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Abstract 

An intelligent recognition algorithm for subcarrier 

based on combining Fourier transform wavelet and multi-

resolution analysis was proposed in the paper. The 

proposed method can recognize each component from the 

mixed signal fast and accurately. Also the recognized 

signals were identified based on the estimations of 

subcarrier code rate and frequency. The proposed 

subcarrier recognition method can effectively recognize 

multiple signals from the subcarrier signal according to 

the simulation results. Moreover, the method exhibits the 

advantages of high recognition precision and strong noise 

immunity. 
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1 Introduction 

Recently, there are two kinds of methods to detect 

the multiple signals in a frequency band. One method 

is the manual and the other is the electric scanning [1-

2]. By the manual method, the multiple signals are 

separated based on the observations of the distribution 

of frequency spectrum through tuning and filtering 

manually. Due to the false detection rates and low miss, 

the Manual method prevails in practical applications in 

the simple communication system. Because it is always 

slow, labor-intensive and low-efficiency, it is not 

appropriate for the complex and advanced 

communication system [3-6]. In order to resolve the 

manual method, electric scanning method was 

proposed [7-8]. By using the computer and performing 

automatic detection, the electric scanning method 

analyzes the signal’ spectral characteristics and 

separates the mixed signals through certain algorithms 

[9-10]. The electric scanning method generally 

performs false detection rates and high miss. In a 

certain number of unknown signals which are mutually 

independent, such the mixed signals should be 

investigated by using electric scanning. Because both 

the transmission characteristics and signal sources are 

unknown, blind separation method based on the 

difference among the received signals was proposed 

[11]. Using spatial filtering and antenna array receiving 

system to achieve the separation of multiple signals, 

then these problems are resolved and known as blind 

separation [12-13]. Due to the signal bandwidth is 

uncertain and the number of the mutually independent 

signals is unknown, an appropriate detection and 

separation method for the mixed signals is lacked [14-

15]. 

Separation of the signals with uncertain bandwidth, 

signal number and separable frequency spectra was 

focused in the article. Also an intelligent recognition 

algorithm for subcarrier based on combining Fourier 

transform wavelet and multi-resolution analysis and 

Fourier transform was proposed in the paper. The 

proposed method can recognize each component from 

the mixed signal fast and accurately. Also the 

recognized signals were identified based on the 

estimations of subcarrier code rate and frequency. The 

proposed subcarrier recognition method can effectively 

recognize multiple signals from the subcarrier signal 

according to the simulation results. Moreover, the 

method exhibits the advantages of high recognition 

precision and strong noise immunity. 

2 
1

δ  and 
2

δ  Selection Based on Wavelet 

Analysis 

2.1 Principle of Wavelet Analysis 

According to literature [16], For the signal to be 

separated ( )s t  in which the frequency spectra of each 

mixed signals do not overlap mutually. FFT at Point M 

can be written as: 

 
1

2 /

0

( ) ( ) (0 1)
M

j k M

n

s k s n e k M
π

−

−

=

= ≤ ≤ −∑  (1)  

Then, the power spectral density (PSD) of ( )s n  can 

be achieved by:  

 ( ) ( ) ( ),(0 1)p k s k s k k M= × ≤ ≤ −  (2) 
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where the symbol of ‘-’ represents the complex 

conjugate operation. 

Wavelet multi-resolution analysis was proposed by 

S. Mallat in constructing the orthogonal wavelet basis. 

S. Mallat also developed the wavelet multi-resolution 

algorithm for signals, also known as Mallat algorithm. 

Figure 1 illustrates the wavelet multi-resolution 

analysis structure of the signal s(t) on three different 

decomposition levels, in which Ai and Di denote the 

obtained coarse-resolution approximation and detail 

information of s(t) on the decomposition level i. In the 

wavelet multi-resolution analysis, as the decomposition 

level i increased, the high-frequency information 

included in the coarse-resolution approximation 
i

A  of 

( )s t  gradually decreased, which was further rejected in 

the decomposition on the next level. After the 

decomposition level by level, only the development 

tendency of the signal, namely, the signal’s rough 

outline, was remained in 
i

A , which represents the low-

frequency information of ( )s t . Accordingly, the burrs 

induced by noise or the violent vibration components 

of the signal itself were filtered as the high-frequency 

information. 

