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Femtocell is considered to be one of the most promising solutions for future indoor wireless communication. Due to
the scarcity of spectrum resources, femtocells need to share the spectrum with other networks, which will inevitably
bring in severe interference. Therefore, minimizing the cross-tier and co-tier interference while maintaining high
system throughput or spectrum efficiency is one of main challenges before largely deploying femtocell networks. In
order to effectively mitigate the interference, cognitive radio-enabled techniques can play a key role by providing
more secondary spectrum access opportunities, especially in dense femtocells deployment scenarios. Supported by
cognitive radio functionality, femtocell users can access and share these licensed spectra including the frequency
bands of both macrocells and other licensed systems (e.g., TV white spaces) as long as not causing harmful
interference to the coexisting licensed systems. In this paper, based on cognitive sensing, we propose a joint channel
assignment and power allocation scheme, aiming to minimize the aggregate interference from multiple femtocells to
the licensed users while satisfying the constraints of each femtocell’s capacity and power budget. It is believed that
the cooperation among multiple femtocells is quite helpful in mitigating the interference considering the mobility of
the licensed users. Specifically, Hungarian algorithm is involved in our scheme to address the co-tier femtocell
interference issue. In order to illustrate our scheme more explicitly, we come up with the concepts of Physical Cluster
and Virtual Cluster and synthetically apply the related algorithms to reduce the interference step by step. Finally, the
performances of employed algorithms are evaluated and analyzed. Numerical results have validated that the
proposed scheme is viable and effective in managing the femtocell interference.

Keywords: Femtocell; Cognitive radio; TV white spaces (TVWS); Interference mitigation; Hungarian algorithm;

1 Introduction

With the advent of big data era and the emergence of new
hand-held devices such as tablet PC and smart phones,
data intensive applications like online video streaming
and network gaming have inexorably occupied more and
more users’ focus. Future mobile wireless networks call for
higher data rate for providing more high quality services
and better user experience. Recent studies have suggested
that this rapidly increasing demand for high data rate is
chiefly generated from indoor environments [1], where
exist more than 50% voice calls and 70% data traffic [2].
However, indoor radio coverage is generally poor due
to the wall penetration losses inside buildings especially
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when the user is located in the cell edge. This clear dis-
crepancy between high data rate demand and low received
signal to interference and noise ratio (SINR) leads to many
research discussions. The idea of femtocells, which are
principally designed to extend macro cellular services into
indoor environments, is one of them.

Femtocells are small-coverage, low-cost, plug-and-play
networking systems, where a femtocell access point (FAP)
or femtocell base station is installed at home or in an
office. Afterwards, the indoor femtocell user equipment
(FUE) can be connected to the FAP instead of a macro-
cell base station to get high-quality voice and data services
with much lower power consumption, and all the network
traffic will be backhauled to the macrocell network and/or
the internet via either wired broadband connections such
as digital subscriber line, passive optical network, or a
divided wireless backhaul channel [3]. The FAP is also
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called as Home Node B in WCDMA systems and Home e
Node B in long-term evolution (LTE) systems in the 3GPP
femtocell standardization [4]. And the latter, namely LTE-
femtocells, using orthogonal frequency-division multiple
access (OFDMA) as the physical layer technology, are
considered as one of the most promising solutions for
future indoor wireless communication with large eco-
nomic potentials.

Despite the many advantages of femtocells, however,
there are a number of challenges in technical, regula-
tory, and economic aspects that need to be addressed
systematically. The works of Zahir et al. [5] and Mhiri
et al. [6] provide an overview of the main research
challenges toward the deployment of femtocells, among
which interference management including the cross-tier
and intra-tier interference is one of the biggest techni-
cal challenges. In the coexisting macrocell-femtocell net-
works, macrocells and femtocells interfere with each other
for spectrum sharing, and there is also mutual interfer-
ence among femtocells. In fact, the interference problem
can be extremely intractable in a dense deployment sce-
nario due to the lack of spectrum resources. Given that,
various interference management strategies have been
proposed to address this issue including for instance, col-
laborative resource allocation [7], fractional frequency
reuse (FFR) [8,9], directional beamforming [10], cognitive
radio approach [11], and power control [12-17]. Among
variety of methods, power control has been extensively
researched and used as an effective interference mitiga-
tion solution for both cross-tier and co-tier interference.
Specifically, distributed solutions like game theory [12]
or reinforcement learning [13] could explore appropri-
ate power level to minimize the cross-tier interference
in large-scale deployments. More often than not, power
control can be combined with other methods like cog-
nitive radio (CR) to reduce the interference. For that
reason, we will put more attention on the related work
later.

