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Abstract

In recent years there has been a dramatic increase in the number of people using advanced mobile devices, leading to a jump
in the number of mobile broadband subscriptions and network traffic. In most instances such users tend to operate in indoor
areas which then become crowded. The resulting high density of demand for connection to the network and the attendant
interference among the user devices tend to overload the network and degrade its performance. This paper reports on the
deployment of small cells in crowded indoor areas, as a solution to provide broadband services to the users.  The results show
that improved performance is achieved when small cells are deployed to offload traffic from the macro cells.
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1. Introduction

The telecommunication industry has surpassed other industries in the world today in terms of size and growth rate. This is
attributed to the ever increasing demand by the society for more services, delivered anywhere needed, and delivered as fast as
possible. The result is a continuously evolving global mobile communication infrastructure, with increased number of subscribers
amounting to one billion in 2002, and rising to five billion in the 2010’s (Holma and Toskala, 2011). The requirements for service
delivery during mobility has led to a higher increase in the mobile phone sector compared to the fixed phone sector. In Tanzania
for example, the statistics in Figure 1 (Appendix) shows an increase of 31.5% in the mobile phone subscriptions at the expense of
fixed phone subscriptions from 2013 to 2017 (TCRA, 2018).

Recent studies have shown that while some people access mobile internet in open areas, an increasing number are accessing the
mobile internet in indoor areas like markets, schools and offices (Taylor, 2011). As a result, the indoor areas become semi-
permanently crowded, 80% most of the time. The features of the buildings in the indoor areas, however, affect the penetration of
radio signals at high frequencies, leading to fading. Such features include building size, shape, structure, room layout and type of
construction materials. In particular, the variations in the features of the buildings cause the signals to fade faster at the high
frequencies used in broadband communication. As a result, users operating in indoor areas have poor communication with the
macro base transceiver stations (BTS) positioned outdoors.

The increase in the use of mobile internet provided the motivation to develop new communication technologies by the 3GPP
(Third Generation Partnership Program). Such technologies include the Long-Term Evolution (LTE) and the Long-Term
Advanced (LTE-A). These technologies have overtaken GSM/EDGE in catering for the mobile communication subscribers, who
are expected to rise to 2.6 billion globally in 2019, and representing the major subscribers (Ericsson, 2013).

 The primary objective of this research was to overcome the limitations faced by mobile internet users in semi-permanently
occupied indoor areas, and thus enable them to benefit from the new LTE and LTE-A technologies. It was in particular to improve
the throughput in these areas by setting up femtocells through a number of steps. First, establishing the throughput, including its
variation arising from the indoor path loss which then represents a semi-permanently crowded indoor area. Second, establishing
how the throughput is affected by deploying small cells randomly in the chosen indoor areas. Third, establishing the performance
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in throughput when LTE-A is used for backhauling to small cells in the chosen indoor area. Finally, to evaluate the performance in
throughput for the LTE users attached to the small cells in the indoor areas. Since ray tracing is the dominant method of analyzing
wave propagation in small cells environments, we start with a short introduction to it.

2.  Ray Tracing Propagation Model

The loss propagation of radio waves in rural, urban and semi-urban environments, and in different materials have being widely
studied and several models have been developed (Rappaport, 2002). Similar studies in indoor environments have become
important as wireless cellular communication has gradually adopted micro, pico and femto cells over macro cells. Unfortunately,
the large scale theoretical and empirical models employed in outdoor environments fail to yield good results in indoor
environments and wave propagation modeling using ray tracing has become the main method of investigation. A typical radio
propagation scenario that calls for ray tracing techniques is shown in Figure 2.

Figure 2: Sample rays for two transmitters and one receiver in a room.

It shows rays R1 to R5 from transmitters T1 and T2 that suffer reflection, diffraction, scattering and wall losses before reaching
receiver Rx. Detailed treatment of methods of ray tracing can be found in (Yun and Iskanderr, 2015; Hussain, 2017; He et al.,
2018), while the applications of ray tracing in the Winprop software can be found in (AWE Communications, 2012; Jakobus et. al.
2018; Fagiani et. al., 2018; Kelmendi, 2018).

3. Methodology

The research methodology adopted noted that the purpose of the study was to improve the transmission throughput in indoor
areas that are semi-permanently crowded using the commercial WinProp (AWE Communications, 2012) wave propagation
modeling tool. The study area chosen to perform the network simulation was the Teaching block of the College of ICT (CoICT) of
the University of Dar es Salaam, Tanzania, whose 3-D image is shown in Figure 3.

Figure 3: The 3D architecture of the study area.
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The Teaching block was chosen for two reasons. One, it fits the characteristics of semi-permanently crowded indoor areas with
varying occupancy by students who require high throughput internet connectivity for accessing online study material. Two, the 2D
floor images and measurements for generating the 3D image to be used in propagation modelling were also readily available. In
order to derive the transmission limitations of the building, the properties of the materials were measured and recorded and then
used in the simulation for propagation modelling using the WinProp software package. The obtained loss data was then used in
statistical analysis to compute the throughput using the modified Shannon's formulation for LTE capacity equation in the Matlab
software.

