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Abstract
In order to identify the multi-carrier orthogonal frequency division multiplexing ( OFDM) and

the single-carrier signal in the non-Gaussian noise environment, different features of the two signals

are analyzed in terms of five parameters; generalized normalized fourth-order cumulant, the maxi-

mum value of the instantaneous amplitude power spectral density, absolute standard deviation of in-

stantaneous phase on the section with weak signals, and position and numbers of the generalized cy-

clic spectrum’ s peak. The recognition method of the multi-carrier OFDM and single-carrier signal is

proposed in the environment with alpha-stable distribution noise. Simulation results show that the

recognition rate of the multi-carrier OFDM can reach 100% when the mixed signal to noise ratio

(MSNR) is greater than —5 dB and the recognition rate can reach 90% for the single-carrier when

the MSNR is greater than 2 dB.

Key words; multi-carrier OFDM, feature parameters, modulation recognition, generalized

cyclic spectrum, alpha-stable distribution

0 Introduction

With the rapid development of the communication
system and Narrowband Internet of Things ( NB-
IoT) ""*) | modulation recognition exhibits a diversified
coexistence situation on multi-carrier and single-carrier
in the communication signal modulation. Meanwhile,
there are a number of non-Gaussian noise with spikes
pulse and thick trailing in the received signals due to
low-frequency atmospheric noise, multi-user interfer-

ence and other effects’>* .

It is investigated that the
noise can be considered as the noise with the alpha-sta-
ble distribution model effectively. In recent years, the
intelligent radio technology has become the focus of at-
tention in the communication systems, where modula-
tion identification is an important part. Therefore, it is
of great significance to study hybrid modulation recog-
nition of multi-carrier and single-carrier in non-Gaussi-
an environment.

There are two kinds of algorithms for identifying
multi-carrier OFDM and the single-carrier signals. The
first one is based on the wavelet transform domain,
where the classification features are constructed to

identify the OFDM and the single-carrier signals””’.

The second is based on the high-order statistics. Ak-
mouche proposed the algorithm to identify different sig-
nals by the fourth-order cumulant'®’. After that, Li
and Shi et al'”'" improved the algorithm. For the
modulation recognition in the environment with alpha-
stable distribution, signals with BPSK, QPSK,
0QPSK, MSK and GMSK are identified with the fractal
box dimension in Ref. [11]. The different signals are
identified with the correlation coefficients of low-order
cyclic spectral and generalized second-order cyclic sta-
tistics in Refs[ 12,13 ]. The signals modulated with
4ASK, BPSK, QPSK, 8PSK , MSK are identified by
combining the generalized cumulant features with the
generalized instantaneous phase features. However,
the schemes mentioned above were investigated in the
Gaussian environment. In addition, compared with tra-
ditional single-carrier signals, the multi-carrier is more
difficult to extract, and the estimated parameters' """’
are more , which makes the research more complicated.
Therefore, many related research results are still not
completely enough, and they need further study. So it
is motivated to investigate the recognition of the multi-
carrier and the single-carrier signals in the non-Gaussi-
an environment with alpha-stable distribution noise.
The rest of the paper is organized as follows. The
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signal model with alpha-stable distribution is presented
in Section 1. The characteristic parameters of the digit-
al modulation signal is constructed in Section 2 , where
five feature identification parameters are given. In Sec-
tion 3, the classifier is designed. Theoretical analysis
and the simulation experiments are given in Section 4.
Finally, the conclusion is derived in Section 5.

1 Signal model

In the noise environment with alpha-stable distrib-
uted, after the down-conversion processing, the base-
band received signal can be expressed as

r(t) =s(t) +n(t) (1)
where s(t) is the baseband signal, n(t) is the alpha-
stable distribution noise. Five kinds of signals are con-
sidered in this paper, i.e. s(t) € {5, (), Sypsc (1),
Syrsk (1) SM()AM( )y Sopou (1) B
of the multi-carrier OFDM is given by

Np-1

E wndAft
Sorou(t) = ]\TZ Z Cn,ke,2 Ye(t - kT,),
P k n=0

M =g @

where n is the subcarrier’s index, C, , is the transmit-

The baseband signal

ted data of the k-th subcarrier in the n-th symbol peri-
od, N, is the number of subcarriers that are orthogonal
to each other, T, is the length of the OFDM symbol pe-
riod. The baseband signals of the four kinds of single-
carrier can be expressed as

