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ABSTRACT

For the problem of spectrum scarcity and wastage, cognitive radio (CR) technology provides a solution to utilizing the
vacant spectrum more efficiently. As one of the most promising techniques to obtain the cognitive information in TV white
spaces, geo-location database approach has attracted a lot of recent attentions, with its goal of enhancing the efficiency of
spectrum usage and avoiding the interference to TV receivers. However, existing works mainly focus on the construction
and applications of geo-location database, and seldom consider how to deliver the cognitive information from the database
to TV band devices. In this paper, we investigate the tradeoff between increasing the accuracy of cognitive information
delivery and reducing the overhead. We design two mesh fusion algorithms to reduce the redundancy of cognitive
information and improve the efficiency of cognitive information delivery. Finally, we verify our analysis and evaluate the
efficiency of the proposed mesh fusion algorithms through numerical studies. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Wireless networks are facing a big challenge because of
the explosively growing data service demands. According
to the reports in [1], the monthly global mobile data traffic
is expected to surpass 10 exabytes by 2016. This sky-
rocketing spectrum demand cannot be met by traditional
spectrum allocation strategy, where fixed and fragmented
spectrum bands lead to spectrum scarcity. On the other
hand, most of the spectrum bands are under-utilized [2],
which result in the spectrum wastage. This includes the
TV white spaces (TVWSs), which are the available spec-
trum bands of TV networks in the dimensions of space,
time and spectrum, and others. To address the problems
of spectrum scarcity and wastage, cognitive radio (CR)
technology has attracted many recent research interests.
A CR device has the abilities to be aware of its environ-
ment, dynamically and autonomously adjust its operational
parameters and protocols, and learn from the experiences,
in order to improve the efficiency of spectrum utilization.
As the crucial components for CR enabling, three tech-
nologies have been considered to obtain the knowledge of
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the operational radios and the geographical environments
in cognitive radio systems: spectrum sensing [3], bea-
coning [4] (which includes cognitive pilot channel (CPC)
and common control channel (CCC)), and geo-location
database. Consensus on the use of the three techniques
has been reached in the International Telecommunica-
tion Union [5]. Furthermore, both Federal Communica-
tions Commission and European Conference of Postal
and Telecommunications Administrations have released
rules, orders, and technical specifications to allow unli-
censed radio transmitters or TV band devices (TVBDs) to
operate at the TVWS based on the geo-location database
approach [6-8]. Note that spectrum sensing faces the chal-
lenge of addressing the hidden node problem. Beaconing
and CPC need a permanent channel. Compared with them,
the geo-location database approach is regarded as one of
the promising solutions for gaining accurate and efficient
environment awareness to enhance the spectrum usage and
avoid the interference to the licensed TV receivers.

The geo-location database is defined as a digital archive
that acquires, processes, stores, and deliveries the avail-
able spectrum band information in [9]. The geo-location

Copyright © 2016 John Wiley & Sons, Ltd.



Z.Feng et al.

database approach can be applied to control the inter-
ference to TV receivers [10], to exploit both spatial and
spectral degrees-of-freedom by using low-powered devices
[11], to support the smart utility network’ application
scenarios in TVWS [12], and to support the broadband
through TVWS and a wireless conferencing system [9].

Although there are many studies on the geo-location
database approach, existing studies mainly focus on the
construction and applications of geo-location database. CR
nodes need to access geo-location database to obtain spec-
trum information to guide their transmissions. However,
there is little work on how to efficiently deliver the cog-
nitive information from the database to TVBDs and to
understand the key factors that affect the performance of
CR systems. It is unclear when the geo-location database
needs to be accessed and how often to access the database.
These could have significant impact on the CR perfor-
mance, the load of accessing geo-location database, and
the overall possibility of applying the database method to
support CR operations.

With the support of geo-location database in TVWSs, a
TVBD obtains the local channel occupancy information by
sending its location to the database. The information on the
channels locally available is defined as cognitive informa-
tion in this paper. When a TVBD is mobile, it is difficult
to determine when to access the database. If the TVBD
queries the database at a small moving distance, it will cost
more energy of TVBD and increase the accessing load of
the database. On the contrary, if the TVBD requests cog-
nitive information when it moves a long distance, the error
of cognitive information will be very large. If the cogni-
tive information delivery is not accurate enough, vacant
spectrum resources will not be efficiently utilized, and
the interference to TV receivers will increase. Therefore,
the accuracy and efficiency of the cognitive information
delivery from geo-location database to TVBD will affect
the efficiency of spectrum usage and the interference to
TV receivers.

