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Abstract—The mobile femtocell (MFemtocell) is a new concept
that has been recently proposed to be a potential wireless com-
munication technology for next-generation cellular systems. The
essence of MFemtocell lies in adopting the femtocell technology
inside vehicles such as trains, buses, or private cars to provide bet-
ter coverage and a good Internet experience while on the move. In
this paper, we investigate the spectral and energy efficiency for the
MFemtocell-assisted network with different resource partitioning
schemes. Closed-form expressions for the relationships between
spectral efficiency and energy efficiency are derived for a link-level
MFemtocell network. We also investigate the spectral efficiency for
multiuser system-level MFemtocells with opportunistic scheduling
schemes. Our analysis shows that MFemtocells can provide better
spectral and energy efficiency compared with the direct transmis-
sion scheme.

Index Terms—Energy efficiency, mobile femtocell (MFemto-
cell), resource partitioning schemes, scheduling schemes, spectral
efficiency.

I. INTRODUCTION

H ETEROGENEOUS network (HetNet) deployments are
seen as a promising solution for cellular operators to

improve indoor coverage and increase spectral efficiency with
low operational expense (OPEX) [1]. In fact, a HetNet is con-
sidered crucial for mobile data offloading and will become an
essential part of next-generation cellular systems [2]. One key
component in HetNets is femtocell technology. Femtocells are
low-range low-power mobile base stations (BSs) that improve
coverage inside a home or an office building [3]. They use
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broadband networks as backhaul to carry the traffic to the
operator’s data center. Femtocell technology has proven its ex-
cellent capability of grabbing indoor traffic from the macrocell
layer and, thus, enables the latter to focus its attention toward
outdoor traffic. Moreover, femtocell technology is considered
as an energy-efficient solution due to its ability to achieve a
high data rate with low transmit power due to the short distances
toward its users [4].

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 high
connection failures in the network. Furthermore, the vehicle
may have a high penetration loss through its metallic enclosure,
resulting in a poor network connection. Therefore, it is impor-
tant to minimize the signaling load and drop calls within a fast-
moving vehicle while providing a better Internet experience on
the move. To this end, adopting femtocell technology inside
a vehicle has inspired the evolution of a new concept called
mobile femtocell (MFemtocell) [5]. MFemtocell is a mobile
small cell that can dynamically change its connection to the
operator’s core network. The MFemtocell can be deployed
on public transport buses, trains, and even private cars. The
MFemtocell concept has been nominated to play a role in the
fifth-generation (5G) cellular systems [6].

The implementation of MFemtocells can potentially benefit
cellular networks. In this context, various research efforts have
been made to study and appraise the operation of MFemtocell
deployments [7]–[12]. For instance, Elkourdi and Simeone in
[7] studied the performance advantage of using MFemtocell by
communicating with the macro BS to improve and extend cov-
erage for users. The potential advantages of using moving cells
to boost performance for user equipments (UEs) in transit vehi-
cles were highlighted in [8]. The MFemtocells can contribute
to signaling overhead reduction in the network and improve
the system performance [9]. The MFemtocell can also perform
handover on behalf of all its associated users. This would
reduce the number of handover attempts as the users move
between cells in the network. The outage performance can also
be improved in a high-speed mobility environment by using
MFemtocells [10]. Due to a shorter communication range with
the MFemtocell, the battery life of associated users would sig-
nificantly increase. Qutqut, in [11, pp. 53–73], investigated an
appropriate precoder at the MFemtocell in the vehicle to over-
come the degraded performance of the received signal in out-
door wireless links. The proposed precoder helps in extracting
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the underlying rich multipath Doppler diversity inherited in
this type of double-selective fading link. Moreover, since the
MFemtocells are located inside vehicles with antennas located
outside the vehicle, this setup improves the signal quality inside
the vehicle by avoiding the penetration loss. In addition, a larger
number of antennas can be utilized at the MFemtocell with
significant diversity/multiplexing gain. Last, but not least, the
MFemtocell is multioperator friendly, which means that many
operators can share the same MFemtocell, which forwards the
traffic to the desired core network. The multioperator core
network solution is commonly used for macro BSs [13].

To utilize the MFemtocell to its full advantage, one must
overcome challenges, such as finding the most reliable backhaul
to carry the traffic between the core network and MFemtocells’
users, developing a strategy for sharing the spectrum between
the macro BS and MFemtocells, and optimizing spectral and
energy efficiency. Finding the most reliable backhaul methods,
while maintaining good Internet-based user experience, is the
greatest challenge that the MFemtocell concept faces. One way
to achieve this is to use the standardized cellular air interface as
a backhaul link, thus creating a similar situation as the concept
of the mobile relay [14]–[17]. In this case, an MFemtocell
behaves as a femtocell when serving its users and as a regular
user when communicating with the macro BS. Furthermore,
the traffic of users within an MFetmocell would be treated
as single-user traffic when sending to or receiving from the
MFemtocell over the air interface. MFemtocell is also able to
adopt other backhaul methods for carrying the traffic, such as
using a different radio access technology (e.g., Wi-Fi [12] or
satellite) on a different spectrum. These options will enable
more reliability in case that the serving macro BS is broken
down due to failures and/or high congestion. Under these failure
situations, a group of MFemtocells within close proximity will
be able to create a new network layer, and by adopting different
backhaul methods, the system can maintain the connectivity
between the core network and the users. This offers a solution
to the challenge that is posed during an emergency situation
where the standard networks are jammed.

