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Abstract: - In order to obtain more precise spectrum sensing performance in cognitive radio networks, a two-
stage spectrum sensing approach is investigated. More specifically, a coarse spectrum sensing based on energy
detection is introduced in the first stage. When the sensing decision is idle channel by coarse sensing, a fine
spectrum sensing based on first order cyclostationary feature detection is exploited in the second stage.
Moreover, the problem formulation and discussion of two-stage spectrum sensing is presented. Optimization
algorithm is to maximize the throughput under the probability of error sensing constraint. Numerical results
show that the sensing performance is improved significantly as opposed to conventional one stage spectrum

sensing.
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1 Introduction

Due to the conflicts between spectrum congestion
and spectrum under-utilization, cognitive radio (CR)
has been recently considered as an efficient
approach to improve the spectrum utilization via
opportunistic spectrum sharing [1][2]. However, in
order to avoid the interference to the primary user
(PU), secondary user (SU) is considered to have the
lower priority to the spectrum. Therefore, SU needs
to sense the availability of spectrum before
accessing the channel. Currently, spectrum sensing
techniques mainly focus on primary transmitter
detection and usually can be classified as matched
filter, cyclostationary feature detection and energy
detection. However, sensing techniques mentioned
above have their own limitation in fact. More
specifically, matched filter technique needs the prior
information of PU; Cyclostationary feature
detection technique has the higher complexity; Even
though the energy detection is widely used
currently, it has the weak performance in low
signal-to-noise ratio environment.

To meet time and sensitivity requirement, a two-
stage spectrum sensing (TSS) scheme is introduced
which consists of coarse and fine sensing in IEEE
802.22 WRAN [3][4][5]. Henceforth, various two-
stage spectrum sensing strategies have been
investigated in many different contexts. Authors in
[6] focus on different decision thresholds for two-
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stage sensing. Yue etal in [7] takes first order
cyclostationary feature sensing as fine sensing, the
proposed approach is applied into the shading
environment. Besides, two-stage sensing is also
studied in the application of cooperative sensing in
[8], the investigated approach is composed of hard
information combing and soft information combing,
but the only considered sensing technique is energy
detection.

Recent years, there are still many scholars to
study the two-stage spectrum sensing. A novel two
stage spectrum sensing was proposed in [9], which
is based on energy detection as coarse sensing first
stage and combination of maximum-minimum eigen
value based detection technique (CMME) as fine
sensing second stage . Authors in [10] present the
performance evaluation of seven spectrum sensing
techniques including four single-stage spectrum
sensing and three two-stage spectrum sensing for
cognitive radio systems. Authors in [11] propose
two novel schemes of two-stage spectrum sensing
for cognitive radio under environment as noise
power uncertainty. A new cooperative spectrum
sensing (CSS) scheme with two-stage reporting is
proposed in [12] so as to improve the throughput of
SUs through reducing the reporting overhead. In the
proposed scheme, the reporting process of the SUs
is divided into two stages (a dedicated reporting
stage and a contention-based reporting stage). A
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two-stage wideband spectrum sensing scheme is
considered in [13] to proceed spectrum sensing with
low time consumption and high performance to
tackle this predicament. In this scheme, a novel
multitaper spectrum sensing (MSS) method is
proposed to mitigate the poor performance of
energy detection (ED) in the low signal-to-noise
ratio (SNR) region.

The main contributions of this paper are
described as follows. First, two-stage sensing
scheme is investigated. We focus on the precise of
sensing performance in order to avoid the
interference to the greatest extent. In special, first-
order cyclostationary detection is taken for fine
sensing due to lower complexity. Second, the
problem formulation of two-stage sensing is
presented. We are interested in maximizing the
throughput under the probability of error sensing
constraint. Last, using computer simulations, it is
shown that optimizing problem of presented scheme
significantly decreases the probability of error
sensing.

