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Abstract-In this work, we focus our study to improving the
energy efficiency of mobile cellular users in ultra-dense LTE
HetNets. The hyper-dense co-channel deployment of indoor LTE

zones of SCNs overlaid on top of the MCNs, as depicted in
Fig.l.

small cell networks (SCNs) within LTE macro cell networks
(MCNs) will aggravate the effect of cross-tier interferences caused
by the uplink transmissions of macro-indoor users located inside
the overlapping zones of small base station (SBS) coverage areas.
Hence, degrading the uplink performance at the level of SBSs
adopting closed access policy. In order to eliminate the severe
cross-tier interferences, each SBS attempts to open the access
for macro-indoor users that accept only the SBS with Max-SINR
offer. This will lead to network congestion problems in several
SCNs. Wherefore, we formulate our problem as a many-to-many
matching game. Then, we introduce an algorithm that computes
the optimal many-to-many stable matching which consist of
assigning each macro-indoor user with multi-homing capabilities
to the most suitable set of SBSs and vice versa based on their
preference profiles. With regard to the conventional Max-SINR
association scheme, our solution can effectively improve the energy
efficiency of cellular users. Moreover, it can ensure load balancing
in ultra-dense LTE HetNets.

Index Terms-Small cell networks (SCNs), Macro cell networks
(MCNs), LTE HetNets, Energy efficiency, Many-to-many matching
game, Multi-homing.

I. IN TRODUC TION
The proliferation of mobile devices (e.g, smartphones, tablets
...) using services with high data rate requirements, such as
online games or video streaming, as well as the emergence of
the internet of things (loT), will lead surely to an explosive
growth demand for mobile data traffic.
In order to cope with the expected increase demand for
mobile data traffic, and to satisfy the high requirement of
quality of service (QoS) and experience (QoE) of mobile users.
Ultra-dense SCNs seems to be a promising solution for boosting
network capacity in the fifth-generation (5G) of mobile net
works. It consists of deploying a large number of SCNs (pic
ocells, microcells and femtocells) within the main MCNs. The
integration of LTE indoor small cells (femtocells) characterized
by a low power, short range, and low cost deployed inside
the classical LTE macro cells (HetNets)[I] [2], becomes a cost
efficient way to improve the energy efficiency [3], coverage and
network capacity [4] [5] in indoor environments (homes, small
business, etc.) where more than 80% of data traffic takes place.
However, the ultra-dense unplanned deployment of indoor
small cells within MCNs, will generate numerous overlapping
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Fig. 1: Ultra-dense HetNets with overlapping zones of SCNs
An ultra-dense co-channel deployment of indoor small cells,
where the SCNs reuse the frequency band reserved for MCN
will cause a severe cross-tier interferences [6] [7] that will
degrade the overall network capacity in both the downlink and
the uplink channels. There are two SCNs access policies:
•

•

Closed policy: the SBS allows only registered users (home
users).
Open policy: the SBS allows access to all users.

In the uplink channel, each SBS adopts by default the
closed access policy. However, in this access policy the macro
indoor user will connect directly to the macro base station
(MBS) using a higher transmission power that will cause severe
interference to the SBS which degrades its uplink performance.
Wherefore, the SBS prefers to switch to the open access policy.
In case of ultra-dense SCNs, mUltiple macro-indoor users can
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be located inside overlapping zones of SCNs. In case of ultra
dense SCNs, the open access policy will lead to problems of
network congestion [8] due to the existence of many macro
indoor users inside overlapping zones of SCNs using traditional
predefined criterion like RSSI, SINR, and available bandwidth
to choose the most suitable SBS among a set of SBSs.
Matching theory is a powerful mathematical tool to resolve
the association problems between players inside two specific
sets.
Different classes of matching problems based on quota values
have been studied in the literature :
•

•

•

One-to-one matching : Each player can be associated to
at most one player in the opposite set and vice versa (all
players have a quota equal to one). For example, the stable
marriage problem.
Many-to-one matching : In many-to-one matching, the
quota of all players in one set is equal to one, while all
the other player in the other set have a quota that exceeds
one. As an example, the college admissions problem.
Many-to-many matching : Here, the many-to-many match
ing occurs when there exists at least one player in each
of the two sets where its quota exceeds one. For example,
the problem of matching consultants to firms.

