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ABSTRACT Since the dawn of mobile communication systems, reducing the cell size has been one option
to increase the signal-to-interference-plus-noise ratio (SINR) in both links. The impact of this reduction
can be perfectly understood by considering Shannon’s law. This work studies in detail the performance
of Home eNBs (HeNBs), nodes with a smaller coverage area. After a detailed theoretical study of the
SINR, a simulation approach is used to extract performance results in small cell indoor scenarios. Results
corresponding to the goodput, delay and packet loss ratio are analyzed. Based on an improved version of
LTE-Sim, the proportional fair, frame level scheduler (FLS) and exponential rule are tested in an indoor
environment. With the saturation conditions taken into consideration, the FLS performs better than the other
schedulers. This work shows that with the considered applications, it is possible to achieve a reduction in
the transmitter power of HeNBs without compromising the small cell network performance.

INDEX TERMS Delay, small cell, femtocells, goodput, HeNBs, LTE-Sim, packet loss ratio, packet
scheduler, saturation conditions, SINR.

I. INTRODUCTION
Cellular networks began with the deployment of radio base
stations with wide coverage areas. Those radio base stations
have evolved into the currently used equipment, known as
evolved Node Bs (eNBs), which are well modeled and tested
(including drive tests) before they go to market. Presently,
the trend in the mobile communications sector toward 5G
is to have increasingly smaller cell sizes [1]. This reduction
in the cell coverage area clearly enables the capacity to
increase. Short range enables enhancement of the carrier-to-
interference ratio while improving the system capacity and
service quality [2]. This improvement due to the reduction in
cell size can be explained by considering Shannon’s law [3].

Currently, 80% of traffic occurs indoors, but most cellular
networks are composed of outdoor eNBs. To respond to the
increase in demand, e.g., at hotspots, in-building coverage has
become a challenge [4]. Applications are also requiring more
and higher throughputs [5]. The authors of [6] identify video
streaming as the application with the highest throughput
requirement. Moreover, in the future, ultra-high-definition
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videos with virtual reality [7] will require a significant
long-term demand for bandwidth. In the longer-term fore-
casts of [7], the consumer segment will have 74% of its
total devices connected to the network. Machine-to-machine
(M2M) nodes, the fastest growing mobile segment, will com-
prise half the global connected devices. In fact, M2M applied
to home environments includes applications such as video
surveillance, smart meters, and healthcaremonitoring, among
an infinite number of possibilities. The consumption of video
streaming, the increase in the number of M2M devices that
include video among their capabilities, and the impact of
video devices on mobile network traffic justify the need for
studying video performance in mobile networks. In addition,
mobile and M2M also generate several types of traffic flow
with different traffic requirements, from video applications
with a maximum delay of 150 ms to applications where
the requirements for delay are not very critical (e.g., home
environmental monitoring) [8]–[10].

When high-data-rate indoor coverage is provided by out-
door eNBs, if high-order modulation and coding schemes,
e.g., 64/128/256 QAM, are used, the (external) walls of a
building constitute an obstacle that is difficult to overcome or
is impassable, creating indoor areas with weak or no signal
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coverage. Another approach to increase system capacity in
5G is to adopt high frequencies. However, higher frequencies
will lead to a problem similar to that when considering high-
order modulation and coding schemes, as they also create
indoor areas with weak or even no signal coverage at all.

One solution to solve the lack of indoor coverage is to
resort to smaller eNB coverage areas [11]. However, this
solution does not solve all the identified issues, since it
does not eliminate the physical barriers between eNBs and
the destination nodes (usually known as user equipment,
UE), e.g., walls or urban obstacles. Efforts to achieve higher
capacities have led to the development of small cells, such
as picocells or femtocells. Home eNBs (HeNBs) are some
of the smallest cellular nodes and provide radio coverage
within these femtocells. HeNBs deal with indoor coverage in
areas where resorting to the traditional eNB coverage zones
is not effective at all [12]. HeNBs are defined in [13] as
small, inexpensive, low-power indoor base stations that are
generally consumer deployed. This possibility of consumer-
deployed HeNBs and the variety of preceding cell types with
irregular sizes result in totally chaotic and random coverage
shapes [13]. HeNBs are deployed not only in private houses
but also in scenarios such as offices, shopping centers and
industrial environments [14], [15]. In this case, HeNBs are
known as Enterprise HeNBs.

The nature of the uncoordinated and disordered deploy-
ment of HeNBs contends with the existing network. This
kind of deployment yields new and more complex interfer-
ence problems in both downlinks and uplinks [2]. To solve
these problems, power control [16]–[19] and new schedul-
ing algorithms [20], [21] have been the main solutions pro-
posed to mitigate the underlying interference problems while
improving the operation of HeNBs. Due to the uncoordinated
deployment nature of HeNBs, algorithms for interference-
positioning are being developed as proposed by the authors
of [22].

