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Abstract. Ultra-dense networks (UDN) have become a key | Atrticle Info
technology in future communications systems by deploying | Received May 10,2024,
a large number of low-power small cell base stations (SBS). | 4ccepted Nov 20, 2024.
However, ultra-dense deployment of small cells in the
coverage area of conventional macrocells presents new
challenges, such as inter-tier interference (interference
between small cells (SC) and macro cells (MC)) and both-
tier interference (interference between small cells), which
may affect the overall network performance. In this work,
in order to mitigate interference, frequency reuse is used.
The simulation was performed with MATLAB software
based on Monte Carlo methodology for discrete events,
with the objective of evaluating the impact of ultra-dense
networks within fixed infrastructure wireless networks. The
main performance indicators are the Signal to Interference
Ratio (SIR) and throughput.
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1 Introduction

Due to the popularization of smart devices and applications, they demand higher network capacity. This large
number of mobile devices and their diversity challenge the current communications network. It is expected that
by 2025 there will be more than 50 billion connected devices. The next generation of communications is
expected to connect a large number of users, support massive communications, enable up to a thousand-fold
increase in data traffic, low latency, and 100% coverage and availability [1,2].

The current deployment of MC is already approaching its limit and further deployment of MC will not improve
performance. The UDN is seen as a key factor in future communications networks, where access points and/or
the number of communication links per unit area are densified. The main difference between an UDN and a
traditional cellular network is the densification of access points or base stations (BS). In an UDN, there can be
perhaps hundreds of access points per square kilometer, compared to a maximum of three to five in a traditional
network. As a result, in an ultra-dense network only a limited number of users are connected to each access
point or BS, whereas in a traditional network there may be hundreds or even thousands of users connected to
an access point or BS [3,4].
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SC improve network capacity by offloading traffic from macro cells, balancing network loads and reducing
congestion. In addition, these cells are capable of performing all the functions of a macro cell, but with lower
power and in a smaller coverage area.

This paper is structured as follows: Section II works related to ultra-dense networks. Section III shows the
equations involved in the downlink study of the network, Section IV shows the results obtained. And finally, it
contains the conclusions.

2 Related Work

In our previous work, we studied the effect caused by the UDN network when it is superimposed on the macro
network based on orthogonal frequency division multiple access (OFDMA). The UDN network consists of a
large number of small cells within the coverage area of the OFDMA macro network. The main effect observed
was co-channel interference, which significantly decreased network performance. We analyzed this issue from
both the perspectives of the UDN network and the OFDMA. To mitigate interference from the UDN network,
we reduced the transmission power of the small cell base stations. However, better strategies are needed to
mitigate co-channel interference between small cells and macro cells.

In order to improve co-channel interference, Small Cell Base Stations (SBSs) in the network should be
dynamically activated or deactivated based on appropriate criteria or strategies. In [5], it is proposed to assign
UEs to the SBSs of the UDN, taking into account the UE preference. As a result, a set of SBSs that can be put
into sleep mode is obtained. This is based on the number of UEs connected to each SBS, without considering
the interference from the macro base station. Additionally, users who are no longer served by the SBSs are
reassigned to other SBSs. In [6], the SBS outage is considered as a function of the number of users served by
the SBSs, and the density of small cells in a specific region is increased by considering a non-uniform
distribution of users. In [7], the authors consider the interference generated by each SBS of the UDN in order
to suspend those that are causing more interference to the network. However, they do not take into account the
interference from the macro cell. The purpose is to turn off and on the SBSs to save energy by not having all of
them on at the same time. In these paper [8], the authors assign time slots, which are present duty and sleep
cycles of the SBSs, to improve energy consumption and reduce co-channel interference. These duty cycles are
estimated based on the network traffic. When the traffic is light, a longer sleep cycle is maintained. However,
when the traffic is heavier, this cycle is reduced without considering interference effects.

Another strategy to mitigate co-channel interference is to apply frequency reuse to small cell base stations that
are in close proximity to each other, so that the frequency reuse factor is greater than 1 and improves the SIR
to ensure good transmission. In [9], a study is conducted on frequency reuse and the number of clusters in ultra-
dense networks, analyzing the optimal number of clusters to achieve maximum user capacity in a UDN
environment. In [10], fractional frequency reuse is applied to analyze multi-level interference, specifically the
interference that the macro cell produces to the small cell and vice versa, although it is only applied to the macro
cell. In [11], strict frequency reuse is applied, which is modeled according to 3GPP recommendations.
Additionally, an analysis is performed on how interference increases with increasing small cell densification.
In this paper [12], the performance of strict fractional frequency reuse and frequency reuse factor-3 is evaluated
and compared according to the cell throughput. In these papers, interference improvements are reported when
frequency reuse is used.

