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Abstract

The cyclostationarity of China multimedia mobile broadcasting (CMMB) signal is
explored. A low-complexity detection algorithm in cognitive radio for the CMMB primary
user based on data smoothing using scattered pilots is proposed. First, the received data
in the secondary user is smoothed by the first order lag filter. Then some special delay
lags are selected to calculate the cyclic autocorrelation function (CAF) as a decision
statistic. When the cycle frequency is equal to zero, some dominant peaks of scattered
pilots will appear in CAF for the special delay lags. Fully considering the cyclostationary
feature mentioned above, these peaks are used to detect the CMMB primary user.
Simulation results show that the proposed algorithm has a good detection performance,
especially under long sensing time conditions.

Keywords: data smoothing; scattered pilots; cyclic autocorrelation function; CMMB;
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1. Introduction

Cognitive radio has emerged as a potential technology to improve the spectrum
utilization and solve the spectrum scarcity problem [1]. As a fundamental and key issue in
cognitive radio, spectrum sensing has been explored comprehensively [2-4]. There are
basically two spectrum sensing methods: narrowband sensing and wideband sensing. In
practice, due to either the high implementation complexity or high financial/energy costs,
the wideband sensing schemes are difficult to design [5]. The narrowband sensing
methods can be classified into energy detection (ED), matched filter detection and
cyclostationary feature detection (CFD). Among them, the CFD method can effectively
distinguish the signal and noise, which is robust to the noise uncertainty. Although it has
the high computational complexity, the CFD method is frequently used for the spectrum
sensing, especially for some signals with the cyclostationary feature, i.e. orthogonal
frequency division multiplexing (OFDM), which is the most popular modulation scheme
in the communication and broadcasting systems, such as digital video broadcasting -
terrestrial (DVB-T), worldwide interoperability for microwave access (WiMax), long
term evolution (LTE) and China multimedia mobile broadcasting (CMMB) [6]. CMMB is
a mobile television and multimedia standard developed and used by China. It provides
broadcasting and television services for mobile phones, iPad and other small screen
portable terminals using an S-band satellite.

Most of the existing OFDM spectrum sensing methods make use of the cyclic prefix
(CP) or cyclostationarity of OFDM signals [7]. Spectrum sensing for the signal with the
cyclostationarity is usually realized by calculating its cyclic autocorrelation function
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(CAF). The detection methods using multiple cyclic frequencies were presented in [8],
which are based on the second-order cyclic cumulants form of the CFD method.
Furthermore, in order to reduce the amount of transmitted data, a censoring cooperative
detection scheme also was proposed in [8], which can achieve almost the same detection
performance compared with the cooperative scheme. The hard and soft decision
combining cooperative detection schemes of the CFD method were analyzed in [9]. These
detection schemes can achieve better detection performance, but suffer from the high
complexity. However, for some OFDM signals embedded with pilot signals, i.e. CMMB,
it is possible to reduce the complexity of the CFD method by calculating CAF positioned
in the specified delay lags. Hence, a low-complexity detection algorithm of the CMMB
primary user employing scattered pilots is proposed based on data smoothing in cognitive
radio. According to the position of scattered pilots, some special delay lags,

approximately r:nT% where n=1, 2, 3, T,is the used time of an OFDM symbol of

the CMMB signal, are selected to compute the decision static, CAF, with the cycle
frequency o =0. The proposed algorithm has a lower complexity than the detection
methods of the second-order or higher orders cyclic cumulants form. It has a better
detection performance as well with fully considering the cyclostationary feature of the
CMMB primary user.

2. Signal Feature of CMMB Primary User

Depending on the data rate, the channel bandwidth of a CMMB system can be either 2
or 8 MHz. A CMMB frame consists of 40 time slots, and the length is 25ms. Each time
slot consists of one beacon signal and 53 OFDM symbols. The OFDM symbol of CMMB
is modulated with BPSK, QPSK, QAM16 or QAM®64, in which the length of cyclic prefix
is 1/8 of the data length.

