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Abstract—LTE Femtocells are designed to increase capacity
and coverage especially for the indoor and cell-edge mobile
users. Typically, they are deployed to offload the macrocell users.
However, due to co-location of femtocells in macrocell coverage,
the co-tier and cross-tier interferences are high. The interference
levels are different for each femtocell access mode. In this paper,
we conduct experiment and study the network performance of
LTE network with femtocells operating in three access modes.
We define network productivity which measures the network
performance based on reward associated with new call arrivals
and penalty accounted for forced termination due to handoff
failure. We conclude with specific parameter setup for reward
and penalty weights for each network deployment and determine
the desired network performance for each femtocell deployment.

I. INTRODUCTION

The increasing demand for high data rates by wireless sub-
scribers has been a major driver for the concept of small cells.
Small cells are low-powered low-cost mobile base stations,
which are deployed within the coverage area of the traditional
macro base station. The main issue with traditional macrocells
is the increasing cost of deploying them. It is at this point, a
special type of small cells, femtocells, proves to be beneficial
from the deployment expenses and providing better voice and
data reception. Some of the major drawbacks of relying on
macrocells are the poor coverage for the cell edge users and
lower data rates experienced by the indoor users. With the
femtocell solution, the subscriber is satisified with high data
rates and coverage, the operators can look to offload the traffic
from the expensive macrocells and focus the radio resources
on the truly mobile users [1].

Femtocells also come with certain challenges. One of the
major difficulties of femtocell deployment is interference mit-
igation between the femtocells and femtocell and macrocell.
This is prominent when the spectrum between the femtocells
and the overlaying macrocell is shared. A typical femtocell
deployment comprises of two tiers, the tier including the
macrocell (tier-1) and the tier including the femtocells (tier-

2). Inter-tier and intra-tier interference result in low throughput
and reduced bandwidth utilization.

The network performance depends on the inter-tier and
intra-tier interference experienced by the users. In cellular
OFDMA system, an incoming user is allocated a certain
number of sub-carriers to satisfy its rate requirement. In our
formulation, we consider all incoming users have the same
rate requirement R. Due to different interferences experienced
by the users, they will require different number of subcarriers.
This in turn determines the number of simultaneous users or
calls present in the cell.

In this paper, we analyze the network performance as a
function of call arrival rates. We consider mobility of calls
between the cells and study the effect of high and low mobility
on the performance. Since the resources are shared between
femtocells and macrocells, it becomes significant to include
blocking probability model in the network. We have utilized an
analytical model to define blocking probability in the network
[2] [3].

We define a network performance function for traffic that is
carried successfully. We take into account revenue generated
by accepting a new call and the cost of forced termination due
to handoff failure. The paper concludes with a desired set of
values for reward and penalty weights that can be applied to
LTE heterogenous network with femtocells operating in one
of the access modes, closed, open and hybrid access modes.

II. FEMTOCELL ACCESS MODES

Open access (OSG), closed access (CSG), and hybrid access
are the three existing access-control methods that decide users’
connectivity to the Femtocell Access Point (FAP). In open
access, whenever the users are within the range of a FAP,
they get connected to the FAP easily. This includes a new
set of signalling congestion in the network, as the number
of handover attempts gets higher compromising the level of
sharing and security concerns for the regular user. In the
case of closed access, only particular users get access to the
FAP, thus avoiding unwanted traffic congestion and possible
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Fig. 1. Different access control in mechanism femtocell network [4]

interferences. In this case, the QoS is guaranteed at the expense
of decreasing spectral efficiency. Hybrid access transacts with
both challenges by tuning the resource ratio according to
the number of femtocell owners and subscribers. A limited
amount of resources is available to the users who are within
the coverage range and a “closed subscriber group” possesses
the privilege to use the maximum service [4]. Fig. 1 shows
different access control mechanism in a femtocell network.

Following Table I shows the differences in femtocell access
modes based on presence of guaranteed and non-guaranteed
users. This information is utilized in our research.