3 Models and Methods

Interference significantly affects the performance of both spectral efficiency and energy efficiency. We assume
that, in MC coverage, SC are densely deployed. The SBS are omnidirectional antennas that coexist with the
macro base station through shared spectrum access. This means that they operate in the same frequency band
and with the same bandwidth [13].

Interference, especially inter-cell interference, has been shown to be the most important problem in wireless
communication systems. To reduce inter-cell interference and have better network performance, each cell needs
to allocate its own resources and, at the same time, reduce interference by simultaneously increasing spatial
reuse.
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In order to mitigate interference between small cell base stations, frequency reuse is implemented in small cell
base stations to increase network performance by allocating resources to each cell. Frequency reuse implies that
in the same coverage area there are cells using the same channel, these cells are called co-channel cells, and the
interference generated between them is known as co-channel interference. To reduce this interference, base
stations must be physically separated by a minimum distance that provides sufficient isolation. Frequency reuse
aims at distributing the frequency band in such a way that two cells do not interfere with each other [14].

Another technique used to reduce interference is to suspend SBS from the network dynamically using
appropriate criteria or strategies. Suspension can be done based on the number of users served by each SBS,
because it is not feasible for a SBS to be active with a small number of users, generating interference to
neighboring SBS. Another criterion for suspending SBS is according to the interference that each one brings to
the network, by means of a threshold. As soon as the threshold is exceeded, the SBS should be suspended [15].

3.1 System Model
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Figure 1. Representation of the UDN network (B) superimposed on the OFDMA network (A).

The model consists of a macro network called OFDMA and within a specific sector is the UDN network. The
OFDMA network consists of 37 MC, each of which is divided into three 120° sectors. In such a network, the
central cell is considered as the cell of interest and the rest of the 36 MCs as interferers as illustrated in Figure
1.

The UDN consists of 20 pico small cell base stations (PBS) considered as omnidirectional, so they are modeled
in a circular shape as they are suitable for situations where users equipment (UEs) are in close proximity to the
base station (BS).

The SC are deployed in an overlapping manner with the MC, forming a two-level network. Level 1 represents
MC and level 2 represents SC. One of the challenges in UDN is interference between SC, thus degrading
spectral efficiency.

The analysis is performed from two perspectives, from the OFDMA network and from the UDN network since
both coexist and share the same resources. Therefore, the calculation of the SIR of the OFDMA network is
performed with equation 1, which considers the UDN network as interfering. Similarly, the calculation of the
SIR from the UDN perspective is performed with equation 2
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These equations are based on the Log-distance propagation loss model, which makes it possible to estimate the
received signal considering antenna gains, distance losses, phenomena caused by the characteristics of the
propagation terrain, the effect of multiple paths, the propagation frequency, etc [16].

Where Gryyc, ;(9) is the transmit antenna gain, & ; is the losses caused by the multipath effect called fast fades

ki
modeled by a Rayleigh type variable, 10 “f10 models the slow fades, typically modeled through a log-normal
random variable, d;:’l- is the distance between the user and the service base station and  is the propagation loss

exponent.

The calculation of the transmission rate R; refers to the number of bits per second that can be transferred by an
access point, and is the parameter of interest to know the network capacity. The definition of performance is
expressed as

(&) SIR;, SIR; < my
Ri = \y (3)

mw, SIR; = my

Where m is the modulation dimensionality, w, the network bandwidth, SIR; is the signal interference ratio of
the i-th user and y is the bit energy to interference ratio [17, 18].
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3.2 Frequency Reuse

OFDMA networks are flexible in terms of radio resource management techniques, which allows supporting
different frequency reuse schemes that decrease inter-cell interference and increase network performance. In
the macro OFDMA network, a frequency reuse of 7 is used with the objective of having a greater distance
between co-channel cells, as shown in Figure 1. The same methodology is applied to assign a frequency reuse
to the small cells of the ultra-dense network. In the simulation, a reuse of 3 and 4 was used for the small cells
(Figure 2). The simulation is applied in MATLAB and the proposed methods are analyzed.
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Figure 2. Representation of the UDN network with reuse 3 (A) and resuse 4 (B).

3.3 Dynamic On/Off

A small cell on/off switching algorithm was developed based on the interference contribution rate. First, the
interference contribution rate of the SC is calculated using the reference signal values of the users' received
power from their serving BS, and then the decision on which SC to turn on or off is obtained. The algorithm
simultaneously takes into account the traffic load of the SC and the interference between SC.

We define the target signal strength R, as the sum of the received powers at each user belonging to the serving
PBS, and the interference signal strength ﬁbn as the sum of the received powers at each user not belonging to
the serving PBS of the n-th PBS of the UDN network. Consequently, the target signal strength of the n-th PBS
can be defined as
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From the above analysis, we define the interference contribution rate of the n-th PBS of the UDN network as
[3,,, which can be calculated with eq.

