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Abstract—We propose an analysis of the impact of the deployment of small base stations in a wireless network constituted of
macro base stations. This analysis is particularly focused on the
influence of the position and the transmitting power of small
base stations on the performance of the network. In this aim, we
consider an analytical model for heterogeneous cellular networks,
composed of macro cells and small cells. The network model
framework developed allows to derive closed form formulas for
the Signal to Interference plus Noise Ratio (SINR) received by a
mobile, whatever its location. Moreover, the proposed analytical
model is validated by numerical simulations and it is shown
that it is a good approximation of the SINR. Performance and
quality of service (QoS) in terms of throughput and coverage can
therefore be analyzed in a simple way. It makes it possible to
analyze the deployment of small cells in an existing macro cells
network.
Keywords-heterogeneous networks, small cells, location, performance, quality of service, throughput and coverage analysis

I. I NTRODUCTION
One of the great challenges for wireless telecommunication
operators is to answer to the exploding traffic demand, and
particularly to deploy high data rates services. For the outdoor
situations, a new solution known as Small Cell Networks
(SCN) recently came out. Indeed, by increasing the number
of cells in a given zone, a higher number of users may
theoretically be served. However, a scalability problem appears: when the number of cells in a given zone increases,
interference increases as well and may become a bottleneck for
the performance. Moreover, when the density of transmitters
increases, the increasing density of user equipments (UE) do
not allow to cope with interference by using techniques based
on the reuse of frequency or on spatial diversity [1]. A major
limitation for the use of SCN is thus the intercell interference
from other small cells or from macro cells, which can be of
significant amount and thus renders the network unoperable.
Another interest of SCN consists in the possibility to increase
the coverage and the capacity of a wireless macro cell network.
This paper presents an analytical evaluation of the impact of
the deployment of small cells on a network composed of macro
cells. We particularly focus on performance and quality of
service (QoS) in terms of throughput and coverage. Moreover,
we analyze the impact of the transmitting power of small
base stations. An important issue is linked to the interference
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induced by adding small base stations in an existing network
of macro cells. Indeed, the interferences induced may have
an impact on the throughput and the coverage. This requires
the analysis of the Signal to Interference plus Noise Ratio
(SINR). The fluid model we propose in this paper is an
analytical approach which allows to easily determine SINR
and performance, specifically for heterogeneous networks.
Recently, articles [2], [3] and [4] proposed an analysis of
wireless networks with small cells deployment. In reference
[2], the impact of reducing the cell size on the energy
performance is studied. In reference [3], a small cell network
is analyzed with cooperative power control. It shows that
the system performance can be improved. In reference [4],
authors propose an analysis of the channel allocation in a
network composed of small cells and macro cells. The impact
of decreasing the transmitting power of the macro base stations
is addressed in [5], when femto base stations are deployed
in an indoor environment. In [5], femto base stations serve
only indoor users, and macro base stations serve only outdoor
users. As a consequence, femto base stations have not the
possibility to serve outdoor users even if macro base stations
are overloaded. Also, recent references concerning heterogeneous mobile communication networks deployment mainly
address the problems and challenges of intercell interference
coordination and management techniques, as shown in [6] and
[7] for instance.
The work presented in this paper deals specifically with the
problem of performance and QoS estimation for heterogeneous cellular networks. This paper focuses on the SINR
and throughput achievable in a given zone, in an outdoor
environment composed of both small and macro cells. The
users are connected to the best server base station, i.e. the
one which allows the user to receive the best SINR. We first
focus our study on the critical impact of the location of small
base stations on the performance of the network. We then
analyze the impact of the small base stations transmit power
on the SINR, and the achieved throughput and coverage. In this
paper, we develop an analytical fluid model for heterogeneous
wireless networks, i.e. composed of two types of base stations:
macro base stations (MBS) and small base stations (SBS).
This model is partly based on the analytical fluid model for
wireless networks proposed and validated in [8], and also
through comparisons with a simulation tool developed and

