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Abstract

In geo-location database oriented spectrum sharing system, the entire geographic area is
divided into meshes to classify, store and delivery the cognitive information. In this paper, we
propose a flexible polygon mesh division scheme to reduce the number of meshes. Hence the
cognitive information can be reduced correspondingly. Besides, polygon mesh can
approximate the real environment and reduce the error of cognitive information because the
edges of polygon are selected along the boundaries of the networks. We have designed the
polygon approximation algorithm and have analyzed the relation between the error and the
number of polygon’s edges. Finally, the simulation results are provided to verify the algorithm
and analysis. The polygon mesh division scheme in this paper provides an efficient approach
for cognitive information organization in database oriented spectrum sharing system.
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1. Introduction

Driven by devices such as smart phones, tablet PC and the services such as social

networking, streaming media and online game, the amount of mobile traffic is increasing
exponentially. As the critical resource to improve the capacity of wireless networks, spectrum
is always billion dollar asset. However, the licensed spectrum is not fully utilized [1],
including the spectrum of TV broadcasting networks, which can be exploited by the
unlicensed users. The standard IEEE 802.22 [2] was established to enhance the exploitation of
TV white spaces when analog TV was replaced by digital TV. Hence there are various
literatures studying spectrum sensing and spectrum sharing of TV white spaces under the
standard IEEE 802.22 [3][4].

In order to discover TV white spaces, spectrum sensing and database based methods are
proposed [5][6]. Paisana et al. in [7] argued that geo-location database based spectrum access
technology is appropriate to exploit TV white spaces because the features of TV white spaces
are relatively predictable. Both Federal Communications Commission (FCC) and European
Conference of Postal and Telecommunications Administrations (CEPT) have released rules,
orders and technical specifications to allow unlicensed radio transmitters or TV band devices
(TVBDs) to operate at TV white spaces based on the geo-location database approach
[8][9][10]. Upon the emergence of geo-location database, the construction of database and
resource allocation scheme with assistance of database are addressed. Previously, we proposed
a theoretical framework for the construction of cognitive database in [11] and [12]. Besides,
Perez-Romero et al. in [13] adopted the radio environment map to management the
interference in cognitive radio networks. Liu et al. in [14] designed the database based
spectrum access and resource allocation scheme for cognitive radio networks.

However, as far as we know, although geo-location database in cognitive radio networks is
widely studied, existing studies mainly focus on the construction and application of
geo-location database, such as spectrum access and resource allocation. Efficient cognitive
information delivery between database and unlicensed users is rarely studied. However, if this
problem is not solved, the impact of database on the performance of cognitive radio networks
is unknown. Caleffi et al. in [15] developped a stochastic analytical framework and designed
optimal database access strategy, where the expected overall communication opportunities can
be maximized. To deliver the cognitive information, some literatures designed the mesh based
scheme [16][17][18]. When unlicensed user is within a mesh, it would query the database only
once. However, when unlicensed user moves into a new mesh, it will query the database again
for new cognitive information. Zhang et al. in [18] proposed a mesh division and differential
information coding schemes to improve the efficiency of cognitive information delivery.
However, the meshes are regular and cognitive information is not fully compressed. In
[11][12], we proposed mesh fusion schemes that can further reduce the number of meshes and
improve the efficiency of cognitive information delivery. [16][17][19] studied the impact of
the size of meshes on the delivery of cognitive information. [20][21] suggested that the length
of mesh’s edge to be 30-200 meters. Overall, most literatures recommend the same size of
100mx100m for mesh division. However, we have verified that uniform mesh division is
not flexible and there is still redundancy in congitive information. Therefore we designed the
fractal based irregular mesh division scheme in [22]. Besides, it is noted that the literatures
[23]-[25] also devoted to construct the geo-location database for cognitive radio networks.
Braham et al. in [23] designed a scheme for coverage analysis of wireless networks, which is a
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critical step in the construction of geo-location database. Zou et al. in [24] developped a test
bed named WinIPS for online radio map construction. Sodagari et al. in [25] studied the secure
radio environment map, which aims to design the robust and secure database for dynamic
spectrum access in cognitive radio networks.