There have been a substantial research focusing on the
interference mitigation through power control. In [14],
the authors have studied the downlink cross-tier inter-
ference problem in macro-femto two-tier networks with
shared spectrum, and a distributed power control scheme
is proposed and analyzed. In [15], the authors have stud-
ied downlink spectrum sharing co-tier interference in
an overlay mode in cognitive femtocell networks. Then,
they employed dual decomposition method to solve the
problem and proposed a joint channel allocation and
fast power control scheme. In [16], resource allocation in
open access OFDMA femtocell networks has been stud-
ied, while a new resource allocation method is proposed
to reduce cross-tier interference and improve perfor-
mance of both neighboring macrocell users and femtocell
users. In [17], a subcarrier and power allocation method
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has been presented to manage cross-tier interference in
underlay femtocell networks. Basically, these papers only
take the interference power as a constraint rather than
an optimization objective. In that case, they may not be
applicable when the situations vary. Moreover, [15,16],
and [17] all tackled power control problem in a distributed
manner due to the self-organizing feature of femtocell net-
works, and they all involved CR technology to mitigate the
interference efficiently.

Indeed, the interference generated by femtocells will
tend to be a localized phenomenon when the femto-
cells are heavily deployed in urban areas in the future.
Since the FAP coverage is much smaller, CR technology
could play a crucial role in obtaining this localized inter-
ference information including sensing, processing, and
decision making. The Federal Communications Commis-
sion in USA has authorized dynamic spectrum access
operation for cognitive radio in TV white spaces (TVWYS)
since 2008 [18], which has created new opportunities for
femtocells to utilize TVWS for interference mitigation.
Interference study in [19] mainly focused on cognitive
LTE-femtocell in TV white spaces. The paper proposed
two interference-avoiding antenna schemes as a reference
for future cognitive femtocell deployment using TV white
spaces, which can also be a solution to ensure successful
femtocell operation.

Due to the complexity in the real implementation sce-
narios, regulations relative to TV white spaces may not
be fully implemented, and even meeting all the regulatory
requirements cannot guarantee that the primary users
are not influenced completely. Moreover, the interfer-
ence threshold varies a lot under different circumstances,
which means that the power allocation algorithms taking
the interference as a constraint may be not very effec-
tive in a more realistic setting. Additionally, most prior
studies [14-17] address either cross-tier or co-tier fem-
tocell interference in isolation under the assumption that
the other kind of interference is already well resolved. In
this paper, a new interference mitigation scheme is pre-
sented to address both co-tier and cross-tier interference
problem for future cognitive LTE-femtocell networks. We
take the interference power as the optimization objective,
which is different from the ideas of the related papers
mentioned above. Through cognitive spectrum sensing
[20,21], joint macro-femto channel scheduling, or other
spectrum utilization approaches (e.g., authorized shared
access proposed by Qualcomm and its partners ), femto-
cell users in a local area can obtain accessible channels.
Then, channel and power resources can be collaboratively
allocated among multiple femtocells for interference miti-
gation based on the physical cluster and the virtual cluster.
However, the performance gain is achieved at the cost
of some cooperative overheads including the exchange
of information like access channel, location, link quality
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estimation and mobility of PUs among femtocells. Basi-
cally, our contributions can be summarized as follows:

® We come up with the new concepts of physical
cluster (PC) and virtual cluster (VC) for multiple
femtocells to collaboratively allocate resources.

e We propose two independent algorithms including
subcarrier power allocation algorithm for
interference minimization in a single femtocell and
virtual cluster-based power budget adjustment
algorithm to be part of solutions for the femtocell
interference management.

e We employ Hungarian algorithm, which is a typical
solution to the linear task allocation problem, to
minimize cross-tier interference from femtocells to
the users of licensed systems including macrocell
networks and TV broadcast systems while avoiding
co-tier femtocell interference based on the physical
cluster.

e We recommend femtocells to utilize TVWS through
cognitive sensing and propose an integrated joint
channel assignment and power allocation scheme to
deal with the interference problem for femtocells
with fewer available channels in a dense deployment
scenario.

The rest of the paper is organized as follows: Section 2
describes the system model as well as the concepts of PC
and VC. In Section 3, the primary interference minimiza-
tion problem is formulated, derived, and analyzed. After-
ward, a solution algorithm for interference minimization
in a single femtocell will be provided. In section 4, two
secondary problems are illustrated respectively, and rele-
vant algorithms are presented. And then, we incorporate
both Sections 3 and 4 together to form our proposed inte-
grated scheme. Numerical results are given in Section 5,
while Section 6 concludes the paper.