Exploited recently in the field of wireless network com
munications, matching theory presents an ideal mathematical
framework for solving resource management problems. It pro
vides tractable solutions of matching between users (devices,
applications, ...) and resources (base stations, power, ... ). Each
player (resource/user) has the right to be matched to a specific
number of players in the other set according to his quota.
Resource management in HetNets has been tackled from sev
eral angles using the matching theory. In [9] , the authors studied
the problem of downlink resources allocation for an underlying
network with SCNs. Then, they proposed two algorithms.
The first algorithm is developed by applying the optimization
approach based on the duality of the relaxed problem, allowing
distributed implementation. While the second one is based on
matching theory. Numerical results depict the growth in terms
of throughput sum achieved by the second algorithm (17% of
gain) compared to the first one based on duality (4% of gain).
The SCNs have a great potential to improve efficiency of the
MCN by offloading local traffic. However, the densification of
small cells faces critical technical challenges related to the
resource management. In [10] the authors proposed a new
solution that break the problem of many-to-many matching
on subset problems of many-to-one matching. Then, for each
sub-problem, they developed a cluster based on the algorithm
of matching guarantee fairness. The results achieved by the
proposed algorithm exceeds its concurrents and ensures intra
group (cluster) fairness. In [11], the authors discussed the
problem of caching in SCNs. This problem is formulated as a
set of many-to-many matching between small base stations and
service providers' servers to reduce the load on the backhaul
links. The authors have proposed a new algorithm for the many
to-many matching problem and they have proven that it reached

a stable result.
In the literature, a plethora of works related to user associ
ation problems in HetNets are not accommodated to an ultra
dense co-channel deployment of indoor SCNs, as they are based
on simple simulation scenarios without any overlapping zone
between SCNs. Thus, encouraging the utilization of matching
theory in ultra-dense HetNets scenarios. In our last published
work [12], we formulated the user association problem in
ultra-dense HetNets as a many-to-one matching game, then
we proposed the deferred acceptance algorithm to compute the
optimal stable matching that consist of assigning each macro
indoor user to the most suitable SBS and vice versa. Simulation
results show that this solution can effectively improve the
energy efficiency of cellular users in ultra-dense LTE HetNets
compared to the default Max-SINR association scheme. The
many to one matching game formulation proposed in [12] that
consists of assigning each macro-indoor user to the suitable
SBS will not be adapted for macro users with sophisticated mo
bile terminals equipped with multiple LTE radio interfaces. This
sophisticated mobile terminals with multi-homing capabilities
can connect simultaneously to many base stations rather than
a single base station. For this reason, in this paper we propose
another formulation game based on many-to-many matching,
more adequate for sophisticated mobile devices. Therefore,
exploiting the multi-homing capabilities of macro cellular users
located in overlapping zones of SCNs. Each macro cellular
user can maintain multiple simultaneous uplink associations
with different SCNs due to its multiple homogeneous radio
interfaces. Moreover, the many-to-many matching game will
reduce the excessive overhead over the backhaul links [13]
induced by cooperative schemes [14] in ultra-dense unplanned
deployment of indoor SCNs within MCNs.
II. S Y S TEM MODEL
A. Network model
In our network model, we describe an ultra-dense co-channel
deployment of LTE SCNs, distributed in an unplanned manner
within a LTE MCN. We concentrate to study the LTE up
link transmission based on SC-FDMA. Our network model is
composed of a Ns indoor SBSs (Femto BSs) with radius Rs
deployed aleatory inside the area coverage of a Macro cell M
with radius R m . The MBS serves Nm macro cellular users
with multi-homing capabilities. Each SBSi serves ns,i home
cellular users. The macro and home users use fixed transmit
powers of Pm and Ph, respectively. All macro cellular users
Nm are divided into two categories, macro indoor users Nmin
and macro outdoor users N mau'.
(1)
And
Nmin

Ns

=

L ni

(2)

i=l

ni : is the number of macro-indoor users located in the area
coverage of a SBSi.
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Sophisticated mobile nodes can have multiple interfaces,
therefore, they can connect simultaneously to several SBSs.
So, we will formulate our problem as a many-to-many matching
game to resolve the problem of users association in ultra-dense
LTE HetNets.

Ik,i : is the received uplink SINR of a macro-indoor user k
inside the coverage of a SBSi, and expressed by :
Ph,kGsi ,k

B. Utility functions

For the many-to-many matching game, each macro-indoor
user k will have the right to connect at most to qm SBS(s)
instead of only one. And each SBSi can accept at most qs
macro-indoor user(s).
Such as, each SBSi will choose a set of most preferred macro
indoor users located inside its coverage based on the following
utility preference function :

ns,i
USBSi-(mink)

:D.h'SBS;l

=

{I,

0,

=

ni

2:) rj,i - nj,i) - L :D.h'SBS;l nk

j=l

(3)

k=l

if the macro user k is connected to the SBSi
eI se

(4)

nk : represents the QoS uplink throughput requirement of a
macro-indoor user k. (respecting a quota number qs
2 of
=

macro-indoor users that they can be accepted by a SBSi).
rj,i : is the data rate of a home user j gained from SBSi, and
defined by :
(5)

Ij,i : is the received uplink SINR of a home user j connected
to SBSi, and expressed by :
I
) ,i

=

N, �

o

f

+

Ph,k Pt,i Ph·
GSi,k : is the channel gain between a macro-indoor user k and
=

=

its serving SBSi.

