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Dense deployment of femtocells has proved to be an effective solution to handle increasing demands
of indoor mobile data. A femtocell not only helps reducing operational and capital expenditure but also
improves the energy efficiency of the network. Femtocells are able to increase spectrum efficiency by
manyfold by reusing the available spectrum for indoor users. However, it has been seen that traditional
cell selection schemes limit the user count under femtocell. Additionally, dense deployment of femtocells

Keywords: comes with the cost of increased interference to the neighbouring femtocell and macrocell users. In this
Cellular networks paper, we first analyse various cell selection schemes to improve user association and resource utilization
Femtocell in femtocells. Then, we focus on improving energy efficiency and throughput of femtocell based cellular
Cell biasing networks. For this, we formulate an optimization problem that efficiently reuses macrocell spectrum in
::atteerflf)rsesnce femtocells with power control while satisfying macrocell users’ interference and rate-loss constraints.
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© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Advancements in mobile communications have reached to an
extent where users can expect ubiquitous connectivity on their
mobile devices. This has led to a sudden increase in data demands
from mobile users. Interestingly, it has been observed that a ma-
jor fraction of data demands (nearly 80%) originates from indoor
nomadic users [1]. In the last couple of years, we have seen an ex-
ponential increase in mobile data demands, especially due to the
development of mobile platforms such as Android and Windows,
and applications such as Gmail and Facebook which always remain
connected to the Internet. With the availability of cheap, low-cost
smartphones and tablets, these demands will continue to increase
in coming future. According to the forecasts made in [2], an in-
crease in mobile data traffic by 20 times is expected by the end of
2018.

To handle ever-increasing mobile data demands, it is imper-
ative to significantly improve the capacity of wireless networks.
Various solutions have been proposed over the years which lead
to doubling up the wireless capacity every 30 months over the
last 104 years. This results in an approximately millionfold in-
crease in capacity of wireless networks since 1957 [3]. Breaking
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down these gains, the use of next-generation cellular technolo-
gies (LTE-A, WiMax) combined with better modulation and cod-
ing techniques resulted in a 5 x improvement in wireless capacity.
However, these gains are limited by the received signal strength at
mobile users and hence not always achievable. Another solution is
the use of wider spectrum which has resulted in an approximate
25 x improvement in wireless capacity. Deployment of small cell
base stations is the simplest and the most feasible solution to im-
prove the capacity of wireless networks. It has resulted in a 1600
x gain in wireless capacity through frequency reuse with power
control. However, additional base station deployment burdens op-
erators with extra capital expenditure. Additionally, these base sta-
tions consume a significant amount of energy for their operation
leading to a higher operational expenditure [4].

To handle indoor cellular data demands without significantly
increasing operators’ expenditure, use of femtocells has been sug-
gested [3]. Femtocell or Femto Access Point (FAP) is a small, low
cost, low power cellular base station deployed inside users’ homes
to provide better cellular coverage. The inherent low transmission
power capabilities of femtocells allow efficient reuse of available
spectrum without significantly increasing interference to nearby
users. Additionally, indoor users get benefited by stronger signal
quality, higher bandwidth, and better battery life because of the
reduced uplink transmission power [5].

Since placement locations of femtocells are random, tradi-
tional network planning techniques fail to circumvent the interfer-
ence introduced by them to primary macrocell and neighbouring
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femtocell users. The best way to eliminate interference in this sce-
nario is to use orthogonal subchannels among macrocell and fem-
tocell users. However, this diminishes the available spectrum to
users in both tiers. Another approach is to allow femtocells to con-
trol their transmit power to minimize interference. However, low-
ering transmit power affects femtocell coverage and limits user
association in them. This further reduces the resource utilization
of already under-utilised femtocells. In current cellular network
deployments, the utilization of resources (such as spectrum and
transmit power) in macrocells is very high, specially during peak
hours when unavailability of resources even leads to call blocking
[6]. On the other hand, femtocell utilization is found to be signif-
icantly low (about 30%) owing to their low transmit power and
coverage radius [7,8]. Hence, to reap the gains of femtocell deploy-
ments, offloading of users from macrocell to femtocells is neces-
sary. User offloading schemes help to free up expensive macrocell
resources allocated to the offloaded users earlier, thereby increas-
ing spectrum efficiency as well as energy efficiency.

In order to improve user association in femtocell, various so-
lutions have been proposed in the literature. Recently, the con-
cept of cell biasing for femtocells has been introduced in [5,9,10].
Cell biasing attempts to offload users from macrocells to smaller
cells by modifying cell selection/handover criteria. The authors of
[11] derived a closed form expression to calculate range expansion
bias for both uplink and downlink for picocells while mitigating
inter-cell interference. Performance analysis of Heterogeneous Net-
works (HetNets) for multiple small cell densities, bias values, and
resource partitioning strategies have been discussed extensively in
[12]. User association based on expected bitrate is recently sug-
gested in [13]. This scheme shows quite an improvement in system
throughput compared to reference signal and cell biasing based as-
sociation. Our previous work in [14] suggested an enhancement to
this expected bitrate cell selection scheme, further improving sys-
tem throughput and energy efficiency. For better load balancing,
various techniques have been proposed in the literature. Use of
transmission power control is the preferred technique for range ex-
pansion and load balancing [15]. Authors in [16] proposed a heuris-
tic based approach for inter-femtocell coordination while maintain-
ing fairness. In [17] and [18], authors demonstrate that fractional
transmission power control provides improved performance to cell
edge users. Work in [19] adjusts femtocell transmission power by
a decentralized algorithm so as to balance user load among co-
located femtocells.

In this paper, for the first time a framework for joint user asso-
ciation and power allocation for femtocell based cellular network is
proposed. The motivation behind studying both of these problems
together comes from the fact that the problem of resource alloca-
tion in HetNets is immensely coupled with the problem of cell se-
lection. A cell selection scheme may result in an unbalanced user
association in HetNets. Additionally, this may result in severe co-
channel interference if wireless resources such as bandwidth and
transmit power are not carefully partitioned among users of differ-
ent base stations. Hence, for optimal network performance, a cen-
tralised user association and power allocation framework is nec-
essary which can jointly assign users to base stations and control
interference on them using transmission power control [20]. The
contributions of our work are twofold: (i) we propose the use of
an energy efficient, load-conscious cell selection scheme for user
offloading to femtocells and (ii) to further improve spectrum effi-
ciency, we suggest a power control based subchannel reuse scheme
for femtocell downlink. First, we examine the offloading benefits of
different cell selection schemes for femtocell network and focus on
evaluating network performance in terms of throughput and en-
ergy efficiency. Four existing cell selection schemes are used to of-
fload users from macrocell to femtocells. To protect channel quality
of these newly offloaded femtocell users, we suggest exclusive use

of a subset of subchannels for them. Our aim is to improve en-
ergy efficiency of the network, which is achieved by reducing en-
ergy consumption as well as maximising system throughput. First,
to reduce energy consumption, we offload users from high power
macrocell to low power femtocells using our enhanced expected
bitrate cell selection scheme. This scheme associates each mobile
user to a base station which provides the maximum downlink bi-
trate considering the user load at base stations.

