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Abstract—Indoor use of mobile phones is growing. Signal
penetration into buildings induces severe attenuation which leads
to poor indoor mobile coverage. Thus achieving adequate indoor
signal to noise and interference ratio is challenging. If operators
want to stimulate 3G usage as an alternative to the competitive
WIFI solution, they will have to offer better data rates when
users are at home or at work. The emerging femtocell solution
may be the last step toward broadband mobile internet. Radio
planning is not obvious for a plug-and-play femtocell device,
which will inherently have an unpredictable deployment. In this
paper we evaluate the performance that a femtocell system can
achieve when coexisting with an overlaying macrocell system. We
propose a double reuse frequency scheme for the assessment of
the SINR at the femtocell level. We show that femtocells can
definitely provide a meaningful improvement in the data rates
experienced by the femtocell user equipment.
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I. INTRODUCTION

Even though Third Generation (3G) standards are already
more than ten years old [1], the usage of mobile handsets for
web surfing or other data oriented services is not growing at
the pace expected by operators. The expected high data rates
are often theoretical and Fourth Generation (4G) technologies
[2] are already in the horizon. At the same time the fixed
mobile convergence is increasing and people are using more
and more their cell phone even when they are at home or in-
door workplace. It is a well-known fact that signal propagation
through buildings suffers from high attenuation. Typical values
for external and internal wall attenuation loss are 15 and 5 dB
respectively [3]. Poor indoor coverage has been identified as
the main cause of subscriber churn [4]. Meanwhile increasing
development of dual-mode phones that can accommodate, in
a single device, 3G and the famous Wireless LAN (WLAN)
technology known as Wireless Fidelity (WiFi) is a real threat
to cellular network operators. A WiFi Access Point (AP) can
offer higher data rates to indoor users because it is deployed
already inside the home and is personal. A competitive tech-
nology and unexpected solution for operators has emerged a
few years ago: the femtocell.

A femtocell Access point is a low cost small Home Base
Station (HBS). It allows a user in the vicinity of their home
to connect to their cellular network directly through their
own base station instead of through the overlaying macrocell.
In fact the concept of femtocell is not really new. It has
already been proposed in the mid-90 by Silventoinen et al.

with the Global System for Mobile communication (GSM)-
based HBS [5]. It was thought of as a device that a GSM sub-
scriber could buy and connect to their fixed telephone (Public
Switched Telephone Network-PSTN) line. This concept has
even been standardized within ETSI (European Telecommuni-
cations Standards Institute) [6] a few years later and is referred
to as GSM Cordless Telephony System (CTS). However this
innovation did not attract much attention of manufacturers
then, but [5] can now be considered as a seminal work of
what we call femtocell. Femtocells are seriously considered
by operators who are struggling to keep their subscribers
loyal. It is also worth mentioning that about 10 years before
HBS was proposed, a similar concept was also considered
[7]. It consisted of one handset , which would be connected
to the regular cellular network when outdoors but as soon as
the user entered the home it would connect to the Wireless
PABX (Private Branch eXchange) , which is the predecessor
to the cordless telephone technology known as DECT (Digital
Enhanced Cordless Telecommunications).
Femtocell Backhaul to the operator network core is provided
by the user’s broadband internet connection, either wired such
as through ADSL, or even wireless with Wireless Interoper-
ability for Microwave Access (WiMAX) technology.

Already at the beginning, the radio planning was identified
as the most challenging issue. The question is: which spectrum
will be used by the mobile phone to communicate with its
own femtocell access point. We can emphasize two main
approaches [8]: spectrum splitting, where macro and femtocell
will be given orthogonal frequency bands , which will lead
obviously to spectrum efficiency loss; spectrum sharing, which
emphasizes the problem of Co-Channel Interference (CCI). In
the context of spectrum sharing we can list several scenarios
of interference that can occur. We have to consider two kinds
of interference: the co-tier interference referring to femtocell
to femtocell scenarios and the cross tier interference between
femtocells and macrocells. In each of these scenarios we have
to further consider the downlink and uplink separately.

We present in the following the related existing works in the
fields of radio planning and allocation, especially for multi-
layer systems such as the one , which interests us. Then we
propose a solution to allocate frequencies efficiently between
macrocell and femtocell. We retrieve the achievable Signal to
Interference plus Noise Ratio (SINR) in different scenarios in
Section IV.
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A. Terminology

For the purpose of clarity we will refer in the following to
the indoor user connected through their femtocell as Femtocell
User Equipment (FUE). The home base station also called
simply femtocell is denoted by Femtocell Access Point (FAP).
Similarly we denote MUE the macrocell user equipment and
MAP the macrocell access point, also known as Base Station
in the cellular vocabulary. For simplification we suppose that
the FUE and FAP are both located indoors and that the
MUE and MAP are outdoors. We use the terms ”femtocell”
and ”macrocell” simply to refer to the technology without
distinction of user equipment or access point.