Different simulation approaches for the deployment of
HeNBs followed by the research community [11], [23]–[27]
consider the assumptions and parameters of [28].

In this work, the definition of the scenario follows some of
the assumptions of the Technical Specification Group (TSG)
Radio Access Network (RAN) from 3GPP [28]. A dense
HeNB deployment model is adopted by considering a single-
floor building composed of 25 apartments. These apartments
have a square geometry and are placed next to each other on a
5×5 grid, resulting in a building also with a square geometry,
as shown in Fig. 1.

Deploying buildings within macrocells yields the general
behavior that incorporates the effects of taking HeNBs and
served users at various distances from the eNB [29]. The
deployment ratio determines whether HeNBs are deployed or
not in all apartments. It varies from zero to one. If the deploy-
ment ratio is one, every apartment has an HeNB serving its
UE. This assumption puts high pressure into the system since
usually, as in [28], the deployment ratio is 0.2. This work
considers a deployment ratio of one. HeNBs are deployed in

FIGURE 1. Simulation scenario of 25 apartments with reuse pattern 2.

themiddle of the apartments. Although the optimal position is
not studied in this work, the optimal position is in the middle
of the apartments, as concluded by the authors of [30].

In [22], the hypothesis of having illegitimate HeNBs that
could damage the HeNB communication is studied. These
illegitimate HeNBs acts as interferers. Frequency reuse is
assumed in many works as a way to deal with co-channel
interference and to enhance system performance. In the con-
sidered scenario, the HeNBs operate with a frequency reuse
pattern of two. This assumption implies that in the considered
deployment of this work, HeNBs with the same frequency act
as illegitimate HeNBs (to the neighboring HeNBs), as studied
in [22]. One assumes that eNBs operate with a frequency
reuse pattern of one.

This study considers the variation in the transmitter power
from HeNBs and in the side of apartments within a reason-
able range. In [28], an interval for the available transmitter
power of HeNBs is considered. The reduction in transmitter
power considered in this study may lead to a reduction in
interference. In [31], it is also stated that a reduction in the
transmitter power can also reduce the coverage. Our study
analyzes the variation in transmitter power in the HeNB layer
without compromising the coverage.

These independent and noncorrelated variations increase
the complexity of the theoretical study and provide a
broader vision for the average signal-to-interference-plus-
noise ratio (SINR) and its impact on system performance.
In addition to the theoretical study, the goal is to eval-
uate the performance through simulation by considering
LTE-Sim [32] with the extension of the works presented in
[27], [33]. LTE-Sim is an open-source framework used to
simulate LTE-Advanced networks, which has a high degree
of reproducibility of the results.
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FIGURE 2. Simplified generic view of a wideband resource scheduler.
Adapted from [36].

User traffic is supported by HeNBs, which continuously
exchange data with them. The considered applications are
video and best effort. Different from [34], [35], where a new
scheduling algorithm was developed and/or a new bandwidth
aggregation schemewas implemented tominimize the energy
consumption, we explore the possibility of reducing the trans-
mitter power of HeNBs without compromising the overall
system performance.

The packet scheduler in the HeNB distributes the available
radio resources among the UE. The details on the schedul-
ing algorithms are left to the HeNB implementation. Fig. 2
shows a generic function of the downlink scheduler. Data
are scheduled to a number of users on a shared set of phys-
ical resources. Packet schedulers can make scheduling deci-
sions based on the channel quality indicator (CQI). The CQI
is determined at the UE and then transmitted to the eNB
via feedback signaling channels. Feedback is an important
measurement since this information helps to maximize the
data rate [36]. With this information, the scheduler at the
eNB/HeNB must manage the data requirements of the UE
under its control. These requirements exist to ensure that
transmissions meet the desired service quality.

Performance evaluation of the packet scheduling in LTE
networks involves studying the trade-off between the good-
put, packet loss ratio (PLR) and delay. For the considered
application mixture (video and best effort), the proportional
fair scheduler, frame level scheduler and exponential rule
scheduler are considered in the simulations while seeking
system saturation. It is worth studying these schedulers since
for 5G, there is still freedom in the choice to be consid-
ered [37]. In [37], some minor revisions in some sched-
ulers (such as the proportional fair (PF) considered in this
work) that allow them to support packet scheduling in the
downlink OFDMA-based 5G networks are also presented.

A comparison of the different schedulers facilitates the iden-
tification of their limitations and advantages in typical
indoor deployment scenarios [38], [39]. System saturation is
achieved by gradually increasing the number of users in each
HeNB in an equitable way. Contrary to the simulation works
from [5], [40]–[42], our study considers a higher number of
users per HeNB, which implies a very large density of users
within a building.