Second, efficient reuse of macrocell spectrum is proposed for
femtocell downlink to maximize the overall system throughput.
This, however, incurs additional interference to co-channel macro-
cell users. To handle this increased interference, we suggest Hy-
brid Constraint based Power Control (HCPC) technique. Since re-
ceived signal and interference severely affect the channel quality
of mobile users, we based our technique on a hybrid constraint
which protects macro users based on the amount of interference it
receives. Here, we divide macrocell users into two partitions; the
ones those are protected by interference constraint and the rest
by rate-loss constraint. To satisfy these constraints, power control
over these reused macrocell subchannels is done while maximizing
femto users’ throughput.

The rest of the paper is organized as follows. Section 2 presents
the system model for two-tier HetNet along with user partitioning,
spectrum allocation technique, energy consumption analysis, and
channel model. Section 3 discusses the hybrid constraint applicable
on macrocell users. We formulate our problem in Section 4 along
with the interference and rate-loss constraints. Performance anal-
ysis of different cell selection schemes for heterogeneous cellular
network is done in Section 5. Section 6 discusses the optimiza-
tion problem formulation and the relationship between interfer-
ence and rate-loss constraint. Additionally, to improve femtocell
throughput, we propose a technique to effectively reuse macrocell
subchannels for femtocell users. Section 7 presents the simulation
scenario and obtained results. The work is concluded in Section 8,
with directions for future research.

2. System model

Our network model considers an overlay deployment of M
Macro Base Stations (MBSs) and N FAPs, represented by sets M
and N, respectively. The coverage region of each MBS (represented
by H) is assumed be hexagonal. User Equipments (UEs) and FAPs
are distributed in H as Homogeneous Spatial Poisson Point Process
(SPPP) [21]. All FAPs are assumed to be in “Open Access” and hence
can serve any UE within their range.

2.1. UE partitions

Overlay deployment of FAPs comes with the cost of increased
co-tier and cross-tier interference to UEs. The value of signal
strength and interference for the UEs in a network system de-
pend on the distances from their serving and interfering base sta-
tions (BSs), and hence it is not uniform for all UEs. Additionally,
due to different QoS requirements, some UEs can tolerate some-
what higher values of interference, without experiencing signifi-
cant degradation in received bitrates.

Let ¢« represent the set of all UEs in the system. We divide
these UEs into four different partitions based on their channel
quality (Fig. 1). Femtocell UEs (i) are partitioned into inner and
outer Femto UEs (FUEs). Inner FUEs, M}, are the UEs who receive
high signal strength from their serving FAPs and/or low interfer-
ence from neighbouring BSs. Outer FUEs, u}?, are the ones which
receive low signal strength from their serving FAPs due to high
distance-dependent path loss and/or high interference from neigh-
bouring BSs. Note that, FUEs are partitioned into inner and outer
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Fig. 1. User partitioning : (a) Inner FUEs (b) Outer FUEs (c) Interference protected
MUEs (d) Rate loss protected MUEs.

FUEs based on the channel quality rather than their geographical
location. Hence, Outer FUEs can include both femtocell edge UEs
and the UEs offloaded to FAPs after applying cell biasing or some
other offloading scheme.

In a similar manner, macro UEs () are divided into two parti-
tions depending on the way they are protected from the FAP inter-
ference. First, the interference protected macrocell UEs, ¢/}, are the
ones which are very close to FAPs and hence receive high cross-tier
interference. Second, the remaining rate — loss protected UEs (U},),
are those UEs which can tolerate rate loss, given the received in-
terference at them is quite limited. Here, 2/}, U7, Ui, and u?, are
mutually exclusive subsets. In Section 3, we discuss interference
and rate-loss constraints in detail along with developing the rela-
tionship between them.

2.2. Spectrum allocation

The total available spectrum is assumed to be divided into F
orthogonal frequency subchannels, each with a bandwidth of W
Hz. Unless explicitly stated otherwise, it is assumed that all sub-
channels within a tier are assigned equal transmit power; P, for
each MBS subchannel and Py f for each FAP subchannel. In order
to evaluate the performance of our approach, we consider the fol-
lowing three spectrum and power allocation techniques available
in the literature.

» Reuse 1: Both MBS and FAPs use all available downlink sub-
channels for their UEs without any interference coordination
technique. So, all F subchannels are allocated to MBS as well
as to each FAP. This gives rise to high co-tier and cross-tier in-
terference (Fig. 2(a)).

Reuse «: FAPs operate in spectrum orthogonal to the spectrum
used by MBS. In this case, available F subchannels are parti-
tioned as Fn = (1 — «@)F subchannels for MBS and F; = oF sub-
channels for each FAP. Such an allocation mitigates cross-tier
interference, but there still exists co-tier or intra-tier interfer-
ence among FAPs (Fig. 2(b)).

Optimal Subchannel Power Allocation (OSPA): Power control
based subchannel reuse techniques have proved to be an effi-
cient way to improve system throughput [22]. The same had

I F Fo
Power F Power F,
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Frequency Frequency
(a) (b)

Power F;

Frequency " Frequency "
(c) (d)

FUEs Assigned Rate-loss
Protected Subchannels

W MUE
[l FUE

FUEs Assigned Interference
Protected Subchannels

Fig. 2. Spectrum allocation between macrocell and femtocell.

been analysed in [23] where reuse of Fp;, macrocell subchannels
is done for K strongest femto UEs with power control (Fig. 2(c)).
The reuse is done in such a way that interference at macrocell
users does not exceed some predefined threshold. This spec-
trum reuse for FAPs helps improving their throughput and re-
duce MBS energy consumption by UE offloading.

