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Abstract— In this paper, we propose a new concept called
mobile Femtocell (MFemtocell) network, which can be considered
as a practical implementation of mobile relays (more precisely,
moving networks). MFemtocells can be deployed in moving
vehicles, such as trains, buses, or private cars to provide enhanced
user throughput, extended coverage, and reduction of the signal-
ing overhead and drop calls. We investigate the spectral efficiency
of cellular systems with MFemtocell deployment and two resource
partitioning schemes. Simulation results demonstrate that with
the deployment of MFemtocells, the spectral efficiency and
average user throughput can significantly be increased while the
signaling overhead is reduced.

I. I NTRODUCTION

Cooperative multi-hop communications with relays can
greatly improve the spectral efficiency and network coverage
and has widely been considered as a major candidate tech-
nology in various standards, such as in Long Term Evoluation
(LTE)-Advanced systems. In relay communications, intermedi-
ate nodes are used which relay the data to/from the base station
(BS) [1]. There are two different types of relays, namely, fixed
and mobile relays [2]. Fixed relays are deployed at locations
according to cell planning and radio optimization to improve
the user throughput or to expand the coverage at the cell
edge [3], [4]. Mobile relays [5] are moving wireless nodes
which fully support relaying functionalities in cellular systems.
Two types of mobile relays can further be distinguished, i.e.,
mobile user relays and moving networks. Mobile user relays
are to use handsets within the close vicinity to relay the
information to/from the BS. In moving networks, dedicated
relays are mounted on moving vehicles, such as trains, buses,
or private cars, to receive data from the BS and forward to
the users onboard, and vice versa. In previous works, relay
communications mostly focused on scenarios with either fixed
relays [6], [7] or mobile user relays [8], [9]. There has been
little research undertaken for moving networks.

Public vehicles, e.g., trains and buses, are moving hotspots
with many people potentially requesting diverse data services,
e.g. web browsing, video streaming, and gaming. Users inside
a moving vehicle may execute multiple handovers at the same

time causing a significant increase in signaling load and drop
connections to the network. So, it is worth minimizing the
signaling load and drop calls within a fast moving vehicle.

Femtocells, also called home BSs or home evolved NodeB
(Home eNodB) [10], are small, low-power data access points
installed by home users to get better indoor coverage or im-
proved user throughput with reduced implementation cost [11].
Femtocells can connect to the operator’s core network via
legacy broadband connection such as Digital Subscriber Line
or optical fiber. Due to the short transmission range between
the Femtocell and its users, the transmission power of users
can be reduced resulting in longer battery life.

Motivated by the concepts of mobile relays (moving net-
works) and Femtocells, in this paper we propose a new concept
called MFemtocell. There are, however, many challenges for
researching MFemtocells, e.g., the way resources are shared
by macrocell and MFemtocell users, spectrum reuse strategy
under a number of MFemtocel deployments, and spectral and
energy efficiencies.

A number of studies have been done on spectrum shar-
ing in Femtocell [12]–[14] and multi-hop [7] in Orthog-
onal Frequency-Division Multiple Access (OFDMA) based
cellular systems. The Femtocell may share the same spec-
trum with macrocell (i.e., non-orthogonal mode) or utilize
a dedicated spectrum (i.e., orthogonal mode) [12]. In an
orthogonal spectrum-sharing network, the Femtocell uses a
separate spectrum band that is not used by macrocell BSs.
This mode can avoid interference to/from the macrocell, i.e.,
intra-cell interference. However, additional spectrum resources
are required and hence the spectral efficiency will be reduced.
In this paper we study the impact of two resource partitioning
schemes on the spectral efficiency in MFemtocell based LTE-
Advanced cellular systems.

The rest of this paper is organized as follows: Section II
gives an overview of MFemtocells. Section III presents the
system model. Section IV summarizes the simulation assump-
tions and presents simulation results with detailed analysis.
Finally, Section V concludes the paper.



II. M OBILE FEMTOCELL

Combining the concept of moving network and Femtocell
network, MFemtocell is a small cell which can move around
and dynamically change its connection to the operator’s core
network. MFemtocell can be seen as a practical implemen-
tation of moving networks and can be deployed on public
transport buses, trains, and private cars. It can adopt a cellular
standard (e.g., LTE) radio interface to communicate with the
serving BS and a group of users within its coverage. A
MFemtocell and its associated users are all viewed as a single
unit to the BS.