The rest of this paper is organized as follows.
System model of two-stage sensing is described in
Section 2. Section 3 analyzes the sensing
performance of energy detection and one-order
cyclostationary  feature detection which are
performed for coarse and fine sensing, respectively.
Two-stage spectrum sensing scheme is investigated
and the problem formulation is discussed in Section
4. Performance evaluation of proposed approach is
given in Section 5, and finally, conclusions are
drawn in Section 6.

2 System model

The detection problem for spectrum sensing in
cognitive radio networks can be formulated as a
binary hypothesis. Therefore, the goal of spectrum
sensing is to decide between the following two
hypotheses,

Ho :x(t) =n(t)
H, @ x(t) = hs(t) + n(t)

O0<t<T
0<t<T

1)
where T denotes the observed time. x(t) is the
received signal by SU, s(t) is the transmitted signal
of the PU and h is the amplitude gain of the channel.
n(t) is a Gaussian random variable with zero mean
and variance s? in the Additive White Gaussian
Noise (AWGN). Hy denotes primary user is absent,
H; denotes primary user is in operation.

Currently, the spectrum sensing usually is one
stage sensing. We assume that the entire spectrum
band is composed of an M-set of channels with
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equal-size bandwidth. The two-stage spectrum
sensing scheme is shown in Fig.1. We assume that
channels are to be sensed serially.

First stage: ‘ busy H idle H idle Hbusy H idle H o

—

.. Hidlﬂ

Energy Detection - g N ST~

Second stage:

First order Cyclostationary | idle
Feature Detection

5] ([ (=]

/

The final idle channel SU could occupy

Fig.1 Two-Stage Spectrum Sensing Scheme

In Fig.1, yellow channel is taken as idle channel
(unoccupied by PU) and blue channel means busy
channel (occupied by PU). Considering PU’s low
power in fading environment, it is hard to detect
after the first sensing based on energy detection.
Therefore, in order to avoid the interference to PUs,
we carry out the second stage sensing on idle
channels after first stage sensing. In special, the fine
sensing is performed by first order cyclostationary
feature detection. After second stage sensing, final
idle channels can be occupied by SUs.

3 Two-stage spectrum sensing

In this section, we first review the energy detection
scheme for the coarse spectrum sensing. Then, the
first order cyclostationary feature detection is
discussed for the fine spectrum sensing. The
probability of detection and the probability of false
alarm of the coarse and fine spectrum sensing are
given, respectively.

3.1 Energy Detection Technique

In cognitive radio networks, spectrum sensing is a
key technigue to improve the spectral efficiency.
Therefore, there are amount of literatures for
spectrum sensing nowadays. In particular, the work
on detection of PU has generally exploited the
energy detector for low computational complexity.
Hence, we also carry out the energy detection for
the coarse sensing in the two-stage sensing scheme.
In the following, we will analyze the performance of
energy detection technique.

Volume 12, 2016



WSEAS TRANSACTIONS on SIGNAL PROCESSING

Based on the binary hypothesis in (1) for the
cognitive radio networks, the test statistic for the
energy detector Y is given by

1 2
Y :W2|x(t)|
t=1

where N is the sample point.
When N is larger enough, the output of energy
detector Y follows the distribution as follows:

2
Y _{Xsz
X5rw (27)
where yZ,, and yZ., (27) represent central and

conditionally non-central chi-square distribution
with 2TW degrees of freedom, respectively. 2y is a
non-centrality parameter for the latter distribution.”
represents instantaneous signal to noise ratio (SNR)
and for simplicity we assume that time-bandwidth
product, TW, is an integer number which is denoted
by m.

An approximate expression for the probability of
detection Py gp and the probability of false alarm
P: ep over AWGN in the energy detection can be
given, respectively [14].