In this paper, we propose a power control technique in order to
protect the channel quality of macrocell UEs based on the amount
of interference experienced by them. Macrocell UEs are divided
into two different groups and are protected by two different con-
straints namely interference and rate-loss constraints. Additionally,
reuse of F, macrocell subchannels is done for FUEs thereby im-
proving system throughput. We divide F,; reuse subchannels into
two sub-partitions, Ei, and F}, (Fig. 2(d)). Subchannels in the set
Fi are the ones assigned to MUEs which are protected by interfer-
ence constraint. While, F}, set consists of the subchannels assigned
to MUEs protected by rate-loss constraint. Here, i | JF} = Fn and
Fi N E, =¢. Based on the underlying UE characteristics as de-
scribed later, respective power control policy is applied over each
sub-partition. We name it as Hybrid Constraint based Power Con-
trol (HCPC).

2.3. Energy consumption

Two different types of BSs are considered in our deployment
scenario viz. MBS and FAP. Both of them differ significantly in
terms of offered load and energy consumption. An MBS supports a
much larger number of users over longer distance which is in con-
trast to a femtocell. Energy consumption of MBS is usually taken to
be load dependent with some fixed “Zero Load” consumption. For
FAPs, transmit power and number of users served are quite low,
hence their energy consumption can be assumed to be indepen-
dent of offered load and taken to be constant [24].

The total energy consumption of MBS can be calculated using
the following equation [25],

T,
EMBS :EO+S(?:4 +PSP) (1 ""Closs)(‘l +BPloss) (1)

where E, is fixed “Zero Load” energy consumption. S and
c¢pa represent the number of sectors and power amplifier effi-
ciency, respectively. Psp and Cj,, represent the overhead for sig-
nal processing and cooling loss, respectively. BPj,, represents the
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battery backup and power supply loss. Here Ty, is total input power
to transmitting antenna obtained by summing up transmit power
(Ptx, m) of all the subchannels in use.

For evaluation, we consider Energy Consumption Rating (ECR)
as energy efficiency performance metric which is energy consump-
tion normalized to throughput (Watts/Mbps) [26].

Energy Consumption

ECR = Effective System Throughput

(2)

Hence, the lower the value of ECR, the more energy efficient the
system is.

2.4. Channel model and variable bit-rate transmission

Considering OFDMA and round robin scheduling of subchannels
for UEs, all subchannels within a tier can be considered to have
identical characteristics over long term [27]. Rayleigh flat fading
subchannels are considered to render them identically over long
run. For co-channel femtocell deployment (Reuse 1), the instan-
taneous downlink (DL) SINR of UE when connected to MBS m at
subchannel j is given by,

PG
1+ ZIE/\/ Ptx,ijl' + Zkg/\/t,k#m Ptx,kH}<

Similarly, the instantaneous DL SINR of UE when connected to
FAP k, at subchannel j is given by,

P[x,sz{
1+ Y et P + X 1zt P rH;

where G’j? (H}‘) is the effective signal (interference) gain to UE from
base station k over subchannel j. For simplicity of the analysis,
we normalize Gaussian noise power to 1. Hence, the term G’J? (H}‘)
accounts for path loss and antenna gain normalised to Gaussian
noise. When considering orthogonal subchannel assignment (Reuse
o) between MBS and FAPs, the first summation term in the de-
nominator of Eqs. (3) and (4) will disappear. Note that, we assume
each subchannel within a base station is uniquely assigned to a
single UE without sharing. Hence, we need not use any subscript
in the SINR equations to identify the UE which is assigned a par-
ticular subchannel.

Based on DL SINR received at each UE, the instantaneous bitrate
per subchannel is obtained by Shannon Hartley theorem [28] as,

Bjy,' =W lng(l + Fj,,') bitS/S (5)

3)

j.m

(4)

Ujrw =

3. Hybrid constraint

In this section, we explain the hybrid constraint applicable on
MUEs. In our work, MUEs are divided into two partitions based
on their channel quality viz., interference protected MUEs and rate-
loss protected MUEs. Interference protected MUEs are the ones who
experience the worst channel quality due to low signal strength
and/or high interference. For these MUEs, we use the interference
constraint which protects their channel quality by controlling the
interference over each subchannel assigned to them. On the other
hand,rate-loss protected MUEs are the ones which can tolerate sig-
nificant performance deterioration because they experience better
signal strength from MBS and/or limited co-channel interference
from FAPs. Such MUEs are protected by rate-loss constraint where
we control the bitrate loss over each subchannel assigned to them.
We now mathematically define both of these constraints in detail:

- Interference constraint: An MUE is said to be protected by in-
terference constraint if for each subchannel j assigned to it, the
total received interference from all FAPs does not exceed a cer-
tain threshold value. In order to do so, the transmit power of all

FAPs over each subchannel j is controlled using a power factor
T}’F. Hence, interference constraint on MUE can be mathemati-

cally represented as,

Z ’Y‘]kptx,fl"lj‘< < Imax (6)
keN

where T]’F is the power factor applied on subchannel j of FAP k.
Here, Iqx is the interference constraint applied to the subchan-
nels to protect MUEs that are allocated subchannels belonging
to the set Fi.

Rate-loss constraint: This type of constraint defines an upper
bound on the rate loss incurred by the macrocell users due
to femtocell users’ transmission over a shared subchannel. The
rate loss experienced by a MUE over a subchannel depends
upon the interference it receives from all the FAPs over that
subchannel. By limiting the total interference over a subchan-
nel, we can also limit the rate-loss for MUE over that subchan-
nel. Let Rﬂfm be the received bitrate at a MUE from MBS m
at subchannel j in Reuse « technique. This can be represented
as,

R;'{:m =W IOgZ (1 +Ptx.mG;'n) (7)

However, our suggested techniques (OSPA and HCPC) reuse Fp,
macrocell subchannels for FUEs with power control. This causes
additional interference to MUEs and consequently lowers their

received bitrate to R;Lm,
PrxmG'
y (8)

14+ Y jen TP pH;

Rl =W log, (1 +

here term ),y TJI.PM ij. represents the sum interference ex-
perienced by a MUE at subchannel j from all FAPs. Let AR; be
the maximum rate loss an MUE can tolerate over subchannel j.
Then, the following constraint should be satisfied,

R = Rim = /ARy (9)
Since RﬂFm and AR; are fixed for a simulation scenario, we de-
fine Ej = RgFm — AR;. Hence, after reuse of macrocell subchan-
nels by FUEs, a MUE must receive a minimum bitrate Rij over
each subchannel j assigned to it as,

Rt >R; (10)

Jm —

4. Problem formulation & solution description

Our problem focuses on making the operation of cellular net-
works more energy efficient. We consider cell selection schemes
such as RSRP (+ biasing) and expected bitrate based association to
offload macrocell users to femtocells (lowering MBS energy con-
sumption) and improving resource utilization for FAPs (improving
system throughput). So, our main problem splits into two sub-
problems:

- First, analysing the effect of different cell selection schemes on
UE association, femtocell utilization and energy consumption.
To compare RSRP and biasing based associations, we follow the
approach of the authors in [29], with a few modifications to in-
corporate issues unique to femtocell. Then, we analyse expected
bitrate based cell selection schemes which incorporate current
load at base stations into cell selection criteria [13,14].