In this paper, we propose a more flexible mesh division scheme, which adopts polygon
mesh to classify cognitive information of entire area. It is noted that the number of meshes can
be reduced significantly. Hence cognitive information can be reduced correspondingly.
Besides, polygon meshes can well approximate the real environment and reduce the error of
cognitive information compared with rectangle meshes because the edges of polygon are
selected along the boundaries of networks in polygon approximation method. In this paper, we
have designed polygon approximation algorithm. Besides, we have analyzed the relation
between the error of cognitive information and the number of polygon’s edges.

This paper is organized as follows. In Section 2, we describe the problem to be solved. In
Section 3, the polygon approximation algorithm is introduced in details. The algorithm
analysis is provoided in Section 4. The simulation and numerical results are provided in
Section 5. Finally, in Section 6, we summarize this paper.

2. Problem Statement

2.1 Cognitive Radio Database

We consider a specific region where three TV networks exist. The TV network is primary
network. Unlicensed user which is not covered by a TV network can use the spectrum of TV
network. Therefore, in Fig. 1, the radio environment of different spots may be different. For
example, in spot A, the spectrum band of network 3 is unavailable. However, the spectrum
bands of network 1 and network 2 are available. In spot B, the spectrum bands of all TV
networks are unavailable. But the spectrum bands of all TV networks are available in spot C.

Cognitive Radio
Server g @ Database
L

Network 2

Fig. 1. The geo-location database oriented cognitive radio network
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The information on the spectrum locally available is defined as cognitive information. To
deliver the cognitive information, the geographic area covered by geo-location database is
divided into small squares called pixels or meshes (where the term “mesh” is adopted in this
paper), which is the minimum granularity of cognitive information. The cognitive information
of the majority area of a mesh is defined as the cognitive information of the mesh, which is
also defined in our previous work [11][12].

Denote the transmit power of TV network as P, . Only the path loss is considered. Hence the

received power is P. = PO%, where « is path-loss factor and V is a frequency dependent

constant. We normalize V to be 1 for simplicity and consider « >2 which is typical in
practice [27]. Define a received power threshold ». When P <75, we get the distance

PV
complex network coverage, we further consider the ellipse coverage and irregular network
boundaries. It is noted that we have abstract the parameters in the wireless system as a single
parameter, namely, the coverage area of a network. Once the coverage of network is achieved,
the problem becomes a geometric problem. Then we separate the regions with pure radio
environment and approximate them with polygons.

la
Lz( 7 J =L, , where L, is the coverage radius of the networks. In order to model more

2.2 Delivery of Cognitive Information

Unlicensed user can get cognitive information through broadcasting or on-demand method.
In broadcasting method, the database broadcasts the cognitive information of each mesh,
which contains the geographic information of the mesh in the head of the cognitive
information. Once an unlicensed user receives cognitive information, it decodes the head of
cognitive information to obtain the geographic information of the mesh where it stays. Then
the unlicensed user decides whether it is located in the mesh via positioning method such as
GPS (Global Positioning System). If the unlicensed user is located in this mesh, it decodes the
remaining cognitive information. Otherwise, it abandons the cognitive information.

In on-demand method, unlicensed user queries database for cognitive information of the
mesh where it stays by providing its geographic information. Then the database sends the
cognitive information of the mesh to the unlicensed user. The unlicensed user does not need to
query the database again as long as it stays inside this mesh. However, once the unlicensed
user moves out of the mesh, it needs to query database for new cognitive information.

2.3 Region Positioning

We define Region Positioning as to find a method to depict a region. Once a point's
geographic information is given, whether or not this point is in the region is also known.