2 System model

As shown in Figure 1, we mainly consider the coexis-
tence scenario between cognitive femtocells and licensed
(primary) systems such as macrocells and TV systems.
Assume that femtocell users share the same spectrum
with primary users. In the downlink signal transmission, a
FAP in one femtocell transmits desired signals to its mem-
ber FUEs and thus generally causes undesired harmful
interference signals to the FUEs of its neighboring femto-
cells and also the primary users. Adjacent femtocells can
be assigned different channels to avoid severe co-channel
interference or the femtocells occupying the same chan-
nel must separate at least for a safety distance [22] to avoid
co-tier interference. Furthermore, the aggregate interfer-
ence from multiple femtocells to a certain primary user
sometimes cannot be neglected due to the large number
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of femtocells that use the same channel in a densely
deployed scenario. Therefore, it is quite a challenging job
to achieve successful operation for considerable femto-
cells in a certain area when quite limited primary channels
are available.

For channel modeling, we consider the following model:

Hy; = X - 10010 (1)

where Hj ; denotes the channel power gain of the kth sub-
carrier of the ith femtocell and Xy ; is used to describe the
effect of the fading and assumed to be Rayleigh distributed
random variables with mean equal to one. PL is the pass
loss component that can be calculated using the following
model [23]:

PLLos(dB) = 18.7log(d) + 46.8 + 20log(f./5),  (2)

PLnLos(dB) = 20 log(d)+46.4+20log(f. /5)+Lv, (3)

where d denotes the distance (m) between the FAP and
the FUE, f; is the carrier frequency (GHz), and Ly rep-
resents the wall penetration loss (dB) with Ly = 5n, for
light walls and Lw = 12n,, for heavy walls where n,, is the
number of walls between BS and MS.

In cognitive LTE-femtocell networks, the interference
introduced by the kth subcarrier of the ith femtocell to the
primary user (PU) (i.e., TV receiver) band, Iy , is the inte-
gration of the power spectrum density (PSD) of the kth
subcarrier of the ith femtocell across the PU band, B, and
can be expressed as

dyi+B/2

Gii®ri(NAf = Py, (4)
di—B/2

Iii =

where G ; is the channel power gain between the kth sub-
carrier of the ith femtocell and the PU receiver. dy ; is the
spectral distance between the kth subcarrier of the ith
femtocell and the PU band. &y is the PSD of the kth sub-
carrier of the ith femtocell. Besides, the expression of the
PSD depends on the adopted multicarrier technique, such
as OFDM. Py ; denotes the transmission power emitted by
the kth subcarrier of the ith femtocell and €24 ; denotes the
interference factor of the kth subcarrier of the ith femto-
cell. We can see that € ; is mainly associated with Gy if
OFDM technique is adopted.

The level of interference induced by the femtocell varies
depending on the distance between the femtocell and
other systems as well as the transmission power of the
FAP. Thus, we may firstly assign the available channels to
the femtocells based on the distance and then adjust the
power budgets of different FAPs to alleviate the under-
lying interference. Traditional graph coloring approach is
not efficient for lack of enough channels. To deal with this
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Figure 1 Coexisting LTE and cognitive femtocell networks.
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where yp is the minimum spatial correlation depending
on safety distance dy. Each physical cluster has a cluster-
ing center that could be found through some clustering
algorithms. In a dense deployment scenario, there are
quite finite channels, say six channels (1.4 MHz), for fem-
tocells so that the number of femtocells grouped in a
PC cannot be larger than 6. That is because femtocells
in a PC need to use different channels to avoid co-tier
interference.

In contrast to physical cluster that is related to the loca-
tion information of the femtocells, virtual cluster is a kind
of logical cluster. Instead of being physically co-located,
the femtocells using the same channel but in different
physical clusters can be grouped into a virtual cluster.
However, if two PCs are quite close, potential harmful
interference may still be inadmissible. Thus, we define the
spatial correlation of the PCs, y; as follows:

V/ = (7)

where R denotes the radius of the PC which depends on
the safety distance dj. D denotes the distance between two
PCs. In order to ensure the interference among the fem-
tocells in a VC is generally tolerable, another constraint
needs to be satisfied

Y < (8)

where yj = R/(2R + do).If R is defined as half of the
do, then we have yj = 1/4. In other words, member
femtocells operating on the same channel in a virtual clus-
ter should be separated as far as possible to guarantee
minimum interference.

3 Problem formulation and interference
mitigation

Given the fact that the interference generated by fem-
tocells tends to be a localized phenomenon due to the
small coverage and large number of femtocells, cen-
tralized methods may be confronted with more chal-
lenges with limited control and instruction information
from the radio network controller, which implies local
and possibly distributed solutions will be more practi-
cal and efficient. Following this idea, we are interested
in the feasibility of interference minimization by mul-
tiple femtocells collaboratively in a local area. In this
section, the primary problem will be formulated and
analyzed. And in the following section, two secondary
problems will be illustrated, respectively. Finally, we will
incorporate them together to produce our proposed
scheme.