Continual pilot Scattered pilot D Data

Figure 1. The Subcarrier Positions of Continual Pilots, Scattered Pilots and
Data of the CMMB signal in One Time Slot (1TS)

In order to aid the channel estimation and synchronization, the CMMB system inserts
pilot signals with a regular repeat. As shown in Figure 1, three types of effective
subcarriers, data, scattered pilots and continual pilots, are usually set up for the CMMB
signal in the frequency domain, where N, is the number of effective subcarriers. For

B=2MHz mode, the amount of data, scattered pilots and continual pilots are 522, 78 and
28, respectively. In the arrangement of configuration, the position of scattered pilot
subcarriers for the CMMB signal periodically changes and is repeated every 8 subcarriers.
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Furthermore, there are more scattered pilots in comparison with the continual pilots.
Therefore, the scattered pilots of the CMMB primary user will generate a well-detectable
signature.
If the channel bandwidth is 2MHz, the position of the mth scattered pilot in the nth
OFDM symbol is as follows:
if mod(n,2)==0
o _[8p+1, p=0138
|8p+3, p=39,40,-,77
if mod(n,2)==1
- 8p+5, p=01,--,38
~|8p+7, p=39,40,--,77

(1)

3. Proposed Method

3.1. Cyclostationarity

The process x(t)is assumed to be a second-order cyclostationary if its mean and
autocorrelation function are periodic with periodT, . It can be written as

Ry (t7) =R, (t+T,,7) =E [x(t+ DX (t—g)}

Because of the periodicity of autocorrelation function, it can be represented by its
Fourier series expansion

R, (t,7) = z R% (r)e’?™ 3)
where

Ty .
R(0) = Jim = [ R, (to)e ™ok (%)
0 0o 2

is CAF of x(t), « is called the cycle frequency, where o = mTi , and m is a integer.
0

3.2. System Model
The baseband of the CMMB primary user in the time domain can be expressed as

w Ny-1

s=> Y zGne ™ pt-nT,) (5)

n=—c0 i=0

where n is the nth OFDM symbol and i is the ith subcarrier. Z(i,n) is the effective
subcarriers N, mapped to the used subcarriersN, . The total subcarriers N, =N, +N_, of
which N is the number of cyclic prefixes. T, is the used time of an OFDM symbol and
T, =T,+T, is the total time of an OFDM symbol. T_ is the duration of cyclic prefix,
p(t—nT,) is a rectangular pulse function.

To determine the cyclostationary feature, the baseband OFDM signal of CMMB can be
written in the form of the summation of data subcarriers and scattered pilot subcarriers
defined as (6), where d(i,n) is the data information, a(l,(),n) and a(l,(l),n) are the

scattered pilot subcarriers, i.e. a(l,(),n)=a(l,(1),;n)=1+0j . N, =39 is half the pilot
subcarriers of an OFDM symbol. 1,(I)=S,+L,I,1=0,1--,N -1, is the position of the first
half of pilot subcarriers, S,is the starting pilot subcarrier and L, =81is the scattered pilot
interval. 1,(1)=S,+L,I,1=N_,N +1---,2N_~1, is the position of the second half of pilot
subcarriers, S, is the starting pilot subcarrier.
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i S +Ll S,+L,l
"y jor 2ty 2Np-l j2/r2 Pt

S(t) = i[ Nuz_l d(i,n)ejeri +N§,la(ll(|),n)e'2 T4 Z a(l,(),n)e ™ | p(t-nT)

i=0,i=1 (1),i=1,(1)
(6)

n=—w0

3.3. CMMB Primary User Detection

Let Ry (t,z) denote CAF of different OFDM symbols of the CMMB primary user. It is
given by (7).

S +L,!
Np—l i2 1+ Lhp

Ry (t,7) = i{ Nf E[d(i,n)d*(i,n)Jej2”#+zE[a(ll(l),n)a*(ll(l),n)Je T

i=0,izl, ()izl, (1) 1=0

n=—o0

(7)

2N, -1 Syl

+Z E[aL,(0).ma (,Mm]e T}-p(wg—nn)p*(t—g—nn)

Assumed the modulated signal S(t)is independent, and identically distributed (i.i.d),
then E[d(i,n)d*(i,n)} is equal to the average power o’ of data subcarriers,
E[a(1,(1),n)a" (1,(1),n) ] and E[a(l,(1).na’(1,(1).n)] are equal to the average powers of the
first and the second half of scattered pilot subcarriers, o7, ando},, respectively. Then (7)
is simplified to (8).

) N, -1 jZIITLZ' ) ) Np-1 j2ﬂsl;7l_plr ) ) 2N, -t jZﬂSZ:inl‘r
- u — — u — — u
Rs(tr)=|c2> e (Uu Gpl) e (Gu sz) e
i=0 1=0 I=N
: (8)

5 p(t+5~T.)p (1= —nT.)

