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Abstract
In order to address spectrum resource scarcity in traditional cellular networks, television (TV)

white space is considered as a potential solution to offload a portion of network traffic and enlarge

network capacity. This paper describes a cognitive cellular network which allocates low geometry us-

ers to the TV white space based on a proportional fair criterion. An uplink user allocation scheme is

proposed and the validity of the proposed scheme is established by simulation of the cellular network

usage in conjunction with the TV white space. The simulation results show clear improvements in

both the user and the system performance with the cognitive coexistent cellular network compared

with the traditional cellular network, and that the performance of the proposed user allocation

scheme is superior to other user allocation schemes.

Key words: cognitive radio, TV white space, spectrum efficiency, system throughput, frac-

tional frequency reuse

0 Introduction

In recent years, cellular networks ( CN) have
evolved from providing mobile communication with a
limited data rate to supporting universal mobile broad-
band services, which has led to a large rate demand
that cannot be accommodated within the original spec-
trum authorized to these systems. Further increases in
spectrum demand for mobile communication system
have been predicted in the next two decades and there
are not enough available resources for future alloca-
tion'"). On the other hand, the next generation net-
work (NGN) is expected to provide improved connect-
ed services which are always available. In order to
achieve this goal, communication technologies are con-
verging towards a frequency reuse factor of one to im-
prove bandwidth efficiency, or try to increase cell den-
sity to enlarge system capacity. However, the cell edge
areas are largely influenced by the inter cell interfer-
ence when frequency reuse converges to one, and in-
crease of cell density and maintenance of a large num-
ber of base stations are very expensive to increase ca-
pacity.

At the same time, Federal Communications Com-
mission ( FCC) has reported that some of the licensed

spectrum resources are underutilized including parts of
the television (TV) spectrum'®’. The unused TV spec-
trum is known as ‘ white space’ and FCC permits to
smartly use this TV white space, provides that it should
not cause any interference to licensed users®*/. This
is encouraging new spectrum allocation that will enable
dynamic spectrum access to the spectrum assigned to
the TV system to fully exploit the bandwidth usage effi-
Ciency[s’é] .

Three different approaches to the primary-second-
ary spectrum sharing have been investigated ; underlay,

7). In the underlay

overlay and interweave operation
approach, cognitive users transmit their signals using a
relatively low power which is close to the noise level,
meaning that the transmissions of the cognitive users
are unnoticed by the primary users. In the overlay ap-
proach, the cognitive users know in advance the mes-
sage transmitted by the primary users, which allows the
cognitive users to design their transmitting signals to
mitigate the interference to the primary users. In the
interweave approach, the cognitive users can discover
the spectrum usage opportunities by spectrum sensing
or by accessing a spectrum usage data base'>*'*’. FCC
has endorsed the consideration of the interweave ap-
proach for the usage of secondary spectrum within the
TV white space, and the orthogonal frequency division
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multiple access ( OFDMA) has been recognized as a
candidate for a cognitive system because of its flexibil-
ity“”.

In this paper, an OFDMA-based interweave ap-
proach is applied to enable spectrum sharing between a
primary TV system and the traditional cellular network.
There are some reasons for allocating TV spectrum for
secondary usage ">, Firstly, FCC has noted that there
are several unused TV wide bands in almost every
area. Hence, secondary usage of these bands can pro-
vide significant additional capacity. Secondly, the TV
spectrum is mainly located in a relatively low band
around 470MHz — 700MHz which is appealing due to
its good propagation properties for long distance com-
munication. Finally, the TV system is relatively simple
since its rather static network design and available
spectrum resources in each area are stable and knowa-
ble. In order to use the appealing TV white space,
several interference avoidance mechanisms must be
supported by the cognitive users, including cognitive
radio capability, location awareness and internet ac-

[3,13,14]
cess .

By using these TV white spaces, the cel-
lular network has additional bandwidth and two carrier
frequencies, which can help offload some traffic from
the traditional cellular networks. Several studies have
undertaken research into the optimal resource allocation
on one band whilst considering the protection of the
12190 Ref. [20] selected the cognitive

user causing the minimum interference to the primary

primary users

user to transmit. Ref. [ 21 ] proposed the round-robin
allocation scheme under the outage probability protec-
tion criterion for the primary users. The energy effi-
ciency can be further improved when a statistics-based
allocation scheme is employed. Ref. [22] proposed a
strategy that chose the cognitive user with the best in-
stantaneous channel quality to guarantee the protection
of the primary users.