This work is in some way complementary to other sim-
ulation works, such as [4], [43], [44], since it presents a
higher number of deployed HeNBs and a path loss model that
considers and counts the number of walls between users and
HeNBs. For simulation purposes, although fewer schedulers
are considered for the simulation than in [43] and changes to
existing schedulers are not considered as in [44], in this work,
an in-depth determination of the variation in the number of
supported users in saturation conditions, as a function of the
apartment side length and the transmitter power is carried out
with narrower confidence intervals.

The remainder of the article is organized as follows. The
average SINR is analytically studied in Sec. II. Sec. III
presents the simulation scenario and physical settings and
addresses the performance evaluation of small cells. Different
packet schedulers are considered. The simulations results
are presented in Sec. IV. Finally, conclusions are drawn in
Sec. V.

II. STUDY OF THE AVERAGE SINR
A. SCENARIO
In this work, we consider a single-floor buildingwith 25 apart-
ments, as shown in Fig. 1. Apartments are placed next to
each other in a 5 × 5 grid geometry. HeNBs operate with
a 10 MHz bandwidth and a frequency reuse of two [36],
[45], i.e., the total 20 MHz of available bandwidth is divided
into two equal parts of 10 MHz. The impact of considering
a 20MHz or 10MHz bandwidth and themapping of the SINR
into the maximum supported throughput are presented in [46]
and [47]. The HeNBs in the apartments, represented by the
light gray fill in Fig. 1, use the 10 MHz bandwidth, while
the apartments with white fill use the remaining 10 MHz.
In Fig. 1, the HeNBs are represented by a hexagonal shape.
Although there is one HeNB inside each apartment, only
HeNBs in the apartments with white fill are represented.

Following the approach implemented by us in [33], users
are truly located inside their own apartments. This means
that there are no walls between a user and the corresponding
HeNB. When the user is served by a HeNB using a given fre-
quency band, it will suffer interference from the co-channel
HeNBs. Since a reuse pattern of two is considered, there will
be three different cases of interference for the first tier of
interference from the HeNBs to the user terminals. In the
first case, the users are inside apartments D, E, G, I, and
J, and there are four neighboring interferers close to their
apartments, as shown in Fig. 1. In the second case, the users
are inside apartments B, F, H, and L, and there are only two
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FIGURE 3. Interference received from one of the neighboring HeNBs and
the signal from the user’s own HeNB.

neighboring interferer HeNBs. In the third case, the users
are inside apartments A, C, K, and M, and there is only one
neighboring interferer.

B. SINR AT A GIVEN POSITION
For the sake of simplicity, let us consider the central apart-
ment G and apartment E, which causes interference to users
from apartment G, as shown in Fig. 1. Let us assume a user
equipment/terminal, in our case, user equipment (UE), inside
and confined to apartment G of the considered topology,
as shown in Fig. 3.

The center of the apartment is also the origin of the coordi-
nate system (0, 0). To obtain the average SINR, an approach
similar to the one described in [11], [48], [49] is applied.
In general, the SINR from the considered UE, at a position
with the coordinates (x, y), served by a cell with a transmitter
power PTx (in linear terms) can be expressed as

SINR(PTx , x, y)

=
Pow(PTx , x, y)

(1− α) · Pow(PTx , x, y)+ Pnh(PTx , x, y)+ Pnoise
, (1)

where Pow is the average amount of power received from the
user’s own cell and α is the orthogonality factor of the codes
[50]. For the sake of simplicity, and according to [51], α is
considered to be equal to one. Pnh is the average interference
power from the neighboring cells. Pnoise is the thermal noise
power. In (1), all these powers are given in linear terms.Pnoise,
in dBW, is defined as follows:

Pnoise = −174+ 10 ∗ log10 BW − 30+ NF, (2)

where NF is considered to be 8 dB (for LTE, NF is typically
7-9 dB [28]) and the bandwidth BW = 10 MHz.
The average interference generated by a neighboring cell

can be calculated by integrating each fraction of the interfer-
ence power over the area of the affected cell. Fig. 3 shows a
cell affected by interference at the origin of the coordinates
and one interfering cell at (x0, y0). By integrating over the
cell area, the average level of the power received from a
neighboring cell, Ī , may be calculated as

Ī =
∫
x

∫
y

fI (PTx , x, y)dxdy

=

∫
x

∫
y

PTxGTxGRx
AApt

PL(x, y)dxdy, (3)

where GTx and GRx are the transmitter and receiver gains,
respectively. AApt is the total affected apartment area.

