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Smooth Blind Extraction Method for Harmonic
Signals Hidden in Chaos Energy Accumulation
/Zone
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Abstract—Put forward a method for blind separation mixed
signals hidden in chaotic energy accumulation zone. Take different
chaotic systems’ wavelet time-frequency analysis for reference to
determine amplitude and frequency of harmonic signal. Then use
JADE algorithm for adding noise mixed-signal blind separation
realizing the hidden harmonic signal blind extraction. Finally the
simulation realizes doing smooth processing to extracted harmonic
signal which restores harmonic signals in frequency domain and time
domain, verifying The validity and the applicability of the method.
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I. INTRODUCTION

HAOS is very active in nonlinear science and has quite

broad application prospects. Since 1970s, good results
have been obtained by many scholars. Chaotic signal processing
has made great progress in theory and been applied in many
disciplines and engineering .Chaotic signal used in secure
transmission can achieve encryption and masking effects for the
transmitted signal. In the case of source signal and channel
conditions are unknown, receiving end analyze the observed
signal and make blind extraction and separation for desired
signal hidden in the chaos. It is of great theoretical significance
and practical value. Interference signals can be monitored which
can be used as a means of verifying secure transmission
capabilities of chaotic signal. Chaos has a wide spectrum similar
with noise, so if we want to separate the desired signal hidden in
the chaos effectively, the key is to find an effective basis to
distinguish between chaos and noise. For the actual
transmission of multiple antenna systems and channels with
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additive noise, blind separation model for channel plus noise is
presented in this paper.

Scholars has done many researches about chaos blind

separation and noise added blind separation at home and abroad,
such as extraction of fetal ECG from mother and extraction of
small targets under the sea clutter signals. Empirical modal
analysis and wavelet transform are used to implement blind
separation of harmonic signals under chaotic background and so
on [1-5]. Several good results have been obtained in this field
internally. Cheng Xiefeng [6] proposed empirical mode analysis
for chaotic signals (EMD) applying intrinsic mode functions to
chaos signal as noise in order to achieve the extraction of
chaotic signals.
Chaotic ~ wavelet  analysis, time-frequency = domain
characteristics analysis for interference signal and harmonic
signal are mentioned. Put forward a method for harmonic
signals extraction based on characteristic matrix joint
approximate diagonalization (JADE). Compared with previous
studies, it has a breakthrough that it can achieve harmonic
signals extraction. which hidden in hidden in the chaotic energy
in positive definite systems of noisy channel.

II. CHAOTIC SIGNAL

Set Liu and Lorenz chaotic system based on
three-dimensional as examples to simulate and analyze. Lorenz
chaotic system [7] is a classical chaotic system to implement
easily. Its mathematical model is made up of three first order
differential equations, expressed as follow:

dx

— =aly — x)

a

dy
— = CX — XZ — 1
o y (1)
dz

— = xy — bz

a7

Where & b, c are parameters, when they are selected

a=10b =8 c=28
as 3 , Lorenz system is in a state

of chaos, chaotic attractor of system is shown in Fig.1.
Liu chaotic system [8] is a chaotic system with quadratic
nonlinearity. There is a square in its mathematical model, which
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is different from other chaotic systems. Differential equations
for its mathematical model is :

dx

— =aly - x)

a

d_y = bx — kxz )
dt
az = —cz + hx’

Where X2 V> Z are three variables, a, b, c and k are
system parameters. When set

a=10b=40,c =25k =1Lh=4 _ [

system is in chaos State. Chaotic attractors is shown in Fig.2.

o Eiichi=t]

Fig.1 Chaotic attractors of Lorenz system

- - zrEstz attacies

Fig.2 Chaotic attractors of Liu system

III. HIDE HARMONIC SIGNALS

A. Hide harmonic signals

In order to implement the extraction of harmonic signals
hidden in chaos system, harmonic signals and interference
signal are selected by the time-frequency analysis of chaotic
characteristics. The waveforms of the two chaotic signals are
shown in Fig.3 and Fig.4.
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Fig.3 Three-way waveform diagrams of Lorenz chaotic system

Xtime domain diagram of Liu system
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Fig.4 Three-way waveform diagrams of Liu chaotic system

When choose harmonic signal, we need to refer to wavelet
transform of the chaotic signal. Wavelet transform distributes n
sampling points on the x axis on both sides evenly, but just
positive X axis used in it. The wavelet transform of the two
chaotic signal is shown in Fig.5 and Fig.6. Experience has
shown that if we want hide harmonic signal in the chaotic energy
band, the frequencies and amplitudes of harmonic signals need
some sort of limit.