First of all, we will consider the downlink power allo-
cation problem of multiple femtocells. As set forth, our
objective is to minimize aggregate cross-tier interference
from multiple femtocells to the co-channel primary user
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subject to the total capacity requirement and total trans-
mission power constraints of these femtocells. There-
fore, the optimization problem can be formulated as
follows:

N M K
P1: Ilgll(ljrll Z Z Z Pk jiPr ik i
Mi=1 j=1 k=1
Subject to
prji € (0,1}, VK, j,i

M
> prji < LYk Vi€ (1,2, ,N}
j=1 )
M K
Z Zpk,j,ick,j,i > Cr,Vie{l,2,---
j=1 k=1
M K
Z Zpk,j,ipk,j,i <Pr,Vie{l,2, -
j=1 k=1
Prji > 0,Yk € {1,2,--- ,K},Vj, i,

where oy ;; denotes the subcarrier allocation index. If the
kth subcarrier is allocated to the jth FUE of the ith fem-
tocell, pg;; = 1, otherwise prj; = 0. Py;; denotes the
transmission power in the kth subcarrier from the ith FAP
to the jth FUE, and €2 ;; denotes the interference factor of
the jth FUE of the ith femtocell in the kth subcarrier. Cy ;;
denotes the capacity of the jth FUE of the ith femtocell
in the kth subcarrier, and C7; denotes the total capac-
ity requirement of the ith femtocell. Pz, denotes the total
power budget of the ith femtocell. N is the number of fem-
tocells, M is the number of the users of each femtocell
(usually 2 to 4), while K is the total number of subcarriers
in each femtocell.

In order to solve this optimization problem with lower
computational complexity, two steps are needed [24].
That is, in each femtocell, the subcarriers are assigned to
the users in the first step followed by allocating the power
for these subcarriers then. Herein, the subcarriers to the
user allocation in each femtocell is carried out according
to the following formula:

= argmjax {HkJ/az} ke =1, (10)
where H ; denotes the channel power gain of the kth sub-
carrier from the FAP to the jth FUE. And 02 = Irj + Pn
where I ; denotes the interference power of the jth FUE
in the kth subcarrier while Py denotes the power of noise.
The assignment is mainly considering the channel power
gain to interference and noise ratio. The maximum data
rate in downlink can be obtained if the subcarriers are
assigned to the user who has the best channel gain for
that subcarrier. In this regard, other effective assignment
strategy may also be applicable.
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After the assignment of the subcarriers to FUEs in each
femtocell, the values of the subcarrier allocation indicators
Pkj,i are determined. Using the Shannon capacity formula

Cho = gy (1 + P2

(o2

2
? (26 - 1) .
Hy,i

Here, the bandwidth of the subcarrier is omitted as it is
a constant. Substituting Eq. (11) into Eq. (9), the problem
P1 could be reformulated as follows:

N K 02
P2 : min o (2%‘ - 1) Qs
mind D h ki

), we can get

Pri=

(11)

ti=1 k=1

Subject to

K

> Cui=Cr,Vie {1,2,--+,N} (12)
k=1

K 2

> o (2%' — 1) <Pr,Yie (1,2, ,N}

Pl

Cri>0,Vke({l,2,---,K},Vie{l,2,--- ,N}.

Theorem: The optimal solution to P2 is
o o2
P, = [’ — ] Vie{l,2,---,N}, (13)
’ Qi+ B Hi,

where [x]T = max(0, x).

The proof is detailed in the ‘Appendix’ section.

However, it is computationally complex to solve more
than one Lagrangian multiplier shown in Eq. (13), these
multipliers can be found numerically using ellipsoid or
interior point method with a polynomial time complex-
ity o (N?’) [25]. In addition, the solution indicates that
aggregate interference minimization of multiple femto-
cells tends to be a distributed result, which means that as
long as the interference from each femtocell is minimized,
the aggregate interference of multiple femtocells will reach
the minimum level. Actually, this can be regarded as a
non-collaborative way for resource allocation. Since the
PUs at the cell coverage of the licensed systems should
satisfy at least a target SINR or an outage probability,
which will produce an acceptable interference thresh-
old, the optimized aggregate interference from multiple
femtocells should be controlled under this threshold by
appropriately selecting capacity requirement and power
budget of each femtocell as well as the number of femto-
cells. However, this is the case that we did not consider the
co-tier interference among multiple femtocells. Moreover,
the interference component from each femtocell to the co-
channel PU is also different. In Section 4, we will further
discuss the two secondary problems based on PC and VC.
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Interference minimization in a single femtocell is very
important in our analysis. Therefore, we will first for-
mulate the subproblem and then provide the solution
algorithm since it will be used for collaborative resource
allocation in the following section.