Second, performing user association based on the optimal cell
selection scheme obtained from above analysis, resulting in an
increase in system throughput and reduction in energy con-
sumption. Then, to further enhance the performance, we sug-
gest efficient reuse of macrocell subchannels with power con-
trol for recently offloaded FUEs. Reuse is done in such a way
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that MUEs’ channel quality is protected by two different con-
straints viz. interference constraint and rate-loss constraint.
This results in further improvement in system throughput and
energy efficiency.

5. Performance analysis of cell selection schemes
5.1. Cell selection schemes

In order to evaluate the performance of the network, we need
to analyse the number of users in each tier and how this user asso-
ciation changes with different cell selection schemes. To systemat-
ically analyse the design aspects and performance of different cell
selection schemes, we propose a taxonomy which consists of two
non-overlapping branches - Association criteria and resource al-
location technique as shown in Fig. 3. Association criteria defines
the metric on which UEs get assigned to BSs. This metrics may in-
clude reference signal strength, UE QoS (such as downlink bitrate),
and system load (such as user count and/or wireless resource uti-
lization). Cell selection schemes can also be categories based on
the underlying resource allocation technique. Two different cate-
gories of resource allocation techniques are considered for cell se-
lection schemes. First is the fixed allocation where distribution of
resources such as spectrum and transmit power among UEs remain
fixed and is independent of the association criteria used. While, for
variable resource allocation, the spectrum and transmit power al-
location for UEs within a base station vary with time in order to
improve the overall network performance. In this work, we focus
our attention on the cell selection schemes which consider system
load as association criteria and perform variable resource alloca-
tion to improve network throughput and energy efficiency. In this
section, we analyse various cell selection schemes available in the
literature.

5.1.1. Max RSRP

This scheme considers Reference Signal Received Power (RSRP)
based association for UEs. At the time of cell selection, UEs get as-
sociated with the BS providing highest RSRP [9]. So, the ith UE will
select the jth BS as its serving BS if,

CellID; = arg max(RSRP;) (11)
J

This scheme does not incorporate any information about the load
at BS in the cell selection criteria. However, the simplicity of
this scheme makes it practical for most real-world deployments
[30,31]. As shown in Fig. 4, all UEs located within region 1 are as-
sociated with the FAP, while those located in regions 2 and 3 are
associated with Macro Base Station (MBS).

5.1.2. Max RSRP + Bias

Cell biasing modifies cell selection/handover criteria in order to
improve user association in femtocells by actively pushing UEs in
them [32]. With cell biasing, a Range Expansion Bias (REB) of § dB

is added to the RSRP value from FAPs before selection of serving
BS. Then, the association of the UE i to the BS j is determined as,

CellID; = arg max(RSRP; + §;) (12)
J

where §; is taken as 0 for MBS and some positive value for FAP
j. This causes UEs to frequently select FAP as their serving BS. Af-
ter biasing, UEs present in the shaded region of Fig. 4 will get of-
floaded to FAP. Additionally, these users are exposed to high inter-
ference from MBS. To protect their channel link quality, a fraction
of bandwidth (say «, 0 < « < 1) is reserved for these offloaded
femtocell users thereby barring MBS to transmit on these sub-
channels, while remaining bandwidth (1 — «) is distributed among
macro UEs.

5.1.3. Max expected bitrate (E[B])

Authors in [13] have suggested that for improved throughput
performance, bitrate received from the base station is a better
criteria for cell selection than REB. Their proposed cell selection
scheme assigns UEs to BSs which provide the highest expected bi-
trate, E[B]. Similar to Max RSRP + Bias scheme, Max E[B] allocates
a fraction o of total bandwidth to femto UEs, while the remain-
ing bandwidth (1 — «) is used by both macro and femto UEs. Then,
expected bitrate for UE i, if connected to MBS is calculated as,

E[Bim] = (1 — a)FW log, (1 +T}:) (13)
and if connected to FAP k is,
E[Bix] = (1 —a)FW log,(1+ %) + aFW log,(1+T},)  (14)

where FI’L] and F{F] represent the SINR received at UE i from BS
j on Interference Limited (IL) and Interference Free (IF) spectrum, re-
spectively. Let {BS} represent the set of all base stations (MBSs +
FAPs). UE i will select BS j as its serving BS if,

CellID; = arg max{E[B;;]: j € {BS}} (15)
i

This cell selection scheme has been shown to improve performance
of the system in terms of throughput and spectrum efficiency [13].
However, it considers the total available bandwidth at a BS rather
than the bandwidth assignment to individual UEs and hence, lead-
ing to sub-optimal association of users.

5.14. Enhanced expected bitrate (E[§])

We have proposed enhanced expected bitrate cell selection
scheme for UEs (E[B]) which uses the bandwidth allotted per user,
rather than total bandwidth at BS to make user association deci-
sions [14]. E[E] not only takes care of current load and scheduling
opportunities at a BS but also incorporates femtocell specific con-
straints on active connections and path loss. Using our proposed
scheme, the expected bitrate obtained at UE i from MBS m is given
by,

E[Bim] = f(i,m,IL) (1 —a)FW log,(1+ %) (16)
Similarly, the expected data rate at UE i from FAP k is,
E[Bii] = f(i, k,IL) (1 —a)FW log,(1+T%)

+ f(i. k. IF) «FW log, (1 + ') (17)

Here, function f{i, j, [) represents the fraction of subchannels avail-
able to UE i from BS j according to proportional fair allocation. (i, j,
I) makes sure that UEs get associated with BSs providing maximum
achievable bitrate while keeping subchannel assignment count pro-
portional to their SINRs. It also incorporates femtocell specific con-
straints so as to restrict UE association to infeasible FAPs. Here,

1/1log, (1 + F}.j) :
X il
Yvken, 1/l0g(1+ T4 )~

fa.j.h = (18)
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where I; ; ; is an indicator random variable that takes care of max-
imum number of users and minimum threshold SINR constraints.
Hence,

I = {l' if Nf < Cinax and Fl!‘j z Iﬂthresh
1)L —

0, otherwise (19)

where N; is the number of UEs currently served by FAP j and
I tnresn is threshold for downlink SINR. Here, Ciax represents the
maximum number of simultaneous connections that can be sup-
ported by an FAP.