II. RELATED WORKS

This section presents the state of the art on the topics of
spectrum allocation to macrocell and femtocell. We present
separately the works related to the co-tier interference and
cross tier interference.

A. Cross-Tier Allocation Scheme

The first to consider frequency reuse of the overlaying
macrocell by a second layer system was Kinoshita et al. in
[9]. They introduced the ”frequency Double Reuse” (DR) tech-
nique, which allows urban frequency channels to be also used
for indoor cordless telephone systems. They further extended
this idea to coexistence between macrocell and microcell
systems in [10] and [11] where the frequency channel used in
the nearby cell is reused in a microcell inside the same cluster
of macrocells and considered by the authors as a high density
space division multiple access (SDMA). In [12], Silventoinen
addressed the problem of allocating frequencies to GSM-based
femtocells (referred therein as Home Base Station). A Total
Frequency Hopping (TFH) is used where transmissions of
different HBSs take place in different carrier frequencies and
the hopping spread over all the available carriers the operator
has in a pseudo-random way. The hopping sequences for
individual HBSs are independent of each other.

The TFH scheme eliminates the need for frequency planning
since all frequencies are used in a pseudo-random manner and
the additional interference to the overlaying system is evenly
distributed over the whole spectrum in use. Conclusion for the
downlink (the only direction simulated there) is that if HBS
power is about 40 dB less than in macro network, negative
effect of the macro on the second layer HBS is negligible.
Further investigation on transmission power for HBS, and
effects on macro layer following the density of HBS can be
found in [13].

In [14], a frequency assignment for femtocells is proposed.
The coverage of the macrocell is split into 2 regions: inner and
outer regions. If a femtocell is located in the outer region, it
can reuse the channel of the overlaying macrocell. However if
the femtocell is in the inner region, it must use a different
channel than the overlaying macrocell. To compute where
the limit must be between inner and outer region, the ILCA
(Interference-limited coverage area) of a femtocell is defined.
It is the area within a contour where the received power levels

from the FAP and MAP are the same. If the ILCA is above a
threshold, the femtocell is considered in the inner region. This
frequency assignment method applies only to downlink, and
it is not mentioned in [14] , which frequency is allocated to
the femtocells located in the inner region.

In [15], an uplink femtocell power control is proposed. It
reduces the cross tier interference at the macrocell level. The
study is in the context of the Orthogonal Frequency Division
Multiple Access (OFDMA) WiMAX system, and can be also
useful for Long Term Evolution (LTE) systems. However the
power control proposed is not always realistic. In some cases,
controlling the uplink transmission power of the femtocell to
ensure that it will not disturb the macrocell, can lead to too
low transmit power so the FUE could not be covered by its
FAP.

Another solution proposed is to share the resource in a
Time Division Multiple Access (TDMA) fashion on top of the
Code Division Multiple Access (CDMA) [16]. Macrocell and
femtocell will each transmit independently over one time slot
and remain silent over other slots. This is referred to Time
Hopped-CDMA (TH-CDMA). The authors propose also the
use of sectorized antennas in the FAPs to further reduce cross-
tier interference. Time hopping is equivalent to splitting the
resources in the time domain instead of splitting them in the
frequency domain. Thus as we already said for the spectrum
splitting, the loss of resource efficiency in an environment
where the radio resource is so scarce constitutes a major
drawback.

B. Co-tier allocation scheme

1) Macrocell layer: In [17], resource allocation on
OFDMA context is considered but only at the macrocell
level. A centralized and distributed scheme is proposed. In
the centralized scheme the allocation is done in 2 steps: at
the high level an allocation in the time domain is achieved
where a set of ”resource block” (RB) (which is the unity of
resources in LTE) is allocated to each MAP. This is done
by a central coordinator , which implements an algorithm ,
which minimizes the intercell interference. Then in a more
fine time domain, each BS allocates an RB to a user based on
an algorithm such as proportional fairness. In the distributed
scheme, allocation is done thanks to power profile defined a-
priori. Thus each cell knows in advance to , which level of
interference it will be exposed. These propositions even though
interesting cannot be used for femtocells as it requires a central
coordinator. Even for the distributed scheme, a profile has to
be already defined , which is not really possible with femtocell
, which is plug and play without operator’s planning before.
Besides the algorithm to define the power profile is not defined
in this paper but presented as an open issue.

