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Abstract—Using Wi-Fi with femtocell is a promising approach
to solve the problem of inter-tier or intra-tier interference in
heterogeneous networks. In our scenario, Wi-Fi femtocells are
deployed to form a mesh network (Wi-Fi) which is used by
mobile users as an access network to the macro cellular one (e.g.,
LTE), extending consequently, the coverage to poorly covered
areas. We propose a tractable model for coverage/outage to
evaluate the benefits of such integration in terms of SINR and
received signal strength. Our work is based on point processes
in two-dimensional plane that models locations of femtocell/Wi-
Fi nodes (also referred to as multimode nodes). The proposed
model is more realistic than the classical Poisson point process,
as the distribution of points is more homogeneous and it ensures
that the nodes are not too close to each other. The derivation
of coverage/outage formula allows us to determine operational
parameter ranges for the Wi-Fi network to form a mesh network.
In addition, it helps in the design of the femtocell network
to ensure a suitable coverage for users in terms of SINR and
received signal strength.

I. INTRODUCTION

Femtocell networks and more generally small cell networks
are promising solutions to address the growth of the user’s
traffic density, diversity and coverage. The subject has re-
ceived considerable attention in recent years [1]-[5] from both
academia and industry. Typically, femtocells (FTCs), operating
in the licensed spectrum, are used to reduce the distance
between the mobile user and the macro BS to which it belongs,
using an efficient spatial reuse spectrum mechanisms [4], [6].
Consequently, indoor users may experience higher quality
wireless services, and outdoor users can gain access to higher
capacity.

Femtocells used with macrocells together form a hetero-
geneous network (also called k-tier network) to improve the
network performance in terms of coverage and capacity. How-
ever, in practice communication suffers from the interference
induced by FTCs when used in 1-tier network alone or in the
2-tier case. The interference is due to the spectrum sharing
and the random location of the FTCs being user dependent.
Several techniques have recently been deployed to handle
the interference problem between the macro and small cells
including power control, multiple antennas, adaptive FAP

(Femtocell Access Point) access scheme, cognitive radio and
spectrum allocation [3].

Other technical and economic/regulatory challenges are still
present within femtocell networks when applied in outdoors,
these include cell association and biasing, mobility and soft
handoff, self-organizing (see [4] for more details). In [7], the
authors state that to take advantage of femtocells, innovative
solutions must be developed to deal with the challenges cited
above, and propose to integrate multiple radio access tech-
nologies (RAT), for example the integration of cellular (LTE)
and Wi-Fi technologies. Thus, it is not surprising that the next
generation of small cell BS is expected to be multi-mode.
Consequently, the femtocell-Wi-Fi integration may resolve the
problem of inter-tier or intra-tier interference by offloading
some of the traffic to the unlicensed and shared-band of Wi-
Fi. Conversely, when contention increases causing throughput
reduction on the shared Wi-Fi band, some of the traffic can
be switched to cellular links. This integration may provide
benefits resulting from these two technologies, as summarized
in [8].

In this paper, we aim to study coverage and outage of a
network of nodes which integrate both femtocell and Wi-
Fi RAT. We consider a particular scenario as depicted in
Figure I. Only one macro base station is deployed, and we
aim to extend the coverage of this macro to poorly covered (or
uncovered) areas. It’s typically the case of rural region which
has no real communication infrastructure such as ADSL. The
solution we consider, is to deploy some multimode FTCs,
such that the so formed mesh Wi-Fi network can be used
as an access network for the users which are very far from
the macro base station. We assume that a multimode FTC
implement both cellular (e.g., LTE), and Wi-Fi technologies.
Communications of mobile users are carried through using
FTC to which they belong. The Wi-Fi mesh network is used to
ensure the connectivity between mobile users and their macro
BS.

‘We propose an innovative spatial point process to model this
network. It differs from the classical Poisson Point Process
and other work on femtocells [1]-[3], [S] because points are
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Fig. 1. Outdoor coverage network in poorly covered areas.

more regularly distributed in the plane leading to a more
uniform coverage. Furthermore, we prevent the presence of
FTCs which are too close to each other. The present work may
be applied in two contexts: 1) a dimensioning tool to evaluate
ideal/optimal outdoor deployment of multimode FTCs and 2)
in green-networking where certain FTCs have to be switched-
off to save energy. For the latter, our model offers analytical
capability to evaluate location and number of multimode FTCs
that are needed to be kept on, while ensuring an accurate
coverage of the cellular network and the connectivity over the
mesh Wi-Fi network.

