huang Spectrum
by proposed method can indicate the resolution is uniform for overall frequency
part and reveal the instantaneous phenomenon in Fig. 94.7. The reason is that in
proposed method the concept of time resolution and frequency resolution is not
used, while the concept of instantaneous frequency is applied.
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Fig. 94.6 a The FFT spectrum of the original ECG signal and b The marginal spectrum
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Fig. 94.7 The Hilbert-Huang Spectrum
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94.4 Conclusion

In this paper, we have investigated the performance on ECG signal processing
based on an advanced algorithm combing WPT and HHT. The result of application
on ECG processing indicates the proposed method enhances the EMD efficiency
and is effective on denoising ECG. In addition, the marginal spectrum of the
proposed method can show the exact energy contribution corresponding to
instantaneous frequency and Hilbert-Huang spectrum of the proposed method can
provide clear uniform resolution and time–frequency distribution for extract
features.
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