A heterogeneous network deployment scenario for the study is shown in Figure 4. The users in the same service site were
deployed in small cells and LTE macro cells. In total there were 30 macro cells and 8 small cells. Basing on the analysis software
tool (AWE Communications, 2014), two scenarios were employed. In the baseline scenario only 30 Macro cells were deployed,
while 8 small cells were deployed per floor on top of the 30 Macro cells in the small cells scenario.

Figure 4: CoICT indoor deployment scenario.

Four operating frequencies were used for the simulation, 800 MHz, 2000 MHz, 2600 MHz and 5000 MHz using a Kathrein
antenna. The four frequencies were taken as adequate for the study because they span the range of frequencies in which LTE can
be used. Three categories of data were collected, the signals reaching the indoor users through the small cells, the signals reaching
the small cells through the backhauling links, and the throughputs of the UEs for the different categories of backhaul links and
sizes of the carriers.

4. Results and Discussions

The results of the study are given in Figures 5 to 11 and Tables 1 to 3. The throughput performance of the user equipment (UE)
in macro-cells is given in Figure 5 while in comparison the UE performance operating in small cells is given in Figure 6. The
comparison was done at 800 MHz as the operating frequency with the carrier bandwidth, the backhauling frequencies and the
number of UEs in the chosen indoor area remaining unchanged. As seen from both Figures 5 and 6, when only 10 % of the UEs
were operational the small cells configuration supported a throughput of 1 Mbps whereas the macro cells configuration supported
only 0.4 Mbps. This indicates that the small cells configuration is bound to support higher throughput than the macro cells
configuration.  Using the results in Table 1, the throughput attained by UEs in the small cells with 10% CDF of the UEs being idle
exceeds the one attained by the macro cells by a factor of 13. Likewise, when 90% CDF of UEs are idle, the throughput attained
by UEs in small cells exceeds the one attained in macro cells by a factor of 22. The results reported in (Yavuz et. al., 2009) also
show that the use of small cells increase the throughput of UEs.

The variation in the performance of the UEs with frequency is presented in Table 2 where the backhaul link was assumed to be
ideal. As can be seen, the throughput increases with operating frequency, being higher at 5,000 MHz compared to 800 MHz. For
example, in operations having 50% of UE idle the throughput is 7.497 Mbps at 5,000 MHz, while the throughput at 800 MHz is
half of that. The presented results also show that when the percentile of idle UEs increases, the throughput also increases. For
example at 5,000 MHz, the throughput is 19.008 Mbps at 90% idle UEs. This is more than twice the throughput at 50% idle UEs,
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and it also exceeds the throughput at 10% idle UEs by a factor of 8. These results also show that better performance can be
obtained at higher frequencies.

Figure 5: Throughput of UE operating at 800 MHz in macro cells.

Figure 6: Throughput of UE operating at 800 MHz in small cells.
Table 1: Throughput of UEs operating at 800 MHz in macro cells and small cells.

Cell Type Throughput (Mbps)
10% (Idle UEs) 50% (Ideal UEs) 90% (Idle UEs)

Macro Cell 0.08490 0.19230 0.41754
Small Cell 1.1274 3.1811 9.2861

Table 2: Throughput of UE operating in small cells at the four frequencies
Idle UEs Throughput (Mbps)

800 MHz 2,000 MHz 2,600 MHz 5,000 MHz
10% 1.1274 1.702 1.702 2.242
50% 3.1811 5.102 5.102 7.497
90% 9.2861 14.148 14.148 19.008
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The variation in the quality of the signal received by the UEs with frequency is presented in Figure 7.

Figure 7: The SNIR of UEs at the four frequencies
   In this case it was assumed that the backhaul link remained ideal. As seen, the Signal to Interference Noise Ratio (SINR) attained
by the UE at 800 MHz was found to be significantly lower compared to the SINR obtained at 5,000 MHz. For example, at 50% the
SINR for 5,000 MHz was found to be 2 times the SINR at 800 MHz. However, the SINR obtained at 2,000 MHz was almost the
same as the SINR obtained at 2,600 MHz, and therefore the study concentrated more on 2600 MHz since the results at this
frequency also apply to 2,000 MHz. Another quality of the received signal is Spectral Efficiency (SE), which is presented in
Figure 8 at the four frequencies. The results show that the SE at higher frequencies is slightly higher compared to the SE at lower
frequencies. The implication here is that at higher frequencies the UEs utilize the bandwidth more efficiently while at lower
frequencies the utilization is poor.

Figure 8: The spectral efficiency of UE at the four frequencies
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In this study, 8 UEs were deployed in the indoor area. The target in this case was to investigate how the throughput achieved by
the UEs in the small cells varied with the macro cells backhaul frequency. As shown in Figure 9, there is throughput difference
between the frequencies at the 10 percentile, which increases from the 50 percentile upwards. This difference reaches about 14
Mbps at the 90 percentile, indicating that UEs in small cells attain better performance at high frequencies.

Figure 9: Throughput in SC backhaul at different frequencies

Figure 10: Throughput of UEs at 800 MHz, different backhaul links and 10 MHz carrier bandwidth.