Ipy = 35— (6)
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In order to effectively elicit the decisions of small cells in the UDN network to be turned ON or OFF, we define
a dynamic interference contribution rate threshold calculated as

Sm
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Where S,, is the set of active PBSs. Using equation 7, we can easily calculate the dynamic interference
contribution rate threshold of the network. By comparing the interference contribution rate value of a PBS with
the threshold value I, the decision to turn on or turn off the PBS can be obtained.

4 Results

The simulation of the developed strategies, frequency reuse and on/off of small cells of the UDN network uses
the Monte Carlo method of discrete events, which consists of repeating the behavior of a real system with the
objective of imitating the behavior of the real variables, to analyze the operation and evolution of the network.
The OFDMA network has a frequency reuse of 7, which means that only some MC are interfering. The
performance of the network is analyzed with QPSK modulation, because it is the most robust modulation under
the worst channel conditions.

The table 1 shows the parameters used for the simulation and evaluation of the network performance.

Table 1. Simulation parameters.

Parameter Value
Macro cell radius 1 Km
Potency of transmission of MBS 50 dBm
Small cell radius 100 m
Potency of transmision of PBS 20 dBm
Wy 20 MHz
7 4
y 1,2,3,4,5,6dB
m 2
Frequency 3.5 GHz

This section shows the results obtained through simulation. The simulation of each strategy was performed
separately. For the frequency reuse strategy, the comparison is made with a reuse 1, reuse 3 and reuse 4 in the
small cell base stations.

For the dynamic on/off strategy for the SBS, the comparison is made with having all base stations on and turning
off a percentage at random.

4.1 Reuse Frequency Results

Figure 3 shows the results from the perspective of the UDN network with different frequency reuses in the SBS.
It can be seen that when using reuse 4, the performance of the UDN network improves by 5% with reuse 4 with
respect to only considering the UDN network, while with reuse 3 it is very similar.
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Throughput [ Mb/s ]

Figure 3. from the perspective of the UDN network at different frequency reuses.

Figure 4 shows the results from the perspective of the OFDMA network with different frequency reuses in the
SBS. With reuse 1 in the UDN network, unemployment drops by 60% compared to just having the OFDMA
network without the UDN network. Performance improves by 20% with reuse 3 and with reuse 4 it improves
by 35% over reuse 1.
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Figure 4. from the perspective of the OFDMA network at different frequency reuses.
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4.2 Dynamic On/Off Results

Figure 5 shows the performance from the OFDMA network perspective, where it can be seen how the
performance improves compared to having all the SBS on. It is evident that the performance is very low due to
the interference caused by the large number of small cell base stations on.
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Figure 5. Performance from the perspective of the UDN network in relation to the number of EUs in the
network.

Figure 6 shows the results from the perspective of the UDN network, as in the OFDMA network, there is an
improvement compared to having all the small cell base stations on.
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Figure 6. Performance from the perspective of the UDN network in relation to the number of EUs in the
network.

Figures 5 and 6 show that as the number of users increases, the throughput decreases. This occurs because most
of the SBS are turned on. It is also observed that the most affected network is the OFDMA network due to the
large number of BS in the UDN network and the short distance between them. Both figures show how the
random scenarios show favorable results, but it is not known if the SBS stations that were randomly turned off
should be turned off, i.e., if their interference contribution is greater than the threshold or if they have a small
number of users. The same is true, on the contrary, if those that are turned on have a large number of connected
users.
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5 Conclusions and Directions for Further Research

In this work, a simulation of an ultra-dense network coexisting with a macro network has been performed,
analyzing how it affects the co-channel interference of the small cells of the ultra-dense network. As a strategy
to mitigate interference, frequency reuse is used to improve performance. With this simulation, it is possible to
provide a good insight into the performance of this type of network in terms of the maximum transmission rate.

Comparing the strategies between frequency reuse and dynamic on/off, it is possible to reduce interference
more in the reuse strategy, improving the performance of the network. However, the energy consumption is not
reduced as in the dynamic on/off strategy, because the load of each of the small cell base stations is not
considered.

In the dynamic on/off strategy, when there are a large number of users, it is no longer possible to turn off several
small cell base stations and because they all work at the same frequency, interference increases.

A future work would be the combination of both strategies, achieving interference mitigation and energy
savings.

In the future, different strategies, or a combination of several will be required to reduce interference and high-
power consumption in the network. These strategies include power control in small cell base stations and
dynamic suspension of small cell base stations. In addition, it will be necessary to use other technologies such
as artificial intelligence for an appropriate allocation of resources.
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