Obviously, rectangle can be used in region positioning. The coordinates of vertexes on
diagonal are denoted as (X, Y,). (X,,Y,) and one point's coordinates are p(X, y). With each

coordinate obtained by GPS, the relation between point p and the rectangle is as follows.
is{inside rectangle, if x, <x<x,andy,<y<y,

1
outside rectangle, otherwise @
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In this paper, polygon is used in region positioning. The region positioning algorithm with
polygon mesh is described in Algorithm 1, where a polygon with n vertexes is stored in an
array P that consists of the coordinates of each vertex. P is described as follows.

P:[Xl X, .. X xl} -
Y2 Y2 - Yo W1

The ith edge of the polygon is denoted as e, ={P(:,i), P(:, (i mod n)+1)}. Notice that
Algorithm 1 is a common angorithm in the area of Computational Geometry [26].

Algorithm 1 Judging whether a point is in a plygon

Require: | Point p and array P.

Ensure: | 1 (pis in the polygon) or O (otherwise).

1 Draw a ray |, with start point p; initialize counter =0
2 fori=1tondo

3 if  is parallel with | then

4 continue

5 Else

6 if p is on edge e, then

7 return 1, break

8 Else

9 if there’s intersection between ¢, and | then
10 counter = counter + 1

11 end if

12 end if

13 end if

14 end for

15 Return counter mod 2

In this paper, polygon based region positioning scheme is addressed. Polygons are used as
meshes to cover the entire area. Thus the problem is equivalent to how to divide the entire area
into polygons, such that each polygon has almost pure radio environment.

In Fig. 2, there are three TV networks, which divide the entire area into seven regions, i.e.
R, R,,...,R,. Thus the radio parameters of each region differ from each other. The following

work is to use polygon to approximate regions R;,i=1,2,...,7.
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Fig. 2. The deployment of TV networks.

3. Polygon Approximation Algorithm

Regions R, R,,..., R, are called meshes in this paper. The key problems that need to be

solved are how to determine one edge of polygon, how to search one polygon (mesh) and how

to search all the meshes. They are solved in the following subsections.

3.1 Determine one edge of polygon

With the boundary of each network given, the problem is to approximate closed boundary
curve with polygon. Local curvature of the boundary curve can be used to determine one edge
of polygon. On the part of the curve where the curvature is larger, shorter edge is used to
approximate the curve. Otherwise, longer edge is used to approximate the curve. However,
this technique strongly relies on the boundary information. On the part of the boundary where
the curve is extremely irregular, the performance of this scheme is not ideal. In our work,
lower limit error (LLE) is used to determine one edge. When the error firstly exceeds LLE, the
end of this edge is determined. The LLE is illustrated in Fig. 3, where the average error of
approximation is the margin between the boundary curve and polygon edge, which is

formulated as follows.

error = E(Z d), €)
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where E(*) is the expectation of “*”. The algorithm is named as Edge Searching Algorithm

(ESA), which is described in Algorithm 2.

Algorithm 2 Edge Searching Algorithm (ESA)

Require:

Ensure:

© 00 ~N o

11
12

13

Start point p;(X,Y;) of edge and LLE
End point p, (X, Yi,;) of edge
Initializej=1

while true do

Start from p;, get p;,; ina clockwise direction.
if p,,; isintersection of boundaries then

Return p,, ;; break

else
Calculate error.
if error > LLE then
Return p,, ;; break
end if
end if
i=j+1

end while

Fig. 3. The method to determine one edge of polygon
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3.2 Search one polygon (mesh)

Searching one mesh is a path selection problem at the intersection. As illustrated in Fig. 4,
in the intersection P, there is more than one path to choose. Path PA s the extended line of
OP . Paths PB and PC are the tangents of the boundaries of each network. Obviously, PC

is the correct path. Generally, the path that has the maximum angle between original path (P_A)
in clockwise direction is the correct path. Thus with the direction of chosen path, the end point

of polygon's edge can also be found.

