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Abstract. In order to improve the spectrum utilization efficiency, a dynamic spectrum access
technology based on fuzzy clustering algorithm is proposed to satisfy the multiple services need
of cognitive users. Firstly, this algorithm establishes the multi-goals channel model of accessible
channels to divide the spectrum pool accurately. Based on the multi-goals channel model, a
spectrum pool partition method for multi-objective clustering is proposed. This algorithm has
the ideal users’ satisfaction and higher spectrum access efficiency. Analysis and simulation
results show that the improved multi-objective clustering algorithm is more accurate and has
faster spectrum access rate compared with the previous algorithms. This algorithm can divide
the spectrum pool more effectively and improve the spectrum utilization efficiency.

Keywords: cognitive radio, dynamic spectrum access, fuzzy clustering, multi-goals model,
spectrum pool

1 Introduction

With the rapid development of the Internet of things and the continuous growth of the economy, the
demand for wireless spectrum resources is increasing correspondingly [1-3]. The resources allocated to
new industries and new technologies are in short supply. The related research shows that the main
problem in wireless communication technology is the low utilization of spectrum [4-5]. Cognitive radio
technology [6] has the ability of environmental sensing and self-learning [8-11]. By collecting the
information of the surrounding environment, it can analyze, understand and judge the change of
environment [12]. Then it can adjust communication mechanism in real time, therefore, it is convenient
for cognitive users to access spectrum dynamically [13-15]. Dynamic spectrum access technology can be
briefly summarized that the cognitive users constantly search for available spectrum holes for their
information transmission [16-18]. First of all, the cognitive user can only transmit the information when
the primary user does not use its spectrum. Secondly, when the primary user is communicating, the
cognitive user must quit the current spectrum to avoid interference of the primary users [19].

When there are numerous idle channels, the major and difficult problem is how can cognitive users
choose the appropriate channel and access it fast [20]. At present, the dynamic access of the spectrum is
based on the spectrum pool strategy in a lot of researches. Professor J] Mitoma is the presenter of the
spectrum pool strategy and the main idea is: when cognitive users use sensing technology to find that the
primary users are not working and the spectrum is at the idle condition, cognitive users can access their
channels to achieve multiple uses of the spectrum [21]. In literature [22] the spectrum is divided into
black, gray and white space, and cognitive users make spectrum decision through spectrum sensing. Zhao
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et al. subdivides the spectrum into sub channels and divides the channels according to the gray index size
into three spectral pools: white, gray and black [5]. The cognitive users finally choose white spectrum
pool to access [7]. It not only reduces the collision and blocking for the primary users, but also speeds up
the communication rate of Cognitive users. Literature [23] proposes a game algorithm that shares the
spectrum between cognitive users and primary users and the cognitive users by cognitive service types of
mission-critical users and high-real-time business users. Cognitive user needs, the main service revenue
and the satisfaction of cognitive services are the optimization goals, and the utility of the cognitive users
is guaranteed to be maximized during the game. However, division process is complicated in the
algorithm and the access efficiency need to be improved. In [24], the carrier sense multiple access
method is introduced in communication, and different listening mechanisms are adopted according to the
different needs of users. By determining the action of the primary user to select the corresponding
backoff mechanism, this algorithm proposes a priority-based non-authorization users spectrum access
plan. Based on cognition, a Markov model based on queuing theory is constructed. Through the matrix
analysis, the performance index of the system is obtained. Finally, the best backoff time for high-priority
unauthorized users is obtained when the system throughput reaches the maximum. However, this kind of
back-off mechanism needs to be improved in network fairness. Literature [25] will recognize the
cognitive user transmit power as the priority perception factor for the inter-user traffic transmission.
Based on the collaborative characteristics of the primary and cognitive users, the cooperative dynamic
power control model is established by introducing the differential game for the cumulative interference
constraint problem generated by the primary user system. The non-cooperative dynamic power control is
established compared with the non-cooperative cognitive users. The model has good performance in
throughput and transmit power. However, because the users need to adjust the power continuously
according to the current service transmission condition, the iteration time of the algorithm is long. In
literature [26], A blind multi-band spectrum sensing (BMSS) method based on K-means clustering
(KMC) is proposed. When the user information, channel communication condition and current
environment condition is unknown, the KMC algorithm firstly divides the channels into occupied
channel sets (OSS) and unoccupied channel sets (ISS). After the channel is divided according to the
character of the channel, the number of occupied channels and the location information are obtained
according to the primary user who is communicating. The method has better detection performance in
low SNR and small sample scenarios. The detection performance is robust when the noise variance is
uncertain or inconsistent. In literature [27], the algorithm divides the channels into different clusters
according to the correlation between them, and then predicts the channel state according to clusters. In
the prediction process, the detection information between multiple secondary users is merged and
compared, which improves the accuracy of detection. The algorithm has the better frequency prediction
convergence and effectively reduces the prediction delay.