In this paper, we first analyze the tradeoff between the
accuracy and efficiency of cognitive information delivery.
We further design mesh fusion algorithms (MFAs) to fuse
the adjacent meshes with the same cognitive information to
reduce the redundancy and improve the efficiency of cogni-
tive information delivery without compromising the accu-
racy. Notice that this paper refers to some conclusions in
our conference papers [13][14]; however, the theme of this
paper is different from our conference papers, and we have
improved our previous work in this paper, including cogni-
tive information delivery problem proposed in this paper,
rewriting the proof of Theorem 2, the new Theorem 3, the
algorithm analysis, and more detailed simulations.

The rest of this paper is organized as follows. We present
the related work in Section 2. The problem statement is
presented in Section 3. The tradeoffs between the size of
mesh and the accuracy of cognitive information are stud-

A smart utility network (SUN) is a ubiquitous network that facilitates
efficient management of utilities such as electricity, water, natural gas,

and sewage [12].
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ied in Section 4. In Section 5, the MFAs are designed to
improve the efficiency of cognitive information delivery. In
Section 6, numerical results are provided and discussed to
verify the theoretical results in Sections 4 and 5. Section 7
concludes the paper.

2. RELATED WORK

To deliver the cognitive information, the geographical area
covered by the geo-location database is divided into small
squares called pixels [8] or meshes [15] (where the mesh
concept is used in this paper), which is the minimum
granularity of environment information delivery. When the
TVBD is within a mesh, it would query the database only
once, and the TVBD will query the database again when it
moves into a new mesh. Therefore, if the size of mesh is
large, the cognitive information delivery is more efficient?,
but less accurate. On the contrary, if the size of mesh is
small, the cognitive information delivery is less efficient,
but more accurate.

Several studies have been made on the accuracy of cog-
nitive information delivery [4,6,8]. An accuracy standard
ranged from 30 to 200 m is recommended in [6,8], which
can be regarded as the length of a mesh’s edge in this paper.
However, most of these research works assume the same
mesh size of 100 m x 100 m in a large geographical area,
which needs further theoretical studies to validate what is
the appropriate mesh size in terms of the accuracy and effi-
ciency for the cognitive information delivery. Besides, the
uniform mesh division is not an efficient solution.

For the cognitive radio networks with high mobility,
such as cognitive radio vehicular networks, the delivery of
spectrum information from the database to cognitive users,
[16] and [17], apply the concept of interference alignment
in a practical network setting, leading to dramatic reduction
in message transmission times. With the scheme in [16]
and [17], the number of queries and the probability of error
are both reduced. In [18], Caleffi ef al. model the database
access problem as a Markov decision process and provide
the closed-form expressions of the transition probabilities
and maximize the expected TVWS communication oppor-
tunities through on-demand accesses to the database. To
reduce the number of queries and reduce the load of geo-
location database, Tran et al. [19] query the database with
secondary user’s preferred channels, but Tran ez al. [19] do
not reduce the number of database queries in the mobile
environment.

3. PROBLEM STATEMENT
3.1. Cognitive Radio Database

We first describe the environment in this paper. In a spe-
cific area, there exist several TV networks®. The spectrum

*TVBDs need not query the database frequently
$Tn this paper, the TV network is called “network” for short.
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bands of TV networks are not available for TVBDs within
the coverage of the TV networks. However, the spectrum
bands of TV networks are available outside the coverage
of TV networks. The cognitive information that a TVBD
receives contains the availability information of spectrums
for this TVBD.

The entire region is divided into meshes, as illustrated in
Figure 1. When a TVBD is located inside mesh #i, it can
query the database for the cognitive information of mesh #i
by providing its geographical information. A TVBD does
not need to query the database again as long as it remains
inside mesh #i, but needs to send query for a new cognitive
information when moving out of mesh #i and entering a
new mesh. Intuitively, the smaller the mesh, the smaller
the error of cognitive information. However, the overhead
of accessing the database and sending the query messages
from TVBDs are higher.

In this paper, a mesh is denoted as “[x1,y1;x2,y2]”,
where (x1,y1) and (x2,y;) are the coordinates of vertices
on the diagonal of the (rectangle) mesh, with x; < x; and
¥1 < y2. Given a TVBD’s location coordinates as (x,y),
the relation between the TVBD and the mesh is as follow.

Server
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. ifx; <x<x
TVBDis inside the mesh andy, <y <y )

outside the mesh otherwise.

Once the database receives the TVBD’s location coor-
dinates, the database determines which mesh this TVBD
is located in by (1). Then the database delivers the cog-
nitive information of this mesh along with this mesh’s
geographical information “[x,y;x2,y2]” to the TVBD.
Accordingly, the TVBD can determine whether it is inside
this mesh or not by (1). Once it detects that it is outside
this mesh, it queries the database again for new cognitive
information. Generally, the TVBD needs some localization
technology such as GPS to determine its location.