A. Related work

Stochastic geometry is extensively used to develop more
tractable analytical models to study the performance of het-
erogeneous or k-tier cellular networks, in terms of the prob-
ability of coverage, outage and throughput. Practically, most
of modeling papers consider Poisson Point Process (PPP) to
describe the position of the FTCs and the mobile users.

In [1], the authors developed a general expression of the
coverage probability in a 1-tier cellular network where the in-
terference fading/shadowing follows an arbitrary distribution.
They study the coverage through the signal on interference
plus noise ratio (SINR), a region being covered if a typical
user experiences a SINR greater than a threshold with a certain
probability. They consider Rayleigh fading, and ignore the
thermal noise. The authors derive the mean achievable rate and
study coverage and rate in order to find the required frequency
reuse to reach a specified coverage probability.

The paper [9] extends the model of coverage probability
of [1] to consider multi-tier cellular network, by modeling
downlink SINR. This new model has been compared to an
actual 4G macro-cell network to validate its accuracy.

In [2], the same authors evaluate the impact of different
cell association policies on metrics like the minimum average
user throughput and the average ergodic rate. They assume
that a mobile user connects to the FTC that offers the best
long-term averaged received power rather than the greatest
instantaneous SINR. In this work, the outage probability is

also calculated, and they observe that neither the number of
BS nor tiers change the outage probability and the ergodic rate
in an interference-limited fully-loaded heterogeneous cellular
network with unbiased cell association. In [5], the authors
argue that interference is more important in the “inner regions”
close to the macro BS. So, they propose to deactivate FTCs
in zones where there is sufficient macrocell coverage. They
show the benefits of their solution on the downlink coverage.

The authors in [5] define an analytical model which de-
scribes the coverage probability at a randomly located mobile
user. In the first step, the model (same as [9]) describes the
coverage probability for uniform femtocell deployment, where
all the FTCs remain active.Then, they derive another model for
the overall coverage probability by defining the coverage prob-
ability in both the inner (where FTCs are inactive) and outer
regions (where FTCs are active). This new model depends on
the radius of the inner region. Monte Carlo simulations are
also conducted to validate the model.

The model of [1] is also used in [3] to handle the problem
of inter-tier interference between a macrocell BS and FTCs in
case of severe frequency reuse. The aim is to assess the impact
of spectrum allocation and the femtocell access policies on the
link reliability of each tier and on the total network throughput.

B. Approach and Contributions

We consider an outdoor deployment of multimode FTCs to
extend the coverage of one macro base station in rural region.
A set of multimode (LTE/Wi-Fi) FTCs distributed arbitrarily
over the plane. Our aim is to switch off some of them in order
to save energy and at the same time to reduce interference on
mobile users at the edge of the cell. The switching off process
must guarantee the Wi-Fi connectivity between the remaining
FTCs. As a result, we form a Wi-Fi mesh network of FTCs
that serves as an access network of the mobile nodes which
are distant from the macro base station.

The point process we propose aims to model locations of the
FTCs that are active. In order to ensure an accurate coverage,
FTCs cannot be switched off randomly and independently
of each other, because it could lead to uncovered regions or
regions with FTCs interfering with each other. Consequently,
the Poisson Point Process is inaccurate in this context. Fur-
thermore, locations of the FTCs being known, since they are
deployed local organizations like city hall, or schools, it is
possible to keep a set of FTCs that covers the plane/region
more or less regularly. Therefore, we split the plane into a set
of squares of same size, forming a partition. For each square,
we keep only one FTC on to ensure a uniform coverage of
the plane. But, two FTCs in two adjacent squares may still be
arbitrarily close to each other generating redundant coverage
and harmful interference. As the choice of active s may be
planned in advance, and with the knowledge of the FTCs
location, this kind of situations should not appear. The idea is
then to consider that these FTCs are distributed in the core of
each square and not on the edges. This type of point process
belongs to the family of the so-called hard-core point process.
With these point processes, the distance between two points
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cannot be less than a given threshold. The most used hard-
core point processes in the Telecommunication domain are
the Simple Sequential Inhibition [10], or Matern [11], but for
which analytical derivations of Interference or SINR distribu-
tion are intractable. The point process that we propose has the
benefit that it models realistically the FTC selection (saving
energy while ensuring a good coverage), and is mathematically
tractable.