The related literature studies the spectrum division and the dynamic access strategy of the spectrum
pool, but they are not accurate enough, and cognitive users still need to improve the spectrum access rate
[28]. In this paper, we propose a dynamic spectrum access technology based on fuzzy clustering
algorithm. Firstly we establish a multi-objective matrix model of accessible channels and using a multi-
objective clustering method to divide the spectrum accurately. Therefore, cognitive users can access the
suitable channels dynamically. Secondly we propose an improved C-means clustering algorithm. It can
get a relatively reasonable global clustering center, and then use this center as the initial clustering point
of the algorithm. It can make spectrum classification more accurate and significantly improves the
convergence speed compared with other algorithms. Finally, in order to achieve rapid clustering of
spectrum pools by the channel multi-objective matrix model, this algorithm uses the information
granularity principle to determine the number of clusters and judge the quality of the clustering results by
the information particle coupling degree and the separation degree.

2 System Model

2.1 The model of Spectrum Pooling

The concept of spectrum pool was first proposed in, which mainly focus on the existing authorization
system and make no change on it. When there are idle spectrums in the spectrum pool, the cognitive user
can access an appropriate idle channel according to the type of the transmission service. In this way,
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spectrum can be reused and the transmission rate of cognitive users is also improved. The literature
indicates that the current spectrum allocation strategy causes most of the spectrums to be not fully
utilized and only small parts are used frequently. Only in the following two cases does the cognitive user
have to perform the second switching of the spectrum.

When the primary users access the channel again, the cognitive users must immediately quit the
channel and quickly sensing the next available channel to continue working. When channel quality
decrease by interference, the cognitive users need to switch spectrum to ensure the primary users work
normally. Due to the constraints of many practical conditions, the cognitive users only pay attention to
some specific frequency bands in the spectrum switching process and divide the m sub-channels of them
(F={f| i=1,2, ..., m}) into different spectrum pools W, (j =1, 2, 3, ..., k, k < m). The performance

of the W, to W, spectrum pool is gradually degraded. (1) Spectrum pool W, is best suited for cognitive

user access due to its good channel quality. (2) Spectrum channel W, (a = 2, 3, ..., n, n < k) has poor

channel quality due to interference in most of the time and occupied by low power. (3) Spectrum channel
W, has the lowest channel utilization because that it is mostly occupied by high power radio frequency
energy. The cognitive users access the channel with the best channel quality by constantly sensing,
estimating, and analyzing the usage of all channels. By establishing a spectrum pool and selecting a
spectrum pool (white spectrum) to access, performance of high-quality transmission service can be
achieved.

2.2 Channel Model

In order to continuously satisfy the user’s diversity choices for different channels, we consider the
different performance indicators of the channels to establish a multi-objective matrix model of the
channel.

Assumed spectrum domain as: W(f)=[w,, w,,..., w,] and the spectrum of each cluster is represented

n

by m channels characteristics:

w, =[x, X, x 1G=1,2,...... , 1) 4}

il> Y29 > Vim
The corresponding raw data matrix is:
11

X X

nl nm

1m

where x, represents the performance parameter j of the channel i (1 < i < n). The row vector

W, =[x,,x,,...,x,] of W

nxm

(F) is a sample of Wi¥. Column vector W, =[x, x xn/.]T represents a

o
channel performance of W. In this way, the multi-objective matrix W (F) can represent all features of
the n sub-channels (F'= {f,|i=1,2,...,n} ) which the cognitive user focus on.