used at France Telecom/Orange. This model was originally
developed for homogeneous networks, i.e. composed of only
one type of base stations. We focus on the performance
for a heterogeneous cellular network in terms of throughput,
considering a LTE system with a 10MHz bandwidth (see [9]
and [10] for more details).
The paper is thus organized as follows. In section II, we
present the system model. We particularly establish the expression of the SINR via the analytical fluid model in the
case of a heterogeneous network composed of macro base
stations and small base stations. In section III, the scenarios
and the results are described. This section analyzes the impact
of the transmitting power on the throughput achieved by a
mobile connected to its serving base station, when interference
is induced by both small cells and macro cells. Section IV
concludes the paper.
II. S YSTEM M ODEL
We consider a wireless network composed of M macro
cells, S small cells and U user equipments. We focus our
analysis on the downlink, in the context of an OFDMA based
wireless network (e.g. WiMax, LTE).
Let us consider:
•
M = {1, . . . , M } the set of MBS, uniformly and
regularly distributed over the two-dimensional plane.
• S = {1, . . . , S} the set of SBS, uniformly and regularly
distributed over the two-dimensional plane.
• J sub-bands j ∈ J = {1, . . . , J} where we denote W
the bandwidth of each sub-band.
• Each sub-band consists in a fixed number s of subcarriers.
(k)
• Pij (u) the transmitted power assigned by base station
k to sub-carrier i in sub-band j towards user u.
(k)
• gij (u) the propagation gain between transmitter k and
user u in sub-carrier i in sub-band j.
We assume that time is divided into slots. Each slot consists
in a given sequence of OFDMA symbols. Since the time is
slotted, transmissions within each cell do not interfere one with
each other. We assume that there is no interference between
sub-carriers. The total amount of power received by an UE u
connected to a BS k0 , on sub-carrier i of sub-channel j is given
(k )
(k )
by the sum of : useful signal Pij 0 (u)gij 0 (u), interference
P
(k)
k
due to the other transmitters
Pij (u)gij
(u) and
k∈S∪M,k6=k0

thermal noise Nth .
We consider the SINR γij (u) defined by:
(k )

γij (u) =

(k )

Pij 0 (u)gij 0 (u)
P

(k)

k (u) + N
Pij (u)gij
th

(1)

each sub-carrier i of the sub-band j of any station is used and
interfers with the ones of other stations.
A. Analytical fluid model for homogeneous networks
The fluid model core idea consists in replacing a given fixed
finite number of transmitters by an equivalent continuous
density of transmitters. A similar concept was proposed in
references [11] and [12]. These works however do not provide
a simple analytical formula for the SINR and focus only on
massively dense networks. Our approach deals with general
networks where the inter-nodes distance may be high as it
is the case for realistic mobile communication networks. The
network considered is characterized by a density of interfering
base stations ρB , i.e. which use the same frequency bandwidth.
The fluid model network approach, cf. [8] and [13], gives a
closed-form formula of the interference factor1 as a function
of the location of an UE. We remind hereafter the main results
of this model as described in [8] and [13] (this last reference
includes an extension to OFDMA). Let us consider a path gain
gt,u = Kr−η , where K is a constant, Pt the transmitted power,
r is the distance between a transmitter t and a receiver u, and
η > 2 is the path loss exponent. For an UE at a distance r from
its serving base station, we can express the sum of interfering
powers I(r) as:
I(r) =

(2)

where 2Rc is the inter-site distance between BS. Formula (2)
holds for all distance values between BS, and remains valid
even when this distance reaches several kilometers.
B. Fluid model for heterogeneous networks
We now consider a network composed of macro cells and
small cells. This network is not homogeneous since the joint
distribution of macro and small cells is not homogeneous.
Moreover, the transmitting powers of MBS are different than
the transmitting powers of SBS. The basic idea of the model
is to consider that the network is composed of two types of
transmitters, each one being spatially distributed according to
a given distribution, which share the same bandwidth: a spatial
distribution of M macro cells of mean radius Rm and a spatial
distribution of S small cells of mean radius Rs .
(k)
Let consider Pij as a constant for all i, j, k for each type
of transmitter, denoted Ps for a SBS and Pm for a MBS. We
can drop the sub-indices and analyze the interference between
sub-carriers.
1) UE connected to a MBS: We can express (1), for an UE
connected to a macro base station denoted m0 (i.e k0 =m0 ) as:

k∈S∪M,k6=k0

as the criterion of radio quality. To compute the total interfering power received by an UE, we consider the fluid model
network approach [8], and extend it to networks composed
of MBS and SBS. As we investigate the performance issue
of heterogeneous network, we consider a worst case scenario
where all the subcarriers are allocated to UEs. Consequently,

