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ABSTRACT
In this paper, a two-tier Long Term
Evolution-Advanced
(LTE-Advanced)
system where the second tier is deployed as
femtocells is investigated. Although the
reuse factor of one has been a generic
concept to increase the data rate using
orthogonal frequency division multiplexing
(OFDMA) technology, it is difficult to
achieve high spectral efficiency by
employing this reuse of the same resource
from cell to cell. In addition, high data rate
with minimal transmission energy per bit is
one of the significant issues to reduce
overall energy consumption by mobile
communications. In this paper, we address
these issues using femtocells in the coverage
of macrocells in LTE-Advanced systems. In
line with prevailing high spectral and energy
efficient network requirement, a novel
resource reuse strategy is proposed that
employs the reuse of resources in the tier
level, i.e. femto tier. The same resource
block (RB) can be reused in the femto tier as
long as the interference coordination
condition is satisfied. The proportional fair
(PF) scheduling strategy is adopted on top of
which the proposed resource reuse strategy
is applied resulting Modified PF (MPF)
scheduling strategy. A novel interference
coordination strategy is developed and
investigated in the MPF scheduler. In
addition, a new mechanism called “macro
user RB reservation” for the system average
fairness performance improvement is also
investigated. A system level resource
scheduling simulator is developed, and its

performance is evaluated based on a number
of scenarios to demonstrate that high
spectral and energy efficiencies can be
achieved in the context of LTE-Advanced
systems.
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1 INTRODUCTION
This research focuses on LTEAdvanced systems and femtocell
technologies, the cutting-edge systems
and technologies of the next generation
mobile communication networks. The
LTE-Advanced system is under the
design and investigation phase, with
several critical issues yet to be addressed
and left as open research problems. One
of the critical issues is to achieve high
data rate to provide heterogeneous
services. However, high data rate
requires highly spectral efficient
networks. The conventional frequency
reuse factor of one in the macrocell is
not sufficient to meet high spectral
efficiency requirements of LTEAdvanced systems. This drives the use
of smaller cells within the coverage of a
macrocell.
Further, high data rate demand of
users for multimedia communication
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causes increase in energy consumption
of radio access networks [1]. Almost
80% of the total power consumptions in
mobile networks is due to radio access
networks [2]. This results in paying out
considerable attention to energy
consumption of the next generation radio
access networks [3]. Design of energy
efficient radio has now become a new
research direction in both industry and
academia [2]. Several approaches have
been proposed to reduce the base station
(BS) energy [6]. Reducing distance
between transmitter and receiver allows
reduction in transmit power to provide
good received signal quality [2] and can
be implemented by deploying femtocells
as second tier in the existing macrocells.
A femtocell is a low power BS,
typically consumes few watts much less
than that of a macro BS, which covers
small area with good signal quality,
typically deployed as the overlaid
network in the coverage of macrocells
[7]. Hence, by serving sufficient amount
of traffic using femtocells, significant
amount of energy consumption can be
reduced. In addition, because of close in
distance of a femto BS to a mobile
station (MS), the received signal strength
is also improved, which results in
spectral efficiency improvement as well.
Furthermore, scheduling of resources
to a user has significant impact on the
achievable data rate that is normally
performed based on the measurement of
the channel condition between the user
equipment (UE) and the macro BS. The
UE provides the channel information to
the macro BS through uplink
transmissions.
Several
researches
already
addressed
the
resource
scheduling in the macro-femto cell
network architecture based on the
resource reuse among femtocells to
increase the data rates [23]. However,

very few or none of these addressed
explicitly how the spectral efficiency
and energy efficiency can be improved.
This research contribution can be
considered as the first of its kind where
the resource scheduling algorithm based
on the resource reuse in femtocells is
addressed explicitly to fulfil the spectral
efficiency requirements in LTEAdvanced systems along with improving
the energy efficiency.
2
RELATED
CONTRIBUTION

WORK

AND

Now that most of the researches have
emphasized the potentiality of femto
BSs separately in the context of spectral
efficiency [1-8] and energy efficiency
performance [3, 2, 7, and 8]. Also, the
basic principle of schedulers has been
addressed in a number of publications
[17-18].
In specific, [9-10] showed how the
resource allocation could be performed
using PF scheduler in the context of
LTE-Advanced
systems
in
only
macrocells. Apart from that, Ref. [10]
proposed a user grouping based PF
scheduler where users are grouped based
on the number of carriers that can be
scheduled; Ref. [9] proposed crosscomponent carriers (CC) based PF
scheduler to provide high degrees of
fairness between LTE users and LTEAdvanced users; Ref. [11] addressed a
two-tier system considering a partial cochannel assignment approach; Ref. [12]
proposed a hybrid shared and partitioned
spectrum allocation between macro users
and femto users; Ref. [13] proposed a
dynamic resource partitioning to
resources used by the nearby macro
users; Ref. [14] proposed a joint power
and sub-channel allocation scheme in
dense environments; Ref. [15] proposed
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a decentralized resource allocation
scheme where each femtocell is
restricted to a randomly chosen subset of
resources; and Ref. [16] investigated the
degree of access control of femtocells
and its impact on a mixed macro-femto
cell system based on the co-channel
assignment strategy.
Further, Ref. [2] proposed a new
resource allocation strategy to improve
downlink energy consumption. Ref. [3]
showed that introducing sleep mode in
small cells can improve energy
consumption gain. Ref. [7] emphasized
the
importance
of
interference
management in achieving energy
efficiency.
Furthermore, a number of papers have
identified that resource allocation
techniques have the potentiality of
improving
energy
efficiency
significantly [1, 4, 5, and 6].
However, very few or none researches
have demonstrated explicitly how the
improvement in both spectral efficiency
and energy efficiency can be achieved
with resource scheduling on the same
platform using femtocells. In this paper,
we propose a novel radio resource reuse
and interference coordination technique
employed to the femto tier in order to
improve both energy and spectral
efficiencies.
In doing so, we develop a novel
resource scheduling algorithm on top of
the PF scheduling strategy to minimize
the implementation cost and complexity.
Furthermore, we investigate the effect of
interference on system performances and
develop an interference coordination
strategy to make the scheduler more
realistic. We also investigate the fairness
performance for macro users and femto
users separately and develop a new
mechanism to improve the fairness
performance of the system as a whole.