(a) Lorenz-x weavelet analysis

amplitude A

1}
fraquancy f 0 time t

Fig.5 path wavelet transform of Lorenz chaotic system

{a) Liu-X wavelet analysis

amplitude A
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Fig.6 path wavelet transform of Liu chaotic system

Analysis wavelet transform of chaotic signal to select
harmonic signal. Then it can be hidden in the chaotic energy
accumulation zone. There are two aspects to consider. First is
amplitude. Observe the height of chaos energy accumulation
zone to determine the amplitude of the harmonic signal making
sure it is below the height of chaotic energy. The next one is
frequency range. Calculating the chaos energy accumulation
zone determines the frequency of harmonic signals in the
frequency range of chaos energy (energy accumulation zone of
Lorenz chaotic is 0-60 Hz, while Liu chaotic is 0-50 Hz).
Judging by these two aspects makes the harmonic signal
successfully hidden. Meanwhile, add a BPSK signal as a
interference signal to strengthen the algorithm performance. We
can select BPSK the same way as harmonic signal.

In this paper, algorithm is proposed to find a way to extract
harmonic signal hidden in the blindly. Three signals exist:
harmonic signal, chaotic signal, interference signal(BPSK). The
mixed signals transferred through unknown channel and at the
receiving end data obtained which can be separated to
complement algorithm. The main information of harmonic
signal information is mainly reflected in the frequency. So as
long as extract the proper frequency of harmonic signal which is
consistent with the source signal, which can prove algorithm is
feasible. Effect of chaotic signal in the algorithm must be
considered according to its spectrum is completely submerged
in the spectrum of the noise signal. So it is hard to solve this
problem through spectral domain. In the practical transmission
process, the noise in the channel is not negligible. The impact of
noise on the signal extraction is given in the following article.

B. Noise plus interference proof

Some literature[9,10] has shown that additive white Gaussian
noise signal has a additive effect on extraction. There is a certain
amount of noise attached to the extracted signals. Concrete
evidence is as follows:

Assume variance of the stationary additive white Gaussian

noise is & , blind source separation models are :
X(@) = AS@) 3
X(t) = AS@t) + N@) “
The separation matrix of no noise model is # , the equation
(6) is multiplied by the matrix on both sides
WxX(t) = WAS(t) + WV (¢) (5)
The first item on the right side is the same as separation signal
noise-free, then take the second into consideration, # is also
equal
1
V=109 = UN}V! (6)
1
Where U/ is orthogonal separation matrix, A 2V is

prewhitening matrix’s orthogonal solution, A , V. are

eigenvalue diagonal matrix and the corresponding eigenvector
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Wn(t)

matrix of the observed signal covariance matrix /£, .
is
1

IN(¢) = UN 2VN(2) )

Its covariance matrix is
_1 _L
ELv@mvo] = in v BN YA o

(3)
Due to E{/V(L‘)/V(t)f} = o*7 , V. iscolumn orthogonal,

U/ is orthogonal matrix. Let
11
AN? =c°T 9)
Then

2
o

o ol =< 1 o

Equation (10) shows #V(t) , whose respective components
is not relevant, is linear combination of component of V @) .

By the Central limit theorem, we know that /V(t) tends to be
the Gaussian distribution. Therefore each component is
independent.

According to the above analysis conclusion, when source
signal is independent, the noise can not be ignored, separate
source signals may be obtained using separation matrix
produced by no-noise source separation algorithm. Because of
the separate signals is correct separation signal superimposed by
a certain variance of Gaussian white noise, the performance is
not very good. This paper also gives a way to solve this
problem.

C.Smooth signal

The initialization source signal will be data packaged and
transfer in the unknown channel and contaminated by additive
white Gaussian noise. Receiver will observe mixed signal which
will be extracted blindly to obtain harmonic signal. The
algorithm used in this paper is called JADE. Do Fast Fourier
transform (FFT) on extracted signal vector, judgethe size of the
correlation coefficient between transformed signal and source
signal. When the correlation coefficient is less than 0.9, we can
make the extracted signal into smoothing processing which can
remove the burrs caused by additive noise interference on the
signal, reduce the effect of noise and extract frequency
information accurately. Then restore original signal in both
frequency domain and time domain.

After the analysis, we get the mathematical model for the
algorithm:
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Fig.7 Mathematical model for the system
Harmonic signals’ (the desired signal) extraction belongs to
the blind extraction. This channel plus noise model of
subdefinite model approximates to the actual situation.
Instantaneous mixture model for the blind source extraction is:

Y(t) = Ax S) + M) (11)

Where A is unknown channel mixing matrix, which is

randomly generated. S(¢) = [51 (1), S, (), -, Sy @]

represents unknown source signals consisting of vectors (in this

paper N =3 ). N@) = [n), n,(t), -, n, () ]

represents the additive white Gaussian noise channel vector.
Separation model can be expressed as

V =W xY =FxAxS

4 is  the

nxn

re) = y,@, y,@, -, v, 1

vector of observed signals at the receiver. Blind extraction aims
at looking for estimation for harmonic signals from the observed
signal.