2πPt KρB
(2Rc − r)2−η
η−2

(m0 )

Pm (u)gij
P
m∈M,m6=m0

(m)
Pm (u)gij (u)

(u)
P
(s)
+
Ps (u)gij (u) + Nth

(3)

s∈S

1 The interference factor is defined as the ratio between the power coming
from the serving BS and the sum of other BS powers received by an UE,
considering all BS transmit with power Pt .

Without any loss of generality, we consider that the SBS s0
is located inside the coverage zone of the MBS denoted m0
(see figure 1). We can rewrite (3), using the path gain gs,u =
Ks r−η (for SBS) and gm,u = Km r−η (for MBS) as:
−η
rm
0

γ(rm0 ) =

P

−η
rm
+

m6=m0

−η
Ks Ps
Km Pm (rs0

+

P

rs−η ) +

s6=s0

Nth
Km Pm

3) Interest of the fluid model formula: The classical way
to compute SINR is to consider the distances between the UE
and each bas station (MBS and SBS). This approach results
in an untractable formula which we need to approximate or
to simulate. Our solution reduces the computational burden
and also comes up with simple and interpretable analytical
formulas (10) (15).

(4)
where rk is the distance between the UE and the transmitter
k. Using the fluid model, we consider a density ρs of SBS and
ρm of MBS. The mean distance between SBS (resp. MBS) is
Ps
, we can express the
2Rs (resp. 2Rm ). Denoting K = KKms P
m
SINR (4) as:
−η
rm
0
γ(rm0 ) = m0
(5)
m0
th
Is + Im
+ KN
m Pm
where
m0
Im

Ism0

2πρm
(2Rm − rm0 )2−η
η−2
2πρs
(2Rs − rs0 )2−η + Krs−η
= K
0
η−2
=

(6)
(7)

We denote γ 0 (rs0 ) the SINR of the UE connected to a SBS
when there is no MBS and γ 0 (rm0 ) the SINR of the UE
connected to a MBS when there is no SBS. Considering
that the thermal noise Nth is negligible, these SINRs can be
expressed as (using fluid model, cf. [8]):
(η − 2)rs−η
0
2πρs (2Rs − rs0 )2−η
−η
(η − 2)rm
0
γ 0 (rm0 ) =
2πρm (2Rm − rm0 )2−η
Using these expressions, we can rewrite (5) as:
γ 0 (rs0 )

=

γ(rm0 ) =

γ 0 (rm0 )
1 + Ωm (1 + γ 0 (rs0 ))

(8)
(9)

(10)

where

Ks Ps ρs (2Rs − rs0 )2−η
(11)
.
.
Km Pm ρm (2Rm − rm0 )2−η
2) UE connected to a SBS: Following a similar way, we
express (1), for an UE connected to a SBS denoted s0 (i.e
k0 =s0 ) as:
rs−η
0
(12)
γ(rs0 ) =
s0
s0
Is + Im
+ KNsth
Ps
1 2πρm
1 −η
s0
(2Rm − rm0 )2−η + rm
(13)
Im
=
K η−2
K 0
2πρs
Iss0 =
(2Rs − rs0 )2−η
(14)
η−2
In a similar way, we can express (12) as:
Ωm =

γ(rs0 ) =

γ 0 (rs0 )
1 + Ωs (1 + γ 0 (rm0 ))

(15)

using (8) and (9) where
Ωs =

Km Pm ρm (2Rm − rm0 )2−η
.
.
Ks Ps ρs (2Rs − rs0 )2−η

(16)

Fig. 1.