Therefore, according to enhanced expected bitrate scheme, UE i
will select BS j as its serving BS if,

CelllD; = max{E[B; j]: Vj € {BS}} (20)
J

5.2. Performance analysis

To study the performance of various cell selection schemes,
consider a deployment scenario as shown in Fig. 5. RSRP based
association schemes (Max RSRP and Max RSRP+Bias) use received
signal strength as the key parameter to perform user association.
RSRP at a UE is calculated as a linear average of signal power
on cell-specific reference signals within the considered bandwidth.
This typically excludes intra and cross-tier interference and noise.
Hence, an association based on received signal strength may not
be the best in terms of received signal quality. As can be seen in
Fig. 5, green coloured UEs couple themselves with different FAPs
as they receive higher RSRP from them. The remaining UEs (Black
and blue UEs) receive higher RSRP from MBS and hence select

MBS as their target BS. This scheme typically fails to consider sig-
nal quality, bandwidth and load at target base station. Not only
that, low transmission power capability of FAPs results in very low
user count in them. The same can be observed in Fig. 6(a) where
the number of FUE (FUE Count) is lowest among all cell selection
schemes. Consequently, this results in low femtocell utilization and
lesser femtocell throughput (Fig. 6(b)). Additionally, we can see
that total MBS energy consumption is highest for Max RSRP case
because macrocell still has to serve large number of UEs due to
limited offloading (Fig. 6(c)). The simulation parameters for obtain-
ing these results are given in Table 1.

Cell biasing facilitates UE offloading by adding an REB to RSRP
from FAPs. Note that, this does not change the transmission power
of femtocell. It only prioritizes the selection of FAPs by adding a
positive value to received RSRP. See Fig. 5, where some UEs (Black
UEs) get offloaded from MBS to FAPs after biasing. Consequently,
this results in improvement of femtocell throughput and reduction
of MBS energy consumption (Fig. 6). Further incrementing REB will
offload a higher number of users to FAPs. However, increasing REB
beyond a certain value is not recommended. It has been observed
that REB value greater than 8 dB is infeasible in most practical de-
ployments as it abruptly increases the UE count in femtocells and
consequently competition for femtocell resources [29]. Cell biasing
guarantees UE offloading but do not promise improvement in end
users’ bitrates.

Considering end users’ perspective, the most important perfor-
mance metric is received bitrate. Received bitrate at a UE is a func-
tion of SINR and allotted bandwidth. High transmit power from
MBS causes more UEs association in them. This accords UEs with
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high SINR, but they receive lower bandwidth due to stiff compe-
tition of resources among associated UEs. On the contrary, FAPs
can offer much higher bandwidth to associated UEs. However, their
transmission power limitation also limits received SINR at UEs.

We now study expected bitrate based association schemes (E[B]
and E[B]), which incorporate received bitrate in cell selection cri-
teria rather than received signal strength. E[B] suggests to allocate
a fraction of bandwidth exclusively to FUEs and then calculates
expected bitrate from each BS in range. Finally, UE gets associ-
ated with a BS providing highest expected bitrate. Note that, this
scheme calculates expected bitrate based on total available band-
width rather than unallocated bandwidth at the target BS. Hence,
UEs which are equidistant from many FAPs (for example, Red UEs
in Fig. 5) can select any nearby FAP as target. Since fraction of
bandwidth available at FAPs is much higher than MBS, we see
quite a number of UEs offloaded to femtocell (Fig. 7). Consequently,
we observe improvement in femtocell throughput and reduction in
MBS energy consumption compared to Max RSRP and cell biasing
(Fig. 7).

An improvement to E[B] scheme is to incorporate offered load
into cell selection criteria. If a UE is equidistant from multiple FAPs,
it will receive equal SINR from all of them. However, bandwidth
allotted to it depends on the load at target BS. Enhanced expected
bitrate scheme (E [§]) incorporates this fact by calculating expected
bitrate from MBS and all FAPs considering residual bandwidth. This
scheme allows UEs to distinguish among FAPs based on the num-
ber of associated UEs along with their bitrates. Hence, some UEs
(Red coloured) now get associated with only FAP C (Fig. 5) because

it might provide the same SINR as other nearby FAPs but grants
higher bandwidth because of low resource competition. Conse-
quently, this results in highest user association, FAP throughput,
and lowest MBS energy consumption among all schemes (Fig. 7).
Furthermore, with increasing o, more and more UEs get offloaded
to FAPs, consequently improving UE count and FAP throughput.
Note that, for varying «, the FUE count remains unchanged for
Max RSRP and Max RSRP + Bias. This results from the fact that
these schemes make use of RSRP and REB to make association de-
cision rather than the value of «. Similar trends are observed for
E[B] and E[§] for varying REB (Fig. 6). The UE count, FAP through-
put, and MBS energy consumption remain unchanged for varying
REB. This is due to the fact that user association in E[B] and E[B] is
based on received bitrate rather than RSRP.

6. Optimization problem formulation

Once required number of users get offloaded to femtocells
through biasing or expected bitrate based association, we focus on
improving femtocell throughput. Let N, be the number of UEs as-
sociated with femtocell k and total number of FUEs in the system
can be denoted as [Uy| = 3y Nj. Considering flat fading subchan-
nels, the SINR received at a UE on each assigned subchannel will
be the same. Let 6 be the number of inner FUEs in FAP k. The total
throughput obtained for FAP k will be the sum total of three dif-
ferent throughput entities i.e. a) throughput obtained by the outer
Ny — 6, FUEs, b) throughput obtained by the inner 6, FUEs, and
c) throughput obtained by inner 6, FUEs by reusing the macrocell
subchannels. Considering all subchannels assigned to an UE have
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identical characteristics, the total throughput of FAP k can be rep-
resented mathematically as,

Ng
Xk= Y. Y Wlog(1+Tjrq)
i=0+1 jen;

Ok
+ Z ZW logy (1 + Ijruy) + &k (21)

i=1 jeN;

where array 9; represents the set of subchannels assigned to FUE i.
For simplicity, we equally allocate subchannels among FUEs, hence,
|| = Fy/Nj for all i. Note that, our problem formulation is valid for
disproportionate channel assignment schemes too. The last term,
&, which represents the throughput gain obtained by reusing Fp
subchannels with power control can be obtained as,

Fn
£ = Wlogy(1+ Tk, ;G¥) (22)

Jj=1

where T]’.‘ is the power factor applied for transmission on subchan-
nel j of FAP k. Note that, here we assume no interference to fem-
tocell users over F subchannels due to high wall penetration loss.