Fig. 4. The method to search one polygon

The cross product of vectors is adopted to determine the turning direction of one segment

versus another segment. The dot product of vectors is used to estimate the angle between two

segments. Denote two segments |, =[p;, p;] and I, =[p;, p,] with point p; in common,

where [p,,, p,] is a segment with start point p, and end point p, . For a =1, xI,, we have
conclusions as follows.

® If a<0, then by rotating |, around p; in counterclockwise direction, I, can finally
coincides with 1, .

® If a=0,then p;, p;and p, are collinear.

® If a>0, then by rotating |, around P; in clockwise direction, I, can finally coincides

with 1.
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(pk_ pj)'(pj - pi)
|pe=pil-|p -l

€[0, z]. With a and & known,

path selection algorithm (PSA) is described in Algorithm 3.

Algorithm 3 Path Selection Algorithm (PSA)

Require:

Ensure:

© 00 ~N o

Path P_A, Candidate path PC,,PC,,---,PC

The next path P_Ck is chosen.
Initialize g =0, k=0
fori=1tondo
if PAxPC, >0 then
if & =(PA,PC,)>g then
g=0, k=i
end if

end if

end for

Return PC,

3.3 Search all the meshes

Firstly, the data structure of the intersection of two networks (denoted as Network A and

Network B) is presented in Table 1.

® P, (X,1:Ya) Pir(X,r: Yag): Coordinates of two vertexes that are adjacent with P

in the boundary of network A.

® P, (Xg.,Ys.) Psr(Xgr,Ygg): Coordinates of two vertexes that are adjacent with P

in the boundary of network B.

® |, . lag:lg L. 15 Access labels of P in four directions: P,, - P, P,, —> P,

Ps. > P, Fyr = P.Define I, , (the access label of P in the direction P, — P) as

follows.
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0,getin PfromP,,i.e., access negatively
I, » =11 getoutof PtoP,,ie., access positively 4
2,Pisnotaccessed

Table 1. Data structure of the intersection of two networks

Network A | X, X ar Xg.L Xgr

IA,L IB,L

Network B | Y, | Yar A Yer

IA,R IB,R

The algorithm that searches all the meshes is described in Algorithm 4, which is denoted as

MSA.

Algorithm 4 Mesh Searching Algorithm (MSA)

Require:

Ensure:

1

g AW N

10
11

Intersections p;, P,,..., P,, - Sample sequences of boundaries.

All meshes are separated.
Initialize access label I of each intersection to be 2, label = 1.
while label do

label = 0.

fori=1tomdo
if 3R, s.t. 1, , =0 then
label =1, B, =P,
else
if 3R, st. 1, , =2 then
label =1, B, =P,
end if

Start from P, find a mesh using ESA along path PP, and store it

in an array mesh. When the searching operation encounters an

intersection, if corresponding | = 1, keep it unchanged, otherwise
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change the value of I according to (4).
12 end if
13 end for
14 end while
15 Return mesh

The correctness of algorithm MSA is verified by the following theorem.

Theorem 1. All meshes can be found using the algorithm MSA.

Proof: MSA can guarantee that each intersection can be accessed positively in each direction.

As illustrated in Fig. 5, take intersection P, for example, MSA can guarantee that P, is
accessed positively in the direction B, , — P,. We use the technique of reduction to

absurdity in the proof of Theorem 1.

Assume that mesh Ry is not found, then P, is not accessed in the direction P, —> R |
either. Thus I, . #1, which is contradictory to the results of MSA. Therefore the
Np,L+FA

correctness of MSA is proved by this contradiction.

Fig. 5. All meshes can be found



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 11, NO. 6, June 2017 2937

3.4 Overall algorithm of polygon approximation

Overall algorithm is described in Algorithm 5. The first step is the basic segment
approximation. Then we need to find the intersections and adjust them into the vertex

sequence of polygon mesh. After finding all the meshes, the overall algorithm is finished.