Therefore, the flow chart of this algorithm is shown in Fig.8.
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Fig.8 Algorithm flow chart

IV. SIMULATION AND PERFORMANCE ANALYSIS

The simulation of the algorithm is mainly in two aspects. The
first is when the three signals on the sending end are harmonic
(sinusoidal) signal, interference (BPSK) signal and chaotic
signal. The main purpose is to determine whether the algorithm
can extract harmonic signal hidden within energy accumulation
band effectively. The second is when there exists two harmonic
signals without interference signal to determine the minimum
frequency space that can realize extraction effectively. In
general, the mathematical expression for harmonic signal is as
follows:

S @) = 4, sinQ@xfyt + @) (13)

Where A, is the amplitude of harmonic signal, 7 is the
frequency of harmonic signal, ¢ is the initial phase of the
harmonic signal (the simulation is set to be zero), mathematical

expression of interference signal (BPSK) is:

S sy (6) = A[z a,g(t — nT)]cos mt (14)

1

Where 4 is amplitude of the carrier signal, a, = is

-1
pseudo random sequence, g(t) is unit mode function when

door width is 7, . @, is carrier frequency. Setting parameters

of one or two signal should base on chaotic signal and specific
parameters will be given in the following. The third is
three-dimensional chaotic signal’s X path component and
mathematical expressions and parameter have been given, no
further explanation.

The other is the need to identify the channel mixing matrix.
Because the performance of blind separation algorithm is not
under the influence of channel mixing matrix, thus randomly
generate a full rank matrix as the channel matrix. Full rank

matrix is z7ank(A) = n . n is determined by the number of
source signals. If there are three input source signals, then
n = 3 . Channel mixing matrix is

0.0326 0.5442 0.2423
0.5525 0.0886 0.0616
0.1006 0.2916 0.5505

Following the case of Lorenz chaos as detailed analysis the
algorithm of extracting results.

A=

A. Lorenz chaotic system

Simulation first: through the wavelet transform analysis of
Lorenz chaotic system’s X component, set the frequency of

harmonic signal to be 7, = 10 Hz, 4 = 20 . The carrier
frequency of the interference signal BPSK is @, = 10 Hz.

The sampling frequency is 65 times the carrier frequency, the
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carrier amplitude is 4 = 25 . The waveforms and spectrums
of interference signal (BPSK) and harmonics signal are shown
in Fig.9 and Fig.10. Set channel noise variance sgma = 2 as
example (range of SNR in voice communication is 10-20dB ,
when sgma = 2, SNK = 17dB ,) , there are three source

signals, channel matrix is 7 = 3 .Waveform and spectrum of
extracted and smoothed harmonic signal in JADE algorithm are
shown in Fig.11 and Fig.12.
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Fig.9 Spectrum of interference signal
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Fig.10 Spectrum of harmonic signal
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Fig.11 Spectrum of extracted harmonic signal
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Fig.12 Spectrum of the smoothed harmonic signal

In simulation, harmonic signal extracted by JADE algorithm,
there are serious glitches in extracted signal before smoothing,
which verifies the additive white Gauss noise influences
harmonic signal and the effect is additive. But the spectrum
analysis of extracted signal can determine the frequency of the
signal is consistent with harmonic signal. Smoothed harmonic
signal can reflect the original harmonic signal which proves the
algorithm can effectively implement blind extraction harmonic
signal hidden in the chaotic energy band.

Simulation second: source signal consists of two harmonic
signals and chaotic signal. Two harmonic signals are

s,t) = Asin@xf}) , s5,(¢) = Asin(2xf,) , and

1, = 1, + Al .According to Lorenz chaotic spectrum
analysis determines frequency of harmonic signal is within the
range of 0-60Hz. 4 = 20 and 7] = 10 Hz, which is at the
peak position of the chaotic signal spectrum, and take the
arbitrary channel noise variance to be Sgma = 2 . Three
signals’ mixed order are s,(¢),s,(¢) , chaos and channel

mixing matrix 7 = 3 . Simulate under different A7, we get
the following data table:
Table 1 data before smoothing
Table 1 data before smoothing