Regarding the second challenge of how to share the spectrum
between the macro BS and the MFemtocell, we can examine the
research on femtocell-based cellular systems. In this context,
the femtocell can share the same spectrum with a macro BS
(i.e., nonorthogonal transmission scheme) or utilize a dedicated
spectrum (i.e., orthogonal transmission scheme) [18]–[21]. Us-
ing the same spectrum would improve spectrum utilization but
contribute to additional interference for indoor and outdoor
users. In an orthogonal transmission scheme, the femtocell
uses a dedicated spectrum band that is not used by a macro
network. This mode eliminates the mutual interference between
the femtocell and the macro BS, i.e., intracell interference.
However, additional spectrum resources are required, and this
may have a negative impact on spectrum utilization.

The third challenge is related to the energy-efficient commu-
nication, or what is globally well known as Green Radio [22].
This issue has been attracting increasing attention in various
societies. This is because the increase of energy consumption
in wireless communication systems has indirectly caused a rise
in the emission of CO2, which is currently considered to be a

major threat to the environment. Jointly attaining both enhanced
energy efficiency, i.e., the required energy per bit, and spectral
efficiency, i.e., the number of bits per second transmitted over
a given bandwidth, is a challenging problem to solve. Unfortu-
nately, achieving an enhancement of one of them often means
sacrificing the other. Therefore, it is important to study different
tradeoffs between the two performance indicators to decide on
the minimum energy consumption that is required to achieve
the target spectral efficiency, or vice versa [23]–[26]. Two
analytical methods to analyze the spectral/energy efficiency
tradeoff were proposed in [27] and [28] for low and high signal-
to-noise ratio (SNR) regimes, respectively. These tools have
been adopted in a variety of network scenarios. For the low-
SNR regime tool introduced in [27], the relationship between
the energy and spectral efficiencies was studied for single-user
multiple-input–multiple-output channels [29], single-user relay
channels [30]–[32], and multiuser scenarios [33]. Jindal in [34]
and Lozano et al. in [35] used the high-SNR regime tool to
analyze the energy efficiency in multiantenna channels. The
low- and high-SNR tools were also used to investigate the spec-
tral/energy efficiency tradeoff for cognitive radio networks [36].
To the best of our knowledge, no existing work has investigated
the spectral/energy efficiency tradeoff in MFemtocell networks.
Therefore, the main contributions of this paper are summarized
as follows.

1) We investigate the spectral/energy efficiency tradeoff
for MFemtocell networks. Closed-form expressions for
the relationships between the energy efficiency and the
spectral efficiency are derived in low- and high-SNR
regimes for a link-level MFemtocell with two different
resource partitioning (i.e., orthogonal and nonorthogonal)
schemes.

2) We also present a spectral efficiency analysis of system-
level MFemtocells with orthogonal frequency-division
multiple access (OFDMA)-based spectrum reuse and op-
portunistic scheduling schemes.

The rest of this paper is organized as follows. Section II
describes the MFemtocell system model and two resource parti-
tioning schemes. In Section III, the relationship between energy
efficiency and spectral efficiency is analyzed for a link-level
MFemtocell with two different resource partitioning schemes.
Section IV investigates the spectral efficiency of a system-
level MFemtocell network with multiusers and opportunistic
scheduling schemes. Finally, Section V concludes this paper.

II. MOBILE FEMTOCELL SYSTEM MODEL AND

RESOURCE PARTITIONING SCHEMES

Let us consider an MFemtocell-assisted cellular network
shown Fig. 1 with a single BS, multiple MFemtocells, and mul-
tiple users. The MFemtocell set is denoted by J = {1, . . . , J}.
The total of U users, which is given by the set U = {1, . . . , U},
is divided into two categories: direct transmission and access
users. Let N = {1, . . . , N} denote the set of users that com-
municate directly with the BS. Furthermore, there is the set
Mj = {1, . . . ,Mj} of access users that communicate through
MFemtocell j {j ∈ J }. Both Mj and N can be variables;
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Fig. 1. System model. Single cell with multiple MFemtocells and users.

however,
∑J

j=1 Mj +N = U . The index of the BS is assumed
to be zeros and, therefore, is omitted from the analysis. We as-
sume a relaying-based backhauling in which the MFemtocells
are using the same standardized air interface to carry the traffic
from the BS. The terms backhaul link, access link, and direct
link are used to denote BS–MFemtocell, MFemtocell–user, and
BS–user links, respectively. We assume that the backhaul, ac-
cess, and direct links all experience non-line-of-sight Rayleigh
block-fading channels, which are kept constant within a sub-
frame and change independently in the following subframe.
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 toward the BS.

A. Resource Partitioning Schemes

By adopting the MFemtocell, the spectrum has to be al-
located (or reused) among different links, i.e., the backhaul,
direct, and access links. It is essential to design an efficient re-
source partitioning policy in the MFemtocell-enhanced system
to improve the performance of the whole system. We assume
a time-division relaying-based backhauling scheme, in which
the transmission to the end users occurs in two time periods.
Each time period contains a specific number of time slots. The
BS will transmit traffic to MFemtocells over backhaul links
in the first time period. In the second time period, the BS
and the MFemtocell are simultaneously communicating to the
direct transmission and access users, respectively, using either
an orthogonal or a nonorthogonal transmission scheme. The
two resource partitioning policies 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 the
frequency domain, and hence, there is no intracell interference
from the BS to the MFemtocell users, and vice versa. In
this scheme, a fraction β (0 < β < 1) of the spectrum is
exclusively allocated for direct transmissions while the rest
of the spectrum is allocated to the access transmission, as
presented in Fig. 2(a). The interference from an MFemtocell
to the access users of other MFemtocells can be neg-

Fig. 2. Two different resource partitioning schemes for MFemtocell. (a) Or-
thogonal resource partitioning scheme. (b) Nonorthogonal resource partitioning
scheme.