Although the path loss model recommended in [28] avoids
modeling any walls, the WINNER II path loss model [52]
adopted in this work considers the number of walls located
in between the user and the HeNBs. For an indoor office, the
path loss equation of the WINNER II model is as follows:

PLHeNB(x, y) = A ∗ log10 (d)+ B+ C ∗ log10(
fc
5
)+ X , (4)

where d is the distance between the transmitter and the
receiver, fc is the frequency in GHz, and the fitting param-
eter A includes the path loss exponent. Parameter B is the
intercept, parameter C describes the path loss frequency
dependence, andX is an environment-specific term (e.g., wall
attenuation in the non-line-of-sight (NLoS) scenario [52]).
The distance d is determined by the Euclidean distance:

d =
√
(x − x0)2 + (y− y0)2, (5)

where x0 and y0 are the coordinates of the interfering cell and
x and y are the coordinates of the UE, as shown in Fig. 3; in
this study, fc = 2 GHz. For line-of-sight (LoS) propagation,
A = 18.7, B = 46.8, and C = 20. In the NLoS case, A = 20,
B = 46.4 and C = 20. The environment-specific term X is
the sum of the attenuation of the walls between the UE and
HeNB. For internal walls, the attenuation is 5 dB.

In the first case, the central HeNB is considered, and there
are four HeNBs in the first ring of interference (labeled 1, 2,
3 and 4), as shown in Fig. 1. Considering only the interferer
HeNB from Fig. 3 (identified by number 1), the path loss is
given by the following equation:

PL(x, y)1 = 20 ∗ log10 (
√
(x − l)2 + (y− l)2)

+ 46.4+ 20 ∗ log10(
2
5
)+ 2 ∗ 5, (6)

where l is the apartment side length. For the remaining three
HeNBs in the first ring of interference (2, 3 and 4 in Fig. 1),
the coordinates (x0, y0) change to (l,−l), (−l,−l) and (−l, l),
respectively, as shown in Fig. 1. In this first case, only four
interferers are assumed, as due to the increase in the number
of walls and the longest distance between HeNBs from the
farthest ring of interference and the user, the underlying share
of interference is negligible.

For the second and third cases, in addition to the change
in the number of interferer HeNBs, as explained above, the
change in coordinates of the user’s own cell and of the inter-
ferers need to be considered. In the second case, there are
only two interferers in the first ring of interference, while in
the third case, there is only one interferer.

C. AVERAGE SINR
UE is uniformly distributed over the apartment area. Accord-
ing to [51], the average SINR experienced by UE depends
on the apartment side length l and on the HeNB transmitter
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power, PTx , as follows [53]:

SINR(l,PTx) =
P̄ow(l,PTx)

P̄nh(l,PTx)+ Pnoise
. (7)

The average interference power Pnh can be defined as

Pnh(l,PTx) =
nT∑

Ī (l,PTx), (8)

which is the total surrounding power received from interfer-
ing neighbors at different distances. The average interference
generated by the interfering HeNBs can be calculated by
integrating each fraction of the interfering power over the
affected area. Since the UE is confined to the apartment area,
the average level of received interference from a neighboring
cell Ī is integrated over the apartment area:

Īi(l,PTx) =
nT∑
i=1

∫
0ix

∫
0iy

fIi (PTx , x, y)dydx

=

nT∑
i=1

∫
0ix

∫
0iy

PTxGTxGRx
AApt

PL(x, y)dxdy. (9)

The integration regions for an interferer HeNB are as follows:

0ix = {[−l/2, l/2]} (10)

and

0iy = {[−l/2, l/2]} . (11)

According to [54], the following parameters are considered:
GTx = 5 dBi and GRx = 0 dBi.

The average power received from the user’s own cell,
Pow(PTx,x,y), is constant no matter the value of the reuse
pattern. It may be obtained by following an approach similar
to the one used in the computation of Pnh(l,PTx) but with a
different integrand function:

Pow(l,PTx) =
∫
y

∫
x

PTxGTxGRx
Aow

10−
18.7∗log10 (

√
(x2+y2)+46.8+20∗log10(

2
5 )

10 dxdy. (12)

However, the integration area includes the origin of the coor-
dinate system, (x, y) = (0, 0). Since the HeNB is at those
coordinates [55], equation (12) converges to infinity and is
unsolvable. Without considering a circular area with a radius
equal the Fraunhofer distance, Fr , the circle with the white
fill in Fig. 4, extracted from the total cell area (12), becomes
solvable. Aow is the total integration area, represented by the
gray fill in Fig. 4:

Aow = l2 − π × F2
r . (13)

The integration limits of (12) take into consideration subtrac-
tion of the circular area with a radius equal the Fraunhofer
distance.

Fig. 5 presents the results for the average SINR as a func-
tion of the apartment side length, l, and the transmitter power,
PTx . The apartment side length varies from 5 to 35 m, while
the transmitter power varies from −20 to 30 dBm.