TABLE I
SIMULATION PARAMETERS

Femtocell Femtocell Femtocell Macrocells
Access Mode Guaranteed Users Non All Users

Guaranteed Users
Hybrid Present Present Present
CSG Present NA Present
OSG NA Present Present

III. SYSTEM MODEL

The mechanism assumes a topology that consists of a
grid of 1 macrocell, each with 3 sector sites such that each
sector is served by a different directional antenna. The beam
directions of different sector antennas are separated by 120◦.
A constant number of femtocells per sector site and multicast
users that are uniformly distributed. We consider the downlink
transmission scenario in a tier-based cellular OFDMA network
as shown in Fig.1. We consider universal frequency reuse,

i.e. all cells use the same spectrum, which is shared between
macrocell and femtocells. We consider the interference from
the first tier of neighboring cells only. We also consider the
effect of path loss and lognormal shadowing on the transmitted
signal. In practice, the association of user with macrocell or
femtocell is determined based on signal to interference ratio
(SIR). If SIR experienced by user from macrocell is above
threshold, then it will be associated with macrocell, otherwise
with femtocell. In the present paper, however, we consider a
model where users present in macrocell region are associated
with macrocell directly and those present in femtocell region
are associated with the corresponding femtocell. Out of the
total call arrivals to the cell, a fraction is assumed to occur
in macrocell region, while the remaining are assumed to have
occured in femtocell region. If insufficient number of sub-
carriers are allocated to femtocell, then femtocell will not be
able to relay the signals received from macrocell to femtocell.
On the other hand, if the subcarriers allocated to femtocells
are more than the required, then there may be an increase
in call blocking at the macrocell. In the reference cell, all
users have been allocated orthogonal subcarriers, and therefore
no intracell interference exists. However, in a network with
universal frequency reuse, users will experience interference
from femtocells and macrocells of neighboring cells. We
consider the rate requirement to be same for all users. The
blocking probability on link between macrocell and femtocell
is calculated, and then overall blocking probability for tier-
based OFDMA network is determined. After reviewing several
options for blocking probability model to fit our research [5],
[6], [7], [8], [9], [2], [3], the final blocking probability model
used in the paper is based on [2], [3].

IV. MOBILITY MODEL

The call-arrival process to cell i is assumed to be a Poisson
process with rate λi independent of other call-arrival pro-
cesses. In the case of equal call-arrival rates, λi = λ for all i.
The call dwell time is a random variable with exponential

distribution having mean
1

µ
and is independent of earlier

arrival times, call durations, and elapsed times of other users.
At the end of a dwell time, a call may stay in the same cell,
attempt a handoff to an adjacent cell, or leave the network.
Define qii as the probability that a call in progress in cell i
remains in cell i after completing its dwell time. In this case,
a new dwell time that is independent of the previous dwell
time begins immediately. Let qij be the probability that a call
in progress in cell i after completing its dwell time goes to
cell j. If cells i and j are not adjacent, then qij = 0. We denote
by qi the probability that a call in progress in cell i departs
from the network. This mobility model is attractive because
we can easily define different mobility scenarios by varying
the values of these probability parameters [10]. For example,
if qi is constant for all i, then the average dwell time of a
call in the network will be constant regardless of where the
call originates and what the values of qii and qij are. Thus,
in this case, by varying qiis and qijs, we can obtain low- and



high-mobility scenarios and compare the effect of mobility on
network attributes (e.g., throughput) [11].

Let Ai be the set of cells adjacent to cell i. Let νji be the
handoff rate out of cell j offered to cell i. νji is the sum of the
proportion of new calls accepted in cell j that go to cell i and
the proportion of handoff calls accepted from cells adjacent to
cell j that go to cell i. Thus

νji = λj(1 −Bj)qji + (1 −Bj)qji
∑
x∈Aj

νxj (1)

which can be rewritten as

νji = (1 −Bj)qjiρj (2)

where,ρj the total offered traffic to cell j, is given by

νji = λj +
∑
x∈Aj

νxj (3)

The total offered traffic can be obtained from a fixed point
model [12], which describes the offered traffic as a function
of the handoff and new call-arrival rates, the handoff rates as
a function of the blocking probabilities, and the offered traffic
and the blocking probabilities as a function of the offered
traffic.