S(t) 

D1 A1 

D2 A2 

D3 A3 

 

Figure 1. Illustration of the wavelet multi-resolution 

analysis process on the signal s(t) 

2.2 Selection of 
1

δ  and 
2

δ  

After wavelet multi-resolution analysis and 

processing, the high-frequency information was 

gradually rejected from the coarse-resolution 

approximation of the power spectrum ( )
s
P ω  of the 

noisy communication signal ( )s t , and only the low-

frequency information was left eventually. On an 

appropriate decomposition level i , the burrs or the 

violent violent components of the power spectrum 

( )
s
P ω  were effectively removed and the obtained 

coarse-resolution approximation 
i

A  favorably reflected 

the rough outline of ( )
s
P ω . Moreover, the number of 

data in 
i

A  was far less than that in ( )
s
P ω . As stated 

above, the frequency of each mixed signal in noisy 

communication signal ( )s t  were non-overlapped. For 

the coarse-resolution approximation 
i

A  of the power 

spectrum ( )
s
P ω  on a certain decomposition level i, the 

number of signals in ( )s t  could be rapidly and 

accurately determined using a simple program.  

After the determination of the number of mixed 

signals N in the communication signal, the adaptive 

selection algorithm of 
1

δ  and 
2

δ , two threshold values 

in the above-described two-step signal separation 

algorithm, was designed as follows.  

Assuming that the power spectrum of the 

communication signal ( )s t  is defined as ( )
s
P ω  and the 

mean value of ( )
s
P ω  is m, let 

1
δ  = m and 

2
δ  = m at 

the beginning, we then conducted a two-step signal 

separation on ( )
s
P ω , and the following expressions 

were acquired: 

If 
0

N N> , 
1 1 1

δ δ δ′ = + Δ  and 
2 2 2

δ δ δ′ = + Δ ; 

If 
0

N N< , 
1 1 1

δ δ δ′ = − Δ  and 
2 2 2

δ δ δ′ ′= − Δ . 

where 
2

δΔ  and δ ′Δ  are the corrected values of 
2

δ . 

For the reset thresholds 
1

δ  and 
2

δ , we also 

conducted the two-step signal separation on ( )
s
P ω . If 

N N′ ≠�  (where N ′
�  denotes the number of separated 

signals), the values of 
1

δ  and 
2

δ  were readjusted. The 

above-described signal separation was repeated until 

the number of separated signal equals to N. 

Accordingly, not only could 
1

δ  and 
2

δ  be adaptively 

determined, but also could the power spectra of each 

mixed signals and the beginning and destination 

frequency points in the frequency band be separated 

from the power spectrum ( )
s
P ω  of the communication 

signal ( )s t .  

It should be noted that 
1

δ  always equaled to m so 

that no error was produced in the separation of 

communication signal. Actually, since the frequency of 

each mixed signal did not overlap with each other, the 

reasonability of the value of 
1

δ  was easily discussed. 

3 Wireless Link Recognition 

3.1 Estimation of the Subcarrier Frequency 

Then we conducted zero-cross detection on the 

signal ( )r n . If ( )
i

r n  and ( 1)
i

r n +  have different signs, 

it can be regarded that zero point exists in the time 

period of ( ,( 1) )
s s

n f n f+ . The position of zero point 

can be calculated by the following linear interpolation 

formula: 

 
( )1

( ) 1,2, ,
( ) ( 1)

z

i

i

s i i

r n
i n i M

f r n r n
α

⎡ ⎤
= + =⎢ ⎥

− +⎣ ⎦
�    

  (3) 

where 
z

M  denotes the number of detected zero points. 