An extensive system level simulation is
carried out to evaluate the spectral
efficiency and energy efficiency
performances of the proposed scheduling
algorithm.
3 SYSTEM MODEL
A two-tier LTE-Advanced system is
considered, where the second tier is
deployed as femtocells. The system
model for LTE-Advanced is explained in
three major parts: conceptual model,
analytical model, and simulation model.
Each of these parts addresses a number
of aspects of the system and is explained
in the following subsections.
3.1 Chanel Models
We consider a simple channel
propagation model to reduce the
computational runtime that incorporates
the followings.
1) Antenna Patterns: 3-sector cell site
with fixed antenna patterns is considered.
For femtocells and UEs, it is considered
that the azimuth antenna pattern is
omnidirectional.
2) Pathloss Models: Distance dependent
log-normal pathloss model is considered
for all links and is given in table 1.
3) Shadowing Models: Log-normal
shadowing with standard deviation of 8
dB is considered for all links. However,
a 10 dB standard deviation is considered
for links established between serving
femto BSs and serving femto UEs. In
addition, no shadowing correlation is
considered from a macro BS to UEs.
Note that, shadowing correlation is not
applicable for the femto BS since only
one UE per femto BS is considered in a
transmission time interval (TTI).
Table 1. Pathloss models between an UE and a
BS for the macro tier and the femto tier [19].
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Path
loss:
UE to
macro
BS
Path
loss:
UE to
femto
BS

UE is
outside

PL (dB) =15.3 +
37.6log10R, R in m

UE is
inside an
apartment

PL (dB) =15.3 +
37.6log10R + Low, R in m

Dualstripe
model

PL(dB) =
127+30log10(R/1000), R
in m.

4) Fast Fading Models: In outdoor
environments, Rayleigh fading is
considered where a random fading effect
of -50 dB to 2 dB superimposed on the
average value of the signal at any RB is
assumed.
However,
in
indoor
environments,
Rician
fading
is
considered where a random fading effect
of -60 dB to 5 dB for non line-of-sight
(NLOS) and 5 dB for LOS component
superimposed on the average value of
the signal is assumed. Fast fading effect
is considered as because of motion of
objects between the BS and the UE
irrespective of the BS types. The fading
effect is updated, for example in every
TTI (1 ms) for 150 km/hr, in every 5 TTI
for 30 km/hr, and in every 50 TTI for 3
km/hr and the UE is considered
stationary for a particular simulation
runtime of maximum 1000 ms. Note that,
the carrier frequency is considered 3.5
GHz. The fading effect update for TTIs
corresponding to the velocity of objects
between a BS and an UE is computed as
follows:
Since the fast fades are occurred on an
average of half wavelength distance
apart, the number of TTIs corresponding
to a particular velocity of an object
between a BS and an UE can be
computed as below.
C = fλ => λ =

3× 1010
3.5× 10 9

=> λ 2 = 4.28cm.

s = vt => 4.28 cm = vt => t =

4.28 cm
833 cm s

t = 5.1ms => t ≈5TTI for v = 30 km / hr .

Similarly, t  1 TTI for v=150 km/hr and
t ≈50 TTI for v=3 km/hr.
5) Spatial Correlation, Physical Channel
and Feedback Mechanism: we consider
only physical downlink shared channel
(PDSCH) for all RBs. No physical
downlink control channel (PDCCH) is
considered. In addition, pilot signals for
CQI messages at the BS are not
considered since the channel state
information is assumed to be known at
the BS. The feedback mechanism for
lost packets, i.e. acknowledgement
(ACK) or non acknowledgement
(NACK) is not considered since it is
assumed that all packets that are sent
from the BS received correctly at the UE.
The spatial correlation is not considered
since the antenna configuration is
considered single-input single-output
(SISO) for both BS and MS.
3.2 System Architecture
The system model considers a dense
urban deployment. A single macrocell,
within which a number of macro users
and one femtocell block, is considered.
A dual stripe dense urban femtocell
block is considered [19]. In addition, an
active femto BS in each apartment and
one user per femto BS is assumed. Each
femtocell block is located randomly and
uniformly throughout the coverage of
the macrocell. Figure 1 shows the
considered two-tier macrocell-femtocell
architecture in a dense urban deployment.
Closed subscriber group (CSG), cochannel,
and
adaptive
power
configuration [20] is considered for
femtocells. The channels used by
femtocells are not orthogonal to the
macrocell. Rather, the whole bandwidth
can be shared between the macro users
and the femto users.