S (1) = D ag(t —kT),

a, € {(2k +A1 -M)d, k =0,1,--M-1,
d= /B3E/(M -1)] (3)

Supsk (1) = @Ek,eﬂ“f“gu - kT,),

fe [k —%Mf, k=01, M-1 (4)

. 2
Swa(1) = /B3, g(kT) by € [ETH],
T
k:O,l,...’M_l (5)
SMQAM(t> = z /EiKe"‘bkg(t - kT)),
T

E, =a, +b,

, = tan"' (b,/a,)mod2mw (6)
where g(t) is the shape pulse used by the baseband
signal, T represents the symbol width, M is the modu-
lation order, d represents 1/2 times of the distance be-
tween adjacent constellation points, E denotes the en-
ergy of the transmitted symbol, and Af'is the frequency
interval , @, and b, in the MQAM signal are the signal’ s
amplitude of the orthogonal carriers carrying the infor-
mation. For the noise with alpha-stable distribution, it

is generally described by the characteristic function as
Refs[ 16,17].
@(1) = expljut =yl t1°[1 +jBsgn(t)w(t,a) ]}
(7)
w(t,a) = {tan(’n’a/Z),a#l (8)
(2/m)logl ¢, o =1
where sgn () is the sign function, a(0 < a <2) is the
characteristic index which describes the degree of the
distribution function’ s pulse, u is the position parame-
ter, y = 0 is the dispersion coefficient which is similar
to the variance under Gaussian distribution, 8( -1 <
< 1) is the symmetrical parameter. When 8 = 0, the
stable distribution is symmetrical with w, which is
called SaS for short. when yu = 0,y = 1, it is the
standard alpha-stable distribution. In this paper, the
standard alpha-stable distribution is used as the noisy
model. For the noise with alpha-stable distribution,
there does not exist statistics with the second-order and
more than second-order. Thus, the mixed signal to
noise ratio (MSNR), Qi = 10lg(a/y) is exploi-
ted to describe the noise, where ¢ indicates the signal
variance, vy indicates the dispersion factor of alpha-sta-
ble distribution noise.

2 Derivation of the proposed algorithm

It can be proved that the OFDM signal obeys the
asymptotic Gaussian distribution in the time domain by
combining the central limit theorem with the character-
istics of OFDM signal[gz. Moreover, the more the num-
ber of the subcarriers, the stronger the Gaussian char-
acteristics. The characteristics of approximating Gauss-
ian are related to the number of subcarriers and it is
nothing to do with the subcarrier modulation. In signal
processing, for the signals or noise with Gaussian-dis-
tributed, their digital features and distribution func-
tions can be represented with the first-order statistics
(means) and the second-order statistics ( variance or
covariance). However, the first-order and second-or-
der statistics can not be used for describing the signals
or noises with non-Gaussian distribution. Thus, high
order statistics are needed to extract the useful informa-
tion of the signals. In this paper, the fourth-order cu-
mulant features of the high-order statistics are exploited
and a nonlinear function is designed, and then a gener-
alized fourth-order cumulant is formulated to identify
the multi-carrier and the single-carrier signal. The pro-
posed algorithm is derived as follows. The modulus of
the OFDM complex baseband signal model is given as

Np-1

E wnAfi
L Somn () 1= [5- 1 X €™ - g (1= kT,)
P k n=0
(9)



HIGH TECHNOLOGY LETTERSIVol. 25 No. 3 1Sep. 2019

279

The modulus of the fourth-order cumulant of the
complex intermediate frequency (IF) signal is calcu-

lated as
Np-1

lec

n=0

cumy (1 Spppy () 1) = cum,(

- A g(t - kT)))
(10)
Np-1
The Gaussianity of Z | z C,\= ™ gt -
‘ Npot
kT,) is morethanthatofz Z I C,.1-g(t—kT,) |

ko n=0
Np-1

. 2mnAfi
Z C..*¢ |

n=0

| Cum4(| Somw(t) )1

, therefore, the following is got:

=1 cum,( 2 | ic Y g (0 —kT)) |
<l cum,( Zilc g(t —kT)) |

(11)