3.1 Interference minimization in a single femtocell

As Eq. (13) shows, each single femtocell could minimize
its interference to the co-channel primary user by opti-
mal subcarrier power allocation. In the circumstances,
the problem P2 could be simplified and reformulated as
follows:

K 2

o
P3:miny (2Ck — 1) %
Cx ]; k

Subject to

K
Y G=Cr
k=1

K 2

7 (2Ck - 1) <Py
Hk

(14)

k=1
Cr>0Vke {2, ,K}.

For this problem, we will consider that firstly, we allo-
cate the power to the subcarriers under only the capacity
requirement, where the final solution for the single femto-
cell can be simplified as follows:

a o2
mz[_}, (15)
Qp Hy
K
By substituting Eq. (15) into ) Cx = Cr, we can get
k=1
K| 6C £ o?
= 7|21 . — - Q. 16
o Em K (16)

Then, we summarize the power of all the subcarriers and
compare it with the total power budget. If it is over the
budget, the problem P3 has no solution. Otherwise, i.e.,

K

M P < Pr,Vk € {1,2,---,K}, then Egs. (15) and (16)
k=1
will be the optimal solution for P3.

It is notable that if the summation of the allocated power
under only the capacity requirement is lower than the
available power budget, there exists the power margin that
can still be utilized

K

Py =Pr—) Pj.
k=1

17)

Basically, there are two thoughts about the left power.
That is, we can add it to all the subcarriers equally or
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we can add it to the subcarrier with the minimal inter-
ference factor Q. In fact, the latter will produce less
interference, which is also validated in the numerical sim-
ulations section. Therefore, we adopt this strategy, and
our proposed interference minimization algorithm can be
described in Algorithm 1.

Algorithm 1 Interference minimization (IM) algorithm

Input: K, Phudget, Climit

Output: Py, Vk € F, Liotal

Initialization: F =N ={1,2,--- ,K}, Pt = Ppudget,
and Cr = Climit

Start

1. Sort {Vk = I‘fl—iQk,k € N} in decreasing order with i
being the sorted index

2. Vprod :erN Vi o = ‘N\|/ 20T . Vprod; n=1

3. while @ < Vj(,) do
Vprod = Vprod/vi(n)r N =N\ {i(n)},
a=N)2¢1 . Vyoq, m=n+1

4. end while ,

+
5. Set P/ = [szlk — 5517]
K
6. if Y P;' > Py then
k=1
there is no solution and stop the algorithm

7. else

K
Pregt = Pr — ) PY/,
k=1
k* = arg mkin {Qu}, P’ = Pre” + Plett
8. end if

K
9. Pp =P/ ,Vk € F, Iiotal = Y P82
k=1

End

4 Collaborative resource allocation based on PC
and VC

In Section 3, we formulated the primary optimization
problem and provided a solution algorithm for inter-
ference minimization in a single femtocell. In other
words, Section 3 addressed the issue of cross-tier inter-
ference minimization from multiple femtocells in a non-
collaborative way. In this section, we will concentrate
more on dealing with the inter-femtocell interference and
the cooperation among femtocells.

4.1 Physical cluster-based femtocell channel assignment

Femtocells that are sharing the same channels may inter-
fere with each other when they are geographically adjacent
located. Thus, neighboring femtocells need to be assigned
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different channels to avoid co-tier interference. As men-
tioned earlier, we could group neighboring femtocells into
a physical cluster according to the spatial correlation of
these femtocells. In each physical cluster, Hungarian algo-
rithm will be employed to assign different channels to
member femtocells so that the total interference caused
by these femtocells to the primary users can be mini-
mized. Hungarian algorithm was put forward by Hungar-
ian mathematician Edmonds in 1965, and this algorithm
is generally used to solve the problem of linear task alloca-
tion. In other words, limited channel resources are utilized
by member femtocells in a PC collaboratively. The cor-
responding optimization problem can be formulated as
follows:

L My

P4 : min CrmnVim,n
Subject to
Vi € {0,1}, Vi, n

M (18)
Z Vi = 1,Vn
m=1

L

Z Vn = 1, Vm,
n=1

where v,,, denotes the femtocell channel assignment
indicator. v, , = 1 means that the nth channel is assigned
to the mth femtocell, otherwise vy, ,, = 0. L is the number
of available channels in a local area, while M represents
the number of the femtocells in a physical cluster. Usually,
we have My < L. Also, ¢, is the link weight that is used to
construct the utility matrix and can be selected as follows:

K

Cmpn = I = ZPka:
k=1

(19)

where I,,, denotes the minimal interference induced
by the mth femtocell using the nth channel to the co-
channel primary user and can be calculated by applying
Algorithm 1.

It is assumed that each femtocell is assigned only one
channel that consists of a group of subcarriers and the
primary users using these channels are in different loca-
tions. However, when Hungarian algorithm is employed in
a PC, certain femtocells cannot be assigned the best chan-
nel due to member cooperation. Nevertheless, Hungarian
algorithm has got much better performance based on a
minimum interference generation criterion, which can be
demonstrated in the numerical results section.