Because several feature parameters are selected to describe the channel characteristics, the meanings
and units of different feature parameters are also different. In order to facilitate the processing of data, the
parameters of each line are normalized to make the data fluctuates within the range of 0-1. Formula is as
follows:

—X

X L
X, =—_J  Timin (3)

X

imax xi min

which x, . is the maximum of row vector W, , x,

imax imin

is the minimum of row vector W, , The normalized
multi-objective matrix is obtained by normalizing the original data matrix:

W F)=| & o 0

nl ' xnm
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3 Clustering of Spectrum Pool

3.1 An Improved C-means Clustering Method

Clustering method is to classify different objects according to a certain character. At the first, selecting ¢
objects randomly as the initial clustering center, then using iterative method to assign the selected objects
to the corresponding classifications. The similar objects are classified into the same cluster, and
dissimilar objects are classified into different clusters. The number of clusters ¢ of the original algorithm
is obtained from the prior information, which ¢ objects are randomly selected as the initial cluster center
from the sample set. Because the change of the cluster center has a great influence on the clustering result,
an improved C-means clustering algorithm is proposed. By changing the selection method of the initial
clustering center, the clustering result is obviously optimized. The method process is as follows:

(1) Calculate the Euclidean distance d(f;, w;) between two samples in w,, d(f,, w;)= Il w -w, I

and finding two closest samples. Then put them into a new set and get a new set 4, .

(2) Calculate the Euclidean distance between each sample and each data object in set U, and then find
out which sample’s distance between data object is closest to the distance in 4, . After that, put it into the

set A, until the data of set reaches a certain threshold.

(3) Find out the nearest two samples in the set U to get another sample set, and repeat the above
operations until ¢ sample sets are obtained.

(4) Find the mean of ¢ samples, and then produce c initial clustering centers.

Since the number of clusters in C-means clustering algorithm is set by a priori information, this paper
introduces the principle of granularity to determine the number of clusters [10]. Clustering for different
granularities corresponds to the sets division of different particle points, while constraining them by a
validity function. The quality of clustering is judged by the degree of coupling of information particles
and the degree of separation. If the degree of coupling changes smaller, it indicates that the compactness
inside the cluster becomes more reasonable. If the degree of separation changes larger, it indicates that
the separation between different categories becomes more reasonable.

Coupling degree of information particle is as follows:

1 n n 5
Hd(ff):;ZZ"ydy ®)

i=l j=1

Separation degree of information particle is as follows:

> &
Fd ()=t (6)

[c(c—l)]/Z

According to the coupling degree of information particle and the separation degree of information,
Validity function is:

YD(c)= B xcxHd(c)+(1- )/ Fd(c) @)

In this formula, =0.6, 1-$=0.4. Smaller YD(c) values represent better clustering results. The ¢ value
corresponding to the minimum value of YD(c) is the optimal number of clusters.

3.2 The Clustering and Division for Spectrum Pool

There are a wide variety of clustering algorithms. Because different algorithms have different advantages,
so they are used in different situations. This paper proposes an improved C-means clustering algorithm,
which has the advantages of rapid convergence, higher accuracy, and wide application. It can get a
relatively reasonable global clustering center, and then make this center as the initial clustering point of
the algorithm. It can make spectrum classification more accurate and significantly improves the
convergence speed compared to previous algorithms. In order to achieve rapid clustering of spectrum
pools by the channel multi-objective matrix model, this algorithm uses the information granularity
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principle to determine the number of clusters and then judge the quality of the clustering results by the
information particle coupling degree and the separation degree.
The input of the spectrum pool clustering algorithm is the number of spectrum pool cluster C and the

multi-object matrix model of channel VI_/n =X ;] The output is the channel classification result.

The specific implementation of spectrum pool clustering algorithm is as follows:
_ f1 1 T )_Clm
The multi-object matrix model of channel W(f) is W, (F)=| : . : |, and there are m

X

nl e xnm

features in w, of Wz[v_vl,vT/Z,vT/3,---,vT/n], which is w, =[x,,x,,,---,x,,](i=1,2,---,n) and classifying W

into ¢ (2 < ¢ < n). After clustering, the data set W is divided into subsets U =[u,],,., the following

nxc 2

constraints are met.

4 :{Zui/ =LU e R™ , eO,l,i,]} 8

j=1

The specific steps for spectrum pool clustering are as follows:
(a) Initialization parameters: First select # sub-channels from N sub-channels, set initial cluster number

C = \/; , iteration stop threshold &, maximum iteration number and weight factor a, and initial value

L=0.