152

International Journal of Digital Information and Wireless Communications (IJDIWC) 3(2): 149-168
The Society of Digital Information and Wireless Communications, 2013 (ISSN: 2225-658X)
1
1
~
Rk ,i ( )(1  )  Rk , j ,i ( ), k  k i, j ( )

~
tc
tc

Rk ,i (  1)  
1
~

Rk ,i ( )(1  ),
k  k i, j ( )

t
c


UE

(2)
th

10

m

10

m

10

m

A Macro
Cell Site

10

10

m

10

m

10

m

m

A Dual Stripe
Apartment Block

where k is the selected user in the i CC
at the j th RB and tc is the adjusted time
constant or fairness factor.
The PF scheduler provides an optimal
throughput demand while ensuring
optimal fairness performance. The PF
scheduler ensures it by taking into
account the instantaneous channel state
information from the UE through uplink
by a control signalling channel.

10
m

3.4 Resource Reuse Strategy

th
in the i CC at the j th RB in time  ;
~
Rk ,i ( τ ) is the average throughput in the

The PF scheduler always allocates an
RB to a user with the max PM in any
TTI, i.e. it can allocate an RB to only
one user. Hence, the PF scheduler cannot
explore the multi-user diversity at the
RB level in addition to the TTI level.
Table 2 presents the spectral efficiency
requirements of the LTE-advanced
system. Since the peak spectral
efficiency
requirement
of
LTEAdvanced systems is high, it is difficult
to achieve by the PF scheduler without
reusing the same RB by other users in
addition to the user with the max PM. To
facilitate RB reuse, a new resource
scheduling strategy is proposed that
focuses on reusing an RB among femto
users. Unlike PF scheduling, “the new
scheduling strategy considers not only a
femto user with the max PM but also
other femto users for assigning an RB in
a TTI, subject to the interference
coordination strategy”.

th
past of the user k in the i CC in time τ .
The throughput of the user ki , j ( ) is

Table 2. Spectral efficiency requirements of
LTE-Advanced systems [22].

Figure 1. Two-tier dense urban macro-femtocell
deployment [19] [21].

3.3 Proportional Fair Scheduling
The proportional fair (PF) scheduling
algorithm is based on maximizing the
scheduling metric, i.e. for any RB j in
any TTI  , the PF scheduler schedules
only the user with the maximum
performance
metric
(max
PM).
Mathematically, it can be expressed as
follows [9]:

 Rk , j ,i ( ) 

k i, j ( )  arg max  ~

R
(

)
k


 k ,i

where ki , j ( τ ) is the selected

(1)
user in the

i th CC at the j th RB in time  ; Rk , j,i ( )
is the estimated throughput of the user k

updated according to the following
condition [27]:

Spectral Efficiency
Peak spectrum

Uplink
15

Downlink
30
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efficiency (bps/Hz)
Average spectrum
efficiency
(bps/Hz/cell)
Cell-edge spectrum
efficiency
(bps/Hz/cell/user)

1.2 ~ 2.0

2.4 ~ 3.7

0.04 ~ 0.07

0.07 ~
0.12

3.5 Novel Mechanism for Fairness
Improvement
Since in a typical cellular mobile
system, the signal quality in the
macrocell environment is on an average
worse than the femtocell environment,
femto users have advantages from the
scheduling decision perspective because
of the better signal quality.
In order to provide fairness to macro
users, a novel mechanism called macro
user RB reservation is proposed. In the
new mechanism, “a certain percentage of
total RBs of the system bandwidth are
considered to be reserved only for macro
users in every TTI”. These reserved RBs
not only provide fairness to macro users
as a group but also help improve the
overall system fairness performance.
3.6 Proposed Resource Scheduling
Strategy
The proposed resource scheduling is
based on the PF scheduling strategy. The
resource scheduling strategy for RB
allocation can be stated as follows. “An
RB can be shared among several femto
users simultaneously. Once an RB is
assigned to a macro user, the assigned
RB cannot be reassigned to any other
users. However, an RB assigned to a
femto user can be reused by other femto
users simultaneously, subject to the
interference coordination strategy”.
Hence, an RB can be reused among
multiple femto users in any TTI.