The implementation of MFemtocell can potentially benefit
cellular systems. First of all, MFemtocells can improve the
spectral efficiency of the entire network. MFemtocells can also
contribute to signaling overhead reduction in the network for
improving the system performance. For instance, MFemtocell
can perform a handover on behalf of all its associated users.
This will reduce the handover attempts as the users move
between cells in the network. Furthermore, due to a relatively
shorter range communication with their serving MFemtocell,
the battery life of the associated users can be prolonged. It
is also important to note that MFemtocells are located inside
vehicles with antennas located outside the vehicle. This setup
improves the signal quality inside the vehicle. The MFemtocell
implementation can be backward compatible with the legacy
handsets and the network. It may not require any changes in
the Radio Access Network (RAN). The MFetmocell traffic
over the air interface is treated as a single user equipment
(UE) traffic. Therefore, a MFemtocell is actually a transceiver
similar to a UE but with more advanced capabilities. For
example, a larger number of antennas can be utilized at the
MFemtocell with significant diversity/multiplexing gain.In
addition, the users handover from the serving macrocell to
the MFemtocell and vice versa since they see the latter as a
regular BS or more precisely a Femtocell station.

III. SYSTEM MODEL AND SPECTRUMANALYSIS

Let us consider a single cell with multiple MFemtocells
and multiple users, as depicted in Fig. 1. We focus on
MFemtocell-assisted LTE downlink multiuser communications
in this model. For convenience, the macrocell users, which
communicate directly with the eNodB, and MFemtocells are
indexed byn ∈ N = {1, ..., N} and j ∈ J ={1, ..., J},
respectively. For any MFemtocellj (j ∈ J ), there is a set of
active usersm ∈ Mj = {1, ...,M}. Note that the total number
of end users isN including the users within MFemotocells. A
user within a MFemtocell will be indexed by its respectiven

if it communicates directly with the eNodB. The eNodB and
all MFemtocell transmit with fixed power per Resource Block
(RB). To support the opportunistic scheduling, the eNodB
gathers the channel state information (CSI) from all users and
MFemtocells. Likewise, the users within a MFemtocell will
feed back this information but to the MFemtocell only. The
terms backhaul link, access link, and direct link are used
to denote eNodB-MFemtocell, MFemtocell-user, and eNodB-
user links, respectively. The eNodB will transmit data to

MFemtocells over backhaul links. A MFemtocell will then
fully decode, buffer, and re-transmit the data to its user
(Decode-and-Forward multi-hop strategy). We assume that the
backhaul, access, and direct links all experience Non-line-
of-sight (NLoS) Rayleigh block fading channels, which are
kept constant within a sub-frame and change independently
in the following sub-frame. We also assume that the backhaul
link has a gain (G) over the direct link. This gain can be
achieved by using a highly directional antenna pattern as
well as pointing MFemtocell’s antenna towards the eNodB.
Practically, the multi-hop device cannot transmit and receive
data simultaneously on the same frequency. Therefore, a
division scheme is required, either in the time or frequency
domain, to prevent the self interference. In this paper, time
division is assumed.

A. Resource Partitioning Schemes

In an OFDMA-based cellular system, the whole spectrum
is split into orthogonal sub-channels. These sub-channelsare
shared by different users by means of opportunistic resource
allocation. By bringing in the MFemtocell, the spectrum has
to be allocated (or reused) among different links, i.e., the
backhaul, direct and access links. Therefore, it is essential
to design an efficient resource partitioning policy in the
MFemtocell-enhanced system to improve the performance of
the whole system and limit the intra-cell interferences. Two
resource partitioning policies can be used and are explained
as follows:

1) Orthogonal resource partitioning scheme:In this
scheme, the radio resources allocated to the backhaul, direct,
and access links are all orthogonal either in the time or
frequency domain and hence there is no intra-cell interference
from the the eNodB to MFemtocell users and vice versa.
Therefore, the Signal-to-Noise Ratios (SNRs) for a direct user,
SNR

(D)
, and an access user, SNR

(A)
, can be calculated by

SNRn(D)
=

P1|h
eNB
n |2

BNo
and SNRm(A)

=
P2|h

j
m|2

BNo
, respectively,

whereheNB
n and hj

m are complex-valued channel gains over
the direct link and access link, respectively, andP2 is the
MFemtocell transmission power.B and No are the system
bandwidth and the noise spectral density, respectively,

2) Non-orthogonal resource partitioning scheme:In this
scheme, the radio resources are reused by the direct and access
links. However, the radio resources are still orthogonallyallo-
cated between backhaul and direct and between backhaul and
access links. Non-orthogonal mode means that there will be an
intra-cell interference to the access and direct users due to the
simultaneous transmissions from the MFemtocell and eNodB
on the same sub-channels. The advantage of this scheme is the
improvement in resource utilization compared to the orthog-
onal scheme. In addition, this scheme gives the flexibility to
implement Radio Resource Management (RRM) at the eNodB
and the MFemtocell independently. The received Signal to
Interference-plus-Noise Ratio (SINR) for a direct user, denoted
as SINR