By defining that the first difference sequence of { }( )iα  
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is a zero-cross interval sequence { }( )y i , the following 

expression can be obtained: 

 ( ) ( 1) ( ) 1,2, , 1
z

y i r i r i i M= + − = −�      (4) 

The position of the i-th zero point in the sinusoidal 

signal of noise can be written as: 
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π
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π

−
−

= + = +

= −�

 

   

 (5)  

where ( )iξ  denotes the independent identically 

distributed (IID) random variable introduced by noise 

and measuring errors. Then, Eq. (5) can be rewritten as:  

 

1
( ) ( )

2

( ) ( 1) ( ) 1,2, , 1
z

c

y i i
f
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ε ξ ξ
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 (6)  

where ( )iε  approximately follows the zero-mean 

normal distribution. Thus, [ ]
1

E ( )
2

c

y i
f

= , and the 

formula for estimating the subcarrier frequency at zero 

point can be written as:  

 
1

1

1

2 ( )

z
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i
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f

y i
−

=

−
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∑
 (7) 

3.2 Estimation of the Code Rate of Subcarrier 

For the digital modulation signal, the information is 

loaded to the instantaneous characteristics. For the 

MASK signal, the digital information is loaded to the 

instantaneous phase ( )
NL

nφ ; for the MFSK signal, the 

digital information is loaded to the instantaneous 

frequency ( )f n ; for the QAM signal, the digital 

information is loaded to both instantaneous amplitude 

and frequency. All these instantaneous characteristics 

can be described by the corresponding waveform of the 

pulse amplitude modulation that carries the digital 

information, denotes as ( )W n . The L-order difference 

of ( )W n  was then calculated and the absolute value 

was used: 

 1
( ) ( ) ( )

0,1, , 1

W n W n L W n

n N L

= + −

= − −�

   

 

 (8) 

Then, the mean value of 
1
( )W n  was calculated by: 

 
1

1

0

1
( )

N L

w

i

m W i
N L

− −

=

=

−

∑  (9) 

Then, the sequence 
1
( )W n  was judged using 

w
m  as 

the threshold. If 
1
( )

w
W n m> , 

1
( )W n  was judged to be 1; 

otherwise, 
1
( )W n  was judged to be 0. The serial 

numbers of the elements that exceeded 
w

m  were 

recorded, and the following sequence { }( )h i  was 

obtained:  

 { } { }
1

( ) | ( )
w

h i n W n m= >  (10)  

{ }( )h i  represent the sequence of the positions where 

the phase steps of ( )W n  occurred. Each step point in 

{ }( )h i  showed up a step band with a width of L . 

Using the center of step band as the turning point of 

code elements, the sequence of the converted positions 

of code elements { }( )
c
h i  was acquired. The first-order 

difference sequence of { }( )
c
h i  was then calculated by: 

 
d

N  (11)  

where 
d

N  denotes the length of the sequence { }( )
cd
h i . 

Let min ( )m cd
N h n⎡ ⎤= ⎣ ⎦  and 

( )
( ) round

h

cd

m

h i
n i

N

⎡ ⎤
= ⎢ ⎥

⎣ ⎦
, the 

average distance between code elements 
s

N  can be 

written as: 

 1

1

( )

( )

N

i

N

h
i

d

d

cd

s

h i

N

n i

=

=

=

∑

∑
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Accordingly, the code element rate can be estimated 

by: 

 

'

s

s

s

f

N
r =

�

 (13) 

where 
'

s
f  denotes the input rate of data. 

4 Verification 

The frequency spectrum varies with the modulation 

index h in the FSK modulated signal. The frequency 

spectrum is a single-peak continuous spectrum with the 

carrier frequency as the center in the PSK modulated 

signal. Two frequencies of FSK Assumed are defined 

as 
1
f  and 

2
f . Assuming that the bit rate is 

s
R , the h is 

modulation index which can be achieved by 

2 1
| | /

s
h f f R= − .  