It is worthwhile to note that what Hungarian algorithm
minimized is the interference to the whole primary sys-
tem including multiple primary users. As for each primary
user, the aggregate interference is not minimized and
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may be still unacceptable. That is why we take further
measures to deal with the problem based on the virtual
cluster.

4.2 Virtual cluster-based femtocell power allocation
After the assignment of available channels, inter-femtocell
interference could be avoided and the interference
between femtocells and primary systems could be miti-
gated to some extent. However, the aggregate interference
from multiple femtocells sharing the same channel might
be still inadmissible to the co-channel primary user. If a
distributed approach is adopted, the femtocells in a virtual
cluster is non-collaborative with a fixed power budget.
They could have different contributes to the interference
generation because of different distances from the victim
primary user. Moreover, the mobility of the primary user
also leads to the variation of the interference component.

Therefore, it is necessary for femtocells in each of the
virtual clusters to adjust power budgets collaboratively
to reduce the harmful cross-tier interference further. As
set forth, member femtocells of a virtual cluster is actu-
ally located in different physical clusters including certain
scattered femtocells that cannot be grouped into any PCs
due to the lower spatial correlation. We will formulate the
power budget reallocation problem as follows:

N
P5: n})m 21: PV,
=

Subject to

N
Z P; = Pyotal
i=1

Pminfpifpmax»Vie {1;2, yN})

where P; denotes the power budget of the ith FAP and
W; denotes the pass loss component from the ith FAP
to the primary user. Piota = NPy where Py denotes the
initially fixed power budget for all FAPs while N is the
number of the femtocells in a VC. Py, and Pyayx are avail-
able minimum and maximum power budgets for the FAPs,
respectively.

This is a simple linear optimization problem or portfolio
optimization problem [25] more exactly. P; represents the
investment in asset i, and the return of each investment
is fixed and given by —W;. It is obvious that we should
invest in those assets that have larger rate of return on
investment. Then, the concrete solution will be described
in the summarized power budget adjustment algorithm
(Algorithm 2).

Based on the analysis stated above, we can combine
both Sections 3 and 4 together to form our proposed
cluster-based cooperative femtocell interference mitiga-
tion scheme. Generally, the total implementation proce-
dure is described in Algorithm 3.

(20)
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Algorithm 2 Power budget adjustment algorithm

Input: N, Pbudget; Prin, Prmax

Output: P;, Vi € F

Initialization: F ={1,2,--- ,N}, Py = Ppudger, and
Ppyin =

Start

min» Pmax = L'max

1. In each of the virtual clusters, sort {¥;,i € F} in
increasing order with s being the sorted index

2 ¥ = | Yt |y =1

Pryax—Prmin
3. whilen < Y do
Ps(n) = Pmaxr n=n+1

4. end while
5. Py(y+1) = Pmin + mod (%)
Pyy42) = -+ = Pyvy = Prin
6. if\lfl — ... = \I_;k then
Pi+-+P
7. end if
End

Algorithm 3 Proposed cluster-based interference mini-
mization (CIM) algorithm

Initialization: No. of femtocells: S, yp, y(;
Start

1. Determine the available channels via cognitive
sensing or joint scheduling and then divide physical
clusters among femtocells according to the spatial
correlation constraints

2. Execute Algorithm 1 to calculate the minimum
interference weight when femtocells operating on
different channels

3. Execute Hungarian algorithm in each of the physical
clusters to assign channels for femtocells

4. Divide virtual clusters among femtocells, and in each
of the virtual clusters, apply Algorithm 2 to adjust
power budgets of member femtocells

5. Under adjusted power budgets of femtocells in each
virtual cluster, apply Algorithm 1 again to update the
power allocated to each subcarrier in each femtocell

End

5 Simulation results

In this section, our proposed downlink interference mini-
mization scheme for femtocell networks will be evaluated
by extensive numerical results. Simulation parameters are
listed in Table 1.

It is assumed that there is a light wall between the FAP
and the FUE, but a heavy wall between the FAP and the
primary user. Without loss of generality, the interference
introduced by the primary systems to the FUEs is assumed
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Table 1 Simulation parameters

Parameter description Value
Femtocell radius 10m
Maximum number of FUEs per femtocell 4
Femtocell transmission power (fixed) 10 dBm
Femtocell transmission power (min) 8 dBm
Femtocell transmission power (max) 12 dBm
The noise power 24 x 1073w
Light wall penetration loss 5dB
Heavy wall penetration loss 12 dB
Carrier frequency 2 GHz (600 MHz)
Channel bandwidth 180 KHz
Subcarrier bandwidth 15 KHz
Number of subcarriers per channel 12

to be negligible due to the separation of a long enough
safety distance. If femtocells are located at the cell mar-
gin of the primary systems, there will be no degradation in
terms of the capacity of femtocell users.