Model of small-macro location.

4) Heterogeneity of the network: The closed form formula
(10) and (15) of the SINRs are very interesting for many
reasons. Indeed, they show that to calculate the SINR of an
UE in a heterogeneous network, we can in a first step consider
independently the SINR in a “sub-network” only composed of
MBS and the SINR in a “sub-network” only composed of SBS.
In a second step, we can consider the term Ωm (or Ωs ) which
characterizes the impact of heterogeneity of the network. This
term expresses that this impact depends on the characteristics
of the system: the ratio of the density of each type of BS
and their transmitting powers, the propagation parameters, the
relative location of the UE to each type of transmitters.
In the case of an UE connected to a SBS (resp. MBS), we
notice that when Ωs → 0 (resp. Ωm → 0), γ(rs0 ) → γ 0 (rs0 )
(resp. γ(rm0 ) → γ 0 (rm0 )). This case may happen for different
configurations, for example when the density ρs of SBS
becomes very high compared to ρm , or when the ratio of
the transmitting powers of MBS and SBS PPms is very low.
It means that the impact of the MBS becomes negligible, as if
the network was only composed of SBS. Moreover, this term
allows to quantify the relative impact of MBS and SBS on the
SINR.
Expressions (10) and (15) are also useful to perform an
analysis of heterogeneous small-macro cell networks. These
expressions represent non-trivial extensions of formula derived
for a standard homogeneous network. Indeed, these analytical
expressions allow to calculate in a simple way the SINR of
a mobile connected to a SBS whatever its location is. They
particularly enable an analysis of the impact of transmitting
SBS power on performance and QoS of UEs connected to
SBS.
5) Impact of SBS location: The distances rs0 and rm0 can
be expressed according to the distance d between macro and
2
small base stations (see figure 1): rm
= rs20 + d2 − 2drcosθ,
0

where θ is the angle between d~ and ~rm0 . Therefore, this
expression makes it possible to analyze the impact of the
distance between SBS and MBS.
Remark: Let us notice that the analysis which allows to
establish expressions (10) and (15) focuses on OFDMA based
systems, such as WiMax and LTE, is still available for CDMA
or HSPA systems.

and, in a similar way, we can write the throughput of an UE
connected to a SBS, as (using (15)):


γ 0 (rs0 )
D(rs0 ) = W log2 1 +
(19)
1 + Ωs (1 + γ 0 (rm0 ))

C. Validation of the fluid model for heterogeneous networks

Remarks: Let notice that the mapping between the received
SINR and the achieved throughput are established by the mean
of link curves in the case of realistic network systems.
The network fluid model was validated by comparisons with
curves generated by 3GPP system simulator for both the
case of homogeneous network and the specific case of an
heterogeneous network.

In this section, we propose a validation of the fluid model
for the heterogeneous network presented in the last section.
In this perspective, we will compare the cumulative density
function (CDF) of the SINR obtained by using fluid expressions established in section II-B to those obtained numerically
by simulations. Our simulator assumes a hexagonal network
constituted of macro base stations. There are several rings
of cells surrounding a central cell. Moreover, a small base
station is located in each macro cell. The distance between
the SBS and the MBS is 0.7 Rm , the transmitting power
are respectiveley 26 dBm (SBS) and 43 dBm (MBS). We
assume a uniform distribution of UE. Figure 2 shows that the
CDF calculated by using the fluid model for heterogeneous
networks are very closed to the ones obtained by simulations.

Expressions (18) and (19) enable to calculate the theoretical
maximum achievable throughputs.

III. S CENARIO AND R ESULTS
We present the results obtained from the heterogeneous fluid
model applied to the analysis of a macro cell network in which
small cells are added. We focus on a scenario where the macro
cells and small cells share the same bandwidth. Therefore, a
macro cell is interfered by small cells and by the other macro
cells. Our aim is to determine the interest of adding small
cells in an existing MBS network, in terms of performance
(SINR and throughput) and coverage, when they share the
same frequency band as the macro cell network. We also
analyze the impact of transmitting power and deployment of
SBS. The MBS locations and features are fixed and represent
constraints for the problem addressed in the paper.