FIGURE 4. Circular apartment area with a radius equal the Fraunhofer
distance.

Fig. 5a shows that the variation in transmitter power for
the same apartment side length does affect the average SINR
results for the first case. For the second and third cases, as the
number of interferers decreases, the average SINR increases,
as shown in Figs. 5b and 5c. However, when the apartment
side length increases and the transmitter power decreases, the
signal strength is not enough to provide an increase in the
average SINR. This effect is clearer when the apartment side
length is 35 m and transmitter power is −20 dBm.

III. PERFORMANCE EVALUATION
We study the system performance for the downlink (DL) by
considering the parameters and assumptions discussed below.
The simulations consider LTE-Sim, in its stable release R5
[32], to investigate the overall system performance.

A. SIMULATION SCENARIOS AND PARAMETERS
LTE-Sim is an event-driven simulator that was written in
C++ using the object-oriented paradigm [32]. In its sta-
ble release R5, it is compiled with an ISO/IEC 14882:1998
compiler. With this compiler, the underlying random number
generator may not be uniformly distributed.

In [11], the authors solved this by taking advantage of
the Mersenne Twister pseudorandom generator [56]. The
Mersenne Twister is the most widely used general-purpose
pseudorandom number generator [57] and was made avail-
able in ISO/IEC 9899:2011 [58]. To correctly start the
Mersenne Twister pseudorandom number generator, the
seeds consider the time library Chrono. This library is also
available in ISO/IEC 9899:2011 [58].

To address the behavior in a real scenario through event-
based simulation while conserving computational resources,
the simulation scenario is composed of an eNB with a 1 km
radius (represented by the solid line circle in Fig. 6).

The deployment of the building with 25 apartments in
the eNB coverage area makes up a realistic scenario [59].
We created a one-floor building with a 5 × 5 grid geometry,
with 25 apartments in an area with a radius 80% of themacro-
cell radius (represented by the dashed line in Fig. 6). This con-
straint ensures that buildings do not cross the macrocell edge.
Although the reduction in coverage cell area improves the
system capacity, eNBs cannot be decommissioned since they
play a key role in providing wide cell coverage, especially in
outdoor scenarios, such as streets, roads and suburban areas.
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FIGURE 5. Average SINR for an apartment side length from 5 to 35 m and a transmitter power from −20 to 30 dBm. The first case has four interferers, the
second case has two interferers, and the third case has one interferer.

FIGURE 6. The fifty different positions of the building are randomly
chosen.

In 2003/04, we deployed WLANs in the Department of
Electromechanical Engineering at the University da Beira
Interior and Hospital Universitário Pêro da Covilhã, Portugal.
During the site survey we performed prior to access point
deployment, we concluded that relevant interference between
two adjacent floors occurs only in the room immediately
below or above the zone where the node is deployed. Hence,
in similar way, if a small cell network is deployed on the
next floor, the frequency reuse problem is solved, with the
frequency channels shifted by one room [60], [61].

In the old versions of LTE-Sim, most of the buildings
and users over a circular-shaped macrocell were close to the
center. Hence, they were not truly uniformly distributed over
the macro-cellular area. This limitation required improve-
ment. The simulator considers Cartesian coordinates gen-
erated from polar coordinates. To overcome the identified
limitations and achieve a uniform random distribution of the
users or buildings within the circular area that represents
the macrocell, the simulator obtains the radial distance by
multiplying the radius by the square root of a uniform random
number between zero and one. As previously explained, for

buildings, this radius is 80% of the cell radius. Moreover,
the angular coordinate is uniformly distributed between zero
and 360 degrees. The results presented below already benefit
from these improvements made to the simulator.

There is one HeNB at the center of each apartment [26],
[28]. This geometry represents home, office and shopping
center actual deployment scenarios. The considered values
for the transmitter power in the HeNBs are 0 dBm, 10 dBm,
and 20 dBm. All cells simultaneously operate at the same
power level. In terms of apartment dimensions, in [28],
only an apartment side length of 10 m is considered. In this
work, the side length of the apartments (identified as Side in
the figures) varies from 5 m to 20 m in steps of 5 m. The
maximum number of users per HeNB considered in [28] is
four, but the results from [27], [33] show that the maximum
system capacity in the considered scenarios was not achieved.
This result allowed for exploring the existence of more users
per HeNB.

Since LTE-Sim considers the generation of users in
HeNBs, taking into account the influence area of each HeNB,
this coverage influence area of the HeNB is a circle. The
authors of [33] considered the users to be inside the apartment
and the apartments to be bounded by a square. The distri-
bution of users in this square area was also updated by the
authors by considering the Mersenne Twister pseudorandom
number generator in addition to the WINNER II [52] path
loss model. This model was not considered by 3GPP in [28].
More details are presented in Tab. 1.