The remainder of the paper is organized as follows. In
section II, we present the point process used to model the
integrated FTC/Wi-Fi network. In section III, we provide
tractable analytical formulas of SINR and received signal
strength at a mobile user. We present the numerical results in
Section IV. Finally concluding remarks are made in Section V.

II. FTC/Wi1-F1 COVERAGE MODEL

The proposed point process may model both the FTC and
Wi-Fi networks. Path-loss and transmission power levels can
be adapted with respect to the considered technology. In the
following, we shall use the term node or point rather than
FTC or Access Point, as the nodes implement these two
technologies. The point process represents the node locations
for nodes that have not been switched-off. We consider a
partition of the plane formed by a grid of size r» x r. In
order to keep the process stationary, the grid is not centered
at 0, but is centered at a point randomly distributed in the
interval [0,7] x [0,7]. In each of these squares, we set a
sub-square of size [ x [ (with 0 < [ < r) at the center. A
point is then uniformly distributed in each sub-square. When
I < r, this process is a hard core point process, as the points
cannot lie at a distance less than r — [. In our context, it
guarantees that points in two adjacent squares cannot be too
close to each other. It limits interference between adjacent
cells. Figure 2(a) illustrates the construction of this process
and the different notations. The intensity of this point process
is then % whatever the value of [.

Mobile users are set according to a Poisson point process
distributed in the plane. Conditioned on the presence of a user

Notations

in a square, this mobile user is thus uniformly distributed
within this square. Without loss of generality we assume
that this point is located at the origin (by construction the
origin is uniformly distributed in the square covering it). Also,
we assume that a mobile user associates and communicates
with the closest FTC. Each FTC is thus responsible for users
distributed in its Voronoi cell. These Voronoi cells are more or
less regular. It depends on the ratio % between small and big
squares. The impact of this ratio may be observed in Figure II,
where we plotted the Voronoi cells of this point process for
different % ratios.

We focus on the downlink between the FTC and the
mobile user. Interference is then computed at the user location.
Interference at a FTC can be derived in the same way, but
is not considered in this paper. Interference will be mainly
generated by the FTC within the adjacent squares of the
mobile user. Consequently, we estimate interference only from
these squares. For convenience, we shift the center of the
square where the mobile user is located at the origin. As
shown in Figure 2(b), the squares are numbered from 0
(square at the origin) to 8. Locations of the associated point
are denoted X, X1,.., Xg. The corresponding r x r and
[ x 1 squares are denoted Ry, Ri,..,Rs, and Lg, Lq,.., Lg
respectively. The mobile user location is denoted with the
random variable U. It follows a uniform distribution in the
square 0 ([=5, 5] x [~%, 5]). In our example, the closest FTC
from the user is the point in the square 0. For this example,
the transmission takes place between the point at U and X,
and interference are generated by points at X1, .., Xg.

Let K (K € {0,..,8}) be the discrete random variable equal
to the index of the closest femtocell/points from U, and I(U)
the interference at the user, we get:

8
IU) =Y P&L(|IU = Xi)) L )
1=0

where P, is the transmission power (it is assumed to be the
same for all femtocells), (§;); is a sequence of i.i.d. random
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Fig. 3. Impact of the ratio % on the Voronoi cells.

variables modeling fading, I(.) is the path-loss function and
1 is the indicator function. The Signal over Interference plus
Noise Ratio (SINR), is then given by:

Exl(| Xk —UJ)
N+ I(U)
where N is a random variable modeling the noise. In the

following, we consider a Rayleigh fading where (¢;); are

independently and exponentially distributed with parameter 1.

SINR = 2

I1I. PERFORMANCE EVALUATION
A. Coverage/Outage

We consider the distribution of two main quantities that
impact the design of the integrated FTC/Wi-Fi network: the
SINR and the received signal strength. The proof is given
only for the SINR distribution. The other computations are
very similar.