5.1 Interference minimization in a single femtocell
Since femtocells have the feature of self-organizing, it is
important to mitigate the interference from a single fem-
tocell. In the simulation, we use capacity 160 bit/s for the
maximum capacity threshold and power 10 dBm as the
fixed power budget of the femtocell. Figures 3, 4, 5 and 6
reflect some characteristics of interference decrease.
Figure 3 illustrates the performance of the proposed
IM algorithm compared with the other two power allo-
cation schemes. To be specific, it is shown that the total
interference produced by IM algorithm is approximately

I Average Allocation
[ Left Fair Allocation | |
— I '™ Algorithm

w
T

Total Interference(W)
N

2
Different Capacity Threshold (bit/s/Hz)

Figure 3 Comparison of different subcarrier power allocation
schemes in a single femtocell.
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-12

x 10

—4A— PowerBudget=8dBm |
—&— PowerBudget=10dBm
PowerBudget=12dBm|

25

Total Interference (W)

05 L L L L L L L L
5

6 7 8 9 10 1 12 13 14
Capacity Threshold (bit/s/Hz)

Figure 4 Total interference vs. capacity threshold with different
power budgets in a single femtocell.

one third of that by average power allocation scheme
with a fixed 10-dBm power budget of the FAP when
the capacity threshold is 10 bit/s/Hz and that proportion
becomes one half when the capacity threshold increases
to 13.4 bit/s/Hz. The effect of interference mitigation is
absolutely remarkable. Additionally, IM algorithm also
outperforms left power fair allocation scheme mentioned
in subsection 3.1. As the capacity threshold increases,
the total interference stays invariable for average power
allocation, decreasing for left power fair allocation and
increasing for IM algorithm. That is because when capac-
ity threshold increases, the power allocated to each sub-
carrier increases, which leads to the decrease of left power
budget. Thus, the gap between left power fair allocation

x 10
6 T

T T

—4A— Distance=60m

—6— Distance=100m
Distance=150m |

Total Interference (W)

5 6 7 8 9 10 11 12 13 14
Capacity Threshold (bit/s/Hz)

0 L L L L

Figure 5 Total interference vs. capacity threshold with different
distances from the femtocell to the primary user.
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Satisfiable Capacity Requirement (bit/s)

I 600MHz(TVWS)
I 2GHz(Macrocell)

n
1 2 3
Different Power Budget (dBm)

Figure 6 Comparison of different frequencies used by the
femtocell.

and IM algorithm will be narrowed. In the extreme cases
where there is no left power budget, left power fair alloca-
tion and IM algorithm will achieve the same performance.

Figure 4 plots the total interference versus the capac-
ity constraint with different power budgets of the FAP
using the proposed IM algorithm in a single femtocell.
It is obvious that the total interference increases along
with the increase of the capacity threshold and the power
budget since it is just a function of the two input param-
eters. In fact, there is a tradeoff between the desirable
minimum total interference and expected maximum sys-
tem throughput. Thus, the capacity threshold should be
appropriately selected to control the interference under a
certain level.

Figure 5 describes the influence of distance from the
femtocell to the victim primary user. As Figure 5 shows, a
longer separation distance to the primary user will make
the femtocell generate less interference, which is the most
direct and effective approach for interference mitigation.
In order to meet the interference threshold of the pri-
mary user, a safety distance is required. However, this is
not suitable for the case that multiple femtocells use the
same channel where the single femtocell safety distance is
invalid because of the aggregate interference.

Figure 6 compares the performances of two different
frequencies used by the femtocell. Actually, they represent
two typical licensed systems, that is, 2 GHz for the macro-
cell networks and 600 MHz for the TV broadcast system.
Figure 6 indicates that the TVWS could satisfy higher
capacity requirement than the macrocell frequency bands
under different power budget constraints. This result can
be attributed to the good transmission character of the
TV bands, which also demonstrates that the femtocell
could utilize TVWS to achieve higher data rate for more
high-quality services.
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5.2 Physical cluster-based femtocell channel assignment
Figure 7 illustrates the optimal performance of Hungar-
ian algorithm when it is employed to assign channels
among the femtocells in a physical cluster based on a
minimum interference generation criterion. As Figure 7
shows, random channel assignment will produce much
more interference than Hungarian algorithm especially
when the number of the accessible channels for femto-
cells in a physical cluster is increasing. In other words,
the cross-tier interference could be effectively reduced by
Hungarian algorithm while avoiding the co-tier interfer-
ence in a heavily deployed femtocell network.