We considered a heterogeneous scenario with a mixture of
two different applications. One is video, while the other is
best effort (BE). Video is an application with a guaranteed bit
rate, while the BE type of resources has a non-guaranteed bit
rate [37]. We tested the network performance by considering
the video and BE flows. The video application is represented
by a video trace that is compressed using the H.264 standard
compression at the average coding rate of 440 kb/s, available
in [62]. The adoption of this video application accounts for
the trend of users to watch high-quality videos. The BE
application models an ideal greedy source that always has
packets to send. BE transmits packets only when there are
enough resources to send them. A maximum of 100 ms is
considered for the delay. The maximum delay is the maxi-
mum tolerable time interval within which each packet must
be received. When this maximum delay is surpassed, the
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TABLE 1. Simulation parameters.

packet is dropped. The considered channel quality indica-
tor (CQI) feedback is considered periodic. Within the CQI
reporting feature, the UE estimates the channel quality and
converts it into a set of CQI feedbacks reported periodically
to the HeNB. This version of the simulator, which includes
the improvements from this work, is freely available under
the GPLv3 license [63].

B. PACKET SCHEDULERS
To analyze the overall performance of the system in the
downlink (DL), we considered three packet schedulers [32]:
proportional fair (PF), frame level scheduler (FLS) and expo-
nential rule (EXPRule). These schedulers are available in
LTE-SIM. According to [38], [39], [43], [44], they are chan-
nel sensitive, i.e., UE intermittently forwards a CQI report
to the HeNB. This CQI report presents the channel quality
experienced by each UE and estimated by the scheduler.
PF and EXPRule are schedulers that are unaware of the ser-
vice type. In the opposite way, the FLS divides flows in both
real time and non-real time. In this work, one of the studied
parameters is the maximum average delay per video. From
the considered schedulers, the FLS and EXPRule are the ones
that consider delay-aware strategies. This type of approach
is the most suitable for the considered video application. In
terms of quality service, PF is a scheduler with an approach
unaware of the service type [43], [44].

1) PROPORTIONAL FAIR
PF schedules a user when its instantaneous channel quality is
high relative to its own average channel condition over time
[36]. The PF scheduler seeks a trade-off between fairness and
spectral efficiency [64] but is somehow limited in terms of
spectral efficiency [38]. It is effective in reducing variations
in user bit rates with little average bit rate degradation as long
as the user average values of the SINR are fairly uniform [65].

2) FRAME LEVEL SCHEDULER
In the approach presented in [39], time is seen as an end-
less sequence of frames, which are further split into time
intervals. At the highest level, the FLS is an innovative low-
complexity resource allocation algorithm that was designed
using discrete time linear control theory. At the beginning
of each frame, the FLS computes the amount of data that
each real-time source should transmit within the frame to
satisfy its delay constraint. Then, to ensure fairness among
multimedia flows, the lowest-level scheduler assigns radio
resources according to the PF algorithm [66] subject to the
constraint imposed by the FLS.

3) EXPONENTIAL RULE
In [67], the EXPRule was studied as a scheduling algorithm
that explicitly uses information on the state of the channel
and queues. The authors mention, as a main result, that the
EXPRule throughput is optimal, i.e., it renders queues stable
in any system for which stability is feasible at all, with any
other rule. Although the complexity of this scheduler is high
[38], the EXPRule and Logarithmic Rule have been presented
as the most promising approaches for DL scheduling in LTE
systems with delay-sensitive applications [68].

For each scheduler and for each combination of values
of the HeNB transmitter power and apartment side length,
we performed fifty simulations. In Fig. 6, fifty unique posi-
tions of the buildings are simultaneously shown. The goal of
accounting for different positions is to acquire the general
behavior that integrates the contribution of the effect of hav-
ing the building, and consequently the HeNBs and the served
users, at different distances from the eNB. We evaluated the
network performance in terms of the goodput, packet loss
ratio (PLR), and delay of video and the goodput achieved by
BE flows.

IV. SIMULATION RESULTS
Simulations have been performed in LTE-Sim to obtain the
variation in not only the packet loss ratio (PLR), goodput and
delay for a video application but also the goodput for the best
BE application. We have also performed a detailed compari-
son of the performance of the considered packet schedulers.

A. PACKET LOSS RATIO FOR VIDEO
The packet loss ratio is the ratio between the total number
of packets that fail to reach their destination and the total
number of transmitted packets. In this section, the video
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FIGURE 7. Average packet loss ratio as a function of the number of video users for different apartment side lengths and transmitter powers.

application is considered. Fig. 7 presents the results for the
average PLR as a function of the number of users for all the
considered scenarios. The values of the transmitter power are
0, 10 and 20 dBm. The considered apartment side lengths are
20, 15, 10 and 5 m.

