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Abstract—Femtocells present an efficient, low cost solution to
help reach the traffic and data rate targets of 5G mobile networks.
However, their ad-hoc nature, the expected great density of
deployment and their closed registration policy may result in
multi-layered networks with base stations’ ranges constantly
overlapping and non-registered users struggling from the accumulative interference. In this paper, we propose a mechanism
where femtocells operate in clusters, and may decide to turn to
sleep mode if capacity demand of its users is met adequately by
the remaining awake femtocells. We propose a special version of
hybrid access targeting only users of neighboring femtocells, in
order to reduce the number of active base stations and thus, to
reduce interference. We enforce sleep mode under conditions that
ensure the increased throughput of each involved registered user
and the increased capacity provided by the entire cluster with
the extra benefit of reduced energy.
Keywords—5G, clusters, femtocells, hybrid access, sleep mode

I.

I NTRODUCTION

In order to achieve the demand in data rate and traffic in the
upcoming 5G mobile systems, networks will contain multiple
base stations per area [1]. These dense infrastructures will vary
in range of transmission and serving capability. Femtocells, a
main part of these ultra dense networks, provide small range
services for a small number of users. In contrast to other
types of base stations, such as macro cells and picocells which
require large maintenance and cause heavy financial burden,
femtocells are easy to maintain and deploy making their
private ownership possible. However, being private entities also
determines their access policy.
Femtocells’ access policy varies from open access to closed
access with hybrid access in between. In close access, the
most logical choice for privately owned femtocells, a list of
User Equipments (UEs), known as Closed Subscriber Group
(CSG) are served by the femtocell when within its range. In
open access instead, the femtocell may serve any user, thus
avoiding interference but with the drawback of the exploitation
of private resources by outsiders. This approach is usually
preferred by company buildings or mobile vendors to increase
the provided data rates locally. Hybrid access is a compromise
between the previous two. In hybrid access, both macro and
femto users (MUE, FUE) are allowed access to femtocells
spectrum when inside its coverage area, usually enforcing
different policies and limitations between the two types of
users and giving priority to the subscribers.
The problem of dense femtocell deployments is that with
every new deployment of a closed access femtocell, large
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interference appears on nearby users who they may find the
solution of poor service to a closed access femtocell of their
own. This will lead to a great number of femtocells deployed
in a small area, where their number will reflect the exclusivity
of usage by the users and not their demands on capacity.
Thus, in this paper we propose a system where femtocells
in these dense deployments may be turned off when their
operation causes more interference than benefit to the users
and overcoming the exclusivity by allowing a version of hybrid
access mode where femtocells may also accept to serve users
in the CSG of their neighboring femtocells. However, turning
off completely the device would not be practical, since mobile
traffic and users topology may change often, thus requiring for
a switched off device to instantly reactivate, which is difficult.
Instead, a medium state of low power, called sleep mode is
preferred where femtocells have turned off only some of their
components [2] making easier the transition to full power state
when needed.
Sleep mode of femtocells is an active research field. In [2]
the authors propose energy-efficient algorithms that lead small
cell base stations to sleep mode in a bid to reduce cellular
networks power consumption. Three different strategies for
algorithm control are discussed, relying on small cell driven,
core network driven, and user equipment driven approaches
each leading to different energy savings. The authors in [3] also
compare different sleep mode mechanisms in dense small cell
networks to conclude that sleep mode can lead to significant
energy efficiency especially with the careful selection of the
base stations.
A cluster-based approach is incorporated in [4] to improve
the enerty efficiency of small cell networks. Specifically, the
clusters use an opportunistic base station sleep-wake switching
mechanism to strike a balance between delay and energy
consumption with gains that reach 40% in energy consumption
and 23% in load. On the other hand, sleep mode strategy
of [5] focuses on interference mitigation for macrocell users,
achieving better performance along with significant power
savings.
While the above papers utilize sleep mode, all but the last
one have their primary focus on the energy efficiency of the
network and not the interference mitigation. The last paper
aims to mitigate interference but takes into account only the
performance of macrocell users, and not femtocells’ registered
users. In this paper we propose a sleep mode strategy that
can apply to clusters, that aims to reduce interference among
femtocell subscribers of nearby femtocells and improve macrocell users’ performance. Specifically, we group femtocells in
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clusters, and we propose a variation of hybrid access between
femtocells-members of the cluster. Based on the scheme, an
hybrid access femtocell will allow only external users that
are in the CSG of another member of the cluster along with
the demand that the latter will enter sleep mode. The above
condition along with additional constraints that we enforce,
leads to gains for every user of the involved femtocells, thus
respecting the gains expected by owing a femtocell. Sleep
mode also reduces the total interference in the area, benefiting
every other user (FUE or MUE) in the area. A final side
effect of our strategy is the power savings as a result of
sleep mode for some base stations. We conduct simulations
to validate our algorithm that show increased data rate for
femtocell subscribers and overall cluster capacity. In addition,
we measure how the reduction of active base stations leads to
reduced interference for macrocell users.