(b) Calculation of initial channel clustering center: Using an improved C-means clustering algorithm to
obtain the initial channel clustering center and then obtain and output channel clustering results.

(c) Update channel classification matrix U:

[1X;-v;l _ .
. K, -vl|>0(1< j<c)
DA
j-1
Uy, 1 [X;-v;ll>0(1<j<c) )
0 Hii_VjH:O

(d) Update channel cluster center V-

n
- 5
Z ‘xc X uic
c=1

Uu.

ic

v, = (10)

m is the fuzzy weighted index, where m=2.

(e) if the upper limit of ¢ is not reached, the values of U and V will be recalculated.

(f) Calculate the effective function YD(c) and save this value.

(g) Calculate the distance between every two channel clusters and combine the two smallest clusters
into one. Then C-1 channel clustering centers will be obtained.

(h) Let C=C-1, if C>1, set L=0, turn to (c), otherwise, turn to (i).

(i) Select the minimum value of the effective function YD(c) as the optimal clustering result. In order
to obtain better service output performance, the cognitive user performs clustering based on the generated
spectrum pool, and the white spectrum pool is mainly selected for access.
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4 Simulation and Performance Analysis

4.1 Simulation Data and Experiment Settings

In order to verify the impact of this algorithm on the speeding of channel accessing of cognitive users,
supposing the number of sub-channels #=9. That is, channel F={ f, | i=1, 2, 3, ..., n} can be accessed
by cognitive users. The characteristic parameters of the set channel are different combinations of various
parameters such as the interference threshold H, the channel occupation time 7, the link layer delay D,
the path loss L, and the channel error rate E. The simulation parameters are as shown in Table 1.
According to the spectrum allocation model, the cognitive users and the idle spectrum are mapped and
matched one by one to complete the spectrum allocation.

Table 1. Simulation parameters

parameters range of parameters
the channel occupation time/us [0, 100]
the link layer delay/us [0, 20]
the channel error rate/es [1,50]
the interference threshold/(dBuV/m) [0, 10]
the path loss L/dbm [-30, -1]
Transport area 250mx=250m

This paper designs a combination of three different parameters to analyze the effect of spectrum pool
clustering, corresponding to Table 1, Table 2, Table 3 and Table 4.

Table 2. Sub-channel Occupancy of Experiment I

h fo £ fa e Jo 1 1 fo
T 15 30 20 37 4 17 19 7 45
D 0.9 1.0 0.5 1.0 0.5 0.6 0.5 0.2 8

Experiment II: In order to reflect the effect of increasing feature parameters on spectral clustering, on
the basis of experiment I, link delay D, a channel characteristic parameter, was added.

Table 3. Sub-channel occupancy of Experiment II

A f f Ja e Js fi 1 fo
T 15 30 20 37 4 17 19 7 45
D 0.9 1.0 0.5 1.0 0.5 0.6 0.5 0.2 8

Experiment IIl: Continue to increase the number of characteristic parameters. Added the channel
characteristic parameters such as interference threshold H, channel occupancy time 7, link layer delay D,
path loss L, and channel error rate E, etc. to Experiment III. The specific data is shown in the table.

Table 4. Sub-channel occupancy of Experiment 111

T(us) D(us) E(es) H L(dbm)
S 15 0.9 2 1.0 -16.9
§2 30 1.0 2 0.2 -11
f 20 0.5 10 2.4 -2.8
fa 37 1.0 3 0.02 -20
fs 4 0.5 7 0.7 -5.2
fo 17 0.6 9 0.4 -10
f 19 0.5 13 0.08 -20
fs 7 0.2 5 1.1 -5.3
fo 45 1.5 3 10 -14
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In order to simplify the simulation analysis process, the number k of clusters in the spectrum pool is 3.
That is, spectrum pools are divided into white spectrum pools w,, gray spectrum pools w,, and black
spectrum pools w; .

Experiment I: The available time of channel is the most critical factor in the channel quality measuring
and the longer the channel is used by the user, the better the channel quality is. At the same time, it is
also the channel feature that most cognitive users are most concerned about. In Experiment I, the
available time 7 is used as an experimental parameter in clustering for spectrum pool. The channel
occupancy is shown in Table 2.