The subcarrier modulation symbol and the modula-

tion method are independent to each other. According
to the semi-invariability of the cumulant, Eq. (11) can

be written as

Np-1
1
— - I C, .1
N;t) nzzo Cum4( ; n,k

(12)
For the subcarrier with MPSK and MFSK modula-

tion, | C,, | is

I cum, (1 Spppy (1) 1) 1 <

a constant, the maximum of

| cum, ( Z | C, 1)1 is2. For the subcarrier with the
T

MQAM modulation, | C,, | is contacted with M and
| cum,( 2 | C,,1) 1 <2. Each subcarrier of OFDM
2

is modulated by MPSK or MQAM. Hence, Eq. (12)
can be rewritten as
I cumy (1 Spppy (2) 1)1
Np-1
1
e Zcum4(z I C,.1)
P
| x, 1
< (13)
N2 n=0 P
where cum, (1) is the cumulant of constant sequence 1
and cum, (1) = - 2. It can be seen that with the in-

the fourth-order
cumulant of the IF complex signal’ s modulus tends to
be 0, and it is far less than that of the MPSK, MFSK
and MQAM Therefore, the multi-carrier
OFDM and the single-carrier signals can be effectively

crease of the number of subcarriers,

signals.

identified by setting the appropriate decision threshold.

3 Construction of feature parameter

3.1 Features of generalized cumulant

In the environment with alpha-stable distribution,
the amplitude of the signal changes due to introduction
of a nonlinear function. However, the inequality be-
tween multi-carrier and single-carrier still exists.
Based on this feature difference, the generalized
fourth-order cumulant feature parameters C,, are de-
fined. Firstly, for the baseband signal in Eq. (1), two
generalized second-order cumulant are defined as

Ce =E|:f(3(t))2J (14)

Con = B[ f(s(1)) 1] (15)
where E[ | represents expectation, f( ) is the non-line-

ar transformation given by

_arctan | s(¢) | _arctan | A¢° |

T N N I P
_arctan | Al
| Al A

= arctan | Al - sgn(A) - * (16)

It can be seen from Eq. (16) that the non-linear
transformation only maps the amplitude of the signals to
a finite interval. It eliminates the large pulse of alpha
noise, and does not change the phase information of
Thus,

distribution noise have the second-order statistics or

the signals. the signals strayed by alpha-stable

more. The generalized fourth-order cumulant is defined
by
Copp = cum(f(s(t), f(s(t), (f(s()) ",
(fCs(e)) ™) (17)
Assuming that s(¢) is the signal with zero mean
and ergodic, then the generalized second-order and
fourth-order cumulant can be estimated with the sam-
pling data once as

Cop = NZf( (n)) (18)
Con = N2<f< s(n)), fs(n)) ")
- 2|f< ()17 (19)
Copp = Nn; |f(5(n))4 =l Cczo|2 _2(:?:21
(20)

Without loss of generality, assume that the con-
stellation’ s points have been normalized, i.e. , Cy, =
1. The estimation of the normalized fourth-order cumu-
lant is expressed as

G = Cpp/ C%;z] (21)
It can be shown from Fig. 1 that within the range
of MSNR set, G of the OFDM signal is no less than
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that of the single-carrier, such as MASK (M =2,4),
BPSK, 4FSK and 16QAM. Starting from -5 dB, with
the increase of MSNR, the difference is greater and
greater. Thus, the multi-carrier OFDM can be distin-
guished from single-carrier signals effectively by setting
a suitable threshold.

1.3
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Fig.1 The generalized normalized fourth-order cumulant G
of signals changes with MSNR

3.2 Features of generalized instantaneous ampli-
tude and phases
In the impulse noise environment, the received
signal is 7(t) , whose analytical signal is given by z(t)
=r(t) +jH[r(t)] = a(t)e®"”, where H[ ] is the
Hilbert transform of the real signals, a(¢) is the gener-
alized instantaneous amplitude of z(¢) expressed by
a(t) = /r(t) + H[r(1)] (22)

The generalized instantaneous phase of z(¢) is

written as
Hr(1)]

t) = arctan{———/= 23
o(t) = arc an{ O] } (23)
As the existence of spectral aliasing in actual cal-
modified

culation, the defined as

Ref. [18].
C(i-1) -2,
C(i) = {C(i—l) +2m,
C(i —-1), others

sequence 1s

e(i-1) —@(i) >m
e(i) —@(i-1) >

(24)
The unfolded phase is
p(1) = (i) - C(i) (25)
Removing the components of the linear phase in
Eq. (25), the true phase is obtained as

) = (i) - 2
en (i) = (i) ! (26)

Thus , ¢y, (i) is the generalized instantaneous

phase of z(¢). In order to extract the features conven-
iently, two characteristic parameters are determined as
follows.