In the simulations, for all combinations of the apartment
side length, transmitter power and scheduler, the number
of users spans between 6 users per HeNB and the number
of users that corresponds to surpassing the PLR threshold of
2%. According to [69], the PLR threshold for video is 2% or,
more precisely, PLR<2%. The results are presented in [4],
[44], where the users determine their quality of experience by
analyzing video transmissions expressed by the mean opinion
score (MOS). A literature review indicates that for values
of the PLR higher than 2%, the MOS decays, resulting in
an uncomfortable video user experience and yielding a PLR
threshold of 2%.

For the three schedulers, the average PLR increases with
the number of users. Furthermore, it is a worth comparing
the results by distinguishing two cases:
• apartment side lengths of 20, 15 and 10 m (Figs. 7a, 7b
and 7c, respectively);

• apartment side length of 5 m (Fig. 7d).
For the first case, when the threshold is 2%, the PF (dashed

line) scheduler supports fewer users than the EXPRule
(double-dashed line) scheduler. The EXPRule also supports
fewer users than the FLS (solid line).

For the second case, the EXPRule presents a higher aver-
age PLR than that of the PF. However, both schedulers con-
tinue to have worse results than those of the FLS. One can
conclude that with this increase in apartment side length, all
schedulers present a higher average PLR for video. Over-
all, the FLS performs better than the PF and EXPRule
schedulers.
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TABLE 2. Maximum number of users served by each scheduler for a PLR threshold of 2%.

B. MAXIMUM NUMBER OF SUPPORTED USERS
Tab. 2 summarizes the number of supported users for different
side lengths of the apartments, values of the transmitter power
and schedulers. We obtain these values for a PLR threshold
of 2%.

For the FLS, i.e., the scheduler with the best performance,
for an apartment side length of 5 m, the maximum number of
supported users is 16 for all values of the transmitter power.
For an apartment side length of 20 m, the FLS supports
only 12 users.

For the EXPRule scheduler, for an apartment side length
of 5 m, the maximum number of supported users is 11, while
an apartment of 20 m supports 9 users (for a transmitter
power of 10 and 20 dBm) or 8 users (for a transmitter power
of 0 dBm).

For an apartment side length of 5 m, with the PF sched-
uler, the maximum number of supported users is 12 (for a
transmitter power of 0 and 20 dBm) or 11 (for a transmitter
power of 10 dBm), while for an apartment of 20 m, the PF
scheduler supports only 7 users.

C. MAXIMUM AVERAGE GOODPUT FOR VIDEO
Considering an average PLR threshold of 2%, it is worthwhile
to determine the maximum average goodput. We also com-
pare the behavior of the maximum average goodput with the
trend of the average SINR, as shown in Fig. 5.
When the apartment side length is 20 m or 15 m, the

maximum average goodput is determined for video for the PF
scheduler and all values of the transmitter power, as shown in
Fig. 8. For other apartment side lengths, the average goodput
is higher for a transmitter power of 0 dBm. For a side length
of 5 m and a transmitter power of 20 dBm, the maximum
values of the average goodput are the same as for a transmitter
power of 0 dBm.

The maximum average goodput for EXPRule, from Fig. 9,
has the same variations as those of the chart corresponding to
the average SINR.

In general, along the same apartment side, the variation in
the transmitter power does not affect the maximum average
goodput. The exception occurs when combining an apartment
side length of 20 m and a transmitter power of 0 dBm.
Under these conditions, the EXPRule cannot sustain system
performance. This behavior in the study of the average SINR
occurs for the lowest values of the transmitter power and the
longest apartment side lengths.

FIGURE 8. Maximum average goodput for video when the PF scheduler is
considered.

FIGURE 9. Maximum average goodput for video when the EXPRule
scheduler is considered.

The FLS is the scheduler that supports more users. Varying
the transmitter power along the same apartment sides has no
impact, as shown in Fig. 10. The goodput for the FLS follows
the same behavior as that of the average SINR.

For all schedulers, we observed a significant variation in
the maximum average goodput along the apartment side.
We obtained higher values for lower apartment side lengths,
which agrees with the values and the lessons learned in
Section II. Tab. 3 presents a summary of the maximum aver-
age goodput for each scheduler for video andBE applications.

D. MAXIMUM AVERAGE DELAY FOR VIDEO
We observe that the delay also increases when the number
of users increases. The maximum delay for the PF scheduler
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TABLE 3. Average goodput of video and BE applications for a PLR threshold of 2%.

FIGURE 10. Maximum average goodput for video when the FLS is
considered.

FIGURE 11. Maximum average goodput for BE when the PF scheduler is
considered.

was 55 ms, for EXPRule was 25 ms and for the FLS
was 28 ms. In none of the simulations did we exceed the
maximum 3GPP limit of 150 ms for the maximum video
delay.