near the cell center and those close to macrocell edge would
be very different if all femtocells transmitted with the same
power. Our goal is to achieve a constant radius of coverage.
Thus, each femtocell sets its power to a value that on average
is equal to the power received from the closest macrocell at
a target femtocell radius r, subject to a maximum power of
P max. Therefore, we calculate transmit power through [8]:

The rest of this paper is structured as follows: Section II
describes the system model analysis. Section III presents the
proposed algorithm and in Section IV we evaluate our proposal
through simulations. Finally in Section V we draw up our
conclusions and we make suggestions for future work.

When gain and power transmission are determined, we
estimate the Signal-to-interference-plus-noise ratio (SINR) of
the user. For the case of a macro-user m on sub-carrier k,
and as mentioned in [9], SINR is provided by the following
equation:

II.

S YSTEM MODEL

Pf = min(Pm + G − P Lm (d) + P Lf (r), P max)

where P Lf (r) is the line of sight path loss at the target
cell radius r and Pm is the transmit power of the macrocell
in which the femtocell is located and G is the antenna
gain. P Lm (d) denotes the average macrocell path loss at the
femtocell distance d (excluding any additional wall losses).

SIN Rm,k =

In order to compare the performance of involved entities for
our setup, we need to determine the context of our metrics. We
are mainly based on Long Term Evolution Advanced (LTE-A)
architecture, and utilize its Orthogonal frequency-division multiple access (OFDMA) approach on allocating resources. This
provides us with the means to distribute spectrum resources
in the form of resource blocks to a user and determine our
spectrum strategy. After the allocation of resources we estimate
users’ throughput. In our paper we focus on urban dense
environments cause these scenarios support the prediction of
ultra dense small cell deployments and is one of use cases with
high demand that new technologies will have to tackle. Thus,
following the LTE-A directives for an urban environment, we
calculate path loss with [6]:

N0 ∆f +

P

PM,k Gm,M,k
P
PM 0 ,k Gm,M 0 ,k + PF,k Gm,F,k

M0

F

(5)
with PX,k the transmit power of serving base station X on
subcarrier k, where X can be the macrocell M , a neighbouring
macrocell M 0 or a femtocell F . Gx,X,k is the channel gain
between user x and serving cell X on sub-carrier k, where x
can be a femto or a macro-user and X as described above.
N0 is white noise power spectral density, and ∆f sub-carrier
spacing. The expression of a femto-user can be similarly
derived by taking into account the interference caused by the
macrocells and adjacent femtocells of the topology.
The practical capacity of macro-user m on sub-carrier k is
given by [9]:
Cm,k = ∆f · log2 (1 + αSIN Rm,k )

P LM U E = 15.3 + 37.6log10 R + Low

(1)

which provides the path loss of a macro user, with Low
denoting the penetration loss of a wall, for a case of an indoor
user. Similarly, for a femtocell user, path loss is estimated by:
P LF U E = 38.46 + 20log10 R + Low

(2)

Values of 7 and 15 dB are a good estimation of the penetration loss for internal and external walls, respectively, and will
be used throughout the simulation process [7]. Internal wall
penetration loss is considered when evaluating the interference
a femtocell user receives from a femtocell that belongs to the
same cluster as explained in later sections.
We then determine the channel gain G, through the following expression:
G = 10−P L/10

(3)

Next, we determine the power transmission of each femtocell. Since macrocell’s radius is large, the range of femtocells
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(4)

(6)

where α is defined by α = −1.5/ln(5BER). The overall
throughput of serving macrocell M can then be expressed as
[10]:
XX
TM =
βm,k Cm,k
(7)
m

k

where, βm,k notifies the sub-carrier assignment for macro
users. When βm,k = 1, the sub-carrier k is assigned to macro
user m. Otherwise, βm,k = 0. Similar expression can be
derived for femto-users, related to the practical capacity and
the overall throughput [10].
III.