The throughput of the UEs was found to depend on their operating frequency, the employed backhaul frequency, and the
allocated bandwidth of the carriers. The variation of the throughput with the backhaul frequency of 800 MHz and a carrier
bandwidth of 10 MHz is presented in Figure 10. The results show insignificant difference in throughput between the backhaul
frequencies of 800 MHz and 2,600 MHz when the fraction of idle UEs ranges from 10% to 50%. The variation in the throughput
when the operating frequency was raised to 5,000 MHz is seen in Figure 11. As seen, there is improved performance at 5,000
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MHz, but there is also much difference with the backhaul frequencies. The observation here is that the lower frequencies are more
prone to interference resulting in poor throughput, and this has been deduced in (Intracom, 2013).

Figure 11: Throughput of UE at 5000 MHz, different backhaul links and 10 MHz carrier bandwidth.

More comparative results are presented in Table 3. These results show that generally higher backhaul frequencies support higher
throughput, and higher bandwidths support higher throughputs.

Table 3: Throughput at different operating and backhaul frequencies, and carrier size

Throughput (Mbps)
Frequencies: Operation,
backhauling, carrier size

10% (Idle UEs) 50% (Idle UEs) 90% (Idle UEs)

800 MHz, 800 MHz, 10 MHz 0.1239 0.3757 1.2790
800 MHz, 2,600 MHz, 10 MHz 0.2002 0.6836 2.8692
5,000 MHz, 800 MHz, 10 MHz 0.1234 0.3748 1.3020
5,000 MHz, 2,600 MHz, 10 MHz 0.2007 0.6909 3.3446
800 MHz, 800 MHz, 20 MHz 0.2553 0.7713 2.5476
800 MHz, 2,600 MHz, 20 MHz 0.3983 1.2794 4.4575
5,000 MHz, 800 MHz, 20 MHz 0.2536 0.7773 2.6480
5,000 MHz, 2,600 MHz, 20 MHz 0.4012 1.3558 5.7384

In employing the small cells solution for improved performance in indoor environments, SINR, spectral efficiency, backhaul
frequencies and bandwidths were considered. First, small cell networks are seen as the solution to support the increase in
broadband wireless usage in indoor environments (Intracom Telecom, 2013; Wang et al, 2014). The higher throughput illustrated
in this study advocate the establishment of small cells in crowded indoor environments. In this study the effects of SINR and
spectral efficiency on the quality of the communication have been demonstrated. These have to be dealt with in future
communications as small cells become more adopted and the density of users in them increases (Yang et. al., 2016). An even more
important factor is the frequency resource. This study has revealed that for increased throughput, higher frequencies and larger
bandwidths are preferable. However, the operating frequencies and bandwidths become more important as small cells networks
become congested, and innovative solutions for their utilizations need to be developed (Hwang, et. al., 2013).

In this study attempts were not made to mitigate interference in the macro-cell small cell environment. In the report of Yavuz et.
al. (2009) interference was managed by programming the transmitters to choose frequencies where interference was lower, as well
as to limit their transmission power in order to avoid excessive interference. In both reports, however, the utilization of radio
resources was considered with the CDF representing the percentage of users who were idle. Thus, a CDF of 10% idle UEs
translates to 90 % of UEs being active and therefore implying a high utilization of resources. The results therefore provide
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performance in throughput that is tagged to the utilization of resources. In addition, the UE's were randomly deployed as seen in
Figure 4, and they equally shared the resources as they were both indoor users served by the small cells. Moreover, unlike the
study of Yavus et. al. (2009), no efforts were made in this study to use higher energy values in order to overcome interference or
the losses in the building wall materials. The results in this report indicate that the use of small cells increases throughput, as seen
by comparing Figures 5 and 6. Therefore, despite the interference, the deployment of small cells improves QoS since the UEs will
not suffer much from signal penetration losses through the buildings. The increase of more UEs in a macro cell makes the network
more complex because the macro cell transmitters have to handle many more connection requests. On the other hand, the
deployment of small cells offloads a good number of the macro cell connection requests to the indoor small cells, thus reducing the
demands on the outdoor macro cells, and thus reducing the network complexity. Therefore, considering all the factors associated
with the introduction of small cells in macro cell environments, interference remains as the factor that has to be tackled.

5. Conclusions

The study aimed at improving the transmission performance in partially crowded areas has been undertaken. The focus was on
the use of small cells and the different technologies that support the communicating devices, capitalizing on LTE and LTE-A as
future technologies, and the backhauling that support the small cells. The obtained results also indicate how a suitable radio wave
prediction tool can be employed in order to alleviate the burden of computational complexity and resources associated with ray
tracing methods. While the obtained results support the use of small cells for higher throughput and quality of user experience,
factors like configurable network architecture, spectral efficiency, operating frequencies, and bandwidth need to be taken into
consideration to meet the explosion of data traffic usage. More research is therefore needed aimed at developing more innovative
solutions to maximize resource usage while maintaining quality of communication in the small cells technology.

Appendix

Figure 1: Trends of mobile and fixed-line telephone subscriptions in Tanzania (TCRA, 2018).
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