1) The maximum value of the spectral power den-
sity of the center normalization instantaneous amplitude
expressed by
o max{FFTLa, ()] - conj | FFTLa, ()]}
max N

rmax

(27)
where N is the total number of sampling points, a,, (n)

a(n)

a

is the instantaneous amplitude given asa,, (n) =

a(i) . .
-1,andm, = Z ) is the average of instantaneous

l
= N

amplitude.
2) The standard deviation of the absolute value of
the centered, non-linear component of the instantane-

ous phase expressed by

1 2 1
= A AL e I oy (n) |
70 = [GCT Gum) =T Toun )
(28)

where C is the number of instantaneous phase of the

non-linear component, a(n) is the instantaneous am-

¢t 1is the determined threshold of the non-linear

» Ya

plitude
signals and ¢,,(n) is the non-linear instantaneous
phase.

Simulations are presented to demonstrate the chan-
o With MSNR. As shown in
of 2ASK is always greater than 0. 15
of 4ASK and 16QAM signal is be-
tween 0.12 and 0. 15. However, the amplitude of
BPSK and 4FSK signal is no more than 0.12. Accord-
ing to the differences, the single-carrier modulation
signals of 2ASK, 4ASK, BPSK, 4FSK, 16QAM can
be divided into three categories. As shown in
Fig.2(b) that the phase of BPSK signal has two values
and g, > 0. 385 when MSNR >0dB. However, for the
4FSK, the non-linear instantaneous phase has four val-
ues and o, < 0.385. According to the difference, the

BPSK and 4FSK signals can be distinguished.

ging of parameter r
Fig.2(a), ther,
as MSNR >2dB. r

max

3.3 Features of generalized cyclic spectrum
As can be seen from Fig.2(a), it is hard to dis-
tinguish the 4ASK and 16QAM with r

is analyzed that there are some differences on the cyclic

e HOWever, it
spectrum. Two kinds of algorithms of the digital
signal’s spectrum correlation can be used'*?'’* the
Fourier transform and the time domain smoothing. In
the paper, the latter is selected, and it can be em-
ployed as follows.



HIGH TECHNOLOGY LETTERSIVol. 25 No. 3 1Sep. 2019

281

0.2

0.18 | Taad 1

0.16 | ) i .

0.1

0.08

0.06 ' :
MSNR (dB)

(a) The maximum of the spectral power density of the

instantaneous amplitude r,

max

0.4

T . el‘ .'a T
] ﬁ,ﬁ’%—eﬂ 08-S gb00. |
039 |/ \3\ o ;
0.38 )
s 037 |
b
0.36
4
035 |
—&— 4FSK
0.34 - - -
-5 0 5 10 15

MSNR (dB)

(b) The standard deviation of the absolute value of the non-linear
component of the instantaneous phase o,

Fig.2 The features change with MSNR

1) Calculate N points spectrum of r(n) at T =
NT, as

N-1

R, (k) = Zr(n)exp(—jZﬂnk/N) (29)

n=0
2) Calculate the spectral correlation as

St (k) = %RT(k F /)R (k-a2)  (30)

3) Smooth the spectrum as
M2

Sy = 3 Y Sy(k+m) (31)

P 17

N-point FFT can be equivalent to a bandpass filter
whose bandwidth is 1/N, and its center frequency is f,
= k(f./N) and the output is the complex envelop of
the signal. Therefore, the spectrum correlation analy-
zer can be replaced by N-point FFT for reducing the
complexity. In the engineering, FAM algorithm is em-
ployed to smooth the time domain. The complexity is

shown in Table 1.