ligible or considered as background noise. This is because
signals that come from an MFemtocell should travel through
at least two metallic enclosures to reach the other MFemtocell
users. The instantaneous faded SNR for the direct transmission
user n {n ∈ N} and access user mj {mj ∈ Mj} can be
calculated by

γd(n) =
|hd(n)|2 PBS

BN0
, n ∈ N (1)

γa(j,mj) =
|ha(j,mj)|2 PMF

BN0
, mj ∈ Mj (2)

respectively, where hd(n) and ha(j,mj) are complex-valued
channel gains over the direct link and the access link, respec-
tively; PBS and PMF are the BS and MFemtocell transmit
power values, respectively; B is the system bandwidth; and N0

is noise spectral density.
2) Nonorthogonal Resource Partitioning Scheme: In this

scheme, the radio resources are reused by the direct and access
links, as shown in Fig. 2(b). However, the radio resources are
still orthogonally allocated between backhaul and direct links
and between backhaul and access links. Nonorthogonal mode
means that there will be intracell interference to the access and
direct transmission users due to the simultaneous transmissions
from MFemtocell and the BS on the same spectrum. The advan-
tage of this scheme is the improvement in resource utilization
compared with the orthogonal scheme. In addition, this scheme
gives the flexibility to implement radio resource management at
the BS and the MFemtocell independently. The instantaneous
received signal-to-interference-plus-noise ratio (SINR) for a
direct transmission user, which is denoted by γ́d(n), can be
calculated as

γ́d(n) =
|hd(n)|2 PBS

I +BN0
, n ∈ N (3)

where I is the intracell interference generated from all the
MFemtocells. This type of interference can be scaled down
significantly by the indoor penetration loss, as well as by
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constraining the transmit power within the MFemtocell using
a directive antenna. On the other hand, the received SINR for
an access-link user is given by

γ́a(j,mj) =
|ha(j,mj)|2 PMF

|hd(mj)|2 PBS +BN0

=
γa(j,mj)

γd(j,mj) + 1
, mj ∈ Mj . (4)

Hence, γ́a(j,mj) can be characterized by the instantaneous
SNR received from an MFemtocell, γa(j,mj) in (2), and the
achieved SNR if the same user is served by the BS instead,
i.e., γd(j,mj). Again, the interference between MFemtocells
is negligible or considered as background noise. Now, if we
assume that the distance between an MFemtocell and the BS
and the distance between the MFemtocell’s users and the BS
are approximately the same, then (4) can be rewritten as

γ́a(j,mj) ≈
γa(j,mj)
γb(j)
G + 1

, m ∈ Mj (5)

where G is the backhaul gain over the direct transmission link.
In (5), γb(j) is the SNR for a backhaul channel of MFemtocell
j and can be calculated as

γb(j) =
|hb(j)|2 PBS

BN0
, j ∈ J (6)

where hb(j) denotes the complex-valued channel gain of the
backhaul link for MFemtocell j.

III. SPECTRAL/ENERGY EFFICIENCY TRADEOFF FOR

A LINK-LEVEL MOBILE FEMTOCELL

Here, the spectral/energy efficiency tradeoff is studied for a
link-level MFemtocell network in low- and high-SNR regimes.
The system we are interested in here consists of the BS, a single
MFemtocell, and a user. For notational convenience, the user
and MFemtocell indexes will be omitted as well since we are
dealing with link-level performance. The channel gains will be
denoted by hd, hb, and ha for direct, backhaul, and access
links, respectively. The energy efficiency here is defined as
the required energy per bit (in joules per bit) normalized to
the background noise spectral level, i.e., (Eb/N0), for reliable
communication. The spectral efficiency refers to the number of
bits per second transmitted over a given bandwidth (in bits per
second per hertz). The MFemtocell will receive the data in T1

and then transmit the data again to the user in T2. For simplicity
and without loss of generality, both T1 and T2 are assumed to
be equal to one time slot. For a fair comparison, the transmit
power and total bandwidth are set to be the same for cases with
or without MFemtocell deployment. Thus, the total transmit
power P over the two time slots is shared between the BS
and the MFemtocell. The transmit power from the BS is then
given by

PBS = αP (7)

and the remaining power, i.e., PMF, will be allocated to the
MFemtocell and is given by

PMF = (1 − α)P. (8)

Therefore, in the case without MFemtocell deployment, the BS
is able to serve users with full transmit power, i.e., α = 1. In
addition, it has been assumed that the same size of bandwidth
is used in T1 and T2.

A. Low-SNR Regime

In the low-SNR regime, (Eb/N0) can be approximated as an
affine function with respect to the spectral efficiency and can be
expressed as [27]

(
Eb

N0

) ∣∣∣∣∣
dB

=

(
Eb

N0

)
min

+
3
S0

C (9)

where (Eb/N0)min is the minimum energy efficiency required
for transmitting information reliably over a channel, and it is
given by (

Eb

N0

)
min

= lim
SNR→0

SNR
C(SNR)

. (10)

Here, C(SNR) is the spectral efficiency as a function of SNR =
P/BN0. In (9), S0 is the wideband slope of the spectral
efficiency, which is defined as the increase in bits per second
per hertz per 3 dB [b/s/Hz/(3 dB)], and can be expressed as [27]

S0 =
2 ˙̄C(0)

− ¨̄C(0)
(11)

where ˙̄C(0) and ¨̄C(0) are the first and second derivatives,
respectively, when SNR ≡ 0. We use the notation C and C to
distinguish between the spectral efficiency as a function of SNR
and as a function of (Eb/N0), respectively.

• Direct transmission scheme:

Let us first analyze the required normalized energy per bit for
the direct transmission scheme that will be used later as a ref-
erence. Here, we assume that the BS is communicating directly
with a user without the assistance of an MFemtocell. For the
direct transmission scheme with a Rayleigh fading channel, the
relationship between (Eb/N0) and the direct spectral efficiency
Cdirect is given by

(
Eb

N0

)direct

dB

≈ −1.59 + 10 log10(Ad) + 3Cdirect (12)

where Ad denotes the mean power of the direct transmission
channel.