2

Ho

o G

Py e =P(Y>AH)=Qn (27 V4) (@)
r(m,4%)
Pt ep =P(Y >ﬂ|Ho)=—A (5)

I'(m)
Where I'(a,X) is incomplete gamma function given

by F(a,x):fta_le_tdt , I'(@) is the complete

gamma function. Qp(a,b) is the generalized

Marcum Q-function given by
t?+a’

Qn@x) =2 [ t"e 7 1, (a0t 'na() being

the modified Bessel function of the first kind and
order m-1, and A stands for decision threshold.

3.2 First Order Cyclostationary Feature
Technique

According to most modulated signals are
characterized as cyclostationarity since their mean
and autocorrelation exhibit periodicity. Common
analysis of cyclostationarity signal is based on
autocorrelation function, however, we exploit the
mean characteristics of the PU’s signals to improve
the efficiency of the channel sensing in time domain

[71.
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Therefore, we will analyze the sensing
performance of first order cyclostationary feature
detection over AWGN channels. We consider a
deterministic complex sine signal s(t), and it may be
expressed as

S(t) — aej(Zﬂfot+9) (6)

After the transmission of s(t) through an AWGN
channel, x(t)=s(t)+n(t) denotes the received signal.
The mean function of x(t) can be written as received
signal,

M (1) = E{x(t)}=s(t) (7)

For a particular threshold A , the cumulative
density functions (CDF) of the envelope of M(t)
under different hypotheses over AWGN channel are
given by (8), respectively.

A

12
F(A)=1-exp —— | . Hg
20

(8
N2y A
F(1)=1- ,— 1| ,H
(1) Ql[ 5 5A] 1
52
Where 52 denotes variance and 5/_2\ = .
2N +1

Under Ho, the probability of false alarm Ps crp
can be evaluated as:
Az

£ ;
Pr crp = P(M, (1) > AHo) =e 2% ©)

Similarly under H,, the probability of detection
P4 cep Can be obtained as:

J2r 4

Py _crp = P(M (1) > 2|H;) = Q( 5 '35
A

) (10)

4 Performance evaluation of two-

stage sensing scheme

In this section, we focus on the performance
analysis of two-stage sensing scheme. Specifically,
in order to protect PU from the interference and
effectively utilized the spectrum, we investigate the
probability of error sensing and the throughput for
proposed approach.

According to the system model of proposed
scheme mentioned above, the overall probability of
false alarm and detection for the proposed two-stage
sensing scheme are given by

Pt 1ss =Pt _ep +(1- Py _ED)Pf _CFD

(11
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Pi 1ss =Py ep *(1—Py ep)Py cro

(12)

4.1 The Throughput Analysis
In cognitive radio networks, throughput is an
important factor. It depends on accuracy of
spectrum sensing and transmission time. Inaccurate
spectrum sensing will reduce the throughput due to
the interference. On the other hand, the more
sensing time, the less transmission time, and the
lower throughput.

Therefore, in order to compare the capable of
utilizing spectrum between two-stage sensing
scheme with conventional sensing approach, we
need to investigate the performance of throughput.

Throughput of two-stage sensing scheme Riss
consists of two parts: secondary user’s throughput
and primary user’s throughput. It can be computed
as follows [15]

Rrss =[1—IS]-(1—Pf_Tss)P(Ho>co+[1—$

J(l— P _1ss)P(H1)Cy
p

(13)

where the first term corresponds to the secondary
user throughput, the second term corresponds to the
primary user throughput, T, is frame duration, Tsis
spectrum sensing time. P(Ho) is the probability for
primary user being absent and P(H;) is the
probability for primary user being present. Co and
C, are secondary user’s channel capacity under the
hypothesis Hy and Hy, respectively.
With the assumption of white Gaussian signal,

the secondary channel capacity can be written as
follows

p

C, =log(1+SNR
{o og(1+ ) (14)

C, = log(1+ SINR)

For the hypothesis Hj, primary user’s signal
suffer from the interference of secondary user’s
signal, therefore the SINR instead of SNR is used in
the lower part of (14).