The impact of the strategy can be
analysed in the view of cell coverage
area. Specifically, a macrocell coverage
area is larger than a femtocell coverage
area, and hence the coverage area can be
a decisive factor for co-channel resource
scheduling. For scheduling purposes,
femtocells can be configured for
resource reuse easily in the frequency
domain because of small coverage areas.
Hence, an RB can be simultaneously
reused among several femtocells through
spatial orthogonality.
In addition, in the view of flexibility,
the proposed scheduling strategy is also
flexible enough since the total
bandwidth of the macro BS can be
allocated to only femto users, if most
traffic is generated from the indoor
environments. This is a feasible scenario,
especially in the night time, when almost
all people work in the indoor
environments. Hence, the scheduling
strategy can provide flexibility to
operators to allocate more resources to
outdoor users in the day time and to
indoor users in the night time.
.
3.7 Interference Coordination Strategy
The interference coordination strategy
is based on the orthogonal frequency
assignment to the macro tier as well as
the femto tier. Both inter-floor modeling
as well as intra-floor modeling is
considered for the femto tier as follows:
1) Inter-tier Interference Coordination
Strategy: RB allocations between the
macro user group and the femto user
group are always orthogonal.
 An RB which is assigned to a macro
user by the PF scheduler is not
applicable for reuse, irrespective of
the user category, i.e. macro user or
femto user.
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 An RB is considered to be reused only
when that RB is assigned to a femto
user by the PF scheduler in a TTI.
2) Intra-tier Interference Coordination
Strategy: For macro tier, since RB
allocations among macro users are
always orthogonal to each other, there is
no need for the interference coordination
among macro users. However, for femto
tier, both Inter-floor modelling and Intrafloor modelling is considered.
a) Inter-floor Modelling: RBs are
equally divided into two groups after
reserving a group of RBs for the fairness
improvement of macro user. Each RB
group is assigned to femto users of the
alternate floors (figure 6).
b) Intra-floor Modelling: An RB is
considered to be reused by another femto
user only when that femto user’s serving
femto BS is non-adjacent to the already
assigned femto user’s serving femto BS,
irrespective of the number of RB reuses
considered. The resource reuse distance
between femto BSs must be at least 10
meters, irrespective of femto BS
locations in the same floor, either in the
same stripe or in different stripes.
3.8 Resource Scheduling Algorithm
The resource scheduling algorithm
illustrates a systematic and stepwise
method to represent the proposed
resource reuse and scheduling strategy
and incorporates a number of steps as
follows:
Step 1: reserve a certain percentage of
total RBs of the system bandwidth for
macro users. Step 2: estimate and sort
PM of all users at all RBs and do
mapping of sorted PM to corresponding
users.
Step 3: find RBs that are
scheduled to macro users, UMk where k
is any positive integer denotes a user
index. Step 4: find RBs that are

scheduled to femto users, UFk. Step 5:
check second, third, and so forth max
PM at all RBs with femto users
scheduled and apply interference
coordination condition. Step 6: if femto
users at any RB fulfil the interference
coordination condition, allocate that RB
to additional femto users in the order of
their PM values. Step 7: repeat steps 5
and 6 for all RBs, N=Nmax as long as the
max PM, M=Mmax. Mmax is any positive
integer that can be varied based on the
spectral
and
energy
efficiency
requirements, and Nmax is the total
number of RBs. M and N respectively
represents the max PM index and the RB
index.
Figures 2, 3, and 4 illustrate all these
steps in the algorithm and are used in
system level simulation. Since the
resource scheduling strategy uses the PF
scheduling principle as its baseline and
modifies it based on the proposed
resource reuse strategy, it is referred to
as the modified PF (MPF) scheduling
strategy. The
proposed resource
scheduler operation can be explained
with the example given in figure 4.
Assume that the first five RBs, i.e. RB 1,
RB 2,…, RB 5 in figure 2 are considered
for the analysis. RB 1, RB 2, and RB 3
are kept reserve for macro users
according to step 1 in the scheduling
algorithm. Hence, these RBs are not
applicable for reuse because of macro
users scheduled to these RBs over the
simulation runtime. Since RB 4 and RB
5 are scheduled to femto users by the PF
scheduler, these RBs can be reused if
the interference coordination condition is
satisfied. According to figure 4, it is
shown that femto users with the 3rd and
4th max PM for RB 4 and the femto user
with the 2nd max PM for RB 5 can
satisfy the interference coordination
condition, i.e. these three femto users are
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non adjacent to all femto users scheduled
in their respective RBs, irrespective of
whether or not they are in the same floor
in the femtocell apartment block. Hence,
in the proposed scheduler, RB 4 and RB
5 can be reused simultaneously to three
additional femto users on top of the
femto users scheduled by the PF
scheduler.
PM

RB 1

RB 2

RB 3

RB 4

. . . . . . . . . . . .N
. . . . . . . . .

RB 5

Nmax

1st
max
PM

UMk UMk UMk UFk

UFk UMk UFk

UFk

UFk

UFk UMk UFk

2nd
max
PM

UMk UMk UMk UFk

UFk UMk UFk

UFk

UFk

UFk

UFk

3rd
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UMk UMk UMk UFk UMk UFk
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Mmax

UFk UMk UMk UMk UFk
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. . . . . . . . . . .