Fig. 2. CDF of the SINR for a UE connected to a MBS (left) and to a small
cell (right) d = 0.7Rm .

D. Throughput calculation
The reachable throughput Du of an UE u can be calculated
from Shannon expression. Considering a bandwidth W , we
have:
Du = W log2 (1 + γu )
(17)
We can thus write the throughput of an UE connected to a
MBS, as (using (10)):


γ 0 (rm0 )
D(rm0 ) = W log2 1 +
(18)
1 + Ωm (1 + γ 0 (rs0 ))

Fig. 3.

Instance of scenario deployment for d = Rm .

We aim to determine the performance in terms of throughput
reached by an UE connected to the best server.
A. Assumptions
Various parameters may have an impact on the SINR, the
throughput and the coverage of BSs. We present hereinafter
the parameters we chose in our analysis:
• downlink OFDM LTE, carrier frequency 2.6 GHz, channel bandwidth 10MHz,

the SBS transmitting power: we set the value of 31 dBm,
for most of the experiments,
• the MBS transmitting power: we set it at 43 dBm, as in
a realistic transmission environment,
• the pathloss parameter : η = 3.5,
• the mean distance d between MBS and SBS,
• the location of the UE from its serving base station.
To illustrate the previously mentioned approach, we consider
a heterogeneous network composed of macro cells and small
cells. Macro cells are homogeneously placed on the network
area. Small cells too. Different cases are considered corresponding to different mean distances d between MBS and
SBS. The figure 3 depicts the specific case where small base
stations are located at the edge of macro cells (i.e. d = Rm ).
The mean distance between two MBS 2Rm is equal to the
mean distance between two SBS 2Rs (1000 meters). SBS are
added in the macro cell network in the aim to increase the
performance (in terms of throughput and capacity) and the
coverage of the system. Therefore, we consider that a mobile
is connected to the BS which offers the best signal. This
is a classical connection criterion of a mobile to its serving
BS, for wireless networks. The cumulative density functions
(CDF) of the SINR and throughput characterize the outage
probability and the performance distribution. Therefore, it is
interesting to establish these CDF curves to analyze the QoS
and the performance of the system. Indeed, these analyses
allow to guarantee these QoS and performance results for
various application types run under the network.
•

B. Impact of the SBS location on the SINR distribution
Firstly, we analyze the distribution of the best SINR received
by an UE. At each location of the zone covered by a MBS,
the SINR received from the MBS is compared to the one
received from the SBS, and the station with the best SINR is
chosen. The best SINR is calculated according to expression
(10) or (15). Figure 4 depicts the cumulative density function
(CDF) of the best SINR offered to the UE, for different
distances d from the MBS, and without small cells. These
curves show that when the small cells are deployed at a
distance d=0.7Rm or d=Rm , the CDF of the SINR is improved
compared to the case without SBS. However, when SBS
are located at distance d=0.3Rm , the CDF of the SINR is
slighly deteriorated. Therefore, since the coverage of a BS
is an increasing function of the SINR, adding SBS does not
always improve the coverage of a BS. For the same reason, the
reachable QoS, in terms of throughput and outage probability,
may also increase or decrease by adding a SBS, according
to its location. These results can be explained as follows.
A small cell allows to locally improve the SINR of an UE.
However, it also induces more interferences on macro cells
signals received by UEs (see expression (4)). To understand
this phenomenon, let us consider an UE connected to a MBS.
When SBS are too close to MBS (in figure 4, this case happens
for d=0.3Rm ), these interferences have a relatively high level
and, as a consequence, an UE connected to a macro BS has
a lower SINR than without SBS. When SBS are far enough

from MBS (in figure 4, this case happens for d=0.7Rm ), these
interferences are relatively low and do not have a high impact
on the SINR of the UE. For instance, from figure 4 we can
deduce that the presence of a small cell (SC) at the edge of
the zone covered by a MBS increases the number of mobiles
which reach a SINR of 10 dB by 25% (the CDF values switch
from 0.6 to 0.5).