As a solution, we aim to achieve a stable matching between
macro-indoor users and SBSs.
III. MATCHING GAME SOLUTION
A. Game formulation
To resolve association problem between macro-indoor users
and SBSs, we present a solution based on many-to-many
matching game with different preferences and quotas. In our
context, SBSs have a quota qs of macro-indoor users that they
can take. Macro-indoor users, in tum, have a quota qm such
that each macro-indoor user can accept at most qm SBSs.
Suppose we have a set of SBSs S {Sl ' ... , sn} and a set
of macro-indoor users K
{k1' ... , km} . The solution of this
game is an assignment between users and SBSs satisfying
their preferences and requirements.
=

=

Definition 3. Matching f.1 is a mapping which assigns at
most qs different macro-indoor users to each SBSin Sand
qm different SBSs to each macro-indoor user in K. We
denote the set of macro-indoor users assigned by matching to
the SBSSi and the set of SBSs assigned to the macro-indoor
user kj as f.1 (Si) and f.1(kj) , respectively.

Ph,jGsi ,j
+ ",I Noner I ",n S l
",ni
um=jkfSBS'i PmG M,m ul=ji
uh=l PhGsl,h
(6)

Nover : is the set of SBSs that are engaged in the overlapping
zone where the macro-indoor user is located.
On the other side, each macro-indoor user k has the right to
select a set of accessible SBSs according to the given utility
preference function :
",INouerl

U(mink)-SBSi

=

ui=l

:D.h,SBS;l rmink - nk

INove,·1

2:i=l

:D.h,SBS;lPt,i

Definition 4. Blocking pair is a SBSSi and macro-indoor
user kj, who prefer each other to some of their partners in
the current matching, i.e. Si ;.- kj s for some s E f.1(kj) and
kj ;'-Si k for some k E f.1(Si) .
Definition 5. The matching is stable between a SBSSi and
a macro-indoor user kj, if we have no blocking pair (si,kj).

B. Proposed algorithm

(7)

Pt,i) : is the uplink transmission power of a macro-indoor user
k.
rmink,i : is the data rate of a macro-indoor user located in the
area of a SBSi (respecting a quota number qm
2 SBSs that
=

each macro-indoor user can at most accept), and defined by :

(8)

As a solution, we have modeled our scenario as a many-to
many matching game where each macro-indoor user has the
right to choose one or more SBSs respecting the maximum
number of quota qm, and each SBS can admit at most qs
macro-indoor users.
This many-to-many matching algorithm inspired from [15]
works by applying successively the following procedure. First,
and given as input an original profile of preferences, it computes
by the deferred-acceptance algorithm the two optimal stable
matchings f.1Si and f.1k;. Second, it identifies all SBSi, macro
indoor user pairs (Si' kj) where SBSi hires the macro-indoor
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Algorithm 1 The Many-to-Many Matching Algorithm

P(54)
P(55)
P(56)
P( k1)
P(k2)
P(k3)
P(k4)
P(k5)
P(k6)

Initialization
•
•

SBS8 preference lists;

Macro-indoor users preference lists.

Admissions Game with Utility function:
Step I: Preference Lists Composition
•

•

•

Each SBS 8i builds a preference list based on U5B5i-(mink) utility
function (3);
Each macro-indoor user kj builds a preference list based on
U(min )-5B5i utility function (6);
All SES8 and macro-indoor users exchange their information lists,
thus, we have the two optimal stable matchings I-'Si and I-'k j .

Step II: Pairs identification

While 1-'(8;)n+l
•
•

f.1-'(8;)n & I-'(kj)m+l f. I-'(kj)m
Identification of all players pairs (8;, kj);

Then, we have for each pair the optimal stable matching 1-'(8i,kj).

=

=

=

=

=

=

=

=

=

k4k6,
k5k6,
k4k5,
5153,
5253,
5152,
5455,
5455,
5455,

k4k5, k5k6, k4' k6, k5
k4k6, k6, k4k5, k5, k4
k5k6, k4k6, k5, k4, k6
5152, 5253, 51, 53, 52
5152, 5153, 52, 53, 51
5153, 5253, 51, 52, 53
5456, 5556, 54, 55, 56
5456, 5556, 55, 54, 56
5556, 5456, 55, 54, 56

After running the deferred acceptance algorithm, all offers
have been accepted and the optimal stable matching /-L(5i , kj)
is:

Step III: Matching Evaluation

While 1-'(8i,kj)n+l
If

f.1-'(8i,kj)n
1-'(8i,kj)n+l >- 1-'(8i,kj)n
=> 1-'(8i,kj)n+l is the stable matching.