Proposition 1. The complementary cumulative distribution
function (CCDF) of the SINR is given by:

P(SINR > B)
1 C = Pl
- E tl(lwg —u
7n2l2/ Z k/Lk {e }
8
LXi¢B(uwller—ul)

Ro p—0,1,5
1+ gUlXi—ul)

X H IE|:
i=0;i#k L([Jz g —ull)

with Cy = 1, and C1; = C5 = 4. The CCDF of the received

signal strength is given by:

dzrrdu 3)

P(Ex Pl(| X — U|) > B) “)
=) [ e
_ C e Ppi(e,—ul) 5)
r2]2 Ro k:%:l’s ¥ Ly
8
x [ PXi¢ Bl — ul)) dogdu 6)
i=0;ik

or when we consider the signal strength without fading:
P (PI(|| X, = U > B)

1
- | 1 u
20 /R > k/L Pul(je—ul)>8

0 k=0,1,5 k

8
x ] P(Xi¢ B,k — ul)) degdu o)
i=03i£k

Proof:
P(SINR> ) =P (W > 5) ®)
Cpfen BONED
=#(¢> B o) )
[ 5<N+I>]

= E | Paxx-oD (10)
=8 s

_ E {e PI(1X; =0 ]]-K:z} (11)
k=0

By simple symmetric arguments, we can see that the terms
in the sum of Equation (11) are equal for all possible values of
K in {1,2,3,4} and {5, 6, 7,8}. Therefore, we can distinguish
three different cases: K = 0, K = 1, and K = 5. If we set
the constant Cy = 1 and Cy = C5 = 4, we get,

P(SINR > f5) (12)
___B(N+D
- Y cE {e Ptz<ka>1LK=k} (13)
k=0,1,5

We condition by U, and each term of the sum by the
transmitter location, (Xg, X; or X5):

P(SINR > B)
11
|Rol | Lol

14

___B(N+I)
Ck/ E |:€ Ptl(”wkfuu)ﬂ.K:k dxpdu
Ro k=015 Ly
15)

Computation of the expectations can be done as follows.
Let k € {0,1,5}, we obtain:

__B(NtD
E |e” Pitler—al 4 pe_y (16)

BN BI
B3 {6_ Ptl(H‘T}c—“”)jl E {6_ Pyl(fleg —ull) ﬂ-K:k} (17)

BN
=FK [e‘ Pf,zw:ck—uu)} E

e Pyl(lleg —ul)

B8 0,5 GiPrLUIX —ul)
Tx—k

(18)

The second term is as follows:



\ Parameters \ Values |

Path-loss function (dBm) [ I(d) = min(C,C — 10alog1io(d))
« 3.0
C 3.76e~°
Py 17 dBm (50 mW)
Receiver sensitivity —100 dBm
Noise (mW) Normal (1.0e~ I, 3.76e 1)

TABLE I
PARAMETERS FOR THE NUMERICAL EVALUATION.

e Pyi(Tey,—ulD

19)

_# Z?zO:i#k & Pyl(l| Xy —wull)
Lr=k

8 BeLUIX; —ul)
= II E|e” ™0 Ly gpfo-un|  20)
i=0yi#k
) L ¢Bu, |k —ul)
o i u,||zr—u
=11 E 1+ g0l @h
i=0;i#k I(lwk—ull)
Finally, we obtain:
P(SINR > B) (22)
1 1 ____BN
- Ck/ E |:e Ptl(\lwk*uH):| (23)
[ Rol Lol Jro 5571 5 L
« I B |Lxestmoun | g, o)
1 14 gUIXi—ul) k
i=0sizk I([[zr, —ul)

If we assume that the noise follows a Gaussian distribution
with mean p and variance o2, we get:

BN
E {e_ Ptl(sz—“H):| (25)
B 2 uB
— e_i(Ptl(H;nkqu)) T Ppi(w g —ulD (26)
|

IV. NUMERICAL EVALUATION

Our model aims at defining the values of r and [, which
verify the different constraints of the FTC and Wi-Fi networks.
In order to save maximum energy, i.e. to switch-off maximum
number of nodes, we need to choose the greatest r that satisfies
these constraints. If Ay is the initial femtocell intensity, we can
easily express the ratio between the remaining femtocell and
the number of initial femtocell. as _1r2. It may give a precise
estimate of the saved energy, but this point is not developed
in this paper.