P ROPOSED SCHEME

In this section, we present the proposed algorithm in detail.
The main concept behind the algorithm is to find a way
to avoid the unnecessary operation of a large number of
femtocells when the same result in performance (or better)
can be achieved through the smart utilization of a smaller
number of base stations. It is the private-owned nature of the
femtocell that leads to a reasonable preference for exclusive
use by its owners. However, this may lead to a overwhelming
and unnecessary tendency for femtocell deployment having an
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opposite result from the one that it was initially intended.
While in macrocell coverage the deployment of the base
stations in an area follows the data rate and coverage needs for
the users existing in that area, the deployment for femtocell
base stations and its coverage and data rate capabilities are
limited by its exclusive utilization. For example, if a certain
area where 10 users lived would be adequately served by 3
femtocells, this number could be unnecessary higher if these
10 users were actually 5 couples living in separate apartments,
thus each requiring its own femtocell.
While each deployment would benefit its individual users,
there is a point in base station density that when it is exceeded,
the accumulative interference of the rest femtocells might make
the utilization of femtocells have a negative effect. An extreme
example for this problem to be clear would be when a user
owing a femtocell would experience so much interference from
the neighboring femtocells that he/she would have better data
rate if no-one (neither the user nor the neighbors) owned a
femtocell. The goal of our algorithm is to find the balance
between femtocell gains and problems (capacity boost and
interference respectively) in dense deployments, respecting the
hesitation that naturally comes to users sharing resources of
something privately owned. We do this by introducing a sleep
mode strategy so that active base stations better reflect the
actual service needs and by proposing a conservative version of
hybrid access mode for better utilization of available resources.
First we define the cluster upon the algorithm may apply.
We consider femtocell candidates for going to sleep mode (i.e.
not transmitting mode) or hybrid access mode when it is part of
a cluster, which means it is in a distance of 20 m or less from
another femtocell that belongs to this cluster. This limitation
is derived from the fact that, as we explain later, there must
be an adequate level of interference between two femtocells
for the algorithm to make sense and beyond this distance of
20 m, this seems unlikely and the algorithm would only add
to unnecessary computational burden and message exchange.
Next we explain what we mean by a femtocell’s sleep and
hybrid access mode. Sleep mode is a femtocell’s power state
that is in a way between the normal operating state and the
switched off one. The main characteristics of this state as it is
used by many studies before ([2], [3]) is that it is a low-power
state where some components of the femtocell have switched
off or working in low level. At this state, the femtocell is
unable to serve a user, and it may require a form of waking
signal to return to normal operation. This signal may come
from the user, from the network or from the femtocell itself
with each approach yielding to different energy requirements.
The important characteristic used by this paper is that we
consider that a femtocell in this state does not serve any user
and its transmissions do not cause interference to any user in
their range.
Hybrid access on the other hand is when a femtocell admits
any user in its range and not solely the ones registered in
its CSG list. This access mode is faced with suspicion and
reluctance by the femtocell owners which often require a profit
in exchange, usually through a pricing mechanism from the
network vendor, i.e. [11]. Instead, in this paper, we propose a
more conservative mode of hybrid access that will help us form
a reward mechanism providing performance incentives through
the coordination with the neighboring femtocells. Specifically,
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with hybrid access we will refer to the case where a femtocell
extends its CSG list of admitted users to include users that
are part of the CSG of a femtocell belonging to the same
cluster with the femtocell in question. Thus, only a subgroup
of possible users may get admitted compared to the standard
hybrid access, and as we explain below, this only takes place
under strict conditions.
Working in the cluster, the algorithm checks each base
station whether it would be beneficial to go to sleep mode.
When a femtocell goes to sleep mode, its active users must
be reallocated. The rest of the femtocells in the cluster are
examined beginning with the one to the closer distance and
so on, as candidates to enter hybrid access mode and admit
them. We limit the search within 20 m from the user to
avoid excessive computations. Since we refer to independent
private-owned femtocells, all users involved must experience
an advantage for them to accept such a change. Thus, one
constraint that must be met is that the subscribers of the
femtocell-candidate for sleep mode must have at least the same
data rate when served by a neighbor with what it had initially.
This can be expressed as follows:
T HRN ew ≥ T HROld

(8)

which based on the system model of section II, leads to:

SIN RN ew ≥

(1 + aSIN ROld )(N2 +1)/N1 − 1
a

(9)

where SIN RN ew and SIN ROld are the SINR that the
user would experience if served by the neighbour or the
original femtocell, respectively. N2 is the number of users
served by the neighbour and N1 is the number of users
served by the origin femtocell. It is obvious that the last
equation is quite possible if N2 ∼ N1 and considering that
in the calculation of SIN RN ew there is one less source of
interference (the close-by femtocell in sleep mode).
Incentives are required for the femtocells asked to operate
in hybrid mode, too. Thus, a second constraint that must be
met is that users of a femtocell candidate to enter hybrid
access mode must also retain or improve the performance
levels experienced in CSG mode. This basically means that
the effect the femtocell going to sleep has to the candidate for
hybrid access femtocell through interference must be greater
from the effect of less spectrum utilization due to extra user
admission. This may also be expressed with Eq. 9, with the
only difference being N2 = N1 as seen below:

SIN RN ew ≥

(1 + aSIN ROld )(N2 +1)/N2 − 1
a

(10)

In order to increase the probability of the above we allow
only one extra user admission by each neighboring femtocells.
This means that a femtocell candidate for sleep with 3 users,
must reallocate its users to 3 neighboring femtocells. For
the same reason (increasing the probability the algorithm
requirements are met) and to achieve the maximum benefit, the
initially check for a sleep candidate femtocell starts from the
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Fig. 1. An illustration of the mechanism. Femtocell 1 protects its user from
femtocell’s 2 interference by admitting its user and making it go to sleep.
Both users benefit from this exchange. The user of femtocell 3 and nearby
macrocell users also benefit from the reduction of interference.

femtocell that its users experience the largest interference per
subscriber, then the second one and so on. There is increased
chance the largest interference to be a result of close by (maybe
multiple) femtocells. Thus, a greater chance for a neighbour
to be found to compensate for user reallocation and greater
chance for the reduction of interference to surpass the extra
user for the hybrid femtocell. Fig. 1 illustrates an example
while algorithm 1 summarizes the proposed scheme.
Algorithm 1 Proposed scheme
1: Define the members of each cluster
2: if femtocell i ∈ cluster and distance u − i < 20m then
3:

femtocell u ∈ cluster

5: for each cluster do

7:
8:

9:
10:
11:

Go through the femtocells in cluster to find candidates for
sleep mode starting from the one with the greatest received
interference per user, then the second one and so on
for each femtocell ∈ cluster do
Go through the other femtocells in cluster starting from
the closest to find candidates for hybrid mode to reallocate
sleeping femtocell users
for each femtocell ∈ same cluster do
Constraint 1: Reallocated users retain or improve perfor(N2 +1)/N1
−1
mance SIN RN ew ≥ (1+aSIN ROlda)
Constraint 2: Users of hybrid mode femtocell
retain or improve performance SIN RN ew
≥
(1+aSIN ROld )(N2 +1)/N2 −1
a

12:
13:
14:
15:
16:
17:
18:
19:

Instance of the network.

femtocells. Signalling among femtocells for interference is
necessary, as explained in [12]. To accommodate this, LTE-A
has included in its specifications the support for direct femtocell to femtocell communication through X2 protocol[13][14],
making coordination for implementing interference mitigation mechanisms possible. Still, however, the disadvantages
of signalling overhead and the limitations of computational
capabilities of femtocells remain.
IV.

4: end if
6:

Fig. 2.

if Constraint 1 & 2 stand then
Appointed femtocells go to sleep and hybrid mode
break;
end if
end for
end for
end for
exit

P ERFORMANCE EVALUATION

In this section, we provide information on the simulation
framework and the parameters of the network model. Afterwards, we present the experimental results obtained.
A. Simulation parameters
The simulator’s network configuration consists of 9 macrocells with 250m radius each. The macro base station is considered to be located at the center of each site, transmitting with a
predefined power value of 46dBm. We randomly deployed 250
femtocells with their users in a random distance within 18m
from the base station. The number of subscribers for every
femtocell was also chosen randomly, with each having 1 up to
3 users. 100 macrocell users were also deployed. Fig. 2 shows
an instance of the topology of the network and Table 1 provides
an overview of the network and technology parameters used
in the simulation. Parameter values were based on LTE-A
technology and the LTE simulator in [16].
B. Performance results

Femtocells communication
A distributed mechanism such as the one described above,
faces the challenge of coordination/communication among the
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The simulation was conducted 20 times in order to provide
reliable measurements, and the figures below represent the
accumulative results. Fig. 3 depicts the empirical cdf of the
SINR experienced by femtocell users belonging to the clusters.
It is obvious that there is a significant improvement in the
SINR when our proposed scheme is enforced, compared to
the initial CSG operation of the femtocells. A part of this
improvement comes from the users who belong to femtocells
that participated in the user exchange, that is the femtocells
that turned to sleep mode and their neighbors that admitted
their users. Based on the constraints described in the previous
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TABLE I.