Else

TABLE I: The optimal stable matching /-L(5i , kj)

=>

Return to Step I and repeat until all offers (users) will be accepted.
Then we have convergence to a stable matching.

user kj in /-LSi but not in /-Lkj• Third, for each of these couples
(5i' kj), it changes the preference of SBSi by proclaiming
all subsets of macro-indoor users containing m-in user k
inadmissible but leaving the orderings among all subsets not
comprising m-in user k unaffected. This is called an (SBSi,
mink )-truncation of the original preference. For each pair
(5i' kj), the algorithm computes the optimal stable matching
that correspond to the preference profile where all players
have the original preferences except that SBSi has the (SBSi,
mink )-truncated preference. Fourth, despite the fact that this
new SBSi optimal stable matching may not be stable relative
to the original preference profile it is stable provided. For the
reason that all macro-indoor users, if they had to choose the
subset from the set of SBS5 made up of the union of the two
SBSi-optimal stable matchings (the original and the new one)
they would choose the new one. After passing this test, the
algorithm verifies the new result. So, if it is stable related to
the initial profile of preferences, we retain it and repeat the
process from the beginning taking this time as input the new
profile founded. Finally, the algorithm stops when there is no
(SBSi, m n
i k ) pair with the above property.
To illustrate the Algorithm 1, we consider a network model
with a single MBS M
1, Ns
6 SBS5, Nm
10
6 macro-indoor users and Nmo,,'
4
macro-US5, Nmin
macro-outdoor users, qm
2, and qs
2. The QoS
requirements of home users and macro-indoor users are
described in TABLE III. We have two sets of players,
a set of SBS5 S
{51 , 52 , 53 , 54 , 55 , 56} , and a set of
macro-indoor users K
{k1' k2, k3, k4, k5 , k6} with the
following preference profiles :
=

=

The associations given by the Max-SINR are :

o

TABLE II: Max-SINR associations

IV. NUMERICAL RESULTS
The simulations are developed according to 3GPP LTE
standard using Matlab. The Fig.2 shows the network scenario
and the Table III gives the simulation parameters.
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Fig. 2: Network scenario
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SBS4

---SCN5

=

P (51)
P(52)
P(53)

SBS3

home user

=

=

SBS2

-SCN3

=

=

SBS1

-SCN2

=

=

MBS

-MacrDcell

home user
300

400

Parameter

Value

of
the
macro
Radius
cell(Rm)
Radius of the small cell
(Rs)
Frequency
Macro user power Pm
Home user power Ph
Indoor Walls Loss (Liw)
Outdoor Walls Loss (Low)
Bandwidth Bw
Modulation
Subcarrier Spacing (/::..j)
Bit Error Rate (BER)
White noise power density

400 m

(N o )

Empirical CDF

75 m
0.9

2 Ghz
0.2 W
2mW
5 dB
20 dB
20 MHz
64 QAM
15 KHz
10
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Fig. 4: Empirical CDF of the energy efficiency of macro-indoor
users

As shown in Fig.3, our many-to-many stable matching solu
tion can ensure load balancing of the energy efficiency in SBSs
with regard to the Max-SINR association scheme.

12

4.5

3.5

Energy elliciency of macro indoor users (bits/Joule)

TABLE III: Simulation parameters
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Many to many: Stable matching

x

I 010

Fig. 5: Empirical CDF of the energy efficiency of home users
with the Max-SINR

Max SINR

Fig. 3: Total of energy efficiency in each SBS
As depicted in FigA, the empirical CDF of the energy
efficiency of macro-indoor users shows that the many-to-many
stable matching is the best solution to avoid the degradation
of QoS parameters of home (see Fig.6)and macro-indoor users
located in SBSs with the Max-SINR offers (SBS3 and SBS6).

As shown in Fig.5 open access with Max-SINR association
scheme degrades the energy efficiency of 50% of home users
located in SBSs that offer Max-SINR values for macro-indoor
users. However, in Fig.6 the stable matching solution avoids
this degradation due to the preference profiles of macro-indoor
users and SBSs based on their utilities functions.
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Fig. 6: Empirical CDF of the energy efficiency of home users
with the Many-to-many stable matching

V. CONCLUSION
Many-to-many stable matching between macro-indoor users
and SBSs is really a tractable solution for avoiding interfer
ences, ensuring load balancing, and improving energy efficiency
of both indoor and outdoor cellular users in ultra-dense LTE
HetNets. Moreover, it permits to overcome the limitations
of the many-to-one and Max-SINR schemes based only on
single network selection. Hence, exploiting the multi-homing
capabilities of sophisticated macro cellular users by matching
each one of them simultaneously to many SBSs . Finally, our
proposal open the way for extending our study to 5G ultra
dense LTEfWiFi HetNets.
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