3.2. Delivery of Cognitive Information

When a TVBD is located at the boundary area of a TV net-
work, it is possible that partial area of the mesh where this
TVBD locates is within a TV network, and the cognitive
information of this mesh is not accurate. In this case, it is
difficult to obtain accurate cognitive information from the
database. Generally, the database transmits the cognitive
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Figure 1. System model for cognitive information delivery.
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information of the majority area of a mesh. This could lead
to wrong channel availability information. For example, in
Figure 1, the co-channel availability information of mesh
#1 is

{Channels of network #1 are unavailable,
Channels of network #2 are available, 2)

Channels of network #3 are available}

When a TVBD appears at the point A of mesh #1,
the channels of network #1 are available; however, the
cognitive information in (2) declares that the channels of
network #1 are unavailable, which is similar to the “false
alarm” in spectrum sensing. When a TVBD is located at
the point B, the channels of network #3 are unavailable;
however, because the database sends the cognitive infor-
mation of the majority area in mesh #2 to this TVBD,
the co-channel availability information that this TVBD
receives is

{Channels of network #1 are available,
Channels of network #2 are available, 3)

Channels of network #3 are available}

If TVBD access channels of network #3, it may inter-
fere some TV receivers in the network #3. This situation
is similar to the “missed detection” in spectrum sensing.
Obviously, the smaller the mesh is, the smaller the prob-
abilities of “missed detection” and “false alarm”. In this
paper, we do not distinguish the “missed detection” and
“false alarm”, but call them together as “radio parameter
error (RPE)” for simplicity.

It is noted that the redundancy after regular mesh divi-
sion exists, namely, there are adjacent meshes that contain
the same cognitive information. Thus, we can fuse the adja-
cent meshes with the same cognitive information into one
bigger mesh, for example, mesh #3 and mesh #4 in Figure 1
are the fusion results of some smaller meshes with the
same cognitive information. The mesh fusion operation can
reduce the frequency of database queries and improve the
efficiency of cognitive information delivery without reduc-
ing the accuracy of cognitive information delivery, because
it is more difficult for TVBDs to move out of a bigger
mesh. There are some challenges associated with mesh
fusion. In this paper, we will address the following two
major issues:

e Providing the analysis on the relation between the size
of mesh and the accuracy of cognitive information
delivery, which is presented in Section 3.

Cognitive information delivery in cognitive radio networks

4. TRADEOFF BETWEEN THE
EFFICIENCY AND ACCURACY
OF COGNITIVE
INFORMATION DELIVERY

In this section, we analyze the tradeoff between the
efficiency and accuracy of cognitive information deliv-
ery. First, we address the representation of cognitive
information.

4.1. Representation of
cognitive information

The binary representation of network k at location (x,y) is

1 if network #k is detected at (x,y)

Rk, x,y) = 0 otherwise

“

which is similar to the representation in spectrum sens-
ing, where “1” means the channels of network #k are busy
and “0” means the channels of network #k are idle. The
radio parameter at location (x,y) is characterized by the
following summation of the binary representations for all
networks [20].

T
I(x,y) = ) R(k,x,y) x 27! (5)
k=1

where T is the number of networks, (5) converts the
binary number

“R(T,x,y),R(T —1,x,y)...R(1,x,y)”

into a decimal number /(x, y). The radio parameter of mesh
#i, denoted as P, is the radio parameter of the majority area
in mesh #i as follows.

P = arg maxp;; (6)
J

where p;; is the fraction of the area in mesh #i with radio
parameter I(x,y) = j due to (5) and Z,N=1Pij =1.N=2T
is the number of radio parameters. Thus p;;’s can be defined
in a probability space. In (6), if p;+ is maximum, which
means the fraction of the area in mesh #i with radio param-
eter j* is maximum, then the radio parameter of mesh #i
is j*. In Figure 1, there are eight radio parameters, and the
radio parameter of mesh 2 is 0 due to (5) and (6).
The RPE of mesh #i is defined as

Peji = 1 —maxp;; 0
j

which is the remaining fraction except of the majority area
in mesh #i. And the RPE of the entire region is defined as

e Designing efficient mesh fusion algorithm to reduce M
the redundancy of cognitive information, which is De = Za,-pe,,- ®)

addressed in Section 4. i=1
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where M is the number of meshes and «; is the area fraction
of mesh #i compared with the area of the entire region.

M
We have ) «; = 1. For regular (uniform) mesh division,
i=1

1

4.2. Tradeoff between M and radio
parameter error

In this section, we investigate the tradeoff between the
number of meshes M and RPE.

Theorem 1. The RPE of the entire region is O (LM) —

0, where M is the number of meshes.