M

Figure 2. PM vs. RB distributions: Steps 1- 2.
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Figure 7 shows the implementation of
the proposed resource scheduler. Most
parts of the proposed MPF scheduler are
also parts of the PF scheduler, except an
additional comparator for user indices, a
decision support system for interference
coordination, and a decision making part
for RB reuse.
The RB reuse decision maker is used
to allocate the same RB to multiple
femto users, as long as the interference
coordination strategy is satisfied. Other
than these three additional parts, the
implementation of the
proposed
scheduler is the same as the PF
scheduler. Because of simple in
implementation on top of the PF
scheduler, the proposed MPF resource
scheduler can be implemented without
significant additional costs for a higher
spectral and energy efficiencies. Note
that, the numbers in circles in figure 7
represent the timing sequence in a TTI
from the channel condition reports in the
uplink to RB allocation for users in the
downlink [21].

M

3.10 Mathematical Analysis

Figure 3. PM vs. RB distributions: Steps 3-5.
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Figure 4. PM vs. RB distributions: Steps 6-7.

3.9 Implementation and Complexity
Analysis of the Proposed MPF
Resource Scheduler

The resource scheduling algorithm is
exemplified in an analytical model based
on the conceptual model for the system
level simulation to evaluate the
performance of the system.
1) Transmit Power: The transmit power
of a CC is represented by PTCC ( i ) where i
denotes the CC index in the aggregated
system bandwidth. The transmit power
of an RB is represented by PTRB ( j ) where
j represents the RB index in a particular
CC. Assuming all CCs as well as all RBs
have the same transmit power, the
transmit power per RB can be expressed
at any arbitrary i and j as
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P CC ( i )
PTRB ( j ) = T ALL
X

(3)

where X ALL is the total number of RBs
in a TTI for a CC.
2) Carrier Frequency and Resource
Block: Assume that CCs are aggregated
from a number of bands in the
aggregated bandwidth and represented as
f1, f2,…, fB where B denotes the total
number of bands in the aggregated
carrier. Hence, the aggregated spectrum
can be expressed as fagg= {f1, f2… fB}. If
S j represents an RB with an index j, then
S j ∈{ 1,2,3,...,X ALL } .
A certain number of RBs is reserved
for macro users and is denoted by X RS .
Since RB allocations to macro users and
femto users are orthogonal, the total
number of RBs that are available for
reuse
can
be
expressed
as
M
R
All
RS
M
X =X
- ( X + X ) where X is the
total number of RBs scheduled to macro
users by the PF scheduler in a TTI.
Hence, the percentage of RBs available
for reuse by the MPF scheduler is given
by,
RB REUSE =

XR
X ALL

× 100

(4)

3) Spectral Utilization:
The total
number of RBs allocated by the PF
scheduler on a CC in any TTI is given
by X TPF = X All , whereas the total number
of RBs allocated by the MPF scheduler
is given by X TMPF = X All + X TR where X TR
is the number of reuse RBs allocated by
the MPF scheduler in a TTI. Hence,
compared to the PF scheduler, the
spectral utilization improvement factor
of the MPF scheduler is given by,
MPF
U PF
=

X TMPF
X TPF

(5)

4) Spectral Efficiency: The SINR at an
RB j in a TTI can be expressed as [21]

γ=

PTRB ( j ).H ( j )
Z

(6)

N ( j ) + ∑I z ( j )
z =1

where I z ( j ) is the interference from
an arbitrary interferer z for a link
established for RB j , and Z is the total
number of interferers for the link. N ( j )
and H ( j ) denote respectively the
thermal noise and the channel transfer
function for RB j .
The transfer function gives the
frequency domain channel gain and
varies with the subcarrier frequency in
every TTI. This gain is referred to as the
frequency domain packet scheduling
(FDPS) gain. The FDPS gain is found to
follow a logarithmic function of the
active number of users k in OFDMA
[24]. The FDPS gain is adopted from [9]
as follows.
Assuming uniform distribution of user
locations throughout the cell, the FDPS
gain is approximated for a single carrier
by the following expression.
1,
k 1


G (k )  0.11  log e (k )  1.10, 1  k  13

1.38,
k  13


(7)

The throughput in RB j can be
expressed in terms of the mutual
information
(MI)
by
employing
Shannon’s formula, as given below [25].
0,
  10dB

 ( dB)



 ( )   log 2 1  10 10 , 0dB    22dB (8)




4.4,
  22dB
where α = 0.6 , is the implementation

loss factor that takes into account
modulation and coding schemes (MCS)
and hybrid automatic repeat request
(HARQ) in LTE systems and γ is the
SINR in dB at RB j .
The mutual information (MI) effective
SINR metric (MIESM) [26] is adopted
for the system level simulation to
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estimate the average throughput per user
during the course of the simulation
runtime. For the PF scheduler, the
PF
average MI ( φ ) over all RBs over all
users in a CC is obtained, and then the
PF
effective SINR,  eff
per RB per TTI is
estimated from the average MI by
inverse mapping as shown in figure 5.
The inverse mapping function between 10 dB and 22 dB SINR can be
mathematically expressed for the PF
scheduler as
PF
γ eff
( φ PF

φ PF
(2 α

ηee =

(9)
Hence, the system level spectrum
efficiency for the PF scheduler per RB
per TTI can be expressed as
) = 10 log 10

-1)

PF
PF
Rsys
= α log2 ( 1 + γeff
)

(10)
Similarly for the MPF scheduler,
system level spectrum efficiency per RB
per TTI can be expressed as
MPF
γ eff
( φ MPF ) = 10 log10