Experiment IV: In order to further verify the effectiveness of the algorithm, the available duration of
the channel T obeys a uniform distribution between 0 ~1.

The number of simulation spectrum pool clusters is 1024, and the average number of iterations of the
algorithm is obtained according to the number of different users.

4.2 Simulation and Analysis

For the channel F={ f; | i=1, 2, 3, ..., 9}given in Table 1, according to the given C-means clustering
algorithm, spectrum pool clustering results are easily obtained. Experiment I spectrum pool clustering

results are shown in Table 4.

Table 5. Results of Spectrum Pool Clustering In Experiment |
W(F) W w, W3
W 1) Jos fas 1 S I35 Jso /o fs5 I

The average available duration of spectrum pool after clustering was 37, 33, 17.75 and 5.5,
respectively. It can be concluded that the average duration of the white spectrum pool is much longer
than the gray and black spectrum pools. Cognitive users mainly access the white spectrum pool to obtain
high-performance transmission channels.

The following is the result of spectrum pool clustering by setting multi-objective parameters in
experiment II, I11.

Table 6. Results of Spectrum Pool Clustering in Experiment I1

l/Vl WZ W3
Jis Jos J35 Jus Joo Jr J5 Js» Js
Table 7. Results of Spec trum Pool Clustering in Experiment 11
1/Vl WZ W3
Jas 14 5 Jis S J55 oo Jrs Sy

Fig. 1 shows the comparison results of the average channel available duration of the corresponding
spectrum pool obtained by the three simulation experiments. ) Comparing the spectral pool clustering
results generated by Experiment I, Experiment II and Experiment I1I, we can conclude that the different
channel parameters produce the different results. @ The average available duration of the spectrum pool
p, in Experiment II and Experiment III is higher than the average available duration of the spectrum
pool p, in Experiment I. The reason is that f; is clustered into w, due to the large interference threshold
of f,, so that the average channel duration of the spectrum pool increased. 3 In the three experiments,
the average channel duration of the spectrum pool p, is higher than the spectrum pool p,, which shows

that 7 is the main factor affecting the spectrum pool clustering. The results show that multi-objective
parameter model clustering can meet the requirements of different channels performance and achieve
high-performance channel division.
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Average Channel Availability Time

o
T

Experiment T

Experiment 1T

Experiment I

Fig. 1. Comparison of “average channel duration” of spectrum pool clustering average channel available

duration

Experiment IV shows the dynamic changes of spectrum pool clustering clearly. Fig. 2 shows the
convergence speed of the algorithm of different number of users. The average number of iterations of the
improved algorithm presented in this paper is less than the algorithms in literature [26] and literature [27].
When the spectrum information is known, users can make favorable choices faster and make themselves

more profitable.

600 -

The nunber of iterations when the al gorithmconverges

—%—— Algorithmin this paper
Milti-objective clustering algorithm
— & Traditional Qustering Al gorithns

%

L
10 15 20 25 30 35
Nunber of cognitive users n

40 45 50

Fig. 2. The number of iterations when the algorithm converges

Compared with the convergence speed of the algorithm, it can be seen from Fig. 3 that the throughput
of the system is improved with the increasing of users. The throughput of this algorithm is significantly
higher than the algorithms in literature [26] and literature [27]. Experiments have verified that the
algorithm sped up the convergence speed, reduced the perceived time, enabled users to make decisions
faster and improved the utilization of spectrum.
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Fig. 3. Comparison of two algorithms system throughput for different number of users

As shown in Fig. 4, Compared with the blocked probability for different number of users, this
algorithm reduces the blocked probability of black, gray and white pool with the increasing of users.
Experiment verifies that the algorithm improved the successful access rate.