Proof. The mesh that is distributed along the network
boundary (shown as the solid curve in Figure 2) may con-
tain impure radio environment, namely, the radio parame-
ters (Equation (5)) of different spots in this mesh may be
different. Denote the length of all these boundaries as £, the
length of a mesh’s edge as ¢, and the length of the entire
region’s edge as L. Then, we have M = (%)2, and the
number of meshes with impure radio environment is upper
bounded by

K == )

&

<%ﬁe 2V2¢
<=3

which is obtained by considering the corresponding pack-
ing problem along the boundary, which is shown as the
solid curve in Figure 2. Moving each point on this bound-
ary in the two normal directions, a distance +/2¢ gives the
two dotted curves. The area between the two dotted curves
is 2&+/2¢. All the meshes with impure radio environment
are located between these two dotted curves; therefore, an
upper bound of K is 2£ +/2¢ divided by the area of a mesh.

Because 1 — p,; = maxp;; > %, we have
J
1
Pei=l— (10)

The RPE of the entire region is then upper bounded by

1 1 1 2V2¢L 1
rer(1o5) = s (17) "

b4

T £sin @
E[&] = /0 /0 (xtan 6 + xcot 0) fx (x)dx + /

Theorems 1 shows the scaling law of the RPE as a func-
tion of M. The approximate result on the tradeoff between
RPE and the number of meshes M is as follows.

V2e sin(9+%)
2

z egsinf 2
= [ ([ |
0 0 g% sin20 esind

Z. Feng et al.
Theorem 2. The RPE as a function of M is
! (14
= K——
De NI
with
In 64
P ] (15)

127 —44/2tanh™ (1 — V2)L

where £ is the length of the boundaries of all networks,
L is the length of the entire region’s edge, tanh™!(z) is
the inverse hyperbolic function defined as tanh™!(z) =
% In ll—i'; K is a constant, which is mainly determined by &

and L.

Proof.  Figure 3 illustrates the boundary of TV network
in mesh #i with impure radio environment. This bound-
ary can be approximated by a straight line when M is
large. We ignore the situation when the boundaries of mul-
tiple networks cross a mesh, because the probability of this
occurring is low when M is large. The parameters x and
0 determine a line in Figure 3, where x is the distance
between vertex A and the boundary, and 6 is the minimum
value of the angles between the mesh’s edges and the hori-
zontal line. Both x and 6 are uniformly distributed random
variables with probability density functions as follows.

4
fol)=20<0<Z 6
T 4
and
2 V2esin (6 + &
fX(x) = ~—’0§X§ #
V2esin (6 + ) >
a7
The length of the network boundary in the mesh is
_ {xtan6® + xcot® x < x|
Sl_{coie x| <x<x +% (18)

where x1, x2, and x3 are shown in Figure 3, with values

x| = x3 = &sin6 (19)
Vorw(o+ )
*fx()dx | fo(6)d6 (12)
£sin@ cos 6
X tan 6
(s~ 5 ) rxoas |roteras (3
gcosf 2

Xy = [ﬁe sin (9 + %) — 2¢sin 0]+ (20)
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The boundary of
TV network

A mesh with impure
radio environment

A mesh with pure
radio environment

Figure 2. The boundary used to determine an upper bound on K.

The boundary of
TV network

e
=< A square mesh

Figure 3. The boundary of TV network cuts a mesh whose edge length is €.

with [¥]T = max{0, *}. The RPE of mesh #i is

¥

-7 X <X
. — ) &2sin26 -
Pei = X tanf cx<x 4R 20
gcos O 2 Al <A< 2

The expectation values of &; and p,; are shown in (12)
and (13) at the top of the next page, and the corresponding
closed form expressions are

-1 _
E[t] = _4/2tanh n(l Ve _ 7035 22)
and
Elpe;] = 7 +In(64) =~ 0.1937 (23)
127

where tanh ™! (z) is the inverse hyperbolic function defined

environment, then we have

K

a) 1 1
Bl 2 Y6 e (24)
i=1

where (a) is due to the weak law of large numbers, and (b)
is due to the fact that the meshes with impure radio envi-
ronment cover all the boundaries of networks. The value of
K can be estimated as

K=— = il

E[&]  —44/2tanh™' (1 — V2)e @3)

Assume the first K meshes have impure radio environ-
ment, then the RPE of the entire region is

astanh™!(z) = % In i—‘_"g We determine the value of K, that | K © K
is, the number of meshes with impure radio environment, De = — Z De.i = E[pe.i] (26)
using (22). Assume the first K meshes have an impure radio M i=1 M
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where (c) is due to the law of large numbers. Substituting
the value of K from (25) to the value of E[p, ;] from (23)
into (26) gives

1 m+In64 &
be JM 127 —4«/§tanh_l(1 — \fZ)L

27

where £ is the length of all the boundaries of networks, L
is the length of the edges of the entire region, and N is the
number of radio parameters. This is an approximate result.