Frequency Before smoothing After
interval Af /Hz smoothing
[0.9676 0.0049 0.0146] [0.9959 0.0050 0.0152]
5 0.0031 0.9489 0.1140 0.0033 0.9870 0.1190
10.0049 0.0086 0.8313| |0.0058 0.0101 0.9730 |
[0.9668 0.0059 0.0170] [0.9959 0.0061 0.0178]
2 0.0005 0.9491 0.1258 0.0005 0.9869 0.1301
1 0.0001 0.0078 0.8264| |0.0001 0.0093 0.9727 |
[0.9668 0.0081 0.0131] [0.9960 0.0111 0.0205]
1 0.0062 0.9489 0.1497 0.0034  0.9869 0.1468
10.0062 0.0001 0.8247] |0.0003 0.0102 0.9719 |

We can see from the table, when Smoothing factor is consistent,
the effect of extraction doesn’t have a big difference between

Af = 1,2 Hz and 5Hz. And if we can regulate the smoothing
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factor, this difference can be smaller. When Af > 5 Hz,
smoothing the two extracted signals can effectively reflect
characteristic of harmonic signal.

B. Liu chaotic system
Based on the wavelet transform analysis of Liu chaotic

system, the frequency of harmonic signal is set ; = 12 Hz,
amplitude 4, = 20 , carrier frequency of interference

signal(BPSK) is @, = 12 Hz and the sampling frequency is

60 times the carrier frequency and carrier amplitude
is .Simulate after determining the parameter settings, we can get
simulation map as below. Waveform and spectrum analysis of
the interference signal and harmonic signal are shown in Fig.13
and Fig.14. Fig.15 is waveform and spectrum analysis diagram
for separation of JADE. Fig.16 is separated signal’s (after
smoothing) waveform and spectrum analysis diagram which in
JADE.

BPSK
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20
0
20 i

. . . . . . . . .
0 01 02 03 04 05 06 07 08 09 1
t
spectrum of BPSK

0 TR L L L L L
0 20 40 60 80 100 120 140 160 180 200
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Fig.13 Waveform and spectrum of the interference signal
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Fig.14 Waveform and spectrum of the harmonic signal
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Fig.15 waveform and spectrum of extracted harmonic signal
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Fig.16 Waveform and spectrum of the smoothed harmonic signal

It can be seen from the simulation diagram, additive white
Gauss noise has a additive influence on extracted harmonic
signal, which is consistent with Lorenz chaotic system. It can be
seen from the smooth waveform that it is necessary to smooth
the extracted waveform.

Set channel’s SNR sgma = 2 as an example, /; = 36

Hz, f, = 1, + Af (mixed in the same order as Lorenz

simulation II), analyze the minimum frequency spacing of
harmonic signal and a table obtained:
The similarity coefficient in Liu chaotic system proves the
conclusion obtained in Lorenz chaotic system.
Table 2 data before smoothing
Table 2 data before smoothing

Frequency Before smoothing After smoothing
interval Af /Hz

[0.9677 0.0058 0.0581] [0.9959 0.0059 0.0591]

5 0.0049 0.9552 0.1795| |0.0051 0.9856 0.1828

0.0004 0.0007 0.6968 | |0.0005 0.0010 0.9368 ]

[0.9671 0.0093 0.0594] [0.9958 0.0096 0.0605]

) 0.0021 09552 0.1746| |0.0022 0.9863 0.1762

[0.0031 0.0038 0.6955| |0.0043 0.0053 0.9356]

[0.9675 0.0084 0.0625] [0.9959 0.0086 0.0635]

1 0.0027 0.9551 0.1595| |0.0028 0.9860 0.1599

[0.0060 0.0007 0.6984| |0.0084 0.0010 0.9380

In theory, additive white Gauss noise has a additive influence
on extracted signal. We will quantitatively describe the noise
variance change effects on similar coefficient. Specific data are
shown as below:

Table 3: similarity coefficient of extracted signals of two chaotic
systems with different Sgua

Before smoothing  After smoothing

sgma Lorenz  Liu Lorenz Liu

2 0.9670  0.9672  0.9958 0.9958
3 0.9310  0.9309  0.9912  0.9902
4 0.8852 0.8869  0.9844  0.9832
5 0.8361 0.8381 0.9739  0.97613

From the table we can see, the similarity coefficient is greatly
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improved after smoothing than before, which proves that after
smoothing the waveform has a great improvement and is more
similarer to harmonic signal. As channel noise variance
increases, similar coefficient of extracted harmonic signals
becomes smaller, which means the validity of the extracted
signal is affected by the impact of channel conditions. In
addition, the difference of similarity coefficient between Lorenz
and Liu is quite small, which implies different chaotic systems
have little impact on harmonic signal extraction.

V. CONCLUSION

In this paper, we have realized extracted harmonic signal
hidden in chaotic energy accumulation zone in noisy channel
and positive definite system. The next step is to realize blind
extraction harmonic signal and related signal in
underdetermined system and realize blind extraction for
multiple harmonic signals in the short term to provide effective
separation method for speech secure communication.
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