Proof: See Appendix A. �

• Orthogonal scheme:

In this scenario, we assume that a user is communicating with
the MFemtocell rather the BS. However, the MFemtocell will
receive and buffer the data in T1 from the BS and serve the



HAIDER et al.: SPECTRAL/ENERGY EFFICIENCY TRADEOFF OF CELLULAR SYSTEMS 3393

user in T2. In this case, the required (Eb/N0) to achieve the
spectral efficiency of the orthogonal scheme, i.e., Corthg, in the
low-SNR regime can be given by
(
Eb

N0

)orthg

dB

≈ 10 log10

(
2 ln 2
αGAd

)
+ 2Corthg × 10 log10 2

(13)

where α (0 < α < 1) denotes a fraction of the total transmit
power available for orthogonal transmission. In (13), Ab =
GAd represents the mean power of the backhaul channel.

Proof: See Appendix B. �

• Nonorthogonal scheme:

In this scenario, two users are receiving data in T2, i.e., one
with a single MFemtocell and another directly with the BS.
For a fair comparison, the BS transmit power is also shared
equally between the MFemtocell and the direct transmission
user. The required (Eb/N0) to achieve the spectral efficiency,
i.e., Cnon−orthg, for the nonorthogonal scheme in the low-SNR
regime is given by
(
Eb

N0

)non−orthg

dB

≈ 10 log10

×
(
max

{
4 ln 2

(αG+1)Ad
,

2 ln 2
(1−α)Aa+Ad)

})

+
3(G2α2 + 1)κ (|hd|)

(Gα + 1)2
Cnon−orthg (14)

where Aa denotes the mean power of the access channel.
Proof: See Appendix C. �

B. High-SNR Regime

In the high-SNR regime, the required energy efficiency to
obtain a specific spectral efficiency can be expressed as [28]

Eb

N0 dB
≈ C

S∞
10 log10 2 − 10 log10(C) + 3

(
Eb

N0

)
penalty

(15)

where S∞ is the slope of the spectral efficiency in the high-SNR
regime in b/s/Hz/(3 dB) and is given by

S∞ = lim
SNR→∞

SNR ˙̄C(SNR). (16)

In (15), (Eb/N0)penalty is the asymptotic penalty in the high-
SNR regime and can be expressed as [28](

Eb

N0

)
penalty

= lim
SNR→∞

(
log2(SNR)− C̄(SNR)

S∞

)
. (17)

1) Direct Transmission: The dependence between (Eb/N0)
and Cdirect for the direct transmission link with the absence of
the MFemtocell can be calculated as

(
Eb

N0

)direct

dB

≈ Cdirect10 log10 2 − 10 log10(C
direct)

+ 10 ln(Ad) + 2.5067. (18)

Fig. 3. Spectral efficiency versus energy efficiency for a link-level MFemto-
cell with orthogonal and nonorthogonal resource partitioning schemes.

Proof: See Appendix D. �
2) Orthogonal Scheme: Assuming that the user is within

close proximity to the respective MFemtocell, then the relation-
ship between (Eb/N0) and Corthg is characterized by

(
Eb

N0

)orthg

dB

≈ Corthg10 log10 2 − 10 log10(C
orthg)

+

(
− log2(2αGAd) +

Υ

ln 2

)
10 log10 2 (19)

where Υ is the Euler–Mascheroni constant.
Proof: See Appendix E. �

3) Nonorthogonal Scheme: Again, we assume here there are
two users served by the BS and an MFemtocell at T2. The
total power transmitted in both time slots is limited to P . The
relationship between (Eb/N0) and Cnon−orthg in the high-SNR
regime is then characterized by

(
Eb

N0

)non−orthg

dB

≈Cnon−orthg10 log10 2−10 log10(C
non−orthg)

+

(
−0.5 log2(αGAd) +

Υ

ln 2

)
10 log10 2. (20)

Proof: See Appendix F. �
To verify the derived equations with different resource parti-

tioning schemes, we performed simulations with a single BS, an
MFemtocell, and two users. The distance between the MFem-
tocell and its user is much smaller than the distance between the
MFemtocell and the BS. The macrocell user or the direct trans-
mission user was placed far away from the MFemtocell so that
the interference from the MFemtocell to the direct transmission
user can be neglected or considered as background noise. In
the nonorthogonal scheme, both users can receive data from
the MFemtocell and the BS. Both Ad and Aa are equal to 1,
whereas backhaul gain G is equal to 8 dB. Furthermore, α is
equal to 70% for orthogonal and nonorthogonal schemes.

Fig. 3 presents the spectral/energy efficiency tradeoff for the
direct, orthogonal, and nonorthogonal schemes. In the low-SNR
regime, the orthogonal partitioning scheme provides better en-
ergy efficiency (i.e., needs less energy) than both the nonorthog-
onal partitioning scheme and the direct transmission scheme
with the same spectral efficiency. However, the gap between
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Fig. 4. Spectral efficiency versus energy efficiency for a link-level MFemto-
cell with orthogonal and nonorthogonal resource partitioning schemes having
different power control schemes.

the orthogonal and nonorthogonal partitioning schemes starts
to decrease as we move to the high-SNR regime. The decrease
in the gap is due to the fact that the slope of the orthogonal
scheme is less than the slope of the nonorthogonal scheme. We
can also notice that the direct transmission scheme has better
energy efficiency than the orthogonal partitioning scheme when
the spectral efficiency is more than 3 b/s/Hz. This is because
when the underlying channel condition is good (high spectral
efficiency), it is more energy efficient for the BS to transmit
signals directly to a user with one time slot rather than to
transmit to a user with an MFemtocell.