C. Femtocell layer

A self-organized resource allocation algorithm for femtocell
is presented in [18]. A sub-channel is allocated to a femtocell
based on either local broadcast messages from neighbor FAP
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referred to as the broadcast approach or from FUE measure-
ment periodical report. In the broadcast approach, a ”badness”
indicator for each subchannel is computed. This indicator re-
flects the probability of usage and the intensity of interference
for the sub-channel. In the second approach, each FUE sends
a measurement report to its serving FAP , which indicates the
Received Signal Strength (RSS) suffered by the user in each
sub-channel. Then the FAP gathers the information received
from all of its FUEs and builds an interference matrix. A
new subchannel is chosen following optimization procedure
whose target is to minimize the sum of the overall interference
suffered by the users of the femtocell .This paper does not
deal with the femtocell spectrum allocation but considers it as
given. Prediction of interference , which is needed for the
system level simulator is based on too simple propagation
model , which is mainly the free space loss model with added
loss for wall penetration. However indoor wireless channel
is well known for suffering from fading so a more reliable
propagation model is lacking.

Effects of open access versus closed access (referred Closed
Subscriber Group - CSG) to femtocell to outside users has
been analyzed in [19]. It shows that when CSG is used the
outage probability for non-subscriber users is high whereas
if even one sub-channel is reserved for them, the outage
probability not only decreases but the resource reserved can be
enough if the services requested by non-subscribers is voice.
An interesting observation is that if the quantity of subchannels
reserved is low, then even if the number of femtocells deployed
increases the outage probability increase due to cross tier
interference of non-subscribers not yet associated with femto-
cell. It proposes that providers or femtocell owners define the
minimum numbers of subchannels available to non-subscribers
in a dynamic manner. It is worth mentioning that the coverage
is predicted using FDTD (Finite-Difference Time-Domain )
method based on ray tracing theory , which can be considered
as accurate.

III. CROSS LAYER FREQUENCY REUSE

We propose to mix the spectrum sharing and spectrum split-
ting approaches mentioned in Section I via frequency reuse
between macrocell and femtocell. We propose a ”double”
frequency reuse scheme where femtocells located in a given
macrocell sector are allowed to reuse the bandwidth of the
two adjacent sectors of the same overlaying macrocell. Figure
1 presents our double reuse scheme. We consider a 1 ∗ 3 ∗ 3
reuse scheme and split the spectrum into three equal parts, one
for each of the three sectors of each MAP represented by 3
different colors (Blue, Red and Green). For each sector, we
allow the femtocells in it to reuse the spectrum not used by its
sector i.e., two-thirds of the available bandwidth. We propose
three kinds of reuse plans: Full reuse, Partial reuse and Mixed
reuse. In Full reuse the femtocell can reuse whatever channels
that are used by the two adjacent sectors wherever it is located
in the area of its sector. The selection by each femtocell of a
specific channel is based on a simple greedy algorithm where
the FAP selects the less interfered subchannel. We assume

Fig. 1. Double frequency reuse scheme

here that all the subchannels have equal bandwidth. However
it might not be the case and thus channel selection may be
more complex.The drawback of this method is that problems
may occur when the FAP is close to the edge of the sector.
Assume that the FAP chooses the same frequency as that of
the adjacent macrocell sector, then it can suffer from macrocell
interference from a sector using the same spectrum in the
adjacent cell in downlink, and vice versa for the macrocell
in the uplink. A second scheme called Partial reuse splits the
sector into 6 equal parts (see Fig. 1). We allocate to each
part the spectrum that is not used by the nearest sector of the
adjacent cell. We avoid here the problem induced by the full
reuse scheme but on the other hand the pool of frequencies
that can be chosen by neighboring femtocells is reduced. This
can also lead to severe co-tier interference in case of a dense
femtocell population. In the third method called Mixed reuse
we try to find a tradeoff , which helps keep the advantages
of the two previous methods. We define the central region
where both adjacent sectors’ spectra can be used as in the
full reuse, and the cell boundary region where, as in partial
reuse method, only the spectrum not used by the nearest sector
can be used. For this method we can define the radius of the
central region in a static or dynamic manner. For the dynamic
radius we have to use an algorithm that computes it, based
on statistics of interference of Macro-to-Femto and vice-versa
at the boundary. If interference decreases e.g., because of less
loaded MAP, then we can extend the central region.

IV. SIMULATION

For the purpose of our research we developed a system-
level simulator. Depending on the position of the AP and
User Equipment (UE) considered we require different models
of signal propagation. We assume throughout all our work
here, that Macrocell Access Point (MAP) and Macrocell User
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Equipment (MUE) are outdoors, and that FAP and FUE are
indoors.

A. Propagation Models

In the following we present the propagation models used.
1) MAP to MUE model and vice-versa: For the macrocell

path loss calculation over a distance d in meters we use the
model reported in [20], where path loss is modeled as 28 +
35×Log10(d) dB where d is the distance from the base station
in meters. Shadow fading is modeled as a random process with
a log-normal distribution with 8 dB standard deviation for the
macrocell signal.