The separation processing was described in the 

following. 

Step 1. Assuming that blind communication signal 

( )s t and the power spectrum of ( )s t , defined as ( )
s
P ω . 

Step 2. Conduct discrete orthogonal wavelet 

transform (DWT) on ( )
s
P ω  based on wavelet multi-

resolution analysis. Coarse approximation of ( )
s
P ω on 

a certain decomposition level i and the reconstructed 

signal was obtained and defined as 
i

A Ai and 
i

RA . 

Step 3. The number of the mixed signals based on Ai, 

defined as 
0

N . 
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Step 4. 
1

δ  and 
2

δ  as the initial thresholds equal to m, 

i.e., 
1 2

mδ δ= = ,where the mean value of ( )
s
P ω  was 

m . After coarse separation, blind channel separation 

on the reconstructed signal 
i

RA  of ( )s t  was assumed  

Step 5. Conduct adjustment on 
1

δ  and 
2

δ  . The 

specific process is described below. 

If 
0

N N> , 
1 1 1

δ δ δ′ = + Δ  and 
2 2 2

δ δ δ′ = + Δ ; 

If 
0

N N< , '

1 1 1
δ δ δ′ = − Δ  and 

2 2 2
δ δ δ′ ′= − Δ . 

where N defines the number of separated channels; 

1
δΔ , '

1
δΔ , 

2
δΔ  and 

2
δ ′Δ  are the corrected values of 

1
δ  

and 
2

δ . 

Step 6. Reconstructed signal 
i

RA  of ( )s t  in the 

blind channel for the coarse resolution approximation 

separation using the corrected thresholds 
1

δ ′  and 
2

δ ′ . 

Step 7. If 
0

N N′ ≠  (where N ′  defines the number of 

separated signals), the process repetition until the 

number of blind channels equals to 
0

N  from the Step 5. 

From the power spectrum ( )
s
P ω , in the frequency 

band the power spectrum of each blind channel was 

acquired at the destination points. 

Step 8. The corresponding filter and separation of 

the mixed signals 
1 2
( ), ( ), , ( )

N
s t s t s t�  from ( )s t  were 

operated. In accordance with procedures the 

simulations were performed. We set the values of 
1

δ  

were set as zero which are correct, i.e., 
1

0δΔ =  and 
'

1
0δΔ = . Set the values of 

2
δ  as 0.01m and 0.005m, 

respectively which are correct, 
2

0.01mδΔ =  and 

2
0.005mδ ′Δ = , the mean value of ( )

s
P ω  was m. 

Figure 2 and Figure 3 display the simulation results.  

 
Figure 2. ( )

s
P ω  of ( )s t  power spectrum 

  

(a) Coarse approximation of ( )
s
P ω  for A1 (b) Reconstructed signal 

1
RA  

  

(c) Coarse approximation of ( )
s
P ω  for A2 (d) Reconstructed signal 

2
RA  

 
 

(e) Coarse approximation of ( )
s
P ω  for A3 (f) Reconstructedsignal 

3
RA  

Figure 3. Separation process of the subcarriers 
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To make the simulation results more universal, two 

modulation modes, phase shift keying (PSK) and 

frequency shift keying (FSK), were used for two 

subcarriers. In the present study, the subcarrier 

modulation on satellite up-links were taken as the 

example. Assuming that the frequencies of two 

subcarriers were 8 kHz and 16 kHZ (fsc1 = 8kHz and fsc2 

= 16kHz), respectively, the sine wave with a frequency 

of 100 kHz (ft=100kHz) was used as the ranging 

sidetone, the code rate was set as 1 kbps (Rs=1kbps) 

and the powers of each subcarriers exhibited no 

obvious differences. Figure 4 displays the frequency 

spectrum of the modulated satellite subcarrier signal 

before and after partition, in which SNR and the FSK 

modulation index (h) were 3 dB and 0.6, respectively, 

and two subcarriers and one ranging sidetone were 

included. 