Furthermore, in both SNR regimes, the nonorthogonal par-
titioning scheme provides better spectral efficiency than the
direct transmission scheme with the same energy consumption
because of the spectrum sharing between the BS and the
MFemtocell. As we can see, the simulation results match well
the derived closed-form expressions in high- and low-SNR
regimes.

The maximum link-level spectral efficiency can be achieved
when backhaul spectral efficiency, i.e., Cb, and the access
spectral efficiency, i.e., Ca, are equal [16]. In this case, the
optimum value for the power fraction α∗ can be calculated
according to

α∗ =
|ha|2

|ha|2 + |hb|2
. (21)

Thus, the spectral efficiency can be enhanced by using the
optimum power fraction to allocate the power between the BS
and the MFemtocell. Fig. 4 shows the spectral/energy efficiency
tradeoff for the two partitioning schemes using the optimum
and fixed power allocation schemes. We can see that in the
case of the orthogonal scheme, there is a 3-dB improvement
in the energy efficiency by using the optimum power allocation
compared with using the fixed power allocation. Furthermore,
the slope of the spectral efficiency for the orthogonal scheme
is not changed in both power allocation mechanisms. This is
due to the fact that the slope does not depend on the power
fraction α. We can also notice that when the spectral efficiency
is less than 4 b/s/Hz, the nonorthogonal scheme provides better
energy efficiency by adopting the optimum power allocation
scheme rather than adopting the fixed power allocation scheme.
However, when the spectral efficiency is larger than 4 b/s/Hz,

the nonorthogonal scheme needs more energy to achieve a
given spectral efficiency by using the optimum power alloca-
tion scheme compared with using the fixed power allocation
scheme. This is due to the fact that there is strong intracell
interference from the BS to the users.

IV. SPECTRAL EFFICIENCY ANALYSIS FOR SYSTEM-LEVEL

MOBILE FEMTOCELLS WITH MULTIUSER SCHEDULING

Here, we consider a system-level MFemtocell network with
one BS (single cell), multiple MFemtocells, and multiple users.
The spectrum is split into orthogonal resource blocks (RBs)
for OFDMA-based cellular systems. These RBs are shared
by different users by using opportunistic resource allocation
in both frequency and time domains. Multiuser scheduling is
assumed here, where the macrocell users and MFemtocells are
served over K RBs, which are indexed by k = 1, . . . ,K , based
on the well-known MAX-SINR and proportional fairness (PF)
scheduling policies [37]. The BS and all MFemtocells transmit
with fixed power per RB. To support the opportunistic schedul-
ing, the BS gathers the channel quality indicator from all
users and MFemtocells. The users within an MFemtocell will
feedback this information to the MFemtocell only. By using
the MAX-SINR scheduler, the BS will assign an RB k to a user
n having the highest instantaneous rate at a subframe t, i.e.,

n̄k = argmax
n∈N

Rn(t, k), k = 1, . . . ,K (22)

where Rn(t, k) ∝ γn(D)
(t, k) in the orthogonal scheme (or

γ́n(D)
(t, k) in the nonorthogonal scheme) is the instantaneous

achievable rate on RB k for user n, and argmax f is an operator
that gives the index at which vector f has the maximum value.
In the PF scheduling case, the scheduler allocates RB k to a
user n ∈ N according to the following criterion:

n̄k = argmax
n∈N

Rn(t, k)

R̄n(t)
k = 1, . . . ,K (23)

where R̄n(t) is the average delivered rate in the past, which
is measured over a fixed window of observation. It can be
calculated using average filtering [37], which will be updated
using the following formula:

R̄n(t) =

(
1 − 1

T

)
R̄n(t− 1) +

1
T

K∑
k=1

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

(24)

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

The communication over the BS–MFemtocell links takes
place over a dedicated time–frequency zone, as shown in
Fig. 2(a) and (b). Moreover, the same scheduling algorithm is
used for the BS to schedule MFemtocells and direct transmis-
sion users. Within the MFemtocell j, it is assumed that the users
(Mj) are served according to a round-robin policy. In case
of the orthogonal scheme, it is assumed that a fraction of the
spectrum β, 0 < β < 1, is exclusively allocated for direct trans-
missions in the second portion of the time, as shown in Fig. 2(a).
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However, in the nonorthogonal scheme, the BS and MFem-
tocells can utilize the whole spectrum to serve their users, as
shown in Fig. 2(b).

Achievable spectral efficiency on the direct transmission link
on time t can be calculated as

Cd(t) =

⎧⎪⎪⎨
⎪⎪⎩

1
2B

∑
n∈N

βK∑
k=1

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

1
2B

∑
n∈N

K∑
k=1

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

(25)

The achievable spectral efficiency on the access link can be
given by

Cj
a(t)=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1
2B

∑
mj∈Mj

(1−β)K∑
k=1

Rmj
(t, k)dmj

(t, k), orthogonal

1
2B

∑
mj∈Mj

K∑
k=1

Rmj
(t, k)dmj

(t, k), non orthogonal

(26)

where Rmj
(t, k) is the instantaneous achievable rate for an

access user m. However, the rates on the access link between
MFemtocells and their users are truncated by the achievable
spectral efficiency of the backhaul link for MFemtocell j, i.e.,

Cj
b(t) =

1
2B

K∑
k=1

Rj(t, k)dj(t, k) (27)

where Rj(t, k) is the instantaneous achievable rate over the
backhaul link for an MFemtocell j. As a result, the total system
spectral efficiency (in b/s/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

b(t− τ), Cj
a(t)

]
+ Cd(t) (28)

where τ is the time required to decode, buffer, and reencode the
incoming data from the backhaul links. The first term in (28)
stands for the achievable spectral efficiency of data flow from
the BS to users through an MFemtocell, and the second term
represents the spectral efficiency for direct transmission users.
To get an efficient resource usage for MFemtocell deployment,
the spectral efficiency over the backhaul and access links should
be equal, i.e., Cj

b(t− τ) = Cj
a(t). It is worth mentioning that to

improve the spectral efficiency, another form of spectrum reuse
scheme can be adopted. For example, multiple MFemtocells
can use a common set of subchannels simultaneously to serve
their users. Both orthogonal and nonorthogonal resource parti-
tioning schemes can benefit from MFemtocell spectrum reuse
to improve spectral efficiency. This can only work, however,
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.