Substitution of (4) and (5) to (13), the throughput
of energy detection Rgp can be written as follows,

Rep :( _%J [(1_ Py _ED)P(Ho)Co + (1_ P _ED)P(Hl)Cl]

p
(15)

Substitution of (9) and (10) to (13), the
throughput of first order cyclostationary feature
detection Repp can be written as follows
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Rero —( —T;ZJ-[(l—Pf_CFDw(Ho)co+(1—Pd_CFD)P(H1)cJ
p

(16)

where Ty and Tg, denote the sensing time of
energy detection and first order cyclostationary
feature detection, respectively.

4.2 Problem Optimization based on
Probability of Error Sensing constraints

The overall probability of error sensing Peror 1S
composed of the probability of miss detection Py
and the probability of false alarm P; by each
hypothesis probability. Therefore, P, can be

calculated by
I:’error = P(Hl)Pmd + P(HO)Pf = P(Hl)(l_ Pd)+ P(HO)Pf
(17
For the proposed scheme, the optimized aim is to
maximize the throughput of CRNs subject to the
probability of error sensing, the goal is to find the

optimal sensing time. Therefore, the problem
formulation is given by

mTax R (T,)

(18)

St P <€

el

where € is the probability of error sensing threshold
that the SU needs to achieve to protect the PU.

Substitution of (13) and (17) to (18), the problem
formulation can be rewritten as follows

mTaX RTSS (Ts) = [1_.—:.-_5}[(1_ Pf)P(Ho)Co + (l— Pd)P(Hl)Cl:.

st I:)error = P(Hl)(l_ Pd) + P(Ho)Pf <¢
19)

In our discussion, we suppose the activity
probability P(H,) of primary users is small, say less
than 0.3, thus it is economically advisable to explore
the secondary usage for that frequency band. Since
Co > Cy, the first term in the right hand side of (13)
dominates the achievable throughput. Therefore, the
optimization problem can be approximated by

mTaX RTSS (Ts) = (1_.-:.—_5] -(1- Pf )P(Ho)CO

p

st Perror = P(H1)(1_ Pd)+ P(Ho)Pf <€

(20)

5 Numerical results and analysis
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In this section, numerical results are presented to
evaluate the sensing performance for the proposed
scheme by using MATLAB tool. In order to provide
sufficient protection to the primary user and obtain
more opportunity to utilize the spectrum,
simulations are carried out to investigate throughput
under the probability of error sensing constraints.
We assume that noise variance 6 = 1. The
probabilities of PU’s absence and existence are
P(Ho)=0.7 and P(H;)=0.3, respective.

In the following, we will evaluate the sensing
performance comparisons for different sensing
approaches. Suppose the SNR for secondary
transmission is 5dB. Fig.2 shows the receive
operating characteristic (ROC) curve of TSS sensing
scheme, energy detection and first order
cyclostationary feature detection, respectively. The
result indicates that two-stage sensing outperforms
the energy detection and first order cyclostationary
feature scheme.

1 =1 o

» S e = A
0:8 /”/@/
il L
oo A
Wl
N
L
/ —o— energy detection

0.2 i first order cyclostationary feature detection

o —8—TSS

1]
(1]
0
0 0.2 0.4 0.6 0.8 1
Pf

Fig.2 ROC comparisons for different Schemes

Pd

=

Fig.3 illustrates the probability of error sensing
versus SNR under different sensing approaches. It
can infer that when SNR is more than 12dB, the
probability of error sensing for three schemes are
very low. Besides, the proposed scheme has the
lowest probability of error sensing compared to
other schemes.
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Fig.3 Probability of error sensing versus SNR for different Schemes

Perror

Fig.4 shows the throughput versus SNR for three
sensing schemes. We assume that sensing time
Ts1=2ms and Tg,=18ms for energy detection and first
order cyclostationary feature detection, respectively.