A. Call Arrival and Subcarrier Allocation

1) Subcarrier Allocation: The objective of base station is
to satisfy the rate requirement of each user, by allocating
it the requested number of subcarriers which depends upon
its experienced SIR. There are KBS orthogonal subcarriers
available at the base station, each of bandwidth W Hz.

The signal-to-interference-plus-noise (SINR) for downlink
transmission to macro user x on a subcarrier n can be expressed
as [13]

SINRx,n =
PM,nGx,M,n

N0∆f +
∑
M ′
PM ′,nGx,M ′,n +

∑
F

PF,nGx,F,n

(4)
where, PM,n and PM ′,n is transmit power of serving macrocell
M and neighboring macrocell M ′ on subcarrier n, respectively.
Gi,M,n is channel gain between macro user i and serving
macrocell M on subcarrier n and Gi,M ′,n corresponds to
channel gain from neighboring macrocell M ′. Transmit power
of neighboring femtocell F on subcarrier n is denoted by PF,n

and Gi,F,n represents channel gain between macro user i and
neighboring femtocell F on subcarrier n. Finally, N0 is white
noise power spectral density and ∆f is subcarrier spacing.

In case of a femto user f, the received SINR on a subcarrier
n can be similarly given by [13]

SINRf,n =
PF,nGf,F,n

N0∆f +
∑
M

PM,nGf,M,n +
∑
F ′
PF ′,nGf,F ′,n

(5)
where, F ′ is the set of interfering femtocells. The channel gain
G, given by the following equation [13] is dominantly affected

by path loss, which is assumed to be modeled based on urban
path-loss PL as defined in [14].

G = 10−PL/10 (6)

Additionally, we calculate the rate of a user i achieved using
M number of subcarriers, which can be estimated via the SINR
from the following equation [13]

R = W · (

M∑
n=1

log2(1 + α · SINRn)) (7)

where W denotes the available bandwidth for each subcarrier
divided by the number of users that share the specific subcar-
rier and is a constant for a target bit error rate (BER) defined
by α = −1.5/ln(5 ·BER). Here we set BER to 10−6.

Since no frequency dependent fast fading is considered, SIR
on each subcarrier is same, SINR1 = SINR2 = SINRM =
SINR, the number of subcarriers (M ) required by any users
can be expressed as,

M =
R · log10 2

W · log10(1 + α · SINR)
(8)

2) Call Arrival: We assume that call arrivals in each cell
are Poisson distributed with mean arrival rate λ. Let, a fraction
of the total call arrivals, say f be served directly by macrocell,
then the arrival rate of macrocell calls is λm = fλ and that
of femtocell calls is λf = (1 − f)λ.

Since the users associated with femtocells are categorized
as guaranteed and non-guaranteed users, their call arrival rates
are also defined.

Following Table II are the call arrival and subcarrier
allocation parameters set for the research.

TABLE II
SIMULATION PARAMETERS

Parameter Femtocells Macrocells
Call Arrival Rate 0.2 0.8

Subcarrier Allocation 1.0 1.0

Following Table III are the call arrival and subcarrier
allocation parameters applied only to femtocells. The num-
bers indicate the fraction of call arrival rates and subcarrier
allocation assigned to guaranteed users in the femtocell.

TABLE III
SIMULATION PARAMETERS

Femtocell Acces Mode Call Arrival Rate Subcarrier Allocation
Hybrid 0.9 0.5
CSG 1.0 1.0
OSG 0.0 0.0

In addition, we assume low-mobility probability qij = 0.02
and high-mobility probability qij = 0.1. Inter-cell interference
is set to specific values for each deployment and varied by a
uniform random distribution value between 0 and 1.