12” T T T T T T T T T
——The white spectrumpool in reference [7]
—#%-this algorithmon white spectrum pool

10% —=— The gray spectrumpool in reference [7] -

-5 -this algorithmon gray spectrum pool
The black spectrumpool in reference [7]
this algorithmon black spectrum pool

8%

6%

Blocking probability/Pb

A%

~ _a
29 < -

§ N
2 4 6 8 10 12 14 16 138 20
Simulation tines

Fig. 4. Comparison of the blocked probability for different number of users
As shown in Fig. 5, Compared with the access efficiency for different number of users, the access

efficiency is higher than literature [7]. Experiment verifies that this algorithm improves the access
efficiency of black, gray and white pool with the increasing of users.
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—=— The gray spectrumpool in reference [7]
-2 -this algorithmon gray spectrum pool
The black spectrumpool in reference [7]
this algorithmon black spectrum pool

Simulation tines

20

Fig. 5. Comparison of the access efficiency for different number of users

In order to verify the advantages of the improved multi-objective clustering algorithm, in this paper,
three sets of data are randomly generated, and each set contain 200 data. These data are clustered by the
algorithm of this paper and the existing multi-objective algorithm. The simulation results are shown in
Fig. 6 and Fig. 7. It can be seen from the comparison diagram that, by introducing the principle of
granularity, the compactness of cluster of the algorithm in this paper is better, and the separation between
clusters is better than the existing multi-objective algorithm. The feasibility of the algorithm is fully

proved.

+

+

Frequency spectrumoccupied by primary users
Spectrum Used by Primary and Secondary Users
Tdle spectrum

Z axis Quster Center Nimber

Y axis Quster

\

\

\

\
\

A VO W W G W
\

/\

Center Ninmber 0 0

/

/

X axis Quster Center Nimber

Fig. 6. Spectrum pool clustering results of this algorithm
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+ Frequency spectrum occupied by primary users
Spectrum Used by Primary and Secondary Users -

|

I

Idle spectrum

7 axis Cluster Center Number

Y axis Cluster Center Nunber X axis Cluster Center Number

Fig. 7. Spectrum pool clustering result of multi-objective clustering algorithm

Fig. 8 shows the convergence speed of the algorithm for different user numbers. The average number
of iterations of the improved algorithm in this paper is better than the existing multi-objective clustering
algorithm. When the spectrum information is known, the algorithm can converge faster, save time and
reduce system delay effectively.

600 ——— Algorithmin this paper
Milti-objective clustering al gorithm
—H— Traditional Qustering Al gorithns

500

400

300

The nunber of iterations wvhen the al gorithmconverges

200 4
g
100 — 4
o Il Il Il Il Il Il Il Il
5 10 15 20 25 30 35 40 45 50

Nunber of cognitive users n

Fig. 8. The number of iterations when the algorithm converges

5 Conclusion

In this paper, sub-channels are clustered by cognitive user’s different service requirements (interference,
delay, throughput, bit error rate). In this algorithm, we firstly establish a multi-objective matrix model
and use the multiple target parameters to describe the channel characteristics of the primary user. It
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improves the accuracy of spectrum clustering and makes the cognitive users channel access more reliable.
Then, different cognitive users access a more efficient channel according to different characteristics,
which improves the overall level of the system. Based on the C-means clustering algorithm in this paper,
we will further improve the clustering process and increase the spectrum access speed by combining with
the energy detection algorithm.

Acknowledgments

This work was supported by National Natural Science Foundation of China (No. 51277023).
References

[1] S. Haykin, Cognitive radio: brain-empowered wireless communications, IEEE Journal on Selected Areas in Communications
23(2)(2005) 201-220.

[2] J. Mltola, Cognitive radio for flexible mobile multimedia communication, Mobile Multimedia Communication 11(1)(1999)
3-10.

[3] L. Mucchi, L. Ronga, S.E.D. Re, Physical layer cryptography and cognitive networks, Wireless Personal Communications
58(1)(2011) 95-109.

[4] J. Zhang, G. Li, R. Ji, Multi-objective optimal PMU placement based on an improved immune algorithm, Journal of
Northeast China Institute of Electric Power Engineering 4(6)(2010) 4-8.

[5] L. Zhao, Z. Miao, Z. Zhou, Dynamic Spectrum Access Technical Based on K-means Clustering 25(2)(2009) 1825-1829.

[6] L.Jiang, Y. Gao, X. Zhang, Investigation on Spectrum Pooling in Cognitive Radio 4(7)(2011) 1002-5316.

[71 B. Wang, Z. Ji. R. Liu, Primary prioritized Markov approach for dynamic spectrum allocation, IEEE Transaction on
Wireless Communication 8(4)(2009) 1854-1865.

[8] B. Chang, C. Wang, Y. Ning, Overview of dynamic spectrum access technology, China Science and Technology
Information 2016(21)(2016) 36-38.