Fig. 4. CDF of the best SINR for different distances between MBS and
SBS, and without small cell SC (black curve).

C. Impact on SINR distribution in the zone covered by SBS
This previous result is interesting since it allows to analyze
the global impact of adding SBS on a MBS network. However,
it cannot allow to analyze the local impact of SBS since the
whole area covered by the MBS and SBS is taken into account,
and not only the area covered by the SBS. Therefore, it seems
interesting to analyze also the specific zone covered by added
SBS. In this aim, for a heterogeneous network composed of
MBS and SBS, we establish the CDF of the SINR of UEs
located in the zone covered by a SBS, considering this last
one as the best serving BS. Then, we compare it to the CDF
of the SINR of UEs located at the same place, by considering
a network only composed of MBS, i.e. when the SBS are not
added (see figure 5). The figure 5 is drawn for a location of
SBS at a distance d = 0.9Rm from the MBS. The CDF are
calculated by using expression (9) of the SINR (i.e. network
without SBS, black curve) and expression (15) (i.e. network
with MBS and SBS, red dotted curve). Figure 5 shows that
adding SBS results in a very high improvement of the SINR,
in the local zone it covers. Indeed, we first establish that,
without SBS, the SINR range is between −4 and 5 dB in
that zone. With SBS, the SINR range is between −4 and
30 dB. Therefore, the coverage of the system is improved.
For the same reason, the reachable QoS of UEs covered
by SBS, in terms of throughput and outage probability, is
also highly improved by adding a SBS. For example, for a
SINR of -2.5dB, the outage reaches about 35% without SBS
(i.e. UE connected to MBS) and decreases until 10% with
SBS. Moreover, the maximum reachable SINR is about 5 dB
(without SBS) and about 30 dB (with SBS). The analysis
developed allows to quantify precisely the improvement in

terms of QoS, performance and coverage by adding SBS in a
macro cell network.

Fig. 5. CDF of the SINR in the zone covered by SBS, in the presence of
SBS (red dotted line) and without SBS in the same zone (black continuous
line).

D. Impact of the SBS transmit power
We investigate the impact of the SBS transmit power Ps as
we determined in expression of Ωm (16) that only the ratio
Ps
Pm plays a role on the SINR (and thus the throughput) as
expressed in (18) and (19). Moreover the transmitting power
Pm of MBS is fixed as a network constraint. Figure 6 shows
the CDF of the throughput in the case of a deployment of
SBS at the edge of macro cells, for transmitting powers Ps
of SBS of 0 dBm and 20 dBm and in the case without small
cells Ps = -Inf dBm. It can be observed that, until an outage
probability of 10 %, the CDF of the throughput is not impacted
by the transmitting power of small cells. For higher values,
we observe an increase of the outage probability when the
transmitting power decreases. These curves also mean that the
throughput performance of the system is improved when the
transmitting power of small cells increases. For example, a
probability of 50% is observed to reach 25 Mbits/s with Ps =
20 dBm, 20 Mbits/s with Ps = 0 dBm and 18 Mbits/s without
small cells.

Fig. 6.

CDF of the mean throughput.

IV. C ONCLUSION
In this paper, we analyzed and quantified in a simple
way, the impact of adding small base stations in a network
composed of macro base stations on the performance and the
quality of service of the system. We considered an analytical
approach for modeling networks composed of macro and small
base stations. This approach allows to establish closed form
expressions for the SINR of a user at any distance from its
best server, which can be either a macro base station or a
small base station. These expressions particularly enable to
calculate in a simple way the performance and user QoS,
and to analyze the coverage of heterogeneous networks. We
analyzed the critical impact of small base stations locations.
We showed that adding small base stations can locally improve
the SINR, especially when they are located at the edges of
the macro cells. In this case, the outage neither increases
nor decreases. However, when the small cells are too close
of the macro BS, the performance globally decreases. The
analysis will be improved, in future works, by considering the
shadowing impact.
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