As we can see, when SNR is less than 10dB, the
TSS sensing scheme outperforms either energy
detection or first order cyclostationary feature
detection. The result indicates that the TSS approach
not only has the lower probability of sensing error,
but also has the good performance of throughput.
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Fig.4 Throughput versus SNR for different Schemes

6 Conclusion

In this paper, a two-stage spectrum sensing scheme
is presented to meet the requirements to accuracy of
sensing in cognitive radio networks. In special, the
proposed approach combines energy detection and
first order cyclostationary feature detection.
Numerical results indicate that the proposed scheme
not only can guarantee a reliable sensing under the
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probability of sensing error constraints, but also has
good performance of throughput compared to one
stage sensing scheme.

Acknowledgment
This work was supported by Scientific Research

Fund of Heilongjiang Provincial Education

Department (No. 12541583).

References:

[1] Federal Communications Commission.
“Spectrum Policy Task Force,” Rep. ET

Docket no. 02-135, Nov. 2002.

S. Haykin. “Cogpnitive radio: Brain-empowered
wireless communications,” IEEE J. Sel.
Areas Commun., vol. 23, no. 2, Feb. 2005.pp.
201-220

J. Benko, Y.C. Cheong and C. Cordeiro et al.
“A PHY/MAC Proposal for IEEE 802.22
WRAN Systems Part 1: The PHY,” IEEE
802.22-06/0004r1, Feb. 2006.

[4] V. Balajia, Pranav  Kabrab, P.V.P.K.
Saieeshb, C. Hotab, G. Raghuramaa,
“Cooperative Spectrum Sensing in Cognitive
Radios Using Perceptron Learning for
IEEE802.22 WRAN,”  Procedia Computer
Science, Volume 54, 2015, pp:14-23
Stevenson, C.; Chouinard, G.; Zhongding
Lei; Wendong Hu; Shellhammer,
S.; Caldwell, W. “IEEE 802.22: The first
cognitive radio wireless regional area network
standard”, IEEE Communications Magazine,
Vol. 47, No.1, 2009, pp.130 - 138

Maleki Sina, Pandharipande Ashish and Leus
Geert, “A two-stage sensing technique for
dynamic spectrum access”, in Proc. of 2010
IEEE International Conference on Acoustics
Speech and Signal Processing (ICASSP 2010) ,
2010, pp.2946 - 2949

Wenjing Yue and Baoyu Zheng. “A Two-Stage
Spectrum Sensing Technique in Cognitive
Radio Systems Based on Combining Energy
Detection and One-Order Cyclostationary
Feature Detection”. In Proc. of the 2009
International Symposium on Web Information
Systems and Applications (WISA 2009), 20009,
pp. 327-330

Yohannes D.ALEMSEGED, Chen SUN, Ha
Nguyen TRAN and Hiroshi HARADA,
“Distributed Spectrum Sensing with Two-Stage
Detection for Cognitive Radio”. in Proc. of
Vehicular Technology Conference Fall (VTC
2009-Fall), 2009, pp.1-5

(2]

3]

5]

(6]

[7]

(8]

E-ISSN: 2224-3488

73

Hong Du, Shuang Fu, Guojun Shi,
Weimin Li, Li Tian, Yanjun Meng

[9] Gunichetty, N, Hiremath, S M, Patra, S K,.
“Two Stage Spectrum Sensing for Cognitive
Radio Using CMME,” 4th IEEE International
Conference on Communication and Signal
Processing-ICCSP'15, Melmaruvathur,
Tamilnadu, India, 2nd, 3rd & 4th April 2015,

pp:1-5
[10] Dindom, T. Srisomboon, K.;Lee, W.
“Performance evaluation of single-stage

and two-stage spectrum sensing techniques for
cooperative cognitive  radio systems  under
shadowing environments,” 12th International

Conference on Electrical
Engineering/Electronics, Computer,
Telecommunications and Information

Technology, 24-27 June 2015, pp:1 - 6

[11] Srisomboon, K. Prayote, A.; Lee, W. “Two-
stage spectrum sensing for cognitive
radio under noise uncertainty, ” 2015 Eighth
International Conference on Mobile Computing
and Ubiquitous Networking (ICMU), 20-22
Jan. 2015, pp:19 - 24