However, in this paper, assuming that the prima-
ry TV primary users are not active, we focus on how to
jointly use two frequency bands with different proper-
ties. A method is proposed on how to properly use the
TV white spaces and the cellular legal spaces to get
some extra gains. In particular, the merits of this pa-
per can be summarized as follows. 1) TV white spaces
are taken into consideration to enlarge the capacity of
the traditional cellular networks using a proposed
scheme which jointly uses the TV white spaces and the
legal cellular spectrum. 2) An important policy which
is easy to implement in practice is established in this
paper. 3) It is shown how the proposed scheme is su-
perior compared to other user allocation schemes.

This paper is organized as follows. In Section 1,

the system model of the cognitive cellular network is
described. The proposed user allocation scheme is ex-
plained in Section 2. Numerical results are shown in
Section 3 and conclusions are given in Section 4.

1 System model

The cognitive cellular system that we are descri-
bing is depicted in Fig. 1. The cognitive users (in this
paper, they are cellular system subscribers with cogni-
tive capability) in the protection region are forbidden
to use the TV white space, thus the potential users are
outside the TV protection region. Each hexagon repre-
sents a cell which has three sectors as shown in Fig. 1.
According to the requirements of FCC, users need to
sense the TV white space after finding the available re-
sources from an Internet database. There are a couple
of factors in the cellular network which make this ap-
proach to spectrum sensing feasible. Firstly, users are
naturally coalesced by sectors where users in the same
sector can easily form a coalition to sense the spectrum
cooperatively ™. Secondly, a dedicated resource is
used as a control channel to transmit users’ sensing
decisions or observation data, without occupying extra
resources assigned to the users.

Al

Lok R

Fig.1 Deployment of the cognitive cellular network

In the uplink, a reuse factor of 1/3 is employed
so that the total bandwidth is equally divided into three
parts. There is no neighboring sector sharing the same
frequency, as depicted in the right part of Fig. 1. The
interference from other sectors is lowered. This small
frequency reuse factor leads to inefficient bandwidth
usage. As we mentioned before, there are two tradi-
tional ways to increase system capacity, which are in-
creasing the overall frequency reuse factor or increasing
the network density. However, in this paper, a new
method of increasing the system capacity is introduced ;
spectrum sharing between TV white space and the tra-
ditional cellular network. The following will discuss
how to make use of the extra bandwidth and how the
propagation property of the TV spectrum efficiently im-
proves user performance and system throughput com-
pared to a traditional cellular system.
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2 Uplink user allocation scheme

In a traditional cellular network , users on the cell
edge area usually suffer from loss of coverage, severe
degradation of performance or even instability. In the
cognitive cellular network, we are interested in how to
make use of the TV white space to improve the system
capacity and most of all, the performance of individual
users.

Suppose there are N users served by a sector in a
cellular network with total bandwidth of 3W at frequen-
cy fr =2GHz. The reuse factor 1/3 is employed and
the bandwidth in each sector is W, the resources used
by a user are B = W/N, Py is the user’s transmitting
power and 7. is the channel gain in the traditional cel-
lular network ( calculated using COST 231 channel
model for 2GHz'*' ) | and is the inverse of the path
loss. N, is the noise spectral density. It is assumed that
the vacant TV bandwidth is the same as the cellular
bandwidth, e. g. bandwidth 3W at frequency f,, =
600MHz and 7, is the channel gain in TV spectrum
( calculated wusing Hata channel model for
600MHz'*!). The difference in path loss between the
two channel models is shown in Fig.2. It can be seen
that the path loss at 600MHz is much smaller than that
at 2GHz, i.e. iy > > n,. Path loss is the main factor
of user’ s receiving power degradation.

150
c — 20n,
& 1007 600MHz
g
<
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Fig.2 Path loss of two different frequencies

The capacity of user u; in the cellular network is
shown in
Ps'770<ui)) (1)
B-N,

In this case, there are two independent band re-

C(u;) = B -log,(1 +

sources in the cognitive cellular network where users
can be assigned to use the free TV spectrum or legal

cellular spectrum, and it is assumed that | @, | users
are moved to TV white space while the rest of the users
| @, =1 ®,,1 =N~ 0@, stay in the cellular band.
Although the users assigned to the TV white space will
have high spectrum efficiency, the bandwidth assigned
to each user in this band will be decreased as more us-
ers are moved in.