  

(a) Before partition 

 

(b) after partition 

Figure 4. Frequency spectrum of the subcarrier signal 

on the satellite communication link 

For the convenience of analysis, Figure 5 displays 

some partial enlarged details of Fig. 4 and focused on 

the partition of two subcarriers. It can be observed that, 

adequate zero points were acquired between two 

subcarriers after partition under the given conditions, 

which could be taken as the basis for partition.  

 

(a) Before partition 

 

(b) after partition 

Figure 5. Partial enlarged details of the frequency 

spectrum of the subcarrier signal on the satellite 

communication link 

According to the simulation results, the decrease of 

SNR and the increase of FSK modulation index could 

lead to a poorer partition. As shown in Figure 6, when 

SNB < 0 dB, insufficient zero points existed between 

two subcarriers and thus the partition could not be 

realized using the proposed zero-point-based partition 

method. 

 

Figure 6. Signal partition results when SNR = 0 dB  
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When the code rate is 1 kbps and h exceeds 5, an 

error occurred in signal partition using the proposed 

method. As shown in Figure 7, when h = 5, the interval 

between two frequencies in FSK modulation was 

calculated by: 
2 1 s

5 5kHzf f R− = × = , and the 

frequency interval of two subcarriers was 8 kHz. Then, 

after partition, many zero points appeared between f1 

and f2 and thus affected the normal subcarrier 

separation. Therefore, at a large h, an error would 

occur in the partition of subcarriers using the proposed 

zero-point-based method even for a large SNR. This is 

due to the fact that the proposed method was derived 

from the method of separating two FSK subcarriers 

and thus has certain limitations. According to the 

requirement, the FSK modulation index can not be too 

large. It means that we should pay more attention to the 

application range of the proposed zero-point-based 

partition method in practical use. 

 

Figure 7. Signal partition results when h = 5 

Actually, when h < 0.5, a single peak can be 

observed at the carrier frequency of FSK, and the 

frequency spectrum shows smooth roll-offs on its two 

sides. As h increased, the frequency spectrum of signal 

expanded and became concentrated towards f1 and f2. 

When h > 0.7, two peaks appeared; when h = 1, these 

two peaks were separated from each other and two 

discrete spectra appeared at f1 and f2, respectively. As h 

further increased, a certain amount of peaks were 

observed between f1 and f2, and zero-points occurred in 

the frequency spectrum in this range. As h increased 

and exceeded to a certain value (h > 2), would enter the 

high-index modulation, and the frequency spectrum 

would expand to an extremely wide spectrum. The 

FSK modulation with a small modulation index is 

preferred for the narrow-band channels since it 

occupies a narrow frequency band and thus exhibits a 

high band utilization rate. 

Conclusively, when SNR ≥ 0 dB and h ≤ 5, the 

proposed zero-point-based partition method is 

applicable to simple subcarrier partitions. Moreover, 

the channel number of subcarriers can also be acquired. 

The method has simple principle but is easily to realize. 

After partition, each subcarriers can be separated by 

the filter for further modulation.  

5 Conclusions 

Fourier transform and Wavelet multi-resolution 

analysis was combined in the paper. In order to 

recognize the subcarrier signals with uncertain 

bandwidth, signal number and non-overlapped 

frequency spectrum of mixed signals, an intelligent 

recognition algorithm for subcarrier based on 

combining Fourier transform and Wavelet multi-

resolution analysis was proposed in the paper. The 

proposed method can recognize each component from 

the mixed signal fast and accurately. Also the 

recognized signals were identified based on the 

estimations of subcarrier code rate and frequency. The 

proposed subcarrier recognition method can effectively 

recognize multiple signals from the subcarrier signal 

according to the simulation results. Moreover, the 

method exhibits the advantages of high recognition 

precision and strong noise immunity. 
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