Table 1 The complexity of the FAM algorithm

Two complex signals’ Single signal’ s

. cycle cross spectrum cycle spectrum
Calculation steps
complex complex

multiplication times  multiplication times

N' -point FFT PN’ log, N’ P(N'/2) log, N
Frequency shift 2N'P N'P
Multiply times (N")? P(N")/4

FFT product

sequence

(N")/(P/2) log,P (N')*/4[ P/2]log,P

In Table 1, N is the sampling point’ s length in
unit interval time. Defining M as the interval of the
loop frequency’ s resolution and N' = N/M, P = 4M.
Due to the parallelism of FAM algorithm, the operation
time is reduced to 1/N' times of the original. The sim-
ulation results show that the proposed algorithm has
good anti-noise performance, and thus, it provides a
good theoretical basis for the system’s implementation
of modulation recognition under impulsive noise envi-
ronment. The simulation results are shown in Fig. 3.
Combined with the theoretical and simulation analysis,

it is known that the 16QAM has peak as a =+ T in
b

the section of f = 0, and the peak’s value arrives the
maximum as o = 0. However, the 4ASK has peak as «

0,0 =x2f =

m
b
T

+ 2f.. Inspired by the difference, two characteristic

and the maximum appears as «

parameters are defined as T1 and T2 , where T1 stands
for the position of the spectral peak, T2 stands for the
number of the spectral peak. When 71 = 0 and 72 > 3,
it indicates that the 16QAM signal can be recognized,
otherwise the 4ASK signal.

4 Designing of the classification recognizer

The recognition algorithms are summarized as fol-
lows.

Step 1 Calculate parameter G based on the fourth-
order cumulant to distinguish OFDM from the single-
carrier MASK (M = 2,4), BPSK, 4FSK, 16QAM.

Step 2 Calculate parameters r,,,, and o, based on

the instantaneous characteristics. By using parameter
T, o divide the single-carrier signals into three catego-
ries; 2ASK, 4ASK and 16QAM, BPSK and 4FSK.
Then, 4FSK can be distinguished from BPSK with .

Step 3 Calculate parameters T1 and T2 based on
cycle spectrum. Then, 4ASK can be distinguished

from 16QAM with the two parameters.
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Fig.3 Generalized cyclic spectrum of 4ASK and 16QAM signals

The flow diagram of the recognition algorithms is

shown in Fig. 4.

Signal
pretreatment

b

Calculate the
parameter G

v

Calculate the
parameter 7,

Calculate the
Parameter o,

(160AM )

(4A8K)

the sampling point is 1 024. The multi-carrier OFDM
and the single-carrier signals are all normalized. In or-
der to evaluate the performance of the algorithm, the
correct rtecognition rate P is demonstrated as P =
(N,/N) x 100% , where N, is the correct recognition
times, NV is the total number of experiments.

Table 2 Simulation on parameter setting

Signal

Values
types
Numbers of subcarrier: 64, No protection inter-
OFDM  val, Modulation type of subcarrier: PSK, Baud
rate; 1 000 baud/s, Carrier frequency: 3 kHz
2ASK/4ASK, Baud rate; 1 000 baud/s, Carrier
ASK
frequency: 3 kHz
BPSK, Baud rate: 1000 baud/s, Carrier frequen-
PSK
cy: 3 kHz
FSK 4FSK, Baud rate: 1000 baud/s, Carrier frequen-
cy: 3 kHz
QAM 16QAM, Baud rate; 1 000 baud/s, Carrier fre-

quency: 3 kHz

Table 3 Threshold of feature parameter
thl th2 th3 th4 th5 tho
1.28 0.15 0.12 0.385 0 3

Fig.4 Flow chart of decision making algorithm

5 Results and analysis

Simulations are presented to verify the validity of
the proposed algorithm. The signal types and the spe-
cific parameters are given as Table 2 and the thresholds
of each feature are shown in Table 3. The alpha-stable
distribution noise is used. The symbol rate is 1 kB and

1) Performance of recognition signals

The characteristic index of the alpha-stable distri-
bution noise is 1.5, the MSNR changes from -20 dB
to 15 dB. It can be seen from Fig.5 that the correct
recognition rate of the signals raises with the increase of
MSNR. For OFDM signal, the correct recognition rate
reaches 100% as MSNR = -5 dB. For the single-car-
rier such as 4ASK, BPSK and 4FSK, the recognition
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rate is up to 90% as MSNR = -10dB. It demon-
strates that the proposed algorithm can effectively rec-
ognize the multi-carrier OFDM and the single-carrier
signals at low MSNR in the environment with alpha-sta-
ble distribution noise.