The capacity of the remaining cellular users is

shown as
B Py + me(u;)
. . = 1 1
C(,(u%) | @CI /N Og2< + B .N>
l @, /N °
(2)
The capacity of users moved to TV white space is
written as
_ B Py =y (u;)
Cr(u;) = | @, 1 /N log, (1 + B ' N)
&l /N ¢

(3)
For low geometry users who are power limited us-
ers, i. e. cell edge users, the capacity gain G.(u,)

when it stays in the cellular band is as

C'(”’i)
Gc(u,',) :CL(T)
B Ps'nc(ui)
AN R .N>
B I @, /N ?
- Ps - m ()
B - log, (1 +ﬁ)
B . Py 'nc(ui)
| .1 /N B .
_ | @.1 /N N,
N Ps'ﬂc(ui)
B B-N,
- 776<ui> -1 (4)
77(:(%')

When it is assigned to TV white space, the capacity
gain G,,(u;) is given in

Cr(w;)
G (u;) = %
B Py '77TV(ui>
o, 1 /N el .N>
B | Op | /N ?
B Pg - no(uw,)
B'logz(l +ﬁ)
B . Py - nTV(ui)
| @, 1 /N B CN
_ | @1 /N ?
N Py 'nc(ui)
B B-N,
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77Tv(ui)
= — (5)
nc(ui)
Since g, > > 1., LTl’(ui) > > 1. From the re-
770<ui>

sults of Eqs(4) and (5), it is concluded that low ge-
ometry users do not gain from staying in the cellular
spectrum but they will benefit from moving to the TV
white space due to the reduction of path loss. Hence,
an important policy is therefore established that those
low geometry users have a higher priority to be assigned
to the TV white space. The next step is to decide the
optimal solution that maximizes the utility function. In
this case, there are N — 1 possible user assignment
pairs on two bands which are (1, N-1), (2, N -
2), =+, (i, N=i), -, (N-1,1), where (¢, N -
i) signifies that the highest i high geometry users stay
in the cellular band while the remaining N — i low ge-
ometry users are assigned to the TV white space.

The utility function UF of the cognitive cellular
network is constructed as

UF = >0 log(Co(u)) + > log(Cp(u))

(6)

Oy

~

The utility function is established according to the
proportional fair criterion. It means that when optimal

| (:)C | users are moved to the TV white space, the total
capacity is maximized.

The process of the algorithm is shown below :

Step 1: Downlink pilot strength measurement.

Step 2: Sort users according to user’ s geometry
measured in Step 1.

Step 3. Hypothesis-test-move the lowest geometry
users to TV white space individually until the value of
UF starts to decrease. Get the optimal allocation pair
and allocation finish.

Step 4. Start uplink transmission.

3 Simulation results

In this section, the performance gains of the pro-
posed cognitive cellular network over traditional cellu-
lar networks is evaluated. Furthermore, the proposed
user assignment scheme and other user allocation
schemes are compared. The simulation parameters
used in our simulation are listed in Table 1. The sys-

tem in this simulation is assumed to be time division

dual (TDD) and full buffer traffic model.

O, = maX@C% UF} (7)
Table 1 ~ Simulation parameters
Parameter Value
Carrier frequency of traditional cellular band 2GHz
Carrier frequency of TV white space 600MHz
Propagation model for 2GHz COST 231
Propagation model for 600MHz Hata
Bandwidth for each band SMHz
Sub carrier numbers 512
Sub carrier interval 9.6kHz
Noise spectrum density -174dBm
User’ s transmit power ( Cellular band/ TV white space) 20dBm/23dBm
User’ s antenna gain ( Cellular band/ TV white space) 0dBi/ - 3dBi
Antenna height (Base/ User) 30m/2m
Noise Figure (Base/ User) 6dB/10dB

Fig. 3 shows the effect of the proposed cognitive
cellular network where spectrum efficiency improve-
ment at the edge of a sector can be seen clearly. It
shows that users on cell edges experience low spectrum
efficiency (depicted as dark) in Fig.3 (a), while the
spectrum efficiency of a cell edge user is enhanced in

the cognitive cellular network in Fig. 3 (b). Also it
can be seen from Fig. 3 that the users in the cell center
still have high spectrum efficiency with the proposed
model, therefore, the overall spectrum efficiencies of
users are enhanced in the proposed cognitive cellular
network.
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Fig.3 Spectrum efficiency improvement