A. Simulation Results and Discussions

The performance of the MFemtocell in the Long-Term Evo-
lution (LTE) system is evaluated using a dynamic system-level

TABLE I
SIMULATION PARAMETERS

Fig. 5. Average spectral efficiency of system-level MFemtocells with multi-
user scheduling and resource partitioning schemes, where U = 40, K = 50,
PBS = 46 dBm, PMF = 35 dBm, and G = 8 dB.

simulator, which is compliant with the 3rd Generation Part-
nership Project LTE specification [38]. A frequency-selective
fading channel with six taps is used. The LTE frame struc-
ture is considered, which consists of blocks of 12 contiguous
subcarriers in the frequency domain and seven orthogonal
frequency-division multiplexing symbols in the time domain.
One subframe (1 ms) is regarded as a scheduling period. The
simulations are based on the Monte Carlo method, which
consists of multiple snapshots. In each snapshot, the direct
transmission users are distributed randomly and independently
within the coverage of the BS. In addition, each snapshot has
20 000 subframes, which are divided into units of ten. Each
of the ten time slots are further divided equally so that the
first five time slots are allocated to T1 and that the second
five time slots are allocated to T2. The carrier bandwidth is
fixed at 10 MHz with 50 RBs. All users are equipped with a
single antenna, whereas the MFemtocells have two antennas
working in diversity mode. A full BS buffer is considered
where there are always buffered data ready for transmission for
each node. The users inside an MFemtocell experience 5-dB
penetration loss when receiving a signal from the BS. The path
loss between the BS and the direct user or the MFemtocell is
calculated by 128.1 + 37.6 log10(D/1000), whereas the path
loss between the MFemtocell and an access user within the
vehicle is given by 127 + 30 log10(D/1000). Other relevant
simulation parameters are summarized in Table I.

Fig. 5 compares the average spectral efficiency of the or-
thogonal and nonorthogonal partitioning schemes using MAX-
SINR and PF scheduling algorithms in an MFemtocell-enhanced
system as a function of a percentage of users that associate with
MFemtocells. Here, it has been assumed that the total number
of users, i.e., U , and MFemtocells, i.e., J , are assumed to be
50 and 3, respectively. The MFemtocells are mounted inside
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Fig. 6. Spectral efficiency as a function of (PBS/BN0), U = 40, K = 50,
PBS = 46 dBm, PMF = 35 dBm, and G = 8 dB.

busses that carry ten users each. The MFemtocells are randomly
distributed within the coverage of the BS in each snapshot.
Regardless of using either an orthogonal or a nonorthogonal
partitioning scheme, adopting the concept of the MFemtocell
has a positive impact on the overall spectral efficiency. In
addition, increasing the percentage of users that communicate
through the MFemtocell leads to an increase in the overall
spectral efficiency in comparison with the case where all the
users are communicating directly to the BS, i.e., N = U . This is
because of the multiuser diversity gain, offered by opportunistic
scheduling for users and the MFemtocells, as well as the
backhaul gain over the direct transmission that the MFemtocell
can offer. The simulation results demonstrate that there is a
better spectral efficiency gain that can be achieved through
sharing the spectrum between the BS and the MFemtocell in
the same cell in the case of the nonorthogonal transmission
scheme. Although the access users experience additional inter-
ference contributed from the BS, their performance does not get
impacted in a noticeable way since they have a good-quality
channel to the MFemtocell station with high signal power. We
can consider the spectral efficiency with the MAX-SINR sched-
uler as an upper bound performance for MFemocell systems
because the BS always selects an MFemtocell and/or a user that
has the best channel condition. However, it is noticeable that
the gap between the MAX-SINR and PF scheduling algorithms
in the nonorthogonal partitioning scheme is much larger than
that in the orthogonal partitioning scheme. Although MAX-
SINR scheduling would give a more consistent performance,
it is at the cost of degrading the performance of cell-edge
users. It is very important that MFemtocell deployment does
not compromise the performance of the direct users; thus, PF
scheduling is more suitable in this case.

Fig. 6 shows the system spectral efficiency of the two par-
titioning schemes as functions of transmit power of the BS.
Here, we assume that there is one MFemtocell that is located
200 m apart from the BS and carries traffic for ten users.
There are also 40 direct transmission users that are randomly
located within the coverage of the BS. We can notice that
both schemes provide better performance, as compared with
the direct transmission reference system. However, when the
BS transmit power is sufficiently high, i.e., when PBS/BN0 is
larger than 14 dB, the direct transmission scheme offers better
spectral efficiency than the orthogonal partitioning scheme.

Fig. 7. Normalized signaling overhead as a function of the number of users
within an MFemtocell, M = 10, and K = 50.

This is due to the fact that in the high-SNR regime, it is worth
transmitting directly to a user using one time slot rather than
using two time slots through an MFemtocell. This also means
that the orthogonal partitioning scheme may not be suitable
when the MFemtocells are moving near the BS.