Our objective is to maximize the sum throughput of all fem-
tocells over these Fy; subchannels while satisfying interference and
rate loss constraint which can be further translated into bitrate and
maximum transmit power constraints. Thus, we formulate our op-
timization problem as,

Max%lgllze > &

J keN

(23)

Subject to,
Z Tj"{Ptx,fo < Imax Vje Fniq (24)
keN
RL =R, VjeE, (25)
S YKuPy;<FnxPyy VK (26)
JjeFn
Tf>=0 Vjk (27)
FL UF, = Fy, (28)

where [Y];,  is the matrix containing power factor values for
each subchannel of each FAP. Egs. (24) and (25) represent inter-
ference and bitrate constraints applicable on macrocell users. Eq.
(26) is the maximum transmit power constraint for FAPs over
these F;; subchannels. When optimization is performed over these
Fn subchannels, the transmit power of few subchannels is re-
duced (where T* < 1) and the residual power can be redistributed
among the rest of the subchannels while keeping sum transmit
power constant.

To solve this problem, we propose a centralized algorithm
which determines the power factor values for each subchannel of
each FAP. We assume that the centralized algorithm has instan-
taneous information about all the gains (signal and interference)
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Table 1
Simulation parameters. Problem: B
7 k ) k k
Parameter Value L (Tj A, {¢1}) - Z Z Wilog, (1 + TJ' Pf"~ij)
keN jeFn
Bandwidth 10 MHz
Simulation area 12.35 km? ~
IL k
No. of subchannels 256 - Z ¢j (Rj - Rj,m) - Z At Z Tj — Fn (31)
MBS radius 500 m JjeF; keN jebn
FAP radius 15 m
MBS transmit power 43 dBm
FAP transmit power 23 dBm To solve Problem A, we divide it into F, independent sub-
Wall loss 10 dB problems, one for each subchannel, while keeping 2, fixed. Hence,
UE density 100/km? th b bl f beh licFr i ted
FAP density {5—20}/km2 € sub-problem Ior any subchannel j € ryp 1S represented as,
Reuse factor («) {0.1-04}
Gaussian noise figure —174 dBm/Hz ' .
FAP energy consumption 10 W max Z Wlog, (1 + Tj Ptx,ij)
Zero-load MBS energy (Eq) 500 W Jk keN
Number of sectors (S) 1
Sm 015 i (> Ykp, (HE — 1
P 200 W /’L](Z jhex fH; max)
Closs 0.35 keN
BPyoss 0.25 X
Range expansion bias (REB) {0, 2, 4, 6, 8} - Z )‘k(Tj - Fm) (32)
Path loss coefficient MBS 2.5 keN
FAP 35
Antenna gain MBS 14 dB
FAP 7 dB In order to maximize the above Lagrangian, derivative of Eq.
UE 0 dB

either through FAP backhaul or by uplink signal estimation. To
solve the above problem, we make use of Lagrange’s dual method
[33,34]. By solving the dual problem instead of the primal one al-
lows us to obtain the lower bound on the optimal solution. This is
done by incorporating the constraints directly into the original ob-
jective function. In practice, the dual problem can often be solved
more easily than the original optimization problem. Hence, we for-
mulate the Lagrangian of the problem as,

OO A Pl (95D = 3= 3~ Wlogy (1+ TP G

keN jeFn

- Z i Z ’Y‘]l‘cptx,fl"lj‘< — Inax
jeF; keN

- Z ¢J' (EJ - Rng)

Jjeky,

=Y M| DoY) —En (29)

keN jeFn

where p;, ¢; and Aj are non-negative Lagrange multipliers for
interference, bitrate and transmit power constraints, respectively.
Note that constraints in the above optimization problem are non-
convex. Therefore, solving this problem by converting it into La-
grange dual problem may result in non-zero duality gap between
the primal problem and its dual problem. However, time-sharing
condition applicable for realistic (large) number of subchannels al-
lows us to solve the problem using Lagrange’s dual method with
close to zero duality gap, hence providing near optimal solution
[27,33].

Using dual decomposition method [33,35], the above problem
can be split up into two sub-problems — Problem: A and Problem:
B with respective Lagrangian represented as,

Problem: A
O ) M) =0 ) Wlogy (14 Y (R, 4G
keN jeFq
3 [ TR HE I ) = S [ 3 YE—Fa ) (30)
jeEL keN keN jeFn

(32) with respect to ’Y‘]’.‘ is taken. Considering the non-negative
power constraint in Eq. (27), we have,

¥ = max(0, Q(u;)) (33)
where
w 1
Q(uj) = ( - ) (34)
T NP pHE 4+ A Py G

Substituting T]’.‘ in Eq. (24) gives us,

Z max(O, Q_(,l/Lj))Pm,fI‘I}< < Inax (35)
keN

For fixed Ay, we can see that Q(u;) is a decreasing function
of w; which obtains maximum value when ;= 0. If LHS in Eq.
(35) is smaller than RHS, we can set u; equals to zero. If not,
the value of p; can be easily calculated by solving Eq. 35 with
equality.

6.0.1. Relationship between interference constraint & rate-loss
constraint

To solve Problem B, we first investigate the relation-
ship between interference and rate-loss constraints. This
will help us to prove that interference power constraint
can serve as an upper bound on rate-loss of MUE. Addi-
tionally, this will simplify Problem B by representing its
non-convex rate-loss constraint as an equivalent interference
constraint. S

We claim that there exists an interference threshold, I,%ax, for
subchannel j such that the rate-loss incurred on that subchannel is
less than AR;. Using Eq. (8), received bitrate at an MUE is repre-
sented as,
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R"_ WlOg (] + Ptx,mGT )
= )
m T4+ en T]l'Ptx,fH}

> Wlog, (1+ PxmG'") — Wlog, (1 +y T]’-I’me})
leN

> RF —Wlog, (1 +> YiPy fH}> (36)
leN

; IF IL ideri j
Replacing R = Rim by AR; and considering By =
Ylen T]"PIMH}, we can make sure that maximum rate loss is

upper bounded by log, (1 +%). Hence,

AR; < Wiog, (1 +3°1h, fH}) < Wlog, (1 + K) (37)
leN

We can regulate the rate-loss to be less than AR; by choosing
this interference threshold for subchannel j as,

Thax = 32 1P gHY = 285 1 (38)
leN

Hence Lagrangian of Problem B can be re-written as,

20 P (o) = 30 3 Wilogy (14 TER, (G4

keN jeFn

=203 2o iPsH) - @AY 1)
JjeF; leN

-3 n S E -y (39)
keN j€Fn

To solve this problem, we divide it into F independent sub-
problems, similar to Problem A. Keeping A, fixed, we then take
derivative of Lagrangian with respect to Tj’.‘. Then, using a method
similar to the one given in [27], it can be shown that the optimal
power allocation is,