O

Theorem 2 confirms Theorem 1. Further, we have p, =
@(ﬁ) according to Theorem 2. Note that RPE decreases

with the increasing in M. Thus, Theorems 1 and 2 reveal
the tradeoff between the accuracy and efficiency of cogni-
tive information delivery.

5. MESH FUSION ALGORITHMS

The database for TV white spaces is generally constructed
by estimating the signal strength using the (predicted)
channel models. After the database is constructed, the
mesh based cognitive information delivery scheme can
be implemented. In order to know the radio environment
around, a TVBD can send a query to the database along
with its location, and the database will respond to the
TVBD to indicate if certain frequency channels can be used
and the geographical information of the mesh where the
TVBD is located. If a TVBD moves outside the current
mesh, it needs to send query again. In order to improve the
efficiency of cognitive information delivery, the adjacent
meshes with the same cognitive information can be fused
into one bigger mesh in the database.

In this section, we first analyze the impact of the mesh
fusion operation on RPE. We then propose two MFAs, reg-
ular mesh division and fractal-based mesh division , which
are denoted as RMD-MFA and FbMD-MFA, respectively,
to enable the database to efficiently fuse the mesh based on
the radio environmental information. We also analyze the
performance of the proposed algorithms.

In Section 3, the tradeoff between the number of meshes
M (or the size of mesh) and RPE is investigated. The RPE
decreases with the increase of M, while a large M will cre-
ate extra overhead both to the database and TVBDs. Thus,
we determine the number of meshes by upper bounding
the RPE, namely, p. < f. Substituting the value of p,
from (14) into the inequality p, < B, we have achieved
the required number of meshes to guarantee the RPE B
as follows.

2
(r + In64)¢ A

12 (—4J§tanh—1(1 - fz)) LB

My (28)

If the entire region is divided into [M] x [M}] meshes,
then the RPE of the entire region will not exceed .

Z. Feng et al.

However, the redundancy of cognitive information with
M7 meshes exists, namely, there are adjacent meshes with
the same cognitive information!. Thus, we need to fuse
the adjacent meshes with the same cognitive information
into a bigger mesh to reduce the redundancy of cognitive
information. In the following, we will analyze the impact
of mesh fusion on the RPE and, then, design two mesh
fusion algorithms.

5.1. Impact of mesh fusion on radio
parameter error

Theorem 3. If two meshes with the same radio param-
eters are fused, the RPE of the entire region remains
unchanged.

Proof.  Assume two fusible meshes with the same radio
parameters are mesh #1 and mesh #2. Before the mesh
fusion operation, the RPE of the entire region is

M
S1Pe,1 + S2Pe2 + Z SiPe,i
i=3 (29)

Pe = S
where s; is the area of mesh #i and S is the area of the entire
region. The RPE of the fused mesh is

S1Pe,1 T+ 52De2
Penew = e e (30)
s1 + 52

Weighted by the area of the fused mesh, the RPE of the
entire region after mesh fusion is

M
(S] + SZ)Pe,new + Z SiPe,i

=

= Pe 31
O

Py = S

Theorem 3 proves that the fusion of the meshes with the
same radio parameters will not increase the RPE. There-
fore, it is beneficial to support mesh fusion to reduce the
number of meshes and, thus, the overhead to both the
database and TVBDs without compromising the accuracy
of cognitive information delivery. Thus, we will fuse the
meshes with the same radio parameters.

5.2. Mesh division and fusion algorithms

The goal of mesh division and fusion algorithm is to cover
the entire region with the minimum number of meshes, by
fusing adjacent meshes with the same radio parameter into
one bigger mesh. Two mesh division and fusion algorithms
are designed in the following paragraph.

11f two meshes have the same radio parameters, then the two meshes
have the same cognitive information. Thus, in this paper, these two

statements are equivalent.
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In the first algorithm, the entire region is uniformly
divided into regular meshes, denoted as RMD. We then
fuse the meshes with the same radio parameters. We denote
this algorithm as the RMD-MFA. The procedure of the sec-
ond algorithm is to divide the unqualified mesh and retain
the qualified mesh iteratively, where “qualified mesh” is
defined as the mesh whose radio environment is almost
pure. Because this algorithm adopts the iteration opera-
tion in fractal theory, it is denoted as FbMD. After FbMD,
the adjacent meshes with the same radio parameters are
fused. Therefore, the second algorithm is denoted as
the FboMD-MFA.

5.2.1. Regular mesh division and mesh
fusion algorithms.

As the entire region is uniformly divided into [M;] x
[M{] regular meshes, an MFA is applied to fuse the
meshes with the same radio parameters. If two meshes
are fusible, they are not only geographically adjacent,
but also have the same radio parameters, where the
mesh’s radio parameter is defined in (6). As illustrated
in Figure 4, meshes [x,y1;x2,y2] and [x3,y3;x4,y4] are
fused into mesh [ min x;, min y;; max x;, max y].

i=l.4  i=l.4 " i=l.4  i=l.4
If mesh; and mesh; are fusible, the relation is denoted as
“mesh; <—> mesh;”.