The sum terms of (8) can be simplified according to the Euler's formula. For example,
N,z

N N N N .
. jer—Lr jz=%r  —jztr =t Sln( )
Ned joete g T @ T @ ™ —e ™) T iz (N,
TU —_ —_ —_ TLI
Ze - . r LT T T - . € (9)
i-0 J2r g LTS A sin(ﬂ)
l-e e ‘(e “—-e ) T

The other two sum terms can be simplified similarly.
Considering the finite representation, the Fourier coefficient of the second term in (8) is
denoted by
o 1 L e * —j2ma
Rpp(r)=T—ji 3 p(t+%—nTs)p (t—%—nTs)e i2met g
s 2 N=-o (10)

1% T, =« Ty i
== t+=)p (t—=)e #™dt
TSj%p( P (-2)

where « is an integer multiple of Ti Given that p(t) is a rectangular pulse with value 1

S

for —T, <t <T, and value 0 elsewhere, if >0, we have

a 1 E —j2rat Sln[ﬂa(Ts -T)]
Rpp(T)ZfJ:i;Te ! dt:TTS (11)
. . . . sin[za(T, +7)] A
Similarly, ifz <0, Ro,(7)Is equal to ———=—==. Considering the above two cases,
ma T
R;,(7)becomes
« sinfza(T,-[z )]
R (1) =~ s 1T (12)

ol
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By substitution in the finite representation of (3), (4) and considering (9) and (12), the
Fourier coefficient R (z) of R (t,7) is given by (13).

Sin(N“”T) Sin(Npr”T)
T (N -
Ra (‘[): O.Z—U'e Tu - u .
SS u Sm(ﬂ) ] Lpﬂ'T
T sty ) (13)

u u

7125 +L, (N, D1 ix(28,+L, N, DI || sin[za(T,-| 7
(O-uz_ail)e T, +(O‘§—O‘§2)e T, . [ (s | |)]

7ot

Equation (13) shows CAF of the CMMB primary user with the scattered pilot structure
is influenced dominantly by the scattered pilots. It can be observed that RS () generate

peaks for «=0 and approximately r:n% ,
P

subcarrier of scattered pilots is different in the first and the second half of one symbol. In

addition, the starting subcarrier of scattered pilots is also different for every adjacent two

symbols. Therefore, only two symbols of CMMB generate some well-detectable peaks at

approximately z = Zn% —nl 7 N=123.
P

As shown in (13), the average powers of data subcarriers and scattered pilot subcarriers

have a great influence on CAF, R (7). The average powers are influenced by the noise.

The noise can be considered as a circularly symmetric complex Gaussian (CSCG) noise

in the OFDM symbols, and the first order lag filter is suitable to filter the CSCG noise.

Therefore, we use it to smooth the received data. Then the average powers better reflect

the actual powers of data subcarriers and scattered pilot subcarriers. Assumed the
smoothed data of the nth OFDM symbol and ith subcarrier is S(i,n), we have

S(i,n) =(@—b)-S(i,n) +b-S(i-1,n), b € (0,) (14)

where S(i,n) is the signal interfered with the noise, S(i—1,n)is the smoothed data in last
calculation, and b is the smoothing factor.

Hence, the decision rule is denoted by

H,: R&(r)>4

H,: R&(r)<A

where Rg (z) is CAF of (13), where the average powers of the data and scattered pilot

subcarriers are computed with the smoothed data, 4 is the decision threshold. For a target

probability of false alarm, 1 is obtained by Monte Carlo simulation with only if the noise
existence.

n=12.--,L, -1 . Indeed, the starting

(15)

3.4. Complexity
The complexity of the proposed algorithm in case of the number of multiplications can
be expressed in terms of O(MN,) , where M is the number of OFDM symbols used for the

spectrum sensing. The proposed algorithm has a lower complexity than the second-order
cyclic cumulants form using multiple cycle frequencies with the same one delay lag,

which is denoted by O(I\/I«(LN52+ NslogNs)), where L is the odd length of a spectral

window. Even considering one cyclic frequency, the form of second-order cyclic
cumulants still has a higher complexity withO(M- (LN, +N,)).
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4. Simulation Results

In this section, we provide some simulation results for the CMMB primary user with
the bandwidth B=2MHz average on 2000 Monte Carlo realizations. The subcarrier
modulation is QAM16, although we can get similar results with other mapping schemes,

such as BPSK, QPSK or QAM®64. The special delay lag ¢ is set toT%. Obviously, the

bigger the value of the smoothing factor b, the smoothing effect is better of S(i,n) in (14).