Fig.4(a) is the spectrum efficiency cumulative
distribution function ( CDF) plot in different assign-
ment schemes. The second curve in Fig.4(a) repre-
sents the opposite user assignment scheme ( assigning
high geometry users to TV white space). The third
curve randomly assigns users to the TV white space,
while the fourth curve is the proposed assignment
scheme that assigns low geometry users to the TV white
space. As seen from this plot, the opposite user as-
signment scheme would provide a benefit to the high
geometry users but users on the cell edge still have low
spectrum efficiencies. The random assignment scheme
would increase users’ spectrum efficiencies but not
enough. Therefore, the proposed method is the optimal
solution to fully exploit the benefits of the TV white
spaces and dramatically improve the spectrum efficien-
cies of all users. It can be noticed that the spectrum ef-
ficiency is less than 6bits/Hz/s which is the constraint
in practical usage and assigning low geometry users to
the TV band achieves the highest spectrum efficiency.

cell radius =750m

Traditional CN
. High geometry users moved to TV band
Randomly move users to TV band
5. Rl Low geometry users moved to TV band (proposed)
k5
g
&
g
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E
2
=
o 04r
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=
g
o 0.2 [
0
0

Spectrum efficiency (bit/s/Hz)
(a) Spectrum efficiency CDF plot

It is known that as cell radius increases, the edge us-
er’ s spectrum efficiency is decreased because of the
increased link budget. However, it can be seen from
Fig.4(a) that the cell edge user’ s spectrum efficiency
in the proposed cognitive cellular system is dramatically
improved compared with that in the traditional cellular
network of the same cell radius. In other words, the
proposed cognitive cellular system can cover a larger
area than the traditional cellular system does in the
context of the same user’ s spectrum efficiency on the
cell edge. In this way, it is not necessary to increase
cell density to enlarge the system capacity.

Fig.4(b) shows the average sector capacity using
different assignment schemes. It can be seen that the
cognitive cellular network has more sector capacity than
the traditional cellular network has. The proposed user
assignment scheme gains the highest average sector
throughput in three different assignments. The simula-
tion results demonstrate the validity of the proposed as-
signment scheme again.
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Low (Proposed)

16 |
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CN\
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S

(b) Average sector capacity

Fig.4 Performance comparison between the proposed assignment scheme and the other schemes
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When low geometry users are moved to TV white
space, the spectrum efficiency is dramatically im-
proved. In this case, users in the cognitive cellular

If a 1/3 reuse

factor is still employed, users become resource limited.

system are not power limited anymore.

In order to further improve the system reuse factor,
fractional frequency reuse (FFR) can be applied to
both bands "®’. FFR, which is a flexible bandwidth
management in OFDMA system, is taken into consider-
[26] Fi 5
. Fig.
shows the frequency partitions using FFR. The fre-

ation in the long term evolution ( LTE)
quency is divided into four partitions: one partition is
Q,, with frequency reuse factor of 1 (no interference
and three partitions ), , Q,, Q,
with reuse factor of 1/3 (two interference blocking ca-

blocking capability) ,

pabilities). The spectrum efficiency of users in parti-
tion (), will be decreased because of the increased in-
terference. Since relatively high geometry users do not
need to improve spectrum efficiency but have larger
bandwidth requirements, they should be assigned to
the (), partition in each band. Fig. 6 shows the im-
provement of the proposed assignment using the FFR
plan in the cognitive cellular network. The proposed
assignment scheme is compared with the traditional cel-
lular network using FFR and a random assignment
scheme. The random assignment scheme is conducted
by moving users to the TV white space stochastically
and randomly assigning one user to reuse one partition.
It can be seen in Fig. 6 that the proposed user assign-
ment scheme gains the most average sector spectrum ef-
ficiency and average sector throughput, respectively.
The simulation results show that the proposed allocation
scheme is also valid in the environment of the cognitive
cellular network using fractional frequency reuse.

Ve
0%l

e

LU TP AN |
Q Q,

Q

3 4

Fig.5 Frequency partitions in both bands
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180 | :
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- = =

N OBA X S B &
S & & &5 & & o

Traditional CN Random Low(Proposed)

Fig.6 Improvement of the proposed assignment
using the FFR plan

4 Conclusion

Increasing system throughput and improving cell
edge user’ s performance are crucial issues in cellular
networks. In this article, a cognitive cellular network
is modeled in which an uplink user allocation scheme
is proposed. In a cognitive cellular network, there are
two bands which have different propagation properties.
The proposed user assignment allows low geometry us-
ers to fully exploit the low path-loss property in the TV
spectrum, which improves spectrum efficiency for cell
edge users and increases system capacity. The cogni-
tive cellular network allows cell density to be decreased
while guaranteeing an improved quality of service to
Additionally, the

proposed assignment scheme is also effective in the

cell edge users at the same time.

fractional frequency reuse environment.
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