φ MPF
(2 α

(11)
where the average MI and the
effective SINR per RB per TTI for the
- 1)

MPF scheduler are represented by φ

MPF

MPF

and γeff respectively.
Hence, the system level spectrum
efficiency for the MPF scheduler per RB
per TTI can be expressed as
MPF
MPF
Rsys
= α log2 ( 1 + γeff
)

all RBs by any scheduler, the average
transmit power per RB can be expressed
as follows:
RB
(nmacro  PTRB
, macro )  ( n femto  PT , femto )
RB
PT , ave 
RB
nTotal
(13)
RB
where nTotal
is the total number of
RBs in a TTI.
Energy efficiency is defined as the
amount of energy required per bit
transmission and can be expressed as
follows [10] [25]:
PTRB, ave
Rsys

[ J/b]

(14)

where ηee is the average energy per
bit transmission in joules per bit (J/b).
6) Fairness Index: Jain’s fairness index
is adopted for the evaluation of the user
fairness performance to define the
degree of fairness among users.
Mathematically, the fairness index can
be expressed as follows [27]:
2

 K 
  uk 
FJ   k 1K 
2
K  uk

(15)

k 1

where K represents the total number
of users and u k represents the total
number of RBs allocated to user k over
the simulation runtime.

(12)

5) Energy Efficiency: Denote PTRB,macro
is the transmit power per RB in
macrocell, and is PTRB, femto the
transmit
power per RB in femtocell.
If nmacro is the number of macro
users, and n femto is the number of
femto users scheduled in any TTI over

Figure 5. Mutual Information versus SINR
curves using Shannon’s capacity formula and
MIESM.
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Figure 6. Proposed interference coordination in a femtocell block (floor level) [21][23].
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3.11
Simulation
Parameters,
Assumptions and Scenarios
Simulation parameters and assumptions
are adopted from [28] and are listed in
table 3. Table 4 lists the major scenarios
that are considered for the evaluation of
system performances.

reuses an RB to a femto user only when
that femto user’s serving femto BS is
non-adjacent to the already assigned
femto user’s femto BSs. This implies the
greater diversity in reuse of RBs among
femto users and hence improvement in
fairness performance.

4 SIMULATION RESULTS
4.1 Performance of MPF Scheduler
with Interference Coordination
The MPF scheduler can gain advantage
from the multi-user diversity since an RB
can be simultaneously reassigned to a
number of femto users. Figures 8 and 9
respectively present the performance of
the MPF scheduler over the PF scheduler
in terms of average throughput and
fairness. It can be found that the MPF
scheduler outperforms in throughput
performance
whereas
shows
approximately the same in fairness
performance as the PF scheduler.
Note that, in the absence of
interference coordination (figure 8), the
MPF scheduler can obtain higher average
throughput than with considering
interference coordination. However, it
can be obtained only at lower fairness
performance (figure 9). This lower
fairness in the absence of interference
coordination can be explained by figure
10 that shows RB distributions among
users. The distribution of RBs with
interference coordination is more
clustered than in the absence of
interference coordination.
The greater the degree of evenness in
RB allocations among users is achieved,
the higher the value of average fairness
index. Unlike in the absence of
interference coordination, the MPF
scheduler with interference coordination

Figure 8. Average throughput performance of the
MPF scheduler with interference coordination and
in the absence of interference.

Figure 9. Average fairness performance of the
MPF scheduler with interference coordination and
in the absence of interference.

4.2 Role of New Mechanism in MPF
Scheduler
In figure 10, it can be found that the
macro users (user index: 1-20) are
suffered from low RB allocations,
irrespective of whether or not the MPF
scheduler is interference coordinated.
This is because of either the better signal
quality of femto users or the lower gain
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from multi-user diversity of macro users.
In addition, since the number of macro
users is lower than that of femto users,
this deviation in RB allocations between
the macro user group and the femto user
group becomes high when the system is
fully loaded.

on the system’s average throughput
performance (figure 13).

Figure 12. Average fairness performance of the
MPF scheduler: with reserving macro RBs and
without reserving macro RBs.

Figure 10. RB distributions by the MPF
scheduler: with interference coordination and in
the absence of interference.

The role of the proposed new
mechanism “macro user RB reservation”
can be understood by figure 11 that shows
that macro users are allocated with more
RBs when the new mechanism is
employed. The use of the new mechanism
reduces the gap in RB allocations
between macro users and femto users.

Figure 11. RB distributions of the MPF
scheduler: with reserving macro RBs and without
reserving macro RBs.

Further, figure 12 shows the system’s
average
fairness
performance
improvement from employing the new
mechanism with an insignificant impact

Figure 13. Average throughput performance of
the MPF scheduler: with reserving macro RBs and
without reserving macro RBs.

Furthermore, since the number of macro
users and femto users are not equal
especially with the increase in traffic
demand, a user category based
investigation, i.e. the average value of
RBs allocated to each user category is
carried out.
Figure 14 shows the improvement for
evenness in RB allocation since the
deviation between the average number of
RBs allocated to a macro user (among
macro users only) and the average
number of RBs allocated to a femto user
(among femto users only) is reduced.
However, note that the new mechanism
improves fairness in RB allocation since
the deviation between the average RBs
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allocated to a macro user and the average
number of RBs allocated to a femto user
is reduced. In addition, the mechanism
also improves fairness among macro
users only (figure 15) with little or no
degradation in fairness among femto
users only (figure 16).