5.3 Virtual cluster-based femtocell power allocation
Figures 8 and 9 demonstrate the effectiveness of power
budget adjustment based on the virtual cluster. As is
shown in Figure 8, after the collaborative reallocation of
the power budgets among member femtocells in a VC,
the total aggregate interference is reduced compared to
the non-collaborative way, where each FAP has equal and
fixed power budget. However, the decrease of interference
is quite limited.

Figure 9 extends the range of power budget adjustment
but still with a minor interference decrease. This is mainly
because the capacity threshold is the same among mem-
ber femtocells in a VC considering the fairness of the
femtocells. If we adjust both the power budget and the
capacity threshold of the femtocell according to differ-
ent interference factors of femtocells, the total aggregate
interference will be reduced further. In addition, a large
number of femtocells in a VC will definitely result in an
increase of total aggregate interference. Therefore, the
femtocell number in a VC cannot be excessive in order to
control the interference under a certain level.

x107?

»
[

Random Assignment
| | —°— Hungarian Algorithm

IS

[d
&)
T
i

w
T
i

N

Total Femtocells Aggregate Interference (W)
- N
” &)}

05 L L L L
4 10 12 14

6 8
No. of Channels Available to Femtocells in a Physical Cluster (N)

Figure 7 Comparison of channel assignment algorithms based
on the physical cluster.
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Number of Femtocells in a Virtual Cluster (N)

Figure 8 Comparison of power allocation algorithms based on
the virtual cluster with Pp,j, = 8 dBm, Pax = 12 dBm.

6 Conclusions

In this paper, an interference minimization scheme in
downlink cognitive femtocell networks is proposed. The
joint channel assignment and power allocation scheme
aims at minimizing the interference from femtocells to
the primary users while avoiding the co-tier femtocell
interference. Based on the physical cluster and the vir-
tual cluster, multiple femtocells could utilize resources
cooperatively to mitigate the interference. The related
interference minimization problems are formulated, and
employed algorithms are combined together to reduce
the interference layer by layer. Moreover, by taking
advantage of cognitive radio technology as well as joint
scheduling, the proposed scheme could address the severe

x10™"
8 T T
—4A— Average Allocation
—&— Non-collaborative
Collaborative

~
T
i

Total Femtocells Aggregate Interference (W)

4 6 8 10 12 14 16
Number of Femtocells in a Virtual Cluster (N)

Figure 9 Comparison of power allocation algorithms based on
the virtual cluster with Pp,j, = 6 dBm, Pax = 14 dBm.
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interference issue even with fewer available channels
in the heavily deployed femtocell networks. Finally, the
numerical simulation results verify that the effect of inter-
ference mitigation is generally notable.

Appendix
The proof of Theorem 1.

Proof. The problem P2 is a convex optimization prob-
lem which can be solved by the Lagrangian multiplier
approach. The Lagrangian of P2 can be written as

N K o o N K
G=> Y i (2 i )Qk’,» +) (cT,. - Z%)
j i=1 k=1

N K 2 o
2o (S )

i=1 k=1
N K
-y ;2 (2 ki — 1) [k
i=1 k=1 kit
N
>
i=1
(21)
where
K 2 ) K
L= Z — <2€k;i - 1) Qi + (CTi - Z Clii)
=1 k,i k=1
K 02 K 0_2
cr c
(52 () pr) - 35 2 ()
e (kg; Hy, ( Tl) I<Z=; Hii "
(22)

where o;, B;,i € {1,2,--- ,N} and ug;, k € {1,2,--- ,K},
i € {1,2,---,N} are the Lagrange multipliers. The corre-
sponding Karush-Kuhn-Tucker conditions can be written
as follows:

2

o
Cii= 0 > 0; 8 > 05 pug; > 0; Miigp

ki

K K o
o (Cn -3 C,fyi) —0; 8; (Z ZT (2% —1) - PT,) -0
k=1 *

k=1

(2% — 1) —0

dL; o2 o2 o2

Cr.
=— 27ki=0
BC;:,Z, Hy;

c,
"2l — e

ki ki

(2% Qk,i) —a;+Bi
(23)

Then, the final solution should satisfy the total power and
capacity constraints of each femtocell. Rearranging the
last condition in Eq. (23), we can obtain

Cy; =log2 %ifki
’ 02 (Qei + Bi — ki)

(24)
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Substituting Eq. (24) into Eq. (11), we have

2
o o
pL=— % (25)
Y Qi+ Bi— ki Hig
. . . 2 .
Considering ’uk’iplt,i =0, if ]z—k’l_ < m , we have

2 2
— o o o? ise if <=
Wki = 0. Then, P ; = QR T Ho Otherwise, if o 2
2

o : k o o

T 7 —— in hat P¥. = — % o~ >
Qo p OWing to that P, = o — i, 2 0
we can get P; = 0. Summarizing the above derivations
achieves the claim. O
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