(D)
, can be calculated by SINRn(D)

=
P1|h

eNB
n |2

I+BNo
where

I is the intra-cell interference from the MFemtocells. This type



of interference can be reduced significantly by constraining the
transmission power within the MFemtocell using a directive
antenna. On the other hand, the received SINR for an access
link user, SINR

(A)
, is given by:

SINRm(A)
=

P2|hj
m|2

|heNB
n |2 +BNo

=
SNRm(A)

|hj
m|2

SINRn(D)
|heNB

n |2 + 1
. (1)

So, the SINRm(A)
in (1) can be characterized by SNR received

from a MFemtocell, i.e., SNRm(A)
, and SNR received from

the eNodB if the same user was served by eNodB instead,
i.e., SNRn(D)

. Now, if we assume that the distances from the
MFemtocell or its users are the same with respect to the

eNodB, we have SINRm(A)
=

SNRm(A)
|hj

m|2

SNRj(B)
G

|heNB
n |2+1

. The SNRj(B)

is the SNR for a backhaul channel for MFemtocellj which
can be calculated, for both resource partitioning schemes,by

SNRj(B)
=

P1|h
eNB
j |2G

BNo
where|heNB

j |2 is the channel power gain
of the backhaul link for MFemtocellj. The interference that
originates from the eNodB can be compromised with good
propagation quality between the MFemtocell and its users due
to shorter range transmissions.

B. MFemtocell Spectrum Reuse

Another form of spectrum reuse scheme can be applied to
MFemtocell scenarios to further improve the spectrum utiliza-
tion. Hence, multiple MFemtocells can use a common set of
sub-channels simultaneously to serve their users. However,
this can work only if multiple MFemtocells are located large
distances apart or the coverage of each MFemtocell is limited
to a small area by using a directive antenna.

C. Spectral Efficiency Analysis

Multiuser scheduling is assumed here where the macrocell
users and MFemtocells are served overK RBs, indexed
by k=1,...,K, based on the well-known MAX-SINR and
Proportional Fair (PF) scheduling policies. With the MAX-
SINR scheduler, the eNodB will assign a RBk to a user
n having the highest instantaneous SINR at a sub-framet.
Thus, arg maxn∈NRn(t, k), k = 1, ...,K, whereRn(t, k)
∝ SNRn(D)

(t, k) (or SINRn(D)
(t, k) in non-orthogonal mode)

is the instantaneous achievable rate on RBk for a usern and
is calculated according to the following Shannon formula. In
the PF scheduling case, the scheduler allocates the RBk to a
usern∈ N according to the following criterion:

n̄k = arg maxn∈N

Rn(t, k)

R̄n(t)
k = 1, ...,K (2)

whereR̄n(t) is the average delivered rate in the past, measured
over a fixed window of observation. It can be calculated using
an average filtering [15], which will be updated using the
following formula:

R̄n(t) = (1−
1

T
)R̄n(t− 1) +

1

T

K
∑

k=1

Rn(k, t) dn(k, t) (3)

where T is the time window constant,dn(k, t) is a binary
indicator that is set to 1 if the usern is scheduled on resource
block k at time t and to 0 otherwise.

The communication over the eNodB-MFemtocell links takes
place over a dedicated time-frequency zone, as shown in
Fig. 2(a) and Fig. 2(b). Moreover, a set of MFemtocells is
selected based on the same scheduling algorithm that has been
used to serve macrocell users. Within the MFemtocell, it is
assumed that the users (Mj) are served according to round-
robin policy. In case of the orthogonal scheme, it is assumed
that a fraction of the spectrumβ , 0 < β <1 , is allocated
exclusively for direct transmissions in the second portionof
the time, as shown in Fig. 4(a). Whereas in the non-orthogonal
scheme, the eNodB and MFemtocells can utilize the whole
spectrum to serve their users, as shown in Fig. 4(b).

The achievable capacity (in bps/Hz/cell) on the direct link
on time t can be calculated by

Cd(t) =























β
2B

N
∑

n=1

K
∑

k=1

Rn(k, t) dn(k, t) orthogonal

1
2B

N
∑

n=1

K
∑

k=1

Rn(k, t) dn(k, t) non orthogonal.