E. MAXIMUM AVERAGE GOODPUT FOR BEST EFFORT
The best effort (BE) application makes use of the remaining
resources left by the video application. Since the BE applica-
tion sends packets only when there are enough resources to
send them, the PLR is zero or near-zero. The few packets that
do not reach their destination are lost because of the errors in
the physical layer.

The maximum average goodput for BE is presented in
Figs. 11, 12 and 13, respectively, for the PF, EXPRule and
FLS. The EXPRule scheduler achieves the highest average
goodput (400 Mb/s) among the three schedulers. The sched-
uler with the lowest maximum average goodput (285 Mb/s)

FIGURE 12. Maximum average goodput for BE when the EXPRule
scheduler is considered.

FIGURE 13. Maximum average goodput for BE when the FLS is
considered.

is the FLS. More results for the maximum average goodput
from BE are given in Tab. 3.

The results are in line with the results from Section II.
As opposed to the results obtained for the video application,
the EXPRule scheduler presents the best performance for the
BE application. The opposite occurs for the FLS.

It is straightforward to conclude that the behavior of all the
packet schedulers when users are considering the BE applica-
tion is identical. The goodput varies only when the apartment
side length also varies. The maximum average goodput for
BE retains the same behavior as that of the theoretical average
SINR. The results show that the higher themaximum goodput
for video is, the lower the maximum goodput for BE.

F. COMPARISON BETWEEN PACKET SCHEDULERS
To determine which packet scheduler has the best perfor-
mance, we compare the results of the difference in the values
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FIGURE 14. Comparison of the maximum average goodput for video
between the PF and EXPRule schedulers.

FIGURE 15. Comparison of the maximum average goodput for video
between the PF scheduler and FLS.

FIGURE 16. Comparison of the maximum average goodput for video
between the FLS and EXPRule scheduler.

of the goodput between each pair of schedulers. Fig. 14
presents the difference in the goodput between PF and
EXPRule. For apartments with a 5 m side length, the PF
scheduler has the best performance. For other apartment side
lengths, the EXPRule scheduler has the best performance.

Fig. 15 compares the goodput between the PF scheduler
and FLS. The FLS has the best performance for any pair of
values of the transmitter power and apartment side length.
The FLS could, in the best case, operate with a goodput higher
than 44 Mb/s compared to the PF scheduler.

In comparison to the EXPRule scheduler, the FLS shows
once more its superior behavior, as shown in Fig. 16. The
overall analysis shows that for the considered applications,
the FLS performs better than the other two packet sched-
ulers. In some combinations, the FLS performance is approx-
imately 44 Mb/s higher than that of PF.

For small apartment sizes, PF is a better option than the
EXPRule scheduler. For larger apartment sizes, the opposite
is observed, and the EXPRule option prevails.

V. CONCLUSION
As most mobile communication traffic is shifting from
outdoor to indoor environments, this work studied HeNBs
(a particular case in the family of small cells) to offer indoor
coverage. We considered a building with a 5 × 5 apartment
topology. This work goes further than the assumptions of
3GPP by considering a higher-density deployment of HeNBs
and users. This work also explored variations in the trans-
mitter power of HeNBs and variation in the geometrical
dimensions.

In the theoretical study of the average SINR, we identified
three different cases for the first tier of interference. In the
first case, a variation in transmitter power for the same apart-
ment side length does not have any impact. For the second
and the third cases, as the number of interferers decreases,
the average SINR increases. However, when the apartment
side length increases and the transmitter power decreases,
the signal strength is not enough to attain an increase in the
average SINR.

LTE-Simwas adopted to study the indoor 4G system under
saturation conditions. The number of users served by each
HeNB increased until the packet loss ratio surpassed the
threshold value of 2% for video. For all considered combina-
tions of the transmitter power and apartment side length, the
maximum number of users appointed by 3GPP (i.e., 4) was
largely surpassed by all schedulers.

The difference between the proportional fair (PF) and
exponential rule (EXPRule) schedulers shows that for apart-
ments with a 5 m side length, the PF scheduler has the
best performance. For longer apartment side lengths, the
EXPRule scheduler has the better performance. In compar-
ison with PF, the frame level scheduler (FLS) has the best
performance for any value of the transmitter power and
apartment side length. The FLS also performs better than
the EXPRule scheduler. For the considered video flow, the
FLS presents the best overall performance. It enables ser-
vice for up to sixteen users. For the video application, the
results also show that it is possible to consider a reduction
in the transmitter power without compromising the video
performance.

The results for BE applications also show that it is possible
to consider, in most cases, a reduction in the transmitter
power. This reduction does not have a negative impact on
system performance and can provide a reduction in energy
consumption for both video and BE flows.
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