Algorithm 5 Polygon Approximation Algorithm (PAA)

Require: | N networks with different radio environment.

Ensure: | The polygon approximated meshes.

1 Find the polygon approximation of N networks using ESA.
2 Find intersections of N networks.

3 Adjust intersections into the vertex sequence of polygon.

4 Start from one intersection, search all meshes using MSA.

The key idea of our algorithm is to guarantee that each intersection is accessed positively in
each direction. Thus each region with pure radio environment is separated. The basic
operation of Algorithm 5 is to use polygons to approximate each region with pure radio
environment. Thus the cognitive information can be classified and stored with polygon
regions. When the cognitive information needs to be delivered, it can be delivered with the
cognitive information of polygon, which can cover a large area. Thus the error and efficiency
can be guaranteed simultaneously. Further, we have addressed the error of cognitive

information in the next section.

4. Analysis of Polygon Approximation Algorithm

In polygon approximation algorithm, the error of cognitive information along the jth edge of
the polygon is the area of the shaded region in Fig. 6. The relation between the error of
cognitive information and the number of edges of polygon is provided in Theorem 2.

Theorem 2. The relation between the error of cognitive information & and the
number of edges of the polygon m is

o= Q(#j (5)

Proof: In Fig. 6, the error of cognitive information, namely, the area of the shaded region is as
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follows.
0 R sm 1- (sm
a.
£=2 (- )= Zf(a) (6)
i=1
a,R o, , .
where f(a,) = Sln Sln?'j . The third-order Taylor series of f(¢;) at
the point o, =0 is
a;
f(a)=R’ 7
-5 Zool) ;

When m — o, o; = 0. The term of o(ocI ) can be omitted, then we have

(®)

Fig. 6. The polygon approximation

Using the Hélder’s inequality and letting p=3,q=3/2, we have

i=1

Therefore, we have

u 8z°
3
2z (10)
i=1
The lower bound of error of cognitive information is
& 2R’z 1
e=) ()= — 11
Z ()2 == (11)

The equality is achieved when a, = a, = ... = «r,,. Thus the theorem is proved.
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Lemma 1. (Hélder's inequality, [28]) For the n-dimensional Euclidean space, when the set S is
{1, ..., n} with the counting measure, we have

n n Up s p g
ZIXkVKIS(ZIXklp] (ZlyquJ N0 %) (Ve Yy) e RTorC (12)
k=1 k=1 k=1

where p,q €[, +0) with 1010 The equality is achieved when ¢, |x,|” = ¢, |y,|" with
p q

c,20,c,20,cc, 0.

Notice that the number of edges determines the complexity of the polygon approximation
algorithm. Theorem 2 has verified that the error of cognitive information will decrease with
the increase of the number of edges. In practice, if the computation complexity can be afforded,
the number of edges can be increased to minimize the error. Hence there is a tradeoff between
the complexity of algorithm and accuracy of the cognitive information.

5. Numerical Results and Analysis

In this section, the polygon approximation algorithm is simulated. Firstly we provide the
scenario where three TV networks exist. For simplicity, the coverage area of TV network is
circle. As illustrated in Fig. 7(a), there is overlapped area among these TV networks. In Fig.
7(b), we have provided another scenario with three TV networks, where the shape of the TV
network is ellipse. The parameters for simulations are provided in Table 2.