The constraints on r are manifold. » must be bounded in
order to keep the Wi-Fi network connected. It suffices to
guarantee that nodes into two adjacent squares are in the
radio range of each others. Therefore, we can choose 7 to
guarantee a maximum distance between two nodes, or ensure
that the received signal strength will be greater than a given
threshold with a certain probability (as it is developed below
for the femtocell network). Interference does not have to be

considered here, as the CSMA/CA mechanism used in the
Wi-Fi network ensures that two interfering nodes are not
transmitting at the same time.

On the other hand, in the femtocell network the medium
is shared by nodes lying in adjacent squares. A transmission
from a femtocell to a user will be properly received if both the
SINR and the received signal strength are sufficiently great.
The second criterion is linked to the receiver device sensitivity.
For instance, in Figure 4(a) we assumed a fixed receive power
target of —100.0 dBm. The other parameters are given in
Table 1. We have plotted the CCDF of the received signal
strength without fading as given by Equation (7) for § = —100
dBm. r is chosen in such a way that 95% of the users will
experience a signal strength greater than this threshold. This is
shown through the horizontal line in the figure. The maximum
values of r with respect to this constraint varies from 400 to
approximately 570 meters. There is thus an important gain in
terms of coverage with respect to the parameter [.

Also, we compared these results to the Poisson Point
Process with same intensity (A = %2) in the same figure. Due
to the fact that distance between the user and its closest node
is not bounded for Poisson (the user may be arbitrarily far
from the closest node), CCDF of the received signal strength
is less for Poisson than for our model. It involves that for a
given threshold on this CCDF, the coverage distance is less
for Poisson.

The second criterion is the SINR. We need to set 7 and [ in
such a way that P(SINR > 3) > 1 — e. In Figure 4(b), we
plot the SINR CCDF for » = 400.0 and different values of [
(as given by Equation (3)). We can observe the impact of [ on
the SINR. Small values of [ lead to a significant improvement
of SINR. Poisson still leads to a less efficient coverage as
SINR is likely to be smaller than for our process.

The SINR CCDF for a given value of 8 (P(SINR > f3))
does not vary with 7. It is not plotted here due to lack of
space, and because curves simply consist of horizontal line
for both processes. As it has been shown for the Poisson point
process [1], when the noise is negligible, this quantity stays
constant with respect to r (and P;) due to the ratio between
received signal strength and interference.

Other criteria can be taken into account to set [ and r values.
Given the initial spatial distribution of the nodes (before they
have been switched-off), we may choose [ such that we have a
reasonable probability to have a femtocell in a square of size
I x1. Also, r can be set according to the mean number of users
associated with a femtocell. As the femtocell intensity is Tiz,
the mean size of a Voronoi cell is r2. If the users intensity
is A, then the mean number of associated users is \, 2, and
0.95\,72 if we consider only users meeting the criterion on
the received signal strength.

V. CONCLUSION

We proposed a new point process that is more realistic than
the Poisson Point Process to model an integrated FTC/Wi-
Fi network. The FTC/Wi-Fi network is used to extend the
coverage of the macro base station to poorly covered (or
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uncovered) areas. The so formed mesh Wi-Fi network is used
as an access network for the users which are very far from the
macro base station.

The obtained model has the benefit to offer a more regular
coverage, and inhibit the property of hard-core point processes
where points cannot be arbitrarily close to each other. Cov-
erage and outage have been derived for this model, offering
some insights on the deployment of such networks.

We have shown that this more realistic model exhibits
a better coverage than a Poisson point process with same
intensity both in terms of SINR and received signal strength.
Our point process depends on two main parameters: r which
is related to the point intensity, and 1 that sets the minimal
distance between the points. The parameter r mainly impacts
the received signal strength at a receiver whereas 1 impacts
SINR distribution. It is thus possible to propose dimensioning
rules of the femtocell networks according to these two criteria.
For example, the results show that assuming a target signal
strength of -100 dBm without considering fading, 95% of
the users will experience a signal strength higher than this
threshold while maximum value of r varies between 400 to
570 meters. Moreover, this work may help in the design of
algorithms that switch-off certain nodes to save energy while
ensuring the proper operation of the network in terms of
connectivity and coverage. A direct extension of this study
might involve combining the proposed point process within
a model allowing us to evaluate precisely the gain in energy
when the femtocells- Wi-Fi nodes are switched-off.
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