SRRk e e
—¥— OFDM |
o J
g
g -
p=
&
g J
&
3 J
£
=]
o -
.-20 -15 -10 =5 0 5 10 15
MSNR(dB)
(a) OFDM
BPSK
—H— 4ASK
4FSK
]
8 —fr— 16QAM
£
an
]
]
B
=}
o
@]
0"_._. 1 1 1 1 1 1
=20 =15 -10 =5 0 5 10 15

MSNR(dB)
(b) Four kinds of single-carrier signals

Fig.5 The recognition rate of the signals with MSNR

2) Analysis of the factors affecting the recognition
rate.

The characteristic index changes from 0. 2 to 2
and MSNR is 0 dB. It can be observed from Fig. 6 that
the recognition rate of the signals improves with the in-
crease of a. For the OFDM signal, the recognition rate
is up to 100% as a > 0.5. For the single-carriers as
4ASK, BPSK, 4FSK, 16QAM, the recognition rate
can reach 100% as o > 0.6, and it is not affected by
the characteristic index any more.

3) Recognition performance of the single-carrier
signals with MSNR

It can be seen from Table 4 that the correct recog-

nition rate of the signals as 2ASK, 4ASK,16QAM can

1 FbeHeH e e
0.8
g
g
£ 0.6
£
=T
o
Q
2
5 04
=}
Q
O
0.2
0 el 1 1 1
0o 05 1 1.5 2
Alpha
(a) OFDM
k1
BPSK
—H— 4ASK
arsk ||
% —&— 16QAM
8 ]
&
o
Q
21
8 ]
=1
o
o]
1 1.5 2
Alpha

(b) Four kinds of single-carrier signals
Fig.6 The precognition rate of the signals with

characteristic index

reach 100% as MSNR >0 dB. For 4FSK signal, it is
up to 100% as MSNR > 2 dB. For the signal with
BPSK modulation, it is up to 97% as MSNR =5 dB.
Therefore, based on the features of the generalized in-
stantaneous amplitude and phase and the generalized
cyclic spectrum, a good performance can be achieved.

Table 4 Recognition rate( % ) of single-carrier signals

. MSNR (dB)
Signals
-5 -2 0 2 5 10

2ASK 92.3 92.3 100 100 100 100
4ASK 0 50 100 100 100 100
BPSK 4.6 60.5 8l1.6 86.7 98.2 100
4FSK 0 75.5 82.4 100 100 98.9
QAM 0 0 100 100 100 100

4) Comparison of recognition algorithms
Based on the signals modulated with BPSK and
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4FSK, the recognition rate of the proposed algorithm
and that mentioned in Ref. [22] is compared when
MSNR is 2 dB and 5 dB, and the comparison results
are shown as Table 5. It can be seen that the recogni-
tion rate of the proposed algorithm is higher than that
mentioned in Ref. [22] when MSNR =2 dB. For the
signal with 4FSK modulation, the recognition rate of
the proposed algorithm reaches 100% when MSNR in-
creases to 5 dB. Thus, the recognition rate of the pro-
posed algorithm is higher than that mentioned in
Ref. [22].

Table 5 Comparison of the proposed algorithm with
that mentioned in Ref. [ 22 ]

2 dB 5dB

Signal The proposed The proposed
types . Ref. [22] . Ref. [22]
algorithm algorithm
BPSK (% ) 86.7 80 98.2 97.5
4FSK( % ) 100 89 100 92.5

6 Conclusion

Modulation recognition of the multi-carrier and the
single-carrier signals is proposed in the environment
with alpha-stable distributed noise. Based on the gen-
eralized fourth-order cumulant, the generalized instan-
taneous amplitude and the generalized instantaneous
phase feature in signal time domain, and the general-
ized cyclic spectrum feature in transform domain, five
feature parameters are exiracted to realize the modula-
tion recognition of the multi-carrier OFDM and the sin-
gle-carrier signals as MASK, BPSK, 4FSK and
16QAM. Simulations demonstrate that the proposed al-
gorithm reduces the recognition complexity and the sig-
nal recognition rate. Moreover, the recognition rate of
the proposed algorithm is still high when the character-
istic index changes, which indicates that the proposed
algorithm has good robustness. Therefore, it can be
further used in the digital audio broadcasting and opti-

cal communication systems.
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