In wireless communication systems, the BS will require
some information from the end users to allocate the radio
resources efficiently or make handover operation. The end users
in LTE cellular systems, for instance, are needed to feedback
their downlink channel quality to the BS to support the channel-
dependent scheduling and link adaptation. This information is
forwarded to the BS over dedicated uplink control signaling
channels. More control signaling means more sacrifice in sys-
tem performance. As mentioned earlier, the MFemtocell can
significantly decrease the uplink control signaling information
of the direct transmission users. To demonstrate this fact, we an-
alyze the uplink control signaling overhead in LTE cellular sys-
tems with and without MFemtocell deployment. The signaling
overhead is the percentage of required control signaling with re-
spect to the reference direct transmission. Here, we use discrete
adaptive modulation schemes, including quaternary phase-
shift keying, 16 quadrature amplitude modulation (QAM), and
64-QAM. Each modulation scheme with a different coding rate
is supported when the uplink SNR is above a predefined SNR
threshold. The SNR thresholds have been taken from [39]. The
size of the control signal in symbols per subframe is determined
by [39]

Sz =

[
N × Sctr

Bs

]
(29)

where N is the number of control signaling bits, and Bs
and Sctr are bits per symbol and coding rate of the selected
modulation and coding scheme, respectively.

Fig. 7 presents the reduction in the control signaling in the
uplink backhaul link as a function of the number of users,
within a vehicle, that communicate through an MFemtocell. As
it is clearly shown, the greater the percentage of users that reg-
ister to an MFemtocell, the greater the reduction in the control
signaling overhead, compared with that of the reference direct
transmission scheme, i.e., 0% of users communicate through
an MFemtocell. Thus, with MFemtocell deployment, all users
within an MFemtocell only need to send their control signaling
to the MFemtocell rather than to the BS. The MFemtocell will
cut off all these messages and send only its feedback to the
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BS. The control signaling information between users and the
MFemtocell does not add to the total system control signaling
overhead. The amount of reduction in signaling overhead can
then be replaced with useful data and, hence, improvement
in the users and system throughput. We can also notice that
for any case of registered users, the control signal overhead
tends to be saturated after a certain number of users within the
MFemtocells. This is due to the fact that there is a limitation
to the number of users that can use the uplink control channel.
In the case of 50% (or 80%) of registered users, the control
signaling overhead consists of the control signal that comes
from both the direct and access users.

V. CONCLUSION

In this paper, the spectral efficiency and energy efficiency
for MFemtocell systems have been investigated. It has been
shown that the energy efficiency can be enhanced by using the
nonorthogonal scheme for the moderate and high SNR values.
The chapter has also investigated the spectral efficiency of two
resource partitioning schemes in a system-level MFemtocell in
the presence of opportunistic scheduling. It has been shown
that the spectral efficiency can be improved by employing
the nonorthogonal partitioning scheme to share the spectrum
between the BS and MFemtocells. The purpose of using the
nonorthogonal transmission scheme is that the access users are
considered indoor and that they are within close proximity to
the MFemtocell station. Although the nonorthogonal scheme
avoids the interference, it comes at the price of reduced spectral
efficiency. This makes the nonorthogonal transmission scheme
more attractive than the orthogonal transmission scheme, even
in the absence of any kind of coordination between the BS and
MFemtocells.

This paper has also demonstrated that the implementation of
MFemtocells can reduce the signaling overhead, resulting in
an enhanced system performance. Therefore, the MFemtocell
can be considered as a potential candidate technology to be
deployed in 5G mobile cellular systems to increase the perfor-
mance of users within vehicles and of the overall system.

APPENDIX A
DERIVATION OF (12)

The achievable spectral efficiency C of the direct transmis-
sion scheme is given by

C = E

[
log2

(
1 +

|hd|2PBS

BN0

)]
(30)

where E[·] is the expectation operator. If we assume that |hd|
follows a Rayleigh fading distribution, |hd|2 has an exponential
distribution (i.e., e−Adx ∀x > 0) with E[|hd|2] = Ad denoting
the mean power of the channel. By letting SNR ≡ (PBS/BN0),
(10) and (11) can be written as

S0 =
2

κ (|hd|)
(31)(

Eb

N0

)
min

=
ln 2

E [|hd|2]
= −1.59 + 10 log10(Ad) dB (32)

respectively. In (31), κ(|x|) is the kurtosis of random variable x,
which is defined as [28]

κ (|x|) =
E
[
|x|4

]
E [|x|2]2

. (33)

For Rayleigh fading, κ(|x|) = 2, and consequently, S0 = 1
[28]. We can notice that (Eb/N0)min is the same in additive
white Gaussian noise and Rayleigh fading channels, but the
slope, i.e., S0, has a 2.5-dB difference. Applying (31) and (32)
into (9), (12) is then obtained.

APPENDIX B
DERIVATION OF (13)

In Fig. 2(a), the MFemtocell will receive the data in T1 and
then transmit the data again to the user in T2. The achievable
spectral efficiency C over two time slots is limited to minimum
capacity, i.e.,

C = min{Cb, Ca} (34)

where Cb and Ca are the spectral efficiency of the backhaul
and access links, respectively. However, by considering that the
distance between the access user and the MFemtocell is much
shorter than the distance between the BS and the MFemtocell,
we can then expect that the spectral efficiency is always limited
by the backhaul spectral efficiency. The spectral efficiency of
the backhaul link can be calculated as

Cb =
1
2
E

[
log2

(
1 +

α|hb|2P
BN0

)]
. (35)

The factor 1/2 in (35) is due to the fact that the transmission
to the end user occurs in two successive time slots. Moreover,
both the BS and the MFemtocell transmit only half of the time.
In (10), (Eb/N0)min can be calculated as

(
Eb

N0

)
min

=

(
Eb

N0

)b

min

=
2 ln 2
αGAd

. (36)

The minimum normalized energy is characterized by the back-
haul gain and the fraction of the transmit power allocated to the
BS. By substituting (11), the slope of the spectral efficiency for
the orthogonal scheme is expressed as

S0 = (S0)b =
1

κ (|hd|)
. (37)

Substituting (36) and (37) into (9), (13) can be obtained.