TJ’.‘ = max(O, P(‘f’j)) e
where

W 1
Pi#n = (¢1Ptx,ijI'{ + i PG ) o

The non-negative dual variable ¢; (associated with the rate-loss
constraint) either equals zero or is determined by solving the fol-
lowing equation with equality,

> max(0. P(¢;))Pu H} < 28R — 1) (42)
leN

Algorithm 1 represents the sequence of steps to solve the orig-
inal optimization problem. It iteratively calculates p; and ¢; un-
til the desired accuracy is achieved, while updating Aj using sub-
gradient algorithm. Once all u;'s and ¢;’s are determined, power
factor values are calculated. Using Eqs. (33) and (40), the central-
ized algorithm constructs a matrix [Y]; , , containing power factor
values for each FAP’s subchannel. Finally, these values are commu-
nicated to FAPs in order to perform appropriate power control so
as to mitigate interference to MUEs.

We propose the use of a centralised algorithm for power fac-
tor calculation instead of a distributed one because of the dynamic
network characteristics of femtocell networks such as FAP loca-
tions and their ON — OFF status. However, Algorithm 1 can also
be implemented in a distributed fashion. For this, we can run
Algorithm 1 for each UE in a distributed manner to calculate the

Algorithm 1 Power factor calculation.

Initialize Aq, t =1

repeat
for each subchannel j € {Fi,|JF}} do
Compute
S = kgvmax(o, /\ﬂk - PIX}G;?)Pt"-fH;'(
if je Fl and S < Iy then
Set u;j =0
else
Find p; that satisfies Eq. (35) with equality.
Calculate Y™, Vn € Fi, using Eq. (33).
end if
if jeF, and S < 2AR/Y _ 1 then
Set ¢] =0
else
Find ¢; that satisfies Eq. (42) with equality.
end if
Calculate Y[, Vn € F;, using Eq. (40).
end for

m
Update A¢yq = Ar — u(Fm -y T{‘)

i=1
if 1,1 <0 then
Set At;1 =0 and stop
end if
until (A,q — Ak)z < & Note : Here, ), is a column vector of size
k at iteration t, v is the step size, and ¢ is a positive small num-
ber to define convergence.
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Fig. 8. Average FUE spectral efficiency.
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Fig. 9. Comparing interference vs. rate-loss constraint.
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UE or one of the interfering FAPs can be chosen as a central entity
to perform the local optimization. Though this approach is compu-
tationally less intensive, it may not result in calculating the glob-
ally optimal power factor values for all FAPs. The design of such a
distributed algorithm is beyond the scope of this paper and hence
left for future work.

7. Simulation results

Our simulation scenario assumes an LTE-A compliant 19-cell
hexagonal wrap-around cellular model overlaid with low power
FAPs [36]. Both UEs and FAPs are distributed using homogeneous
SPPP in the covered region. We run the simulation considering full
buffer traffic model i.e., UEs always have some data to send. Femto-
cells are assumed to be in Always-ON state unless there are no UEs
under its coverage. Snapshots are taken at discrete time intervals.
Based on statistics of subchannels used by UEs, values of power
factor are calculated. The interference threshold, Inqy, is taken to
be 1% of femtocell subchannel transmit power (0.01 * Py ). Sim-
ulation results are averaged over 60 deployment scenarios and are
plotted with 95% confidence interval. The rest of the simulation
parameters are given in Table 1.

We first analyse the effect of interference and rate-loss con-
straints on bitrate and spectral efficiency of MUEs and FUEs.
Fig. 8 shows the effect of rate-loss constraint on average spectral
efficiency of FUEs. As we can see that spectral efficiency of FUEs
keeps improving with increase in maximum transmit power con-
straint (Eq. (26)). Assume that the values of rate-loss that can be
tolerated by an MUE lie in the set S = {5%, 10%, 20%}. Then, for sat-
isfying per subchannel rate-loss constraint, the interference thresh-
old I, is taken as 28R _ 1, where ARj = {s=RIF, /100}, Vs € S.
It is observed that as percentage of tolerable rate loss increases for
MUEs, spectral efficiency of FUEs also increases. This is due to the
fact that when higher rate-loss is acceptable, FAPs can transmit at
higher power to their UEs without significantly affecting the re-
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ceived bitrate of MUEs. It is also observed that when maximum
transmit power constraint over Fy is small, the spectral efficiency
of FUEs for different percentage of rate-loss is almost the same.
This results from the fact that, for lower value of Fy %Py 5, transmit
power constraint is more dominant than rate-loss constraint. As
maximum transmit power over F; increases, rate-loss constraint
becomes the dominant constraint, thereby showing considerable
difference in spectral efficiency of FUEs.

Fig. 9 shows comparison of per subchannel rate-loss constraint
and per subchannel interference constraint. As we can see that
average spectral efficiency of FUEs under rate-loss constraint is
nearly the same as interference constraint for lower values of max-
imum transmit power (Fp*Pyy f). However, as this transmit power
increases, we observe quite an improvement in spectral efficiency
of FUE for rate-loss constraint compared to interference constraint.
This improvement in FUEs’ spectral efficiency is direct consequence
of allowing FAPs to transmit at higher power while satisfying
MUEs'’ rate-loss constraint.

To analyse the performance of all four spectrum allocation tech-
niques, a random allocation of F,; subchannels among MUEs is
done, while satisfying minimum bitrate constraint. Additionally,
for OSPA and HCPC, we adapt subchannel transmit power in or-
der to maximize spectral efficiency of femtocell UEs (Measured in
bits/s/Hz). OSPA and HCPC are independent of the subchannel al-
location policy used after spectrum partitioning between MBS and
FAPs, and can work with any allocation policy such as equal, pro-
portionate, and fair allocation. OSPA and HCPC improve femtocell
throughput irrespective of the underlying policy in use.

(b) System throughput vs. « for E[E]

Fig. 13. System throughput.