Figure 14. Average RB allocated per user with
macro RB reserved and without macro RB
reserved.

Figure 15. Average fairness (among macro users
only) with macro RB reserved and without macro
RB reserved.

4.3 Performance of the MPF Scheduler
for Spectral and Energy Efficiencies in
LTE-Advanced Systems
In order to fulfil the high spectral
efficiency
requirements
of
LTEAdvanced systems, the reuse of resources
in the tier level in addition to the
macrocell level is critical. This in turns
helps not to reduce the macrocell

coverage area. Hence, no cost from
implementing new sites in order to
provide better signal quality for high data
rate.

Figure 16. Average fairness (among femto users
only) with macro RB reserved and without macro
RB reserved.

Peak spectral efficiency is crucial for the
highest data rates that a user can obtain
using the system. In addition, link
reliability over a certain period of time is
an important requirement, especially for
the high data rate links. Link disruption
between an MS and a BS can result in
poor user experience because of service
discontinuity during the course of
interactive sessions between the MS and
the BS. Further, high data with minimal
transmission energy per bit is one of the
significant issues to reduce overall energy
consumption by mobile communications.
Considering these issues, the performance
of the MPF scheduler in terms of spectral
efficiency and energy efficiency is
investigated. It is found that an
appropriate value of the max PM in MPF
scheduler in the simulation can meet both
spectral efficiency and energy efficiency
requirements.
1) Spectral Efficiency: The average
spectral efficiency improves irrespective
of the increase in max PM or the number
of floors. This is because of the fact that
the average spectral efficiency depends
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upon the aggregated throughput in a cell.
The aggregated throughput in a cell is
improved as long as the number of femto
users scheduled in a TTI is increased
because of good channel quality, and is
not affected negatively by the interference
coordination in the femto tier or the
frequency of resource reuse to a particular
femto user in a TTI.
However, as given in table 5, both peak
and cell-edge spectral efficiencies
degrade with the increase in the number
of floors because of more inter-floor
interference coordination effect, while
keeping max PM fixed. This is because,
as the number of floors increases, interfloor interference coordination effect
becomes significant so that the number of
resources reused to a specific femto user
(the maximum number of resources
reused to a femto user that define the
peak data rate) is decreased, hence peak
spectral efficiency. In addition, this in
turn also reduces the throughput per user,
i.e. cell-edge spectral efficiency.
However, this pitfall can be overcome
by increasing the value of max PM in the
MPF scheduler since increase in max PM
will allow the scheduler to reuse more
resources to a specific user even though
the number of femto users scheduled in a
TTI is the same.
On the contrary, with the increase in
max PM chosen in MPF scheduler, there
is a dramatic rise in both peak and celledge spectral efficiencies since more
reuse of resources to a specific femto user
is now possible, along with having an
opportunity of scheduling more femto
users for resource reuse, because of less
inter-floor interference coordination
effect. Hence, the effect of inter-floor
interference coordination, because of
increase in femtocell user density by
increasing the number of floors, can be
overcome by increasing the number of

max PM in MPF scheduler so that more
resource can be reused to a femto user,
which signifies the self control or
robustness of the proposed scheduler.
2) Energy Efficiency: From the simulation
(table 5), it can be found that irrespective
of the change in max PM or the number
of floors, the energy efficiency improves,
i.e. reduction in energy per bit. This is
because of the fact that in either cases, the
number of femto users in the total number
of users scheduled in a TTI increases.
It is to be noted that the change in the
number of floors has less impact on the
energy efficiency improvement than the
increase in max PM. This can be clarified
by the fact that while max PM is kept
constant, with an increase in the number
of floors, the interference coordination
effect from inter-floor modeling becomes
more significant so that only few number
of femto users can be scheduled for
resource reuse and hence less reduction in
energy per bit requirement.
On the contrary, when the number of
floors is kept fixed, increase in the
number of max PM chosen in the MPF
scheduler, increases the possibility of
reusing the same resource more to a
specific femto user. In addition, it also
gains benefit from less inter-floor
interference coordination effect since the
number of floors considered is fixed.
5 CONCLUSION
In this paper, a novel resource reuse
strategy is proposed to demonstrate
explicitly of how the spectral and energy
efficiencies of LTE-Advanced systems
can be improved. A two-tier LTEAdvanced system where the second tier is
deployed as femtocells has been
investigated. The PF scheduling strategy
is adopted on top of which the proposed

163

International Journal of Digital Information and Wireless Communications (IJDIWC) 3(2): 149-168
The Society of Digital Information and Wireless Communications, 2013 (ISSN: 2225-658X)

Table 3. Simulation parameters and assumptions in two-tier systems.
Parameter
Cell layout1

Number of macrocells considered
Inter site distance1
Urban-dense femto BS modeling parameters
(apartment block model)1

Total users
Channel state information
Physical channels
Number of macro UEs per sector
Number of femto UEs per sector
Minimum distance between UE and macro BS1
Minimum distance from UE to femto BS1
UE speeds of interest
Carrier frequency band
Carrier aggregation
Aggregated carrier spectrum in LTE-Advanced
LTE carrier spectrum
Simulated bandwidth
Per RB bandwidth
Per CC RBs
RB reserved for macro users
Link considered1
Total macro BS transmit power1
Macrocell power control
Macro BS antenna gain, after cable loss1
Femto BS antenna gain1
Femtocell power control1
Noise
UE Noise Figure1
Path loss adjustment constant for 3.5 GHz (from
2 GHz)
Penetration loss (assume: UEs are indoors)1
Traffic model
Link level to system level mapping
Max PM (Mmax)
Fairness factor( tc)
TTI
Window size
Simulation runtime
1
taken from [28].