(4)
The achievable capacity on the access link can be given by

C
j
2(t) =



























(1−β)
2B

∑

m∈Mj

K
∑

k=1

Rm(k, t) dm(k, t) orthogonal

1
2B

∑

m∈Mj

K
∑

k=1

Rm(k, t) dm(k, t) non orthogonal

(5)
whereRm(t, k) ∝ SNRm(A)

(t, k) is the instantaneous achiev-
able rate for an access userm. However, the rates on access
link between MFemtocells and their users are truncated by
the achievable capacity of the backhaul link for MFemtocell
j, i.e.,

C
j
1(t) =

1

2B

K
∑

k=1

Rj(k, t) dj(k, t). (6)

whereRj(t, k) is the instantaneous achievable rate over the
backhaul link for an MFemtocellj. As a result, the total
system capacity (in bps/Hz/cell) after allocating all RBs to the
selected users, including MFemtocell users, can be calculated
according to:

Csys(t) =

J
∑

j=1

min[Cj
1(t− d), Cj

2(t)] + Cd(t) (7)

whered is the time required to decode, buffer, and re-encode
the incoming data from the backhaul links. The first term
in (7) stands for the achievable capacity of data flow from
eNodB to users via MFemtocell and the second term represents
the capacity for direct users. It is worth mentioning that the
throughput on the backhaul links is not accounted for system
capacity because the data are not delivered to the users, butit
still bounds the throughput on the access links. However, to



get an efficient resource usage over the multi-hop, the rates
over the backhaul and access should be equal, i.e.,C1 = C2.

IV. SIMULATION RESULTS AND DISCUSSIONS

The performance of the MFemtocell in the LTE system was
evaluated using a dynamic system level simulator which is
compliant with 3GPP LTE specification [16]. The simulation
consists of several iterations and each of them has 20000 sub-
frames. In each iteration, the MFemtocells and mobile users
were distributed independently. A frequency-selective channel
model with 6 taps and a certain power delay profile (PDP)
were considered. The number of MFemtocell and macrocell
users were assumed to be 10 and 40, respectively. Inside
each MFemtocell, it was assumed that there were two active
users. The LTE frame structure was considered, which consists
of blocks of 12 contiguous sub-carriers in the frequency
domain and 7 OFDM symbols in the time domain. One sub-
frame (1 ms) was regarded as the scheduling period. The
carrier bandwidth was fixed at 10 MHz with 50 RBs. All UEs
were equipped with a single antenna while the MFemtocells
have two antennas working in the diversity mode. The gain (G)
was assumed to be 8 dB. A full eNodB buffer was considered
where there were always buffered data ready for transmission
for each node. The users inside the MFemtocell were assumed
to be indoor users with 5 dB penetration loss. Other relevant
simulation parameters are summarized in Table 1.

Fig. 3 compares the average spectral efficiencies of the
orthogonal and non-orthogonal schemes in MFemtocell-
enhanced scenarios as functions of the percentage of users that
associate with MFemtocells. As it is clearly shown, increasing
the percentage of users that communicate with an eNodB
through the MFemtocell leads to an increase in the spectral
efficiency compared with a single-hop reference system. The
simulation results also demonstrate that the non-orthogonal
scheme outperforms the orthogonal scheme due to spectrum
reuse between the eNodB and the MFemtocells.

The Cumulative Distribution Functions (CDFs) of the user
and MFemtocell average throughputs are presented in Fig. 4,
where only the non-orthogonal scheme and PF scheduling
are assumed. It is clear that the MFemtocell deployment can
increase the average throughput of macro users. Furthermore,
the MFemtocells have high throughputs due to the additional
gain in received SINR

(B)
on the backhaul link.

Fig. 5 depicts the system throughputs of the two partitioning
schemes as functions of SNR

(D)
of the direct link on different

cell positions. Here, it has been assumed that all the RBs
are allocated to only two users: one connected directly to the
eNodB and the other through the MFemtocell. Both schemes
provide a better performance, as compared to the single-hop
reference system, especially at the middle and edge of the cell.
However, when the MFemtocells are moving near the eNodB,
i.e., when SNR

(D)
is larger than 14 dB, the performance of the

orthogonal scheme lags slightly behind that of the single hop
scheme due to the high SNR on the direct link. In this case,
it is worth transmitting directly to users.

V. CONCLUSIONS

In this paper, we have introduced the architecture of MFem-
tocell which can be a potential candidate technology for
LTE-Advanced systems. We have studied the performance
of two resource partitioning schemes which can be used for
MFemtocell deployed scenarios in LTE-Advanced systems
in presence of opportunistic scheduling. Our system-level
simulations have shown that the performance of a cellular
system with MFemtocell implementation outperforms that ofa
system without MFemtocell, especially at the middle and edge
of the cell. The results have also demonstrated that the non-
orthogonal scheme can achieve better performance compared
with the orthogonal scheme.
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