Fig. 10 depicts the Cumulative Distribution Function (CDF) of
spectral efficiency of macro and femto UEs for all spectrum allo-
cation techniques. As we can see, CDF of MUEs improves for Reuse
o compared to Reuse 1 (Fig. 10(a) and 10(b)). This results from
the reduced co-channels interference from femtocell to MUEs due
to orthogonal spectrum reuse. A similar improvement is observed
for OSPA and HCPC as these techniques also eliminate interference
to MUEs via frequency partitioning. A key observation is that, for
interference protected MUE, the curves of OSPA, HCPC and Reuse
« closely overlap with each other (Fig. 10(a)). This shows that af-
ter performing power control over F, subchannels, the effect of
co-channels interference is nullified for UEs belonging to i,. For
remaining MUEs (14,), some deterioration in received bitrate is ac-
ceptable for HCPC technique. Resultantly, we see lower spectral ef-
ficiency of MUEs for HCPC compared to OSPA in Fig. 10(b).

Fig. 10 (c) illustrates the CDF of spectral efficiency of FUEs. It
can be seen that there is a significant improvement in spectral ef-
ficiency of FUEs for Reuse o compared to Reuse 1. This is the re-
sult of reduced co-channel interference from MBS to FUEs. How-
ever, availability of fewer subchannels for FUEs diminishes the FAP
throughput drastically as can be seen in Fig. 12. OSPA technique
shows significant improvement over Reuse 1 and Reuse « tech-
niques. This improvement is obtained due to optimal power distri-
bution over Fp, subchannels. Acquired results show that values of
power factors for these subchannels vary from 0.27 to as high as
3.2. Finally, HCPC further improves FUEs’ spectral efficiency by al-
lowing FAPs to transmit at even higher power to their FUEs whilst
satisfying MUEs’ rate-loss constraint.
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Fig. 14. Energy efficiency.

We now compare the throughput and energy efficiency per-
formance of Max RSRP + Bias and E[ﬁ] schemes. We present
the results for these two schemes only because in our previous
work [14], Max RSRP + Bias and E[B] have shown to outperform
Max RSRP and E[B], respectively. Additionally, results presented in
Figs. 6 and 7 conclude that E[E] scheme performs the best in terms
of UE offloading, FAP throughput, and MBS energy consumption.

For Max RSRP + Bias scheme, the cell selection decision de-
pends only on the REB. However, after cell selection, the bitrates of
UEs are affected by the bandwidth availability in their target BSs.
Hence, we analyse the performance of Max RSRP + Bias scheme for
different spectrum allocation techniques by varying REB. The value
of « is taken to be 0.4 when Max RSRP + Bias scheme is used in
combination with Reuse &, OSPA, and HCPC techniques. Similarly,
for E[B] scheme, the cell selection decision depends only on the
received bitrate or in turn the bandwidth availability at different
BSs. For E[B] scheme, REB has no effect on user association, and
hence, the performance of different spectrum allocation techniques
is studied by varying o.

Fig. 11 (a) and 11(b) represent the MBS throughput for Max
RSRP + Bias and E[B] scheme, respectively. For Max RSRP + Bias, the
MBS throughput decreases with increasing REB (Fig. 11(a)). This is
due to the fact that, as REB increases, more users get offloaded to
FAPs. This consequently results in a lower MBS throughput for all
spectrum allocation techniques. A similar trend is observed for E[E]
scheme where reduction in MBS throughput is observed with an
increase in o for Reuse o, OSPA, and HCPC techniques. This is due
to the fact that, as « increases, the bandwidth availability at FAPs
increases. This, in turn, increases UEs association to FAPs, lowering

Femtocell Density (FAPs/km?)

(b) System Throughput vs. FAP Density for E[B]

Fig. 15. Effect of FAP density on system throughput.

MBS throughput. For both cell selection schemes, the HCPC tech-
nique performs the worst as it reuses the macrocell spectrum for
FUEs consequently deteriorating the throughput of MUEs due to
increased interference.

Fig. 12 shows FAP throughput for Max RSRP + Bias and E[§]
schemes. For Max RSRP + Bias, the FAP throughput keeps in-
creasing with increase in REB for all spectrum allocation tech-
niques (Fig. 12(a)). A similar trend is observed for E[§] scheme
where improvement in FAP throughput is observed with an in-
crease in o (Fig. 12(b)). For both cell selection schemes, the max-
imum throughput is observed for HCPC technique due to reuse of
macrocell spectrum for femtocell UEs. Note that, when E[E] is used
with Reuse 1 technique, the MBS and FAP throughput remain fixed
for different values of o as cell selection and spectrum allocation
for UEs remain unchanged.

Fig. 13 represents the total system throughput (MBS + FAP) for
Max RSRP + Bias and E[B] schemes. As expected, HCPC performs
the best in term of total system throughput for both cell selection
schemes. Additionally, E[E] scheme has shown to outperform Max
RSRP + Bias scheme in terms of system throughput because it as-
signs UEs to BSs with an objective to maximize their bitrate. On an
average, E[B] has shown to improve the FAP throughput by 30-35%
compared to Max RSRP + Bias scheme (Fig. 7). When HCPC is used
with E[E] scheme, higher transmit power over rate-loss protected
subchannels (F}) results in an additional 20-26% improvement in
FAP throughput compared to OSPA (Fig. 13(b)).

Fig. 14 makes it clear that HCPC technique is optimal in terms
of energy efficiency too. For both cell selection schemes, HCPC has
the least ECR compared to Reuse 1, Reuse o and OSPA. This is a
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direct consequence of throughput maximization for FUEs and re-
duction in MBS energy consumption. Also, as REB and « increase
for Max RSRP + Bias and E[E], respectively, more users get of-
floaded from MBS to FAPs. This further increases FAP throughput
and reduces MBS energy consumption, lowering ECR.

Finally, we analyse the effects of increasing FAP density on sys-
tem throughput and ECR for both cell selection schemes. As ex-
pected, with an increase in FAP density, system throughput in-
creases for both Max RSRP + Bias and E[§] due to higher spec-
trum reuse and users offloading in FAPs (Fig. 15). The offloaded
UEs in FAPs are benefited by higher bandwidth allocation, caus-
ing improvement in both FAP and system throughput. Similar im-
provement in ECR is also observed with an increase in FAP den-
sity (Fig. 16) for both cell selection schemes. Interestingly, here too,
E[ﬁ] scheme when used with HCPC technique performs the best
among all cell selection and spectrum allocation combinations.

8. Conclusion

In this paper, we have proposed an energy efficient framework
for user association and power allocation in femtocell assisted cel-
lular networks. In order to improve the benefits of femtocell de-
ployments, use of cell biasing and expected bitrate based user as-
sociation is suggested. These schemes offload users from macro-
cells to femtocells, and consequently improve the femtocell re-
source utilization and reduce the macrocell energy consumption.
Compared to existing cell selection schemes available in the liter-
ature, our proposed enhanced expected bitrate scheme has shown
to improve throughput of femtocells by 30-35% approximately. Be-
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