Table 2. Parameters in simulation

Parameter Value
Radius of network coverage for different circle networks 3km and 2km
Error threshold for circle networks 1.2m
Long radius for different ellipse networks 5km and 4km
Short radius for different ellipse networks 2km
Error threshold for ellipse networks 2m

In Fig. 8(a), the polygon approximation results are achieved, where the regions
R(i=12,..7) inFig. 7(a) are separated. In Fig. 8(b), the regions R,(i=12,...,9) are separated.
Notice that each region is separated accurately. However, when the cognitive information is
delivered, the geographic information of each edge of a polygon must be delivered. If the
bandwidth to deliver the cognitive information is limited, we need to triangulate the polygons.
The Delaunay triangulation results are illustrated in Fig. 9(a) and Fig. 9(b), which are the
triangulation results of the polygons in Fig. 7(a) and Fig. 7(b) respectively. When polygons
are triangulated, the cognitive information is much less. Because the shape of region is triangle,
the number of regions are larger compared with the polygon region. Therefore there is a
tradeoff between the efficiency and bandwidth in the delivery of cognitive information.
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Fig. 7(a). The scenario where the shape of TV
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R R R.

1 2 3
4000 0 4000
2000 2000
-1000
0 o
-2000
-2000 -2000
-4000 -3000 -4000
-4000 -2000 0 2000  -2000 0 2000 0 2000 4000
R, Ry Ry
3000 5000 3000
2000 4000 2000
1000 1000
3000
0 o
-1000 2000 -1000
-4000 -2000 0 2000  -5000 0 5000 0 1000 2000 3000
Ry
2000
1000 Each region R, (i=1,2,...,7) has pure radio environment
0
-1000

-2000 0 2000
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Since the number of polygons’ edge has an impact on the efficiency of cognitive
information delivery, we have provided the relation between the number of polygons’ edges m
and the error of cognitive information ¢ in Fig. 10, where the error is defined in (3). It is noted
that with the increase of m, the error ¢ is decreasing, which is obvious since when m is
increasing, the polygons will approximate the boundaries of networks and the error will
decrease. In Theorem 2, we have achieved the relation between the error & and the number of

polygons’ edge m as ¢ = Q(%} . In Fig. 11, we have verified this relationship by data fitting.
The relation between ¢ and iz is plotted in Fig. 11. Besides, the data fitting shows that with
m

the ellipse network, the relation between & and iz is as follows.
m

1.7165x10*
S
m
With the ellipse network, the relation between & and iz is as follows.
m

2.407x10°
TTTm

which has verified the relation ¢ = Q(izj :
m

Besides, the curve with circle network is above the curve with ellipse network in Fig. 10.
Because the average curvature of circle is larger than that of ellipse, the error with circle
network is also larger than the error with ellipse network for the same number of edges.

1 T T T T T T T T

0.9r —8&— Results with ellipse network b
—©O— Results with circle network

0.8

0.7F

0.6

Error

0.5

0.4F

0.3f

0.2

0.1 =)
100 200 300 400 500 600 700 800 900 1000

m
Fig. 10. The error versus the number of polygons’ edges (m).
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Fig. 11. The data fitting of the relation between error and the number of polygons’ edges (m)

Finally, we consider more practical scenarios that the boundaries of networks are irregular,
which are illustrated in Fig. 12 and Fig. 13. For the networks in Fig. 12(a) and Fig. 13(a), the
polygon approximations are correct. Take Fig. 12 for an example, the regions R,R,,...,R, in
Fig. 12(b) are correctly separated from Fig. 12(a), which is the same for Fig. 13. Hence when

the boundaries of networks are irregular, our algorithms can still approximate the boundaries
of networks and separate each region from the practical deployment of networks.
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Fig. 12(a). A practical scenario
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Fig. 12(b). The polygon approximation
of Fig. 12(a)
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Fig. 13(a). A practical scenario with Fig. 13(b). The polygon approximation of
more complex network deployment Fig. 13(a)
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6. Conclusion

In this paper, we adopt the polygon meshes to classify the cognitive information. Thus the
number of meshes can be reduced significantly. Besides, polygon mesh can well approximate
the real environment and reduce the error of cognitive information compared with rectangle
meshes because the edges of polygon are selected along the boundaries of networks in polygon
approximation. We firstly design polygon approximation algorithm. Then we have analyzed
the relation between the error of cognitive information and the number of polygon’s edges.
Finally, we provide the simulation results to validate our algorithm and analysis.
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