[9] D. Bu, S. Bai, G. li, Principle of Granularity in Clustering and Classification, Chinese Journal of Computers 25(8)(2002)
810-816.

[10] G. Deng, The similarity measure in clustering, Journal of Northeast Dianli University (Natural Science Edition)
33(1)(2013) 156-161.

[11]1Y. Long, J. Zhu, F. Li, Dynamic channel allocation-algorithm based on parameter estimation in cognitive radio, in: Proc.
2011 International Conference on Wireless Communications and Signal, 2011.

[12] B. Wang, G. Ji, R. Liu, Primary-prioritized Markov approach for dynamic spectral location, IEEE Transactions on Wireless
Communications 8(4)(2009) 1854-1865.

[13]J. Ni, H. Xiao, Game theoretic approach for joint transmit beamforming and power control in cognitive radio MIMO
broadcast channels, Eurasip Journal on Wireless Communications & Networking 12(1)(2016) 98-101.

[14] X.H. Lin, W.J. Zhang, N.Z. Ping, Interference alignment for cognitive radio MIMO cognitive system based on game theory,
Journal of University of Electronic Science & Technology of China 46(5)(2017) 679-684.

[15] L. Wang, G. Chen, G. Zhang, Fair power control based on game theory in cognitive radio networks, Computer Engineering

& Applications 6(4)(2017) 76-98.

257



Dynamic Spectrum Access Technology Based on Fuzzy Clustering Algorithm

[16] A. Sultana, X. Fernando, L. Zhao, An overview of medium access control strategies for opportunistic spectrum access in
cognitive radio networks, Peer to Peer Networking and Applications 10(5)(2017) 1113-1141.

[17] O. Elnahas, M. Elsabrouty, O. Muta, H. Furukawa, Game theoretic approaches for cooperative spectrum sensing in energy
harvesting cognitive radio networks, IEEE Access 6(2018) 11086-11100.

[18] K. Kumar, A. Prakash, R. Tripathi. A spectrum handoff scheme for optimal network selection in cognitive radio vehicular
networks: a game theoretic auction theory approach, Physical Communication 24(8)(2017) 19-33.

[19] M. Zamanipour. Game theory based MIMO cognitive radio systems: accuracy examination, IEEE Transactions on
Electrical & Electronic Engineering 12(3)(2017) 444-445.

[20] F. Shamani, R. Airoldi, V.F. Sevom, FPGA implementation issues of a flexible synchronizer suitable for NC OFDM based
cognitive radios, Journal of Systems Architecture the Euromicro 76(C)(2017) 102-116.

[21] A. Sultana, X. Fernando, L. Zhao, An overview of medium access control strategies for opportunistic spectrum access in
cognitive radio networks, Peer to Peer Networking and Applications 10(5)(2017) 1113-1141.

[22] B. Molnar, A. Benczir, Information systems modelling based on graph theoretic background, Journal of Information and
Telecommunication 4(9)(2017) 1-23.

[23] C. Cai, Research on spectrum access scheme based on priority of unauthorized users, Physical Communication 13(6)(2017)
34-39.

[24] C. Li, Y. Yu, J. Xie, Dynamic game algorithms for spectrum sharing based on cognitive user priority, Journal of Jilin
University (Engineering Edition) 9(98)(2018) 1671-1697.

[25] L. Zhang, F. Zhuo, C. Bai, Multi-channel CRANET cooperative dynamic power control considering service priority,
Telecommunications Science 32(7)(2016) 45-52.

[26] K. Lei, Y. Tan, X. Yang, H. Wang, A K-means clustering based blind multiband spectrum sensing algorithm for cognitive
radio, Journal of Central South University 25(10)(2018) 2451-2461.

[27]J. Wu, Y. Li, H. Zhang, HMM collaborative spectrum prediction algorithm based on density clustering, Computer Science
45(9)(2018) 129-134.

[28] Y. Qiao, Y. Huang, M. Chen, A graph theoretic approach to global input to state stability for coupled control systems,

Advances in Difference Equations 5(1)(2017) 129-131.

258




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHT <FEFF005b683964da300c9ad86a94002851fa8840002b89d27dda0029300d005d0020005b683964da300c8f3851fa0033003000300064002851fa88400029300d005d00204f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9.354330
      /MarksWeight 0.141730
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