V. PERFORMANCE METRICS

A. LTE Blocking Probability Model

To quantify capacity improvement, blocking probability of
voice traffic is typically calculated using Erlang B formula.
This calculation is based on the assumption that all users
require same amount of resources to satisfy their rate require-
ment. However, in an OFDMA system, each user requires
different number of subcarriers to meet its rate requirement.
This resource requirement depends on the SIR experienced by
a user. Therefore, the Erlang B formula cannot be employed
to compute blocking probability in an OFDMA network. An
analytical expression to compute the blocking probability of
tier-based cellular OFDMA network is utilized. Then, we
classify the users into various classes depending upon their
subcarrier requirement. We consider the system to be a multi-
dimensional system with different classes and evaluate the
blocking probability of system using the multi-dimensional
Erlang loss formulas [2] [3]. LTE blocking probability for
guaranteed and non-guaranteed users is not the same if the
femtocell operates in hybrid mode. Blocking probability values
were calculated using expressions from [3].

B. Network Productivity Definition

Network productivity W is defined as the revenue generated
by traffic with two components. First component is the revenue
generated by accepting a new call and second component is the
penalty incurred in forced termination due to handoff failure
[15]. Hence, the final expression for network productivity
applied to CSG and OSG femtocell deployments is

W (B, λ, ρ) =

M∑
j=1

(wjλj(1 −Bj(p))

−cjBj(p)(ρj(λ, v) − λj))

(9)

where, Bj is the blocking probability, ρj is the total offered
load to cell j, λ is the call arrival rate, wj is the revenue
generated by accepting a call in cell j, and cj is the cost of
a forced termination of a call due to a handoff failure. When
femtocells operate in hybrid access mode, we need to consider
reward and penalty terms associated with guaranteed and non-
guaranteed users. Hence, the final expression for network
productivity applied to Hybrid femtocell deployments is

W (B, λ, ρ) =

M∑
j=1

(wgjλgj(1 −Bgj(p))

+wngjλngj(1 −Bngj(p))

−cgjBgj(p)(ρj(λ, v) − λgj)

−cngjBngj(p)(ρj(λ, v) − λngj))

(10)

where, Bgj is the blocking probability for guaranteed users,
ρj is the total offered load to cell j, λgj is the call arrival
rate for guaranteed users, wgj is the revenue generated by
accepting a call from guaranteed user, and cgj is the cost of
a forced termination of a call from guaranteed user due to

handoff failure. Similar descriptions apply to the rest of the
terms for non-guaranteed users.

VI. PERFORMANCE EVALUATION

A. Simulation Parameters

Following Table IV are the simulation parameters set for
the research [16].

TABLE IV
SIMULATION PARAMETERS

Parameter Value
System Bandwidth 10 MHz
Subcarriers 50
Subcarrier Bandwidth 180 KHz
Cell Radius 250 m
Inter eNodeB distance 1000 m
Noise Power Spectral Density -174 dBm/Hz
Subcarrier spacing 15 KHz
Channel Model Typical Urban
Carrier Frequency 2000 MHz
Number of macrocells 1
Number of sectors per macrocell 3
Macrocell Transmit Power 40 W
Macrocell Antenna Gain 15dB
Macrocell Antenna Pattern TS36.942 standard
Number of femtocells per macrocell sector 1
Femtocell Transmit Power 20 mW
Femtocell Antenna Gain 0 dB
Femtocell Antenna Pattern Omni Directional
Femtocell Access Mode OSG,CSG,Hybrid

B. Simulation Guidelines

Hybrid access reaches a compromise between the impact
on the performance of guaranteed users and level of access
granted to non-guaranteed users, allowing them to possess a
limited amount of features [17], [18]. Reward weights are set
to lower value than penalty weights since network performance
is evaluated in worst possible conditions. Only high data rate,
high mobility values are shown in results.

C. Performance Analysis

1) LTE Blocking Probability: Due to different resource
allocation needs of guaranteed and non-guaranteed users,
blocking probability will also differ. Typically, blocking prob-
ability for guaranteed users is less than non-guaranteed users.
Since there is no user differentiation in macrocell coverage,
same blocking probability is applied to each one of them.
Guaranteed users experience less blocking compared to non-
guaranteed since resources are reserved for them in femtocell.