2) MAP to FUE or FAP to MUE model and vice-versa:
For the outdoor to indoor propagation and vice-versa we
mixed two propagation models. First, we reuse the outdoor
propagation model just presented above to account for the loss
from the outdoor equipment (MAP or MUE) until we meet the
external wall of the house. Then for the indoor distance to the
indoor equipment (FAP or FUE) we account for 0.8 dB of loss
for each meter of propagation according to Table II of [21].
Finally we account for the penetration loss due to external and
internal walls. We derive a random number of external walls
in [0,1.5] and internal walls in [0,4]. For each external and
internal wall we assume 15 and 10 dB of loss respectively.

3) FAP to FUE model and vice-versa: For the indoor
propagation model we refer again to [21] and [22] where path
loss is considered as 37 + 20× Log10(d) + 5qint, where qint
the number of internal walls is a random number in [0,3]

4) FAP to FAP model and vice-versa: In this model we
account for indoor to indoor propagation but also in some
cases (e.g. where two FAPs are not located in the same
building) indoor-to-outdoor-to-indoor propagation model. We
reuse the model proposed in [21] which consists of choosing
max(15.3 + 37.6 × Log10(d); 37 + 20 × Log10(d)) and add
loss for external and internal walls as described above.

B. Simulation Parameters

The simulation parameters we used are as following: 150
FAPs in each sector where there is only one FUE for each
FAP, 50 MUEs in each sector. Transmission powers are: 50
dBm for MAP, 21 dBm for FAP, 20 dBm for MUE and 18
dBm for FUE. We consider three scenario of FAP deployment:
a uniform deployment where all FAP are uniformly distributed
over the whole cell, and edge deployment where all FAPs are
located at the edge of the overlaying macrocell sector.

We refer to Table I for default values of all of the scenarios.
Thus if not mentioned otherwise, the parameter values are as
figured in this table.

C. Simulation results

Our goal is to evaluate the benefits of femtocell over
macrocell. One of the indicators often considered is the Signal
to Interference and Noise ratio because it directly reflects the
expectable data rates thanks to the Shannon formula.

In Fig. 2 we show the average, minimum and maximum
values of the SINR for the downlink and in Fig. 3 for the

Parameter value
MAP sector radius 350 m

FAP radius 20 m
Mixed reuse radius 150 m

Scheme: Full, Partial, Mixed Full
MUE per sector 50
FAP per sector 150

MUEs deployment:uniform/edge/center Uniform
FAPs deployment:uniform/edge/center Uniform

MAP transmission power (EIRP) 50 dBm
FAP transmission power (EIRP) 21 dBm
MUE transmission power (EIRP) 20 dBm
FUE transmission power (EIRP) 18 dBm

noise -100 dBm

TABLE I
MACROCELL AND FEMTOCELL SCENARIO DEFAULT PARAMETER VALUES

Fig. 2. Downlink SINR with uniform distribution

Uplink in the case of a uniform deployment. We also provide
the Cumulative Distribution Function (CDF) of the SINR for
the downlink and Uplink, in Figs. 4 and 5 resp. In each of
these graphs the results denoted by ”macro” represents the
case without FAP, where FUE are directly connected to the
MAP. We notice that on average there is no difference between
Full , Partial or Mixed reuse. However there is a meaningful
difference between the macrocell and femtocell performance.
In both downlink and Uplink a gain of more than 50 dB and
80 dB respectively can be achieved at the femtocell.

In Figs. 6 and 7 we consider an edge deployment of FAPs.
We observe an unexpected result. The full reuse scheme
outperformed the other schemes. This can be explained by the

Fig. 3. Uplink SINR with uniform distribution
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Fig. 4. Downlink SINR CDF with uniform distribution

Fig. 5. Uplink SINR CDF with uniform distribution

fact that in Partial and Mixed reuse schemes, the number of
channels available to the neighboring FAPs is limited whereas
for the full reuse method more channels are available for
femtocells, thus more flexibility to mitigate inter-femtocell
interferences.

V. CONCLUSION

This paper dealt with channel allocation to femtocell. We
first presented a detailed review of the state of the art , which
considers some ”forgotten” related works of the 90’s. We then
evaluated the achievable SINR by femtocell in three different
reuse schemes. Thanks to our frequency reuse scheme we
increased the spectrum efficiency and meanwhile mitigated the
cross-tier interference that could occur between macrocell and
femtocell users camping on the same spectrum. Finally we
showed that in terms of SINR femtocells achieved substantial
gains relative to macrocells.

Fig. 6. Downlink SINR with edge deployment

Fig. 7. Uplink SINR with edge deployment
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