Value/Assumption
Dense Urban: macro layer has 7 sites (21 sectors)
with wrap-around, 1732 m Inter site distance (ISD),
and 20 % of macro UEs is outdoors.
1
1732 m
N (number of cells per row )
10
M (number of blocks per sector)
1
L (number of floors per block)
2
R (deployment ratio )
1.0
P (activation ratio)
100%
Probability of macro UE being
80%
indoors
100
Known
PDSCH (only data channel)
20
80
>= 35 m
20 cm
UE is stationary
3.5 GHz
Contiguous
80 MHz
20 MHz
20 MHz
180 kHz
100
6% (of total RBs)
Downlink
46 dBm
Fixed transmit power
14 dBi
5 dBi
Adaptive transmit power (0 to 20 dBm)
Thermal noise
9 dB
6 dB (additional)
10dB
Full buffer
MIESM
6
100 ms
1 ms
100 ms to 1000 ms
1000 ms
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Table 4. Simulation scenarios for the evaluation of system performances.
Aspect
Scenario
objectives

Scenario 1
To investigate the effect of
interference coordination and
reuse of resources to femto
users.

User class

Macro user and femto user

Traffic type
Femtocell
density
Simulation
level
Scenario
analysis

Scenario
findings

Scenario 3
To
investigate
the
performance of the MPF
scheduler for spectral and
energy efficiencies in LTEAdvanced systems.
Macro user and femto user

Full buffer
Fixed

Scenario 2
To
investigate
the
performance of the
MPF scheduler with
employing the proposed
new mechanism.
Macro user and femto
user
Full buffer
Fixed

Link level and system level

System level

System level

1. Average throughput and
fairness performances with the
change of simulation runtime
and employing interference
coordination strategy.
2. RB distributions among users
with employing interference
coordination strategy.
Performance of the MPF
scheduler in comparison with the
PF scheduler.

1. Average fairness and
throughput performance
of the schedulers.

1. Performance analysis of
the MPF scheduler as a
function of window size for
the following performance
metrics.
 spectral efficiency
 energy efficiency

Fairness performances
of macro users as well
as the system as a
whole.

Feasibility of the MPF
scheduler in LTE-Advanced
systems for the performance
improvements in spectral
and energy efficiencies.

resource reuse strategy is applied; the
resultant scheduling strategy is called the
Modified PF (MPF) scheduling strategy.
An extensive system level simulation is
carried out to verify the feasibility of the
MPF resource scheduling simulator in a
number of scenarios that are listed out as
follows:
 The effect of interference coordination on
the MPF scheduler performance is
investigated. It is found that with
interference coordination, the scheduler
performs better in fairness, but somewhat
lower in average throughput than in the
absence of coordination. This is obvious
since an RB cannot be allocated blindly,
as with the case in the absence of
interference.
 The performance of the new mechanism
called “macro user RB reservation” is
investigated in terms of the fairness of
macro users as well as the average
fairness performance of the system. The

Full buffer
Variable

simulation result shows that the average
fairness performance of macro users as
well as the system is improved.
 The performance of the proposed
resource scheduler in LTE-Advanced
systems is investigated in the context of
spectral and energy efficiencies, varying
the value of maxPM of MPF scheduler.
The simulation results show that the
proposed resource scheduler can meet the
spectral efficiency requirements of LTEAdvanced systems along with ensuring
reduction in energy per bit.
Based on these investigations and
simulation results, we suggest the use of
the proposed resource reuse strategy in
the tier level in addition to the macrocell
level in order to improve both spectral
and energy efficiencies to meet the high
data rate at low transmission energy per
bit requirement of LTE-Advanced
systems.
This
will
help
telecommunication
operators
gain
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Table 5. Average and peak spectral efficiency performances of the MPF and the PF Schedulers.
Efficiency

Average spectral efficiency

Peak spectral efficiency

max
PM =
3,
floors
=2

Value
of
max
PM
and
no. of
floors

max
PM =
3,
floors
=6

max
PM =
7,
floors
=2

Table 6. Cell-edge and energy spectral efficiency performances of the MPF and the PF Schedulers.
Efficiency

Value
of
max
PM
and

Cell-edge spectral efficiency

Energy efficiency

max
PM =
3,
floors
=2
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no. of
floors
max
PM =
3,
floors
=6

max
PM =
7,
floors
=2

advantage from efficient spectral and
energy utilizations as well as users from
better experiences while using the system.
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