APPENDIX C
DERIVATION OF (14)

In the nonorthogonal partitioning scheme, both the BS and
the MFemtocell can share the spectrum of T2 to serve direct
transmission and access users but at the price of introducing
additional interference to both users. The access user, however,
would experience the burden of the majority of the interfer-
ence. Hence, the impact of the MFemtocell interference on
the direct transmission users can be ignored and considered as
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background noise by assuming that the MFemtocell and the
user are of long distance apart. Nevertheless, the achievable
spectral efficiency is equal to

Cnon−orthog = min{Cb, Ca}+ Cd (38)

where Cd = (1/2)E[log2(1 + (|hd|2PBS/2BN0))] is the spec-
tral efficiency of the direct transmission link. Here, it has
been assumed that the transmit power of the BS is shared
equally between the MFemtocell and the direct transmission
user. Again, the factor 1/2 is because the direct transmission
happens only in the second time slot. The spectral efficiency
over the access link, i.e., Ca, and the backhaul link are given by

Ca =
1
2
E

[
log2

(
1 +

(1 − α)|ha|2P
|hd|2PBS +BN0

)]

=
1
2
E

[
log2

(
1 +

(1 − α)|ha|2SNR
|hd|2SNR + 1

)]
(39)

Cb =
1
2
E

[
log2

(
1 +

α|hb|2P
2BN0

)]
(40)

respectively. Substituting (38)–(40) into (10), (Eb/N0)min can
be obtained as (41), shown at the bottom of the page, where
Aa = E[|ha|2] denotes the mean power of the access chan-
nel. The wideband slope S0 can be obtained by substituting
(38)–(40) into (11) and can be expressed by (42), shown at the
bottom of the page. Putting (41) and (42), into (9) leads to (14).

APPENDIX D
DERIVATION OF (18)

For the direct transmission user, in the high-SNR regime, the
slope of spectral efficiency is equivalent to

S∞ = lim
SNR→∞

SNR
∂
(
log2

(
1 + |hd|2SNR

))
∂SNR

. (43)

The asymptotic penalty in the high-SNR regime in (15) can be
calculated as

(
Eb

N0

)
penalty

= lim
SNR→∞

log2

(
SNR

1 + |hd|2SNR

)

= − E
[
log2

(
|hd|2

)]
. (44)

Since |hd|2 has an exponential probability density function, i.e.,
e−Adx, (44) can be rewritten as

(
Eb

N0

)
penalty

= −
∞∫
0

e−Adx log2(x)dx =
γ

ln 2
+ ln(Ad)

(45)

where γ is the Euler–Mascheroni constant. Putting (43) and
(45) into (15), (18) can be obtained.

APPENDIX E
DERIVATION OF (19)

For the orthogonal scheme, the slope in the high-SNR regime
is equal to (46), shown at the bottom of the page, whereas
(Eb/N0)penalty is given by (47), shown at the top of the next
page. Substituting (46) and (47) into (15), (19) can be obtained.

(
Eb

N0

)
min

=
ln 2

∂
(

1
2E

[
min

{
log2

(
1+ (1−α)|ha |2SNR

|hd|2SNR+1

)
,log2(1+0.5α|hb|2SNR)

}
+log2(1+|hd|2SNR)

])
∂SNR

= max

{
4 ln 2

(αG+ 1)Ad
,

2 ln 2
(1 − α)Aa +Ad)

}
, SNR = 0 (41)

S0 =

∂
(
E

[
min

{
log2

(
1+ (1−α)|ha |2SNR

|hd|2SNR+1

)
,log2(1+0.5α|hb |2SNR)

}
+log2(1+|hd|2SNR)

])
∂SNR

−
∂2

(
E

[
min

{
log2

(
1+ (1−α)|ha |2SNR

|hd|2SNR+1

)
,log2(1+0.5α|hb |2SNR)

}
+log2(1+|hd|2SNR)

])
∂SNR2

=
(Gα+ 1)2

(G2α2 + 1)κ (|hd|)
, SNR = 0 (42)

S∞ = lim
SNR→∞

SNR
∂
(
min

{
1
2 log2

(
1 + 2αG|hd|2SNR

)
, 1
2 log2

(
1 + 2(1 − α)|ha|2SNR

)})
∂SNR

(46)
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(
Eb

N0

)
penalty

= max

{
lim

SNR→∞
log2

(
SNR

1 + 2αG|hd|2SNR

)
, lim
SNR→∞

log2

(
SNR

1 + 2(1 − α)|ha|2SNR

)}

= max
{
−
(
log2(2αGAd) +

γ

ln 2

)
,−

(
log2 (2(1 − α)Aa) +

γ

ln 2

)}
(47)

S∞ = lim
SNR→∞

SNR∂
(
E

[
min

{
log2

(
1 + (1−α)|ha|2SNR

|hd|2SNR+1

)
, log2

(
1 + α|hb|2SNR

)}
+ log2

(
1 + |hd|2SNR

)])
∂SNR

(48)

APPENDIX F
DERIVATION OF (20)

For the nonorthogonal scheme, the slope of the spectral
efficiency is given by (48), shown at the top of the page,
Moreover, (17) can be calculated as

(
Eb

N0

)
penalty

= −0.5 log2(αGAd) +
γ

ln 2
. (49)

Substituting (48) and (49) into (15), (20) can be obtained.
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