[12] Jaewoo So, “Cooperative spectrum sensing
with two-stage reporting for cognitive
radio networks, " Electronics Letters, 2015,
pp:2

[13] Qi Pei-Han, Li Zan, Si Jiang-Bo and Xiong
Tian-Yi. “A two-stage spectrum sensing
scheme based on energy detection and a novel
multitaper method,” Chinese Phys. B , vol.4,
2015, pp: 497-506.

[14] F.F.Digham, M.S. Alouini and M.K.Simon. “
On the energy detection of unknown signals
over fading channels,” in Proc. IEEE Int Conf.
Commun., 2003, pp. 3575-3579.

[15] Y-C Liang, Y. Zeng, E. C. Y. Peh, et al..
“Sensing-throughput tradeoff for cognitive
radio networks”. IEEE Trans. Wireless
Commun, 2008, 7: pp: 1326-1337.

Volume 12, 2016


http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/article/pii/S1877050915013265
http://www.sciencedirect.com/science/journal/18770509
http://www.sciencedirect.com/science/journal/18770509
http://www.sciencedirect.com/science/journal/18770509
http://www.sciencedirect.com/science/journal/18770509/54/supp/C
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Stevenson,%20C..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Chouinard,%20G..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Zhongding%20Lei.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Zhongding%20Lei.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Zhongding%20Lei.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Wendong%20Hu.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Shellhammer,%20S..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Shellhammer,%20S..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Shellhammer,%20S..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Caldwell,%20W..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=35
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=4752663
http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=5089983&queryText%3Dtwo+stage+sensing%26openedRefinements%3D*%26searchField%3DSearch+All
http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=5089983&queryText%3Dtwo+stage+sensing%26openedRefinements%3D*%26searchField%3DSearch+All
http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=5089983&queryText%3Dtwo+stage+sensing%26openedRefinements%3D*%26searchField%3DSearch+All
http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=5089983&queryText%3Dtwo+stage+sensing%26openedRefinements%3D*%26searchField%3DSearch+All
http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=5089983&queryText%3Dtwo+stage+sensing%26openedRefinements%3D*%26searchField%3DSearch+All
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5377994
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5377994
http://dspace.nitrkl.ac.in:8080/dspace/browse?type=author&value=Gunichetty%2C+N
http://dspace.nitrkl.ac.in:8080/dspace/browse?type=author&value=Hiremath%2C+S+M
http://dspace.nitrkl.ac.in:8080/dspace/browse?type=author&value=Patra%2C+S+K
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Dindom,%20T..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Srisomboon,%20K..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Lee,%20W..QT.&newsearch=true
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7207114
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7207114
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7207114
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7207114
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7180538
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7180538
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7180538
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7180538
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7180538
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Srisomboon,%20K..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Prayote,%20A..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Lee,%20W..QT.&newsearch=true
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7061022
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7061022
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7061022
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7052531
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7052531
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7052531
http://digital-library.theiet.org/search;jsessionid=1m5o06650vqna.x-iet-live-01?value1=&option1=all&value2=Jaewoo+So&option2=author
http://digital-library.theiet.org/content/journals/10.1049/el.2015.1793
http://digital-library.theiet.org/content/journals/10.1049/el.2015.1793
http://digital-library.theiet.org/content/journals/10.1049/el.2015.1793
http://digital-library.theiet.org/content/journals/10.1049/el.2015.1793
http://digital-library.theiet.org/content/journals/el;jsessionid=1m5o06650vqna.x-iet-live-01
http://iopscience.iop.org/1674-1056/24/4/048401
http://iopscience.iop.org/1674-1056/24/4/048401
http://iopscience.iop.org/1674-1056/24/4/048401
http://www.cqvip.com/QK/85823A/201504/