Hence, the smoothing factor b=0.99 is set for all simulations.

Figure 2 depicts the detection performances for the CMMB primary user in AWGN
and frequency selective Rayleigh fading channels. The number of OFDM symbols used
for the spectrum sensing is M=108, it is equal to two slot times (50ms) of a CMMB frame.
The parameters of the CMMB primary user are as follows: N, =1024, N, =628, N, =128.

The sampling rate is 20MHz. The same simulation parameters, N, , N, , N, and the

sampling rate, are used in the following simulation as well. It can be observed that the
probability of detection goes up with the probability of false alarm increasing. In AWGN
channel, when the SNR is bigger, i.e. SNR>-8dB, the detection probability of the
proposed scheme is up to 1. In order to evaluate the effect of data smoothing, the
detection performance without data smoothing for the target probability of false alarm
P, =0.05is also simulated in AWGN channel. It can be seen that the performance with

data smoothing is improved greatly. In addition, the detection performance of the
proposed algorithm is a little worse in frequency selective Rayleigh fading channel than
in AWGN channel. The performance degradation is about 2-3dB which shows that the
robustness of the proposed algorithm both in AWGN and Rayleigh channels.
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Figure 2. The Detection Performance of the Proposed Algorithm in AWGN
and Frequency Selective Rayleigh Fading Channels
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Figure 3. The Detection Performances of the proposed Algorithm, ED and
CP Methods

Figure 3 shows the results of the proposed algorithm, the CP method in [7] and the ED
scheme in AWGN channel. The target probability of false alarm P, is 0.05. The sensing

time of 25ms, 50ms, and 100ms are used, which are equal to the number of OFDM
symbols M=54, 108 and 216, respectively. In fact, due to the noise uncertainty, the
estimated noise power may be different from the actual noise power for the ED method.

We define the estimated noise power is &> = 5o, where &> iis the actual noise power and

o is the noise uncertainty factor. The noise uncertainty factor o (in dB) follows a
uniform distribution in [-A A], and A is the upper bound of ¢ , that
is A=max{10log,, 6}. Actually, the noise uncertainty upper bound of receiving device

is normal 1 to 2dB. So in the following simulation, we choose o equal to 0dB, 1dB and
2dB, which are denoted by ED-0dB, ED-1dB and ED-2dB, respectively, where ED-0dB
denotes that the noise power is known.

It can be verified that the detection probability of the proposed method improves
significantly with the sensing time increasing. The reason originates from more scattered
pilots with a long detection time. Therefore the cyclostationarity of scattered pilots is
more obvious. When the sensing time is short (e.g. M=54, 108), the detection
performance of the CP method outperforms over the proposed method. However, the
proposed method exhibits a better detection performance with a longer detection time. As
shown in Figure 3, under low SNR surroundings, the performance improvement is about
2-4dB compared with the CP method when the sensing time is 100ms. Furthermore, the
complexity of the CP method in case of the number of multiplications, O(N,,-(MN,)), is

N, times the proposed scheme. On the other hand, if the noise power is known, the

detection performance of the ED method is the best. In fact, the noise power is unknown,
and then the performance of the ED method will be degraded. Moreover, it would not be
improved with the sensing time increasing.
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5. Conclusions

The CFD method is frequently used for the spectrum sensing in cognitive radio.
Considering the cyclostationary feature of the CMMB primary user, a simple and
effective spectrum sensing method is proposed in this paper. We use the first order lag
filter to smooth the received data in secondary user to reduce the influence of CSCG noise.
Then the value of CAF in some specified delay lags is computed directly to detect the
CMMB primary user. Simulation results show that the proposed method is robust both in
AWGN and Rayleigh channels. When it is compared to the CP method, the proposed
method outperforms the CP method for a long sensing time. At the same time, it has a
lower complexity than the second-order or higher order cyclic cumulants form detection
schemes based on the CFD method. The proposed scheme is an independent detection
method. However, independent detection will be degraded because of the problems of
fading, shadowing and hidden terminals. In the future research, we are ready to explore
the cooperative spectrum sensing method using CMMB signal feature to improve the
sensing performance.
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