As in Figure 5, meshes are stored in a regular order after
RMD. Thus, more efficient data structure can be designed
to save the searching time in the MFA. In Figure 5, array
map stores the right-adjacent and under-adjacent neighbors
of a mesh, where 0 denotes an invalid mesh. Take ith col-
umn for an example, map|[l,i] is the index of mesh #i,
map|2,i] is the index of right-adjacent mesh of mesh #i,
while map(3, i] is the index of under-adjacent mesh of mesh
#i. As the adjacent mesh is stored in a regular order, the
searching time can be reduced.

The parameters of the proposed algorithm are defined
below: the entire region is divided into N, = [M7] % [M]]
meshes, where N,, is the total number of mesh. The radio
parameter of each mesh is stored in an array [f]y,, x1. MFA
is described in Algorithm 1, whose key operation to update
the mesh’s neighbors after each mesh fusion.

(x,,) (x4, 4)

(x,0) (x5, 13)

fuse horizontally

Cognitive information delivery in cognitive radio networks

Algorithm 1 RMD-MFA

1: Divide the entire region into [M] x [M;] meshes.

2: Initialize map, label < true,

3: while label do

4:  label < false

5 fori = 1toN,, do

6 if map(1,i] # 0 then
7: L, < map[2,i]
8
9

if L, # 0 & mesh; <—> meshy, then
map|2,i] < map|2, L], map[1,L,] < 0

10: label < true

11: end if

12: Ly < mapl3,1i]

13: if Ly # 0 & mesh; <—> meshy, then

14: map|3, i] < map|[3,Lg), map[l,Lg] < 0
15: label < true

16: end if

17: end if

18:  end for

19: end while

5.2.2. Fractal-based mesh division and mesh
fusion algorithm.

Divide the entire region into U x U sufficient small
pixels uniformly, where U = 2! and ¢ is a positive integer.
The pixel is the minimum spatial resolution during the
processing. Take the coordinates of the center of each pixel
as its geographical location. The radio parameter of each
pixel with location (x,y) is I(x,y) due to (5). The I(x,y)’s,
namely, the radio parameters, are stored in a U x U matrix,
denoted as Gra, which characterizes the cognitive infor-
mation of the entire region.

Three key parameters are proposed for the FbMD,
including error limit, minimum edge of mesh, and stack of
unqualified mesh.

e Error limit: Denoted as opmax. According to (7), the
RPE of one mesh is denoted in (32), where Ny, is the
number of pixels whose radio parameters are I by (5)
in this mesh and Np is the total number of pixels in

(x5, ¥,)

(x, ) (x4, 7)

(x5, 3)

fuse vertically

Figure 4. Mesh fusion operation
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Figure 5. Data structure of mesh fusion algorithms in regular mesh division and mesh fusion algorithms

this mesh. A mesh is qualified if its RPE is smaller
than o35, which means the radio environment of this
mesh is almost pure.

N
RPE = 1 — max {i} (32)
Iy NB

o Minimum edge of mesh: Denoted as epjn, which is the
length of the shortest edge of a mesh. If a mesh’s edge
is shorter than ey, it is also qualified, which means
the mesh can not be further subdivided.

e Stack of unqualified mesh: Denoted as stack, which
stores the unqualified meshes. In each iteration, the
algorithm divides an unqualified mesh popped from
the stack, then two smaller meshes will be gener-
ated. The qualified meshes among the two smaller
meshes are stored in an array, denoted as mesh, while
the unqualified meshes are stored in stack for the
next iteration.

Fractal-based mesh division and mesh fusion algorithm
is described in Algorithm 2, where each mesh is denoted
by the coordinates of vertices on the diagonal, as well as
the entire region, which is the first unqualified mesh. The
division operation is defined as mesh [x{, y1; X2, y2], which

is divided into two smaller meshes: [x1,y1; #3532, y>] and

[ "gxz ,¥1; %2, y2]. The redundancy after FbMD still exists,
namely, there are adjacent meshes with the same cognitive
information. Thus, FbMD followed by MFA can further
reduce the number of meshes. The MFA is described in the
part I of Algorithm 2, which is different from the MFA in
RMD-MFA, because the data structures of two algorithms
are different. Note that, although we name “FbMD” as a
mesh division algorithm, it can fuse the meshes compared
with “RMD”.

5.3. Analysis of regular mesh division
mesh fusion algorithms

In MFA, mesh fusion results are illustrated in Figure 10,
where the adjacent meshes with the same radio parame-
ters are fused into one mesh. When iteratively fusing the
meshes, we obtain the fusion results in Figure 10. The
properties of MFA are summarized as follow.