2) Network Productivity: We study the system behavior by
calulating network productivity for different femtocell access
modes. For low offered loads, the network productivity shows
an increasing trend and eventually drop as the network reaches
saturation limit. Fig. 3 shows the comparative results of
network productivity for each femtocell access modes with
high data rate requirement and in high mobility scenario.

We start the simulation with a specific setup for reward and
penalty weights and determine the network productivity. Table
V shows the initial setup for the LTE multi-tier network [19].



TABLE V
INITILAL SET OF REWARD AND PENALTY WEIGHTS

Femtocell Femtocell Macrocell
Femtocell Guaranteed Non-Guaranteed All

Access Users Users Users
Mode wj cj wj cj wj cj
Hybrid 1 5 1 5 1 5
CSG 1 5 NA NA 1 5
OSG NA NA 1 5 1 5

Fig. 2. Initial setup showing network productivity for offered load

From Fig. 2 following conclusions can be made. Network
with femtocells in CSG mode will show highest performance
since only guaranteed users are allowed access to femtocell
resource blocks. CSG and OSG femtocells show comparable
results since guaranteed users in CSG are replaced by non-
guaranteed users in OSG. Network with femtocells in Hybrid
mode show lower performance due to penalty from handoff
failure of guaranteed and non-guaranteed users combined.
This is not desired network performance since Hybrid access
mode is required to reach compromise between CSG and
OSG. Hence, we tune the reward and penalty weights for the
network.

In the series of incremental changes, we update cj = 10
for OSG macrousers since OSG mode is susceptible to higher
number of handover attempts. This is still not desired net-
work performance since the network does not fully capture
difference in handover attempts between CSG and other
modes. Therefore, we update cj = 1 for CSG macrousers
to simulate CSG femtocells experiencing fewer number of
handover attempts. With this setup, the network does not fully
capture difference in rewards for guaranteed users and non-
guaranteed users. In the next step, we update wj = 2 for
CSG femtousers since guaranteed users in femtocell CSG
mode experience less interference and handover attempts. This
is still not desired network performance since the network
does not fully capture difference in rewards for guaranteed
users and non-guaranteed users for Hybrid mode. Now we
update to simulate the Hybrid feature of femtocells by tuning
wj = 2 for Hybrid femtousers since guaranteed users in
femtocell Hybrid mode are prioritized in resource allocation

Fig. 3. Final setup showing network productivity for offered load

and experience less interference and handover attempts. This
is desired network performance since the network captures the
properties of each femtocell access mode with guaranteed and
non-guaranteed users. Hence, we utilize this network setup for
further calculations. Fig. 3 shows the network productivity for
offered load with the final reward and penalty weights.

Table VI shows the final setup for the LTE multi-tier
network based on our research.

TABLE VI
FINAL SET OF REWARD AND PENALTY WEIGHTS

Femtocell Femtocell Macrocell
Femtocell Guaranteed Non-Guaranteed All

Access Users Users Users
Mode wj cj wj cj wj cj
Hybrid 2 5 1 5 1 5
CSG 2 5 NA NA 1 1
OSG NA NA 1 5 1 10

VII. CONCLUSION

The effect of call arrival rates and mobility on network
performance of LTE heterogeneous system was analyzed. In
this paper, we proposed a LTE heterogenous network setup
which adheres to properties of three femtocell access modes.
The basic principle of femtocell deployment is to provide high
data rates to users with access and mitigate interference in
tier-based network. Hybrid femtocell access is designed to
mitigate such interference by prioritizing resources to guar-
anteed users to meet data rate requirement and allocating rest
of the bandwidth to non-guaranteed users. Specific network
events such as new call arrival and handoff termination were
assigned reward and penalty weights which impact network
performance. Starting with a proven set of reward-penalty
weight pair, we fine-tuned the weights to meet the LTE
network properties for a given call blocking model. The final
setup of reward-penalty weights can be utilized as a stable
starting point for further research with other channel models,
frequency reuse scenarios and variable number of femtocells
in dense deployments.
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