S IMULATION PARAMETERS

Parameter
Macrocells
Macrocell radius
Femtocells
Femtocell subscribers
Macrocell users
Bandwidth
Carrier frequency
BS transmit power
FBS max transmit power
Subcarrier spacing
White noise power density

Value
9
500 m
250
1 − 3 (perf emtocell)
100
20 M Hz
2 GHz
46 dBm
21 dBm
15 kHz
−174 dBm/Hz
Fig. 4. Data rate of all users subscribed to femtocells that are members of
clusters.

Fig. 3. SINR of all users subscribed to femtocells that are members of
clusters.

section, the increase in their SINR due to less interference from
the sleeping base stations must be large enough to more than
compensate for the reduced spectrum per user due to utilization
of less base stations. The other part of the total increase comes
from the rest femtocells belonging to the cluster where a base
station has turned to sleep mode, since the total interference
in the area has reduced.
The algorithm aims ultimately to increase subscribers’ data
rate, with the combination of sleep mode and cluster-based hybrid access, adapting the number of active base stations to the
actual needs of the topology. Fig. 4 depicts the improvement
on the data rate of all femtocell subscribers that belong to
the clusters. Similar with the SINR, the improvement comes
both from the smarter reallocation of users, and the overall
interference reduction in the area from deactivating femtocells.
While the figure showcases the accumulative performance of
the users, none of the users individually experiences reduction
in his/her achieved data rate because of the strict constraints
enforced.
The reduction of the overall interference in a cluster area
when one or more femtocells go to sleep mode, is also
important for the users served by the macrocell. These users
are greatly affected by the increased density of deployed base
stations since they experience the accumulated interference.
Since the proposed scheme does not affect the power levels
of the rest femtocells when one of them enters sleep mode,
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Fig. 5. Data rate of macrocell users that are within areas where a femtocell
cluster has formed.

it is obvious that when in a cluster area, macro users will
greatly benefit when a nearby femtocell gets deactivated. Fig.
5 illustrates this positive effect in these users’ data rate.
In every simulation, the deployment was randomly different
which caused the formation of the clusters and the applicability
of the mechanism to change. For the parameters discribed
above, the average number of clusters formed was close to
14 ranging from 7 to 21. The average number of femtocells
transitioning to sleep mode was close to 3 (ranging from none
to 9) and the probability every cluster to have one femtocell
in sleep mode was around 20%.
Finally, we must mention the gains in energy efficiency
of the proposed scheme. While our main target introducing
the scheme was the improvement of the data rate when the
density of exclusive base stations results to more interference
than performance gain, it is obvious from the works mentioned
in the first section that femtocell sleep mode strategies yield to
significant power savings. Thus, along with the performance
boost, our setup has also the important side effect of better
energy efficiency.
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V.

C ONCLUSIONS AND FUTURE WORK

In this paper we introduced a scheme targeting dense
deployments of femtocells. The scheme proposes a combination of sleep and hybrid access mode causing a boost in
the subscribers’ data rate by reducing the number of active
base stations. More specifically, a femtocell-member of such
a cluster operating in closed access mode, may decide to
extend its list of admitted users to include users of another
femtocell-member of the same cluster. A necessary condition
is the latter femtocell to turn to sleep mode, causing enough
interference reduction to the former femtocell subscribers in
order to compensate for the admission of extra users. The users
that change their serving base station must be also guaranteed
at least the same level of performance that they experienced
when served by their primary femtocell.
Conducted simulations showed that our proposed scheme
increases the data rate of all individual subscribers involved in
the exchange, those belonging to the femtocell in sleep mode
and those belonging to the one in hybrid access mode. Due to
the deactivation of some base stations, the subscribers of the
rest femtocells also experience better data rate caused by the
reduced interference in the area, increasing the overall capacity
provided by the femtocell cluster, something that also benefits
the data rate of any close-by macrocell user. In addition, an
important side effect of the reduced number of active base
stations is the improvement in energy efficiency.
Possible future enhancements of this work may be the
estimation of the proposed algorithm’s benefits in energy
efficiency. Another possible enhancement would be the loosing
of constraints for the scheme to be enforced and compare the
results. For example, instead of the requirement of each user
individually improving his/her data rate, the mechanism could
be activated when gains are noticeable in the total capacity of
the femtocells involved, or in the entirety of the cluster.
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