Algorithm 2 FboMD-MFA
1: Part I. FbMD
2: stack < the entire region, mesh <
3: while stack is not empty do

4:  Pop mesh m from stack

5:  Divide m, get two smaller meshes my, m;.
6: forj=1to2do

7: if m; is qualified then

8: Append m; to mesh

9: else
10: Push m; in stack
11: end if
12:  end for

13: end while

14: Part II. MFA

15: Get the number of meshes M; label < true
16: while label do

17:  label < false, i < 1, get mesh;

18:  whilei < M do

19: j<1

20: while j < M do

21: if meshj <—> mesh; then

22: Fuse mesh; and mesh;

23: Update array mesh, M = M — 1, label <
true

24: end if

25: j=j+1

26: end while

27: i=i+1

28:  end while
29: end while

Theorem 4. In RMD-MFA, if the number of meshes
before MFA is M, then the number of meshes after MFA is
upper bounded by (N* — N + 2)/M = O(~/M). Thus, the
number of meshes after MFA is ©(v/M).

Proof.  As illustrated in Figure 4, meshes can be fused
horizontally and vertically. If we only fuse meshes hor-
izontally, we obtain the upper bound of the number of
meshes after MFA. According to Lemma 1, N convex-
closed shapes (assume the shape of TV network coverage
is convex) can divide the plane into N>—~N+2 parts at most.
Thus, the types of radio parameters in a row is at most
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N2 —N+2, and arow of /M meshes can be fused into N2 —
N +2 meshes. We have /M rows of meshes; thus, the num-
ber of meshes after MFA is (N2 — N + 2)/M = O(/M).
As we only consider horizontal fusion, this result is the
upper bound. 0

Lemma 1. N convex-closed shapes (e.g., circle) can
divide the entire plane into N> — N + 2 parts at most.

6. NUMERICAL RESULTS

In this section, we provide numerical studies to verify the
proposed network design and to evaluate the performance
of the mesh division and fusion algorithms.

6.1. Tradeoff between M and radio
parameter error

The relation between the number of meshs M and the
RPE is shown in Figures 6 and 7 for two scenarios with
five and three TV networks, respectively, and the numeri-
cal results verify the theoretical analysis in Theorem 2. In
Figures 6 and 7, RPE is a decreasing and convex func-
tion of M. Thus, the increase of M will reduce RPE and
improve the accuracy of cognitive information delivery
in the geo-location database. However, the increase of M
will reduce the efficiency of cognitive information deliv-
ery. Thus, Figures 6 and 7 reveals the tradeoff between
the accuracy and efficiency of the cognitive information
delivery. The value of & in Figure 6 is larger than the cor-
responding value in Figure 7. Thus, to achieve the same

4000
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3000 = A H @
o}
_— ©
2000 T1HE
N E
o
1000 HFH \ 2
i A S

0
0 2000 4000
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RPE , the number of meshes M in five TV networks sce-
nario is bigger than that in three TV networks scenario. For
example, to achieve the RPE = 0.04, the number of meshes
with five TV networks is M = 900, which is much larger
than that with three TV networks which needs M = 289.
Because RPE is a convex function of M, thus when M is
big, the RPE improvement is not noticeable. This indicates
that too big M will not bring in higher benefit. The types of
curves in Figures 6 and 7 can be applied to determine the
number of meshes for a specific RPE requirement.

Based on the scenario of five TV networks in Figure 6,
the different number of meshes M and corresponding RPE
distributions are shown in Figure 8. The cognitive informa-
tion of the entire region in Figure 6 is depicted in Figure
8 (a1), (by) and (c1) by 16 x 16, 32 x 32, and 64 x 64
meshes and the color of each mesh denotes different radio
parameters. Moreover, (ay), (bz), and (c;) are the RPE dis-
tributions of (aj), (by), and (cy), respectively. With the
increase of mesh number, RPE is seen to decrease. Besides,
RPE are always distributed around the boundaries of TV
networks.

6.2. Mesh Fusion Algorithms

The result of mesh division and fusion algorithms are
shown in Figures 9 and 10. The MFA in FbMD-MFA can
reduce the number of meshes from 113 to 70. By fusing
the adjacent meshes with the same radio parameters, the
proposed FbMD-MFA can significantly reduce the num-
ber of meshes. Besides, the FbMD alone (without MFA) is
also applicable, because the number of meshes in FbMD is
much smaller compared with the uniform mesh division.

0.14

—*— Numerical Result
o —— O Theoretical Result
0.12 &

0.1

0.08

0.06

0.04

0.02

0 1000 2000 3000
Number of Meshes

Figure 6. Five TV networks scenario (a) and the relationship between the number of meshes and the radio parameter error (b)
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Figure 7. Three TV networks scenario (a) and the relationship between the number of meshes and the radio parameter error (b)

(a,)

Figure 8. Radio parameter error distribution for TV networks: (a),

(b1) and (cq) are the mesh division results with 16 x 16, 32 x 32,

and 64 x 64 meshes, respectively; (az), (b2), and (cz) are the radio parameter error distributions of (aq), (by), and (c4), respectively.

The results of RMD-MFA with five and three TV
networks are illustrated in Figure 10. The numbers of
meshes in Figure 10(a) and (b) are much smaller than
those in Figures 6(a) and 7(a), respectively. Thus, RMD-
MFA can help greatly reduce the number of meshes and
consequently the overhead for database access and TVBD

queries. In Figure 10, the number of meshes after fusion
in a five network scenario is larger than that with three
TV networks, because the radio environment of former is
more complex than the later. Therefore, the distribution
and number of networks also have impact on the perfor-
mance of MFA. Figure 11 validates this observation. The
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Figure 9. Results of fractal-based mesh division and mesh fusion algorithm.
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Figure 10. Results of regular mesh division and mesh fusion algorithm for five and three TV networks.

entire region is uniformly divided into different number
of meshes, and we fuse the meshes with MFA. In Figure
11, the horizontal axis shows the number of meshes before
MFA, and the vertical axis shows the number of meshes
after MFA. MFA is shown to reduce the number of meshes,
because the value of vertical axis is much smaller than that
of the horizontal axis. Theorem 4 indicates that if the num-
ber of meshes before MFA is M, then the number of meshes
after MFA is Y = O(+/M), which is verified by Figure 11.
The relation between Y and M for five TV networks by data
fitting is

Y = 3.8076+/M — 16.3808 (33)

The relation between Y and M for three TV networks by
data fitting is

Y = 2.7523+/M — 8.3570 (34)

In Figure 11, the data fitting results with five TV net-
works match very well with the corresponding numerical
results, so are the data fitting results with three TV net-
works. Thus (33) and (34) are reasonable relation between

Y and M. Therefore, we have the relation ¥ = O(+~/M) and
verify Theorem 4.

6.3. Number of database queries

In this section, the number of database queries is simu-
lated and the key relations are verified. The TVBDs are
uniformly distributed and moved following the random
walk mobility model [21], where each node moves a dis-
tance v in a random direction in one movement. So v
is defined as speed of movement. With these configura-
tions, we simulate the mesh based cognitive information
delivery scheme.

The TVBD obtains cognitive information via database.
TVBD sends its location to the database, then the database
feeds back to the TVBD, the cognitive information, and
the geographical location information of the mesh where
this TVBD locates. The TVBD can determine whether it
is inside this mesh by (1). Once TVBD detects that it
is outside this mesh, it re-queries the database for a new
cognitive information. In this section, given a mesh divi-
sion scheme and mobility model of TVBDs, we count the
number of database queries.
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Figure 11. The number of meshes after mesh fusion algorithm (MFA) and before MFA in regular mesh division (RMD)-MFA.
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Figure 12. The number of database queries per TV band devices versus the speed for five TV networks (the TV networks are deployed
as Figure 6 (a)).

In Figure 12, the relation between the number of
database queries per TVBD and the speed of TVBD is pro-
vided. We deploy 100 TVBDs in the entire region, and
each TVBD moves 1000 times. Note that the number of
database queries increases with the speed. The number of
meshes without MFA (Figure 6 (a)) is bigger than that with
MFA (Figure 10 (a)). Thus, a TVBD is more likely to cross
the boundary of a mesh without MFA, which will result
in more frequent database queries. For the scheme without
MFA, the length of a mesh’s edge is small, thus when the
speed of TVBD exceeds a threshold. A TVBD can always
cross the boundary of the mesh in one movement, and the
number of database queries per node is 1000, because each
TVBD moves 1000 times in the simulation.

7. CONCLUSION

In this paper, to study the relation between the accuracy and
efficiency of cognitive information delivery, we investigate
the tradeoffs between the RPE and the number of meshes
through analysis and obtain both the scaling function
and approximate result. We also propose two mesh fusion

algorithms to improve the efficiency of the cognitive infor-
mation delivery by reducing the number of meshes without
sacrificing the accuracy. Numerical results have validated
our theoretical results and demonstrated the efficiency of
our mesh fusion algorithms. This paper provides a cog-
nitive information delivery scheme, which can reduce the
load of database and improve the efficiency of cognitive
information delivery. The research of this paper provides a
guideline for the implementation of database approach in
cognitive radio networks. It is noted that this paper is still
insufficient, the future works include the modeling of the
cognitive information delivery using the mobility model of
users and the implementation of this scheme in practice.
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